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Notations

Es — band gap energy

Ea - electron affinity

¢ - work function

AES — Auger electron spectroscopy.
APD - avalanche photodiode

CBM - conduction band minimum
CCD - charge coupled device

CVD - chemical vapor deposition
DLC - diamond like carbon

FWHM — full width half maximum
GEM - gas electron multiplier

HPD - hybrid photodiode

MCP — micro channel plate

MRS - metal-resistor-semiconductor
MTC — Monte-Carlo

MWPC — multi wire proportional chamber
NEA - negative electron affinity
PES - photoelectron spectroscopy
PMT - photomultiplier tube

QE — quantum efficiency

RICH - ring imaging Cherenkov
SEM - scanning electron microscope
VBM - valence band maximum
VLPC - visible light photon counter
UV — ultra-violet

XPS - x-ray photoelectron spectroscopy



1. Introduction

1.1 Presentation of the subject

This work involves the search for novel photocathode materials sensitive over the UV-to-
visible spectral range and compatible with an operation within advanced gas avalanche
imaging photomutipliers. Such photon detectors, based on the conversion of photons in a thin
solid photocathode, followed by the emission and multiplication of the photoelectrons in gas,
have numerous advantages compared to other state of the art techniques [1]. They are
parallax-free, fast and have very good time and localization resolutions. Unlike vacuum-based
devices they have small sensitivity to magnetic fields and can be made very large. Detectors
having sensitive area of the order of a square meter, equipped with Csl photocathodes,
sensitive in the UV spectral range, are successfully employed in Cherenkov detectors in
numerous particle- and nuclear physics experiments [2-4].

A search for materials with high photoemission yield, viable under gaseous electron
multiplication is of prime importance for further development of efficient and stable gas
avalanche photomultipliers. There is a strong motivation for achieving sensitivity of theses
new photon imaging devices in the near-UV to visible range where numerous applications
exist. It is a very difficult task, because unlike the far-UV spectral range, where photocathode
materials are chemically stable, typically employed photocathodes in the visible spectral
range are alkali-antimonides, which are highly reactive. Even minute levels of oxygen, water
and CO,, commonly present in counting gases, result in total loss of the photocathodes
sensitivity [5].

In this work we primarily investigated the possibility of modifying the surface of alkali-
antimonide photocathodes by coating them with thin dielectric protective films. The
protective coating film allows for the transport of photoelectrons through it to the gas, while
preventing contact between the gas impurities and the photocathode. Its thickness, typically a
few hundred A, is a compromise between the need for high photo-yield and for chemical
stability. Coating Cs-Sb photocathodes by Csl films was proposed by Peskov et al. [6,7]; their
attempts resulted, at best, in very low quantum efficiency (number of emitted electrons per
incident photon) of 0.15% at wavelength 350nm.

The study of photoemission from coated photocathodes requires the investigation of low-
energy photoelectron transport in the photocathode and in the coating layers, as well as in the
interface between the two materials. It is of a more general interest, providing the important
information regarding the electronic states of the coating material.

We therefore defined the following prime goals for this work:

1. Development of thin-film-protected solid photocathodes, sensitive in the near-UV to
visible spectral range and viable under gaseous electron multiplication.

2. Characterization of the coated photocathodes, including absolute quantum efficiency
spectra, photoelectron energy distributions and chemical composition.

3. Acquiring of a better understanding of low-energy (<4eV) electron transport through
thin dielectric protective films and through the photocathode coating film interface.

4. Coupling of a photocathode to a gaseous electron multiplication element to form a
visible-photon gas avalanche detector and investigating its performance.
In order to achieve these goals, methods were found for the preparation and coating of

alkali-antimonide photocathodes in the laboratory. We studied in detail the photoemission

properties of coated photocathodes by measuring quantum efficiency spectra for different



1.2

coating films and photoelectron energy distributions were investigated in detail using
photoelectron spectroscopy. We developed a model of low-energy electron transport through
the photocathode coating film interface and the coating film. Monte Carlo calculations, based
on the model, were performed providing the photoelectron energy distributions and the
guantum efficiency attenuation due to the coating film. There is good agreement between the
calculated and measured results.

The stability of the novel composite photocathodes has been systematically investigated,
under exposure to counting gases and impurities and under gas multiplication conditions. The
effect of high photon flux on the photocathodes was also studied.

In addition to the prime goals and scope of this work the following related subjects were
studied:

In the UV spectral range we investigated diamond films produced by chemical
vapor deposition (CVD). These films are radiation-hard and chemically inert. Some
attention was given to “solar-blind” CsBr photocathodes.

We have investigated the properties of some novel gas avalanche multipliers, and
operation conditions which suit their application within gas avalanche photomultipliers.

This research work has paved the way towards imaging of visible light with gas avalanche
detectors, which have numerous advantages. The novel coated photocathodes have other
applications besides the field of photon detectors; they are already being investigated as
possible stable laser-triggered electron sources in accelerators [8]. From the results of our
photoemission and electron transport studies we gained understanding of the low-energy
electron transport mechanism in the coating film and new information regarding the
photocathode coating film interface.

In the following we will provide a brief scientific background on photon detectors, theory
of photoemission from solids and currently used photocathodes. Chapter 2 presents the study
of coated alkali-antimonide photocathodes, including experimental methods, low-energy
electron transport model and our experimental and calculated results. The main results of our
studies in the UV spectral range are summarized in chapter 3 and the discussion concerning
gaseous electron multipliers can be found in chapter 4.

Scientific background

1.2.1 Photon detectors for the far-UV to visible

Photon detectors are among the most complex devices used in physics experiments,
because they must achieve high efficiency for photon conversion into a photoelectron and for
the detection of single photoelectrons. Photon detection in solid state devices is different than
that in vacuum and gaseous devices, since the photons are absorbed and detected in the same
solid medium, usually without any charge multiplication. In vacuum and gaseous devices the
photons are converted into photoelectrons that are multiplied in vacuum or in gas before
detection, allowing for their operation in photon counting mode. The photon absorption
usually takes place in a solid film, from which the photoelectrons are emitted into the
multiplication element.

solid state devices.

Solid state detectors utilizing microelectronic technology are based on the conversion of
photons into electron-hole pairs in a semiconductor material. In the UV-to-visible spectral
range, a photon would typically create 1-2 electron—hole pairs. These devices, which usually



do not have any internal gain, are sensitive only to high photon levels. There are a few
exceptions of devices with internal gain used to detect single photons, as discussed below.
Their advantages include high QE, fast response and immunity to magnetic fields. Their flaws
are the limited size, typically a few mm?, high internal noise, low resistance to radiation and
their cost. They are also an order of magnitude slower than photomultiplier tubes (see the
following section), with typical minimal time scale of 1ns.

The charge-coupled devices (CCD) are widely used for imaging purposes. They are made
of an array of potential wells, which operate as pixels, each 10-15um in square. The charges,
created when the CCD is illuminated, are collected in the potential wells. For the readout, the
voltage applied to potential wells is adjusted, and the charge moves from one well to its
adjacent, until it is collected by the electronics. The CCD is a 2D-imaging device, with an
excellent spatial resolution. However, it is available in small sizes, less than 1cm?. Due to the
serial readout, it is a slow device with a minimum resolving time of 10msec for one image. Its
dynamic range is limited by the capacitance of the potential wells. It is mass-produced and
therefore relatively inexpensive.

Avalanche photodiodes (APD) consist of a fully depleted p-n junction. A photon creates
an electron-hole pair in the depletion zone and the electron and hole drift oppositely in the
electric field. If the electric field is high enough, these carriers can acquire enough Kinetic
energy to create e-h pairs in turn, starting an avalanche process. Their internal gain is
typically a few hundreds [9], and may reach 10* [10]. The standard APD is a few mm in
diameter but APD with active area of up to 13cm” were reported [10]. Spatial resolution is
achieved by constructing APD arrays. The QE is typically 60-80% over the broad spectral
range of 400-900nm.

The more recent metal-resistor-semiconductor (MRS) device [11-13] is a non-planar APD
in which the p-n junction is arranged in “needles” thereby creating high electric fields,
allowing for high internal gain of 10°. The resistive layer provides a feedback controlling the
avalanche. This layer is locally charging up at the area of the multiplication, giving rise to an
electric field that decelerates and terminates the avalanche. The device has a relatively low
QE reaching 30% and 1-2% at red and green light, respectively [11], although there are
reports of higher QE: 60% at 350nm [12]. Single photons may be detected due to the high
gain and small needle pitch size (5um). Single photon may also be detected at low efficiency
(few %), at -30°C in another MRS structure [14]: the limited Geiger mode microcell. These
detectors are not commercially available.

The visible light photon counter (VLPC) [15-17] is based on impurity band-gap structures
designed to convert single photons into a few 10* electrons with QE of the order of 80%. It
offers excellent single photon counting capability at high rates of the order of 100MHz for
1mm diameter pixel [18]. However, the device is operated at cryogenic temperature of 6-10K,
as the impurity band gap is 50meV, and is limited to a few mm in diameter.

Numerous works, investigating the use of materials other than Si are in progress. Among
them are chemical vapor deposition (CVD) diamond films [19-21], amorphous Si [22], GaN
[23,24] and even polymers [25]. They are not sensitive to single photons.

Vacuum devices

The most common devices used for visible light detection are vacuum photomultipliers
tubes (PMT). Photoelectrons emitted from a photocathode into vacuum, hit a dynode structure
for fast multiplication of signals. Their great advantages are their fast response, low noise,



high gain and commercial availability. Due to their dynode-based multiplication, they are
sensitive to magnetic fields and standard PMTs cannot be operated in high magnetic
environment. In the last decade new types of PMTs became available. Among them are multi-
anode position sensitive PMT and PMT capable of operation under high magnetic fields [26].
The latter consists of 15 to 19 stages of fine mesh dynodes set close to each other. This
proximity configuration yields a relatively high electric field and results in possible operation
in an axial magnetic field as strong as 1.5T [26]. The largest available PMT is 20 in diameter
but has no position sensitivity, while the position sensitive and the fine mesh photomultipliers
are limited to 3” diameter. The efficiency of the PMT is determined by the photocathode’s
QE, and it may reach 30-40% at maximum, using bialklai-antimonide photocathodes.

A relatively new device is the hybrid photodiode (HPD) [27]. It is made out of a
photocathode mounted in front of a planar semiconductor diode. The photocathode and the
diode are separated by a vacuum gap and are held at a potential difference of a few kilovolts.
An incoming photon is converted at the photocathode into a photoelectron, then accelerated
towards the silicon diode by an electrostatic de-magnifying field or by proximity focussing
electron optics. Due to the acceleration a single photoelectron acquires enough energy to
produce a significant signal is the Si diode. Position sensitive response is realized by
patterning the diode electrodes.

The HPDs display very good single photon counting capability [28] and their performance
is not impaired by axial magnetic fields as high as 1.5T [29,30]. At CERN large HPDs with a
diameter of 2” are being developed [31], but their active area coverage is only 70%.
Commercially available HPDs, consisting of avalanche photodiodes, having gains of 6-8x10*
allow for operation at high counting rates using fast, low gain electronics [32]. However their
size is less than 1cm in diameter. The QE of the HPD is the same as that of PMT, as the same
photocathodes are used. The readout electronics of some position-sensitive devices is located
within the vacuum envelope, limiting the number of useable channels. Another problem is the
distortion of the image due to the electrostatic de-magnifying field.

A review of the latest trends in vacuum-based photon detectors and a comparison between
them and solid-state devices can be found in [33].

Gaseous photon detectors

Compared to the vacuum and solid state photon detectors, discussed in the previous
sections, gaseous detectors have an advantage when large detection area and good spatial
localization are needed, down to the level of single photons. No other technique is cost
competitive for square meters of coverage. They can operate under the presence of high
magnetic fields [4], which is of considerable importance in most particle physics and some
medical imaging applications.

Gaseous photon detectors are based on the multiplication in a gas of primary charges
deposited by incoming photons. Photons can be converted into electrons either in a
photosensitive gas where charges are also multiplied or in a solid photocathode coupled to the
gas electron multiplier. The state of the art in gas photomultipliers is reviewed in [34]. The
most popular photosensitive vapors are TMAE (tetrakis (dimethylamine) ethylene) and TEA
(triethylamine), both widely employed in photon detectors for RICH detector systems [35].
TMAE, with photoemission threshold at ~5.4eV, has the highest known quantum efficiency
(QE), defined as the number of electrons emitted per incident photon [36]. However, it is a
fragile and chemically reactive molecule resulting in fast aging of the detector. Detectors



based on gaseous photoconverters suffer from parallax errors due to different absorption
depths of the photons under angular incidence. The resolving time of the detector is affected
by the drift-time of released charges across the detector depth (hundreds of ns).

A more recent class of photon detectors combines solid radiation converters with gaseous
electron multipliers [37]. Figure 1.1 shows a scheme of such a photon detector. Due to a
surface electron emission, followed by an immediate charge multiplication, such detectors
have practically no parallax error or time jitter. The converter thickness and material are
chosen according to the photon energy. The most efficient solid photoconverter for the far UV
is Csl with a photoemission threshold at ~6eV [2]. More recent photocathodes in the fare UV,
CsBr and CVD diamonds will be discussed below. The principles and state of the art of these
gas avalanche phtomultipliers are reviewed in ref. [1].

UV, visible
window
% photocathode
photoelectron
Electron gas
multiplication — |
RS mesh

avalanche ions

== = -% ign == Micro-pattern
. ]

gas electron
multiplier

Fig. 1.1: A scheme of a photon detector incorporating a photocathode, a mesh and a micro-
patterned electron multiplication element. Single photoelectrons are amplified at the mesh
and further multiplied at the anode strips, which provide localization. Most avalanche-
induced ions are collected by the cathode strips and by the mesh.

Solid photocathodes for the near-UV to visible range will be discussed in detail in section
1.2.3. The most commonly materials used are mono-alkali and bi-alkali photocathodes.
However, due to the high chemical reactivity of these materials, they must be kept in a high
vacuum environment. Exposure of such a photocathode to gases of standard and even high
purity (< 1ppm of O,) will result in a fast decrease in the photocathode QE. Therefore, despite
some early works in this field [38,39], no gaseous photodetectors for the near-UV to visible
range exists.

Solid photocathodes combined with gaseous electron multipliers have a few other
problems [34]. Positive ion feedback onto the photocathode may cause sputtering that limits
its lifetime [37,38]. This could be reduced to a certain extent, using special amplification
geometry [1,40,41] or, for very small counting rates, electronic gating [38]. Most of the
photosensitive materials are good insulators; the back-drifting ions can be deposited on the



photocathode resulting in an increase in the electric field across the photosensitive insulating
layer and causing a spontaneous emission of electrons from that layer (Malter effect [42]). On
the other hand, surface charging of the photocathode, can result in a modification of the
electric field at the surface and hence a reduction in the electron extraction efficiency and in
the gas gain. Another problem of photosensitive materials is the undesirable emission of
photoelectrons due to photons released in the gas multiplication process (photon feedback
effect). This can limit the detector’s gain and distort the image.

The photoelectron extraction efficiency strongly depends on the counting gas and on the
electric field at the photocathode vicinity due to the electron back-scattering process. High
electric fields enhance inelastic processes (excitation, ionization) on the account of elastic
scattering, thus allowing for maximal electron extraction efficiencies close to that in vacuum
[43].

The gaseous electron multiplier, coupled to a photocathode should have a large gain and
good electron extraction from the photocathode, allowing for the efficient detection of single
photoelectrons. Its mode of operation should minimize the fraction of avalanche-induced ions
back-drifting to the photocathode as well as the photon feedback. The multiplier should allow
for an operation at high counting rates, often required in applications in particle physics and
medical imaging. The micro-pattern electron multipliers [44], developed over the last decade
and the more recently proposed Gas Electron Multiplier (GEM) [45] are attractive for
photocathode-based photon detectors. They will be discussed in chapter 4.

1.2.2 Physics of photoemission from solid photocathodes.

A three-step process according to the Three-Step Model developed by Spicer [46,47]
describes photoemission. The first step is the absorption of a photon leading to the production
of a high-energy electron in the solid; the second is the motion of this electron to the vacuum
or gas interface; and the third is the escape of the electron over the surface barrier into the
vacuum. The first two steps are bulk phenomena and the third is a surface phenomenon.

Absorption of photons. The absorption of photons is affected by the light reflectivity of the
material and by the absorption coefficient. Metals have high reflectivity in the visible and
near UV region, resulting in a decrease in the QE of metallic photoemitters by one to several
orders of magnitude. In non-metallic materials (insulators and semiconductors) the reflectivity
is usually low, and the absorption coefficient for photon energies greater than the gap energy
Eg, is very high, in the 10° to 10° cm™ region. Low gap energy is desirable for high absorption
coefficient for visible light, but it should not be too low to allow for thermionic excitation of
the electrons that would result in thermal noise. High gap materials are suitable in the UV
spectral range.

Motion of the electron to the vacuum interface. The photoelectron created by the photon is
a “hot” electron, with an energy above that of the thermal equilibrium. The probability that
this hot electron will reach the vacuum interface depends on the energy loss processes along
its path. The two main energy loss mechanisms are electron-electron and electron-phonon
scattering.

In metals, due to the large amount of free electrons, the main energy loss mechanism is
electron-electron scattering in which a large fraction of the photoelectron energy is lost at
each collision. As a result, the photoelectron reaches thermal equilibrium within a short
distance and can typically escape from the metal into vacuum only if it was excited a few
atomic layers from the surface.



In non-metals (insulators and semiconductors) the photoelectrons, are excited from the
valence band to the conduction band. The minimal energy required for this excitation is the
band gap energy, Eg, that is defined as the energy difference between the conduction band
minimum and the valence band maximum. The dominant energy loss mechanism for
electrons with energy smaller than Eg is the electron-phonon scattering. In this process the
energy loss per collision is much smaller than in the electron-electron scattering. Furthermore,
these energy losses can be partially compensated by energy gains of the same order. This
results in a greater volume from which electrons can escape into vacuum. Experimental
results show that for example in alkali halides, particularly in Csl, photoelectrons created at a
distance of several hundred angstroms from the surface can have sufficient energy for
emission [48]. If the absorption coefficient is large, ~10°cm™, the efficiency of the two first
steps for a reflective photocathode can approach 50% due to geometrical considerations.

Surface potential barrier. The potential barrier at the surface of metals is their work
function ¢, defined as the energy difference between the vacuum and the Fermi level of the
metal. It is at least ~2eV and for most metals above ~3eV. An electron can escape into the
vacuum only if its energy is greater than the work function, resulting in a photoemission
threshold of about ~400nm. For non-metals, the photoelectron reaching the vacuum interface
has to overcome the electron affinity Ea, defined as the difference between the vacuum level
and the minimum of the conduction band energy. The minimum photon energy required in
order to produce photoemission is Eg+Ea, which has to be less than ~3eV for sensitivity to
visible light and in the 4-10eV range for sensitivity to the UV.

The necessary requirements for high QE in non-metals are a high optical absorption
coefficient and photon energy greater than Eg+Ea. A photoemission threshold at longer
wavelengths requires low value of Eg+Ea. Other factors that affect the QE of non-metals are:

Es to Ea ratio. Non metals with Ec>Ea tend to have higher QE than those with
Es<Ea. In the latter case, a photon with energy greater than Eg+Ea will excite an electron
from the valence to the conduction bands. This electron will have sufficient energy to
either escape into the vacuum or excite a second electron from the valence band to the
conduction band. If two electrons are excited to the conduction band, there is a large
probability that neither will have sufficient energy to escape into the vacuum. In many
materials the second electron-hole pair production is more probable than the emission into
vacuum. It should be noted that this “thumb rule™ is qualitative, and it is the detailed band
structure of the relevant material that determines the relative probability of pair
production and electron emission.

Band bending. Impurities and defects are unavoidable, and were not considered so
far. The presence of defect levels is particularly important in the case of doped materials
such as p-type semiconductor with n-type surface states [49]. This combination results in
a shift of the Fermi level, bending the energy bands downward. The band diagram of such
a material is shown in fig. 1.2. An electron excited from the valence band at a distance
greater than a from the surface is accelerated by the internal field with the result that it
has to overcome only the "effective” electron affinity Eaes. It is also possible to describe
this phenomenon as a creation of an electric dipole at the surface of the photo-emitter,
resulting in an electric field that accelerate the electrons into the vacuum.

Multi-electron effect. If the energy of a photon is greater than 2(Eg+Ea), the
possibility exists, and increases with increasing photon energy, that the resulting
photoelectron produces one or more secondary electrons. Thus the QE can exceed unity.



Since for most materials Eg+Ea is greater than ~2eV, secondary electrons can be
expected in the far UV and higher energies only.
A more detailed discussion of the processes affecting the QE can be found in [50].
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Fig. 1.2: Effect of band bending on the threshold of photoemission: the electron affinity, Ea, is
replaced by an effective electron affinity Eae for electrons excited at a depth greater than a
from the surface.

1.2.3 Photocathodes for the UV to visible spectral range.
Most of the efficient solid photocathodes sensitive in the near-UV to visible range, below
3.5eV, belong to one of the following groups:

= Mono-alkali antimonides: Cs3Sb, K3Sh, RbsSb, NasSb, LizSb

. Multi-alkali antimonides: Na-K-Sh, Cs-Na-K-Sh, K-Cs-Sb etc.

= Silver based photocathodes: Ag-O-Cs, Bi-Ag-0-Cs.

= Negative electron affinity (NEA): GaAs(Cs), GaAsP(Cs), Si(Cs).

Of the first group, Cs3Sb with Eg of ~1.6eV [46] and Ea of ~0.45eV [46,51] is the most
widely used and has the highest QE. A typical curve of the QE of a semitransparent
photocathode is shown in fig. 1.3 [33]. The decrease in the QE at the higher photon energies
is due to the light absorption in the photocathode substrates. The fabrication procedure of
Cs3Sb is described in section 2.1.2. An interesting phenomenon observed for Cs;Sb is its
reaction to exposure to oxygen. Exposure to very small traces of oxygen reduces the surface
barrier, which results in an increase in QE in all wavelengths, and a higher photoemission
threshold wavelength [52]. At this stage the oxygen reacts only with the surface of the
photocathode. When exposed to higher oxygen levels, the bulk of the photocathode
chemically reacts with it, reducing its QE, and leading to its total destruction.

The exact stoichiometry of the Cs-Sb photocathodes was investigated thoroughly [53-55].
Although Cs;sSb is the most likely stoichiometric formula and was measured by several
authors, none of the methods including microbalance [53], flame photometry [54] or
crystallography [55] has the accuracy to detect small deviations from the 3:1 ratio. Dorn et. al.
[56] found 7 possible compounds of Cs-Sh: Cs3Sh, CssSh,, Cs,Sh, CssSh,, CsSh, CsSh, and
Cs5Shy.

All other materials in the first group have similar characteristics and fabrication procedure;
a full discussion of these materials and of Cs;Sb can be found in [57].

The photocathodes in the multi-alkali antimonide group have in general higher QE than
those in the first group, by a factor of about 2. However, their fabrication is more complicated



and there are great variances in QE and in the photoemission threshold from sample to
sample. K-Cs-Sb photocathodes, used as the principal photocathode in this work, were
initially reported by Sommer in 1963 [58]. Their main advantages are higher QE in the blue
region, stability at higher temperatures and low thermionic noise. The fabrication procedure
of K-Cs-Sh, applied in our work, is described in section 2.1.2. The uncertainty in the
stoichimetry of the K-Cs-Sb photocathode is even larger than in the case of Cs-Sh, because
the complicated preparation procedure. McCarroll [59] used crystallography to measure a
ratio of K,CsSbh.

304 .l:' s

Quantum Efficiency (%)

T
GO B00 00 1000
Wave Length (nm)

Fig. 1.3: Absolute QE spectra of numerous commercial UV-to visible photocathodes. S20 and
bi-alkali photocathodes are Na,KSh and K-Cs-Sb respectively. GaAs and GaAsP are solid
state photocathodes. The efficiency of silicon devices is shown for comparison. The decrease
in the QE at short wavelength is due to window light transmission. The figure was taken
(slightly modified) from ref [33].

The silver-based photocathodes are most useful in the near infrared region. Even though
the Ag-O-Cs photocathode was discovered before the antimony based materials, its exact
chemical composition and microscopic structure are not well known. The fabrication process
is also only partially understood, and is mostly empirical. More details regarding these
photocathodes can be found in Sommer's book [57].

The NEA photocathodes [50,60], such as GaAs(Cs) and GaAsP(Cs), are based on
materials in which the vacuum level lies below the conduction band minimum in the bulk.
This is achieved by p-doping of a semiconductor, usually by adding a mono-layer of Cs. A
few mono-layers of Cs and O, on the surface give rise, in addition to the p-doping, to an
electrical dipole accelerating the electrons into the vacuum. The combination of these two
processes produces an enhanced band bending (see section 1.2.2). The great advantage of



such materials is that even thermalized electrons reaching the surface can escape into the
vacuum. Therefore, photoelectrons created at a distance of several um from the surface have
sufficient energy for emission, resulting in a very high QE, up to 50%, in the 400-700nm
range. On the other hand, the long diffusion distance of the electrons to the photocathode
surface, results in a relative slow response time of a few ns, compared to less than a ps in
other non-metals. Other disadvantages of these materials are the difficult fabrication process,
limiting the size of the photocathodes and increasing their cost and their instability when not
sealed under vacuum.

The materials described so far, with high QE in the visible spectral range have, as a rule,
uniform high sensitivity to photons of higher energy, i.e., to UV radiation. Other
photocathodes sensitive in the UV spectral range, which do not respond to the radiation
emitted by the sun, are the “solar blind” photocathodes. The “solar blind” photocathodes can
be defined as insensitive to photon with energy below 3.5eV for use in the earth atmosphere
or below ~6eV for use in space.

High QE in the 3.5-6eV range was obtained with only two materials: Cs,Te and Rb,Te
[61]. Cs,Te with photoemission threshold at 3.5eV has more than 10% QE above 4.5eV. Its
preparation process is similar to that of Cs3Sh: a Te film at elevated temperature is activated
by Cs vapor. An excess of Cs results in a reduction of the photoemission threshold down to
1.5eV and an increase in the QE to ~30%. Rb,Te was not investigated as thoroughly as Cs,Te.
It has similar properties, with a photoemission threshold in the 3.5-4ev range.

Alkali-halides, with the exception of the most fluorides, reach QE values of the order of a
few tens of percents. The most efficient are Csl and CsBr with photoemission threshold at
6.1eV and 7.3eV and QE values of 40% and 30% at 150nm, respectively [2,62,63]. Their
preparation is very simple, as they can be thermally vacuum-evaporated. Most alkali-halides
are stable in standard-purity gas environment. An investigation of the stability of alkali-
halides on exposure to air showed that Csl is more stable than the other materials [64]. As
discussed previously, Csl is used as a photocathode in gaseous and vacuum photomultipliers.



2. Study of near-UV to visible photocathodes

2.1 Experimental techniques

2.1.1 Experimental setups and procedures.

Two experimental setups were used for the study of alkali-antimonide, Cs3Sb and K-Cs-Sb,
photocathodes in our laboratory. The first, described in detail in ref. [65], is shown in fig. 2.1.
It consists of a high-vacuum chamber, in which alkali- and bialkali-antimonide photocathodes
are prepared, and their absolute quantum efficiency is measured in situ. In the same setup one
can also evaporate thin protective films on the photocathode surface, and measure the stability
of the bare or coated photocathodes under exposure to gas.
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Fig. 2.1: A scheme (a) and a photograph (b) of the experimental setup for the evaporation
and characterization of alkali-antimonide photocathodes and of their protective layers.

The chamber is bakable and its vacuum can reach values of 5*10°Torr, by means of a
turbo molecular pump. The photocathode substrate can be displaced between three positions
within the vacuum chamber: for photocathode evaporation, for the measurement of quantum
efficiency and for thin protective film evaporation. Details of the photocathode production
element are shown in figure 2.2. The photocathode substrate is mounted above a stainless
steel cylindrical anode, surrounded by a glass cylinder. The latter provides some protection of
the photocathode surface form impurities originating from the vacuum chamber volume. The
entire complex is located within an activation oven, made of tungsten wire spirals, the
temperature of which can vary up to 270°C. The photocathode evaporation site comprises
three evaporation positions, one for antimony and two for alkali metals, and a collimated
halogen lamp. The latter is employed for measurement of light transmission through the



photocathode by means of a photodiode, in order to control the antimony thickness, and for
monitoring the photocurrent during the photocathode activation.

Fig. 2.2: A photograph of the photocathode mounted within the oven element. The
photocathode quartz substrate is held between two metal rings on top of a glass cylinder. The
cylindrical anode is situated inside the glass cylinder below the photocathode. An activation
oven made of a tungsten wire coil surrounds the glass cylinder and the photocathode. The
height of the complex is approximately 5¢cm.

Absolute quantum efficiency spectra can be obtained in a transmissive or reflective mode,

at the spectral range of 250-550nm. The photocathode is illuminated by an Hg(Ar) lamp,
coupled to a monochromator. A positive voltage is applied to the cylindrical anode placed a
few mm away from the photocathode and the photocurrent is measured on the photocathode.
The light flux is calibrated with a photodiode (Hamamatsu S1723-02) whose quantum
efficiency is known with an accuracy of £10%. The protective film deposition (section 2.1.3)
is made by resistive evaporation. A quartz crystal thickness monitor controls the protective
film thickness. A small, inner cylinder encloses the evaporation volume of the protective
films, preventing the contamination of the evaporation chamber. Various gases can be
introduced into the chamber by a manifold made of clean materials. The setup is also
equipped with a hygrometer (Panametrics PanDry hygrometer) and a residual gas analyzer
(SRS RGA200) allowing for the chemical analysis of the vacuum quality and of the gases
inserted into the chamber.
This setup was the first to allow for a systematic investigation of the QE and chemical
stability of bare and coated alkali-antimonide photocathodes, in-situ. The setup has two
drawbacks: it does not allow for coupling of the photocathodes to a gaseous electron
multiplier and at maximum, one photocathode per week can be produced and tested in it.
Therefore, a second, more complex setup, shown in fig. 2.3, was designed and constructed.
This setup consists of three vacuum chambers, evacuated by turbo-molecular pumps and
baked prior operation. The first is an introduction chamber where the substrates are baked
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Fig. 2.3: A scheme (a) and a photograph (b) of the new experimental setup for the production
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a central chamber for alkali-antimonide photocathodes

production and characterization and a third chamber for evaporation of protective coatings,
characterization and detector sealing. A sample transfer chamber can be attached to the

introduction chamber.
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under high-vacuum (10®Torr). In the central, ultra-high vacuum chamber (5*10™'°Torr), the
alkali-antimonide photocathodes are prepared and the QE spectrum is measured in situ. The
photocathode production element is larger than in the first setup and the activation oven
consists of four 500W halogen lamps, surrounded by a stainless steel reflector. The chamber
contains evaporation materials for the preparation of up to 9 photocathodes.

In the third chamber, the photocathodes can be coated with protective films and exposed to
a gaseous environment by the same method as in the first setup. One can also couple a
photocathode to a gas electron multiplier and form a photon detector by indium sealing the
photocathode coupled to an electron multiplier in a package

The experimental procedure of the measurement of the QE dependence on the coating film
thickness included the preparation of an alkali-antimonide photocathode (see section 2.1.2),
measurement of the QE spectrum in a reflective mode, evaporation of a coating film (see
section 2.1.3) and re-measurement of the QE spectrum. The last two steps were repeated
several times.

Exposure of the photocathode to gas was performed by filling the chamber with gas at a
known pressure for five minutes, followed by pumping of the chamber and measuring the QE
spectrum in vacuum. This was repeated several times for increasing pressures, measuring the
QE evolution in the gas. All the steps were carried out in-situ.

2.1.2 Alkali-antimonide preparation

Photocathode production depends on many parameters, some of them are not clearly defined,
resulting in large fluctuations in their quality. We defined a detailed production procedure
resulting in reasonable variations in the photoemissive properties. As a rule, we found that the
deposition at initial vacuum below 10 "Torr resulted in stable photocathodes with reasonably
high quantum efficiency values.

The evaporation sources used were alkali metal dispensers (SAES Getters
Cs/NF/5.5/17FT10+10, K/NF/3.1/17FT10+10) and 99.999% pure elemental antimony (Alfa,
antimony shots) previously melted, under vacuum of 10°Torr, in a Ta boat. During the
vacuum chamber-baking period, small currents (a few Amperes) are applied to the alkali
metal dispensers and antimony boat in order to outgas possible contaminnts.

Cs3Sb and K-Cs-Sb photocathodes were produced on 4mm thick, 36mm or 63.5mm in
diameter optically polished suprasil quartz substrates. The substrates are cleaned with NaOH
and distilled water, followed by 10 minutes rinse in absolute acetone and 10 minutes in
absolute ethyl alcohol in an ultra sonic bath; they are dried using clean nitrogen. Electrical
contacts are provided by evaporation of a 1000A thick aluminum film on the circumference
of the substrate.

The first part in the production procedure of both photocathode types, Cs;Sb and K-Cs-Sh,
is the evaporation of antimony on a substrate held at room temperature or at 150°C-160°C.
The antimony thickness is monitored by measuring the attenuation of white light transmission
through the substrate during the evaporation. The evaporation usually lasts for 15-30 sec and
is terminated after a light flux decrease to 70% of its initial value.

CssSh photocathodes are prepared by heating the antimony-deposited substrate to 160°C-
170°C and evaporating cesium. The photocurrent of the photocathode is monitored throughout
the activation process, and the Cs evaporation is stopped when it reaches a maximal value.
We then cool the photocathode, measuring the photocurrent. A stable photocathode undergoes
an increase in the photocurrent while being cooled to room temperature.
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In the case of K-Cs-Sb photocathodes, the substrate is heated to 195°-200°C and potassium
is evaporated. The evaporation is stopped when a K-Sb photocathode is formed, indicated by
a maximum in the photocathode photocurrent. In order to remove some of the potassium and
allow for cesium reaction, the substrate is then heated to 240°C for 10sec, cooled down to
195°-200°C, and a decrease of the photocurrent to about one half of the maximal value is
registered. To complete the photocathode activation, the substrate is cooled down to 175°-
180°C and cesium and antimony are alternately evaporated until the photocurrent reaches a
peak value. The photocurrent is also monitored during the photocathode cooling. In case of a
decrease, a very small amount of antimony is evaporated in order to stabilize the
photocathode.

2.1.3 Coating film evaporation

All the coating films investigated (Csl, CsBr, Nal. CsF, NaF, SiO, n-CH7, and
(O,C1gH35).Ca) were produced by a vacuum resistive evaporation technique. The reasons for
having chosen these materials will be given in section 2.3.2.The thickness of the film and its
deposition rate were monitored with a quartz crystal oscillator (Sycon instruments STM100)
with an accuracy of £5%. The film thickness was calculated relative to the bulk density of the
deposited material, hence, it was not corrected for the possible reduced packing density that in
principle could take place [66,67]. The geometrical correction factor was carefully calibrated
by weighting the quartz crystal prior to and after evaporation of a film and comparing the
thickness derived from this measurement with the quartz crystal oscillator reading. This was
repeated several times for different film thickness.

The materials were evaporated from Ta boats that were closed with a perforated cover. For
SiO the cover was hand-made with one central hole. The evaporation material was typically a
powder of high purity. Some of the materials were evaporated on a heated substrate by
heating the oven surrounding the photocathode. The deposition rate was typically 0.1-
0.5A/sec. The heating of the substrate and the slow deposition rate were applied in order to
achieve high QE of the coated photocathode [68]. The substrate was maintained at room
temperature when evaporating n-CssHy4, due to its low melting temperature. Other materials,
for which no improvement in QE due to heating was observed either in previous [68] or in
this work, were also evaporated on a substrate at room temperature. For Nal films, a post-
evaporation heat-treatment for a few hours, was a key element for attaining the highest
photoelectron transmission. In order to obtain organized (O,CygH3s),Ca films, which should
have very good electron transport properties [69], with a vacuum-evaporation technique, we
followed the procedure reported in [70]. This consisted of slow evaporation rate (0.1A/sec) on
a substrate held at an elevated temperature of 70°C. Table 2.1 summarizes the coating film
deposition parameters:

Deposited Purity (%) Substrate
material Alfa Aesar temperature (°C)
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Csl Ultra pure 24, 60
CsBr 99.9 24, 80
Nal 99.5 60, 80
Csk 99.9 24
NaF 99 75
SiO 99.9 70
N-CseH74 99 24
(O2CisH3s5),Ca 98 70

Table 2.1: The list of coating materials, their respective puritylevels and the deposition
conditions of the coating films.

2.1.4 UV-visible and x-ray photoelectron energy spectroscopy

An important part of the research was carried out in the x-ray photoelectron spectroscopy
(XPS) facility at the Weizmann Institute of Science. In order to transfer the samples without
contaminating them, a high vacuum (5*10°Torr) transfer chamber equipped with a battery-
operated ion pump was designed and constructed (see figure 2.4). The prepared samples were
extracted via the introduction chamber and brought to the XPS analysis system in a vacuum
better than 10®Torr. In the XPS facility, both x-ray and UV-visible photoelectron
spectroscopy (PES) were performed.

Fig. 2.4: A picture of the sample transfer chamber. Thc chamber consists of a manipulator, a
gate valve and a battery-operated ion pump.

A scheme of the UV-visible PES measurement setup is shown in figure 2.5. A Hg(Ar)
lamp coupled to a monochromator illuminates the photocathode through a quartz window so
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that the center of the light spot coincides with the center of the electron optics. A set of filters
was used at the monochromator exit in order to reduce the stray light and to assure
illumination by mono-energetic photons. The photoelectrons were accelerated by a bias
voltage applied to the photocathode.
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Fig. 2.5: A scheme of the setup for the measurement of photoelectron energy distribution.
Mono-energetic photons, emitted by a lamp coupled to a monochromator, pass through a
quartz window, illuminating the sample, and exciting photoelectrons. The photoelectrons are
emitted into the vacuum and are brought by means of electron optics (magnetic lens, iris and
aperture) to the analyzer hemisphere. Three detectors at the far end of the hemisphere
measure the intensity of the emitted electrons. The electron energy scan is performed by
changing the potential applied to the scan plates.

As we were the first users to measure UV-visible PES in that facility, the UV-visible PES
measurement conditions were optimized and determined to be:
Magnetic mode
Detector 2 (central) only. (1 and 3 switched off)
Pass energy 5eV
Aperture 18.50
Iris 12-14 turns
Bias voltage: -15V - -20V
Energy scan step size 0.025eV
In the magnetic mode, electrons are collected from a small area, with a relatively large
solid angle. In an electrostatic mode, not applied here, they are collected from a larger area
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and a smaller solid angle. For example: using a fully opened aperture (18.5), the collection
area diameter is approximately 1mm in the magnetic mode, and 1cm for the electrostatic
mode. Although no significant difference was observed in the shape of the photoelectron
energy spectrum in the two modes, the signal intensity measured in electrostatic mode was
smaller than in the magnetic mode. In general, a great difference in intensity between the
spectra recorded on different detectors or using different energy pass or aperture values was
observed in the electrostatic mode.

The best results in terms of signal intensity and spectrum width were obtained with
detector 2. This is probably due to fewer artifacts by the analyzer hemisphere.

The pass energy determines the energy resolution of the detector: the lower is the pass
energy value, the better is the resolution. For pass energies of 5eV and 10eV, the detector
energy resolution is approximately 0.08eV and 0.16eV respectively. Naturally, the signal
intensity is reduced for lower pass energy value. The observed improvement in the spectrum
width between pass energy 10 and 5eV was not large, but it is important because the UV-
visible spectra are very narrow.

The aperture, located at the image plane, controls the object size (the area from which
electrons are collected). Collecting electrons from a small area may be important in the case
of spatial non-homogeneity. The smaller the aperture, the smaller is the collection area. The
fully opened aperture (18.50) corresponds to a collection area of approximately 1mm in
diameter. It was preferred since no difference in the spectrum shape was observed, while the
intensity decreases for smaller aperture.

The iris is located at the focal plane designed to determine the maximal angular region of
collection. In our measurements, it also affected the size of the light spot. The dependence of
the photoelectron energy spectra on the iris was monitored. The spectrum shape remained
unchanged for 0-14 turns, but was distorted for smaller iris size. The iris size was chosen to
give the smallest light spot, which did not yet distort the spectrum.

The dependence of the photoelectron energy spectrum shape on the bias voltage is
summarized in figure 2.6. The bias was varied between —40V and —7V. For the voltage range
between —20V and —40V, the measured spectrum was broader than for smaller bias voltages.
The width remained constant in the =7V to —15V range. One can see a strong decrease in
signal intensity as the bias voltage is lowered, and the beginning of a collection plateau for
higher voltages.

We worked at the smallest available energy scan step size because the systematic error is
determined by this step size and by the detector’s energy resolution. For energy scan step size
of 0.025eV and energy resolution of 0.08eV, the systematic error was 0.04eV.

Calibration standards are gold or silver samples, but due to the low photoelectron yield
from metals, our attempts to measure PES of these samples resulted in very poor signal-to-
noise ratio. However, our measurement of electron energy distribution from Csl, induced by
6.7eV photons, is in very good agreement with the results of DiStefano [71] as can be seen in
figure 2.7.

25



12500 —— ——————————— 2500
40V 4 —_
-30V S

— 10000 | -20v J S, 2000 |
3 >
< =
— 7]

2 7500 | . © 1500 -
w -
c -15V £
L e

£ 5000 -125v - @ 1000 |
L ©
-10V £

2500 - o 500 |-
zZ

L7v J L

0 /I\ AV VERVENARY TR _.LJ. . 0

10 15 20 25 30 35 40 45 650

Kinetic energy [eV]

16.5 17.

0 175 18.0 18.5 19.0 19.5 20.0
Kinetic energy [eV]

Fig. 2.6: Photoelectron energy distribution from a K-Cs-Sh photocathode coated with a 50A
thick CsBr film, illuminated with 4.9eV photons and measured using different bias voltages in
the magnetic mode. Shown are the spectra a) as measured and b) normalized.
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Fig. 2.7: Photoelectron energy distributions from Csl photocathodes. Shown are our
measured spectrum, induced by 6.7eV photons and the spectrum measured by DiStefano et al.
[71], induced by 6.8eV photons.

In order to remove surface contamination, fine ion sputtering was performed on a 500nm
thick Csl sample. The photoelectron energy spectra before and after the sputtering are shown
in figure 2.8. The sputtering reduced the signal intensity drastically, and caused a shift in the
spectrum. The spectrum gradually shifted back to its original position but the intensity
remained low. These changes are attributed to the structural damage induced by the ion beam.
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Fig. 2.8: Photoelectron energy distributions from a 5000A thick Csl film illuminated with
6.7eV photons, measured before and at different times after Ar* ion sputtering.

XPS is a well-known experimental technique, therefore, only the main points relevant to
our measurements will be briefly discussed here. The experimental system used for the XPS
measurements is the same as shown in fig. 2.5, the only difference being that the sample is
illuminated by an internal 1.5KeV x-ray source. Since the kinetic energy of the measured
emitted electrons is larger than 300eV, no bias was applied on the sample. Fig. 2.9 shows a
typical wide sweep performed on a 50A thick CsBr-coated K-Cs-Sh photocathode. Electrons
leaving the surface with negligible energy loss produce the peaks. The peaks can be correlated
to the elements because each element has a unique set of binding energies. The atomic
concentration on the surface is extracted from the area under the peaks and the known
electron emission intensity at different energies of the elements. The typical error of this
measurement is of the order of 5% of the atomic concentration value.
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Fig. 2.9: An XPS wide scan of a K-Cs-Sh photocathode coated with 50A thick CsBr film.
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It is important to define the meaning of "surface” to which XPS measurements are
sensitive. The probability, P, of an electron excited at a distance d from the surface to escape
into the vacuum with almost no energy loss is determined by the mean-free-path for inelastic
interactions A and it follows the relation:

(2.1) P(d)~e "

Since A is typically 25A, the definition of a surface in these measurements is a few tens of A
thick layer.
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2.2 Electron transport: model and simulation.
The model.

The photoemission process from coated photocathodes can be described as a sequence of
five steps:
1. Photon absorption.

Photoelectron transport within the photocathode.

Photoelectron transition through the interface between photocathode and coating film.

Photoelectron transport through the coating film.

Photoelectron escape into vacuum.

1, 2. Photon absorption and photoelectron transport within the photocathode.

In the present work the first two steps, of photo-absorption and electron transport in the
photocathode, were not calculated. Instead we used measured energy distributions of
electrons emitted from photocathodes to the vacuum and injected them, after some
modification, into the photocathode-coating film interface, as will be explained below. We
used our own measured distributions (K-Cs-Sb coated with 50A CsBr and 50A Csl) as well as
that of others (bare Cs-Sb [51,72] and K-Cs-Sb [73]).

3. Photoelectron transition through the interface between photocathode and coating film.

Modeling the transport of electrons through the interface requires some assumptions
concerning the interface nature, because the contact between the two materials modifies their
structure near the contact surface, creating an interface with unknown chemical composition
and geometrical dimensions. The photocathode surface quality and the coating film
evaporation conditions naturally affect the interface. Fig. 2.10 shows the simplified scheme
assumed for the interface, namely a step function with zero thickness.
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Fig. 2.10: A scheme of the photocathode-coating film interface. The photon is absorbed in the
photocathode resulting in an excitation of an electron from the valence to the conduction
band. This electron overcomes the photocathode-coating film interface, transports through
the coating film and over the electron affinity into vacuum.
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Normally, the energy scheme at the interface of two materials is determined by the
equalization of their Fermi levels. In our case, there is no data on the exact location of the
Fermi levels of either species and therefore we use a different approach. From the
experimental QE spectra taken with a bare photocathode and coated ones, we can extract the
shift in the cutoff (red boundary) wavelength. From this we may define the location of the
vacuum level with respect to the valence band maximum (VBM) of the coated photocathode,
namely Ey; and using the known energy gap of the photocathode, Es, we can locate the
photocathode conduction band minimum (CBM). We further use the known electron affinity
of the coating film, Ea, to locate the CBM of the coating relative to the vacuum level and thus
to the CBM of the photocathode. This defines the barrier V.

(2.2) Vo=Ev-Ec-Ea

Table 2.2 summarizes the values of Eg, Ea and Ey, for the interfaces under investigation.

Photocathode Coating film interface
material Es(eV) | EATC(eV) material Ea (V) Ev (eV)
K-Cs-Sh 1.0 [74] 1.1[74] Csl 0.2 [75] 2.65

CsBr 0.4 [76] 2.25

Nal 1.5 [57] 2.35

Cs;Sh 1.6 [46] 0.45 Csl 0.2 2.40
[46,51] CsBr 0.4 2.45

Nal 15 2.55

Table 2.2: The energy gap (Eg) and electron affinity (EA”) values of the photocathodes
considered in this work; the electron affinity of the coating film and the photoemission
threshold of the coated photocathodes (Ey), extracted from QE measurements.

The initial energy of the photoelectron relative to the photocathode CBM, E', is modified
when crossing the barrier Vo, into E relative to the coating film CBM in the coating film. The
direction of the electrons after crossing the interface was assumed to be uniformly distributed
within a cone of angle ¢, derived from momentum conservation:

(2.3) de=cos’(\[1-E/E"))

A very important consideration in modeling the transport of electrons through the interface
was found to be multiple crossing of the interface. The path of an electron, determined by a
sequence of collisions, may carry it from the coating film back to the photocathode. Such an
electron was given a probability, P(E), to be absorbed in the photocathode. Naturally, it could
return to the coating film with the probability (1-P(E)). For the purpose of calculating P(E),
the electron was treated as a wave function under the influence of a double-step potential
barrier, as shown in figure 2.10:

(2.4)
E'E+E'E, +E-E, +E’—4EE'E, +2V, E, -cos(2d2m, -E / )
E'E+EE,, +E-E, +E?+4E\E'E, +2V,-E, -cos(2d,2m, -E / )

P(E) =

where E is the electron energy relative to the conduction band minimum (CBM) of the
coating film, E,o.=E-Ea is the electron energy in vacuum, E’ is the electron energy relative to
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2.2.2

the CBM of the photocathode, V, is the difference between the CBM of the coating film and
the photocathode, d is the coating film thickness and m, is the electron mass.

4. Photoelectron transport through the coating film.

The model [48,76,77] treats the transport in the coating film as a classical process,
composed of a sequence of electron-phonon scatterings, each modifying the electron energy
and direction. Although it is a classical model, some of the parameters, such as the mean-free-
path between collisions, are calculated using a quantum mechanics approach The
photoelectrons induced in the photocathode have energy of 0-4eV, which is less than the
energy gap of the alkali-halide coating film (typically 6eV). Therefore, the photoelectrons
cannot release another electron from the coating film, and the dominant interactions are those
of the electrons with the lattice vibrational modes. The model takes into account both optical
and acoustic phonon-electron interactions. It assumes that the acoustic phonon-electron
scattering is a pseudo-elastic process, due to the low energy exchange and almost isotropic
electron angular deflection involved in such interaction. Although evaporated alkali-halide
films are polycrystalline, the coating film is considered as a perfect single crystal. Impurities,
and lattice defects are not accounted for. For a more detailed discussion of the model treating
successfully electron transport in alkali-halide films see [48,76,77].

5. Photoelectron escape into vacuum.

A photoelectron reaching the surface of the coating film with an energy E greater than the
coating film electron affinity, would be emitted into the vacuum with the same probability
P.ac(E) as a wave function passing a potential step of amplitude of Ex:

(2.5) P,..(E) = 4,/(E - Evac) /(E + Evac+ 2,/{E - Evac))

In order to follow the trajectory of photoelectrons from the photocathode across the

interface into the coating film, we need to know their correct energy distribution. We used the
experimental distributions, as mentioned above, but they need to be corrected because they
were measured after emission into vacuum (across the electron affinity barrier) while we need
them inside the material just before emission. Two possibilities exist:
1. Using data from thinly coated photocathode (50A Csl or CsBr) and correcting for the
coating Ea, This has the advantage that it already includes the effects due to transport through
the interface, which we cannot treat rigorously. The corrected distribution follows the
realtion:

(2.6) Pin(E)=Pmeas(Evac-EA)/Pvac(E)

where Piy(E) is the probability for an electron of energy E before the escape into vacuum and
Pmeas(E) is the measured probability for an electron of energy E to be emitted into vacuum.

2. Using data from bare photocathodes and correcting for the difference between
photocathode electron affinity (Ea"°) and the interface barrier (Vo). In this case the corrected
distribution follows the relation:

(2 . 7) Pin(E)zpmeas(Evac' EApC+VO)/ Pvac(E+V0)

The Monte-Carlo calculations
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The Monte-Carlo (MTC) approach, which is a purely numerical method, is a statistical
sampling technique making use of random numbers in order to solve a problem. This method
was successfully applied from the early 1940°s to a wide range of scientific problems. A
complete review of the theoretical and practical aspects of the MTC approach can be found in
[78].

In the electron transport field, the MTC technique appears to be a natural method for
simulating the physical interactions undergone by the considered electrons along their path.
We used direct simulation in which the sampling is directly performed from well-
characterized single scattering laws and the trajectory of the particle is followed interaction by
interaction. Two basic assumptions were utilized in our direct MTC calculations:

. The scattering centers are randomly distributed. Therefore the electrons interact at
random points within the material bulk.
= The interactions of the incident electrons with the solid take place locally and

instantaneously. Hence, between two successive scatterings, the electron can propagate
freely, its energy and momentum remaining unaltered. The trajectory of such an electron
moving within the solid can thus be described as a succession of straight lines connected
at the points where the collisions occur and where the electron energy and direction are
changed.

More details concerning the direct MTC scheme and its flow chart can be found in ref. [79].

The probability of an electron, induced by a photon of an energy hv, to be emitted from a
coated photocathode and the energy distribution of the photoelectrons induced by photons of
that energy were calculated as follows:

1. The probability of an electron of energy E to be emitted into vacuum and the
energy distribution induced by N such electrons were calculated. The electron was
“injected” into the coating film at a known initial position. E was varied in steps of 0.025-
0.leV.

2. The weighted average of the transmission probability and of the electron energy
distribution was calculated. The weight distribution is the initial energy distribution (eq.
2.5) and it represents the probability of an electron of energy E to be present at the initial
position, when illuminating the photocathode with photons of energy hv.

In order to determine the value of the free parameter, E.s, We calculated and minimized
the difference between simulation and measurement as a function of Ejs. We varied Ejqs
between 0 and 0.5eV. This variation resulted in a negligible effect on the energy distribution.
However, the QE attenuation length, L, (see discussion in section 2.3.2.3) was clearly affected
by the variation of E,,ss as can be seen in figure 2.11. Figure 2.12 shows the difference
between simulated and measured QE attenuation length, A, as a function of E.s, Where A is
defined by:

(28) A= Z (Lcalculated - Lmeasured )2 / N

photon—energy
coating—film
and N is the number of photon energies and coating films. The minimum value of A was
found at E,os value of 0.20+0.03eV.
The convergence of the simulation results as a function of the number of simulated events,
N, was tested for N=10? =10’. The number of simulated events was chosen to be 10° and 10°
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for calculations of the transmission probability and the energy distribution, respectively. This
number provided a typical statistical uncertainty of about 2%.

It was also useful to check the statistical behavior of the MTC calculation, for a given
number of events. For this purpose, five independent simulations were performed and
compared, each of 10° events of 1eV electron transport through a 30nm thick Csl film on a
K,CsSh photocathode. The obtained transmission probability overlapped within 2%.

The number of times an electron trajectory passed from the coating film to the
photocathode and back to the coating film varied with the electron energy, film thickness and
the value of V. It was typically 3 for an electron with an initial energy of 1eV and could
reach 11 for electrons with initial energy of 4eV.
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Fig. 2.11: The QE attenuation length in Csl on a K-Cs-Sb photocathode, as a function of the
photon energy, calculated for different values of the free parameter E,s. The error bars
originate from the fit to exponential decay, and cover 90% of all possible fits. For the purpose
of clarity only the error bars of the curves representing E;ss=0.2eV and 0.025eV are
displayed.
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Fig. 2.12: The difference, 4, between simulated and measured QE attenuation length in Csl-
and CsBr-coated K-Cs-Sb photocathodes as a function of the free parameter Ejqs.
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2.3

Results

The stoichimetric formula of the photocathodes prepared in this work was not
investigated systematically. In order to determine the exact formula, one would need to
investigate the influence of the preparation parameters on the stoichiometry. This was not
within the scope of this work, which focussed on the study of the coatings of these
photocathodes. Therefore, Although Cs3;Sh and K,CsSb are the most probable formulas we
will use the general notation Cs-Sb and K-Cs-Sb throughout this work when referring to our
results.

2.3.1 Bare alkali-antimonide photocathodes

Cs-Sb and K-Cs-Sbh photocathodes have been prepared routinely in our setups. Figure 2.13
shows the distribution of the absolute QE spectra of 22 K-Cs-Sb and 29 Cs-Sb photocathodes
produced in our first setup. The mean QE values for Cs-Sb are superior to 15% at 250-350nm
and are typically 30% at 185-325nm for K-Cs-Sh. A comparison of the spectral sensitivity of
our photocathodes and commercial vacuum photomultipliers photocathodes is presented in
figure 2.14. The photocathodes quality in the spectral range of 250-450nm is comparable to
that seen in commercial products. Both K-Cs-Sb and Cs-Sb photocathodes were found to be
stable in vacuum and in high purity methane (fig. 2.15) over periods of a few days.

12}
a) 254nm] b)

10} 254nm |
I K-Cs-Sb Cs-Sb

— 1 8

. 0 .
4 8 12 16 20 24 28 32 36 40 44 48 120 4 8 12 16 20 24 28 32 36

312nm:

312nm |

Number of photocathodes
o = N w N (62} (2] ~ @ - N w > (9] (2} ~ @ - N w B (9] [} ~ e¢]

Number of photocathodes

_ ] o ] .
4 8 12 16 20 24 28 32 36 40 44 48 120 4 8 12 16 20 24 28 32 36
406nm | 10} ]
406nm
8 ]
6L
41
2L
[ 1. 0 .
0 4 8 12 16 20 24 28 32 36 40 44 48 0 4 8 12 16 20 24 28 32 36
Absolute QE [%] Absolute QE [%]

Fig. 2.13: Distribution of the absolute quantum efficiency values at 254, 312 and 406nm of
reflective photocathodes prepared in the setup shown in fig. 2.1. a) 24 K-Cs-Sh
photocathodes, the average and rms values, in percents, are 3079, 32+11 and 2248 at 254,
312 and 406nm, respectively. b) 29 Cs-Sb photocathodes, the average and rms values, in
percents, are 1746, 15+4 and 1243 at 254, 312 and 406nm, respectively.
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Fig. 2.14: Absolute QE spectra of a typical K-Cs-Sb photocathode prepared at our setup and
of a commercial (EMI PM-9125 B) photocathode of the same type. The decrease in QE of the
commercial photocathode at short wavelengths is due to window light transmission.
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Fig 2.15: Absolute QE spectra of a bare reflective K-Cs-Sb photocathode in vacuum and in
high-purity methane. The photocathode was kept in vacuum, after preparation, for 4 days,
then exposed to methane for 1 hour. The chamber was re-pumped and the photocathode kept
in vacuum for 2 more days and finally exposed to methane for 100 hours followed by pumping
of the chamber. All measurements were performed in vacuum.
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2.3.2 Coated photocathodes

Most of the results in our search for protective layers are summarized in articles [80-86]
We tried protecting the photocathodes with materials of three types: oxides (SiO), organic
molecules (n-CssH74: HTC ([CH3(CH,)16C0O0],Ca: CaSt) and alkali-halides (Nal, Csl, CsBr,
NaF, CsF).

Some oxides can be very effective protective films, even at extremely thin films. Indeed,
native layers of SiO, and Al,O5 provide efficient sealing from further oxidation of Si and Al.
[87,88].

HTC is a long-chain paraffin insulator that can be vacuum-evaporated and is stable in ultra
high vacuum and in ambient air [89]. It was reported to have negative electron affinity [90].
CaSt was reported to have a very long electron escape length when forming an organized film
[69]. It can be evaporated and is stable in vacuum [70].

Alkali-halides were investigated thoroughly both experimentally [2,63,75,91-95] and
theoretically [96-100]. They are known to have good electron transport properties and some
are quite stable in ambient air. Their deposition in vacuum is a simple procedure.

The results of oxide and organic protecting layers are summarized in [81]. In general,
these attempts as well as the alkali-fluoride coatings were unsuccessful both in terms of low
residual absolute QE and poor protection capability of the coated photocathodes when
exposed to oxygen.

The most stable photocathodes were achieved with 280A CsBr, 190A Nal and 315A Csl
on Cs-Sb and with 335A CsBr, 225A Nal and 280A Csl on K-Cs-Sb photocathodes. Films of
a few hundred angstroms thickness were chosen in order to obtain stability in oxygen
environment while maintaining a reasonable QE.

2.3.2.1 Chemical composition

The stoichiometry of alkali-antimonide photocathodes is changing with the photocathode
depth [101]. This is the result of the preparation procedure, which includes successive
evaporations of Sh, K and Cs. A stiochiometry of K,CsSb on the surface is commonly
expected [59].

We used XPS to determine the chemical composition at the photocathode surface. Two
sets of measurements were carried out, in the first we characterized bare and CsBr-coated K-
Cs-Sb photocathodes, and in the other we investigated Csl-coated K-Cs-Sb photocathodes.
Tables 2.3 and 2.4 summarize the atomic concentration of the elements on the surface of the
different photocathodes.

K-Cs-Sb K-Cs-Sb/50A CsBr K-Cs-Sb/320A CsBr

Cs 4.910.2 29+1% 4622%
Br --- 20+1% 34+2%

K 35£2% 14.5+0.7% 1.5+0.1%
Sh 1.5+0.1% 1.3£0.1% <0.05%

) 43+2% 16.0+0.8% 6.5+0.3%

C 15.6+0.8% 16.6+0.8% 11.0+0.6%

I --- 0.15% ~0.5%
Si <1% <2% <0.6%

Table 2.3: The elemental atomic concentration on the surface of bare and CsBr-coated K-Cs-
Sb photocathodes measured by XPS.
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K-Cs-Sb/50A Csl K-Cs-Sb/250A Csl K-Cs-Sb/500A Csl

Cs 17+£1% 43+2% 41+2%

I 11+1% 41+2% 40+£2%

K 35£2% 1.240.1% 2.310.1%
Sh 2.940.1% --- ---

) 25t£1% 6.9+0.3% 7.410.4%

C 9.0+0.5% 7.31£0.4% 9.0+0.5%
Si --- --- ---

Table 2.4: The elemental atomic concentration on the surface of Csl-coated K-Cs-Sh
photocathodes measured by XPS

Despite using the special vacuum transfer facility, the bare photocathode was
contaminated, probably during transfer to the XPS, as can be seen from the dominant
presence of carbon and oxygen (59%). Therefore, one cannot draw any exact conclusion from
its chemical composition. However, the high concentration of K on the surface as well as its
presence on the surface of the photocathodes coated with 50A thick films and even on the
thick coatings is surprising. This may be the result of oxidation and diffusion of K to the
surface as will be discussed later. The small presence of Sh on the surface is expected since it
is the first element to be evaporated and it is covered with K and Cs. The 50A coatings may
be insufficient for a full coverage of the underlying photocathode. This can be seen from the
greater presence of oxygen (and moisture), interacting with the photocathode, on its surface.
The thicker coatings protect the photocathode from reaction with oxygen and moisture.

The Cs-to-Br ratio on the surface of the CsBr-coated photocathodes is 1.3 and was also
measured for CsBr photocathodes (section 3.2.2). A possible explanation to the excess of Cs
is the induction of a photolysis effect by the x-rays, breaking the ionic bonds between Cs and
Br. Since Br has a high vapor pressure compared to Cs (at room temperature the vapor
pressure of Cs is 0.75x10°Torr while that of Br is 180Torr [102]), it evaporates, leaving the
surface with an access of Cs. It is also possible that the thermal evaporation of CsBr, breaking
the ionic bonds, results in the observed stoichiometry. The Cs-to-I ratio on the surface of the
Csl-coated photocathodes is approximately 1. Since the vapor pressure of I is lower than that
of Br (at room temperature the vapor pressure of | is 4.5x10?Torr [102]) this may support the
first hypothesis. Si originates from the quartz substrate while the presence of | in the CsBr-
coated photocathodes is a result of a contamination in the evaporation chamber.

In order to measure chemical composition depth profiles, Ar* sputtering and XPS were
used alternately. The Ar pressure was typically 10 Torr and the sputtering steps were 60-120
seconds long. One should note that the sputtering itself might have influenced the results due
to a few processes. The first is the breaking of chemical bonds in the sample, leaving some
elements free to re-bond to elements in the residual gas. Another process occurs when
sputtered material returns to the surface. Finally, the chemical composition at a certain depth
may be distorted due to different sputtering rates for different materials. On the average the
sputtering rate was about 1A/sec. The uncertainty in the thickness of the sputtered film
increases with the film thickness and it is estimated as 10% of the thickness.

The depth profile of a K-Cs Sb photocathode, coated with 320A thick CsBr film is
presented in figure 2.16a. The first sputtering step cleans the surface from carbon. Cs is
concentrated on the surface, while K concentration reaches it maximum after 3 sputtering
minutes and Sb is concentrated on the substrate. This is the depth profile that was expected
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for a K-Cs-Sb photocathode [101]. The substrate is indicated by a strong increase of the
oxygen after 4 minutes of sputtering. A stoichiometry of K,CsSh can be observed close to the
quartz substrate, after 220 seconds of sputtering.
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Fig. 2.16: Depth profiles of the elemental atomic concentrations, obtained from
consecutive XPS and sputtering by Ar* ions of K-Cs-Sh photocathodes coated with a) 320A
and b) 50A thick CsBr films. The error in the atomic concentration is 5%, the error in the film
thickness, represented by the sputtering time is 10%. The break at 100 sputtering seconds in
a) represents 12 hours between consecutive XPS measurements, without further sputtering.

The photocathode was sputtered for approximately 100sec and its chemical composition
was measured immediately after sputtering and again after 12 hours in vacuum of 10°Torr.
The 12 hours interval resulted in a dramatic increase in K and oxygen concentration and a
strong decrease in Cs and Br concentration (see the dotted lines in fig. 2.16a). The Cs and Br
do not diffuse into the photocathode as can be seen in the following sputtering steps. This was
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accompanied by a shift of 0.5ev in the K line, showed in fig. 2.17, indicating its oxidation.
This measurement gives an insight to the processes occurring when the photocathode is
exposed to oxygen and humidity. The K oxidizes and diffuses to the surface covering the Cs
and Br.
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Fig 2.17: The Kys XPS line measured from an ion-sputtered K-Cs-Sb photocathode coated
with 320A thick CsBr film. The two consecutive XPS measurements were performed at a time
interval of 12 hours, in which the photocathode was kept in a vacuum of 10°®Torr. The shift
indicates oxidation of the potassium.

The 50A thick coating depth profile is presented in fig. 2.16b. As was previously
discussed, the thin film does not result in full coverage of the surface and some K is observed
on the surface. Indeed, the thin coating does not protect the photocathode from oxygen as is
indicated by a large concentration of oxygen on the surface and underneath. In this sample the
Br concentration decreases after 50 seconds of sputtering. This is with good agreement with
the estimation of a sputtering rate of 1A/sec. The substrate was reached after about 5 minutes
of sputtering, indicating a photocathode thickness of ~250A. These numbers should be
regarded as rough estimations.

The depth profiles of the Csl-coated K-Cs-Sb photocathodes is presented in figure 2.18. In
all three samples the Sh presence reaches its maximum on the substrate, while K is dominant
in the rest of the photocathode. There seems to be a deficiency of Cs and an excess of Sb in
the photocathodes. The photocathode-coating film interface can be estimated to be where |
presence is decreased while K and Sb concentrations increase. As expected, the interface has
a width with an upper limit that can be roughly estimated from fig 2.18 a) and b) to be 80A. It
is important to note that some of the measured width is due to the uncertainty in the film
thickness and to the sensitivity of the XPS to a few tens of A below the surface. The substrate
is indicated by an increase in Si and O presence.

The 50A thick coating results in a partial coverage of the surface, as is obvious from the
small fraction of Cs and | on the surface. For this reason the photocathode-coating film
interface position cannot be estimated. It is also clear that the oxygen diffused into the
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Fig. 2.18: Depth profiles of the elemental atomic concentrations, obtained from consecutive
XPS and sputtering by Ar* ions of K-Cs-Sb photocathodes coated with a) 500A b) 250A and
¢) 50A thick Csl films. The error in the atomic concentration is 5%, the error in the film
thickness, represented by the sputtering time is 10%.
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photocathode, as its concentration is decreasing gradually from 35% at the surface to 0% at
the substrate interface. There is an excess of K, observed over the first 200 seconds of
sputtering. For example after 75 seconds the stoichiometry is K,,CsSh. this may be related to
the exposure of the photocathode to oxygen discussed above.

The two thicker films present a clear coating of Csl. The exposure of the surface to O
seems to affect a very thin layer (~10A), where | presence is slightly reduced. However, a Cs-
to-I ratio of 1 is preserved below that layer. At the photocathode-coating film interface the
decrease in the concentration of | is faster than that of Cs, because the latter originates also
from the photocathode. One can also observe an increase in the presence of O at the
photocathode-coating film interface. This may indicate the oxidation of the photocathode in
its preparation chamber, before its coating with Csl. However, the presence of oxygen below
the interface is negligible, proving that the coating film protects the photocathode from
interaction with oxygen.

2.3.2.2 QE spectra

The QE of coated photocathodes depends, naturally, on the coating film thickness. Figure
2.19 shows the QE spectra, in a reflective mode, of CsBr-coated K-Cs-Sh for different coating
thickness.
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Fig. 2.19: Absolute QE spectra of a K-Cs-Sh photocathode, Bare and coated with 254, 115A
and 280A thick Csl films, measured in a reflective mode.

Typical QE spectra of reflective bare and coated K-Cs-Sh and Cs-Sb photocathodes are
shown in fig.2.20. The coating films and their thickness presented in the figure are those
resulting in a good stability of the coated photocathode in oxygen (see section 2.3.2.5). For
other coating materials (CsF, NaF, SiO, HTC and CaSt) the photocathode protection could
not be achieved with reasonable QE values. Coating Cs-Sb photocathodes with 315A thick
Csl or 280A thick CsBr films results in 1-2% QE at 250-375nm, while the 190A Nal-coated
Cs-Sb photocathode has a maximal QE value of 1% at 312nm. Higher QE values were
measured for coated K-Cs-Sh photocathodes. The 335A CsBr-coated and the 280A Csl-
coated K-Cs-Sbh photocathodes have a peak of 4.5% at 312nm and QE values superior to 3%

42



at225-350nm and 185-330nm, respectively. Our best CsBr-coated K-Cs-Sh photocathodes
have QE values reaching 7% at 312nm. This value, though about 5 times lower compared to
that of a bare photocathode, already has practical applications. Higher QE values (10% at
312nm) can be achieved while maintaining reasonable stability in oxygen by evaporating
thinner films, as discussed below (see section 2.3.2.5).

For the Csl-coated K-Cs-Sb photocathodes an increase in the QE is observed at 185nm.
This is due to photoemission from the Csl, which by itself is a highly efficient UV
photocathode with a photoemission cutoff at 220nm [2]. A similar increase is expected for the
CsBr-coated photocathodes at wavelengths shorter than its photoemission cutoff at 170nm
[62,63].
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Fig. 2.20: Typical absolute QE spectra of reflective photocathodes. a) K-Cs-Sb
photocathodes: bare and coated with 335A thick CsBr, 190A thick Nal and 280A thick Csl
films and b) Cs-Sb photocathodes: bare and coated with 280A thick CsBr, 190A thick Nal and
315A thick Csl films
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2.3.2.3 QE attenuation length

Figure 2.21 shows typical QE attenuation at 312nm as a function of the coating film
thickness, for alkali-halide coatings (CsBr, Csl, CsF, Nal, NaF) on K-Cs-Sb and Cs-Sb
photocathodes. The smallest attenuation, by a factor of 7, was achieved with Csl and CsBr
films on K-Cs-Sh photocathodes. The QE attenuation for organic (HTC and CaSt) and oxide
(SiO) coatings on Cs-Sb is presented in figure 2.22. The attenuation of the QE in the alkali-
flourides, organic and oxide coatings is much stronger than in CsBr and Csl.
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Fig. 2.21: Relative QE of reflective a) K-Cs-Sh and b) Cs-Sb photocathodes coated with
CsBr, Nal, Csl, CsF and NaF protective films, as a function of the film thickness, measured at
312nm (points). Solid lines are exponential fits to the data (excluding the low-thickness
points). For the purpose of clarity, only typical error bars are displayed
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Fig. 2.22: Relative QE of reflective Cs-Sb photocathodes coated with HTC, CaSt and SiO
films as a function of the film thickness, measured at 312nm (points). Solid lines are
exponential fits to the data (excluding the low-thickness points).

The first 10-50A of the protecting layer may give rise to a strong decrease in QE, followed
by an exponential decay for larger film thickness. The initial decrease is probably due to the
creation of the new interface between the photocathode and the film, resulting in a change in
the electron affinity.

The process of low-energy electron transport through the film explains the exponential
decrease observed for thicker films. The slope of the exponential decay represents the
attenuation length, L, of the QE, defined as:

(2.9) QE(x)~exp(-x/L)
where X is the coating film thickness.
(2.10) UL=1/Le+1/Lpn

where L. and Ly, are the electron attenuation and photon absorption lengths of the coating
film. If the coating film does not contribute to the photon absorption, as is the case in this
work, L is determined by the electron attenuation length: L=L.. The electrons induced in the
photocathode and injected into the coating film are not mono-energetic. Therefore, the QE
attenuation length is related to but differs from the electron escape length because it is a
function of the photon energy and not of the electron energy.

The QE attenuation length depends both on the photocathode and on the coating film. This
is due to the interface between the photocathode and the coating film, influencing, for very
thin films, the structure of the coating film, thus affecting the electron transport through the
film.

Figure 2.23 shows the attenuation of the QE of K-Cs-Sb and Cs-Sb photocathode coated
with a CsBr film, as a function of the film thickness, at wavelengths of 256nm, 312nm and
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437nm. As expected, the QE attenuation over the first 50A is more pronounced for low
energy photons. While the K-Cs-Sb coated photocathode shows the standard transition from
the sharp initial decrease in the QE over the first 50A to the more moderate one for thicker
films, the CsBr-coated Cs-Sb shows a unique behavior. The interface thickness is of the order
of 100A, which is considerably larger than any other investigated interface. The transition
between the initial decrease and the exponential behavior at large thickness is smooth. It is
possible that in this case there was an enhanced diffusion between the photocathode and the
interface. However, it is not clear why this was not observed for other interfaces.
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Fig. 2.23: Relative QE of a reflective CsBr-coated a) K-Cs-Sbh and b) Cs-Sbh photocathodes,
measured at different photon wavelengths as a function of the film thickness. Solid lines are
exponential fits to the data (excluding the low-thickness points) shown with dotted line.
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Fig. 2.24 presents the measured QE attenuation length, extracted from the data in fig. 2.21,
as a function of the photon energy for alkali-halide coatings on K-Cs-Sb and Cs-Sb
photocathodes. CsBr demonstrates the longest attenuation length of the order of a few
hundred A and is followed by Csl, Nal, CsF and NaF. The latest having QE attenuation length
of approximately 10A. With the exception of CsF, the attenuation length has a maximum for
photons of 4eV, corresponding to the most energetic photoelectrons emitted from the bare
photocathode [51,72,73].
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Fig. 2.24: Measured QE Attenuation length in CsBr, Csl, Nal, CsF and NaF films deposited
on a) K-Cs-Sb and b) Cs-Sb photocathodes, as a function of the incident photon energy. The
error bars originate from the fit to exponential decay, and cover 90% of all possible fits.
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Figure 2.25 shows the QE attenuation length for HTC, CaSt and SiO coatings, extracted
from the data in fig. 2.22. The attenuation length is of the order of a few tens of A and the
maximum at 4eV is not observed as for most of the alkali-halides. The lack of that maximum
can be explained by a different electron transport mechanism through the coating film, as can
be expected for the organic [69] and oxide films. Another possibility is a chemical interaction
between the coating film and the photocathode, influencing the energy distribution of the
electrons entering the coating film. The QE attenuation length measured for CsF, NaF, HTC
and SiO on alkali-antimonide photocathodes is similar to the one measured by Buzulutskov et
al. on Csl photocathodes [68].
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Fig. 2.25: Measured QE attenuation length in CaSt, HTC and SiO deposited on Cs-Sh
photocathodes as a function of the incident photon energy. The error bars originate from the
fit to exponential decay, and cover 90% of all possible fits. For the purpose of clarity, the
error bars of HTC, of the same order of magnitude as those of CaSt, are not displayed.

Monte-Carlo calculations of the QE attenuation length based on the model described in
section 2.2 were performed. For this purpose we calculated the electron transmission
probability for every alkali halide considered and for various film thickness at different
photon energies. The thickness was varied from 5nm and up to 35nm with steps of 5nm, in
order to keep as close as possible to the experimental procedures. We extracted the QE
attenuation length from the slope of the curves of the calculated electron transmission
probability logarithm versus the film thickness.

Since there is a spread in the values of the electron affinity available in the literature for
alkali-halides considered here, we investigated the sensitivity of the calculated QE attenuation
length to fluctuations in the electron affinity. Fig. 2.26 shows the QE attenuation length as a
function of the photon energy, calculated for different electron affinity values. The variation
in the QE attenuation length is 11% and 5% at photon energies of 2.84 and 4.9eV,
respectively. One should note that variation in the electron affinity results in a modification of
the initial electron distribution (see equation 2.5). The initial distribution has more low-energy
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electrons in the case of lower electron affinity. Since electrons in the energy range of 0-0.5eV
are dominant in the case of the low photon energies and since the transmission probability of
electrons with less than 0.5eV is strongly attenuated with the film thickness, we observe a
short QE attenuation length for low values of electron affinity and photon energy. For higher
photon energies, the influence of electrons with an initial energy less than 0.5eV is smaller,
therefore this effect of the electron affinity variation is reduced. For the case of higher photon
energies, the higher electron affinity results in a shorter QE attenuation length. This is
expected, because for thicker films the energy of the electrons reaching the surface is lower,
thus they are more affected by an increase in the electron affinity.
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Fig. 2.26: QE attenuation length in Csl films on a K-Cs-Sb photocathode as a function of the
photon energy, calculated for different electron affinity values. The error bars originate from
the fit to exponential decay, and cover 90% of all possible fits.

It is interesting to note that varying the value of V, (see figure 2.10) between -1.5eV and
1.5eV resulted in less than 1% fluctuation in the QE attenuation length.

Fig. 2.27 shows two sets of calculations for CsBr-coated K-Cs-Sh photocathodes in which
we used different initial electron energy distributions: our own measurements of K-Cs-Sh
photocathodes coated with 50A CsBr (see fig. 2.29), and the data reported in ref. [73]. The
QE attenuation length calculated using our own data varies between 88% and 96% of the
experimental results for photon energies up to 4eV. The QE attenuation length values
calculated using ref [73] are 5 to 35% larger compared to the measured ones. In the model we
did not take into account the process involving an electron going from the coating film to the
photocathode and exciting another electron. In this case, both electrons would have a low
energy resulting in a high probability that neither one would return to the coating film. This
process, influencing electrons with energy greater than the photocathode gap energy, is
responsible for the measured decrease in the QE attenuation length for photons of 4.9eV.
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Indeed, the calculated results do not produce a maximum value for the QE attenuation length
at 4eV, and its value for photon energy of 4.9eV is 30% larger than the measured result.
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Fig. 2.27: QE Attenuation length in CsBr films deposited on K-Cs-Sb photocathodes as a
function of the incident photon energy. Shown are the QE attenuation length values extracted
from measurements, and calculated using ref. [73] and fig. 2.29a as input distributions. The
error bars originate from the fit to exponential decay, and cover 90% of all possible fits.

We also calculated the QE attenuation length using initial electron energy distributions of
ref. [51,72,73] for Nal, Csl, and CsBr coatings on K-Cs-Sb and Cs-Sh photocathodes. The
results are shown in figure 2.28. In almost all the cases, the calculated values were larger than
the measured ones, varying between 75% and 135% for Cs-Sb and 118% to 230% for K-Cs-
Sb photocathodes. This could be explained by the grain structure of alkali-halide evaporated
films, neglected in our model. It was observed that that the electron escape length in
polycrystalline films, decreases with the crystal grain size [103]. A likely explanation for this
effect could be the trapping of the photoelectrons at the interfaces between crystellites, as
suggested by Cazaux [104]. Since we do not take that trapping into account, the calculated
QE attenuation length is longer than the measured values.

It is important to note that the calculated QE attenuation length of Csl is larger than that of
CsBr, contradictory to our measured results. This is not understood, and should be further
investigated.

For the low-energy visible photons, the difference between calculation and experiment is
large. This may originate from neglected impurities and lattice defects, certainly existing in
our evaporated films, strongly affecting low-energy electron transport. Another possible
reason is that photons in this energy range give rise to photoelectrons of a few tenths of eV. In
this low electron energy range, the validity of the electron transport model is questionable, as
already discussed in [48,76,77].
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(2.11)

2.3.2.4 Photoelectron energy spectroscopy

The photoelectron energy distributions induced by mono-energetic photons at the 2.85-
4.9eV range were measured for K-Cs-Sb photocathodes coated with 50A and 350A thick
CsBr and with 50A, 250A and 500A thick Csl films. The data, normalized as to have the area
under the curve proportional to the QE, is presented in figure 2.29 and tables 2.5-2.9.

For the 50A CsBr and Csl coatings, the cutoff energy, defined as the highest energy of the
distribution, is increasing with the photon energy as was expected. The distribution maximum
value is increasing with the photon energy up to 4eV, but for 4.9eV the maximum is at the
same or at lower energy compared to 3.96eV. This is another evidence for the onset of a two-
electron cascade for photons between 4 and 4.9¢eV. It is also clear that the shape of the energy
distribution for 4.9eV photons is different than that measured for lower energies. This may
originate in part from the onset of the two-electron cascade or from photoemission from
impurity levels discussed below.

The photoelectron energy distributions measured for thicker coating films (350A thick
CsBr and 250A and 500A thick Csl films) are narrower and their peak is at lower energies
than that of the thinner coatings. Both effects are more pronounced for the more energetic
photons, suggesting that the CsBr and Csl films have larger attenuation for more energetic
electrons. Another feature of the thicker film, for CsBr, is that the distribution maximum of
4.9ev photons is the same as for 3.96eV.

The threshold energy for photoemission from the coated photocathode, E ihresholds Was
extracted from the cutoff energy, E ..fr and the photon energy, hv:

E threshotd = hv— E cutoft

E .o Was extracted from the raw data as the highest energy for which the signal-to-noise
ratio is more than 1.5. E resnols Was found to be 1.97+0.08eV for the 50A CsBr coating and
2.0+0.15eV for 350A thick CsBr coating film.

The threshold energy for photoemission from the Csl coated photocathode was found to be
2.07+0.06eV for the 50A thick coating, 2.25+0.1eV for 250A thick film and 2.5+0.2eV for
500A coating film. One should note that the 50A thick coating does not result in full coverage
of the photocathode surface (see section 2.3.2.1) and this may explain the lower
photoemission threshold energy extracted for this film.

Shoulders can be observed in the shape of the electron energy distributions of the Csl-
coated photocathodes, indicated in fig. 2.29c-e by arrows. The most pronounced shoulders
observed at electron kinetic energies of 0.8 and 1.6eV, for the 250A thick coating, and at
0.7eV, for the 500A thick coating, induced by 4.9eV photons. A similar shoulder is observed,
for the energy distribution induced by 3.96eV photons, at a kinetic energy of 0.6eV and 0.4eV
for the 250A and 500A thick coatings, respectively. There may also be a small shoulder for
50A coating at a kinetic energy of 1.6eV for the 4.9eV-induced distribution.

The origin of the shoulders induced by 3.96eV and 4.9eV photons at electron kinetic
energies of 0.6eV and 1.6eV, respectively, are the same, because the energy difference is the
same between the two shoulders and the two inducing photons. We believe that this structure
is an indication of a photoemission channel, other than the one discussed so far, requiring
approximately 3.3eV for photoemission. This is the reason that it is observed only for the two
higher energy photons. This photoemission may originate in impurity levels in the
photocathode or in the coating film.
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Although no internal structure was observed for the CsBr coating, it is possible that the
different shape, observed for the 4.9eV photons compared to lower energies at the 50A thick
coating, originates, in part, from photoemission from impurity levels in the CsBr film. This
could explain the large number of electrons in the kinetic energy range of 1.5-2eV.
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Fig. 2.29: Photoelectron energy distributions from K-Cs-Sb photocathode coated with a)
50A and b) 350A thick CsBr films, ¢) 504, d) 250A and e) 500A thick Csl films, induced by
2.85-4.9eV photons. The data is hormalized as to have the distribution integral proportional
the QE. The arrows indicate shoulders in the shape of the photoelectron energy distributions.

53



Intensity [a.u.]

500

c) K-Cs-Sh/Csl (50A) 1

\\

\\

400 | 4
300 | 3 i
200 | i
2 /
100 | 1 5 i
0 T +—i } T B — T +
' d) K-Cs-Sb/Csl (250A) |
200 b 4 i
150 | 4
3
100 | i
50 | 2 4
5 /
1
0 T +— T } —+—7 } }
e) K-Cs-Sb/Csl (500A) |
80 | 4 i
/ 1. 2.84ev
60 L 2. 3.05eV i
3. 3.38eV
20l 4. 3.96eV |
3 5. 4.9eV
20 | i
2 5
0 /—1'-.\ — 1 . | I |
00 04 08 12 16 20 24 238

Kinetic energy [eV]

54



Photon Maximum FWHM[eV] Cutoff energy Photoemission
energy [eV] | energy [eV] [eV] threshold [eV]
2.84 0.20+.04 0.39+.08 0.90+.04 1.95
3.05 0.22+.04 0.49+.08 1.10+.04 1.95
3.38 0.30+.04 0.67+.08 1.40+.05 1.98
3.96 0.46+.04 0.99+.08 2.00+.04 1.96
4.9 0.32+.04 1.30+.08 2.9+.2 2.0

Table 2.5: PES data of K-Cs-Sb photocathodes coated by 50A thick CsBr films.

Photon Maximum FWHM [eV] Cutoff energy Photoemission

energy [eV] | energy [eV] [eV] threshold [eV]
2.84 0.17+.04 0.26+.08 1.15+.05 1.7
3.05 0.18+.04 0.31+.08 1.15+.05 1.9
3.38 0.19+.04 0.35+.08 1.40+.05 2.0
3.96 0.22+.04 0.40+.08 1.80+.05 2.15
4.9 0.23+.04 0.49+.08 2.75+.05 2.15

Table 2.6: PES data of K-Cs-Sb photocathodes coated by 350A thick CsBr films.

Photon Maximum FWHM [eV] Cutoff energy Photoemission
energy [eV] | energy [eV] [eV] threshold [eV]
2.84 0.25+.04 0.34+.08 0.8+.05 2.04
3.05 0.28+.04 0.49+.08 1.0+.05 2.05
3.38 0.45+.05 0.70+.08 1.3+.05 2.08
3.96 0.75+.05 1.00+.08 1.9+.05 2.06
4.9 0.7+.1 1.55+.08 2.80+.05 2.10

Table 2.7: PES data of K-Cs-Sb photocathodes coated by 50A thick Csl film.

Photon Maximum FWHM [eV] Cutoff energy Photoemission

energy [eV] | energy [eV] [eV] threshold [eV]
2.84 0.14+.04 0.24+.08 0.68+.05 2.16
3.05 0.16+.04 0.30+.08 0.85+.05 2.2
3.38 0.18+.04 0.46+.08 1.10+.05 2.28
3.96 0.25+.04 0.71+.08 1.70£.05 2.26
4.9 0.24+.04 0.93+.08 2.50+.05 2.4
Table 2.8: PES data of K-Cs-Sb photocathodes coated by 250A thick Csl film.

Photon Maximum FWHM [eV] Cutoff energy Photoemission
energy [eV] | energy [eV] [eV] threshold [eV]
2.84 0.13+.04 0.18+.08 0.68+.05 2.16
3.05 0.15+.04 0.24+.08 0.75+.05 2.30
3.38 0.18+.04 0.34+.08 0.92+.05 2.46
3.96 0.19+.04 0.44+.08 1.26+.05 2.70
4.9 0.20+.04 0.65+.08 2.17+.05 2.75

Table 2.9: PES data of K-Cs-Sb photocathodes coated by 500A thick Csl film.
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We simulated the photoelectron energy distribution using our model. For this purpose we
used as an input, for each photon energy, the energy distribution measured for the 50A
coatings corrected for the energy loss due to the electron affinity (eq. 2.6). This has the
advantage that it already includes the effects due to transport through the interface, which we
cannot treat rigorously. The number of simulated events was 10° resulting in a negligible
statistical uncertainty of a few tenths of a percent for the peak position and the FWHM of a
calculated electron energy distribution.

The effect of varying the electron affinity on the electron energy distribution was
investigated. Figure 2.30 shows the energy distribution induced by 3.38eV photons, from a K-
Cs-Sb photocathode coated with 50nm Csl film. As the input energy distribution was
modified due to the variation in the electron affinity (equation 2.5), the calculated energy
distribution was influenced as well. One can see that a 0.1eV shift in the electron affinity
shifts the peak position by 0.1eV.

1000 F———

. /\L\ T T T T ]
900 1 /7 /5 K-Cs-Sb/Csl (500A) T
sool [\ )
200] -~ E,=0.1eV
600 | ,; ! E,=0.2eV |
E,=0.3eV
500 |- | 0\ ]

400 | | FA i

Intensity [a.u.]

300 |/ " -
200 H 5O\ i

100 | \ ]

0 L 1 L 1 L 1 L - T L
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Kinetic energy [eV]

Fig. 2.30: Normalized photoelectron energy distributions from K-Cs-Sb photocathode coated
with 500A thick Csl film induced by 3.38eV photons calculated for different electron affinity
values.

Varying the value of V, (see figure 2.10) between -1.5eV and 1.5eV resulted in no
fluctuation in the peak position or the FWHM of the electron energy distribution.

We simulated the photoelectron energy distributions for 350A CsBr coating and for
250A and 500A thick Csl coatings. The input, calculated and measured distributions for CsBr
and for 250A thick Csl coatings, induced by 3.96eV photons are shown in figure 2.31. There
is a good agreement between the measured and simulated distributions, indicating the validity
of our model.
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Fig. 2.31: Simulation and experimental normalized photoelectron energy distribution from K-
Cs-Sh photocathode coated with a) 350A thick CsBr and b) 250A thick Csl films, induced by
3.96eV photons. The input energy distributions are shown as well.

Figures 2.32 - 2.34 show the peak position and the FWHM values of the calculated and
measured electron distributions from Csl- and CsBr-coated K-Cs-Sb photocathodes. The
simulated distributions for different energies show that the peak energy and the FWHM
values increase with the photon energy, in agreement with the experimental results. The
calculated FWHM is in good agreement with the experimental data and the peak energy is at
lower energy for CsBr coatings and at higher energies for Csl coatings compared to our
experimental data.

57



0.30 T T T T T T T T

0.25 |

0.20 |

0.15 |

0.10 | —=a— calculated

Peak posotion [eV]

~o- experiment

0.05 _
K-Cs-Sh/CsBr (350A)

0.00 . L . L . L . L .
2.5 3.0 3.5 4.0 4.5 5.0

Photon energy [eV]

60 —
0.55 | b)
0.50 [
0.45 [
0.40 [
0.35
0.30 |
0.25 [

FWHM[eV]

0.20 |- — = calculated

0.15 —-o-- experiment

0.10 | i
0.05 [ K-Cs-Sb/CsBr (350A)

000 I L ] L ] L ] L ] L
2.5 3.0 3.5 4.0 4.5 5.0

Photon energy [eV]

Fig. 2.32: Calculated and experimental data of a) the peak position and b) the FWHM value
of photoelectron energy distributions from a K-Cs-Sb photocathode coated with 350A thick
CsBr film, as a function of the photon energy.
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Fig. 2.33: Calculated and experimental data of a) the peak position and b) the FWHM value
of photoelectron energy distributions from K-Cs-Sb photocathodes coated with 2504 thick
Csl films, as a function of the photon energy.
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Fig. 2.34: Calculated and experimental data of a) the peak position and b) the FWHM value
of photoelectron energy distributions from K-Cs-Sh photocathodes coated with 5004 thick
Csl films, as a function of the photon energy.
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The discrepancy between experimental and calculated results may originate from an
inaccuracy in the photoelectron-input distribution. The measured photoelectron energy
distribution for 50A thick coating, which is the simulation-input distribution, does not
represent correctly the photoelectron energy distribution after 50A in thicker films because
both its roughness and its surface states effects are enhanced. The surface states influence on
the photoelectron transport through 50A thick coatings is much stronger than on thicker films.
This is due to the greater order in the thicker films. Their effect is of lowering the peak
energy. The film thickness is not uniform and at 50A and was shown to have discontinuities.
Since the photoelectron attenuation depends exponentially on the film thickness its thinner
parts dictate the effective thickness of the film. Therefore the roughness widens the
photoelectron energy distribution and increases the peak energy. This effect is negligible for
thicker coating films. It is speculated that for Csl, for which the XPS measurement of 50A
thick coating showed a clear trace of the underlying photocathode, the input distribution is
wider and its peak energy is higher than the true one, giving rise to the same distortion in the
output distribution. For CsBr, having a better coverage of the surface by a 50A thick film, the
effect of the surface roughness is smaller and it might be affected more strongly by surface
states, resulting in lowering of the input distribution peak energy.

Another possible reason for the discrepancy is that photons in this energy range give rise
to photoelectrons of a few tenths of eV. In this low electron energy range the validity of the
electron transport model is questionable, as already discussed in [48,76,77].

Since there is a certain inaccuracy in the coating film thickness, we investigated the
dependence of the electron energy distribution on the coating film thickness. We estimated
the error of our thickness measurement to be +5%. For the CsBr coating film, a variation of
+5% in the coating film did not affect the calculated distribution peak position while the
calculated FWHM decreases by approximately 5% for thicker films.

2.3.2.5 Stability in gaseous environment

CsBr, Csl and Nal coatings result in a dramatic increase of the alkali-antimonide
photocathode stability under exposure to oxygen. Figure 2.35 shows the evolution of the
absolute QE of bare and coated Cs-Sb and K-Cs-Sb photocathodes as a function of the
residual oxygen pressure inside the chamber. Each data point represents an exposure of a
photocathode, for 5 minutes, to oxygen at a known pressure, followed by quantum efficiency
measurement at 312nm, in vacuum. The bare photocathodes totally degrade after a 5 minutes
exposure to 10”°Torr of oxygen; while the Csl- and CsBr- coated K-Cs-Sb photocathodes
remain stable even when exposed to 150Torr, corresponding to the partial pressure of oxygen
in air. CsBr-coated Cs-Sb and Nal-coated K-Cs-Sh photocathodes display similar stability in
oxygen but a lower QE, and Csl- and Nal-coated Cs-Sb photocathodes have lower QE and
poorer stability. The QE of Csl-coated K-Cs-Sb photocathodes remains practically unchanged
even after a 1.5 hours exposure to 150Torr of oxygen, as shown in fig. 2.36.
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Fig. 2.35: The result of alkali-antimonide photocathode exposure to O,. Shown is the
absolute QE measured at 312nm of reflective K-Cs-Sh photocathodes: bare and coated with
335A thick CsBr, 225A thick Nal and 280A thick Csl films and of Cs-Sh photocathodes: bare
and coated with 280A thick Csl, 190A thick Nal and 315A thick CsBr films, as a function of
the residual oxygen pressure. Exposure time at each data point is 5 minutes, followed by a
QE measurement in vacuum.
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Fig. 2.36: Evolution of the QE of a K-Cs-Sb photocathode coated with 280A thick Csl film,
subjected to an exposure to 150 Torr of oxygen. Shown are the absolute QE spectra before
exposure and after different integral exposure times: 5 min, 25 min and 85 min
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Fig. 2.37: The results of photocathode exposure to O,. Shown is the absolute QE measured at
254nm and 437nm of reflective K-Cs-Sb photocathodes: bare and coated with 280A thick CsF
and of Cs-Sh photocathodes: bare and coated with 190A thick CsF, 125A thick HTC, 125A
thick CaSt and 35A thick NaF films, as a function of the residual oxygen pressure. Exposure
time at each data point is 5 minutes, followed by a QE measurement in vacuum.
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For the rest of the coating films, the photocathodes displayed smaller stability in oxygen.
Figure 2.37 shows the evolution of the absolute QE of Cs-Sb coated with CsF, NaF, HTC,
CaSt and SiO. CsF coated K-Cs-Sb and the bare photocathodes are shown as well. Most of
these coated photocathodes lost their sensitivity when exposed to oxygen pressures smaller
than 0.1Torr. The reasons for the protection capability of some materials and the lack of it in
others are not clear. For some coatings, such as NaF and SiO, the film may be too thin to form
a continuos layer. One should note that with the exception of CsF, the coating films resulting
in a successful protection are thicker than those that did not protect. In general, an improved
stability could be obtained by depositing thicker films of all materials, but the QE values
would be too low for any practical application.

The coating film thickness is a compromise between the need for efficient electron
transmission (high quantum efficiency), and the need for high stability when exposed to gas
impurities. Figure 2.38 shows the results of exposing bare and Csl-coated K-Cs-Sh
photocathodes to oxygen. The bare photocathode, with an initial quantum efficiency of 30%,
cannot withstand an exposure to even 10°Torr of oxygen. Coating the photocathode with a
225A thick Csl film results in a quantum efficiency of 10% and stability for up to 0.1Torr of
oxygen. A 280A thick Csl film coating results in a 4-5% quantum efficiency and a stability at
150Torr of oxygen up to an hour and a half. The optimal film thickness therefore depends on
the specific application for which the photocathode is required, on the gas purity (usually a
ppm level) and on the foreseen post-evaporation handling.
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Fig. 2.38: The evolution of the absolute quantum efficiency of K-Cs-Sb photocathodes
exposed to oxygen. Shown are the results of bare and coated photocathodes with 225A and
280A thick Csl films, as a function of the residual oxygen pressure. Each data point
represents 5 minutes of exposure to oxygen followed by quantum efficiency measurement in
vacuum.
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It is known that alkali-halide and alkali-antimonide films are particularly sensitive to
moisture. The results of exposing K-Cs-Sb photocathodes, coated with 335A thick CsBr and
280A thick Csl films, to water vapor are shown in figure 2.39. Each data point represents 5
minutes of exposure to water vapor at a given pressure, followed by quantum efficiency
measurement in vacuum. The water vapor pressure was measured using a residual gas
analyzer for low pressures, and a hygrometer for higher pressures. Both coated photocathodes
are completely degraded when exposed to 10°-10* Torr of water vapor. The difference
between the two is within the experimental error and thus insignificant. A possible
explanation for this degradation is the hygroscopic nature of CsBr and Csl. This is supported
by the results of a recent extensive SEM study of the surface morphology of alkali-halide
films [64]. It shows that uniformly evaporated CsBr and Csl films, a few tens of nm thick,
form clusters after being exposed to a humid environment. Such cluster forming of the
coating film exposes the underlying K-Cs-Sb photocathode to moisture, resulting in its
degradation
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Fig. 2.39: The evolution of the relative quantum efficiency of coated K-Cs-Sb photocathodes
exposed to water vapor. Shown are the results of photocathodes coated with 335A thick CsBr
and 280A thick Csl films, as a function of the residual water vapor pressure. Each data point
represents 5 minutes of exposure to water vapor, followed by quantum efficiency
measurement in vacuum, at a wavelength of 254nm.
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We also exposed CsBr-coated K-Cs-Sb and Nal-coated Cs-Sh photocathodes to ambient air
with water partial pressure of 10 Torr. Fig. 2.40 shows the result of exposing K-Cs-Sh
photocathodes coated with 335A of CsBr to ambient air for 5 minutes, had no effect on the
composite photocathode up to 0.1 Torr. However, exposing them to higher pressures resulted
in a fast decay in QE, probably due to moisture. Heating the photocathode in vacuum did not
restore the QE. A Cs-Sh photocathode coated with 195A thick Nal film was exposed for 5
minutes to 50Torr of oxygen and for 5 more minutes to 60Torr of air with a partial water
pressure of 1.1x10%Torr. A strong decrease n the QE was observed. However, the
photocathode recovered fully after heating in vacuum for a few hours. For some wavelengths
one could observe even an enhancement of the QE, the origin of which is not well
understood.
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Fig. 2.40: The evolution of the absolute quantum efficiency of K-Cs-Sh photocathodes coated
with 335A of CsBr, exposed to ambient air with water partial pressure of 10Torr, at different
photon wavelengths. Each data point represents 5 minutes of exposure to water vapor,
followed by quantum efficiency measurement in vacuum.
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2.3.2.6 Surface charging

The effects of high photon flux on the QE of CsBr-coated K-Cs-Sb photocathodes was
investigated. Surface charging was measured in latm. of methane at wavelength of 254nm
with photon flux between 2x10° and 3x10% photons/sec mm? A potential of +300V was
applied to the anode cylinder, located approximately 5mm away from the photocathode. The
results are shown in fig. 2.41. For photon flux of 2x10° photons/sec mm? practically no
charging was observed. For the unrealistically large flux of 3x10™ photons/sec mm? a
decrease of 10% in the photocurrent was measured in the first 5 seconds, followed by a
decrease of another 15% over half an hour. The photocurrent recovered within 15 minutes
after stopping the illumination. No charging was observed for bare K-Cs-Sb photocathodes,
even at the highest photon flux.
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Fig. 2.41: Charging up of a K-Cs-Sh photocathode coated with 335A of CsBr. Shown is the
relative photocurrent of the photocathode as a function of time for photon flux of 30, 8 and 2
GHz/mm?.
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2.3.2.7 Photon aging

Aging of the CsBr-coated K-Cs-Sb photocathode by photon impact was measured under
similaronditions, at wavelengths between 254 and 633nm at a photon flux of 3x10%
photons/sec mm?. Figure 2.42 shows the aging as a function of the number of accumulated
photons per mm% A QE decrease by 50% was measured after accumulating 6x10™
photons/mm?. No clear dependence of the aging on the photon flux or wavelength was
observed. To evaluate this degradation one could think of a critical application like
mammography or radiography requiring very high instantaneous X-ray flux. For instance,
with a scintillator coupled to a photocathode and a gaseous multiplier, the QE will decay by
10% after 10 photons/mm?, equivalent to about 10° radiographic images. It is interesting to
note that the QE of the bare photocathode remained unchanged after accumulating 3x10™
photons/mm?. Photon aging of thick and thin CsBr photocathodes was investigated in a
separate setup. A 300A thick CsBr, aged in the same conditions showed no degradation up to
10"ph/mm? [62]. The mechanism responsible for the aging process in alkali-halides,
discussed in the past by many authors [2,62,105] is being investigated. It may be related to
photolysis of CsBr or to ion displacement in the coating layer due to electron accumulation in
the interface between the photocathode and the coating film and in the coating film.
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Fig. 2.42: Aging by photons in a current collection mode (with no gain) at 254nm, under

photon flux of 3x10"° photons/sec mm? in 1 atm. CH,, of a K-Cs-Sh photocathode coated by a
335A thick CsBr film, as a function of the total number of accumulated photons per mm?.
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2.3.2.8 Gas multiplication.

The stability of operation of our composite photocathodes was investigated under gas
multiplication. The study was done in a parallel-plate multiplying geometry, in which all ions
hit the photocathode, in latm. of high purity methane. A positive voltage was applied to a
mesh electrode placed 1 mm away from the photocathode surface; the photocurrent was
recorded from the photocathode. Figure 2.43 shows a gas multiplication curve measured in a
parallel-plate mode, using a semitransparent K-Cs-Sh photocathode coated with a 335A thick
CsBr film. Stable gains of 10* and more were measured at 1 atm of methane for both CsBr-
and Csl-coated K-Cs-Sb photocathodes. The exponential behavior of the gain with the applied
potential indicates the absence of secondary effects.

Aging of photocathodes by back drifting avalanche ions could be one of the major
problems when coupling a photocathode to a gaseous electron multiplier. Therefore, a
detailed study of the long-term performance of the photocathodes under gas multiplication
should be performed. In the frame of this work only very preliminary results could be
obtained due to some technical difficulties. The measurements showed that the aging of a
photocathode coated by 280A Csl thick film is comparable to the known aging of Csl
photocathodes [2,62]. Ways of reducing and preventing ion aging and secondary photon
effects in gas avalanche photomultipliers will be discussed in chapter 4.
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Fig. 2.43: Absolute gain as a function of anode voltage of a 1 mm gap parallel plate gas
electron multiplier. The multiplier is at 1 atm of methane, coupled to a semitransparent K-Cs-
Sb photocathode coated with 335A thick CsBr film.
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2.3.3 Photocathodes with removable coating

We investigated a method, suggested by Sommer [106], for protecting alkali-antimonide
photocathodes, with removable coatings. The idea consists of coating the photocathode, after
production, with a protective film. The purpose is for transfer, installation in a detector or in
another instrument, or storage in gas or poor vacuum. The film can be later removed by
moderate heating in vacuum rendering the photocathode ready for use.

The coating material should be chemically inert with respect to the photocathode
substance and compatible with ultra high vacuum at room temperature. It should also
evaporate at a temperature below 130°-150°C, which is the limit of thermal stability of most
alkali-antimonide photocathodes. We used HTC, having a low sublimation point (120°C), as a
removable coating for Cs-Sh photocathodes.

Fig. 2.44 shows experimental data of the QE of a Cs-Sb photocathode under the cycle of
coating and removing 1.5um and 0.8um thick HTC films. The cycle includes HTC
deposition, melting by heating the photocathode to 80°C followed by cooling to room
temperature, exposure to oxygen and removal by heating to 140°-150°C. The melting process,
performed at a temperature lower than that required for evaporation, modifies some of the
film properties, making them more transparent to light and less permeable to gas. The QE of a
Cs-Sb photocathode coated with a 0.8um thick HTC film was reduced approximately by a
factor of 2 after exposure to 150 Torr of oxygen for 20 minutes. This may result in a QE of
the order of 10% in the 300-350nm spectral range after exposure to oxygen, compared to 5%
achieved for permanent coating. However, the problem of contamination of the vacuum
chamber during removal of the HTC film remains to be solved.

Thin film (200-650A) removal did not result in an appreciable degradation of the
photocathode emissive properties. However, for thicker films, HTC removal requires thermal
treatments lasting over 20 minutes thus degrading the photocathodes. Our results indicate that
the optimal thickness of the HTC coating should be kept between 0.15 and 0.8um, to assure
best protection capability. Thinner films do not fully cover the photocathode and thicker films
lose their protection capability, presumably due to cracking, induced by internal mechanical
stress and large temperature variation [107].

A more detailed discussion of the removable coating method and the experimental results
can be found in [86,108].
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Fig 2.44: Treatment of a Cs-Sb photocathode with thick HTC films. The QE values at 312 and
365nm measured for a bare photocathode before HTC coating and after its removal are
shown. The following treatments were applied: 1) initial Cs-Sb deposition, 2) coating with
1.5um thick HTC film, 3) HTC melting, 4) exposure to 25Torr of oxygen for 5min, 5) HTC
removal, 6) Coating with 0.8um thick HTC film, 7) HTC melting, 8)exposure to 150Torr of
oxygen for 20min, 9)HTC removal
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3.

Photocathodes for the UV range.

A related subject of research included in this work was the study of photoconverters in the
UV range. The investigations focussed on a search for robust, air-stable photocathodes
capable of operation in gas avalanche UV photomultipliers. Materials with wide band gap
such as Csl are preferable because they are “solar-blind”. Diamond and CsBr films may fulfill
those requirements and the main results are summarized in this chapter.

3.1. Diamonds films

CVD diamonds and diamond like carbon (DLC) films, are radiation hard and robust wide
band-gap materials, sensitive in the near-UV range. CVD diamonds prepared by Microwave
or Hot Filament Plasma [109], are polycrystalline with sp® (diamond like) bonds. DLC films
deposited by C ion implantation at very low energies [110] are amorphous and exhibit a
mixture of sp? (graphite-like) and sp® bonds. The DLC surface is rich with defects and is
characterized by an sp?rich layer, its thickness depends on the growth conditions. We
measured the photoemission properties of CVD diamonds and DLC films in order to
understand the effect of their preparation parameters and of surface treatments on the energy
band structure and to optimize the QE of these materials.

3.1.1 Experimental setup

We conceived two complementary experimental setups, operating in two wavelength
ranges: Vacuum UV (140-240nm) and near UV-to-visible (200-700nm), for the study of
photoemission from diamond and diamond-like films. The vacuum UV setup consists of a
vacuum-operated monochromator (Jobin-Yvon H20 VUV), with a 30W / MgF, window
deuterium lamp. The near-UV to visible setup is based on an air-operated double
monochromator (Oriel 77250) with a 1000W Xe lamp (Oriel 6269). Samples are mounted
within a vacuum chamber of 10°Torr. Photoelectrons induced by the impinging photons in
selected wavelengths induce a photocurrent that is recorded and normalized against calibrated
standards into an absolute QE. The calibration is verified in the overlapping range of the two
systems, 200-240nm. The dark current, permitting the measurement of absolute QE of 10™
and 2x10™ in the first and second setup, respectively limited the sensitivity.

3.1.2 QE spectra.

Figure 3.1 shows typical absolute QE spectra of two CVD diamond photocathodes and of
a DLC film (85% sp®) measured in 140-320nm spectral range. The QE of CVD diamond films
is about 20-50 times higher than that of DLC films. This may be related to the difference in
the structure of the layers, implying a difference in the energy bands and in the electron
transport properties.

The absolute QE values of different DLC films having 10-85% sp® bonds, of a CVD
diamond and of graphite, in 200-320nm spectral range are shown in figure 3.2. The QE of the
85% sp® DLC film is considerably higher than that of all the other DLC samples. However,
the small difference between the photoemission of the other DLC films, suggests that the
main factor determining their QE may not be the sp® fraction but the sprich surface layer.
More details on the photoemission of DLC films, which were abandoned by us as candidates
for UV photocathodes can be found in [111].
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3.1.3 Surface termination of CVD diamond films.

Considering the possible dependence of the CVD photoemission of the surface structure,
purity and chemical termination, we have studied the effect of different surface treatments,
attempting to achieve hydrogen, nitrogen and oxygen termination of CVD diamonds. For this
purpose we combined Auger electron spectroscopy (AES) surface analysis with
photoemission measurements. The best values of 12% QE at 140nm, were measured after
hydrogen plasma and are presented in figure 3.1. This process has two roles: on one hand it is
etching the remnants of graphitic material from the sample and on the other hand it is H-
terminating the surface. H-termination prevents surface reconstruction of the diamond,
providing low resistivity and often negative electron affinity. Although the measured QE is
inferior to the QE of other UV photocathodes, e.g. Csl (40% at 150nm [2]), it could be
interesting for applications where the efficiency can be scarified in favor of radiation hardness
and robustness. Storage of hydrogenated CVD diamonds under ambient conditions for several
days resulted in oxygen adsorption with a subsequent two-fold degradation of the
photoemission properties. The film reaches though a stable QE value of 6% at 150nm. The
original QE values were restored by re-hydrogenation. This work is summarized in [112-115].

3.2 CsBr photocathodes

CsBr is a solar-blind UV photocathode, investigated very little in the past [48,51,75]. Our
interest in it was raised by the successful protection of alkali-antimonide photocathodes by
their coating with 335A thick CsBr films. We therefore studied their photoemission properties
and their stability in ambient air and under gas multiplication. The results are presented in
detail in ref. [62]

3.2.1 Experimental setup

The experimental setup included a high vacuum (10Torr) evaporation chamber, coupled
to a vacuum-UV (140-240nm) monochromator equipped with a D, lamp, described in section
2.1.1. CsBr photocathodes were thermally evaporated, and their thickness was determined
using a quartz crystal thickness monitor. After the sample preparation, its absolute QE was
measured in situ, in a reflective mode, by the method described for diamond films. Some of
the samples were heated, in situ, to 70°C, with a built-in water heat exchanger.

3.2.2 Chemical composition.

XPS measurement was performed on a 2000A thick CsBr photocathode. The photocathode
was evaporated and transferred to the XPS facility under high vacuum, with no exposure to
air, as described in section 2.1.4. The surface was found to contain atomic concentration of
50% Cs, 39% Br, 2.5% O and 8%C. The Cs to Br ratio on the surface is 1.3. A possible
explanation to the excess of Cs is the induction of a photolysis effect by the x-rays, breaking
the ionic bonds between Cs and Br. Since Br has a low vapor pressure compared to Cs, it
evaporates, leaving the surface with an access of Cs. It is also possible that the thermal
evaporation of CsBr, breaking the ionic bonds results in the observed stoichiometry. Exposing
the photocathode to ambient air outside the vacuum chamber, for 10 minutes, did not change
its surface chemical composition.
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3.2.3 QE spectra.

The QE spectra of 300A and 5000A thick CsBr films are shown in figure 3.3. The
photoemission cutoff is approximately at 174nm, and the QE values measured at 150nm were
15% and 21% for the thin and thick photocathodes respectively. Heating the photocathodes to
70°C resulted in an enhancement in the QE that saturated after 4 and 6 hours for the thin and
thick photocathodes respectively. The heat treatment also shifted the red boundary to 190-
195nm. The best QE value measured after heat-enhancement reached 35% at 150nm. The
heat enhancement, previously observed on other photocathodes [116] may be the result of
removal of water from the surface, or more probably, due to bromine desorption during the
heating process [62].
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Fig. 3.3: Absolute QE spectra of CsBr photocathodes. a) 300A thick photocathode, as
deposited and after 2 and 4 hours at 70°C and b) 5000A thick photocathode as deposited and
after 3 and 6 hours at 70°C.
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3.2.4 Photoelectron energy spectroscopy.

Photoelectron energy distribution was measured by the method described in section 2.1.4.
Figure 3.4 shows the energy distribution induced by 4.9eV photons. The photoemission
threshold of CsBr, taken from ref. [62,63] is 7.3eV; therefore, the signal is probably emitted
from impurity levels located inside the energy gap. Due to the low electron yield, no
distribution was measured for 6.7eV. Exposing the photocathode to ambient air for 10
minutes did not change the energy distribution measured for 4.9eV photons (see fig. 3.4).
However, a small signal was measured at photon energy of 3.96eV, which was not present
before exposure to air.
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Fig. 3.4: Photoelectron energy distributions from a 2000A thick CsBr photocathode, induced
by 4.9eV photons. Shown are the normalized distributions from the photocathode as deposited
and after a 10min exposure to ambient air.

An interesting phenomenon was observed when exposing CsBr to x-ray illumination.
Figure 3.5 shows the photoelectron energy distribution, induced by 4.9eV photons, before and
after illumination of the photocathode for 10 sec, with 1.5keV x-rays. After the short
illumination the photoyield is 15 times larger than observed before illumination. This effect
decays rapidly on a scale of minutes, and then slower on a scale of hours until it reaches the
original intensity after 60 hours. We speculate that the x-rays created meta-stable impurity
levels by breaking the periodic structure of the photocathode. The photoemission at 4.9eV,
which is from impurity levels, was enhanced due to the higher density of states at the impurity
levels, and then decayed over a few hours as the density of the impurity states returned to its
original value.
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Fig. 3.5: Photoelectron energy distributions from a 2000A thick CsBr photocathode, induced
by 4.9eV photons. Shown are the distributions before and at different times after a 10sec
illumination of the photocathode by 1.5keV x-rays.

3.2.5 Stability in gaseous environment.

Air was introduced into the chamber, for different time periods, followed by QE
measurement in vacuum. It was observed that a short-term exposure (20 min) to air inside the
chamber does not deteriorate the QE value. However a 25% drop in QE was observed after 9
hours of exposure to humid air inside the chamber. The exposure of the same photocathode
for 40 minutes outside the chamber, resulted in a further 30% decay in QE. Extensive
scanning electron microscope (SEM) study of the surface morphology of CsBr [64] showed
that CsBr films, when exposed to humidity, undergo a drastic morphological transformation,
the small grains coalesce into large, separated grains. This is believed to cause the QE decay
in air, by the considerable reduction in surface-coverage.

3.2.6 Aging by photons and ions

Photon aging studies of thin (300A) and thick (5000A) CsBr photocathodes in vacuum and
in 1 atm. of CH,4 were carried out. The results are presented in fig. 3.6. 20% loss of QE in
vacuum was observed after ~10pC/mm? and in gas after more than 230uC/mm? and
130uC/mm? for the thin and thick photocathodes, respectively. This is in agreement with
results of photon aging of Csl [95], where aging in gas was considerably slower than in
vacuum. We hypothesize that the QE decay is caused by the photolysis process, whereby the
chemical bond between Cs and Br is broken and Br atoms are evaporate from the surface
leaving it rich with Cs. The process of Br evaporation should be considerably slowed down in
gas.
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Fig 3.6: Photon induced aging of CsBr photocathodes a) in vacuum, 5000A thick CsBr
photocathode, b) 1 atm. methane, 5000A thick CsBr photocathode and c) 1 atm. methane,
300A thick CsBr photocathode. Shown are the absolute QE spectra measured in vacuum
before and at the end of the aging test.

Aging by avalanche ions was investigated in 50Torr CH,, at gas gains of 10° and 10% in
parallel-plate avalanche mode. In general, thick photocathodes were more stable than thin
ones. Fig. 3.7 shows the results of aging of a thick and thin CsBr photocathode at gas gains of
10° and 10”. 20% loss of QE was observed at a gain of 10° after 13uC/mm? and 1.5uC/mm?
for thick and thin photocathodes respectively. The photocathodes aging at a gain of 10* was
much slower, and no aging was observed for the thick one. It is surprising that high gas gain
caused less aging than the low one. This phenomenon is not yet explained and further
investigations are required. Comparing CsBr to Csl ion aging, shows that for low gas gain Csl
is more stable while for higher gas gains CsBr is aging far less than Csl.
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4. Gas avalanche electron multipliers

As discussed in section 1.2.1, the type of electron multiplier coupled to the photocathode
plays a crucial role. On one hand it should provide high gain and permit good electron
extraction efficiency, in order to efficiently detect single photons and on the other hand, its
operation mode should prevent an accelerated degradation of the photocathode and limit its
exposure to avalanche generated, photon- and ion-feedback effects. In addition, the
photoelectron extraction efficiency strongly depends on the counting gas and on the electric
field at the photocathode vicinity due to electron back-scattering process [43]. A high electric
field increases the electron extraction efficiency, but it also increases the velocity of the back-
drifting ions, causing a faster degradation of the photocathode surface.

The worst choice for an electron multiplier would be the parallel-plate avalanche chamber,
where a high field is applied between the photocathode and a parallel anode electrode. Here
all avalanche-induced ions sputter the photocathode at high velocity. Multi-step avalanche
chambers, where the avalanche process occurs in successive parallel-grid elements, would be
a better choice; it offers very high gain and only a fraction of the avalanche ions return to the
photocathode [37]. Large-area Csl-based photon detectors generally employ multiwire
proportional chambers (MWPC) [3]. Here, the avalanche is limited to the vicinity of anode
wires and the ions have a high velocity only there; they slow down at the photocathode
region. Also, due to the field line distribution, only a fraction of the ions reach the
photocathode.

The recently developed micro-pattern gas avalanche electron multipliers [44] and the
GEM [45] are attractive for photocathode-based photon detectors because their combination
provides high gain, fast pulses and a considerably reduced ion-feedback to the photocathode.
The GEM may greatly reduce photon-feedback effect. Here we present the results of our
investigations, mostly of the very particular operation of these multipliers at low gas
pressures.

Operating a gaseous multiplier at low-pressure gas has a few advantages over the standard
operation at atmospheric pressure. Low gas pressure operation of the multipliers is
characterized by fast ion clearance from the avalanche region and large electron diffusion in
the avalanche. These considerably reduce space charge effects and allow reaching high
counting rates [117]. The expansion of the avalanche size due to the large diffusion at low gas
pressures also results in a larger number of electrodes on which a signal is induced. This
enables a more accurate interpolation of the charge distribution, leading to a better
localization resolution. The dependence of the gas amplification on the reduced electric field,
E/p [118], results in higher gains at low-pressure compared to standard atmospheric
conditions. However, the ions reaching the photocathode at low pressure are more energetic
and may therefore induce more damage to the photocathode [37].

4.1 Micro-pattern multipliers

The micro-pattern electron multipliers are composed of metal electrodes deposited on an
insulating substrate (glass or silicon) [44]. The electrodes may be shaped as alternating anode
and cathode strips as in fig 1.1 (micro-strip [119]), as dot-like anodes surrounded by a circular
cathode rings (micro-dot [120]), as cathode strips over-layered with thinner anode strips
(micro-gap [121]) or in other patterns. Fig. 4.1 shows a scheme of a micro-dot electron
multiplier. The typical size of an anode-cathode cell would be 100-200um and the anode
diameter would be less than 20um. In a photo-detector combining a photocathode and a
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micro-pattern electron multiplier, the electrons, emitted from the photocathode, drift towards
the micro-pattern electrode where they are multiplied. The avalanche ions are collected
partially by the patterned cathodes (see fig. 1.1), reducing the flux of ions back-drifting to the
photocathode and allowing for high counting rates. The ion reduction depends upon the
electric field configuration.
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buried anode readout bus (Al)

Fig. 4.1: A scheme of the micro-dot gas avalanche chamber and of a typical electrode layout
having 200.m pitch structure. The avalanche is taking place around small anode dots and
parts of the ions are collected at the cathode rings.

We operated the micro-strip and the micro-dot detectors at low pressures of 5-100Torr in
hydrocarbon gases [40,122,123]. Stable operation at gains of 10 and 10° were measured for
micro-strip and micro-dot detector equipped with a photocathode, respectively. The gain
could be a hundred times larger when the multiplication started in the drift region, under high
electric field, and was followed by multiplication at the micro-patterned electrode (see fig.
1.1).

Very large and fast (2-3nsec rise time) single-electron pulses were measured using a fast
current amplifier. In the case of a micro-dot multiplier, the pulses, shown in fig. 4.2, were
large enough to be recorded without an amplifier [123].

The fraction of back-drifting avalanche ions was measured for a micro-strip geometry
operated at different voltages and gas pressures. Increasing the anode-cathode strip potential
difference results in a decrease of the fraction of back-drifting ions because more ions are
collected at the cathode strips. Decreasing the gas pressure in the detector resulted in a
decrease in the fraction of back-drifting ions from 40% at atmospheric pressure to 20% and
10% at 50 and 10 Torr respectively [122].
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Fig. 4.2: Photographs of single electron pulse of micro-dot electron multiplier, recorded a)
after a fast (0.5 nsec rise time) amplifier and b) directly from the anodes on a 5042
impedance, at 60 Torr CsHg. The rise time is ~3nsec in both cases.

4.2 The Gas Electron Multiplier (GEM)

The GEM [45,124] could particularly suit our application due to its very special electrode
geometry. Figure 4.3, shows a scheme of a GEM. It consists of an array of small (50-100um
in diameter) apertures in a metal-coated 50um thick, Kapton foil. A voltage difference
applied across the GEM electrodes leads to a strong dipole field inside the apertures.
Photoelectrons, extracted from the photocathode, are strongly focused into the GEM apertures
and undergo a multiplication; they are then transmitted to a further multiplication element
such as a micro-strip or a micro-dot electrodes.
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Fig. 4.3: The Gas Electron Multiplier. Shown are a) the GEM array of small apertures in a
cooper-coated kapton foil and b) the electric field lines in one aperture.

We operated GEM at gas pressures ranging from a few Torr to 1 atmosphere [125-127]. Fig.
4.4 shows GEM multiplication curves, measured at 40-400Torr using different gases. The
GEM gain was more than 10* at lower pressures and gains of 1000 could be achieved at the

83



higher-pressure range. The GEM can be employed as a preamplifiying element, preceding
another electron multiplier [124,125]. Some gain on the GEM will permit reducing the gain of
the following multiplication element, leading to more stable operation. Multi-stage multipliers
would allow for reaching higher gains, increasing the sensitivity to single electrons, as
discussed below.
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Fig 4.4: Gain curves as a function of the potential across the GEM, for different gases and
pressures.

We showed that inserting a GEM between the photocathode and another multiplying
element reduces the photon feedback, which limits the gain of photon detectors and distorts
the image [125]. At some electric field configurations, the GEM would also block a fraction
of the back-drifting avalanche ions. Both the photon- and the ion-feedback would be
decreased farther by cascading a few GEM elements, as is shown schematically in fig. 4.5
[41]. This detector, in which the GEMs are the only gas multiplication elements and the
readout is performed using a printed circuit board, reached high gains of 10° at atmospheric
pressure (see fig. 4.6) as well as very fast anode signals of a width of 15nsec [41].
Furthermore, such multi-GEM multiplication structure could operate in pure noble gases. Due
to the screening of photon feedback, gains above 10° were reached in pure argon [41].

By optimizing the electric fields above and below the GEM and by initiating a small pre-
amplification before the GEM, detection efficiency of 100% for single photoelectrons was
achieved [127]. It was demonstrated that the pre-amplification may improve the photoelectron
detection efficiency only if the lateral spread of the pre-amplified cluster is large compared to
the GEM's aperture pitch. Hence the electron diffusion plays a crucial role. The pre-
amplification at the photocathode-GEM gap is also beneficial for reaching full electron
extraction efficiency from the photocathode, as the electron back-scattering to the
photocathode is practically eliminated [43]. We have recently sealed a Csl-based gaseous
photomultiplier equipped with a 3-GEM element [128].
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5. Discussion

The results of this research work were discussed in detail in chapters 2-4. Here we will
present a concise discussion of the main processes and results.

This work aimed at the development of photocathodes to be employed in gaseous
photomultipliers in the UV-to-visible spectral range. Most important are photocathodes for
the imaging of visible light, which is the major subject of this research work. For this purpose
we coated alkali-antimonide photocathodes with thin dielectric protection films. The coated
photocathodes were investigated in terms of three related aspects:

= Surface and in-depth chemical composition.

. Quantum efficiency and stability in gaseous environment and under conditions
similar to those of a gaseous detector.

" Electron transport properties, including photoelectron energy distributions and

QE attenuation length.

Although we experimented with a wide variety of coating materials, including oxides (SiO),
organic molecules (n-CzH74: HTC, ([CH3(CH,)16C0OO0],Ca: CaSt) and alkali-halides (Nal,
Csl, CsBr, NaF, CsF), we focussed here on Csl and CsBr. These two films showed the best
results in terms of QE and stability of coated Cs-Sb and K-Cs-Sb photocathodes in gas
environment.

5.1 Visible photocathodes in gaseous detectors

The choice of the coating film thickness is a compromise between the need for an efficient
electron transmission (high QE), and the need for high stability when exposing the
photocathode to impurities in the counting gas. We showed that by varying the coating film
thickness, one could tailor the protection capability over a broad range of impurity levels (fig.
2.38). This was verified by XPS measurements. Fig. 2.18 showed the diffusion of oxygen into
the photocathode when coated with thin (50A) protection films compared to thicker coatings
(250A) where oxygen did not reach the photocathode.

The thickness of the film needed for protection of the photocathode depends on the nature
of the film and on the state of the protected photocathode. The nature of the film includes its
electron transmission efficiency and its ability to stop oxygen and water molecules. The
protected Cs-Sh and K-Cs-Sh photocathodes consist of a mosaic of crystallites [57]. Since the
surface of such photocathodes is not smooth, the thickness of the coating film needed for
effective protection should exceed some threshold value. This value depends most likely, on
the crystallite size and on the smoothness of the photocathode surface.

The protection is reached at the expense of a reduction in quantum efficiency. However,
for Csl-coated K-Cs-Sbh photocathodes, very reasonable values of 5% to 10% at a wavelength
of 312nm were reached with respective protection capabilities to 150Torr and 0.1Torr of
oxygen (figs. 2.35 ,2.36, 2.38). This should be compared to earlier works by Peskov et al.
[6,7], coating Cs-Sh photocathodes with Csl films, resulting in a very low absolute QE of
0.15% at a wavelength 350nm, and by R. Enomoto. et al [129] who concluded that one cannot
protect a Cs-Sb photocathode by using a thin Csl film.

The coated photocathodes, though about 3-6 times less efficient than bare photocathodes,
when protected against high impurity levels, already have practical applications. Protection
against impurities at the ppm or sub-ppm level, typical to counting gases, may require thinner
protection films, hence higher QE values may be reached. Indeed we observed in fig. 2.15, as

86



was done previously by others [6,37,130,131], that filling the chamber with clean methane
and pumping it back to vacuum does not reduce the photocathode’s QE. However, it is
important to ensure that the detector and the filling system are clean and that the gas is of high
purity.

Alkali-halide films failed to protect the alkali-antimonide photocathodes against moisture
at pressures greater than 10”°Torr (fig. 2.39). Such protection may be achieved by coating the
photocathodes with other films, possibly water-repelling polymers [81,86,108], or with
double-film layers: the first protecting the photocathode from oxygen and the other from
humidity. The presence of moisture in ambient air limits the stability of air-exposed coated
photocathodes to 1Torr levels (fig. 2.40). The present levels of stability of coated
photocathodes in oxygen and moisture permit photocathode handling in nitrogen-flushed
glove box. This by itself is an important achievement, allowing for simple handling and
detector assembly.

Coupling a photocathode to a gaseous electron multiplier defines a set of requirements
concerning both the photocathode and the electron multiplier. While the photocathode should
be resistant to aging by high photon and avalanche-induced ion flux, the electron multiplier
geometry and operation mechanism are expected to have most avalanche ions collected away
from the photocathode, and a reduced photon-feedback to it.

The coated photocathodes undergo moderate aging (fig. 2.42) and charging up (fig. 2.41)
under intense illumination. In our estimation, this should not limit their use even at extreme
photon imaging conditions. Preliminary measurements of aging of coated photocathodes by
avalanche ions showed that it is comparable to that of Csl. This could be a crucial point, as
Edmends et al. reported severe damage to bare Cs-Sb photocathodes by back-drifting ions
[38]. Peskov et al. reported that coated Cs-Sb photocathodes are more stable than bare ones,
under gas avalanche conditions [7]. It should be remarked that the ion-aging experiments
were carried out at the worst possible conditions, namely under parallel-plate multiplication at
low gas pressure. The aging data provide therefore an upper value. Much lower aging is
expected in adequate multiplication geometry.

Minimizing the flux of back-drifting avalanche ions, in order to decrease possible damage
by ion sputtering, is an important aspect in choosing the electron multiplication geometry.
Micro-pattern gas electron multipliers such as micro-strip, micro-gap and micro-dot are good
candidates. In such multipliers a large fraction of the avalanche ions is collected on the micro-
pattern electrode, limiting the photocathode damage. Inserting the newly developed GEM
between the photocathode and the electron multiplier would also decrease the ion impact as
well as the photon feedback. It was recently shown that it is possible to reach a detection
efficiency of 100% for single photoelectrons in such geometry [127]. Studies of coated
photocathodes coupled to a GEM and a micro-pattern electron multiplier are in course. A very
promising possibility is multi-GEM configuration (fig 4.5, 4.6), in which high gains, fast
anode pulses and reduced ion- and photon-feedback were observed.

A work of special importance for the prospects of coupling a visible photocathode to a
GEM was recently presented by Buzuluztkov et al. [41]. The GEM was operated in noble
gases such as argon and neon and in gas mixtures of argon with xenon, neon, methane or
nitrogen. Very high gains, reaching 10° at atmospheric pressure, were observed when
cascading 3-4 GEM elements; pulses of 10ns width were recorded on the anodes. The
possibility of multiplication in a noble gas is the result of the strong electric field confined to
the small GEM holes, which effectively hinders photon-mediated secondary avalanches
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[132]. The inert noble gases could prevent the chemical aging of the photocathodes, thus
possibly allowing for their operation with no protection. However, there are still a few
problems that require clarification, such as ion-feedback and charging up of the GEM
electrodes. Moreover, the GEM is based on a kapton foil that outgases and therefore it may be
incompatible with bare visible photocathodes. A possible solution would be glass-made GEM
electrodes. Peskov et al recently proposed the use of a GEM-like micro channel plate (MCP)
structure for this purpose [133]. However, special low-resistivity glass has to be used as to
avoid charging up problems, particularly at high counting rates.

5.2 Electron transport properties.

Low-energy electron transport through thin alkali-halide films, used as protective coatings,
was studied, to provide better understanding of the operation of coated photocathodes. For
this purpose we considered the alkali-antimonide photocathodes as the source of electrons,
injected into the coating film. This was possible because of the transparency of the coating
film to the photons having energy smaller than the coating-film gap energy. The method of
photo-injecting electrons differs from standard photoemission studies as it involves injection
of electrons at a known depth and enables the study of electron scattering in the coating film
material, disregarding photon absorption coefficients. However, the injected electrons are not
mono-energetic. In this work, their energies were in the 0-4eV and 0-1.8eV ranges for 4.9eV
and 2.85eV photons respectively. This method was used successfully by others such as
DiStefano et al. [71] who studied hot-electron scattering in Csl, by photo-injecting electrons
from copper and gold photocathodes. Buzulutskov et al. [68] coated Csl and Cul
photocathodes with numerous alkali-halides, alkali-earth halides, oxides and organic films in
order to study very low energy (~1eV) electron transport properties.

Coating a photocathode with a thin film results in the creation of a potential barrier
between them. This was demonstrated by the attenuation of the photoyield caused by the first
few tens of Angstroms of coating (fig. 2.21), which was also observed for other interfaces
[68]. It could be speculated that this strong initial attenuation in photoyield represents the
fraction of coated surface before full surface coverage is achieved. Indeed XPS measurements
showed that up to a 50A thick coating, there is no full coverage of the underlying
photocathode. However, the observed attenuation is more drastic than expected from the
geometrical factor of surface coverage. Moreover, the dependence of the attenuation over the
first 10-50A thick layer on the photon energy shows that it represents the creation of a
potential barrier.

A model developed in our group [76,48], describing low-energy electron transport in
alkali-halides, was modified in the framework of this thesis to include the role of the
photocathode-coating film interface. The interface was roughly approximated by a step
function, neglecting possible diffusion of elements between the photocathode and the coating
film. The model treats the coating film as an ideal monocrystal, disregarding impurities and
its polycrystalline structure, which could have an effect on low-energy electron transport.
Monte-Carlo simulations, based on this model were carried out, calculating QE attenuation
length and photoelectron energy distributions.

It was found that in order to obtain good agreement between measured and calculated
results, the model had to include the possibility of electrons traversing the photocathode-
coating film interface several times. Each step of interface-crossing back and forth involves a
fixed energy loss, used as a free parameter of the model. The best value for the energy-loss
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parameter was found to be 0.2eV, by minimizing the difference between calculated and
experimental QE attenuation length.

It is known [64] that a few hundred Angstroms thick alkali-halide films exhibit a
morphology of crystellites having a diameter of a few hundred angstroms. In the low energy
range of a few eV, the de Broglie wavelength of the transported electrons is of the order of
magnitude of a few tens of Angstroms and is thus only one order of magnitude smaller than
the typical size of evaporated crystallites. The single-crystal approach for the electron
transport, adopted in our model and shown previously to be successful [48,77], is therefore
only partially justified in this case. Indeed, the calculated QE attenuation length values are
larger than the measured ones. This was explained in section 2.3.2.3 by the trapping of
photoelectrons at the interfaces between the crystellites that was not taken into account in our
model. This trapping would affect more strongly the very low-energy electrons and would
result in shorter QE attenuation length for low energy photons, (2.84, 3.05eV) for which the
photoelectron energies vary in the 0-2eV range.

We also measured the photoelectron energy distributions for Csl and CsBr coatings of K-
Cs-Sb varying both the photon energy and the coating-film thickness. To the best of our
knowledge this was never done before. The model was verified by comparing experimental
and calculated photoelectron energy distributions, varying the coating material (Csl, CsBr),
photon energy (2.85eV, 3.05eV, 3.38eV, 3.96eV and 4.9eV) and film thickness (50A, 250A,
350A and 500A). Since there is only one free parameter in the model, the good agreement
found between measurements and calculations is a good indication of the model validity.

The small discrepancy between experimental and calculated photoelectron energy
distributions, presented in figs. 2.31-2.34, may be the result of an inaccurate photoelectron-
input distribution. This was explained in detail in section 2.3.2.4. The measured photoelectron
energy distribution for 50A thick coating, which is the simulation-input distribution, suffers
from strong influence of surface states and roughness. These affect the 50A thick coating
much more than the thicker films, due to the greater order and full surface coverage in the
thicker films. As a result, the input distributions are distorted and the calculated photoelectron
energy distributions are distorted in the same way.

The photoelectron energy distributions measured for thicker coatings are narrower and the
peak positions are at lower energies than that of thinner coatings (fig. 2.29). Both effects are
more pronounced for the more energetic photons, suggesting that the CsBr and Csl films have
larger attenuation for more energetic electrons. The mean-free-path between phonon-electron
scattering has a maximum at approximately 0.5eV and for higher energies it is dominant by
the mean-free-path for acoustical phonon-electron interactions. As a result, the more energetic
electrons have more frequent interactions, mostly with acoustic phonons that involve isotropic
electron angular deflection. The shorter mean-free-path and the isotropic angular deflection
result in the observed larger attenuation for more energetic electrons.

The threshold energy for photoemission from the coated photocathode was extracted from
the photoelectron energy distributions. The values are 2.0+0.15eV 350A for a thick CsBr
coating and 2.25+0.1eV and 2.5+0.2eV for 250A and 500A thick Csl coating films. In the
case of Csl, the thinner, 50A thick coating film, has lower threshold energy value of
2.07+0.06eV; it is probably due to the fact that we did not observe full coverage of the
underlying photocathode. For the CsBr coating, in which better coverage of the K-Cs-Sb
photocathode was observed for 50A thick films, the photoemission threshold energy is
1.97+0.08eV.
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One important conclusion of this work is that the electron transport and therefore, the QE
attenuation length and the photoelectron energy distributions, depend both on the
photocathode and on the coating film. This is due to the influence of the photocathode-
coating film interface and to the fact that the structure and surface of the underlying layer
affect the structure of very thin coating films. The dependence on the photocathode is
expected to be smaller for thicker coating films.

Taft et al. [51,72] observed the onset of a two-electron cascade between 4 and 4.9¢V in K-
Cs-Sb and in Cs-Sh. This results in more electrons of low energy, photo-injected into the
coating film when illuminating the photocathode by 4.9eV photons compared to lower
energies. The maximum observed for the QE attenuation length at a photon energy of 4eV
(fig. 2.24) corresponds to the most energetic photoelectrons emitted from the photocathode.
The two-electron cascade also influences the photoelectron distribution shape shown in fig.
2.29. The peak position of photoelectrons induced by 4.9eV photons is not at a larger energy
than that induced by 3.96eV. It is also clear that the shape of the photoelectron distribution
induced by 4.9eV photons is different from the shape induced by lower energy photons.

5.3 UV photocathodes

In the UV spectral range, the properties of DLC and CVD diamond films and that of CsBr
were examined in detail. DLC films have both sp? and sp® carbon bonds, while CVD diamond
films have only sp® bonds. It was found that carbon sp? configuration (graphite) strongly
attenuates the absolute QE values. This is due to the electronic band structure of the graphite,
considered as a semimetal. Semimetals are defined as metals having carrier concentration of
several orders of magnitude lower than typical metals [134]. As a result, the photoelectrons
energy is sufficient to excite secondary electrons in the graphite, each having a lower energy
than the original photoelectron. There is a large probability that the low-energy secondary
electrons will not have sufficient energy to escape into the vacuum. DLC films, even with
high sp3 concentration were found to have QE values that are too low for any practical
application, probably due to the graphite-rich surface layer.

On the other hand, CVD diamond films have reasonable QE and they are chemically
stable. Surface treatment of these films by hydrogen plasma, discussed in section 3.1.3,
increased their QE by two-fold, to values above 12%. Oxygen termination, on the contrary,
was found to cause a strong QE decrease. Indeed the QE of a hydrogenated CVD film, stored
in ambient air, decreased due to oxygen adsorption on the surface. To the best of our
knowledge, it is the first time that photoemission from CVD diamond films was found to have
long-term instability in air.

CVD diamond films could be attractive photocathodes for applications requiring moderate
efficiency, radiation hardness and robustness, also at high temperatures. Indeed vacuum
photomultipliers, consisting of CVD diamond photocathodes recently became commercially
available.

CsBr solar blind photocathodes have a photoemission cutoff at approximately 174nm. The
absolute QE values measured in reflective mode at 150nm were 15% and 21% for 300A and
5000A thick photocathodes, respectively. The increase in QE for thicker films is attributed to
an increased photon absorption at thicker films. Post-evaporation heating of the
photocathodes to 70°C for a few hours resulted in a decrease in the photoemission cutoff by
0.7eV and a substantial enhancement of the QE value for all photon energies (35% at 150nm).
Possible explanations for the heat enhancement are the removal of water or bromine
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desorption from the surface, the latter resulting in a Cs-rich surface. Cs-rich surfaces are
known to enhance the QE due to the creation of strong band bending at the surface. The latter
explanation is supported by XPS measurements characterizing the surface of the
photocathode in which the Cs-to-Br ratio was found to be 1.3. It is also well known that the
vapor pressure of Br is much higher than that of Cs [102].

Photoemission from impurity levels is an important process in CsBr photocathodes. This
was clearly observed in the photoelectron energy distributions of heat-treated photocathodes
induced by 4.9eV photons. The energy gap of CsBr is approximately 7eV [76], therefore,
these electrons were emitted from impurity levels. It is possible that heating the photocathode
creates impurity states that give rise to an increase in the total photoemission and a shift in the
red boundary cutoff.

After a short illumination of the photocathode by 1.5KeV photons, the photoyield
increased by a factor of 15! This increase in the photoyield slowly decayed until it reached the
original intensity. We hypothesized the creation of meta-stable impurity levels during the x-
ray illumination. This effect, which was observed by other groups [135], should be
investigated in detail.

Exposing CsBr photocathodes to air for 20 minutes did not degrade the photocathode QE.
This is important for applications in which the photocathode preparation and the detector
assembly take place at different locations. Longer exposures for a few hours, resulted in up to
50% decrease in QE. It is known that such long exposures induce a morphological
transformation in the photocathode, resulting in a reduction in the surface-coverage [64]. The
photocathode stability under high photon and ion flux was measured. The results are
comparable to those of Csl photocathodes [2], therefore, we do not anticipate that this would
limit their use.

To conclude, CsBr may be an efficient solar blind photocathode and can operate in both
vacuum and gas avalanche photomultipliers.

5.4 Applications and future investigations

We showed that the coating of alkali-antimonide photocathodes, by thin alkali-halide films
might permit, for the first time, the operation of a visible photocathode in a gaseous
environment. This is an important step towards large-area fast detectors for imaging visible
light.

Such fast, large area gas avalanche imaging detectors, sensitive in the UV-to-visible
spectral range, capable of operation at repetition rates superior to a MHz/mm? and under high
magnetic fields can be used in scintillation calorimetry, scintillating fiber trackers and large
medical imaging detectors.

The development of a new gaseous photon detector for two-dimensional digital x-ray
imaging for mammography is in course. The research work is done in the framework of a
European Community collaboration involving: Agfa Gevaert-Antwerpen, Electron Tubes-
London, INFN-Pisa, IMEC-Louvain, Vrije University-Brussels and our group [136]. A
scheme of the proposed x-ray imaging detector and a picture of the photon detector are shown
in figures 5.1 and 5.2. X-ray photons transmitted through tissue are absorbed in an erasable
phosphor film creating meta-stable states. Illuminating the phosphor with a red light laser
results in the decay of these states and the emission of photons in the blue spectral range.
These photons are detected by an alkali-antimonide photocathode coupled to a micro-strip
gaseous electron multiplier (see section 4.1) operated at 1 atm. of methane. This x-ray
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imaging detector is expected to be faster and have an improved contrast compared to present
mammaography techniques.

Our group contributed in the development of the gas-stable visible photocathodes and their
sealing technique to a package containing the electron multiplier. Figure 5.2 is a picture of a
photocathode sealed to such a detector package. The sealing is done by means of hot indium
deposited on the circumference of the photocathode and the package.

laser Visible light photocathode
\ ¥
\‘\)" e_
— 1/]/=~
—>
X-rays \')
object 2D image
L (real time)
fast phosphor Gas electron
multiplier

Fig. 5.1: A scheme of a 2D digital x-ray mammography imaging detector. X-ray photons,
traversing the object produce a latent image on an erasable phosphor. Laser illumination of
the phosphor induces the emission of visible light, which is transformed into photoelectrons in
a visible photocathode. The photocathode is located within a gas avalanche electron
multiplier (here a micro-strip detector), providing after multiplication fast 2D images of the
irradiated object.

2 i

Fig. 5.2: A picture of the sealed position-sensitive gas avalanche photomultiplier developed
within this work. The window is gold-evaporated on the circumference, and the photocathode
is evaporated on its central part. This particular detector contains a 3-GEM multiplier
coupled to a Csl photomultiplier.
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Another possible application could be in RICH (Ring Imaging Cherenkov) detectors. The
Csl- and CsBr-coated K-Cs-Sb photocathodes offer a spectral sensitivity over a wider energy
range (cutoff at 2.8eV) compared to TMAE or to Csl UV-photocathodes. This could be useful
when applying them to RICH devices used for particle identification in particle and
astroparticle physics, provided higher QE values could be reached. The RICH detector
response parameter, Ny, is defined as:

o
(5.1) N, = hcj(QE T-R)dE

where a is the electromagnetic fine structure, T is the detectors window transmission and R is
the detectors reflectivity (mirror and radiator) [137]. For a radiator reflectivity coefficient of
1, a quartz window with transmission coefficient of 0.9 and a mirror reflectivity coefficient of
0.9 (all coefficients are energy averaged), N, calculated for a K-Cs-Sbh photocathode coated
with 280A and 225A thick Csl films is 50 and 70 cm™ respectively. This is a low value
compared to No=137cm™ calculated for TMAE-based detectors, but of the same order as No=
80cm™, calculated for Csl-based detectors (these calculations were done with data from
reference [138]). Thinner coating films resulting in larger Np values may have sufficient
protection capability for practical applications.

Our results of coated photocathodes have triggered another application in the field of
laser-triggered intense electron sources used in RF cavities [8,139]. Cs,Te photocathodes,
often employed in such sources, are required to withstand relatively poor vacuum conditions
for long periods of time. Such photocathodes were recently coated with CsBr films and
showed no degradation over long periods of operation [8].
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6. Summary

This thesis work laid the foundations for extending the sensitivity of gaseous photon
detectors, currently successfully employed in the VUV range (140-220nm), towards the UV-
to-visible spectral range (300-450nm). The detection of light in this class of photon detectors
is based on the conversion of photons to electrons in a thin solid photocathode, followed by
the multiplication of the photoelectrons in a gaseous electron multiplier. These large-area, flat
detectors are sensitive down to a single photon level, with very good time and spatial
resolutions. The use of photocathodes eliminates time-jitter and parallax errors in localization.
The gaseous photomultiplier has very small sensitivity to magnetic fields compared to
vacuum-operated photon detectors. Due to the high chemical reactivity of alkali-antimonide
photocathodes, sensitive in this spectral range, no such detectors could be constructed so far.

We presented the main results of our search for new photocathodes to be used in gaseous
photomultipliers in the UV-to-visible spectral range. We investigated in detail the idea of
coating alkali-antimonide photocathodes by thin dielectric films, in order to protect them from
contamination by impurities present in counting gases. We systematically characterized the
photoemission properties of coated photocathodes by measuring their absolute quantum
efficiency (QE) spectra and photoelectron energy distributions. An important part of this work
was dedicated to the study of low-energy photoelectron transport properties in the
photocathode, the coating layers and through the interface between the two materials. XPS
was used to determine the chemical composition of the coated photocathodes and their
stability under exposure to counting gases, to high photon flux and under gas multiplication
conditions was examined.

We experimented, in two complex dedicated setups built within this thesis work, with a
wide variety of coating materials, including oxides, organic molecules and alkali-halides. The
best results, in terms of high QE values and good stability in gaseous environment, were
achieved with CsBr- and Csl-coated K-Cs-Sb photocathodes. We showed that by increasing
the coating film thickness we increase the stability of the photocathode in a gaseous
environment at the cost of reducing its QE. For Csl-coated K-Cs-Sb photocathodes, very
reasonable QE values of 5% to 10% at a wavelength of 312nm were reached with respective
protection capabilities to 150Torr and 0.1Torr of oxygen. Moderates aging and charging up
observed under intense illumination of the coated photocathodes are not expected to limit
their use.

We studied low-energy electron transport through alkali-halide coating films by measuring
the QE attenuation length and the photoelectron energy distributions. We observed that the
electron transport properties of the coated photocathode depend both on the photocathode and
on the coating film due to the different interface created between them for different materials.
The interface between the photocathode and the coating film, giving rise to a potential barrier,
is of prime importance for the low-energy electron transport and a large fraction of the
photoelectrons excited in the photocathode, are reflected or absorbed in the interface. For
coating films thicker than 50A the electron transport is dominated by the properties of the
coating film: a large energy gap and low impurities density would result in good electron
transport, while a small or negative electron affinity would increase the escape probability
into the vacuum.

A model developed in our group, describing the electron transport process as a sequence of
electron-phonon interactions, was modified to include the photocathode-coating film
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interface, approximated as a step function. The model includes the possibility of electrons
traversing the photocathode-coating film interface several times. This model was used to
calculate the QE attenuation length and the photoelectron energy distributions. The good
agreement between the experimental and calculated results validates this approach.

Some attention was given to CVD diamond and CsBr films, investigated as UV-
photocathodes. Their QE is inferior to presently used Csl UV-photocathodes. However, CVD
diamonds are relatively air-stable and radiation-hard and CsBr may be used as solar blind
photocathode.

Novel gas avalanche electron multipliers were investigated in operation modes suitable
for the application to gaseous photomultipliers. The most promising is the GEM, (Gas
Electron Multiplier). Excellent results showing high gain for single photoelectrons, reduced
ion- and photon-feedback and electron transmission efficiency of 100% were obtained.
Cascading a few GEM elements decreases even further the ion- and photon-feedback, which
permits stable operation in pure noble gases. This makes the multi-GEM a multiplier of
choice for gas avalanche photomultipliers.

This work is the first to show the plausibility of protecting photocathodes while
maintaining reasonable quantum efficiency values. This is a major step in the development
of gaseous photomultipliers for UV-to-visible light. The level of protection and quantum
efficiency values achieved in this work is of interest for applications in medical imaging and
particle physics.

Although this work greatly contributes to the development of gaseous photon detectors
for visible light, some issues remain to be investigated. The protection of photocathodes
against moisture may be achieved by using water-repelling polymers, possibly as a second
protection layer on top of oxygen-protected photocathode. A search for new protecting
materials, providing stability in both oxygen and moisture, and having large energy gap, small
electron affinity and full geometrical coverage of the photocathode surface is a challenge in
the field. The chemical composition of protected photocathodes, as well as the mechanism
responsible for successful protection should be investigated, to assist the search for new
protecting materials. The low-energy electron transport modeling may be extended to include
impurities, polycrystalline structures and other types of materials. The long-term operation of
photocathodes in an appropriate gaseous electron multiplier has to be studied systematically.
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