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Recent advances in gaseous imaging photomultipliers
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Abstract

We summarize our recent advances in gaseous photomultipliers (GPMTs) for the UV and visible spectral range. They

combine photocathodes and advanced multi-stage Gas Electron Multipliers (GEMs). Principles of operation and

properties are discussed, with emphasis on time and localization resolutions, ion-feedback suppression, novel electron

multipliers and sealed photon detectors for visible light.

r 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years there has been considerable
progress in the development of gaseous photo-
multipliers (GPMTs). In parallel to very large-area
(m2) imaging GPMTs, combining CsI UV-sensi-
tive photocathodes and wire-chamber electron
multipliers, mostly motivated by applications in
Cherenkov Ring Imaging in particle physics [1,2],
there have been intensive R&D efforts towards the
development of novel GPMT techniques [3,4]. We
will concentrate here on GPMTs comprising solid
UV- and visible-sensitive semitransparent and
reflective photocathodes coupled to cascaded Gas
Electron Multipliers (GEM [5]). Large-area multi-
GEM imaging GPMTs [6] may compete with
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available vacuum-based photon detectors: the
atmospheric pressure operation in a variety of
gases, including noble gases [6], permits conceiving
compact flat-geometry devices; they reach multi-
plication factors exceeding 106, thus having single-
photon sensitivity; the devices have good 2D
localization resolution and ns timing with single
photons. Unlike vacuum photon detectors, gas-
filled devices can operate in high magnetic fields [1].
We will briefly summarize below the properties

of GEM-based GPMTs and demonstrate that
these photon detectors became a mature technique
in the UV spectral range. We will report on recent
progress in gas-sealed visible-photon GPMTs with
alkali-antimonide photocathodes and standard
Kapton-made GEM electrodes. Further develop-
ments in electron multipliers will be discussed.
2. GEM-based photomultipliers

The multi-GEM GPMT has a very similar
structure to that of a typical vacuum-operated
d.
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Fig. 1. Schematic view of the multi-GEM gaseous photomul-

tiplier with: (a) a semitransparent photocathode and (b) a

reflective photocathode. Signals are recorded at a segmented

anode used for photon localization.

Fig. 2. Gain curves recorded in a multi-GEM photomultiplier

with a reflective CsI photocathode, shown in Fig. 1b. DVGEM is

the voltage across a single GEM.
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mesh-dynode photomultiplier. Its schematic view
is shown in Fig. 1; in Fig. 1a a cascade of GEM
multipliers is coupled to a semitransparent photo-
cathode [6], while in Fig. 1b a reflective photo-
cathode [7,8] is deposited directly on the top
surface of the first GEM.
A standard single-GEM electrode [9] is made of

50 mm thick Kapton, with double-sided 5 mm thick
copper clad, perforated with an hexagonal array of
double-conical holes (diameter 50 mm in Kapton
and 70 mm in copper), with a pitch 140 mm. A
single GEM has typically a gain of a few times 103

in common counting gases, upon the application
of a few hundred volts across the holes [10].
Cascaded 3- and 4-GEM CsI-based GPMTs reach
gains above 105 with single photons, in noble gas
mixtures and in Ar-CH4 [6], and above 106 in CF4

(Fig. 2) [11]. These very high gains, resulting in
high sensitivity to single photons, are due to the
efficient optical screening of avalanche-induced
photon-feedback effects. The ‘‘reflective’’ GPMT
has the further important advantage: due to its
optimal operation with ‘‘zero’’ drift-field above the
photocathode, it is practically insensitive to
ionization deposited by background radiation [8].
This is of prime importance in photon imagers
(e.g. of Cherenkov detectors) operating under very
intense particle background [12,13].
The photon detection sensitivity is dictated by

the quantum efficiency (QE) of the photocathode,
the photoelectron extraction efficiency into gas
and by that of its focusing into a GEM hole. The
extraction efficiency depends on backscattering on
gas molecules [14], which increases with the electric
field; for a given field it is low in noble-gas
mixtures, while it reaches values close to that in
vacuum in CH4 and CF4 [11]. The electron
focusing efficiency into the first GEMs hole
depends on the detector geometry, the electric
field at the photocathode and at the GEM-hole
vicinity and on the type of gas. This very crucial
single-electron focusing process has been exten-
sively investigated for both GPMT operation
modes shown in Fig. 1 [7,8,15]. Conditions were
found where each photoelectron extracted from
the photocathode is efficiently transferred through
the first GEM to the next multiplication elements.
This is also summarized in Ref. [12].
To summarize, the photon detection efficiency

with GPMTs can reach values close to that
reached in vacuum devices, when operating with
CH4, CF4 and in Ar-CH4 mixtures, under appro-
priate electric field conditions [11]. Though the
GEM-coated photocathode has about 20% lower
active area, due to the holes, its production is
simpler and its absolute QE value is superior to
that of a semitransparent photocathode.
The 50 mm GEM-foil thickness results in a fast-

growing avalanche process across this very short
distance. Unlike other gas multipliers, the electron
avalanche diffuses very little laterally and long-
itudinally; typical current pulses have a few ns rise
time and 10–20 ns width (Fig. 3), depending upon
the gas and the number of GEMs in a cascade
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Fig. 3. Typical single-photon fast current pulses recorded in

CF4 at a gain of 105.

Fig. 4. A 2D X-ray image of a patterned mask of a total size of

18� 18mm2, recorded in a 3-GEM detector with a striped

anode and delay-line readout; Ar/CO2 (70/30), 1 atm.
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[6,11]. Therefore, respective rms time resolutions
of 1.6 and 0.3 ns were measured for single- and
150-photoelectron bursts [11,16].
The multi-GEM detector offers excellent locali-

zation properties with segmented readout anode
circuits [17]. The small lateral spread of the
avalanche affects the width of the charge induced
on the anode; this width can be tailored to a given
readout method, by a proper choice of gas and
GEM-to-anode avalanche-induction distance [18].
An example demonstrating the 2D localization
resolution of a 3-GEM detector operated with soft
X-rays is shown in Fig. 4 [19]. The intrinsic
resolution with a X–Y strip-anode coupled to a
dedicated delay-line readout circuit is of the order
of s ¼ 702100 mm.
Similarly to avalanche-induced photon-feed-

back effects in gas counters, also ion-induced
electrons may cause avalanche divergence into
discharge. Such ion-feedback effects, discussed in
Ref. [20], depend upon ion kinetic and ionization
energies (function of: gas, pressure and electric
field) and upon the detector surface material
(electron affinity, gap energy). In GPMTs, ion-
feedback effects occur mostly when ions are
neutralized at the photocathode. Efforts have been
made to understand and to reduce to minimum
such ion-feedback in the multi-GEM multipliers
[21–23]. In devices designed to detect charges
deposited in gas, ion-feedback effects can be
reduced by applying low electric drift-fields at the
cathode region [22]. In contrary, the fields at the
photocathode surface of a GPMT must be kept
high to permit an efficient photoelectron extrac-
tion into gas (see above). This naturally makes it
very difficult to prevent ions from reaching the
photocathode. We have demonstrated that, while
keeping high fields at the photocathode surface,
ion collection can be reduced in multi-GEM
detectors only down to levels of B10% [16,23].
This is not sufficient, as already discussed in
Ref. [24].
A solution to the problem is the incorporation

of an active ion-gating electrode between the GEM
electrodes. It is based on a pulsed alternating-bias
wire-plane, similar to that of [25]. We have
demonstrated [23] that such a pulsed gate,
triggered by the anode avalanche and having good
electron transmission, can suppress ions down to
10�4 levels, though at the cost of some rate
limitations. Another possible solution of feed-
back-free operation in a non-gated mode is
discussed below.
3. Gaseous photomultipliers for the visible spectral

range

While it seems that the UV-sensitive multi-GEM
GPMT is a mature technique, the real challenge
are visible-sensitive devices. In contrary to UV-
sensitive photocathodes that are stable under gas
multiplication conditions [1–3] and operate in a
gas-flow mode, visible-sensitive photocathodes are
chemically very reactive and should operate in a
sealed mode. In the past we have extensively
studied the possibility to couple bialkali photo-
cathodes with a gaseous detector, by coating
them with thin protective alkali-halide films [26].
This approach, though successfully demonstrating
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Fig. 6. The absolute quantum efficiency as function of

wavelength of a visible-sensitive multi-GEM photomultiplier,

sealed in atmospheric Ar/CH4 (95/5).
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unprecedented protection against oxygen, involved
a significant loss of the QE, by factor 3–7 [26].
The opportunity to operate high-gain multi-GEM
detectors with noble gas mixtures, a medium
compatible with bialkali photocathodes, opens
the possibility of realizing high-QE sealed GPMTs
with visible range sensitivity.
Following successful attempts of sealing multi-

GEM GPMTs, 60mm in diameter, with UV-
sensitive CsI photocathodes [21], we have been
producing sealed devices with semitransparent
bialkali photocathodes (Fig. 5). The photocathode
is sealed to the detector package by ‘‘hot’’ In-Sn
sealing, at 130–150�C; details are provided in Ref.
[27]. Having succeeded sealing bialkali photo-
diodes in argon, which have been kept stable for
over 8 months [16], we have proceeded with sealing
visible light GPMTs. These comprise a cascade of
30� 30mm2 standard-geometry Kapton-based
GEMs (see above) and an anode. First sealing
attempts in 710Torr of pure Ar yielded rather low
QE values, due to elevated sealing temperatures;
the QE was stable for two weeks and degraded due
to a micro leak. Gas-multiplication studies in-
dicated that in contrary to CsI, a considerable ion
feedback appeared with the bialkali photocathode,
due to its very efficient secondary electron emis-
sion, strongly limiting the gain [16]. Further
studies of ion-induced secondary effects on a
bialkali photocathode coupled to a GEM were
carried out in various gas mixtures [16]. It was
surprisingly found that while in pure Ar and CH4

the feedback is large, resulting in a gain limit of 20
in a single GEM, adding a few percent of CH4 to
Ar raised the gain limit to 1000; with 2–5% CH4 in
Ar ion feedback was not observed at this gain.
Fig. 5. A photograph of a sealed multi-GEM gaseous photo-

multiplier.
This interesting observation is yet unexplained and
is currently under study.
A GPMT of identical structure, sealed with

710Torr of Ar/CH4 (95/5) could be operated with
no feedback till gains of 800 on the first GEM; a
total gain of 2� 104 was reached in a two-GEM
operation mode. The QE measured in the detector
after sealing was peaked at 13% at 435 nm (Fig. 6),
which is only B2 times lower than the QE
measured in vacuum before sealing.
4. Novel electron multipliers

In parallel to the research described above,
focused on GPMTs with multi-GEM electron
multipliers, we are in constant search for advanced
multiplier concepts and materials. We have re-
cently demonstrated that a novel micropattern
multiplier, the Micro Hole & Strip Plate (MHSP)
[28,29] could have some interesting properties. The
double-stage MHSP multiplier, shown in Fig. 7, is
a GEM-like electrode foil, but with the rear-
metalized face subdivided into thin anode- and
broader cathode-strips; this face is similar to that
of a Microstrip gas avalanche chamber (MSGC)
[30]. Electrons focused into a hole are preamplified
in a GEM-like process; the avalanche electrons are
then focused onto the anode strips, where a second
multiplication occurs. The total gain of this
single-foil, double-stage multiplier exceeded 103,
in a first, non-optimized detector electrode [29];
it is similar to a single-GEM gain. However,
in a GPMT configuration, the MHSP has the
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Fig. 7. A photograph of the striped side of an MHSP electron

multiplier (a) and a schematic layout of a gaseous photo-

multiplier comprising a cascaded 2-GEM plus MHSP electron

multiplier (b); signals are induced on a segmented cathode,

providing photon localization.

Fig. 8. A photograph of a perforated silicon substrate, studied

for future GEM production. Si thickness: 120mm; hole

diameter: 100mm; spacing: 200mm.
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following advantages when preceded by a cascade
of GEMs:
(a)
 This geometry will totally screen the photo-
cathode from photon feedback.
(b)
 Conditions were found where the ion-feed-
back is considerably reduced compared to
GEMs, by collecting the strip-avalanche ions
on the nearby cathodes [31].
(c)
 The readout can be done with a segmented
cathode, localizing the pulses induced by the
strip-avalanche; the resulting broader charge
distribution, compared to that on GEM-
anodes [18], may ease the localization proce-
dure.
Though the first results with Kapton-made
GEMs sealed with bialkali photocathodes seem
encouraging on the short time scale, it is yet
unclear if on the long term, possible outgassing of
this polymer will not deteriorate the photo-
cathodes. Therefore, other substrate materials for
GEMs are currently being investigated, among
them glass, ceramic and silicon. Glass-GEMs were
recently reported to yield successful operation [32];
we are studying methods for economically produ-
cing metalized perforated thin glass sheets. We
also investigate production techniques of thin
ceramic-made GEMs. A new approach recently
initiated in cooperation with scientists of the
University of Glasgow is the fabrication of thin
silicon-GEMs; Fig. 8 shows an example of a
perforated substrate, demonstrating the precisions
reached with modern silicon etching techniques.
However, the possibility of charge multiplication
within holes in a semiconductive material is yet
questionable and is under investigation. Other
potential multipliers for sealed detectors could be
glass capillary plates, studied by other groups
[33,34].
5. Summary

GEM-based GPMTs have been extensively
studied over the past years; they can be made
with large surfaces and flat compact geometry;
they have excellent timing and localization cap-
abilities and can operate at high magnetic fields.
Conditions were found for efficient single-photo-
electron detection in a variety of gases, including
noble-gas mixtures. While the technique seems
mature in the UV spectral range, we get very close
to the possible realization of the more challenging
dream of detectors for visible light. First attempts,
using standard Kapton-made GEMs and bialkali
photocathodes, are very encouraging, showing
stability over a few weeks and QE values above
10% at 400 nm. Ion-induced feedback effects,
distinctive to the bialkali photocathode, could be
strongly reduced by either selecting proper gas
mixtures or by introducing an active ion-gate
electrode. Novel MHSP multipliers may permit
further reduction of ion-feedback effects. Though
Kapton-made GEMs seem to permit stable
operation of visible-sensitive sealed GPMTs, yet
demonstrated only on a short time scale, we are
investigating other, UHV-compatible GEM-sub-
strates like glass, ceramic and silicon. Long-term
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stability in sealed mode, photocathode aging
under high gain multiplication, ion feedback
studies in various gases, single-photon imaging
and other topics are under investigations. Large-
area fast imaging GPMTs have many potential
applications; most important are single-photon
imaging in Cherenkov detectors, light recording
from solid, liquid and gas scintillators in physics
experiments and medical imaging, plasma diag-
nostics, etc. We are currently developing a large-
area thermal-neutron imaging detector comprising
thin liquid scintillator coupled to a visible-sensitive
GPMT [35].
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