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ABSTRACT: The operation of single-, double- and triple-THGEM UV-detectors with reflective CsI
photocathodes (CsI-THGEM) in Ne/CH4 and Ne/CF4 mixtures was investigated in view of their
potential applications in RICH. The studies were carried out with UV, x-rays and β -electrons and
focused on the maximum achievable gain, discharge probability, cathode excitation effects and
long-term gain stability. Comparative studies under similar conditions were made in CH4, CF4 and
Ne/CF4, with a MWPC coupled to a reflective CsI photocathode (CsI-MWPC). It was found that
at counting rates 6 10 Hz/mm2 the maximum achievable gain of CsI-THGEMs is determined by
the Raether limit; at counting rates > 10 Hz/mm2 it dropped with rate. In all cases investigated the
attainable CsI-THGEM gain was significantly higher than that of the CsI-MWPC, under similar
conditions. Furthermore, the CsI-THGEM UV-detector suffered fewer cathode-excitation induced
effects as compared to CsI-MWPC and had better stability at high counting rates.
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1 Introduction

The present study aimed at evaluating some properties of CsI-coated Thick Gaseous Electron Mul-
tipliers (CsI-THGEM [1, 2]) as robust UV-photon detectors for Ring Imaging Cherenkov (RICH)
applications [3]. There are several advantages for that:

1. High gains (> 105) are reachable with single- or cascaded-CsI-THGEM electrodes in se-
lected gases; mixtures of choice could be Ne with a small addition of quenchers (CH4,
CF4) [4, 5]. Due to the exponential nature of single-photoelectron pulse-height distribu-
tions, and taking into account signal-over-threshold considerations, a high detector gain is an
important factor in improving single-photon detection efficiency.

2. A THGEM can operate in poorly quenched gas mixtures as well as in gases emitting UV
light (e.g. noble gases [6], CF4 [5, 7]). This permits conceiving windowless detectors (same
detector and radiator gas, e.g. like in [8]), with simpler layout and larger Cherenkov-photon
detection yields.

3. In intense-background environment, CsI-THGEMs can operate in the so-called “Hadron-
Blind mode” with zero or reversed electric field above the photocathode [9]; this significantly
reduces particle-induced ionization signals [8].

CsI-THGEMs are currently considered for the upgrade of the RICH systems at the CERN-ALICE
and -COMPASS experiments [10, 11]. The reasons to replace the CsI-MWPCs [12] in these ex-
periments are numerous: The CsI-MWPCs operate at relatively low gas gains (∼ 104), limited by
avalanche photon-feedback. Furthermore, there is evidence that at high counting rates the MWPCs
suffer from feedback-related discharges, followed by difficulties to restore the operating voltage,
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up to 1-day periods [14]. This could have resulted from a cathode excitation process [14], in which
the surface is modified under discharge-induced ion bombardment, with an increase of the quan-
tum efficiency of the cathode; this can trigger a feedback loop, followed by discharges and further
by an on-going electron-jet emission from the affected cathode region. Ion-induced photocath-
ode degradation in the open-geometry of wire chambers, affecting the detector lifetime, would be
strongly reduced in CsI-THGEMs, where only a small fraction of avalanche ions hit the photo-
cathode. However, replacing the CsI-MWPC currently used in these and in other experiments [12]
should be carefully assessed and validated.

We have recently initiated a series of measurements [4, 5], systematically studying the gain
and single-photoelectron detection efficiency of CsI-THGEMs, in view of their potential applica-
tion in UV detectors for RICH systems [7]. We have identified two gas mixtures, Ne/CH4 and
Ne/CF4, adequate for stable operation of CsI-THGEM; we demonstrated that in these mixtures
photoelectron extraction efficiencies from the reflective CsI photocathode reach about εextr ∼ 80%
under proper HV values across the holes; all the extracted photoelectrons were collected into the
THGEM holes, εcoll ∼ 100%, where they experienced gas multiplication [5]. The effective photon
detection efficiency (Eeffph) of the photosensitive THGEMs is:

Eeffph(λ ) = QE(λ )Aeffεextr(λ )εcoll (1.1)

where QE(λ ) is the CsI quantum efficiency in vacuum as a function of the wavelength λ , Aeff is
the CsI-coated fraction of the THGEM surface. As was shown in [5], Eeffph could reach values (at
λ = 170 nm, with QE = 30%) in the range of 0.13–0.24 (depending on Aeff). The expected photon
detection efficiency of CsI-THGEM could therefore reach values of Eeff ≈ 0.21 (assuming 90%
photoelectron detection efficiency above threshold, due to the high gain); it is to be compared to
that of the CsI-MWPC presently employed in COMPASS-RICH (Eeff ≈ 0.21 with QE = 30% and
70% photoelectron efficiency [13].

In the present work we further elaborate on the maximum achievable gain before the onset
of feedback or discharges, particularly, detecting UV photons in the presence of ionizing radia-
tion (X-rays or β -electrons). Comparative results with CsI-MWPCs are provided, including the
operation of CsI-MWPCs and CsI-THGEMs in CF4 in view of their application in a windowless
UV-detector for RICH.

2 Instabilities in gas-avalanche detectors

As follows from several previous investigations (see [14] and references therein) the breakdown in
micropattern gas detectors (uncoated with CsI), including THGEMs, is determined by the Raether
limit [15]; it occurs when the total charge in the avalanche exceeds a certain limit:

Gmn0 = Qcrit (2.1)

where Gm is the maximum achievable gas gain, n0 is the number of primary electrons created by the
ionizing radiation. Depending on the detector type and the gas mixture Qcrit = 106–107 electrons.

Equation 2.1 stresses the fact that indeed very high gains, e.g. Gph ∼ 106–107, may be ob-
tained with single UV photons, under very low ionizing radiation background. But under intense
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background, the gain may drop by as much as two orders of magnitude [4]. This effect is of course
expected to be more pronounced in “heavier” gas mixtures, e.g. Xe, Kr and Ar, than in Ne-mixtures
having lower particle-induced ionization-electron yields [14]. In addition, Gm may also drop with
increasing counting rate [14]. To our best knowledge, systematic studies of these effects in cas-
caded photosensitive THGEMs were not done so far.

In gaseous detectors coupled to efficient photocathodes, photon- and ion-induced positive
feedback may also trigger breakdown. This happens, when

G f γ f = 1 (2.2)

where G f is the maximum achievable gain in these conditions and γ f is the probability of a
secondary-electron creation by the feedback mechanism (we specify γfp and γfi in relation to
photon- and ion-induced electron emission, and G f and Gi as maximum achievable gain respec-
tively). Measurements with various open-geometry photosensitive detectors (wire-chambers or
parallel-plate ones) showed that usually G f < Gm [14]. In contrast, in hole-type multipliers, the
majority of the avalanche photons are masked by the hole walls, and only a small fraction kfp

(kfp � 1) impinges on the photocathode; the condition for photon-feedback breakdown is:

G f kfpγfp = 1. (2.3)

Ion-backflow is also reduced in hole-type multipliers, especially in cascaded THGEMs, and
only a fraction kfi < 1 of ions reaches the photocathode. Thus the condition for ion-feedback
breakdown will be

Gikfiγfi = 1. (2.4)

Thus feedback-induced breakdown is significant when γfi is large, e.g. with photocathodes
sensitive in the visible-light range [16, 17], having high values of γfp and γfi.

One of the goals of this work was to assess the probability for photon-induced and ion-induced
breakdown in cascaded THGEMs with reflective CsI photocathodes.

Another source of gain instabilities investigated here is the cathode excitation effect; it is
related to the feedback loop [14] and prevents the immediate restoration of the detector’s high
voltage following a discharge.

3 Experimental setup

A schematic drawing of our experimental setup is shown in figure 1. It consists of a vacuum
chamber housing a triple-THGEM detector, a MWPC detector included for comparative purposes, a
gas system allowing gas circulation with various gas mixtures, a high vacuum (typically 10−5 Torr)
pumping system, a UV lamp, a lamp emitting only in the visible range, an X-ray tube and several
radioactive sources. The chamber has appropriate windows on both sides, to allow operation of
each detector separately with any of the above radiation sources.

The triple-THGEM layout, which is similar for the bare and the CsI-coated one, is shown in
figure 2. The electrodes had the following geometry: thickness t = 0.4 mm, hole-diameter d =
0.3 mm (or 0.4 mm in some measurements), holes rim h = 0.1 mm and holes-pitch a = 0.8 mm
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Figure 1. A schematic drawing of the experimental setup, enabling the comparative investigation of CsI-
MWPC and CsI-THGEM with single photons, x-rays and β -electrons.

(for d = 0.3 mm) and a = 1 mm (for d = 0.4 mm). The active areas of the THGEMs investi-
gated were: 2.5× 2.5 cm2 and 10× 10 cm2. The conversion gap above the first THGEM was
of 10 mm, the transfer and induction gaps were 2 mm wide. The electrodes were individually
biased by CAEN N471A power supplies. Measurements were performed both in current and in
pulse-counting modes; currents were recorded with sensitive picoampermeters (Keithley 610CR),
pulses were processed with a charge-sensitive preamplifier Ortec PC140 and with a fast current
amplifier VT110CH4 (ESN Electronics). In most of the measurements the top electrode of the first
THGEM was coated with a 300 nm thick reflective CsI photocathode, vacuum deposited onto its
Au-coated surface.

The detectors were operated under continuous gas flow, at 1 atmosphere; Ne/CH4 and Ne/CF4,
with ratios of (95:5) and (90:10) were used. The gases were of 99.995% purity. The gas compo-
sition and its flow were controlled with Mass Flow Controllers (MKS type 1179A) and a con-
trol/readout module (MKS type 247). Some measurements were performed in pure CF4 at 1 atm.

The layout of the 2.5×2.5 cm2 MWPC detector is shown in figure 3. It had 20 µm in diameter
anode wires, at 3 mm pitch; 50 µm in diameter wires were placed, at 1 mm pitch, at the edges of the
anode frame. The measurements were performed both with bare and with 300 nm thick (vacuum
deposited) CsI-coated stainless-steel (SS) cathode. The UV source was a Ar(Hg) lamp (Oriel); the
visible-light source was a small, battery-powered torch.

Two x-ray guns were used at various stages of these studies: a micro-focus (35 µm) x-ray tube
(XTF5011 - Oxford Instruments plc) having a Cu anode and a Kevex x-ray tube with a Mo anode.
The tubes produced Bremsstrahlung photons, of broad energy spectra, with peaks at 9 and 17.5 keV
respectively. The beam geometries were defined by cylindrical apertures placed in front of their
anodes, with openings of 2–4 mm in diameter. The radioactive sources used in some measurements
were 55Fe, 106Ru, 90Sr and 241Am.
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Figure 2. Schematics of the triple THGEM detector used in this work. See text for details of the THGEM
electrode’s geometry.
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Figure 3. A schematic drawing of the MWPC used for comparative studies.

The gas gain measurements in single- and cascaded-THGEM detectors were performed in cur-
rent mode, recording currents from interconnected electrodes in each of the configurations shown
in figure 4, with a Keithley 610 CR electrometer.

4 Results

4.1 Results with THGEMs

4.1.1 Bare THGEMs

In order to monitor the gain variation as function of the x-ray flux rate we have first measured the
gas gain under x-ray irradiation as function of the voltage applied across the THGEMs, in the 4
different gas mixtures, in single-, double- and triple-THGEM detectors (figure 5). The drift field
was set at 0.6 kV/cm; for double- and triple-THGEMs the transfer electric field was 0.5 kV/cm.
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Figure 4. Schematic layouts of the single-, double- and triple-THGEM configurations used for gain mea-
surements as function of radiation (X-rays) flux.

As already observed, the operation voltages and the maximum achievable gains in Ne/CH4

and in Ne/CF4 were rather similar [4, 5], with increasing operation voltages at higher quencher
quantities; e.g. in single-THGEM the maximum gain (few times 103) was reached at ∼ 800 V with
5% of quencher and at ∼ 1000 V with 10%. As observed in previous works on cascaded GEMs or
THGEMs, the larger was the number of multipliers in the cascade the lower was the operational
voltage of each individual multiplier — resulting in better stability and higher reachable overall
gains. It has also been confirmed that due to electron-diffusion effects [14] the Raether limit in
cascaded detectors is generally higher.

Figure 6 depicts the gain drop as function of the counting-rate for single-, double- and triple-
THGEM configurations, in 5% and 10% mixtures of Ne/CH4 (and Ne/CF4). The gain drop may be
due to either accumulation of space-charge or to charging-up processes, both depending strongly
on the gas gain. The maximum gains at which discharges appeared (indicated by arrows in figure 6)
follow the general trend empirically established in other gaseous detectors [14]; the region above
this limit (spark region) is dominated by often or continuous gas breakdowns. The arrows in the
figure refer to x-ray-induced discharge onset.

The graphs in figure 6 indicate that, in the present quencher-concentration range, for any given
gain value, the three THGEM configurations behave quite similarly; the curves tend to overlap
at gain × rate values exceeding 109. Note that in Ne/5%CH4 the increase of rate did not induce
breakdowns. In our voltage setting scheme, namely equal voltages on all THGEM electrodes of a
cascade, the breakdowns were always observed in the last multiplier in the cascade.

4.1.2 CsI-THGEMs

Maximum gain and breakdown rates at low-intensity background. Figure 7 shows gain
curves, measured in current mode with UV photons, in single-, double- and triple-THGEMs, ir-
radiated simultaneously with the UV lamp and with either 55Fe or 106Ru. The respective counting
rates over the ∼ 1 cm2 irradiated area were: NUV ≥ 105 Hz, NFe ∼ 102–103 Hz and NRu ∼ 30 Hz.
The highest point on each gain curve corresponds to the onset of discharges (∼ 1 per 10 min).
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Figure 5. Gain-curves measured with low flux (∼100 Hz/mm2) of 9 keV x-rays, in the single-, double- and
triple-THGEM detectors of figure 4, having hole-diameters of 0.3 mm, 0.8 mm pitch, 0.1 mm rim and 0.4 mm
thickness, operating at atmospheric pressure in: a) Ne/CH4 (95:5); b) Ne/CH4 (90:10); c) Ne/CF4 (95:5) and
d) Ne/CF4 (90:10).

These measurements are very relevant for photon detectors operating under background of
highly ionizing radiation; the higher-ionization background events reaching the Raether limit, are
responsible for the discharge onset. As reflected from figure 7, similar results (slope, maximum
gain) were reached in measurements done with bare and with CsI-coated THGEMs. This indi-
cates that the CsI coating does not induce noticeable photon feedback (see discussion), thus the
maximum achievable gain being determined only by the Raether limit, as in bare THGEMs

In a next set of measurements the discharge-rate as function of the voltage/gain was investi-
gated in two configurations: normal and reversed drift fields above the photocathode. The reversed
drift field configuration has been proposed (see [9] and references therein) as means for reducing
the detector’s sensitivity to ionization electrons deposited in the gas within the drift gap, mostly by
background radiation, e.g. Hadronic background in Cherenkov detectors. The effectiveness of this
approach was demonstrated and confirmed in beam operation, e.g. with the cascaded-GEM photon
detectors of the Hadron-Blind (Cherenkov) Detector (HBD) of the PHENIX experiment [8], where
the background sensitivity was shown to be reduced ∼ 10 fold.
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Figure 6. Dependence of the gain, measured with 9 keV X-rays, on counting rate for single (black
symbols)-, double (blue symbols) - and triple (red symbols) -THGEM detectors (of figure 4) operating in: a)
Ne/CH4 (95:5); b) Ne/CH4 (90:10); c) Ne/CF4 (95:5) and d) Ne/CF4 (90:10). Triangles, circles and squares
show the results obtained at different gas gains. The arrows indicate the onset of breakdown appearing at rate
∼one breakdown per few min. The shadow region indicates gains /rates at which breakdowns are frequent
(�one per min) or continuous.

The present measurements focused on the effect of the reversed-field configuration in reduc-
ing the background-induced discharge rate. The detector was illuminated with UV photons and
with UV plus beta-electrons or 6 keV x-rays. Because of the sharp drop of the discharge rate with
decreasing gain, the counting statistics in these laboratory measurements was rather poor; never-
theless, the general trend can be clearly observed in figure 8.

With UV irradiation only, the breakdown rate at normal drift-field polarization was rather
low, of ∼ 1 discharge per 6 hours, at the maximum gain ∼ 8×105. In the presence of radioactive
sources, particularly 106Ru, the breakdown rate at the same gain increased∼ 10–20 times. Over the
whole investigated gain range, the sparking rate was considerably (∼ 10 fold) lower with a reversed
drift-field. It was practically independent of the UV-photon rate, suggesting its sole dependence on
the radiation-induced avalanche-charge reaching the Raether limit.

The reversed-field approach seems to be effective in reducing discharge rate. Our measure-
ments (carried out with a 6 cm2 detector area and with irradiated area of ∼ 1 cm2) suggest that
a triple-THGEM photon detector with reversed drift field, operating at gain of ∼ 5× 105, under
similar UV and external radiation-background rates, will have 1–2 breakdowns per week per cm2.
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Maximum gain and breakdown rates at high-intensity background. The maximum achiev-
able gain of the detector, or rather the maximum possible charge in the photon-induced avalanche,
will naturally decrease with increasing ionizing background rate, due to sporadic overlap of
the two [14]. Systematic measurements were done with a CsI-triple-THGEM, operating in
Ne+10%CH4. It was simultaneously irradiated with the UV lamp (Nuv ∼ 105 Hz/cm2) and with
X-rays from a Mo X-ray tube (mostly a Mo 18keV photo-peak and a weak broad-spectrum
Bremsstrahlung), resulting in counting rate of 102−106 Hz/mm2. The maximum achievable gain,
limited by x-ray induced sparks, is defined here as the one at which breakdowns appear at a rate
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by UV and X-ray photons.

of ∼ 1 breakdowns per 10 min., is plotted in figure 9. The solid curve represents the general
dependence of the maximum achievable total avalanche charge (primary ionization × gain) cal-
culated in the same way as for the Cu tube (see above) vs. rate, valid for parallel-plate counters
and for other micropattern gaseous detectors (see [14]). The maximum attainable charge of the
CsI-triple-THGEM photon detector dropped with rate, similarly to the gain drop observed with a
bare triple-THGEM (figure 6).

In other experiments (graphs not shown) with alpha-particles from 241Am (depositing
∼104 electrons/cm in Ne/CH4), a CsI-triple-THGEM reached a discharge limit at gains around
3× 103 under normal drift field and at 2–5× 104 (depending on the alpha-particle track orienta-
tion) under reversed drift field. We may conclude that in high-energy physics experiments, heavily
ionizing particles’ background may limit the maximum achievable gain of triple-THGEM photon
detectors to values of few times 104.

The main conclusion from the intense-background studies is that discharges in a CsI-coated
triple THGEMs detector, irradiated simultaneously by UV photons and radioactive sources, were
caused mainly by the radioactive source; this is in good agreement with Raether limit at low count-
ing rates and with a previously-observed (in other gaseous detectors) general dependence of the
maximum achievable avalanche charge on the rate at high counting rates. This established limit al-
lows one to carefully assess applications of CsI-coated UV-photon THGEM detectors in RICH and
in other applications, taking into consideration the anticipated background at the detector’s vicinity.

Cathode excitation effects. As described in [14] and in some references therein, the intense ion
bombardment of the CsI photocathode was observed to cause temporal increase of its sensitivity
to UV and visible light. The CsI quantum efficiency (QE) resumed its original values only after
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20–30 minutes, during which an increased rate of spurious pulses was observed. This phenomenon
was named: “cathode excitation effect” ([14] and references therein).

It was further observed that the higher the avalanche-induced ion current density, the longer is
the detector’s recovery-time. The longest recovery times were observed after breakdown. It is as-
sumed that this phenomenon depends, among others, on the ion species, namely on the gas mixture.

A frequent consequence of cathode excitation in CsI-MWPC detectors is that, following break-
down, the nominal operation voltage cannot be resumed for a substantial period of time [14]. This
phenomenon was recently confirmed by the COMPASS RICH group [13], where occasional dis-
charges led to very long recovery times (up to one day). To avoid these phenomena some of the
COMPASS RICH CsI-MWPCs had to be operated at lower voltages, which naturally affected the
photon detection efficiency [13].

The “cathode excitation effect” is explained by the temporal formation of a positive-ions layer
on the CsI surface during ion bombardment, which creates intense local electric fields, reducing
the work function and possibly inducing emission of electron jets (see more details in [14]). This
phenomenon is directly related to the Malter effect [18].

We investigated the “cathode excitation effect” induction in a CsI- triple-THGEM, by intensely
irradiating it with Mo X-rays. In a first series of measurements the photon detector, operating at
a gain of 104, was irradiated by a collimated X-ray beam, delivering ∼ 3× 104 Hz/mm2 photons
to the irradiated spot. In these conditions the breakdown rate was ∼ 1 per 10 min. After 5-10
minutes of irradiation, the X-ray tube was switched off and the rate of after-pulses, and pulses
induced by a visible-light torch were measured (note that normally a CsI photocathode is “solar
blind” with a cut-off at∼ 220 nm). The results are depicted in figure 10, showing a measurable rate
of spurious pulses and visible-light pulses, lasting for about 30 minutes and fully subsiding after
about 100 minutes. These results were reproducible, provided the detector was not irradiated for a
couple of hours.

In the following set of measurements, “cathode excitation” was induced in the same way but
was followed by an immediate increase of the triple-THGEM voltages to a gain of ∼ 105, ensuring
sensitivity to single electrons. The results are presented in figure 11. Both spurious-pulse rate
and visible-photon sensitivity increased by about a factor 10, but subsided after a period of time
comparable to that of the lower-gain (104) operation.

The onset of discharges in these experiments always occurred in the last THGEM, at total
gain of 2–3×105; the recovery time of the triple-THGEM, for resuming its voltages, was of about
30–60 sec. The data indicate that “cathode excitation” could be initiated in the CsI-triple-THGEM,
with its characteristic increased spurious-pulses rate and sensitivity to visible light, but with no
significant increase of recovery time.

The “cathode excitation effect” was also observed after intense UV irradiation; however in
real experiments the RICH detector usually operates at much lower UV flux then that required for
triggering a noticeable effect.

Operation in pure CF4 and in Ne/CF4. In some applications, it might be desirable replac-
ing the detector-gas (e.g. pure CH4) with a non-flammable one. Especially this is important for
large-volume detectors (e.g. ALICE and COMPASS RICH). One of the options is CF4. Recent
studies [3, 5, 19, 20] indicated upon high photoelectron extraction efficiencies from CsI and their
full collection into THGEM holes in pure CF4 (similar to CH4). This also makes CF4 an attractive
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candidate for UV-detectors coupled to Cherenkov radiators through windows or, even more attrac-
tive, operating in a windowless mode with the same gas in both elements (e.g. like in the HBD
described in [8] and discussed for ALICE-VHMPID [21]. Electron extraction and collection into
detector holes in Ne/CF4 mixtures showed also good performance, as discussed in [5].
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Figure 12. Gain measured in a singleCsI-THGEM (hole diameter 0.4 mm) in current mode with UV pho-
tons; Ne+10%CF4 and CF4.

Gains of ∼104 were recorded in a single-CsI-THGEM in Ne/CF4 (5%, 10%) under low-
intensity X-ray irradiation (figure 5c-d). Under UV light irradiation, about 100-fold higher gains
were reached in a single-THGEM, as depicted in figure 12. This reconfirms that even in highly
scintillating gases emitting UV light, like CF4 (see [22, 23] and references therein), CsI-THGEM
breakdowns are initiated by the Raether limit and not by feedback processes.

The gas gain obtained with triple-THGEM in Ne+10%CF4, with X-rays at counting
rates < 103 Hz/mm2, was ∼ 105 (figure 5); the same gain, adequate for RICH applications, was
recorded when the detector was simultaneously irradiated with UV and high intensity of x-rays.

Figure 12 also shows the gain of a single CsI-THGEM in pure CF4; the maximum gain un-
der UV-irradiation was 104, while in the presence of x-rays it was limited to ∼ 102. However,
in the case of reversed drift field, the maximum achievable gain was close to 104 even when the
detector was simultaneously irradiated with UV and low intensity x-ray photons (reverse field re-
duces the fraction of the collected primary ionization). The gas gain achieved in these preliminary
studies is already as high as in The PHENIX triple-GEM HBD [24]. In contrast to [7], no ir-
reversible damages of this THGEM were found in case of discharges, which is encouraging for
possible applications. Preliminary measurements in CF4 with a double-THGEM indicated upon
higher reachable gains in pure CF4; however, the higher operation voltages in this gas may be less
convenient in practice, which deserves additional studies particularly for windowless Cherenkov
radiator/detector systems.

Gain-stability. Several works investigated the THGEM’s long-term gain stability under various
experimental conditions [25, 26]. The main findings can be summarized as follows: in THGEMs
having dielectric material exposed to avalanche electrons and ions, e.g. the rims around the holes
and hole walls [2], the gas gain varies (increases or decreases) over time periods of up to several
hours after voltage application. The gain variation is typically of a factor of two prior to stabi-
lization. THGEMs without rims around the holes reached typically 10 fold lower gains [2, 26]
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Figure 13. Short-term stability of a bare triple-THGEM (rim 0.1 mm), irradiated with 55Fe at gain 2×104,
counting rate: ∼ 50 Hz/cm2 and at gain 105, counting rate: ∼ 5× 103 Hz/cm2. Gas mixture Ne+10%CH4

flushed for 6 days prior to the measurement.

compared to those with rims [4]; and exhibited much shorter stabilization times, of a fraction of
an hour, almost independent of the counting rate. The existing data suggest that the long gain-
stabilization time, also observed in GEMs [27], is related to charges slowly accumulating at the
surface and in the volume of the bare dielectric substrate (generally FR-4 or G-10) in the avalanche
region. The time required for reaching equilibrium depends on the type of gas (positive ions), the
electric fields, the avalanche charge and the rate, and on other parameters such as the amount of
the exposed dielectric, its structure, the degree of adsorbed moisture (affecting surface and volume
resistivity) etc. Note that the latter depend on detector operation conditions, e.g. detector pumping
prior to gas introduction, time of gas flushing etc [25].

Most of the previously-published stability measurements were performed with THGEMs op-
erating in Ar-based gases. First results in Ne-based mixtures, operating at considerably lower volt-
ages [4], indicated upon a strong correlation between the stabilization time and the gas-flushing
time prior to the measurement — suggesting a dependence on gas impurities (e.g. moisture).

The aim of the present measurements, of short- and long-term stability, respectively carried
over hours and days, was to gain more understanding on this subject. In particular, we investigated
stability at low counting rates (monitoring charge pulse heights), e.g. similar to those expected for
the ALICE-VHMPID detector (6 100 Hz/cm2), and compared the stability of bare and CsI-coated
THGEMs. All THGEMs investigated had holes with 0.1 mm rims.

Short-term stability. The results obtained with a single-THGEM confirmed those presented
in [4]: ∼ 60% gain increase in measurements starting immediately after gas introduction, com-
pared to no gain increase in measurements done after 24 hours of gas flushing. Therefore, all the
following measurements were done after gas-flushing for at least 24 hours in the detector.

The stability results with a triple-THGEM, studied here for the first time, are presented in
the following figures. The bare triple-THGEM was irradiated with a 55Fe source in two different

– 14 –



2
0
1
0
 
J
I
N
S
T
 
5
 
P
1
1
0
0
4

0 100 200 300 400
0

500

1000

1500

2000

2500

 

 

S
ig

n
a

l 
a

m
p

lit
u

d
e

 [
m

V
]

Time [min.]

Single THGEM +CsI photocathode

  Ne/10%CH
4
 (flushed for 6 days)

Gain=10
4    55

Fe rate=10
3
Hz/cm

2

Figure 14. Short-term stability of a CsI-coated single-THGEM (rim 0.1 mm), operating in Ne+10%CH4.
Gas gain 104, 55Fe counting rate ∼1 kHz/cm2.

0 1 2 3 4 5 6 7 8 9
0

2

4

6

8

10

12
 

s
ig

n
a
l 
a
m

p
lit

u
d
e
 [

A
rb

it
ra

ry
 u

n
it
s
]

Time [hours]

CsI-triple-THGEM

Ne/10%CH
4

gain 3x10
5
    

55
Fe rate=10

3
 Hz/cm

2

gain 3x10
5
    

55
Fe rate=5x10

3
 Hz/cm

2
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Ne+10%CH4 at a) at overall gain of 3× 105 and counting rate of ∼ 1 kHz/cm2 and b) an overall gain of
3×105 and counting rate of ∼ 5 kHz/cm2.

conditions (figure 13): 1) counting rate of ∼ 50 Hz/cm2 and a gas gain of 2×104; 2) counting rate
of 5 kHz/cm2 and gas gain of 2× 105. At both conditions the bare triple-THGEM operated quite
stably, with minor (< 15%) gain variations.

Figure 14 depicts the results for a single CsI-THGEM, with gain increase of ∼25% during the
first two hours. These results are in agreement with those presented in [4].

The results obtained with a triple CsI-THGEM configuration of total gain ∼105, at two differ-
ent counting rates (1 and 5 kHz/cm2) are presented in figure 15. Larger gain variations, up to 75%,
were observed with the CsI-coated triple-THGEM.
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at a gain of 3×103 and counting rate of ∼5 kHz/cm2.

The results of a short-term stability test of a CsI-coated single-THGEM operating in pure CF4

at a gain of 3×103 are shown in figure 16; one observes a gain increase of about 30% within 5–6
hours. Note the higher (> 4 fold) THGEM operation voltage, ∼ 3 kV in CF4 compared to 0.7 kV
in Ne/CF4 for the same gain (see figure 12).

Long term stability. The stability of bare and CsI-coated triple-THGEM was further investigated
over a one-week period, in Ne/10%CH4; the results presented in figure 17 are to be considered as
preliminary. Following a fast rise, the gain of the bare triple-THGEM stabilized after two days; that
of the CsI-coated THGEM kept rising during the entire week. In both cases we observed a total
two-fold increase over a week. It is not possible at the moment to draw conclusions on the basis of
these first results.

4.2 Comparative studies with CsI-MWPC

A major aim of this work was the comparison between CsI-THGEM and presently used CsI-
MWPC UV detectors. In [5] we investigated the UV-photon detection efficiency of CsI-coated
THGEM detectors and compared it to the known efficiency of CsI-MWPC detectors used in COM-
PASS RICH. It was concluded that in Ne/CH4 and Ne/CF4 and with an optimized THGEM ge-
ometry (hole-diameter 0.3 mm, pitch 1 mm) the effective photon detection efficiency (combined
quantum efficiency, extraction efficiency and collection efficiency) would reach values of 0.20–
0.23 at 170 nm. This value is close to that of the photon detection efficiency currently achieved
with the COMPASS MWPC, where it is primarily limited by the low gain (∼104) in beam condi-
tions, resulting in poor signal-over-threshold. We have speculated that with a cascaded-THGEM
detector, a 10-fold higher gain is expected, with a larger attainable signal-over-threshold value.

In this work we focused on the maximum achievable gain, rate characteristics, feedback pro-
cesses and “cathode excitation effects”. The studies with MWPCs were conducted with a bare
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stainless steel cathode (bare-MWPC) and with a cathode coated with CsI (CsI-MWPC). The geo-
metrical parameters of this detector were described in section 3. The MWPC was flushed with CH4

(used in ALICE and COMPASS), Ne+10%CH4 or pure CF4 at 1 atm.

Gas gain and stability. Figure 18 depicts the gain curves of the bare- and CsI-MWPCs, mea-
sured in CH4 with a 55Fe source. At gains below 3×104 the signals were recorded with a charge
sensitive amplifier (Ortec 142PC); at higher gains, the pulses were recorded with a fast preamplifier
VT110CH4 (ESN electronics).

As seen in figure 18, for voltages below 2250 V (gain < 5× 104), the gas gain increased ex-
ponentially with the voltage; gain-saturation due to space charge, typical to wire chambers, started
at voltages above 2500 V (gain > 105).
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5 kHz/cm2. Gas: CH4.

The gain curves for bare- and CsI-MWPC at voltages below 2500 V are almost identical, how-
ever, in CsI-MWPC after-pulses (secondary avalanches) appeared already at gains > 3×104, and
they were delayed by about 40ns with respect to the primary pulses. The arrows in figure 18 indi-
cate the gains at which feedback pulses appeared in the CsI-MWPC and the numbers correspond to
the amplitude ratio η of the secondary-to-primary pulses: η = A2/A1; η increased with gain, from
η = 0.1 at 3×104, to 0.2 at 2×105. The probability of photon feedback γfp (eq. (2.3)) can also be
written as (see [14]):

γfp =
∫

Q(V,Ev)S(V,Ev)dEv (4.1)

where Q(V, Ev) is the quantum efficiency of the CsI photocathode in gas as a function of the voltage
V applied to the detector and the photon energy Ev, and S(V, Ev) is the photon emission spectrum
of the Townsend avalanches at voltage V [14]. We have marked that γfp (or equivalently G f ) in
our CsI-MWPC and in ALICE- and COMPASS-RICH detectors are very similar. Using eq. (2.4)
and assuming the emission spectra S(V, Ev) in the present CsI-MWPC and in that of ALICE- and
COMPASS-RICH detectors are the same, one can conclude that the quantum-efficiency function
Q(V, Ev) of the present (not measured directly) and the other detectors (with well know quantum
efficiency) must be quite similar. Therefore the present CsI-MWPC is a realistic representative of
the other detectors for a valid comparison with the CsI-THGEM.

At voltages above 3200 V (gain ∼ 106) a corona discharge appeared in CsI- MWPC due to
the feedback mechanism: G f γ f = 1. Thus, in contrast to the CsI-triple-THGEM, in which the
breakdown was triggered mostly by the x-rays or beta-particles reaching the Raether limit, in the
CsI-MWPC these particles did not induce breakdowns at gains below the critical one. This is
a fundamental difference between both photon detectors: the discharge onset in the CsI-MWPC
seems to be solely due to photon-feedback.

In the bare MWPC no feedback pulses were observed at VMWPC < 3500 V; the onset of corona
discharge was observed at voltages around V ∼ 3800.

Figure 19 shows the results of the short-term stability of the CsI-MWPC operated with 55Fe
x-rays at gain 104 and at a rate of 5 kHz/cm2, in CH4. Long-term stability measurements at a
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similar gain, but at considerably lower counting rates (< 103 Hz/cm2), were performed by ALICE
group [28]; they were remarkably good, yielding∼ 30% gain variations over a time period of more
than one year.

Operation in CF4. CF4 is currently considered by ALICE VHMPID group as an alternative to
CH4. It would permit the use of a windowless radiator/detector configuration; being non-flammable
it would satisfy safety requirements. Figure 20 presents gain curves of the CsI-MWPC measured
in Ne+10%CF4 and in pure CF4. The operation voltages of the MWPC in CF4 were similar to
those in CH4, and, like in CH4, at gains above 104 feedback pulses appeared, noticeable as gain
increase, deviating from the exponential curve. These preliminary measurements indicate that CF4

filled CsI-MWPC can be an attractive option for the ALICE RICH. Additional measurements in
CsI are required to demonstrate long-term stability in CF4.

Cathode excitation effects. Similarly to triple-THGEM, we investigated the “cathode excitation
effect” in the CsI-MWPC, induced by intense irradiation with a Mo X-ray gun. The x-ray intensity
was kept similar to that used in the experiments with triple-THGEMs (see figure 10, 11). Figure 21
depicts the counting rate vs. time of spurious after-pulses and pulses induced by visible light,
following the exciting x-ray irradiation. An elevated rate of both types of pulses was observed
for more than three hours; after 4-5 hours it resumed its original level of ∼ 2 Hz and ∼ 20 Hz for
spurious pulses and visible-photon pulses, respectively. The cathode excitation effect at a gain of
5×104 was by far more intense compared to the triple-THGEM (investigated at gains of 104 and
105, see figure 10, 11 respectively), manifesting both higher rate of spurious pulses and elevated
sensitivity to visible light for longer periods of time. This may be due to the “open geometry” of
the MWPC in which the CsI photocathode is receptive to the full avalanche-ion and -photon flux.
In contrast, at the same gain, only a small fraction of the avalanche ions will reach the photocathode
in the cascaded-THGEM (for double-THGEM see [9]), similarly to cascaded-GEM [29]. The ion
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backflow in cascaded-THGEM can be further reduced, e.g. with ion-trapping strips patterned on the
hole-electrodes [30], as demonstrated with Microhole & Strip Plate (MHSP) hole-multipliers [31].

In a following measurement we applied voltage on the CsI-MWPC, sufficient to trigger a
corona discharge. Following this discharge, and even though it lasted for only a few seconds, we
could no more apply the voltage for almost one hour. This is different from similar experiments
with CsI-THGEM, in which high voltage could be restored in ∼ 30 sec following a discharge.
Similar long recovery times of CsI-MWPC were observed in COMPASS RICH [13]. This differ-
ence may be similarly attributed to the fact that THGEMs screen the majority of discharge-ions
and photons.

As mentioned above, discharges in the MWPC appeared only at some critical gain; at lower
gains, no discharges were triggered by low- or medium-intensity sources. However, we observed
that at very high x-ray intensities the value of the critical gain was reduced by about a factor of two.

The main conclusion drown from these studies is that the cathode excitation effect is more
intense in CsI-MWPC than in CsI-triple-THGEM. It should be seriously taken into consideration
in the choice of high-rate UV detectors for RICH applications.

5 Summary and discussion

In this work we presented new results on the operation of single-, double- and triple-THGEM detec-
tors, in Ne/CH4 and Ne/CF4 mixtures. The work focused on UV-detectors with reflective CsI pho-
tocathodes deposited on the first THGEM electrode, in view of their potential applications in RICH
systems. The studies were carried out with soft x-rays and UV-photons. In some experiments with
UV-photons the detectors were simultaneously irradiated with x-rays or β -electrons, simulating
high-ionization background. The research encompassed studies of the maximum achievable gain
at various conditions, discharge probability, cathode excitation effects and gain stability. Compar-
ative studies were made in similar experimental conditions with a MWPC coupled to a reflective
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CsI photocathode, of a geometry similar to that used in CERN-ALICE and -COMPASS RICH
detectors; the detector gases were CH4 (RICH-standard), CF4 and Ne/CF4.

Systematic studies of gain limits due to rate-induced discharges were performed with soft x-
rays for various bare- and CsI-THGEM configurations (single, double and triple) at radiation flux
between 103 and 106 Hz/mm2. It was shown that at very high flux, the gain was significantly
reduced. However, independently of the exact gain-drop mechanism with rate, the measured max-
imum achievable gain of a single- and cascaded-THGEM (figures 6 and 9) followed the general
trend observed in most gas-avalanche detectors [14]; it is within a “permissible-zone”, depending
on primary ionization, gain and rate.

In some gaseous photon detectors incorporating a photocathode, avalanche-induced feedback
mechanisms may trigger breakdowns; e.g. ion-induced gain limits in GEM-based visible-sensitive
detectors with bialkali photocathodes [16]; these were dramatically reduced with cascaded hole-
multipliers having ion-trapping strips [32]. In CsI-THGEMs, feedback effects are significantly
reduced and gain limitations were not observed. Moreover, it was clearly demonstrated that the
maximum gain, at low counting rates, is governed by the Raether limit. As a consequence, a triple
CsI-THGEM operated stably at gains∼ 3–5×105 in the presence of low-intensity MIPs radioactive
background (see figure 7, 8); in the presence of a higher-ionizing x-ray background, the maximum
achievable gain is lower, limited by the x-ray induced total critical charge (which depends on rate
— see figure 9). The gain will further drop in the presence of heavily ionizing particles. With
reversed drift field one can reach much higher gains, thus strongly competing with MWPCs. Thus,
when considering THGEM for RICH, one should carefully assess the nature and intensity of the
ionization background and correctly choose the mode of operation.

Another problem addressed here was the THGEM’s gain-stability over time. It was already
established in the literature that THGEMs without etched rims around the holes have stable gain
on the short-range (hours) and the long-range (weeks) time scales [11]. However, the lack of rims
enhanced discharge probability due to defects on the hole-edges, resulting in over 10-fold gain
reduction compared to holes with etched rims [2]. Holes with rims showed gain variations in
amplitude over time; these depended on the substrate material, gas and impurities (e.g. moisture
affects surface and volume resistivity), hole-geometry, applied voltage etc. It was found for ex-
ample that the operation in Ne-mixtures (at lower voltages) resulted in better gain stability, even
with 0.1 mm rims [4]. The results presented here with bare THGEM electrodes and others coated
with CsI, with 0.1 mm rims around holes, are not yet conclusive. Gain variations up to a factor
of two were observed in different conditions. Though not dramatic for detector operation, more
systematic studies are required on rim-size optimization.

A considerable advantage of a CsI-triple-THGEM is the fact that, due to the Raether limit,
discharges occur mostly in the last THGEM element (final avalanche). Since only a fraction of the
avalanche ions created in the discharge reach the photocathode, cathode excitation effects are not
promoted and thus triple-THGEM detectors have short recovery time (about 30 sec) following an
eventual discharge. We have also shown that in a CsI-triple-THGEM, with the CsI-photocathode
relatively screened from avalanche ions, the rate of spurious electron emission due to cathode-
excitation effects is considerably reduced compared to that of a CsI-MWPC.

Because discharges in CsI-MWPC occur primarily via a feedback loop (G f γ f = 1), if γ f

increases under intense ion bombardment (the “cathode excitation” effect), than the conditions

– 21 –



2
0
1
0
 
J
I
N
S
T
 
5
 
P
1
1
0
0
4

Figure 22. The maximum achievable gain (curves 1–7), as a function of X-ray flux, for various detec-
tors: 1) diamond-coated MSGC (0.2 mm pitch); 2) diamond-coated MSGC (1 mm pitch); 3) MSGC (2 mm
pitch) combined with GEM; 4) MSGC (1 mm pitch) combined with GEM; 5) PPAC (3 mm gap); 6) MI-
CROMEGAS; 7) thin gap (0.6 mm) PPAC. Curves 8–12 show the space-charge gain limit vs. rate in MWPC
at different gains (from ref. [33]).

for discharge are fulfilled at lower gas gains. This could be the reason for stability loss in CsI-
MPWC at high counting rates, with transition to discharge — as was observed for example in
COPASS RICH [13].

Our studies accentuated two main differences between a CsI-THGEM and CsI-MWPC:

1) Due to its open geometry, feedback pulses in a CsI-MWPC appear already at rather low gas
gains, limiting its operation stability; e.g. in CH4 10% avalanche-feedback appears already
at gain of 5×104. We did not observe feedback effects in CsI-THGEM even at considerably
higher gains.

2) Corona discharge in MWPC appears at a certain maximal gain Gm=1/γ , practically indepen-
dent on the nature of the ionizing radiation or the counting rate.

As a consequence, at low counting-rates the CsI-MWPC operated at a gain almost ten-fold
lower than the CsI-THGEM, although no discharges appeared even with heavily ionizing particles.
At high counting-rates, at a fixed voltage, the CsI-MWPC gain dropped due to space charge, e.g.,
by a factor of 3 (from 2× 104 to 7× 103 (see figure 22) when increasing the rate to 105 Hz/mm2.
This is comparable to a gain at which a CsI-THGEM with a normal drift field can operate stably at
the same counting rate (see figure 9).

To summarize:

1. A CsI-THGEM can operate without feedback at gas gains higher than a CsI-MWPC, but only
in the absence of elevated ionizing background. Its maximum achievable gain is governed
by the Raether limit.
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2. With reversed drift-field, CsI-THGEMs can operate at high gains even in the presence of
ionizing particles.

3. A CsI-MWPC is more immune to heavily ionizing particles, which do not cause discharges;
the latter are rather due to feedback processes.

4. At high courting rates CsI-MWPC is more prone to instabilities than CsI –THGEMs due to
the higher probability to develop cathode excitation effects.

The present work provided additional information on THGEM operation, particularly on UV
detectors with CsI photocathodes. With expected photon detection efficiency close to CsI-MWPC
(currently investigated in beam experiments), CsI-THGEM UV-detectors could become suitable
candidates for high-rate single-photon imaging. The choice of UV-detector for RICH will naturally
depend on the application counting rates and on the nature and rate of the ionizing background in
a given experiment.
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