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Csl films are known to be efficient photoconvertors, intensively investigated for UV-
photon imaging devices. The article reviews the production and characterization
techniques of CsI photocathodes and their photoemission properties in vacuum and gas
media, in charge collection and multiplication modes. The important roles of surface

phenomena, gas and electric felds are described. The stability of the films is discussed
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1. Introduction

Though known for a few decades [1,2], Csl photoconvertors have attracted
considerable interest in recent years. Combined with vacuum or gaseous electron
multipliers, these photocathodes provide an efficient means for UV-photon imaging over a
considerable spectral range [3]. It is limited in the short wavelengths by optical window
or gas absorption and reaches a cutoff in the long wavelengths around 210 nm (E, = 6 eV).
Out of a series of alkali halides, Csl has the largest quantum efficiency (QE)[2] (see Fig.1).
This is due, on the one hand, to its low electron affinity (E, = 0.1-0.2 eV) and on the other
hand to its exceptionally large electron escape length, of the order of 16 nm for 1 eV
electrons [4] (see Fig. 2). The latter is due to an efficient electron transport mechanism,
dominated by electron-phonon interactions, characterized by very small energy losses
between collisions. Indeed, the QE of Csl surpasses that of all known solid UV-
photocathodes [5]. It is comparable to that of TMAE [tetrakis (dimethylamine) ethylene]
vapours [6] in the short wavelengths but is smaller by about a factor of two above 190
nm. On the other hand, compared to gas photoconversion, affecting the time response,
occupancy and localization properties of the photodetector, CsI-based devices have the
advantage of surface conversion and emission. The latter is of prime importance for
operation at very high photon flux and for ultimate localization and timing, even under
angular photon incidence. This, and the excellent radiation-induced secondary electron
emission properties of Csl, make it a convertor of choice in a novel class of X-ray and

thermal neutron imaging detectors (7].

Csl films are simple to prepare and are rather stable when exposed to ambient air.
A low sensitivity to exposure to oxygen is indeed expected, for materials having E, + E, >
6 eV [8]. This makes Csl photocathodes attractive for use in radiation detectors. Their
relatively low volume resistivity, of the order of 1010 - 1011 Q - cm[9], makes possible their
stable operation at high radiation fluxes, under high multiplication conditions. Their
radiation hardness [10] is important for long term operation at high radiation intensity
environments.

There have been several works describing the successful operation of Csl

photocathodes in vacuum devices, MCPs and others, mostly in apparatus for space science



[2,3,11,12,13,14]. The detectors incorporated semi-transparent, reflective and even mesh-
based Csl photocathodes. It is interesting to note that the latter provided QE values
lower by a factor of two, compared to reflective photocathodes, but higher by a factor of
two, compared to semi transparent photocathodes [3]. In the case of MCPs, repelling grids
in front of the Csl-coated MCP [12,13], enhanced the detection efficiency. The early works
on vacuum-based devices discuss the effect of Csl damage after exposure to humid air
[15,14,13]. Except for the QE data of Carruthers (3], i.e. QE (170 nm) = 30%, see Fig. 3)
that coincide with present results, as will be discussed in detail below, most ancient works
conclude with QE (170 nm) = 10%. Part of it is due to the geometrical structure of the
MCPs employed.

The idea of mesh-based Csl photocathodes [3] was followed by Ypsilantis in
combination with a gaseous multiplier [16], for UV-photon imaging with Ring Imaging
Cherenkov (RICH) detectors. This unpublished idea was abandoned because of the venue
of TMAE [17]. The idea to replace TEA vapour by a Csl photocathode coupled to a needle
gaseous detector for RICH, was suggested by Comby et al. [18,19]. The very low QE

values measured by these authors in 1 atm of CHy, made them abandon this idea.

The revival of Csl-based wire chambers occurred in the late eighties by a few
groups, studying independently the possibility of detecting scintillation from Xe [20] and
solid scintillators [21], and UV-photons in RICH (22]. The high QE values reported in {22]
for CsI and TMAE-coated Csl films, in CHy, very similar to Carruther's early vacuum data
[3], confirmed by other authors (23], and the demonstration of stable operation of Csl-
based gaseous photomultipliers under high gain [20,24,25], have no doubt triggered

considerable interest in the detector physics community developing RICH devices.

Several groups have launched intensive research work in this field, studying the
physical properties of CsI photocathodes and their possible use in gaseous UV detectors
particularly for RICH devices [26]. In the course of these studies many contradictory
results, mostly on the QE of Csl, were published. Most of the inconsistencies have been

clarified, due to a better understanding of the thin film preparation and characterization



procedures, surface phenomena, effects of electric fields, emission into gas media etc.
However, some "mysteries" still persist, as will be discussed below. The principal results
on the physical properties of Csl photocathodes will be summarized in this article. More
complete information and references to other works can be found in the proceedings of

the RICH 93 (Bari) [27] and RICH 95 (Uppsala) Workshops.

2. Preparation of thin CslI films

Most of the works deal with relatively thick (a few hundreds of nanometers) Csl
films deposited on metal substrates. Thin semitransparent photocathodes (a few tens of
nanometers) are usually deposited on optically transparent substrates, coated with very

thin metal films [28].

2.1 Film Deposition

The films are usually prepared by resistive vacuum deposition, the substrates being
kept at room temperature or heated to 40° - 60°C, as will be discussed below. The
evaporation rate is in general of the order of 1-10 nm/s. No significant differences in the
QE have been reported for vacuum conditions varying between 105 - 10-8 Torr. However,
it is recommended to increase the evaporation rate at worse vacuum conditions, to reduce
contamination. The Csl is often deposited on thin Al films (100 nm) coating the substrate
metal, usually stainless steel. This procedure should in principle improve the surface
quality of the substrate. However, several authors deposit CslI directly on metal
substrates. Cu substrates should be avoided because Csl chemically interacts with Cu,
seriously degrading the surface quality and the emission properties of the photocathode
[29]. Best results, similar to those with stainless steel, with Cu-based printed board pad-
electrodes were obtained when coating them with Ni or Ni/Au [30] and Sn/Pb [31], as
discussed below.

It was found that the raw Csl material plays some role on the photoemission
properties of the photocathode, probably due to the concentration of impurities. In
general, most authors use Csl from various origins in a powder of a very thin crystalline
form. Anderson et al. [32] reported on a significantly superior QE values, starting from

large Csl crystals. Such strong effect has not been observed by others [33] employing



crystals from the same origin (Merck) (see Fig. 4).

The authors of [34] employ electron beam evaporation, claiming for superior surface
homogeneity, compared to the usual thermal vacuum deposition. They report on higher
QE values of their photocathodes but consider them still as preliminary [35].

Anderson et al. [32] have proposed to spray CslI from a liquid suspension directly on
the electrode substrates. This technique could be of interest for very large area devices.
However, the relatively good photoemission properties of such films reported by these
authors (see Fig. 4a) has not been reproduced so far by other groups.

Porous (low density) CsI films have been investigated [10,36] because of previous
experience of an enhanced particle-induced electron emission [37]. Such films are

prepared by resistive evaporation under very low Ar pressure.

2.2 Post treatment

The QE of the Csl photocathode is in general low, after the evaporation process.
This could result from surface impurities or moisture originating from the substrate
material or from the evaporation vessel. Seguinot et al. found that flushing the
photocathode surface with pure CHy4, considerably enhances its photoemission properties
[22], probably due to the removal of the contaminants (see Fig.5). The enhancement
process in this work reached saturation within about 40 h. A faster enhancement, by
flushing CH4 for 4 h, was reported by Anderson et al. [38]; a saturation after about 6 h
was also reported by Imrie et al. [39], for CsI on Al and with Ar flush. No enhancement of
the photoemission was found by Brauning et al. [40] with CsI deposited on
electropolished stainless steel, after flushing with CHy, at 30 1/h for more than 80 h.
Except for Sn/Pb-coated substrates, for which a 40 h flushing yielded some enhancement
[31], no effect has been observed by Krizan et al. with other substrate materials. This
suggests that the level of surface contamination could be substrate dependent.

A more elegant photoemission enhancement technique was proposed by Anderson
et al. [38], consisting of heating the photocathode under gas flow to about 100°C (see Fig.
6). An enhancement effect was found while heating above 40°C under high vacuum
[23,40], following the photocathode preparation. The temperature enhancement is

considerably faster compared to gas flushing. It should be noted that the experimental



setup of Seguinot et al. has been constantly kept under a temperature of 40°C, which
could have also affected their QE enhancement under gas flushing, discussed above.

It has become a routine technique in many laboratories, to also recover the
properties of humidity-aged [40] and photon- and ion-aged [23,41] CsI films. It is
interesting to note that in the latter the enhancement effect disappears after the
temperature decrease. On the other hand, the effect remains very stable when heating
the photocathode to 60°C for a few hours in high vacuum, immediately after its deposition
on a substrate kept at room temperature or on a hot one [42] (see Fig. 7). There is no
significant enhancement of the QE in high vacuum, at room temperature (Fig. 7b). An
exception is the lack of temperature enhancement of Csl photocathodes, or rather a
deterioration, reported in [41], which could originate from an outgassing process from the
Al substrate employed, known for its porosity. However these authors confirm the
temperature-induced recovery of humidity-damaged films.

As discussed below, it was found that heat-enhanced Csl films are more stable when
exposed to humid air [30]. The post-evaporation enhancement under high vacuum was
found to be very successful not only on small samples. It was recently demonstrated that
large area (300 x 300 mm?) heat-enhanced pad photocathodes for RICH have considerably
superior photoemission and air-stability properties [30,26,43].

The exact reasons for the heat-enhancement are not yet fully understood and are
subject to intensive investigations. We believe that it could have as an origin some

chemical, structural and electrical modifications of the Csl surface [83].

3. Microanalysis surface studies

In parallel to standard methods of characterization of Csl photocathode, namely
measurements of UV-induced photoemission in a DC mode or in a pulse mode under gas
multiplication, important investigations have been carried on in some laboratories to
understand the surface properties of the films. The basic idea has been to try and
correlate surface effects and morphology to the mode of preparation and to the quantum
response of the film.

The most significant work in this field has been done by Coluzza et al. [44]. Several

experimental techniques are employed by this group, most important being a laterally



resolved electron spectroscopy for chemical analysis (ESCA) and photoemission electron
emission microscopy (PEEM), which permit to correlate photoemission with I or Cs
species at the surface. Other complementary techniques like SEM, STM provide the gross
structure of the surface. More recent AFM measurements resolve even the atomic
structure of Csl, indicating that the polycrystalline surface has indeed a very regular
structure that of CsI crystal [30] (see Fig. 8). X-ray diffraction studies provide a good way
for studying the chemical composition of the surface, and confirm the crystalline Csl
structure [44].

The most significant revelations of the microanalysis studies of thin CslI films are the
confirmation of the role of the substrate material on the photoemission yield and the
nonhomogeneity of the photoemission correlated with the chemical composition, on a
micrometer scale.

It has been demonstrated that very regular polycrystalline structures are contained
on inert substrates, with a grain size varying from a fraction of a micron to a few microns,
depending on the substrate surface quality. The latter could be modified for example by
vacuum coating of the sample metal surface with thin Al or C films; the grain size and the
depth of the channels between grains diminishing at larger film thickness [30] (Fig. 9).
We still do not know the role of the grain size on the QE, but it could well be that it plays
a role on the surface resistivity of the film. Films deposited on Cu substrates present very
strong surface nonhomogeneity, reflected by cracks and very irregular crystalline
structures [30,44] (Fig. 10). This is due to a chemical reaction between Csl and Cu,
followed by surface decomposition into Cs and I species [44]. Thin Au coating of the Cu
surface does not prevent this chemical reaction, while thicker Ni, Ni/Au and Sn/Pb
coatings of Cu provide very smooth CsI films [30,44]. These substrates, important for the
preparation of pad readout electrodes for UV detectors, have very homogenous
photoemission properties, compared to that of Cu, as reflected by recent VUV-ESCA
studies [44] (see Fig. 11). The superior QE properties of these substrates have been
recently confirmed by measurements of photoelectron yields with RICH prototypes
[26,31,43].

Laterally resolved UV and X-ray induced photoemission and secondary electron

emission studies indicate that on a microscopic scale (3-30 pm) the emission from CslI films



is highly nonhomogeneous. This is true not only for Cu but also for other substrates
investigated [44]. The local variations reach factors up to 2-3 and are correlated with the
chemical composition of the irradiated area. The enhanced emission is usually correlated

with an excess of I atoms.

It should be noted that further microanalysis surface studies could possibly decipher

the mystery of the temperature enhancement of photoemission.

4. Quantum efficiency measurements
The quantum efficiency measurements of Csl films have been carried out by several
authors in vacuum and gas media. The studies are usually made in three different modes:
a) measuring a DC photocurrent in vacuum or gas under relatively low electric fields.
b) counting pulses in Csl-based wire chambers, under gas multiplication at moderate-to-
high fields.
c¢) counting particle-induced photoelectrons in a CsI-based UV detector in a RICH device.
In a) and b) calibrated monochromatic light sources are used (see for example

[22,40,10]), while in c), the quantum efficiency is calibrated against the expected UV

photon yield from a known Cherenkov radiator (see for example [45,31].

4.1 Photon flux calibrations
a) TMAE cell
The absolute value of the QE of CsI films is a direct function of the method of

calibration of the impinging photon flux. This has been so far the major source of error
and discrepancies in QE measurements. Most problematic is the choice of the calibrated
reference photosensor.

Seguinot et al. [22] were the first in this field to calibrate the light flux with a TMAE-
based photo-ionization cell, relying on the quantum efficiency of TMAE and on photo-
absorption measurements in the TMAE vapour. The TMAE cell method has been
employed by several groups [40,10,28], but comparisons to other reference
photodetectors often provided some discrepancies. We suppose today that such

discrepancies could result from systematic errors due to the purity of TMAE, of which



strongly depends the photo-absorption length [46], and the quantum efficiency. Fig. 12
shows indeed considerable differences in the extinction coefficient of TMAE, proportional
to the QE, measured by various authors. Some errors would also originate from partial
photon absorption by adsorbed TMAE vapours on the windows and electrodes of the
TMAE cell. Recent measurements indicate that indeed the problem persists and no good
explanation can be provided sn far [47].

b) Photomultipliers

Vacuum photomultipliers could be more reliable reference devices, and certainly
simpler in routine use. provided they have been calibrated in a correct way. To avoid gain
calibration errors, the devices should be operated preferably in a photodiode mode,
namely reading the photocurrent from the photocathode with a small positive bias on the
first dynode [40]. Their absoiute QE values, provided by the suppliers, are usually
established against some secondary reference photodetectors, calibrated by National
Institutes of Standards. However, probably due to systematic errors in the calibration
procedure, some very large errors in the absolute QE values of some photomultiplier
tubes have been found [48.49] The authors of ref. [49] found underestimations in the QE
calibration of Hamamatsu R1460 solar blind PM tubes, reaching factors of 2.5, in the
wavelength range of 150 - 200 nm (see Fig. 13). The tubes were measured against a fresh
NIST-calibrated UV vacuum photodiode (Ball Aerospace Ser. No. 1-926), having a CsTe
photocathode. The company admitted having found errors in the calibration procedure.
The recalibration of these reference photomultipliers, removed some serious
discrepancies in the QE values of Csl films previously reported by the Weizmann Institute
and Ecole Polytechique groups {24,40,10,33}. Recent QE measurements of Csl, employing
the same type of NIST photodiode, support its validity and superiority as a UV photon
calibration standard. Other techniques of photomultiplier calibration are discussed
elsewhere [50]. The use of solid state photodiodes as reference photodetectors is limited,

because of their small size and inherently large dark current.

4.2 QE measuring tecanigues

4.2.1 photocurrent in a DC mode

Measuring the UV-induced photocurrent in a DC mode, with reference to a calibrated



photodetector, is the most common and simple technique. Comparative measurements
can be made in the same setup, both in vacuum and in gas media. In most laboratories the
samples are prepared in one setup and transferred, with a limited contact to air, to
another measuring setup. The Weizmann Institute group built a setup that allows to
prepare and characterize the films in the same vessel without any exposure to air. Most
groups can vary the sample temperature in the measuring setup. Typically,
monochromators are used, in vacuum or under inert gas flow, usually equipped with low
intensity Dy lamps (peak at 160 nm). The UV-induced photocurrent from Csl
photocathodes under these conditions is usually of 1-100 pA/cm?2.

The bias on the photocathode, in this charge collection mode, is set on the so-called
collectors plateau. The plateau in a gas is rather flat at relatively low electric fields, but
increases at high fields, under gas multiplication, as discussed below. We will also discuss

the dependance of the photoyield on the nature of the gas.

4.2.2 Pulse mode operation

Another way of measuring the quantum efficiency of the photocathode, in gas media, is
to count the yield of UV-induced single photoelectron pulses, induced in a CsI-based wire
chamber under a known photon flux. Here, lower photon flux are employed, compared
to the DC mode. The method also relies on a sound knowledge of the single electron
counting efficiency of the detector under study. While some authors compare the
photoelectron yield in the same detector filled with TMAE or TEA vapours or operated
only with Csl [51,23,54], others compare the wire chamber output with the yield
measured with a reference photomultiplier [31,36].

The pulse counting technique simulates real operation conditions of a Csl-based
counter, but it does it at very low photon flux and with some uncertainties on the single
electron efficiency. The electric field value at the photocathode surface depends on the
detector geometry; it is high in a parallel plate geometry, and considerably lower in a
multiwire chamber.

As it was recently demonstrated, the electric field strength affects to a large extent the
photo-emission [52,53] (see paragraph 5), which could be the origin for some of the

discrepancies on the value of the QE of Csl, measured in different modes.
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4.2 3 Photo-electron counting in RICH

The QE of Csl can be directly deduced when counting the mean number of photo-
electrons per Cherenkov ring in a RICH setup [55,56]. Here again, the counted number
of photo-electrons depends on one hand on the single electron detection efficiency and on
the other hand, on the efficiency to resolve neighbouring photo-electrons. The latter
depends on the pad size of the readout electrode and on the ring diameter. Most
important is to take good account of possible photon feedback effects {26,43]. Very
systematic and elaborated measurements were done in this field, in a RICH device with an
atmospheric pressure wire chamber, by Piuz et al. [66,45,26]. Due to the high
chromaticity of the NaF Cherenkov radiator, and the high single photon localization
accuracy, these authors could evaluate with good precision the differential QE of CsI. The
refractive index of NaF being dependent on the photon energy, a measure of the distance
of the photon from the ring centre determines this energy [45]. A similar technique has
also been applied by other groups [57,58]. Using this technique one should have a sound
knowledge of some other parameters of the RICH device, such as transmission of
electrodes, optical windows and the Cherenkov radiator. Recent data of the QE of Csl
measured with this technique are very close to those obtained in the DC and pulse
counting modes [43,26] (see Fig. 14).

It should be noted here that another method for measuring the QE of Csl, using the
Cherenkov effect was proposed [59]. It i1s based on measuring pulse height distributions of
photo-electrons induced in a Csl-based wire chamber by B-particles traversing a NaF

radiator. The QE is deduced from comparisons with single electron spectra.

4.3 Summary of QE data of Csi

The QE of CsI has been measured by a very large number of groups. It is interesting
to note that in the last two years, after a series of very contradictory published results,
most data are in reasonable agreement. The most significant QE results, in our opinion,
are presented in table [.

The table provides information on the measuring technique, the light flux calibration

method, the photocathode substrate, and post-evaporation treatment. For reason of
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commodity, the QE data are compared at 170 nm; in cases where data were measured at
other wavelengths, an extrapolation was made (see data in brackets).

It 1s interesting to note that most QE data show an average of 25-30% at 170 nm, similar
to the early results of Carruthers [3] (see Fig. 3). An exception, 10% at 170 nm [13], is due
to geometrical factors of the photocathode, deposited directly on a MCP. Not shown are
the somewhat higher results reported in [34], not yet confirmed [35].

It is a very encouraging fact that some recent RICH QE results are very close to those
measured on small samples, under optimal laboratory conditions. It should be
remembered that in RICH, the Csl is deposited on printed board circuits, whose nature
seems to play an important role on the QE (see 2.1, 3). The latter, the emission into gas
and the electric field strength could explain some lower QE results obtained so far by
some groups in RICH tests. Some QE spectra of different groups are shown in Figs.

15,16,17.

5. Photoemission dependance on the gas and electric field
5.1 Emission into vacuum

Photoemission into vacuum reaches full efficiency at very low electric fields, of the
order of a few tens of V/ecm. Measurements should be performed in good vacuum
conditions (below 10-3 Torr), to avoid possible effects of some minor multiplication due to
residual gas molecules. Such effects have been indeed observed by us.To avoid possible
electron losses due to electric field distortions, the photocurrent should be preferably
measured at the photocathode.

At low electric field values the photocurrent reaches a plateau. Some authors have
remarked that this plateau has a small slope; the photocurrent increase with the electric
field reaches a few percent at fields of a few kV/cm [10,60].

Some authors have observed an enhancement of the photoyield following a discharge
at the photocathode surface [52] or under high photon flux (10,45,51]. The enhancement
is generally unstable and some authors, who measured the effect under gas amplification,
attributed it to a surface modification due to positive ion adsorption [51].

We suggested the enhancement is due to strong local modifications of the electric field

due to a slow neutralization of positive ions at the insulator surface [53]. This can result
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in the creation of fields reaching several hundreds of kV/em. According to our model,
confirmed by experimental results, the field enhancement of the photo-emission is due to
a decrease of the electron work function, similar to the Schottky effect in metals [53].

Systematic measurements of the QE enhancement of Csl under very high electric
fields, reaching 500 kV/cm, were done in vacuum, with a multiwire electrode structure
shown in Fig. 18. CsI was deposited on 10 um diameter cathode wires; the high fields could
be reached when applying a few kV to the anodes.

The relative enhancement of photoemission from Csl as function of the field is shown
in Fig. 19. The wires were illuminated by UV-photon from a source or from Gamma-
irradiated BaF; and KMgF; scintillators [52]. One can observe a strong dependence on the
wavelength. The enhancement factor of photoemission, under 500 kV/cm at the
photocathode surface, is of 1.5 at 160 nm, 3 at 185 nm and 25 above 200 nm. It was
measured both on fresh and aged photocathodes. The larger effect at long wavelengths is
due to the stronger impact of the affinity reduction on lower energy photoelectrons.
Detailed account of the model interpretation is given in [53].

It should be noted that at more moderate electric fields, of the order of 10 kV/em, the
enhancement in photoemission is of 10-20% at 185 nm. This is in agreement with recent
observations of other authors [60].

The considerable field enhanced photoemission in vacuum could have some practical

impact in photodetectors employing Csl or other photocathodes [42].

5.2 Emission into gas

Photoemission into gas is atfected by elastic backscattering of photoelectrons on the gas
molecules. This effect is known to be larger in noble gases, due to dominant elastic
collisions at low electron energies [61,62,63,64].

The dependence of photoemission on the gas filling has been observed by many
authors [24,23,65,66,67]. Best results have always been observed in CH,, also employed
by Seguinot et al., in their early work [22]. Anderson et al. [23] reported on a higher
photoemission in CH,, compared to vacuum, attributing this effect to some CsI surface

modifications due to adsorption of CH4 molecules. We believe today that vacuum



photoemission is always superior to that into gas, and that these observations, also
confirmed by others [40], have as an origin some systematic errors in the measurement
procedure.

Some recent works treat the emission in gas and its dependence on the electric field in
a more systematic way {52,68,69]. In these works, a setup was prepared which permits to
study UV-induced photoemission as function of the field, both in collection and charge
multiplication modes. The results, obtained in a pulse counting mode, can be compared to
that measured in vacuum in a DC mode in the same setup, without exposure to air [52,68].

The emission into a few hydrocarbons has been investigated: CH,4, C3Hg and i-C4H;,
into some of their mixtures and into Ar or He mixtures with hydrocarbons. The
measurements were carried out at low and atmospheric pressure.

It was found that the photoelectron extraction from solid photocathodes into gas media
has a universal behaviour as a function of field. In a charge collection mode, the quantum
yield (QY) is always lower than that in vacuum, as also confirmed by Lu et al. [41], and
after a rise is independent of the field. In a charge multiplication mode, the QY increases
with the field and reaches the vacuum value at high gas gains. The most pronounced
behaviour, leading to a very large difference in the QY between the collection and
multiplication modes, was observed in He-based gas mixtures (Fig. 20a), also observed in
[23,41], while a reduction in the QY observed in Ar-hydrocarbon mixtures approaches
that in pure hydrocarbons. In pure CH; and some CH,-hydrocarbon gas mixtures the QY
is practically independent of the field and is close to that in vacuum even at low fields and
at atmospheric pressure (Fig. 20b). Fig 21 summarizes some of the results of the relative
photoemission yield into CH4 and some He-and Ar-based mixtures.

These results are explained by the difference in extraction efficiency of photoelectrons
from Csl, which depends on the elastic backscattering probability from different gas
molecules. At high gas gain elastic backscattering is taken over by inelastic collisions,
resulting in a QY value equal to that in a vacuum, independently of the gas nature. A
detailed discussion of the backscattering effect and results of model calculations,
confirming the experimental findings, are given in [69]. It should be noted that the
experimental results of photoemission into various gases have been confirmed in a RICH

setup with a CsI photocathode coupled to an atmospheric pressure MWPC [43,68,69].
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Though CH4 and CHy-based hydrocarbon mixtures are best candidates from the point
of view of photoemission, safety regulations imply the use of less flammable mixtures.
The gas studies [68,69] reflect that Ar/CH4 (50/50, 80/50) or Ar/i-C H;o (80/20) mixtures
could be good candidates. However, one should be aware of the fact that such mixtures
could have larger photon feedback effects at high multiplication factors [43]. These
effects and their impact on the detector resolution should be studied in detail.

In addition, the restriction on the gas filling, due to backscattering, applies to detector
geometries where the field at the cathode surface is relatively low (a few kV/em-Torr),
like in the case of a MWPC. In other geometries, for example in a parallel plate
multiplier, a high constant field across the full gap would enhance photoemission and
make it possible to extend the choice of gas. This is true for some other, multistage
geometries, where multiplication starts at the photocathode surface. A recent example is

the low-pressure UV microstrip detector [70].

6. Aging of CsI photocathodes

There are several known phenomena causing a decay in the photoemission properties
of CsI: humidity, photon impact and ion bombardment. We will not discuss here other
sources of decay, related for example, to surface contamination by possible impurities, or

to radiation damage with neutral [10] or charged particles.

6.1 Exposure to humidity

The role of humidity on the decay in photoemission of Csl has been known for some
time [15,14,13]. The decay is caused by hydrolysis of the material surface. It has been
observed that the degradation of the photoemission is larger at longer wavelengths,
probably due to an increase of the electron affinity [13].

Simons et al. [14] found a two-fold larger decay in QE between Csl photocathodes
exposed for one hour in air of 5% and 50% humidity. Compared to a fresh photocathode, a
decrease of 25% in QE at 170 nm, was observed in 100 min, at relative humidity of 25%
{13]. Data of Dangendorf et al. [{20] and Krizan et al. [31] speak of a decay of 50% after
exposure to air for 100 min at a relative humidity of 50%.

As already discussed above (2.2), it was found that post-evaporation heat treated CsI
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photocathodes have a considerably slower decay when exposed to humid air [30]. Fig. 22
shows the decay in a 50% relative humidity. Almost no decay is observed for periods below
1h; the decay is of about a factor of two after 48 h. The enhanced stability in air of heat-
treated CsI films is not yet understood and is a subject of microanalysis studies. The
recovery of air-exposed photocathodes by heat treatment under vacuum is discussed in

2.2. The authors of ref. [71] report on vacuum recovery at room temperature.

6.2 Aging under intense photon flux

The photocathode aging under intense photon flux is due to a photolysis process,
leading to its metallization (cesiation) [72,73,74,75,24]. It is believed that following the
dissociation of CsI molecules:

hv + Csl— Cs* + I + e~

iodine atoms evaporate and the excess of cesium, with a higher electron affinity, causes a
reduction in QE. Two effects support the cesiation hypothesis: a blackening of a photon-
aged photocathode when exposed to air [24], due to Cs oxidation, and an enhanced
sensitivity to visible light [75], due to a lower photoionization threshold of Cs (3.9 eV).

Another interpretation to the photon-inéuced aging, via the formation of radicals

following the dissociation of HyO contaminants and their reaction with Csl, is provided by

[34].

All authors investigating the photon aging of Csl report on a two-component nature of
its decay. A fast component related to surface effects and a slower one, interpreted as an
aging of the bulk. Some authors found some recovery of the QE of photon-aged
photocathodes when heating them to 65°-92°C [23,41]. The temperature rise was also
found to slow down the photon-induced aging in vacuum {23]. A possible interpretation
could be the re-establishment of the original stoichiometry of CslI due to the evaporation
of Cs. The temperature effect was found to be more pronounced in a low pressure gas,
leading even to an enhanced photoemission rather than to a decay [23]. In the same work,
Anderson et al. have demonstrated that the photon-induced aging is slower in a gas
compared to that in vacuum. They also found a reduction of aging at increased gas
pressure and a dependence on the type of gas employed. Best results, at 20 Torr, are for

CH, and i-C4H;, [23] (see Fig. 23). The reduced photocathode decay in presence of a gas
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could be related to a slower evaporation of the iodine atoms. Lu et al. [41] found a
dependance of the photon-induced QE decay on the wavelength (see Fig. 24). As expected
from the hypothesis of an increase in electron affinity, the QE decay is larger at higher
wavelengths. Recent results of the Va'vra et al., of the photon aging at 1 atm of CHg,, are
shown in Fig. 25.

Though several measurements of the photon-induced aging exist in the literature,
many discrepancies persist in the results. The same applies to the results of ion-induced
aging, as will be discussed below. The results of both aging processes are summarized in
Table II, where the photon aging relates to gain =1.

For example, a 20% reduction in the QE is found in vacuum for an integrated charge of
0.5 pC/mm? in [23] and only 0.1 pC/mm? in [41]. At 20 Torr of CH4 the same loss appears at
2 uC/mm? in [24] and after 25 ©1C/mm? at 20 Torr of i-C4Hjgin [23]. At 1 atm of CH4 recent
measurements indicate a 20% reduction in QE after 20 pC/mm2 in [76].

For more information on the measuring procedures and conditions the reader is

referred to the above mentioned references.

6.3 Aging under ion bombardment

When operated in the presence of gas multiplication, the Csl photocathode is subjected
to positive ion (A*) bombardment. Damage is caused to the photocathode surface by ion
sputtering and by ion-induced dissociation of Csl:

A* + Csl > A + Csl*
L‘-) Cst +1
The evaporation of iodine causes an enhancement of the electron affinity of the surface
due to cesiation, similar to the photon-induced effect discussed above, reflected as a loss in
QE.

The ion-induced aging depends on the detector geometry, gas, pressure and gain. All
four parameters define the velocity of the impinging ions and the gain defines, in addition
to the electric field strength, the ion yield per converted photon. The ion aging is always
combined with the photon effect and can be estimated, for a given condition, by a series of
measurements at various detector gains and photon flux.

An example of the effects of photon flux and pressure is shown in Fig. 26a [24]. Here,
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at very high photon flux, for equal photon flux and gain, the QE decay is larger at higher
pressure; for equal pressure and gain X flux, a faster decay occurs at larger photon flux.

Other measurements, at low photon flux and an equal pressure show a larger decay at
high gas gain (see Fig. 26b). The latter demonstrates the importance of the photon-
induced aging and its superiority, in some cases, to the ion aging. This was recently
discussed in detail by the authors of ref. [41], who also found a wavelength dependence of
the aging process, similar to that of the photon aging discussed above (see Fig. 27). A
wavelength dependence was also measured by Krizan et al. in a recent work [31]. Their
ion aging results are shown in Fig. 28.

Fig. 29 shows the results of an ion-induced QE decay of CsI at 1 atm of CH,, of a heat-

enhanced photocathode. The ion aging could be accurately measured at a gain of 10% at
low photon flux, as to discard photon aging effects [76]. As already mentioned, there are
serious discrepancies in the aging results, as reflected from table II. If we compare for

example ion aging data measured at a gain of 105 we find in 1 atm CH, a 20% drop after an

integrated charge of 80 uC/mm? in (31, and already at about 1 uC/mm? in [76]. Itis a
striking fact that the authors of [31] find an 80 times longer life time of the photocathode,
though operating under about 20 times larger photon flux. Lu et al. [41] find a 20% drop
in QE of a CsI photocathode on Al substrate, operated in 20 Torr of C,Hg, also at gain of

105, after an integrated charge of 20 uC/mm?.

In our opinion, as the aging effects relate to surface modifications, the discrepancies
could have several origins, among them: the mode of preparation of the Csl film, the
substrate, the crystalline structure, post-evaporation treatment, surface resistivity etc. A
good understanding of the aging process of Csl is of prime importance for its long-term
use in radiation detectors. Therefore considerable efforts should be directed to systematic

studies in this field.

6.4 Long term stability under gas flow

In addition to a minimal decay under photon flux and gas multiplication it is important
to have a good knowledge of the long term stability of CslI films in gas media. Most works
in this field report on a rather stable, short or medium term, behaviour under storage in

dry gas or in a moderate vacuum (desiccators). Piuz et al., have gained so far considerable
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experience in long term operation of Csl-based wire chambers in RICH. They report on
the conservation of the QE of a CslI pad electrode mounted in a wire chamber made of

epoxy resin frames and kept under CH, flow for 6 months.

Recent systematic measurements made at Saclay, show an impressive stability of a Csl
photocathode made on a Cu/Ni substrate, kept in a MWPC for more than 8 months. The
photocathode was not subjected to a heat enhancement treatment. The detector was

constantly kept under voltage, at 1 atm of a flow of CH, and gain of 105. It was

occasionally illuminated and characterized. As shown in fig. 30, the stability of response

appears even at 215 nm [77] It is a very encouraging fact because a photocathode

deterioration usually starts at longer wavelengths.

7. Other topics of interest

In addition to the considerable amount of Csl data presented above, other topics of
interest have been investigated and will be briefly discussed in the following.

An interesting observation was made by Seguionot et al. [22] of an enhanced
photoemission of TMAE-adsorbed CsI films. The QE value of these films was found to be
superior to that of CsI and that of TMAE. The phenomenon of TMAE-enhanced QE of Csl
was confirmed by other groups [51,23,39]. However, it should be noted that the TMAE
adsorption effect is unstable, which makes it impractical for current use in detectors.
Unless fresh TMAE is constantly added to the gas mixture, the adsorbed film is removed
either by flowing gas or by pumping [39].

Porous CsI UV-photocathodes have been so far only slightly investigated. Some minor
enhancement in the emission properties was found in [36] while the authors of [10] did
not find any noticeable affect in porous films prepared at the same origin. The lack of an
expected enhancement. due to high electric fields in the CsI pores, could be explained by
possible damage to the porous layer, by humidity, during transfer into the chamber.
Though being very fragile, porous Csl films could be of interest and should be farther
investigated.

Photoemission into liquid and solid noble gases has been investigated by Aprile et al.
These authors discovered that at 220 nm, close to the photothreshold of CsI, the

photoemission into liquid Xe and into liquid Kr is 3 and 2 times larger, respectively,
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compared to that into vacuum, as shown in fig. 31 [60]. The phenomenon is explained by
a reduction of the electron affinity in the liquid-solid interface. It is interesting to note
that this phenomenon compensates for the electron backscattering into the liquid.
Measurements of photoemission into solid Xe have shown a further increase in quantum
efficiency compared to that in liquid Xe [79].

Parameters like transmission [28,34] and reflection [45] coefficients of CsI films were
measured by some groups as a function of thickness and photon wavelength; angular
incidence effects on the QE were investigated in [80).

The properties of semitransparent Csl photocathodes were investigated in detail by the
authors of ref. [28]. In this mode, due to the relatively short electron escape length [4]
(see Fig. 2), the thickness of the photocathode is a crucial parameter, as shown in fig. 32.
At the optimal thickness, of 13 nm, the quantum efficiency at 170 nm reaches values of
the order of 18% [28]. This is to be compared with about 3% in ref. [3] and 7% in ref. [81].

As mentioned in the introduction, it would probably be preferable from the points of
view of QE and simplicity to employ thicker CsI films deposited on mesh electrodes for
devices operating in a transmission geometry [3,16]. In such geometries, CsI on thin wire
electrodes could benefit from an additional field-enhanced emission [53]. Aging studies of
CsI under intense gamma irradiation [10] show no damage below 550 Gy, both for films
made of crystal and powder raw materials. A reduction in photoemission by the order of a
factor of two, in the spectral range of 140-210 nm, was observed after irradiation at 4500
Gy [10].

In parallel to the experimental research, modelling of electron transport and emission
from Csl films has been undertaken 4,28]. For example, recent calculations remarkably
reproduce QE data of semitransparent and reflective photocathodes as shown in fig. 33
[4]. The model developed in ref. [4] provides electron emission spectra and the electron
escape length, also in other alkali halides. Fig. 2 shows the superior escape length of Csl
compared to that of other alkali halide materials, which explains its higher QE values.

Other models, of the field enhanced emission from Csl, are in good agreement with
experimental results and support the hypothesis of a reduction in electron affinity,
similar to the Schottky effect in metals [53]. The modelling of photoelectron

backscattering from different gases (69] confirms the experimental results measured at
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the laboratory and in a Csl-based RICH device.

8. Summary

We have reviewed the properties of Csl photoemissive films, which have lately
attracted considerable interest. The article provides a historical review of the field, tries
to explain various phenomena and anomalies observed, and puts an emphasis on some
persisting mysteries and open questions.

We can see with satisfaction that the yield of mysteries constantly decreases due to the
impressive and tedious research efforts invested by numerous groups. This permits a
more profound understanding of the physical processes involved in surface photoemission
from Csl.

The production technigue of iarge area Csl films seems to be mastered. To our
satisfaction, recent QI data from large area CsIl-based UV-RICH devices approach that of
laboratory samples [26 and references therein, 82]. This was made possible due to
numerous studies combining electrical an microanalysis techniques.

Methods are being looked for to enhance the QE of CsI and to understand its aging
process under photon and ivn bombardment. It should be remembered that from these
two points of view, TMAE vapours, though less practical and often not suitable for photon
detection under very large flux, have still some superiority.

Charging up effects at high radiation flux have to be seriously investigated and
understood. The role of the substrate and the mechanism of heat-enhancement of the QE
should be clarified. Recent studies of the heat-enhancement of the QE of some
photosensitive materials could provide some new hints in this matter [83]. In addition to
the intensive research in photoemission from Csl, considerable efforts are directed
towards the search of cther photosensitive materials [5 and references therein,
71,84,85,86] including visibie photocathodes capable of operating under gas
multiplication. Among other. sl was used to protect air-sensitive films [85]. Recent
works have as an approach the coating of air-sensitive photo emitter with inert insulating

films [42,87].
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Typical quantum yields versus wavelength for reflective alkali halide
photocathodes. Shown for comparison is a typical quantum yield curve for a
semitransparent Csl photocathode deposited on a LiF window (CsI S.T.) [2].

Calculated escape probability for electrons with initial energy of 1 eV, as
function of their creation depth in CsI, NaCl and KC1. The calculations are based
on a microscopic model of electron transport in alkali halides [4].

Comparison of the quantum yields of typical reflective and semitransparent
(S.T.) photocathodes of CsI and KBr, from NRL (Naval Research Laboratories)
measurements [3].

a) QE as a function of wavelength, measured in 20 Torr Methane, for Csl
photocathodes produced from scintillator (Sc) and powder (P), both vacuum
deposited (V) and spray deposited (Sp) [32].

b) QE in vacuum as the function of wavelength of CsI photocathodes prepared
with two different monocrystals: C1, C2 and two different powders: P1, P2. The
vacuum was 2x10-5 mbar and the electric field 750 V/em [33].

The measured quantum yields versus the photon wavelength of a 500 nm thick
CsI photocathode after 1, 17, and 41 h of methane gas-flow through the chamber.
The solid line without data points is the TMAE gas-phase yield, and the dash-
dotted line is the Carruthers vacuum photocathode yield [22].

QE as a function of time of a freshly deposited, 0.5 nm thick Csl photocathode,
with a 40 Vmin flow of methane. At 20 hours the photocathode is heated to 97° C
, resulting in the enhancement of the photoyield [38].

a) QE spectra of a 500 nm thick Csl film on stainless steel substrate, after
heating to 60°C at 10-7 Torr, as function of the heating time [42].

b) QE spectra of CsI, in vacuum of 10-7 Torr, immediately after evaporation, after
24h at room temperature and after 20h at 60° C.

Atomic Force Microscope image taken at atomic scale, of Csl on a printed board
circuit/Ni/Au substrate. On the right is the inverse Fourier transform, showing
the lattice periodicity [30].

Atomic Force Microscope images of Csl evaporated on Si substrates. The grain
size varies with the thickness of the C intermediate layer, due to variation of
wetting and smoothness. a) no C, b) 100 A of C, ¢) 800 A of C. The images on the
left side provide the third coordinate depth scale [30].

Scanning Electron Microscope images of Csl evaporated on standard printed
board circuit with chemically deposited Au (left) and Ni/Au (right). Our study
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shows that the top sample has very low QE and Csl chemically reacts with Cu

and dissociates. The bottom sample shows high QE and stable Csl crystalline
structure [ 44].

VUV-PEEM (photoemission electron emission microscope) micro images of
photoemission from Csl deposited on different substrates. The differences in
uniformity and emission intensity are evident [44].

The differences in the extinction coefficient of TMAE vapors, reflecting the
photoabsorption, measured by various groups [28].

The ratio between the quantum efficiency measured by Breskin et al, using a
NIST calibrated vacuum photodiode, and that supplied by Hamamatsu, for four
different photomultipliers of the R1460 series. Serial numbers are indicated in

the figure [49]. Note that the producer’s underestimation of the QE reaches
factors up to 2.5.

QE spectra of CsI photocathodes deposited on printed board pad electrodes of a
UV detector, extracted from beam-test data of a RICH detector, compared to the
RD-26 reference QE measured on stainless steal substrate in vacuum in the
laboratory (see Fig. 15). Details are given in Ref. 26, 43.

The QE of heat-enhanced Csl photocathodes (best and mean of 5), measured at
the Weizmann Institute and at Ecole Polytechnique. The quantum efficiency of
TMAE [6], and of CsI (Seguinot et al. [22] at 1 atm CH and Anderson et al. [23] at

20 Torr CH,) are shown for comparison [49].

Measured quantum efficiency of a Csl photocathode using a NIST-calibrated
PMT as reference. Also shown are older results using TMAE as reference [28],
and results from Breskin et al [49] using a calibrated PMT as reference [41].

The measured QE spectra of one 500 nm thick and two 900 nm thick CsI
photocathodes, on Sn/Pb substrates (dotted points) compared to the QE values of
Seguinot et al (dashed line). The measurements were performed in a MWPC
operated at room temperature with 1 atm CH,. The QE was measured in pulse

counting mode, normalized to a calibrated PMT [31].

A schematic view of the experimental setup to measure field-enhancement of
photoemission. The photocurrent from the CsI multiwire photocathode (10 nm in
diameter wires), induced by gamma-ray scintillation in BaF, or KMgF; crystals or

by a UV-lamp, 1s measured in vacuum, as function of the electric field {78].

The field-enhancement of photoemission from Csl, measured in the setup shown
in fig. 18. (a) Normalized photocurrent from CsI as a function of the electric field
strength for BaF, and KMgF; scintillators; each data set is normalized to the

point at the lowest field value. (b), (¢) Normalized QE of Csl as a function of the
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Fig. 20

Fig. 21

Fig. 22

Fig. 23

Fig. 24

Fig. 25.

Fig. 26

electric field strength at 160 nm, 185 nm and above 200 nm. Errors are smaller
than the point size [78].

Photoemission into gas. The relative quantum efficiency of Csl, measured with
the photon counting technique at about 190 nm, and the gas gain, as a function
of the reduced electric field in a) He/CH, (95/5) and He/i-C , H;, (95/5), 800 Torr;
the QE data points are normalized to the last three points averaged. (b) CH, /i-
C,H,, (95/5) at 200 and 400 Torr; the QE data points are normalized to the points
at E/p> 30 V/cm-Torr, averaged [68].

The ratio of the DC photocurrent from CsI at 185 nm, in CH, and in He- and Ar-

based gas mixtures at atmospheric pressure, to the photocurrent in vacuum
(mneasured at the same absolute electric field values), as a function of the reduced
electric field in the gas. Note that in the charge collection mode, (E/p<4
V/cm-Torr) the photocurrent in CH, (and CH,-based mixtures, not shown here)
and in some Ar-based mixtures, approaches that of vacuum. He-based mixtures
would considerably reduce the photocurrent from Csl. [52, 68 and 69].

The decay of the QE of Csl films evaporated on Ni/Au-coated printed circuit board
under exposure to air, at a relative humidity of 35% [30].

CsI photocathode photon-induced aging (no multiplication). (a) Normalized
current as a function of total collected charge for Csl photocathodes aged in
vacuum and in four different pressures of isobutane. (b) idem, in vacuum and in
five different gases at 20 Torr. (c) idem, in vacuum and 20 Torr of isobutane at 25
and 65°C. [23].

Photon-induced aging of a Csl photocathode in vacuum, without charge
multiplication, as function of the accumulated charge, for different wavelengths
[41].

Photon-induced aging of Csl, deposited on a stainless steel substrate, in 1 atm
CH,, without multiplication, as function of the accumulated charge. The photon
wavelength is about 185 nm, and photon flux density is about 1010
photons/mm?-s. {76].

Aging under gas multiplication, effects of pressure and gain.

(a) The decay of the Csl quantum efficiency, measured with a photocathode
installed in a double stage avalanche chamber, for different CH, pressures and
UV-photon flux, as function of the accumulated charge on the second
amplification stage. The irradiated area is about 50 mm?2; (a) more than 3-101
photons/mm?-s, p=100 Torr, gain at the first stage 100, second stage 1. (b) more
than 3-1011 photons/mm?<-s, p=20 Torr, gain at the first stage 100, second stage 1.
(¢) more than 3:1013 photons/mm?2:s, p=20 Torr, no charge gain (photon aging
only).

(b) The decay of the Csl quantum efficiency, measured as above, due to photon
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Fig. 27

Fig. 28

Fig. 29

Fig. 30

Fig. 31

Fig. 32

Fig. 33

flux and positive ion feedback as function of the charge accumulated on the
second amplification stage. Total chamber gain is 350, 10 Torr CH,, photon flux =
108 photon/mm?2-s. The irradiated surface is 50 mm?2. (a) gain: first stage 1, second
stage 350. (b) gain: first stage 350, second stage 1 [24].

The aging of a Csl photocathode in 20 Torr CoHg in a MWPC, under gas gain of
105, as function of the total accumulated charge, for different wave lengths [41].

The relative decay of the photocurrent from a CsI photocathode in a MWPC, at 1
atm CH,, gain= 105, as function of the accumulated charge. The photocathode is
900 nm thick CsI on Sn/Pb coated printed circuit board substrate. 1,=0.017 mC/h
[311.

Ion-induced aging of a Csl photocathode mounted in a MWPC, operated with 1
atm CH,, gain=107, as function of the accumulated charge. Photons are at 185
nm, photon flux is 6103 photons/mm?-s [76].

Long term stability of a CsI photocathode. The quantum efficiency measured in 1
atm Methane as a function of time (Cuw/Ni substrate) [77].

Photocurrent inc}uced by UV light (220 nm) as a function of electric field from a
reflective, 5000 A thick, Csl photocathode in vacuum as well as in liquid Xe, and
liquid Kr [79].

The QE of a semitransparent CsI photocathode, as function of its thickness, for
five wavelengths [28].

(a) The QE of a semitransparent Csl photocathode versus its thickness at photon
wavelengths of 170 and 180 nm. The full curves are model calculations, the
dashed curves are data from ref. 28.

(b) The QE of a 500 nm thick reflective Csl photocathode, versus wavelength.
The hollow symbols are model simulations and the curve is experimental data
from ref. 49 (4]

Table captions

I. A summary of selected data on the quantum efficiency of Csl. Provided are the
methods of measurement, the reference for the light flux estimation, the substrate
material, information about heat-enhancement and the average QE value at 170 nm.
In cases where data were measured at other wavelengths, an extrapolation was made
to 170 nn (data in brackets).

II. A summary of aging studies of Csl photocathodes in vacuum and gas media under
charge collection (G=11 or multiplication. The photocathode lifetime is defined in
terms of the collected charge per unit area, inducing a 20% loss in QE.
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