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A requirement for accelerator applications such as free electron lasers is a
high current, high quality electron beam. This is achieved using a photoinjector,
where a drive laser modulates the electron emission of a cathode in the presence of an
electric field. Current photocathodes are plagued with limited efficiency and short
lifetime, due to contamination or evaporation of a photosensitive surface layer. An
ideal photocathode would have high efficiency in the visible range, long lifetime, and
prompt emission. Cathodes with high efficiency typically have limited lifetime, and
vice versa. A potential solution is the dispenser cathode, where limited lifetime is
overcome by periodic in situ regeneration that restores the photosensitive surface.
This project prepares for fabrication of dispenser cathodes by studying the properties
of cesiated tungsten. A test facility was constructed and used to fabricate and test
cesiated tungsten cathodes, whose behavior closely agreed with recently developed

photoemission theory at the Naval Research Laboratory.
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Chapter 1: Introduction

1.1 Overview

Photocathodes have been used for decades in radiation detectors and imaging
tubes [1], but only recently have become a source for high brightness electron beams
[2]. In such applications, a photocathode is illuminated by a short laser pulse and the
ejected electrons are subjected to the accelerating gradient of a synchronized RF field.
A photocathode-based accelerator source is referred to as a photoinjector, the first of
which was developed at SLAC as a sourced of polarized electrons for particle physics
experiments.

The great advantage of using a photoinjector is the ability to modulate the
electron beam using a relatively simple drive laser. The beam is then rapidly
accelerated to relativistic energies, preserving its initial shape and quality. An
important characteristic of a photocathode is its quantum efficiency (QE) — the ratio
of emitted electrons to incident photons. Techniques for improving this figure are a
main topic of this project.

Traditional thermionic injectors, while simple and robust, are not capable of
producing beams of the requisite quality for many applications, such as free electron
lasers. In thermionic emission, a heated cathode emits low energy electrons in a gated
field which are then longitudinally compressed in sub-harmonic bunching cavities
prior to being accelerated to relativistic energies. This compression process degrades

the initial beam quality because nonlinear forces from space-charge and bunching



fields lead to emittance growth [3]. A photoinjector avoids this difficultly altogether

by producing the desired pulse shape directly at the cathode.

Drive Laser

\451 Electron Beam

— |-[/Cathode P>

Figure 1: Schematic of photoinjector

The quest has been to find the optimum photocathode for use in a practical
photoinjector. An ideal photocathode should have high quantum efficiency (QE), fast
temporal response, long lifetime, and minimal complexity [4]. Such cathodes do not
currently exist, and the accelerator community has struggled to find compromises
among these factors. In order to preserve practical drive laser requirements, a fast
photocathode with good quantum efficiency (>1%) in the visible or soft ultraviolet is
desired. Metal photocathodes such as copper exhibit long lifetime and fast response,
but have quite low quantum efficiency (<10™) due to their high optical reflectivity
and high workfunction. Semiconductor photocathodes have much better QE (on the

order of several percent) but are slow emitters and last less than a day in practical

vacuum situations (~107~") [4]. Lifetime is limited for various reasons, depending on



whether the cathode is metallic or semiconductor in nature, and depends on the
background pressure of the system.

This project focuses on understanding the photoemission process of cesiated
tungsten as a starting point for designing more complex cathode systems. Cesium and
other alkali metals are known to reduce the workfunction of the substrate onto which
they are evaporated. Qualitatively, this is due to the fact that the cesium atoms give
up their single valence electron and reside on the surface as a positive charge. The
effective dipole moment set up by these charges at the surface assists the electron in
crossing the barrier potential, leading to a lowered workfunction. The reduction in
workfunction is sufficient to allow some metals to perform reasonably well as
photoemitters in the green and blue regions of the optical spectrum. Desorption (and
chemical reactivity) of the photosensitive cesium layer, however, causes QE to
decrease with time because the layer is both leaving the surface and being poisoned
by contaminates. If this layer could be replenished in situ, then lifetime would be less
of a problem because a short rejuvenation period could restore the cathode’s
photosensitive layer. Such a cathode is termed a dispenser cathode. A theory to
account for the process of photoemission from cesiated metals has been developed at
the Naval Research Laboratory [5]. In a collaborative effort with NRL, this theory has
been compared with experimental results and found to agree exceedingly well.
Therefore, experimental methods outlined in this project, together with the NRL
theory, provide a sound starting point for the development of alkali-metal dispenser

cathode systems.



1.2 Historical Background

The photoelectric effect was discovered in 1887 by Hertz when he observed
that the distance across which a spark could be induced was increased when
ultraviolet light irradiated the negative electrode [6]. Hallwachs observed the same
effect by discharging negatively charged zinc electrodes with ultraviolet light (he
observed that positively charged electrodes could not be discharged in this manner).
Elster and Geitel then discovered in 1889 that visible light could produce noticeable
photoelectric effects in alkali metals [7]. After J. J. Thomson discovered the electron
in 1899, the photoelectric effect could be understood as electron emission induced by
electromagnetic radiation.

Measurements showed that photocurrent was linearly proportional to light
intensity and electron energy was proportional to frequency. These relationships
could not be explained via classical electromagnetic theory (which would predict that
increased intensity would lead to increasingly energetic photoelectrons). Einstein’s
response in 1905 was that this is a quantum mechanical effect where photons
impinging upon a surface are converted to free electrons, earning him the Nobel Prize
of 1921. The photoelectric effect, because of its contradiction with classical theory,
played a central role in the development of modern quantum mechanics. Einstein
stated that given incident light with frequency Vv, the maximum kinetic energy of an

ejected electron is given by:

%mvz =h—@ (1.1)



where @ is the workfunction of the material (i.e. the work that must be done to

liberate an electron). The energy of emitted electrons can be determined by measuring

the stopping potential V required to bring them to rest:

Kq=%mv2 (1.2)

Much of the work following Einstein was designed more to establish a body
of evidence for quantum theory than to actually expand photocathode technology.
Photocathodes during this period were mostly metallic and had very low quantum
efficiencies. It was not until the discovery of the “silver-oxygen-cesium” cathode in
1929 that interest in photoemission shifted from pure research to practical application
[8],[9]. Other complex photosensitive materials besides Ag-O-Cs were discovered
during the next decade through a process of intelligent guessing, but the specific
mechanism of photoemission in these materials was not understood until much later.

During the 1940’s, the emphasis shifted toward explaining photoemission in
terms of fundamental concepts and led to the realization that most promising
photosensitive compounds were semiconductors. As solid state physics grew rapidly
through the 40’s, 50’s, and ‘60’s, the concept of negative electron affinity (NEA)
surfaced and led to cathodes that outperformed those discovered empirically, at least

in terms of quantum efficiency.

1.3 Theory of Photoemission

The process of photoemission can be viewed as a three-step process consisting
of 1.) photon absorption, 2.) electron migration to the surface, and 3.) overcoming the

barrier potential [10]. This perspective allows photoemission to be related to



characteristics of the material, such as scattering coefficient, optical reflectivity, and
potential barrier height. Using this theory, the response times of existing cathodes can
be estimated and are found to cover a range of six orders of magnitude [11]. In
general, there is an inverse relationship between the response time of a photocathode
and its quantum efficiency.

Metals make very prompt emitters because electrons which can escape the
barrier are found very close to the surface, but the high optical reflectivity of metals
greatly limits their quantum efficiency because few photons are actually absorbed.
Semiconductors, however, are less reflective and less conductive, so more photons
are absorbed and are capable of escaping upon arriving at the surface. Because more
electrons can overcome the surface barrier in semiconductors, they tend to have
higher quantum efficiencies than metals. Since many electrons come from within the
bulk, however, their transit time to the surface lengthens the response time. For
accelerator applications, a fast temporal response is required so that the electron pulse
occupies only a small fraction of the RF phase. If this is not the case, then electrons
throughout the bunch experience different accelerating gradients and end up having a
spread of energies.

During the first fifty years of study on photoemission, it was considered a
surface, rather than bulk effect [11]. But the first monolayer can absorb at best 10%
of the incoming light [13] and if this were to account for the entire process, the
quantum efficiency could not exceed 0.001 for any material [1]. This is clearly not the
case, so photoemission in general must be considered an event involving both the

surface and the bulk. In modern literature, the term ‘surface’ is reserved for the literal



monomolecular layer of a material. A primary distinction between the various types
of photocathodes is the degree to which they can be considered metallic versus
semiconducting. It is useful to distinguish between these two cases. Using band
theory, metals are distinguished from insulators and semiconductors by the fact that,
at absolute zero, their conduction band remains partially full. Semiconductors, at

absolute zero, will have an empty conduction band separated by gap E, from a full

valence band. Thus, ideal semiconductors are perfect insulators at absolute zero, but
as temperature is increased some electrons are promoted to the conduction band
giving rise to conductivity. In context of photoemission, in order for an electron to
escape to vacuum, it must overcome not only the band gap but also the surface

potential barrier, given by the electron affinity £, .

1.3.1 Spicer’s Three Step Model

Step one in Spicer’s three step model is photon absorption. Because of the
characteristically high optical reflectivity in metals, the process of photon absorption
is inherently limited. Semiconductors are less reflective than metals and consequently
more incident photons are absorbed if their energy exceeds the bandgap [10].

Step two involves the process by which a photoelectron travels to the surface.
An electron which has absorbed a photon is considered a /ot electron because its
energy is higher than that of other electrons in thermal equilibrium. Any interactions
between this photoelectron and other electrons or the lattice will reduce the chances
of it arriving at the surface with sufficient energy to cross the barrier. Because of the
abundance of free electrons in metals, a photoelectron will undergo many collisions

with other electrons and rapidly thermalize. Only electrons excited within a few



atomic layers of the surface will arrive with sufficient energy to escape and contribute
to photoemission. In semiconductors, the dominant scattering mechanism is electron-
phonon interaction. The energy loss per lattice interaction is much less than the
energy loss per electron-electron interaction, so photoelectrons in semiconductors can
travel much further distances (compared to electrons in a metal) before reaching
thermal equilibrium. This means that for a given number of incident photons, more
photoelectrons will reach the surface with sufficient energy to cross the barrier
potential.

The third step in Spicer’s model involves the surface barrier. For metals, the
surface barrier is simply the workfunction. Photoelectrons excited within the metal
can only escape to vacuum if their energy upon arrival at the surface exceeds the

workfunction. The workfunction of most metals is rather high, as seen in Table 1.

Metal @(eV)
Silver 4.26
Copper 4.65
Molybdenum 4.37
Tungsten 4.65
Cesium 2.14

Table 1 Workfunctions of Various Metals.

As stated before, a photoelectron in a semiconductor can only cross the

surface barrier if it has energy equal to £, + E, . From this discussion it is obvious

that metals will have much lower quantum efficiencies than semiconductors, but will

have faster response times.



Because metal cathodes can tolerate high electric fields, an effect analogous to
the Schottky effect in thermionic emission can be used to effectively reduce the
workfunction and improve quantum efficiency. In RF guns, fields on the order of 50
MeV/m can be achieved. This can reduce the amount of energy needed by a
photoelectron to escape to the vacuum, causing a shift in the threshold wavelength
toward the red. It was found that the magnitude of the shift is roughly proportional to

the square root of the applied field [11].

1.4 Characteristics of Photocathodes

The relevant properties that characterize a photocathode are spectral response,
operational lifetime, temporal response, damage threshold, and transverse energy

spread (of emitted electrons). Each of these is discussed in turn.

1.4.1 Spectral Response

Spectral response refers to the manner in which quantum efficiency varies
with the frequency of incident light. Some photocathodes may operate over an entire
range of frequencies, while others perform best in the UV, for example. Copper and
cesium telluride respond only to ultraviolet, while potassium cesium antimonide and
cesiated metals can be operated in the visible spectrum. The best photoemitters have
quantum efficiencies approaching 50%, while typical values range from 0.001-10%.
The wide variation in quantum efficiencies is due to the events that occur as the
electron migrates to the surface of a photocathode, as discussed in the previous

section. The threshold wavelength corresponds to the lowest frequency of incoming



light with sufficient energy to overcome either the workfunction (in a metal) or the

bandgap plus the electron affinity (in a semiconductor), as shown in Figure 2.

Vacuum level Vacuum level
2
o)
¢ Workfunction @
EG .................................... E P
Semiconductor Metal

Figure 2: Band structure for semiconductors and metals

1.4.2 Lifetime

The operational lifetime of a photocathode depends largely on the vacuum in
which it operates. Several factors may contribute to limited lifetime, depending on the
type of cathode in question. For semiconductors, adsorbed surface films and surface
oxides tend to decrease quantum efficiency. The rate at which these films form
depends on the background pressure and composition. Ion back bombardment in DC
guns damages the cathode surface and degrades performance. For alkali-metal
systems such as cesiated tungsten, the photosensitive layer can desorb because of
localized heating or be damaged by the mechanisms described above. Certain
compounds such as water and carbon monoxide can “poison” the cathode, further
reducing its operational lifetime. Dispenser cathodes have an extended operational
lifetime because their photosensitive surface films can be rejuvenated to some extent

during a periodic reconditioning period.
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1.4.3 Response time

The response time of a photocathode depends upon the penetration depth of
incident photons. If photoelectrons are created deep within the bulk and have
sufficient energy to escape to vacuum upon arriving at the surface, then their transit
time determines the promptness of emission. Because the penetration depth for
photons in metals is shallow, photoelectrons are created only very near the surface.
Because they have only a miniscule distance to travel to the surface, they result in
prompt emission and can closely follow the short pulses (picoseconds) of a drive

laser.

1.4.4 Damage Threshold

Damage threshold refers to the maximum laser intensity a photocathode can
withstand without suffering damage to its surface. Cathodes that utilize surface films
to reduce workfunction are more delicate and will have lower damage thresholds than
bare metals. The damage mechanisms are usually localized heating or plasma
formation at the surface. Damage threshold is not considered a critical cathode

parameter because the intensity of most drive lasers is well beneath it.

1.4.5 Transverse Energy Spread

Cathodes with low workfunctions permit the generation of photoelectrons
with energies well above that required to escape to vacuum. Consequently, some of
these can suffer collisions and still escape, although with lower energy than those that
do not suffer collision. Because emitted electrons have a range of energies, a

transverse energy spread is imparted to the resulting beam. The variation, however, is
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on the order of an electron volt, so when the beam is accelerated to much higher

energies these small differences become less important. Only in applications with low

beam energy is transverse energy spread of the emitted electrons considered critical.
Characteristics of some commonly used cathodes, including metals and

semiconductors, are listed in Table 2.

Material A (nm) QE at A Lifetime Response Vacuum Max Field
Time (Torr) (MV/m)

Cs,Sb 527 4% T,<4h ~1 ps 107 > 20
Cs,Te 263 13%  7,,>100h ~3ps 107 >20
K,CsSb 527 8% T,<4h ~1 ps 107 > 20

Cu 266 1.4x10™  very long <ps 1077 > 100

Y 266 5%x107™ long <ps <107 ~100
Mg 266 6x10™ > 5000 h <ps 1077 ~20
Ba 337 0.1% 2 hr <ps <107’ ~50

Table 2: Characteristics of various photocathodes

1.5 Measuring Workfunction

The workfunction is a fundamental characteristic of metallic cathodes and
various experimental methods are employed to measure it. There are three ways

generally used: thermionic emission, photoemission, and contact potential difference.

1.5.1 Thermionic Emission

The energy required for an electron to escape to vacuum from a metal surface

can be obtained by making use of the Richardson equation:

—ep

[= AT (1.3)
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where T is the temperature, / is the current. If 7 /7 is plotted versus 1/T , the

resulting straight line is called the Richardson line [11] and its slope is @.

1.5.2 Photoemission Measurements

Fowler developed a theory in the 1930’s that predicts the shape of spectral
response curves in the threshold region [14], a so-called Fowler plot. By fitting such a
plot to an experimental curve, an exact value for workfunction can be obtained.
DuBridge extended this method such that the wavelength of incident light could be
held constant and the cathode temperature varied instead. The workfunction can then
be found by measuring the quantum efficiency as a function of temperature. A third
way to utilize photoemission to determine workfunction is to measure the maximum

velocity of emitted electrons using a retarding field and monochromatic light [15].

1.5.3 Contact Potential Difference

If two metals with different workfunctions are brought into contact, electrons
from the lower workfunction metal will migrate to the higher workfunction metal,
leaving the first metal positive and the other negative. This gives rise to a potential
difference at the contact surface equal to the difference of the workfunctions.
Therefore, if the workfunction of one metal is reliably known, that of another can be
found by measuring this contact potential difference (CPD). A common arrangement
is to direct an electron beam onto both a reference metal and one whose workfunction
is to be determined. If the current from each electrode is plotted with respect to the
voltage, the two curves are displaced relative to each other by an amount equal to the

difference of workfunctions [16]. Although this method seems experimentally simple,
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contamination of the reference metal can easily lead to erroneous results. And
because the thermionic method is useful only for metals with sufficiently high
melting points, the Fowler method is the most universally applicable method of

measuring the workfunction of a metal.

1.6 Effect of Surface Films on Workfunction

Surface films can greatly alter the photoemissive properties of a material and
can be used to fabricate more efficient photocathodes. The effect of a surface film on
the workfunction of a material depends upon the film composition and upon the
bonding mechanism involved. If the binding forces between the substrate and the film
are weak (i.e. Van der Waals bonds), then the effect of this film on the workfunction
is negligibly small [15]. Conversely, if there is a strong ionic character to the bond,
the resulting dipoles at the surface, depending on their polarity, either increase or
decrease the workfunction.

The precise relationship between the thickness of a surface film and the
workfunction of the substrate is very complicated and is a focal point of the research
at NRL [17]. It is widely observed that the thicknesses of interest to the properties of
photoemission are on the order of monolayers (usually less than a monolayer). This is
because the emission process occurs within a few hundred Angstroms of the surface
barrier. If the surface film were to have this same thickness, then the emission
properties observed would be those of the film itself, not of the substrate. Because
this project involves metallic cathodes, the discussion of surface films assumes a

metallic substrate.
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1.6.1 Non-metallic Surface Films

Except for the noble gases, some degree of ionic bonding will always occur
between the metal and a surface layer. Adsorbed layers of argon, for example, have
little or no effect on the metal’s workfunction because a surface dipole moment is not
created. Elements on the right hand side of the periodic table are electronegative and
as a surface film increase the workfunction of the metal. The opposite is true of films
formed from elements on the left of the periodic table: the positive charge assists the
escape of electrons from the surface and reduces the workfunction. Surface films of
oxygen on metals, for example, will increase the workfunction unless the resulting

oxide diffuses into the bulk and exposes new atomic layers of the metal [18].

1.6.2 Metallic Surface Films

Because alkali and alkali-earth metals form dipoles on the surface of metals
that facilitate photoemission, they are the most effective at reducing the
workfunction. This effect was observed by Langmuir [19] in his studies on the
thermionic emission of tungsten in a cesium vapor. He found that for a cesium
surface layer on tungsten, the resulting workfunction of the two materials was lower
than either of them taken individually. Subsequent experimentation has lead to much
controversy over the years as to what amount of cesium (or other alkali metal) is
optimal for workfunction reduction. It appears the experiments of Langmuir and
others, including this project, suggest that the workfunction reduction is greatest for
less than a monolayer of adsorbed cesium. The question becomes the definition of
what constitutes a monolayer (i.e. how many atoms are associated with a monolayer).

Even if a surface density of atoms is assumed or calculated, the microscopic surface
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area is difficult to determine for all but single crystals because polycrystalline metals
are microscopically irregular. In any case, Langmuir published an optimal coverage
factor of Cs on W at about 70%, which agrees with more recent work as well as the
experiment described in the next chapter.

In addition to an optimal coverage, another factor is directly correlated to the
workfunction: the difference between ionization energy of the alkali metal and the
workfunction of the substrate. If this difference is augmented, the workfunction is
reduced. Minimum workfunction values for Cs-W vary from 1.4 — 1.7 eV. Notice that
Cs has ionization energy of 3.87 eV, while W has a workfunction of 4.65 eV. The
difference between the two (0.78 eV) is greater, for example, than the corresponding
difference for the case of K and W. Consequently, a surface layer of potassium has
less of a workfunction reduction effect on tungsten than cesium does. Other

ionization energies are listed in Table 3.

Ionization
Metal Energy (eV)
Ba 5.19
Ca 6.09
Cs 3.87
K 4.16
Na 5.12

Table 3: Ionization energies for selected alkali metals

It is also reported that for single crystals, the extent to which the workfunction
is reduced depends upon which crystal face the alkali film is formed [15]. On single
crystals of tungsten, for example, the (100) face has a lower workfunction at

@=1.82eV than the (110) face with ¢=2.06eV [20]. Lastly, it is important to realize

that because cesium is so electropositive, it will have a workfunction-reducing effect
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on many metals. In the case of copper, cesium reduces the workfunction from 4.54

eV to 1.55 eV and for silver the reduction is from 4.62 eV to 1.55 eV [11].

1.6 Project Summary

This project details the following accomplishments:

Design and construction of a UHV cathode preparation chamber
Computer integration of instrumentation for data acquisition
Reproducible fabrication of cesiated tungsten photocathodes
Measurement of photocurrent to determine quantum efficiency (QE)
Close agreement of QE data to recently developed theory

Design and fabrication of prototype