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Abstract—Remarkable properties of gas photodetectors make them attractive for application in high energy
physics, astrophysics, and medical imaging. This review presents the results of research and development of
gaseous photodetectors with solid photocathodes (GPDs). In particular, efficient photocathodes for the ultravi-
olet (mainly CsI) and the visible ranges, including photocathodes with protective dielectric nanofilms, are
described. Some problems of the physics of gaseous photodetectors and photocathodes are considered: photo-
electron backscattering in gas, photoemission amplification in an electric field, photoelectron transport through
nanofilms, protective properties of nanofilms, and photon and ion feedback. A separate section is devoted to
GPDs based on gas electron multipliers (GEMs), including sealed GPDs and cryogenic two-phase avalanche

detectors with CsI photocathodes.
PACS numbers: 29.40.Cs; 85.60.Ha
DOI: 10.1134/S1063779608030052

INTRODUCTION

Detectors of photons (photodetectors) are one of the
basic types of detectors in high energy and nuclear
physics. They are used in fields in which the optical
method of signal detection is required, namely, in scin-
tillation counters, Cherenkov counters, ring imaging
Cherenkov detectors (RICH detectors), scintillation
calorimeters, and so on. The most widespread represen-
tatives of photodetectors are vacuum photoelectron
multipliers (PMT) and semiconductor photodiodes.

At the same time, gaseous photodetectors sensitive
to single photons which use the principle of avalanche
amplification in gases (see, e.g., [1, 2]) have been devel-
oped for over a quarter of a century. The advantages of
gaseous photodetectors when compared to vacuum
ones are a large working area, convenient methods for
coordinate information readout, and the capability of
operating in a magnetic field, and their advantages over
semiconductor detectors are a lower noise level and
higher gain. As regards such parameters as amplitude
and time resolution, they yield to vacuum photodetec-
tors. Thus, the specific field of application of gaseous
photodetectors is determined by the tasks in which
coordinate photodetectors with relatively large area
(more than one square decimeter) are required.

Although photosensitive gaseous counters were
known long ago [3-5], the first large-area coordinate
gaseous photodetectors were developed in the early
1980s in connection with the development of RICH
detectors [1]. They had a gaseous photocathode, i.e.,
operated using vapors of organic substances with low
ionization potential sensitive in the ultraviolet range,
such as TEA and TMAE [1]. The field of application of
photodetectors with gaseous photocathodes, however,
is quite limited for a number of reasons. These reasons
are their insensitivity to visible light, incapability of

operation at cryogenic temperatures, and impossibility
of being used in sealed devices.

Gaseous photodetectors with solid photocathodes in
general, and with Csl photocathodes in particular [6],
are considered to be more promising. Indeed, the inter-
est in these photodetectors has not decreased in twenty
years [2, 7, 8]. The advantages of solid photocathodes are
their potential for operation in a wide temperature and
pressure range, compatibility with sealed devices, a vari-
ety of methods of coupling with amplification structures,
and sensitivity in the visible range. Moreover, the advan-
tage of Csl photocathodes which are sensitive in the ultra-
violet range is high quantum efficiency in the range of
scintillation of noble gases, which can be deployed in lig-
uid scintillation cryogenic detectors [9].

Nonetheless, the application of gaseous photodetec-
tors with solid photocathodes is limited to a few RICH
detectors based on Csl photocathodes with gas flow
[10] which are in operation or under construction. This
is related to the fact that the development of more prac-
tical gaseous photodetectors, such as those based on gas
electron multipliers [11-14], sealed [15, 16, 20], and
with photocathodes for the visible range [17-21], is
still topical. If these detectors were developed, they
would provide competition for PMT in the fields of tra-
ditional application of the latter.

The main obstacle for application in gaseous photo-
detectors of photocathodes for the visible range is their
high chemical activity with respect to oxygen admix-
tures and water vapors. A possible solution of this prob-
lem is the protection of photocathodes by dielectric
films with a thickness of several nanometers [22-29],
i.e., nanofilms (see, e.g., [30]). In this review, suffi-
ciently large attention is paid to this topic.

Until recently, only multiwire chambers [31] were
used as amplification structures in gaseous photodetec-
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tors. Further progress in the field of gaseous photode-
tectors is associated with the application of gas electron
multipliers (GEMs) [32-34] and related structures with
holes. The unique property of a GEM is the cascading
capability, which allows its application in gaseous pho-
todetectors as an amplification structure similar to the
dynode cascade in PMT.

The remarkable characteristics of gaseous photode-
tectors with solid GEM-based photocathodes [11-21]
make them attractive for application in high energy
physics, astrophysics, and medical imaging. Such
applications are, in particular, Cherenkov detectors
[35-37] and cryogenic two-phase avalanche detectors
[38, 39]. The latter are planned to be used for detection
of coherent neutrino scattering off nuclei [40] and dark
matter [41, 42], and in positron emission tomography
(PET) [43, 44].

In this review, the results of investigation and devel-
opment of gaseous photodetectors with solid photo-
cathodes are presented. These detectors will be denoted
hereinafter by GPDs. In Section 1, the classification
and principles of operation of GPDs are considered.
Section 2 discusses efficient photocathodes for the
ultraviolet and the visible range in gas and vacuum, and
dielectric nanofilms on photocathodes are considered in
Section 3. Section 4 is devoted to the development of
GEM-based GPDs, including sealed GPDs and cryo-
genic two-phase avalanche detectors with CsI photo-
cathodes.

It should be noted that the physics of gaseous pho-
todetectors and photocathodes is one of the most
diverse and complex fields of the physics of radiation
detection, and, therefore, is of independent interest. In
this review, in particular, such topics as photoelectron
backscattering to the photocathode in gas, photoelec-
tron emission amplification in an electric field, photo-
electron transport through nanofilms, protective prop-
erties of nanofilms, and photon and ion feedback are
considered.

1. TYPES AND PRINCIPLES OF OPERATION
OF GASEOUS PHOTODETECTORS

Gaseous photodetectors can be classified using sev-
eral features: with the photocathode for the ultraviolet
or the visible range, with semi-transparent or opaque
(massive) photocathode, the photocathode based on
multiwire chamber or GEM, or operating with gas flow
or in the sealed configuration.

Among photocathodes for the ultraviolet range, the
most widely spread in the high energy physics is the Csl
photocathode [6]. The results of the research performed
in the framework of the RD-26 collaboration [45-50]
played the decisive role in its successful application.
The main result of these investigations was a consider-
able increase in the Csl photocathode efficiency due to
correct choice of the substrate, the heating procedure,
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Fig. 1. Schematic diagram of a RICH detector with GPD
based on the multiwire chamber and opaque Csl photocath-
ode [51].

and the gas mixture with the lowest photoelectron
backscattering effect (see Section 2).

Gaseous photodetectors with opaque Csl photocath-
odes and readout using multiwire chambers are suc-
cessfully used in the so called proximity focused RICH
detectors in experiments at CERN [10, 51], GSI [52],
and BNL [10]. Figure 1 shows the schematic diagram
of such RICH detector [51]: the Cherenkov radiation
emitted in the liquid radiator goes through the quartz
window to the multiwire chamber in which it is regis-
tered using the Csl photocathode deposited on the cath-
ode areas. The chamber is flushed with pure methane,
which provides, first, minimal photoelectron backscat-
tering effect (see Section 2), and second, high (about
5 x 10%) gas gain.

Further development of GPDs is associated with the
application of GEMs in general [32] and multistage
GEMs in particular [11, 13, 14], and related structures
with holes, such as capillary plates [53, 54], microhole
and strip plates [55], and “thick” GEMs [56, 57]. The
“standard” GEM [33, 34] represents the thin dielectric
polyamide (Kapton) film with a thickness of 50 um
covered from both sides by the metal (copper) foil with
many holes with a diameter of 60—80 pum and a pitch of
140 um. It is remarkable that first investigations of the
three-stage GEM that was most widely spread in track
detectors and photodetectors [34] were performed in
relation with the development of the gaseous photodetec-
tor with the Csl photocathode [11].

Multistage GEMs have a number of advantages nec-
essary for successful operation of GPDs. They are char-
acterized by high gain (above 10%) in practically any gas
mixtures [34], including pure noble [11, 58] and pure
molecular [12] gases; suppression of photon [11, 12] and
ion [16, 63—-65] feedback; capability of coupling with
both semitransparent [11] and opaque [13, 14] photo-
cathodes; compatibility with the technique of sealed
device production [15, 16, 20]; and efficient operation at
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Fig. 2. Schematic diagram of three-stage GEM-based GPD
with semitransparent photocathode [11, 16]: / is the semi-
transparent photocathode at the entrance window, 2, 3, 4 are
the first, second, and third GEMs, 5 is the anode (readout
electrode), 6 is the drift gap, 7, § are the transfer gaps, 9 is the
induction gap, /0 is the photodetector envelope, /1 is the vis-
ible light or ultraviolet radiation, AVggy is the voltage at
one GEM, Ejp, is the drift field, E7 is the transfer field, Ej is
the induction field, V; is the voltage at the divider, V), is the
voltage at the cathode, /~is the cathode current, and I is the
anode current.
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cryogenic temperatures [38, 59, 60], including in satu-
rated vapors in two-phase systems [39, 59, 61, 62].

As regards the operation principle, GEM-based
GPDs can be divided into detectors with semitranspar-
ent [11] and opaque [13, 14] photocathodes. The scheme
of the GEM-based GPD with the semitransparent pho-
tocathode is shown in Fig. 2 [11, 16], and its operation
principles are illustrated in Fig. 3. In Fig. 3, physical
processes in such a detector [58] are also illustrated;
they will be considered in Section 4. The cathode of the
photodetector represents the entrance window onto
which the semitransparent photosensitive layer is
deposited. Photoelectrons generated at the photocath-
ode move in the drift gap along the force lines and are
focused in the GEM holes in which electron avalanches
develop. Thus, each GEM hole represents an indepen-
dent proportional counter. A noticeable fraction of ava-
lanche electrons can leave the hole and enter the gas
gap for multiplication in subsequent amplification cas-
cades or for detection at the anode (readout) electrode.

The schematic diagram of the GEM-based GPD with
the reflective photocathode is shown in Fig. 4 [13, 14]; its
difference from the GPD with the semitransparent pho-
tocathode is that the entrance window is transparent,
the cathode is manufactured in the form of the mesh,
and the photocathode is deposited directly on the elec-
trode of the first GEM. The remaining features are sim-
ilar to those of the scheme shown in Fig. 2. In the case
of the GEM-based GPD with the reflective photocathode,
one more remarkable GEM property is used: photo-
electrons emitted from the first GEM electrode are effi-
ciently collected in the GEM holes for subsequent
amplification if the electric field in the drift gap is suf-
ficiently weak (<0.5 kV/cm) [13]. The advantage of this
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structure is the complete absence of photon feedback to
the photocathode and the insensitivity to ionization in
the drift gap for zero drift field.

It is these advantages that served as the basis for the
development of the original coordinate Cherenkov
counter for identification of electron pairs in the experi-
ment PHENIX at RHIC, which realized quite advanced
ideas concerning GPDs [35-37]. In this detector, the
three-stage GEM and the opaque Csl photocathode
deposited on the first GEM are used. The counter is
insensitive to hadrons and operates in pure CF, without
a separating window between the radiator and the photo-
detector. The latter became possible due to two remark-
able properties [12]. First, the GEM-based GPD pos-
sesses very high gain in pure CF,, which allows its oper-
ation in the single photon counting mode. Second, it
turned out that the Csl quantum efficiency losses due to
the photoelectron backscattering are minimal in CF, as
compared to other gases (see Section 2).

GEM-based GPDs with opaque CslI photocathodes
are used in cryogenic two-phase avalanche detectors
(Fig. 5). In these detectors [38, 39, 59, 61, 62], primary
ionization electrons generated in the noble liquid are
emitted into the gaseous phase under the action of the
electric field and then amplified using multistage GEMs.
In some applications, the signal from primary scintilla-
tions in the noble liquid whose spectrum lies in the vac-
uum ultraviolet range should be registered for suppres-
sion of the background in the case of dark matter detec-
tion or ensuring fast coincidence between two photons
in the case of PET.

It is assumed [34, 39, 61] that the multistage GEM-
based GPD with the opaque Csl photocathode depos-
ited on the first GEM can provide efficient detection of
both ionization and scintillation signals (Fig. 5). In this
case, GEM with the Csl photocathode can be situated
in both the gaseous and the liquid phase. In the latter
case, it will operate without amplification. The idea of
the two-phase Ar avalanche detector with the GEM-
based GPD with the opaque Csl photocathode was
implemented not long ago [39]. The characteristics of
this detector are considered in Section 4.

An interesting method of application of GEM with
opaque Csl photocathode was proposed a short time
ago for suppression of ion feedback in multistage
GEMs [66, 67] on the basis of the so called photoelec-
tric gate (Fig. 6). The gate represents the gap between
two neighboring GEMs (or the electroluminescence
gap and GEM) at which the potential drop is inverted,
blocking the passage of ions from subsequent cascades.
The signal transfer through the gate is performed by
ultraviolet photons due to secondary scintillations in
the noble gas in the first GEM (or the electrolumines-
cence gap) and the photoelectric emission from the sec-
ond GEM coated with the Csl photocathode. In this
way, the ion feedback can be suppressed completely.
No. 3
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2. EFFICIENT PHOTOCATHODES ' Photosensitive

FOR GASEOUS PHOTODETECTORS
2.1. Types of Photocathodes

A detailed description of photocathodes used in vac-
uum devices can be found, e.g., in [68]. In this review,
we consider only those photocathodes which were
studied in relation with the application in gaseous pho-
todetectors. In this section, only reflective photocath-
odes are considered.

Solid photocathodes for gaseous photodetectors can
be divided into groups according to the production
method, chemical composition, and chemical activity
with respect to ambient air. The first group includes
photocathodes produced using the method of vacuum
evaporation, these are alkali halide CsI [6], Nal [45],
CsBr [69], and Cul [45] photocathodes. They are sensi-
tive in the ultraviolet range and can be relatively stable
in ambient air for approximately half an hour, which
considerably simplifies the procedure of gaseous pho-
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' layer

Fig. 4. Principle of operation of GPD with reflective photo-
cathode deposited on GEM [14]. The electric field pattern in
the neighborhood of GEM holes is shown.
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Fig. 5. Principles of operation of the two-phase avalanche
detector with a multistage GEM-based GPD with opaque
Csl photocathode deposited on the first GEM [34, 39]. Both
the scintillation and the ionization signals are registered
using the GEMs.

todetector assembling. The group of photocathodes
operating in the ultraviolet range that are stable in air
also includes photocathodes based on diamond-like
films produced using the method of chemical vapor
deposition [70].

Another group is formed by photocathodes for the
visible and near ultraviolet range produced using the
method of activation by vapors of alkali metal; these are
the cesium—antimony (Cs—Sb) [17], the bi-alkali (Cs—
K-Sb) [17], and the tellurium—cesium (Cs-Te) [71]
photocathodes. Due to high chemical activity, these
photocathodes cannot be transported in air. Therefore,
they are mounted using the method of vacuum transpor-
tation [17], which complicates considerably the assem-
bling of the gaseous photodetector [20].

2.2. Efficient Photocathodes for Ultraviolet Range

Among photocathodes for the ultraviolet range that
are relatively stable in air, CsI has the highest effi-
ciency. This can be seen in Fig. 7, in which the spectra
of the quantum efficiency for opaque Csl, Nal, Cul,
CsBr, and diamond-like photocathodes in vacuum are
shown. This is probably related, among other reasons,
with the fact that Csl has sufficiently small electron
affinity, £, = 0.1-0.2 eV, for the width of the forbidden
zone E;= 5.9-6.0 eV [23]. Therefore, a major part of
research concerning ultraviolet photocathodes is
devoted to Csl photocathodes. At the same time, com-
plete understanding of some of its properties is still
lacking. The history of the problem and the status of
this topic are presented in comprehensive review [6].
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Fig. 6. Multistage GEMs with the photoelectric gate based
on opaque Csl photocathode deposited on the second GEM
[66]. The photoelectric gate suppresses the ion feedback
due to electric field inversion between the first and the sec-
ond GEMs.

The following works are the key ones in investiga-
tion of the properties of the Csl photocathode. In [72, 73],
quantum efficiencies for opaque alkali halide photo-
cathodes in vacuum were measured systematically; it
became clear from these measurements that CsI has the
largest quantum efficiency. In [74], the possibility of
coupling the CsI photocathode with the gaseous wire
chamber was demonstrated. In [75], it was shown that
the quantum efficiency of the opaque Csl photocathode
can be sufficiently high not only in vacuum, but also in
such gases as methane. In [76], characteristics of the

Quantum efficiency

1005
10°1E
10*25
-3 . . . PN v S |
150 160 170 180 190 200 210 220 230

Wavelength, nm

Fig. 7. Quantum efficiency spectra for opaque ultraviolet
photocathodes in vacuum: CsI [45], CsBr [2], Nal [45], Cul
[45] (after heat treatment) and the diamond-like photocath-
ode [2].
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semitransparent Csl photocathode were studied in
detail. In [77], it was shown using calibrated photore-
ceptors that the absolute quantum efficiency of the opaque
Csl photocathode is indeed very high, reaching 20% for
185 nm and more than 40% for 150 nm (Fig. 7).

It was shown in [78, 79] that the decisive factor in
obtaining a high quantum efficiency for the Csl photo-
cathode is the procedure of heat treatment after evapo-
ration, and in [45] it was proved that this procedure has
a universal character, i.e., is applicable to other ultravi-
olet photocathodes as well. The application of this pro-
cedure for mass production of Csl photocathodes is
described in [80]. In [50], it was shown that the role of
the substrate can also be significant.

The problem of photoelectron backscattering to the
photocathode, which results in the decrease in Csl
quantum efficiency in gas as compared to vacuum, is
closely related with the electric field effect; this prob-
lem was solved in a series of works [46—48]. The effect
of enhancement of photoelectron emission from Csl in
strong electric field in vacuum was observed in [81].

In [82], the electric resistance of film Csl photocath-
odes was measured. In [6], processes of Csl photocath-
ode aging under the action of humid air, photons, and
ions studied earlier in a number of works were system-
atized.

It was shown in [83] that CslI efficiency in cryogenic
liquids Ar, Kr, and Xe can be comparable with the effi-
ciency in vacuum. It was shown in [84] that the Csl
photocathode does not lose efficiency at cryogenic tem-
peratures in gases, and in [39] that it can operate in sat-
urated vapors in two-phase Ar.

Let us consider the methods of producing efficient
Csl photocathodes. The typical procedure of produc-
tion of the opaque Csl photocathode includes the vac-
uum evaporation to the substrate of the CsI film with a
thickness of about 0.5 im and substrate heating for sev-
eral hours [23]. The evaporation is performed in high
vacuum (10-1078 Torr) at a temperature on the order
of 600°C from a tantalum or a molybdenum boat by
its heating with the help of large electric current (of
order of several tens of ampere) or an electron beam.
Printed circuit boards from which wire chamber cath-
odes and GEM electrodes are made can be used as the
substrate. It is necessary, however, to avoid direct con-
tact of Csl with copper from which the circuit boards
are made due to Csl dissociation on copper [50]. For
this reason, circuit boards are coated with additional
Ni/Au layers [6, 50].

The problem of increasing the efficiency of the CsI
photocathode using heat treatment plays a special role;
it was noted that this processing is the key factor for
achieving and stabilizing high quantum efficiency [45,
50, 78, 79]. In this case, the quantum efficiency in the
long-wavelength range can be increased by several
orders of magnitude (Fig. 8). It turned out that heat treat-
ment influences positively other photocathodes along
with Csl, the iodides Nal [45], Cul [45], and KI [85], and
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Fig. 8. Quantum efficiency amplification for Csl, Nal, and
Cul photocathodes achieved by heat treatment in vacuum
after evaporation to the substrate. The evolution of the spec-
tra of the quantum efficiency of the following reflective
photocathode in vacuum is shown: CsI after heating for O,
1,2, 3, and 15 h at 60°C [79], Nal after heating for 0, 1, 3,
and 5 h at 70°C [45], and Cul after heating for 0, 2, 4, 15,
and 17 h at 70°C [45]. Dashed line shows data for Nal and
Cul from [72] and [86], respectively.

the bromide CsBr [69] (see Fig. 8). Thus, the general ten-
dency for ultraviolet photocathodes produced using the
method of vacuum evaporation can be noted.

Heat treatment is usually performed in vacuum. A tem-
perature of 50-70°C and a time period of several hours,
after which the quantum efficiency is saturated [45, 79],
are sufficient for this processing. Heating at higher tem-
perature (165°C) does not result in a further increase in
efficiency [45].
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Fig. 9. Evolution of the quantum efficiency spectrum for
the opaque Csl photocathode: (/) after heat treatment,
(2) after exposure in dry air for 20 h, and (3) after expo-
sure in humid air with a relative humidity of 60-70% for
6 h [22].

The universal character of heat treatment resulted in
the essential reconsideration of quantum efficiencies
and values of electron affinity for ultraviolet photocath-
odes [45]. In particular, this is seen from the compari-
son of the Nal spectra in Fig. 8. While the spectrum of
the photocathode before heat treatment [45] practically
coincides with the spectrum presented earlier in other
works [72], after heat treatment, the photocathode effi-
ciency is increased more than several times, and the
long-wavelength boundary of the spectrum is shifted by
~ 1 eV. The quantum efficiency spectra of most studied
ultraviolet photocathodes that were thermally pro-
cessed are shown in Fig. 7.

It should be noted that the understanding of the
mechanism of action of heat treatment is still lacking.
At the same time, the universal character of this phe-
nomenon helps to reduce the number of possible expla-
nations. For example, the hypotheses of activation of
the photocathode surface due to the increased content
of cesium and the restructuring of the crystal lattice can
be excluded [45]. The hypothesis in which the effi-
ciency is increased due to removal of water vapors from
the photocathode as a result of heating is also incapable
of explaining everything (this hypothesis is considered
as the basic one in [80]). Indeed, the action of heat treat-
ment on Nal and Cul is practically similar (see Fig. 8)
in spite of the fact that their solubility in water differs
by five orders of magnitude. One possible explanation
can be the effect of stoichiometry variation on the pho-
tocathode surface due to the excess of iodine or bro-
mine formed in the course of evaporation. As a result,
compounds of the Csl; or Csls type which are easily
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Fig. 10. Photoelectron backscattering to the opaque Csl
photocathode in different gases at atmospheric pressure
[11, 12, 47]. The ratio of photocurrents in gas and vacuum
for a wavelength of 185 nm as a function of the electric field
strength at the photocathode is shown.

volatilized or decomposed at increased temperature can
be formed on the surface [45].

Csl photocathodes are stable in dry air, but can lose
efficiency under the action of humidity; in this case,
thermally processed photocathodes are more stable [6].
This is seen, in particular, in Fig. 9, which shows the
evolution of the quantum efficiency after the photocath-
ode was placed in dry and humid air [22]. In moderately
humid air (with a humidity of 50%), practically no loss
in efficiency is observed over 15-30 min [50]. This time
is quite sufficient for mounting the photocathode into
the photodetector.

Aging of photocathodes in GPDs under the condi-
tions of gas amplification is considered in Section 4.

2.3. Effect of Photoelectron
Backscattering to Csl Photocathode in Gas

One of the most characteristic properties of GPD is
the effect of photoelectron backscattering; the essence
of this effect is that some fraction of photoelectrons
emitted from the photocathode are diffused back to the
cathode as a result of elastic collisions with gas mole-
cules even in the presence of electric field [87]. In the
general case, this effect results in a noticeable decrease
in the photocathode quantum efficiency in gas as com-
pared to vacuum [11, 12, 46, 47].

This is seen, in particular, from Fig. 10, which
shows the ratio of photocurrents for the CsI photocath-
ode in gas and vacuum for different gas mixtures at
atmospheric pressure as a function of electric field
strength. The effect of photoelectron backscattering is
the strongest in monatomic noble gases, since in these
Vol. 39
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gases the contribution of the elastic channel into scat-
tering is much larger than in molecular gases [87]. For
example, for a field of 1 kV/cm, the photocathode effi-
ciency in Ar is less than 40% of the efficiency in vac-
uum [11, 47]. At the same time, there exist molecular
gases and mixtures in which the photocathode quantum
efficiency can make up more than 90% of that in vacuum;
these are, first of all, CF, [12] and CH, [11, 46, 47] (see
Figs. 10 and 11). It can be seen from Fig. 10 that Ar
mixtures with the addition of N,, in which the photo-
cathode efficiency can reach 80% of that in vacuum for
a field of 2 kV/cm [11, 12], can also be related to such
mixtures.

The Csl photocathode in C,Hg and i-C,H,, [46] has
approximately the same efficiency, about 80% of the
vacuum efficiency (see Fig. 11). Thus, “good” gases for
minimization of the effect of photoelectron backscat-
tering are CF, and CH,, “moderately good” gases are
C,Hy, i-C,H,, Ar + N,, and Ar + CH,, and “bad” gases
are pure noble gases and He-based mixtures. It is this
property that was taken into account when CF, and CH,
were chosen as the gases for photodetectors with Csl
photocathode for RICH detectors in the experiments
PHENIX [35] and ALICE [51], respectively.

The photoelectron backscattering, probably, weakly
depends on pressure (compare Figs. 10 and 11), but
obviously can depend on the photoelectron energy and,
therefore, on the wavelength of incident radiation. This
can be seen from Fig. 11; for wavelengths in the range
175-190 nm, the photocathode quantum efficiency in
gas weakly depends on the wavelength. At the same
time, for longer waves and possibly for shorter waves,
the photocathode efficiency in gas is decreased even in
methane; i.e., here, the photoelectron backscattering
begins to play its role. For a wavelength of 170 nm,
methane and ethane are still transparent for near ultra-
violet radiation, and isobutane already begins to absorb
radiation. Probably, this explains stronger decrease in
efficiency in isobutane observed in the short-wave-
length region. It is interesting that the enhancement of
photoelectron backscattering with decreasing wave-
length, which is possibly observed in experiment (see
Fig. 11), is also predicted in [88], where this effect is
simulated numerically.

There exists another method of increasing the effi-
ciency of photocathodes in gas due to the suppression
of photoelectron backscattering; this method is applica-
ble to any gas. The essence of this method is the sup-
pression of elastic scattering of photoelectrons due to
an increased contribution of inelastic channels: this is
achieved by a transition to the gas amplification mode
in the gap containing the photocathode [46]. This effect
was first observed at low pressures [46] and then was
studied at atmospheric pressure [47, 48].

The relative quantum efficiency of a Csl photocath-
ode measured using the photon counting technique is
shown in Fig. 12 as a function of the electric field
strength in ethane and in the mixture He + 5% CH, at
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Fig. 11. Photoelectron backscattering to opaque CsI photo-
cathode in methane, ethane, and isobutane at pressure of
60 Torr [46]. The ratio of photocurrents in gas and vacuum
as a function of the wavelength at an electric field strength
at the photocathode of 1.8 kV/cm is shown.

low and high pressure, respectively. Also shown is the
gas amplification as a function of the field strength. The
characteristic quantum efficiency correlated with the
operation mode for the gas gap is observed: the quan-
tum efficiency reaches the plateau two times. The first
yield plateau corresponds to the ionization mode, and
then, in the course of transition into the gas amplifica-
tion mode, the quantum efficiency rises again and
reaches the plateau for the second time, now with
amplification larger than 100. Similar behavior has
been observed in other gases as well [46—48]. It is char-
acteristic that the difference in the quantum efficiency
for the first and the second plateau corresponds to the
difference in the quantum efficiency in gas and vacuum
measured in the current mode. This evidently means
that the photocathode efficiency in gaseous medium in
the gas amplification mode is equal to the efficiency in
vacuum; i.e., the photoelectron backscattering effect
here turns out to be completely suppressed.

Although this method of increasing the photocath-
ode efficiency has not been used in practice, it can be
used for photodetectors working in pure noble gases. It
should be noted, however, that the operation of the
cathode gap in the gas amplification mode has negative
consequences due to the ion feedback to the cathode,
which can limit both the photocathode lifetime and the
maximum GPD amplification; this especially applies to
the visible range [20] (see Section 4).

Nonetheless, this problem, probably, has a solution.
Simulation shows [89] that for suppressing photoelec-
tron backscattering, it is not necessary to pass to the gas
amplification mode. In pure Ar, it is sufficient to change
over to the mode of inelastic collisions at which no ion
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Fig. 12. Suppression of the photoelectron backscattering in
the gas amplification mode. The relative quantum efficiency
of opaque CsI photocathode at a wavelength of about 190 nm
measured using the photon counting method and the gas
amplification in the cathode gap as functions of the electric
field strength at the photocathode in ethane at 60 Torr [46]
and He + 5% CH, mixture at 800 Torr [47] are shown.

feedback is formed. Calculations show that the Csl
photocathode efficiency in this case rises up to 80%
from the efficiency in vacuum for a field strength of
about 2.5-3 kV/cm [89]. Partially, this can explain the
increase in the ratio of photocurrents in Ar and vacuum
in Fig. 10 for fields higher than 2 kV/cm.

2.4. Enhancement of Photoelectron Emission
from Csl in Strong Electric Field

In the previous section, the influence of the electric
field on the quantum efficiency of the Csl photocathode
in gas environment at relatively low field strengths
(smaller than 10 kV/cm) was considered; under these
conditions, the main effect is the photoelectron back-
scattering on gas molecules. In this section, emission
properties of Csl in strong electric fields reaching
500 kV/cm [81] are described.
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the Csl surface. Since Csl is a dielectric, positive ions
cannot be neutralized promptly, which may result in the
creation of a strong electric field on the surface reach-
ing several hundreds of kV/cm. It was assumed [46]
that it is this field that is the reason for enhancement of
photoelectron emission due to the decreased work func-
tion of Csl, similar to the Schottky effect in metals.

In experiments on photoelectron emission in a
strong electric field, the wire photocathode coated with
the Csl film placed between two anode plates was used.
The photocurrent from the wire cathode in vacuum was
measured. The dependence of the relative quantum effi-
ciency of Csl on electric field strength on the surface of
the wire photocathode measured in this way is shown in
Fig. 14 [81]. It can be seen that the effect of enhance-
ment of photoelectron emission under the action of the
electric field is quite considerable and increases with
increasing wavelength: for a field of 500 kV/cm, the
gain factor is 1.5 for 160 nm, 3 for 185 nm, and about
25 for wavelengths larger than 200 nm.

The effect of enhancement of photoelectron emis-
sion under the action of a strong electric field was used
for enhancement of the response of the Csl photocath-
ode to scintillation of KMgF; and BaF, crystals [90]
which emit, respectively, in the vacuum ultraviolet and the
ultraviolet range: KMgF; in the range 140-190 nm [91]
and BaF, in the range 180-240 nm (fast component)
[92]. The most promising is the BaF, scintillator, since
Vol. 39
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it has sufficiently high density and atomic number,
which is important for applications in fast calorimetry
in high energy physics and PET.

The photodetector should be insensitive to the slow
component of BaF, scintillation, i.e., wavelengths
larger than 250 nm [92]. The ideal solution would be
the application of photodetectors with the CslI photo-
cathode, since its red boundary is 210 nm. At the same
time, the overlapping of the radiation spectra of BaF,
and the quantum efficiency for Csl is clearly insuffi-
cient [93], for example, for application in PET. There-
fore, the possibility of enhancement of Csl response to
scintillation of BaF, using a strong electric field seems
attractive.

This possibility was realized in [90]: the wire Csl
photocathode was attached to KMgF; and BaF, scintil-
lators irradiated by an intense source of 7y rays. The
response amplification factor for BaF, turned out to be
considerably larger than for KMgF;: for a field of
400 kV/cm, it was 3 and 1.5, respectively. This is in
agreement with data on enhancement of photoelectron
emission at 160 and 185 nm (Fig. 14), which corre-
spond to the convolution of the radiation spectra of
KMgF; and BaF, and the quantum efficiency of Csl.

It should be noted, however, that although several
variants of practical application of the effect of strong
electric field in gas and vacuum photodetectors were
proposed [79, 81], it would be difficult to implement
them.

It is assumed that photoelectron emission is
enhanced mainly due to the decreased work function of
the photocathode under the action of electric field as a
result of the Schottky effect. In this case, the affinity to
the electron in the electric field is decreased by [81]

AE, = e(aeF)"”,
a=(e.—-1)/(e.+1).

Here, e is the electron charge, F is the electric field
strength, and €, is the radiofrequency dielectric perme-
ability of Csl. A simple model based on this assumption
describes well the dependence of Csl quantum effi-
ciency on electric field strength [81]. In a more complex
microscopic model taking into account the electron
transport in Csl, the leading role of the effect of
decreasing the vertical potential barrier on the surface
in the strong electric field was also shown [94].

In conclusion to this section, it should be mentioned
that the strong electric field, along with the photoelec-
tron emission, efficiently amplifies the secondary elec-
tron emission from CsI as well [81].

2.5. Efficient Photocathodes for the Visible Range

The procedure of production of efficient photocath-
odes for the visible range is not only more complicated,
but also must be performed in cleaner conditions at
higher vacuum than for ultraviolet photocathodes con-
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Fig. 14. Effect of strong electric field. (a) Relative quantum effi-
ciency from opaque Csl photocathode in vacuum at wave-
lengths of 160, 185, and larger than 200 nm [81]; (b) relative
photocurrent from the Csl photocathode for KMgF5 and
BaF, scintillators irradiated by 7y rays as a function of elec-
tric field strength [90].

sidered above. Therefore, photocathodes for the visible
range intended for application in GPD were studied
only at two laboratories that possess the appropriate
equipment [17, 20, 25, 26, 54, 95].

In particular, Fig. 15 shows the unique setup devel-
oped at the Weizmann Institute for production and
investigation of the properties of alkali—antimony pho-
tocathodes for the visible range and for deposition of
protective films on these photocathodes [17]. The spe-
cific feature of the setup is that the photocathode can
move inside the vacuum chamber between three posi-
tions: for production of the photocathode, for deposi-
tion of protective films, and for measurement of the
quantum efficiency. The photocathode production
including the operations of antimony evaporation and
activation by alkali metals was performed in a closed
glass cylinder with a heater. The chamber could also be
filled with different gases for the investigation of the
photocathode stability and the protective properties of
films in gaseous medium.
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Fig. 15. Experimental setup for production and investiga-
tion of photocathodes for the visible range and deposition of
protective films on them [17].

Two types of alkali-antimony photocathodes were
studied at this setup: the cesium—antimony (Cs—Sb) and
the bi-alkali (K—Cs—Sb) photocathodes. The typical
procedure of photocathode production consisted of sev-
eral stages. At the first stage, common to both types, an
antimony layer with a thickness corresponding to a
decrease of the substrate transparency to 70% of the ini-
tial value was evaporated on the quartz substrate. In the
case of the Cs—Sb photocathode, the second stage con-
sisted in activation of the substrate by cesium vapors at
160-170°C; evaporation of cesium was terminated
when the photocurrent, which was measured continu-
ously during the process, reached its maximum. In the
case of the K—-Cs—Sb photocathode, the procedure was
more complex: the substrate with the antimony layer
was first activated by potassium vapors at 190-200°C
up to the photocurrent saturation, and then was
promptly heated to 240°C for removing excessive
potassium and cooled to 160—170°C. At this tempera-
ture, the final stage of activation took place; this final
stage consisted in consecutively repeated cesium and
antimony evaporation until the maximum photocurrent
was reached.

The spectra of the quantum efficiencies for typical
opaque Cs—Sb [25] and K-Cs—Sb [17] photocathodes
obtained using this procedure are shown in Fig. 16. It can
be seen that the quantum efficiency of Cs—Sb and K—Cs—
Sb photocathodes is sufficiently high and reaches a maxi-
mum of 15 and 30%, respectively. The photocathodes

PHYSICS OF PARTICLES AND NUCLEI

BUZULUTSKOV

Quantum efficiency, %

| K-Cs-Sb
Cs-Sb
10'
| K—Cs-Sb/CsBr (280 A)
00

450 500 550
Wavelength, nm

250 300 350 400

Fig. 16. Spectra of quantum efficiency for reflective photo-
cathodes for the visible range in vacuum: cesium—antimony
(Cs—Sb) photocathode [25], bi-alkali (K—Cs—Sb) cathode
[17], and bi-alkali cathode coated with CsBr film with a
thickness of 280 A (K—Cs—Sb/CsBr (280 A)) [26]. Data of
cited papers were refined and reprocessed.

behaved stably; their efficiency did not change at storage
both in vacuum and in pure methane [24, 17].

The alternative methods of production of Cs—Sb and
K—Cs—Sb photocathodes (with lower efficiency, how-
ever) for application in GPD are described in [54, 95].

3. DIELECTRIC NANOFILMS
ON PHOTOCATHODES FOR THE ULTRAVIOLET
AND VISIBLE RANGES

3.1. Photocathodes with Dielectric Nanofilms
for the Ultraviolet and Visible Ranges

It is well known that photocathodes for the visible
range, in particular, alkali—antimony photocathodes, are
chemically active with respect to air, or more specifi-
cally, oxygen admixtures and water vapors. This is the
main obstacle for their application in GPD. It should
hardly be expected that photocathodes for the visible
range which are stable in air will be found in near future.

As a consequence, several groups independently
proposed the following idea for protection of photo-
cathodes using thin films [76, 96, 97]. The essence of
this idea is that a dielectric film is deposited on the pho-
tocathode using the method of vacuum evaporation; the
thickness of this film is several nanometers; i.e., it iS a
nanofilm. A nanofilm is an ultrathin film with a thick-
ness up to 100 nm or 1000 A [30]. This nanofilm, on the
one hand, should protect the photocathode from harm-
ful admixtures in gas, while, on the other hand, not
impeding photoelectron emission, i.e., photoelectron
transport, through it. Obviously, for the second condi-
tion to be satisfied, the nanofilm should be, first of all,
Vol. 39
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chemically inert with respect to the photocathode.
Moreover, it should not form a high potential barrier at
the interface with the photocathode, and the escape
length in it should be sufficiently large, at least on the
order of its thickness.

The first attempts at deposition of protective films to
photocathodes for the visible range turned out to be not
very successful, since their protective properties with
respect to air were unsatisfactory and the quantum effi-
ciency of covered photocathodes did not exceed frac-
tions of a percent, which made them inapplicable for
practical use [96, 97]. Nonetheless, it was shown in [97]
that the Csl film is a good candidate for a protective
film, since it turned out to be chemically inert with
respect to the Cs—Sb photocathode.

The photoelectron transport through different
dielectric nanofilms was systematically studied first for
Csl [23] and then for Cs—Sb and K—-Cs—Sb photocath-
odes [25-27, 98]. As aresult, several types of nanofilms
with the largest photoelectron escape length were cho-
sen. They are, first of all, CsBr, Csl, and Nal, and some
other organic films. An interesting property of organic
films is that it is possible to remove them from the pho-
tocathode by heating [29] (see Section 3.3).

The protection of alkali—-antimony photocathodes
from oxygen was first demonstrated by the example of
Nal film [24]. Further, it was discovered that CsBr [26]
and Csl [25, 27] nanofilms also provide efficient pro-
tection and high quantum efficiency (reaching 5%) for
Cs—Sb and K—Cs—Sb photocathodes.

Nanofilms are applied to the photocathode after its
production using the method of vacuum evaporation at
setups similar to that shown in Fig. 15. The film thick-
ness is determined using a measurement of quartz sen-
sor oscillation frequency. The conditions of obtaining a
certain film, in particular, the deposition rate, the sub-
strate temperature, heat treatment, etc., are described in
detail in [23] for Csl photocathodes and in [25, 26] for
alkali—antimony photocathodes.

Let us consider the Csl photocathode with the LiF
film as an example. Figure 17 shows the microphotos of
the surface of the Csl photocathode before and after the
application of the nanofilm [23]. In the initial state, the
Csl surface shows a pronounced polycrystalline struc-
ture. After a LiF nanofilm with a thickness of 20 A is
deposited on the Csl surface, this structure becomes
completely unobservable. This testifies that even such
an ultrathin film is continuous, which is very important
for its capability to protect the photocathode and for
investigation of its transport characteristics.

Figure 18 shows the diagram of energy zones at the
Csl-LiF-vacuum interface [23]. The process of photo-
electron emission in this system consists of absorption
of the photon in the photocathode, transition of the pho-
toelectron from the valence zone to the conductivity
zone, transport of the photoelectron through the photo-
cathode and the dielectric film, and emission into vac-
uum through the potential barrier at the vacuum bound-
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Fig. 17. Microphotos of the surface of Csl photocathode
(lower figure) before and (upper figure) after coating with
the LiF nanofilm with a thickness of 20 A obtained using the
atomic force microscope [23].

ary. In the general case, the deposition of the dielectric
film to the photocathode results in the weaker photo-
electron emission due to quasielastic and inelastic col-
lisions of the photoelectrons with acoustic and optical
phonons in the film (see, e.g., [94]) and scattering on
defects. Besides, an increase or decrease in the height
of the potential barrier at the surface is possible, which
leads to the additional attenuation or enhancement of
emission.
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Fig. 18. Simplified diagram of energy zones for CsI photo-
cathode coated with LiF film, including that after the con-
tact with water vapors [23]. The process of photoelectron
emission is also shown schematically.

The level of attenuation of photoelectron emission
for the K-Cs—Sb photocathode due to the covering
CsBr nanofilm optimized from the point of view of pro-
tective properties can be judged by looking at Fig. 16
[26]: the quantum efficiency is reduced 5-10 times for the
280 A thick film and is only 5% at the sensitivity maxi-
mum. This quantum efficiency is already of practical value.

3.2. Photoelectron Transport through
Dielectric Nanofilms

For investigation of the transport characteristics of
the nanofilm, it is deposited on the photocathode in sev-
eral stages and the quantum efficiency is measured after
each stage. The obtained dependence of the quantum
efficiency on the nanofilm thickness is shown in Figs. 19
and 20 for opaque Csl and alkali—antimony photocath-
odes, respectively. For the CsI photocathode, the follow-
ing types of dielectric films were studied: oxides SiO, and
AlL,O5 [23], fluorides CsE, NaF, LiF, and MgF, [23],
iodide Nal [23], bromide CsBr [98], organic films
hexatriacontane (HTC, n-C;sH,,) [23], and calcium
stearate (CaSt) [99]. For alkali—antimony photocath-
odes, the following types of dielectric films were stud-
ied: for Cs—Sb photocathodes, CsI, Nal, CsF, SiO,
HTC, and CaSt [25], for K—Cs—Sb photocathodes,
CsBr [26, 28] and CsI [27, 98].

It can be seen that in some cases, the application of
a film with a thickness of several atomic layers (5-10 A)
on the photocathode results in the sharp drop in the effi-
ciency. For alkali—antimony photocathodes, this effect
is observed for almost all types of films, while for the
Csl photocathode, only for Al,O;. This effect is obvi-
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Fig. 19. Quantum efficiency for opaque Csl photocathodes in
vacuum as a function of the thickness of nanofilms deposited
on them at a wavelength of 170 nm. Data for Nal, HTC, CsF,
MgF,, NaF, LiF, SiO,, and Al,Oj films [23] are shown.

ously due to the increase in the potential barrier at the
photocathode/film and the film/vacuum interfaces.

At the same time, for film thicknesses larger than 5—
10 A, the quantum efficiency drops exponentially for
all types of films; i.e., it is determined by the transport
characteristics of the film. This provides the possibil-
ity of introducing the quantum efficiency attenuation
length L in the film,

Y ~ exp(—x/L),

Quantum efficiency, %

312.5 nm

101-g8
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F > on Cs—Sb

CaSt
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10~ 1L 1 1 1 )
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Fig. 20. Quantum efficiency for opaque alkali-antimony
photocathodes in vacuum as a function of the thickness of
nanofilms deposited on them at a wavelength of 312.5 nm.
Data for Csl, Nal, CsF, SiO, HTC, and CaSt films on CsSb
photocathodes [25] and CsBr [26] and CsI [27] films on K-
Cs—Sb photocathodes are shown. Data of cited papers were
refined and reprocessed.
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Fig. 21. Quantum efficiency attenuation length in different
nanofilms deposited on opaque Csl photocathode as a func-
tion of the photon (lower scale) energy and (upper scale)
wavelength [23]. Data for CaSt and CsBr films were taken
from [25, 99] and [98], respectively. Data of cited papers
were refined and reprocessed.

where Y is the quantum efficiency of the photocathode
coated with the film with the thickness x. The quantum
efficiency attenuation length is related with the escape
length Ly and the photon absorption path Ly in the
film as

VL = 1/Lps+ 1/Lpy.

If the film is transparent for photons, which is the
case for almost all the studied materials, Lpg = Lpy.

Therefore, the quantum efficiency attenuation lengths
in different nanofilms shown in Figs. 21 and 22 depend-
ing on the photon energy are actually the escape
lengths. The data in Figs. 21 and 22 were obtained for
Csl and alkali—antimony photocathodes, respectively.
In both cases, the range of maximum photoelectron
energy taking account of the width of the forbidden
zone and the affinity to the electron is approximately
the same and corresponds to 0.5-2 eV with respect to
the vacuum level. This provides the possibility of inves-
tigation of the influence of the substrate on transport
characteristics of the nanofilm in comparable energy
ranges.

It can be seen from the analysis of the transport
characteristics of nanofilms on Csl photocathodes
(Figs. 19 and 21) that the difference in the escape length
in different types of films can reach almost two orders
of magnitude. In this case, three groups of films can be
separated: films with large (100-200 A), intermediate
(20-70 A) and small (up to 10 A) escape length. The
first group includes CsBr and CsSt, the second group,
Nal, HTC, and CsF, and the third group, oxides and flu-
orides (with the exception of CsF).
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Fig. 22. Quantum efficiency attenuation length in CsBr, CsI,
and Nal nanofilms deposited on opaque Cs—Sb and K-Cs—
Sb photocathodes as a function of the photon (lower scale)
energy and (upper scale) wavelength [25, 26]. Data of cited
papers were refined and reprocessed.

It can be seen from the analysis of the characteristics
of nanofilms on alkali—antimony photocathodes (Figs. 20
and 22) that high transport characteristics of CsBr and
Nal are confirmed. The group of nanofilms with large
photoelectron escape length is complemented with Csl.
It is interesting that the order of magnitude of escape
length is independent of the photocathode type; i.e., the
transport properties in the first approximation are deter-
mined by the film material only. The sole exception is
the CaSt film, whose transport characteristics deterio-
rate noticeably for Cs—Sb photocathodes as compared
to Csl photocathodes.

It should be noted that the escape length in nano-
films measured using the alternative method with semi-
transparent ultraviolet photocathodes [100] and calcu-
lations performed using the microscopic model
[98, 100] agrees satisfactorily with data in Figs. 21 and
22 (within a factor of 2).

The hypothesis on the dependence of the transport
characteristics and protective properties of nanofilms
on the matching of constants of crystal lattices of the
photocathode and the film [26] should also be men-
tioned.

3.3. Influence of Nanofilms on Emission Properties
of Photocathodes

There exist materials which, being applied as atomic
layers on ultraviolet photocathodes, cause the enhance-
ment of photoelectron emission. In this case, the photo-
cathode activation, rather than the protective properties
of nanofilms, is considered. Alkali metals [68] should
obviously be included among these materials. It turned
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Fig. 23. Enhancement of the quantum efficiency for reflec-
tive photocathodes in vacuum using CsF nanofilm. Quan-
tum efficiency spectra for Cul (after heat treatment) and Al
photocathodes before and after the application of the CsF
film with a thickness of 10 A and the spectrum for the CsI
photocathode [22] for comparison are shown.

out that under certain conditions, CsF [22, 23] and
water vapors [23, 102] can also be included. It is impor-
tant to underline that, unlike alkali metals, the effect of
quantum efficiency amplification for these materials
was stable not only for the photocathode in vacuum but
also in air [22, 23, 102].

It can be seen in Fig. 23 that the deposition of a 10 A
thick CsF film on the Cul photocathode results in a con-
siderable increase in the quantum efficiency, especially
in the long-wavelength region and the shift in the red
boundary to 240 nm [22, 23]. As a result, at wave-
lengths larger than 210 nm the Cul photocathode
becomes much more efficient than the Csl photocath-
ode. For 220 nm, its efficiency is increased by one order
of magnitude, which can be applied for readout of a
BaF, scintillator whose maximum radiation for the fast
component lies in this particular range [92].

It is interesting that the effect of quantum efficiency
amplification due to the deposition of CsF is observed
for the Al photocathode (Fig. 23) [22] and is practically
not observed for the CsI photocathode [23]. The effect
of the action of CsF is probably explained by the
decreased work function of the photocathode due to
partial dissociation of CsF on its surface [101].

It is interesting that the effect of photoelectron
emission amplification can be observed during absorp-
tion of molecules of such common material as water,
namely, at its adsorption at the surface of alkali—fluo-
ride films. This effect was observed after exposure of
the Csl photocathode coated with LiF, NaF, and CsF
nanofilms in water vapors [23, 102]: after a certain
exposure dose, the quantum efficiency was increased
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Fig. 24. Enhancement of the quantum efficiency for an
opaque Csl photocathode coated with alkali—fluoride nano-
films obtained using water molecule adsorption. The quan-
tum efficiency in vacuum for CsI/LiF (LiF thickness >15 A),
CsI/NaF (NaF thickness 15 A), and CsI/CsF (CsF thick-
ness 44 A) at a wavelength of 170 nm is shown as a func-
tion of the exposure dose in water vapors (1 Langmuir =
1070 Torr s) [23].

several times (Fig. 24). The enhancement of photoelec-
tron emission is explained by the decreased work func-
tion of the film by approximately 0.4 eV (see Fig. 18)
due to the polarization of dipoles of the water mole-
cules at adsorption [23].

This effect has not been applied in practice yet,
since the efficiency of the Csl photocathode coated with
the alkali—fluoride nanofilm, even after activation using
water vapors, practically does not exceed the efficiency
of the uncovered Csl cathode. Nonetheless, it opens
new possibilities in the search for efficient photocath-
odes that are stable in air, specifically, the search for
materials with a large molecular dipole moment that
can be polarized by adsorption on the photocathode.

Another interesting effect was discovered when
photocathodes for the visible range were coated with
the organic film hexatriacontane [29]. Hexatriacontane
(HTC, n-C;¢H;4) belongs to the class of paraffins. Its
specific feature is a rather low temperature of sublima-
tion in vacuum. For example, an HTC film with a thick-
ness of 1 um deposited on the photocathode can be
removed from it by heating at a temperature of 130-
150°C in only 15 min [29]. At the same time, the limit
of the temperature stability for the Cs—Sb photocathode
is 130-150°C [29], and that for bi-alkali photocathodes
is even higher [68]. Another remarkable property of
HTC is its chemical inertness with respect to alkali—
antimony photocathodes: their emission characteristics
are not changed after the contact with HTC. Both prop-
erties are illustrated in Fig. 25: after two cycles of dep-
osition and removal of HTC films with a thickness of up
No. 3
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Fig. 25. Evolution of the quantum efficiency spectrum for
opaque Cs—Sb photocathode in vacuum as a result of two
cycles of deposition and removal by heating of HTC films
(n-C36H74) with a thickness of 150 and 500 A [29].

to 500 A, the quantum efficiency of the Cs—Sb photo-
cathode was practically unchanged [29].

The thickness of the HTC films optimal from the
point of view of protection from oxygen turned out to
be up to 1 wm; thicker films were peeled off the photo-
cathode due to internal stresses [29]. This film thick-
ness may be quite sufficient for complete protection of
the photocathode from oxygen (and possibly from
water vapors as well, due to the hydrophobic character
of paraffins).

HTC films can be used as a removable (i.e., tempo-
rary) protective coating for photocathodes for the visi-
ble range. Obviously, the sublimation temperature of
the removed protective film can be reduced, and, there-
fore, the effect of this procedure on the photocathode
can be mitigated if lighter paraffins are used.

Removable organic coatings could provide a possi-
bility of transportation of photocathodes for the visible
range through air or poor vacuum, which could consid-
erably simplify the procedure of assembling both vac-
uum and gaseous photodetectors. Removable coatings
on Csl photocathodes could considerably extend their
storage time, including that in air.

3.4. Protective Properties of Nanofilms
on Photocathodes for the Visible Range

High sensitivity of photocathodes in the visible
range in general, and alkali—antimony photocathodes in
particular, to admixtures of oxygen and water vapors
seriously complicates their use in GPD. The sensitivity
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Fig. 26. Protective properties with respect to oxygen of
nanofilms on reflective photocathodes for the visible range.
The evolution of the quantum efficiency of unprotected Cs—Sb
and K—Cs—Sb photocathodes and photocathodes protected
by CsBr, Csl, and Nal films at a wavelength of 312 nm is
shown as a function of oxygen pressure [27]. Each point
corresponds to the photocathode exposure in oxygen for
5 min and subsequent measurement of the quantum effi-
ciency in vacuum.

of Cs—Sb and K—Cs—Sb photocathodes is illustrated in
Fig. 26: photocathodes completely lose efficiency even
at 1073 Torr of oxygen [27]. Therefore, investigation of
the protective properties of nanofilms on photocathodes
in the visible range is of primary importance.

It turned out that only three types of nanofilms pro-
vide efficient protection of alkali—antimony photocath-
odes from oxygen; these are CsBr [26], Csl [25, 27],
and Nal [24, 25]. The same films, as shown in Section 3.3,
have the best characteristics for photoelectron trans-
port. The protective capability of other studied nano-
films (oxides, fluorides, and organic nanofilms) turned
out to be unsatisfactory [25].

The procedure of investigation of the protective
capability of nanofilms consisted of several consecutive
cycles of measurement. Each cycle included the expo-
sure of the photocathode with the protective film in
oxygen for 5 min at a particular pressure and subse-
quent measurement of its quantum efficiency in vac-
uum. The obtained dependence of the quantum effi-
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Fig. 27. Protective properties with respect to oxygen of
CsBr nanofilm on opaque K—Cs—Sb photocathode. The evo-
lution of the quantum efficiency for K-Cs—Sb photocathode
coated with CsBr film with a thickness of 280 A at different
wavelengths is shown as a function of exposure time in oxy-
gen at pressure of 150 Torr (upper scale) [26]. Data of cited
works were reprocessed.

ciency on oxygen pressure is shown in Fig. 26 [27]. The
last points in this figure correspond to exposure at a
pressure equal to the partial pressure of oxygen in air
(150 Torr).

It turned out that for efficient protection of photo-
cathodes by nanofilms, thicknesses larger than 150 A
for Nal [25] and larger than 250 A for Csl [25, 27] and
CsBr [26] are required. For these thicknesses, the quan-
tum efficiency of protected photocathodes is still suffi-
ciently high and corresponds to about 5-7% for K—Cs—
Sb and 2-3% for Cs—Sb in the range 300-350 nm. It
can be seen from Fig. 26 that the best protective capa-
bility for both types of alkali—antimony photocathodes
is possessed by CsBr nanofilms, and for the K—Cs—SB
photocathode by the Csl film.

The remarkably efficient protection of K—Cs—Sb
photocathodes from oxygen using nanofilms can be
judged from Figs. 27 and 28, and for Cs—Sb photocath-
odes from Fig. 29. Figure 27 shows the dependence of
the quantum efficiency of the K—Cs—Sb photocathode
coated with the CsBr nanofilm on the time of exposure
in oxygen at pressure of 150 Torr [26]; even after one
and a half hours of exposure, the quantum efficiency
was still higher than 1%. Even more stable behavior
was observed for the K—Cs—Sb photocathode coated
with the CsI nanofilm [27]: during one and a half hours
in oxygen, the spectrum of the quantum efficiency was
practically unchanged (Fig. 28). It can be concluded
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Fig. 28. Protective properties with respect to oxygen of Csl
nanofilm on opaque K—Cs—Sb photocathode. The evolution
of quantum efficiency spectra for K-Cs—Sb photocathode
coated with CsI film with a thickness of 250 A after expo-
sure in oxygen at pressure of 150 Torr for 0, 5, 25, and
85 min [27] is shown.

from the comparison of Figs. 27-29 that the most efficient
and protected from the action of oxygen are the K-Cs—Sb
photocathodes coated with CsBr or CsI nanofilms.

The mechanism of photocathode protection from
oxygen using CsBr and Nal nanofilms is not yet clear.
It is possible that its action is due to the oxidation of
alkali—halide films and formation of a stable protective
oxide layer of the type CsBrO;, CslO;, or NalO; [26].
It is well known that the natural oxide layers with a
thickness of only 20—40 A formed on the surface of alu-
minum and silicon are capable of protecting them from
further oxidation.

The penetration of oxygen through the nanofilm has
diffuse character. This is proved by the linear depen-
dence of the decrease in the quantum efficiency from
the dose of exposure (see Fig. 27). This behavior is similar
to the gas diffusion through membranes (see, e.g., [103]).
It is described by the corresponding model; in particu-
lar, such a notion as the permeability of the film for a
particular type of molecules can be introduced.

Unlike efficient protection from oxygen, alkali—
halide nanofilms were incapable of ensuring suffi-
ciently efficient protection from water vapors. For
example, K—Cs—Sb photocathodes coated with CsBr or
Csl nanofilms degraded completely at a water vapor
pressure of 107#~10~* Torr [28]. This result, obviously,
is explained by the hydrophilic character of the alkali—
halide compounds. The Cs—Sb photocathode coated with
the Nal nanofilm demonstrated higher stability [24];
No. 3
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although the quantum efficiency decreased consider-
ably after the exposure in air at a water vapor pressure
of 1072 Torr, it was completely restored after the photo-
cathode was heated (Fig. 29).

There exists another application of CsBr and Csl
nanofilms: attenuation of the ion feedback in GPD with
photocathodes for the visible range. It is considered in
Section 4.3.

In conclusion to this section, it should be noted that
the efficient protection of alkali—antimony photocath-
odes from oxygen and to a smaller degree from water
vapors using nanofilms provides the possibility of con-
siderable simplification, and in some cases fundamen-
tal improvement, of different procedures with photo-
cathodes upon photodetector assembly. In particular,
manipulations with these photocathodes may be per-
formed in industrial dry glove boxes in which water
vapor content can be easily made smaller than 1075.

4. GAS ELECTRON MULTIPLIER BASED GPDS
4.1. The Physics of Multistage GEM in GPD

The advantages of multistage GEMs and the princi-
ples of operation of GPDs based on them were dis-
cussed in Section 1. In this section, the characteristics
of different types of GEM-based GPDs are considered
in detail.

The operation and application of GEMs are based
on different physical effects [34]. An especially large
number of these effects are observed in detectors con-
taining multistage GEMs and a photocathode which
operate in pure noble gases [11, 104]. Figure 3 shows
schematically some of these effects, as exemplified by
the GPD with the semitransparent photocathode [58]:

(1) photoelectron backscattering to the photocath-
ode, which results in a decrease in the photocathode
quantum efficiency in gas as compared to vacuum [11,
12, 46-48] (see Section 2.3);

(i1) photon feedback to the photocathode due to the
avalanche scintillation in GEM holes and proportional
scintillations in the drift gap, which results in second-
ary pulses [11, 12];

(iii) ion feedback of GEM to previous GEMs and the
photocathode, which causes ion-induced electron emis-
sion resulting in secondary pulses and thus limits max-
imum gain [11, 58, 104];

(iv) ion backflow to previous GEMs and the photo-
cathode, which results in charging-up of the dielectric
surface of GEM holes and the photocathode surface at
large anode current densities and, thus, amplification
instability [11, 104, 105];

(v) confinement of the spatial development of the
avalanche inside the GEM hole, resulting in the
absence of optical coupling between the holes and ava-
lanche saturation at relatively moderate gains [11, 104],
which provides GEM operation in pure noble gases
with high gain;
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Fig. 29. Protective properties with respect to oxygen and
water vapors of Nal nanofilm on opaque Cs—Sb photocath-
ode. The evolution of quantum efficiency spectra for Cs—Sb
photocathode coated with Nal film with a thickness of 155 A
is shown: (/) initial spectrum; (2) after exposure in oxygen
at pressure of 50 Torr during 5 min; (3) after exposure in air
at pressure of 61 Torr with a partial pressure of water vapors
of 1072 Torr for 5 min; (4) after heating in vacuum at 80°C
for 14 h [24].

(vi) avalanche extension from the hole or inside it at
high gains [11, 104], which results in a decrease in ion
feedback [64] and limitation to the minimum distance
between GEMs.

Other effects related to the operation of multistage
GEMs in GPDs were also studied: the breakdown
mechanisms in multistage GEMs [106, 107], the effi-
ciency of photoelectron collection in GEMs in GPDs
with semitransparent [ 108] and opaque [13] photocath-
odes, the electron [63] and ion [16, 63-65, 109] trans-
mission by multistage GEMs, the photocathode aging
in GEM-based GPDs for the ultraviolet [16, 69] and the
visible [21, 28] ranges, the measurement of the ioniza-
tion coefficients in dense noble gases using GEMs [34],
and so on. It can be said that GEM-based GPDs are
beyond competition among gaseous detectors, as
regards the variety of physical phenomena in them.
This allows them to serve as a tutorial for investigation
of the physics of gaseous detectors.

4.2. GEM-Based GPDs with CsI Photocathodes

One of the most important stages of development of
GPDs with the Csl photocathode was the investigation
of its characteristics for optimization of different
parameters, such as the gas composition, the photocath-
ode type, and the configuration of GEM cascades. At
this stage, fundamental properties of GPDs characteris-
tic for gaseous photodetectors in general were studied.
These investigations were performed by using rela-
tively simple and multipurpose setups for which it was
possible to change the parameters of measurements

2008



442 BUZULUTSKOV
Gain
10%¢
g Ar + 1.3% CH,
: Ar + 1% Xe
105 Ar+5.5% Xe Y  Ar+50% Ne Ar + 10% CH,

10*

/

Ar +20% Ne /

Ar+10% N,

\

103k Ar+ 1.3% N,
E Ar
a 3GEM + PCB
1()2 | | | | | | | |
225 250 275 300 325 350 375 400 425
AVgem. V

Fig. 30. Gain for three-stage GEM-based GPD with semitransparent Csl photocathode as a function of voltage on each GEM in
different Ar-based gas mixtures at atmospheric pressure [11]. Maximum gain is limited by breakdown.

promptly. This setup usually represented the pumped
chamber, including the flanges with the quartz window
and the connectors inside which the GPD itself was
placed [11].

The GEM-based GPD was first studied in 2000 at
such a setup [11]; the semitransparent CsI photocath-
ode and 3-4 GEM cascades were used in it. The sche-
matic diagram of this GPD is shown in Fig. 2. Such
GPD characteristics as the amplification, the single-
electron spectra, the photoelectron backscattering to
the photocathode, the photon and ion feedback, the
charging-up by the ion backflow, and the photocathode
aging were studied [11, 12, 15, 16, 104]. Some of these
characteristics are considered below.

The unique property of multistage GEMs is their
capability of operating with high gain in pure noble
gases. This capability is of special interest for develop-
ment of sealed GPDs with chemically active photocath-
odes for the visible range [15, 20], since in this case, no
active radicals which can damage the photocathode are
formed in the avalanche. The operation in pure noble
gases is also necessary in different cryogenic avalanche
detectors [38, 39, 59-62, 110-112], in which the appli-
cation of the molecular quenching admixture is impos-
sible due to low temperature.

Figure 30 shows the amplification characteristics of
the GPD based on the three-stage GEM and the semi-
transparent Csl photocathode in pure Ar and its mix-
tures with other noble gases and some molecular gases
[11]. Hereinafter, data are presented at atmospheric
pressure unless indicated otherwise. It can be seen that
multistage GEMs can possess rather high gain, on the
order of tens of thousands in pure Ar and 10° in mix-
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tures of it with Xe, Ne, and N,. This exceeds the maxi-
mum gain achieved in pure Ar for other gaseous detec-
tors, in particular proportional counters [113], by two or
more orders of magnitude. It can also be seen that in
mixtures of Ar with quenching admixtures, a gain on
the order of 10° is easily achieved.

It should be noted that data in Fig. 30 take into
account only the fast primary component of the anode
signal due to avalanche amplification. If the slow second-
ary component of the signal due to photon feedback
resulting from proportional scintillations in the drift gap
and the avalanche radiation in the GEM holes is also
taken into account, the gain in Ar and its mixtures with
Xe and Ne is increased several times, reaching 10° [11].

It turned out that GEMs can operate with high gain
not only in Ar but in other noble gases as well [34], and
also in high pressure conditions [58, 114-116]. Espe-
cially high gain was obtained in the Penning mixtures
He + Kr [116], He + N, [117], He + H, [112], and Ne +
H, [60]: the gain of the three-stage GEM in some of
these mixtures could exceed 10°.

High gain achieved in GPDs based on multistage
GEMs provides efficient operation in the single photon
counting mode. Figure 31 shows the amplitude spectra
obtained in this mode using the charge amplifier at gas
gains of (2-4) x 10° [11]. The shape of the spectrum of
the single-electron signal provides the possibility of
judging on the mechanism of the avalanche develop-
ment. The exponential shape observed in Ar is most
typical for gaseous detectors at moderate gains; it testi-
fies that the ionization acts in the avalanche are inde-
pendent [118]. The deviation from the exponential
shape of the spectrum due to the increased contribution
Vol. 39
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Fig. 31. Amplitude spectra of anode signals from three-
stage GEM-based GPD with semitransparent Csl photo-
cathode in the single photoelectron counting mode in Ar, Ar +
1% Xe, and Ar + 1.3% CHy for a gain of (2—4) X 10° [11].

of large amplitudes testifies to the considerable role of
secondary processes in the avalanche; this shape is
observed, for example, in Ar + Xe. The opposite devia-
tion from the exponential shape observed in Ar + CH,
is described by the Polya distribution and testifies the
avalanche saturation when ionization acts become cor-
related [118]. This effect occurs probably as a result of
increasing avalanche density due to the limitation of its
spatial development in the GEM hole [11], i.e., the ava-
lanche “confinement” [88].

Since the single-photoelectron spectrum in GPD has
mainly exponential shape, the amplitude resolution in
GPD is worse than in PMT for small photoelectron sta-
tistics. Nonetheless, for a number of photons on the
order of 10, the amplitude resolution is rather high and
makes about 30%, which is close to the statistical limit
(see also Fig. 32).

The highest gain, almost 107 [12], was obtained in
GEM-based GPDs in CF,. This is seen in Fig. 33,
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Fig. 32. Amplitude spectrum of anode signals from three-
stage GEM-based GPD with semitransparent Csl photo-
cathode for 11 photoelectrons in Ar + 1.3% CH, for a gain
of 2% 10° [11].

which shows the gain characteristic in CF, in compari-
son with other gases. Such a high gain provided effi-
cient operation in the single photon counting mode
using fast current amplifiers (and not only charge
amplifiers), which is important for time measurements.
The operation of GEM-based GPDs in CF, has other
advantages, as compared to other gases: the signal in it
is the fastest (the FWHM is 8 ns), and the photoelectron
backscattering to the photocathode is minimum (see
Section 2.3). It should be pointed out that the voltage
necessary for operation in pure CF, is rather high,
exceeding the working voltage in other gas mixtures by
a factor of approximately 1.5. This probably means that
thicker amplification structures with holes, such as
thick GEMs [56, 57] and capillary plates [53, 54],
would be unlikely to operate successfully in pure CF,
due to breakdowns.

High time resolution of GEM-based GPDs in CF, is
illustrated in Fig. 34; this figure shows the time spectra
for different number of photoelectrons. The time reso-
lution is 2 ns in the single photoelectron mode and 0.33 ns
for 150 photoelectrons, which is probably the record
for gaseous detectors operating in the proportional
mode. As was already noted in Section 1, it is these
remarkable characteristics that served as the basis for
development of the Cherenkov counter operating in
pure CFE, for the experiment PHENIX [35-37].

The characteristics of the GPD with semitransparent
Csl photocathode were considered above. The charac-
teristics of GEM-based GPD with opaque CslI photo-
cathode deposited on the electrode of the first GEM
(see Fig. 4) were studied in detail in [13]. Figure 35
illustrates the most characteristic property of GPDs of
this type, namely, the efficiency of photoelectron col-
lection from the photocathode and the GEM hole,
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which is described by the dependence of the anode current
from the drift field. As expected from the pattern of the 0 , , ,
force lines shown in Fig. 4 [14], photoelectrons are most 5 10 15 20 25 30

efficiently focused in GEM holes at zero drift field [13].

The coordinate characteristics of GEM-based GPDs
with Csl photocathodes were studied in [14, 119]. In
[14], a spatial resolution of 55 um for single photons
upon readout to the anode in the form of parallel strips
was obtained. In [119], the record degree of localiza-
tion of single photons with a precision of 4 um upon
readout to the anode in the form of pixels, where each
pixel represented a miniature integrated circuit, was
obtained. Variants of coordinate readout of GPDs using
the delay line [120] and the zigzag-shaped anode [121]
were also considered.

The principles of operation of GEM-based GPDs
with reflective photocathodes and the capability of mul-
tistage GEMs to operate with high gain in pure noble
gases were used in the cryogenic two-phase avalanche
detectors considered in Section 1. The schematic dia-
gram of these detectors is shown in Fig. 5. Figure 36
shows the amplitude spectra of the three-stage GEM in
two-phase Ar obtained with this schematic diagram in
the single photoelectron counting mode [62]. For gains
of 6 x 103 and 1.7 x 10%, the spectrum is separated well
from the electronics noise. This provides the possibility
of speaking of efficient GPD operation in the single-
photoelectron mode in two-phase Ar beginning from
gains of order of 5 x 10°.

The operation of GEM-based GPDs with opaque
Csl photocathodes in two-phase Ar in the mode of
simultaneous detection of scintillation and ionization
signals was recently demonstrated [39]. This detection
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Time, ns

Fig. 34. Time characteristics of anode signals from three-
stage GEM-based GPD with semitransparent Csl photo-
cathode with CF, in the single photoelectron counting
mode and also for 10 and 150 photoelectrons and a gain of
10° [12]. Time distributions with respect to the trigger of
two groups of pulses separated by a 10 ns interval are
shown.

method would allow identification of events due to the
recoil of nuclei in collisions with dark matter [41, 42]
or coherently scattered neutrinos [40]. In the case of
PET, it would provide the possibility of organization of
a fast trigger for coincidences between two photons
[43, 44]. Figure 37 shows the two-dimensional event
distribution with respect to the amplitudes of the scin-
tillation and the ionization signals upon irradiation by 3
particles with a particular energy in a liquid of about
600 keV [39]. Clear correlation, namely, proportional-
ity between the scintillation and the ionization signals, is
observed. In this case, the amplitude of the scintillation
signal was 30 photoelectrons, which is quite sufficient
for PET but is too little for the search of dark matter. The
investigations in this direction continue.

An important stage in development of GEM-based
GPDs was the development of sealed devices. The first
sealed GEM-based GPD was produced in 2001
(Figs. 38, 39) [15, 16]. In this device, the semitranspar-
ent Csl photocathode and the cascade of four GEMs
Vol. 39
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Fig. 35. The influence of the drift field on efficiency of pho-
toelectron collection in GEM hole from the opaque Csl
photocathode deposited on GEM [13]. The anode and cath-
ode GEM currents are shown as functions of drift field
strength in Ar + 80% CH, for a voltage at GEM of 200 V.

was used. The detector was produced using the method
of photocathode transfer through vacuum using a spe-
cialized setup [20]. The principle of operation of this
setup is similar to that of the setup shown in Fig. 15;
however, its design was much more complicated: the
procedures of the photocathode preparation, quantum
efficiency measurement, and photodetector sealing
were performed in different vacuum chambers, and the
photocathode was transferred between these chambers
using the manipulator.

The sealed GPD consisted of the package made
from Kovar with several insulated contacts for voltage
supply and signal readout. Inside the package, the mul-
tistage GEM was mounted on ceramic frames (Fig. 38).
The important stage of production of the sealed GPD
was the sealing procedure [15, 20], during which the
quartz window was soldered to the package using an
indium-based solder at a temperature of 120-150°C
(Fig. 39). GPD operated with the Ar + 5% CH, mixture
and had a gain of larger than 10° [15].

The main result of this stage was the fact of compat-
ibility of GEM with the technology of sealed devices. It
was shown that GEM withstands heating in vacuum at
200°C, and the photocathode of the sealed GPD is not
damaged in the presence of GEM.

4.3. Sealed GEM-Based GDPs
with a Photocathode for the Visible Range

Obviously, photocathodes for the visible range can
be stable only in sealed GPDs. The method of produc-
tion of sealed gaseous photodetectors tested using
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Fig. 36. (Solid lines) Amplitude spectra of the anode signal
from three-stage GEM in two-phase Ar in the single photo-
electron counting mode at 84 K, 0.7 atm, and gains of 6 X
10% and 1.7 x 10, and (dashed lines) spectrum of noises
from the readout electronics [62]. The first electrode of the
first GEM was used as the reflective photocathode (see
Fig. 5).

GPDs with the Csl photocathode was successfully used
for production of sealed GPDs with photocathodes for
the visible range [18-21].

The characteristics of the sealed GPD based on mul-
tistage GEM with the semitransparent K—-Cs—Sb photo-

S2 amplitude, electrons
2000~

Two-phase Ar, 3GEM
84 K, 0.7 atm

%0Sr B-particles

Gain ~ 2500

E(LAr) =0.25kV/cm
Shaping time 0.5 ps

1500

1000

500

1 1 ]
80 100 120 140
S1 amplitude, photoelectrons

Fig. 37. Two-dimensional amplitude distribution for the
(S1) scintillation and (S2) ionization signals from three-
stage GEM-based GPD with opaque Csl photocathode in
two-phase Ar at 84 K, 0.7 atm, and a gain of 2.5 X 103, for
irradiation by [ particles with an average energy in the lig-
uid of 600 keV [39]. Amplitudes are expressed in numbers
of photoelectrons and electrons, respectively. The first elec-
trode of the first GEM coated with Csl was used as the
reflective photocathode (see Fig. 5).
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Fig. 38. Schematic diagram of the internal part of sealed
three-stage GEM-based GPD [20].
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Fig. 40. Quantum efficiency spectrum for semitransparent
K-Cs—Sb photocathode in sealed multistage GEM-based
GPD in Ar + 5% CH,4 at pressure of 700 Torr [18, 20]. The
drift field at the photocathode is 0.5 kV/cm.

cathode operating with the Ar + 5% CH, mixture are
illustrated in Figs. 40 and 41 [18, 20]: impressive
results for the quantum efficiency, up to 13% at the
maximum (Fig. 40), and gain, up to 10* for the two-
stage GEM (Fig. 41), were obtained. It was demon-
strated in the mode without amplification that the photo-
cathode quantum efficiency is stable for several months
if the getter inside the device is used [20]. In the amplifi-
cation mode, the duration of operation turned out to be
on the same order as that for GPD with the Csl photo-
cathode (see Section 4.4): the quantum efficiency of the
GPD with the K-Cs—Sb photocathode was decreased by
20% after a charge of 2 LC/mm? had passed at the anode,
which corresponds to 10 years of operation for a gain of
10° and a photon current of 1 kHz/mm? [21].

For further development of sealed GPDs with pho-
tocathodes for the visible range, there are several prob-
lems of both technical and physical character. In partic-
ular, the sealing procedure has not been developed yet,
and as a result, in most cases, the K—~Cs—Sb photocath-
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Fig. 39. View of the sealed four-stage GEM-based GPD
with semitransparent Csl photocathode [15, 16].
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Fig. 41. Gain for sealed multistage GEM-based GPD with
semitransparent K—Cs—Sb photocathode as a function of
voltage on each GEM in Ar + 5% CH, at a pressure of
700 Torr in the configuration with the single-stage (1 GEM)
and two-cascade (2 GEM) GEM [18, 20].

ode lost efficiency due to high temperature necessary
for the sealed coupling of the package and the window
[20]. This problem can be solved by the transition to the
sealing technology at room temperature used by a num-
ber of companies for production of vacuum photodetec-
tors using the method of photocathode transfer.

Another problem was the increased sensitivity of
photocathodes for the visible range to the ion feedback
[20, 21]. Due to the increased sensitivity, the GPD gain
in Ar, CH,, and their mixtures in most cases did not
exceed several hundred for the K—Cs—Sb photocathode
[20]. The effect of the ion feedback is manifested in the
occurrence of the secondary pulses and the deviation
from the exponential dependence of gain on voltage at
No. 3
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high values (see Section 4.4). At the same time, the
effect of the ion feedback in some cases was unnotice-
able even for gains on the order of 10* in GEM-based
GPDs [18, 20] (see Fig. 41) and in GPDs based on cap-
illary plates [122]. Obviously, the problem of how the
maximum GPD gain is limited by the ion feedback
requires further investigation.

It should be noted that for the CsI photocathode, the
ion feedback began to be manifested only for a gain of
larger than 10° [11]. The difference between CsI and
K—Cs-Sb is probably due to large coefficient of ion-
induced electron emission (which is the reason for the
ion feedback [123]) for photocathodes for the visible
range due to lower threshold of photoelectron emission.

In this regard, the possible solution of the problem
of the ion feedback is the coating of the photocathodes
for the visible range by CsBr and CsI nanofilms. These
films, along with the effect of the photocathode protec-
tion from active molecules considered in Section 3, can
also attenuate the ion feedback. Indeed, the ion-induced
electron emission will then be determined by the mate-
rial of the nanofilm, rather than that of the photocath-
ode. This conclusion is proved by the data shown in
Fig. 42: in GPD with the K-Cs—Sb photocathode
coated with the CsBr nanofilm, the ion feedback in pure
CH, was not observed even for a gain of 2 x 10* [28].
It should be noted that if it is not required to transfer the
photocathode through air, the protective film can be
made thinner, for example, with a thickness of 100 A
for minimization of the loss of the quantum efficiency,
which can then reach 20% (according to Fig. 20).

Another solution of the problem can be the applica-
tion of the gate grids in the drift gap that are opened by
the trigger signal [20, 21] and different schemes of ion
feedback suppression [16, 21, 34, 64, 66], for example,
the GPD scheme with the photoelectric gate shown in
Fig. 6 [66].

Further development of sealed GPDs will be related
with the increase in their lifetime, 1.e., with the decrease
in the photocathode aging rate. The photocathode aging
is determined by ion bombardment and interaction with
active molecules emitted from the structural elements
and formed in the avalanche as a result of plasma-
chemical processes. The latter can be avoided if GPD
operates with pure noble gases. Another method of
extending the photocathode lifetime and increasing
GPD gain can be the protection of the photocathodes
using the dielectric CsBr and Csl nanofilms mentioned
already. Variants of replacement of GEM materials by
more inert ones, e.g., silicon or glass [124], are also
considered.

4.4. Secondary Processes in GEM-based GPDs

Secondary processes in GPDs are the effects caused
by the photon feedback, ion feedback, charging-up of
dielectric surfaces by the ion backflow, and photocath-
ode aging under the conditions of gas amplification.
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Fig. 42. Gain for GPD with opaque K—~Cs—Sb photocathode
coated with CsBr film with a thickness of 300 A in CH, in
the parallel-plate gap with a thickness of 1 mm as a function
of voltage [28].

Their mechanisms were briefly discussed in Section
4.1. Secondary processes play a more important role in
gaseous photodetectors than in vacuum photodetectors;
in particular, they are the main factor limiting GPD gain
and lifetime. In this section, the most characteristic
manifestations of secondary processes are considered.

In the case of the GPD with the reflective photocath-
ode deposited on GEM, the photon feedback is com-
pletely absent. In the case of the GPD with the semi-
transparent photocathode, the photon feedback to the
photocathode due to avalanche scintillations is effi-
ciently suppressed by the GEM cascade, since the
transparency of each GEM is only about 10% [11].

Correspondingly, the photon feedback of this type
begins to be manifested only at rather high gains in the
form of secondary pulses. In CF,, secondary pulses
caused by the photon feedback occur in particular time
intervals for gains higher than 5 x 10° [12] (see Fig. 43).
The interval between the pulses, obviously, is equal to
the electron drift time from the photocathode to the
anode.

In pure noble gases, secondary pulses due to photon
feedback usually have an irregular structure [11], since
the time of scintillation luminescence in them can be
rather large, up to several microseconds [9]. This is
related to photon feedback caused by both proportional
scintillations in the drift gap and the avalanche scintil-
lations (see Fig. 3).

The ion feedback from the GEM to the photocath-
ode or between the GEM cascades is also manifested in
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Fig. 43. Photon feedback in three-stage GEM-based GPD
with semitransparent CsI photocathode in CF, [12]. Anode
signal for a gain of 6 X 10 is shown.

the form of the secondary pulses [11, 104, 58]. It is
especially characteristic for operation in pure noble
gases, since the coefficient of ion-induced electron
emission in them is large compared to molecular gases
[123]. It can be seen from Fig. 44 that in the GPD with
the Csl photocathode, the primary signal in Ar begins to
be accompanied by secondary signals for gains of about
10°. In this case, the interval between the pulses is equal
to the ion drift time from the last to the first GEM [11]. In
GPDs with photocathodes for the visible range, as was
already mentioned, secondary signals due to ion feedback
can occur at much lower gains, on the order of 100. It
should be noted that the time scales of the photon and the
ion feedback differ by three orders of magnitude. Finally,
both processes limit the maximum GPD gain.

The key role in the ion feedback is played by ion-
induced electron emission from the photocathode or the
GEM electrode, which is due to the ion backflow from
the avalanche region (Fig. 3) and which is almost
instantaneous [123]. There exists another, relatively
“slow” effect caused by the ion backflow whose char-
acteristic time is of order of several minutes: the effect
of charging-up the dielectric surfaces by ions, which is
manifested at large fluxes and gains [11, 104, 105]. This
effect is due to the fact that positive ions on the surface
of the dielectric, in particular, on the Kapton surface in
the GEM or the Csl photocathode hole, have no time
for neutralization at large anode current densities,
forming a positive surface charge.

In the GEM hole, the positive surface charge creates
additional electric field (see Fig. 3), which results in an
increase in the gas gain. This was observed, in particu-
lar, in GEM operation (without a photocathode) in Ar
for anode current densities on the order of 100 pA/mm?
[105]. On the photocathode, the positive surface charge
creates a strong electric field, which can considerably
increase the quantum efficiency due to the decreased
work function; this phenomenon was considered in Sec-
tion 2.4. In GPDs, both these phenomena result in the
same effect, an increase in the anode signal amplitude.
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Fig. 44. Ion feedback in three-stage GEM-based GPD with
semitransparent Csl photocathode in Ar [11]. Anode signal
for a gain of about 10° is shown.

Therefore, it is rather difficult to separate the contribu-
tions from these effects.

In the characteristic gain measured in the current
mode, the effects of charging-up by ions and the ion
feedback are manifested similarly: for high gain values,
it grows faster than the exponential function (see Fig. 45).
At the same time, unlike the ion feedback, for the ion
charging-up the anode signal amplitude depends on time
[104] and flux [11]. This is the signature of the effect.
This dependence is demonstrated in Fig. 45, which
shows the gain characteristics of the GPD in Ar at dif-
ferent fluxes [11]. Judging from the fact that the influ-
ence of the flux is already noticeable at anode current

Visible gain
10°F 7

Ar
10*+ 3GEM + PCB 7
10°F T

) /g Current recording:
10°F & O Hg lamp
r'ﬁ
g"j V Hg lamp + 24X-filter
10'- R Pulse-height recording: ]|
o ® H, lamp
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1 1 1 1 1 1 1
21 22 23 24 25 26 27 28 29 3.0
Vi, kV

Fig. 45. Effect of charging-up of dielectric surfaces by ion
backflow in three-stage GEM-based GPD with semitrans-
parent Csl photocathode in Ar [11]. (Left scale) Gain as a
function of the voltage on the divider for different fluxes
measured in the counting and the current modes (in the lat-
ter case, for two flux values differing by a factor of 24);
(right scale) anode current density for the maximum flux.
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Fig. 46. Aging of sealed GEM-based GPD with semitrans-
parent Csl photocathode in Ar + 5% CH, [16]. Relative
quantum efficiency of the photocathode as a function of the
density of passed anode charge in the conﬁguratlon with the
three stage GEM (3GEM + PCB) for gains of 10* and 7 %
10 and the four-stage GEM (4GEM) for a gain of 10° are
shown The values of the voltage on each GEM and the frac-
tion of the ion backflow to the photocathode are also shown.

densities on the order of 10 pA/mm?, in this case, most
probably, the CsI photocathode surface charging-up
takes place.

In conclusion to this section, let us mention the pho-
tocathode aging effect in sealed GPDs under the condi-
tions of gas gain (photocathode aging in unsealed
GPDs based on wire chambers was considered in
[6, 21, 28, 69, 82]). Figure 46 shows the dependence of
the efficiency of the CsI photocathode on the density of
the passed anode charge in the cascade-GEM based
sealed GPD [16]. In the configuration with the three-
stage GEM, the photocathode efficiency dropped by a
factor of two after a charge of 2 UC/mm? passed at the
anode for a gain on the order of 10° in the Ar + 5% CH,
mixture. This is comparable with the aging rate of both
unsealed GPDs with the CslI photocathode [69, 82] and
the sealed GPDs with the photocathode for the visible
range [21] (see Section 4.3), which testifies to the pos-
sible common character of aging mechanisms. The ion
backflow to the photocathode probably plays a role in
this mechanism. At the same time, it can be seen from
Fig. 46 that the photocathode aging is determined by
the voltage at the GEM, rather than by the fraction of
the ion backflow. This can be explained if it is assumed
that the photocathode aging is caused by active mole-
cules and ions whose production rate depends on the
electron temperature in the avalanche, i.e., the voltage
at the GEM. It follows from the above that the GPD
aging rate under the conditions of gas gain can be con-
siderably decreased by increasing the number of GEM
cascades [16] or even reduced to zero if operation in
pure noble gases is considered.
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4.5. GPDs Based
on Other Gas Amplification Structures

At present, GEM-based GPDs have been best devel-
oped and have shown the best results. At the same time,
GPDs based on other gas amplification structures, such
as microhole and strip plates [21], capillary plates
[54, 122], microchannel plates [125], thick GEMs [56],
thick GEMs with resistive electrodes [57], and
Micromegas [126] continue to be studied. The most
complete description of the state of GPDs with other
amplification structures can be found in review [124].

CONCLUSIONS

In this review, the results of research and develop-
ment of gaseous photodetectors with solid photocath-
odes (GPDs) were presented. The principles of operation
of GPDs and their basic characteristics were considered.
GPDs based on gas electron multipliers (GEMs), includ-
ing sealed GPDs and cryogenic two-phase avalanche
detectors with the Csl photocathode, were considered in
detail. Efficient photocathodes for the ultraviolet and the
visible ranges were described in relation with their appli-
cation in GPDs. A separate chapter was devoted to pro-
tective dielectric nanofilms on photocathodes. The most
interesting problems of the physics of gaseous photode-
tectors and photocathodes, such as photoelectron back-
scattering in gas, enhancement of photoelectron emis-
sion in an electric field, photoelectron transport through
nanofilms, the protective properties of nanofilms, and
photon and ion feedback, were considered.

The remarkable properties of PGDs make them
attractive for applications in high energy physics, astro-
physics, and medical imaging. In particular, the high
efficiency and high gain of GPDs with Csl photocath-
odes provided the possibility of successful application
in RICH detectors. The capability of operation of
GEM-based GPDs in pure noble gases allowed the
development of cryogenic two-phase avalanche detec-
tors with Csl photocathodes, which are used in experi-
ments on detection of coherent neutrino scattering off
nuclei, dark matter detection, and in positron emission
tomography.

GPDs with photocathodes for the visible range are
actively being developed. Impressive results concern-
ing their operation in the sealed configuration and with
photocathodes protected by dielectric nanofilms were
obtained. Further progress in this field will obviously
depend on development in the technology of produc-
tion of these devices.
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