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Abstract

Photoemission sources are essential for operation of high-power accelerators. The
successful operation of such electron accelerators demands the appropriate choice
of photocathode material that can produce low emittance electron beams with high
brilliance and high quantum efficiency. The time response of the cathode is also
an important factor for the accelerator applications, and the pulse response must
be within the longitudinal acceptance of the accelerator. Any part of the electron
bunch not contained in the longitudinal acceptance of the accelerator contributes
to a longitudinal halo which must be strictly minimized. The losses associated with
longitudinal halo result in induced accelerator component radioactivity and can
create background which masks the physics processes in the detectors. In the case
of the MESA accelerator, the maximum accepted pulse length is 200 ps. Therefore,
photocathodes capable of producing fast responses are desirable.
In addition, many accelerator systems require spin-polarized beams. In MESA,

beams of high spin-polarization are required for the precision measurements of
the electroweak mixing angle (P2). Generating the spin-polarized electron beam
can be achieved with GaAs-based photocathodes in negative electron affinity state.
The strained superlattices, in particular, increase the strain-induced splitting which
makes them superior sources of polarized electrons.
The present work is composed of two parts. First, investigating pulse responses

of the bulk GaAs as the quantum efficiency decays. The dependency of the pulse
shape on quantum efficiency over many orders of magnitude was observed. The
results showed that as the quantum efficiency dropped, the general trend was such
that the intensity of the halo decreased. At very low quantum efficiency (< 10−4 %),
when high-intensity illumination was needed, a surface photovoltage developed and
limited the extracted current due to space charge. The surface photovoltage effect
at the picosecond timescale was investigated in photoemission for the first time.
This characteristic can be approximated to a continuous pump-probe in which self-
modulation of the electron pulses at picosecond timescale is reached.
Second, the time response and polarization of the strained GaAs/GaAsP su-

perlattice was investigated in a time-resolved manner. In order to conduct the
polarization measurements, a Wien filter spin-rotator was built and commissioned.
The investigation delivered a pulse with a longitudinal halo in the order of 3×10−4

of the peak intensity. The results indicated that GaAs/GaAsP, when compared to
other superlattices, can be considered a better choice of cathode for investigations
in accelerator systems, in particular, for experiments with spin-polarized electron
beams such as the P2 experiment in MESA.
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1 Motivation and introduction

I want to know how God created this world. I
am not interested in this or that phenomenon,
I want to know God’s thoughts, the rest are
mere details.

— Albert Einstein

For decades, electron beams have been valuable tools for discovery science in
atomic, molecular, nuclear, and particle physics. In particular, electron beams are
an absolute necessity for all cutting-edge applications of electron accelerators. One
such example is the use of electron scattering to investigate the structure of nucleons
and atomic nuclei.
Electrons are elementary particles of the Standard Model. Through electromag-

netic interaction with nuclei, electron beams can extract information about the
internal structure of the target with high precision. Furthermore, electron, in ad-
dition to the typical intrinsic properties of charge and mass, carries spin. The
fascinating fact that electron spin, bound by nature, is quantized in two distinct
values that cannot occur simultaneously makes electrons an important tool in a
variety of fields of research. Spin has played a very significant role in nuclear and
high-energy physics, shedding a new light on understanding matter and funda-
mental interactions. In particular, beams of polarized electrons have been used to
perform parity-violating experiments and measurements of nucleon spin structure.
Future high-power accelerators such as EIC1, LHeC2, and MESA3 are novel tools

which use electron scattering to discover physics beyond the Standard Model and
unlock the secrets of the matter in the universe. The high-energy EIC will ex-
plore one of the four currently known fundamental forces of nature, the strong
nuclear force. The EIC will use polarized beams of electrons and ions to explore
the inner structure of the nucleus and obtain insight into the proton spin. LHeC
will be devoted to high-precision deep inelastic electron-proton and electron-ion
scattering measurements to study the substructure of the proton and the nuclei.
MESA, which is currently under construction at the Institute for Nuclear Physics in
Mainz [55], will use electron scattering for experiments such as the parity-violating
P2 experiment [19] and search for dark matter through the Mainz gas Internal
target eXperiment (MAGIX) [36].
1Electron-Ion Collider, Brookhaven National Lab, USA
2Large Hadron electron Collider, CERN, Switzerland
3Mainz Energy-recovering Superconducting Accelerator, Germany
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1 Motivation and introduction

1.1 Motivation
Development of the mentioned discovery investigations demand electron beams with
high luminosities. Luminosity is a physical quantity characterizing the performance
of a particle accelerator, defined as the ratio of the number of interactions (N) in
a certain time to the cross section of the interaction (σ) [52]:

L = 1
σ

dN
dt (1.1)

Luminosity describes the ability of an accelerator to produce the required number
of interactions. For a fixed target, the luminosity can be written as

L = Φρ l (1.2)
where Φ denotes the flux of the electron beam, and ρ and l are the density and

the length of the target, respectively.
The projected luminosity values for the P2 and MAGIX experiments in MESA are

approximately 1039 cm−2 s−1 [19] and 1035 cm−2 s−1 [106] , respectively. Achieving
such high luminosities requires an appropriate choice of photocathode material.
The P2 experiment demands a highly spin-polarized electron beam, while MAGIX
requires an unpolarized beam of high current up to 10 mA.
In addition, the time response of the cathode is an important factor for accelera-

tor applications. The pulse response of the cathode must be within the longitudinal
acceptance of the accelerator, which is typically a few picoseconds long. Any part of
the electron bunch not contained in the longitudinal acceptance of the accelerator
contributes to a longitudinal halo, referred to as an unwanted beam. Longitudi-
nal halo is a significant limiting factor in the performance of accelerators. The
longitudinal halo leads to degradation of the cathode lifetime. More importantly,
electrons confined in the longitudinal halo can collide with the vacuum tube and
cause damage to the machine and to the surroundings, by activation of the accel-
erator components. Furthermore, longitudinal halo can cause detector background
in the physics experiments to which the beam is delivered. Minimizing longitudi-
nal halo is particularly important in high-energy, high-intensity linear accelerators,
since the halo generated in the injector section propagates downstream and can
present tremendous harm.
In the case of MESA accelerator, the maximum accepted pulse length is FWHM =

200 ps. Photoelectrons which are emitted from the crystal after 200 ps are wasted
and contribute to longitudinal halo. Therefore, photocathodes capable of producing
fast responses are desirable.
For high-current experiments like MAGIX, semiconductor photocathodes are pre-

ferred to metallic cathodes since they have better optical absorption, resulting in
significantly higher quantum efficiency values. The GaAs photocathodes possess
a large bandgap, allowing creating a large negative electron affinity level4 which
4A negative electron affinity state is obtained when the vacuum level lies below the conduction
band minimum. A more detailed description follows in Chapter 2.
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1.2 MESA

makes them highly effective photoemitters. Electron beams with currents above
10mA can be produced with GaAs photocathodes if the quantum efficiency in the
infrared regime remains above 1% [42].
However, when quantum efficiency is low so that high-intensity illumination is

needed, a surface photovoltage5 develops and limits the current due to space charge,
see Section 5.7.1. In the context of this work, the surface photovoltage effect at
the picosecond timescale was investigated in photoemission for the first time6. This
characteristic exhibits achieving self-modulation of the electron pulse at the picosec-
ond scale, an effect which may have technical applications.
The surface photovoltage effect is a disadvantage of the GaAs photocathodes.

Unless this effect is mitigated, other types of cathodes such as multi-alkali com-
pounds are preferred for high-current applications.
In an investigation with InAlGaAs/GaAs superlattice, longitudinal halo in the

order of 10−2 compared to the peak intensity was observed [45]. The unique het-
erostructure of strained superlattices, such as GaAs/GaAsP, allow fast emission of
the photoelectrons with minimal tail. For this reason, in this study, the strained
GaAs/GaAsP superlattice was investigated at an excitation wavelength of 800 nm,
and for the first time, its pulse response in the tail region was measured with high
resolution.
Furthermore, the orderly band structure of GaAs-based cathodes makes them

an excellent source of spin-polarized beams. Introducing an axial strain, breaks
the symmetry of the GaAs crystalline structure and induces valence band splitting,
which results in higher polarization. More specifically, in strained GaAs/GaAsP
superlattice, the periodic active layer structure naturally increases the splitting of
the valence band, and thereby increases the strain-induced splitting. These distinct
features make the strained GaAs/GaAsP superlattice a superior source of polarized
electrons, allowing significantly higher polarization, above 85 %, compared to other
cathodes [73].

1.2 MESA
An overview of the MESA accelerator and its major components is illustrated in
Fig. 1.1. After the electron beam is generated, the beam is guided into the MESA
Low-energy Beam Apparatus (MELBA). MELBA serves as a diagnostic and ma-
nipulating station to examine the properties of the beam and prepare the beam
before it enters the 5 MeV injector station MAMBO, the Milli Ampere Booster.

MELBA consists of two Wien filters and a solenoid to rotate the spin of the elec-
trons prior to the P2 experiment. In addition, the apparatus has a chopper/buncher
system to adjust the longitudinal phase space of the electron bunch. The operat-

5Surface photovoltage refers to the state when excess electrons are accumulated at the surface
resulting in the reduction of the escape probability and suppressing the tail of the pulse response.
See the discussion in Chapter 5.

6To the best of our knowledge.
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1 Motivation and introduction

Figure 1.1: Overview of the MESA accelerator.

ing frequency of MESA is 1.3 GHz, which is equivalent to a period of 770 ps. The
chopper/buncher system will chop the unwanted beam halo and further compress
the bunch so that the electron bunch will fit the longitudinal acceptance of the
accelerator [24, 109].

After MAMBO, electrons are guided into the main accelerator section and, ac-
cording to the specific experiment, a mode of operation will be selected, and the
electrons energy is adjusted. MESA will operate in two modes:

External beam mode (EB): In this mode, a longitudinally spin-polarized beam
with a current of 150 µA and an energy of 155 MeV is generated and directed to the
parity-violating electron scattering experiment, P2 [19]. Another experiment in the
EB mode is the Beam Dump eXperiment (BDX). In BDX, the high-energy electron
beam is stopped in the beam dump, and through the interaction of the electrons
with a heavy nucleus, the dark photon can be produced and investigated [77].

Energy-recovery mode (ER): In this mode, MESA provides unpolarized beams
of 105 MeV energy and currents of 1 mA, with a further increase to 10 mA being
envisioned in a second stage. In this mode, electrons are returned to the accelerator
with a phase shift of 180°, and thus most of their kinetic energy is transferred to
the accelerating structure. MESA will use the ER mode for MAGIX in search of
the dark photon.

4



1.2 MESA

The main operating parameters for each of the two modes are summarized in
Table 1.1. The design parameters for the second stage of the ER-mode are shown
in parentheses.

Table 1.1: The main operating parameters of the MESA for each mode.

Parameter External Beam
(EB)

Energy-Recovery
(ER)

Energy 155MeV 105MeV
Average current 150 µA 1mA (10mA)
Spin polarization > 85 % No
Experiment P2 MAGIX
Target Liquid hydrogen Gaseous hydrogen
Investigation Weinberg angle Multi purpose

1.2.1 The P2 experiment

The purpose of the P2 experiment is a precise determination of the electroweak
mixing angle sin2(θW), known as the Weinberg angle, and a precision test of the
Standard Model and its predictions. The proton weak charge, QW(p), is related to
the Weinberg angle and is sensitive to small deviations of the Weinberg angle from
its predicted value.

QW(p) = 1− 4 sin2(θW) (1.3)

Since the Standard Model does not assign a specific numerical value to the elec-
troweak mixing angle, its value can be obtained only through experimental results.
The Large Electron Positron Collider, LEP [30] and Stanford Linear Accelerator
Center, SLAC [1], have attempted to determine the value of the Weinberg angle.
The measurements were conducted with high energy and momentum transfers in
the electron-positron scattering and yielded values which differ from each other
by more than three standard deviations. On the other hand, the low-momentum-
transfer determination of sin2(θW) delivered values with large uncertainties due to
the extremely small asymmetries.
While high-energy particle accelerators for example Conseil Européen pour la

Recherche Nucléaire (CERN), have been searching for new particles [32, 33], the
predicted deviations in the extensions of the Standard Model can be verified only
through precision experiments. The value of the electroweak mixing angle is sensi-
tive to the momentum transfer during the experiment. Therefore, a high-precision
low-momentum-transfer experiment, such as P2, is expected to offer a determina-
tion of the electroweak mixing angle with high accuracy and precision. The results
of the P2 experiment in MESA could be a decisive factor in either verifying the
prediction of the Standard Model and resolving the differences between the previous
measurements or leading to interesting New Physics.
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1 Motivation and introduction

In the P2 experiment, a polarized electron beam impinges on an unpolarized liq-
uid hydrogen target. The polarization of the electron beam is changed by switching
the helicity of the circularly polarized light with a frequency of 1 kHz (see Chapter
4).
The weak charge of the proton can be determined through a precision measure-

ment of the parity-violating asymmetry in the elastic collision of the electrons and
protons. Allowing dσ± to be the differential cross sections for the elastic scattering
of electrons with positive and negative helicity of protons, the asymmetry can be
written as

APV = dσ+ − dσ−
dσ+ + dσ− = −GFQ

2

4
√

2πα
[QW(p)− F (Q2)] (1.4)

where GF denotes the Fermi coupling, Q2 represents the momentum transfer,
α is the electromagnetic coupling, and F (Q2) describes the form factor contribu-
tion [19]. The parity-violating asymmetry of the scattered electrons, resulting from
the interference between the exchange of a photon and a Z-boson, can be calculated.

The source is expected to produce electron beams with polarization of approxi-
mately 90 % with an absolute accuracy of smaller than ∆P/P = 0.01 [19]. Since
extremely small asymmetries in the order of 10−8 are expected through the measure-
ment [19], choosing a photocathode capable of delivering the highest polarization
and minimizing any source of instrumental asymmetries resulting from the electron
beam or the measurement setup of the P2 experiment is of utmost importance.
The P2 experiment is the most demanding investigation requiring 11 000 h of

data taking.

1.2.2 The MAGIX experiment

The MAGIX experiment is designed for high precision electron-scattering experi-
ments such as search for invisible decays of the dark photon and precise determina-
tion of the proton charge radius. In order to increase the needed level of precision
for the measurement, electrons are scattered in a windowless thin gas-jet target.
Therefore, the effects from energy loss and multiple scattering are substantially
reduced compared to common fixed targets. By changing the gas flow, the target
density can be adjusted. Although the density of the gas target is lower than that
of a solid target, the required high luminosity for the MAGIX experiment can be
obtained by using a high-intensity electron beam with a current of up to 10mA, as
it is envisioned for the second stage. These precision experiments are achieved with
two high-resolution magnetic spectrometers and detectors. The spectrometers ro-
tate around the target and are equipped to track, detect, and identify the produced
particles [106].
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1.3 Structure of the work

1.3 Structure of the work
The goal of this project was to investigate the time responses of GaAs-based photo-
cathodes with a special focus on intensity-dependent self-modulation at the picosec-
ond timescale for the experiments at MESA. The structure of this dissertation is
as follows: Chapter 2 presents the fundamental characteristics of good photoemit-
ters. Important properties of GaAs-based crystals in photoemission and generating
polarized electrons by using strained superlattices are also described in this chap-
ter. The experimental setup and description of the most relevant elements for the
time response and polarization measurements are presented in Chapter 3. In Chap-
ter 4, the measuring principles and the preparatory measurements are described. In
Chapter 5, experimental results of the bulk GaAs with a special focus on the surface
photovoltage effect at high-intensity illumination are discussed. Chapter 6 focuses
on the results of the investigations of the pulse response and polarization of strained
GaAs/GaAsP superlattice. Finally, in Chapter 7, the results are summarized and
the conclusions and outlook of this project are given.

7





2 Physical theory
An electron beam is not commonly thought of as a usable item in everyday life,
however its impact on our lives is insurmountable. Electron beams are used in a
wide variety of scientific endeavours to include: electron accelerators, medical ther-
apy, aerospace, defense, and nuclear physics. Development of such investigations
is imperative in providing a deeper understanding of the relationship between the
structure and property in a wide range of materials. Performing many of these
scientific research experiments requires high-brightness electron sources.
The following chapter is dedicated to serve as an overview of the main physical

concepts pertaining to this research. After a brief description of different types
of electron emission, characteristic qualities of a good photoemitter for use in an
electron accelerator are discussed. Next, the principles of photoemission from the
GaAs photocathode are explained. The final section of this chapter is devoted to
describing the mechanism of generating spin-polarized electron beams, focusing on
the strained GaAs/GaAsP superlattice, as polarized electron beams are an essential
component of the investigations in MESA.

2.1 Photoemission
The chief principle in emitting electrons from a cathode is the ability to overcome
the potential barrier, referred to as work function. In a semiconductor, the work
function corresponds to the minimum amount of energy needed to remove an elec-
tron and is defined as the difference between the Fermi level and the vacuum level.
The work function will be further discussed in Section 2.3.
In the photoemission process electrons are generated through absorbing photons

of energies above the work function. With the advancement of laser technology
and photocathode design, extracting extremely bright electron beams with low
energy spread is possible while controlling the electron bunch length and the charge
distribution [15]. Photoemission-based sources have many applications in a variety
of research such as polarized electron beam for accelerators [4, 11], electron cooling
of hadron beams [20], and light sources based on energy recovery linacs (ERL) [48].

A variety of cathodes, such as GaAs, K2CsSb, Cs2Te, are commonly used in
many accelerator systems; however, the GaAs-based photocathodes are the stan-
dard electron emitters in many facilities to produce electron beams [11, 85, 111]. In
particular, GaAs cathodes are the most useful sources of polarized electrons. The
principle of the photoemission process of GaAs photocathodes, which are used in
this project, and generation of polarized electrons are explained in greater detail in
Sections 2.5 and 2.6.

9



2 Physical theory

2.2 Photoemitters

Photoemitters can be divided into two main groups, semiconductors and metals,
based on the band structures. In an ideal semiconductor, the valence bands and
conduction bands are separated by the forbidden gap with an energy Egap, while
in metals the valence bands overlap with the conduction bands. This fundamental
difference plays an important role in the photoemission process, affecting the pho-
ton absorption behavior, the energy loss mechanisms during the transport of the
electrons to the surface, and overcoming the surface potential barrier.
Compared to metals, semiconductors have lower work function and are able to

achieve significantly higher quantum efficiency. Therefore, for high-current accelera-
tor applications, semiconductor photocathodes are preferred to the metal cathodes,
see Section 2.3.1. Since the focus of this project is on semiconductors, metals are
not further discussed.

2.2.1 Effective electron affinity of semiconductors

The effective electron affinity, χeff, is defined as the energy difference between the
vacuum level, EV, and the conduction band minimum. If the vacuum energy level
at the surface lies below the minimum conduction band energy, the corresponding
χeff is negative, and the semiconductor is referred to as negative electron affinity
(NEA) photocathode. Typically, the state of negative electron affinity is achieved
through application of Cs and O2 (or NF3) on the p-doped surface, see Section 2.5.3.
GaAs : CsO, used in this project, is a prominent example of an NEA photocathode.

If the vacuum level is above the minimum conduction band, however, the χeff
assumes positive values, and the semiconductor is considered a positive electron
affinity (PEA) photocathode. K2CsSb (potassium cesium-antimonide) is an ex-
ample of a PEA photocathode. Fig. 2.1 demonstrates the schematic energy band
diagram for p-doped NEA and PEA photocathodes.
In the photoemission process, the effective electron affinity is a critical factor. If

χeff is low, photoexcited electrons require less energy to overcome the potential bar-
rier at the surface which enhances the electron yield. In an NEA photocathode, the
vacuum level is lower than the conduction band minimum; therefore, the photoex-
cited electrons effectively overcome the potential barrier and escape to the vacuum
even if they have lost all of their kinetic energy during the transport. However, in
a PEA cathode, only the electrons which have an energy above the vacuum level
after transporting to the surface can be emitted into the vacuum.
The NEA photocathodes have the advantage of delivering spin polarized elec-

tron beams. The use of circularly polarized light of energies slightly above the
bandgap allows for the generation of spin-polarized electrons in the photoemission
from NEA photocathodes, see Section 2.6 for further discussion. Presently, no al-
ternative to NEA-based photocathodes exists if spin-polarized beams are needed in
the experiment. On the other hand, the PEA photocathodes offer lower electron
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Figure 2.1: Schematic representation of energy band diagrams for a negative elec-
tron affinity cathode (on the left) and a positive electron affinity semi-
conductor (on the right). In the sketch, both types of cathodes are
p-doped. EF, EV, and EA represent Fermi level, vacuum energy, and
electron affinity, respectively.

energy spread. Thus, for high-brightness applications, the PEA photocathodes are
preferred to the NEA photocathodes.

2.3 Photocathode characteristics

In the experiments with the accelerator systems, the fundamental limiting factor in
high-brightness electron beam sources is the photocathode itself. Once the electrons
are emitted from the cathode, the intrinsic quality of the beam is fixed, allowing
only for manipulation of the beam. Selecting the optimum type of photocathode
in any area of research greatly depends on the applications and the requirements
of the electron beam. In the following sections, several qualitative characteristics
of photocathodes are discussed.

2.3.1 Quantum efficiency

Quantum efficiency, QE, determines the yield photocurrent and is defined as the
number of emitted electrons, Ne, per number of the incident photons, Nγ . QE
depends significantly on the photocathode material and the excitation wavelength
of the laser. Fig. 2.2 shows QE variations as a function of the laser wavelength for
most commonly used photocathode materials.
Figure 2.2 illustrates a prominent advantage of the GaAs photocathode, its ability

to deliver high QE for a wide range of exciting wavelengths. Routinely, semiconduc-
tor photocathodes deliver higher QE values than metal cathodes due to the better
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electron transport in semiconductors. QE can be determined experimentally by
measuring the incident laser power PL, the laser wavelength λL, and the emission
current I, by using equation

QE = Ne

Nγ
= hc

e

I

PLλL
(2.1)

where h is Planck’s constant, c is the velocity of light, and e is the charge of the
electron.
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Figure 2.2: QE as a function of the excitation wavelength for different photocathode
materials commonly used. Reproduced from [28].

QE is an important parameter representing the quality of the photocathode. QE
investigations can reveal substantial information about different properties of the
photocathode. Some examples include optical properties such as absorption length
(see Section 2.3.3 for detailed explanation), transport properties like scattering
mechanisms and relaxation time, and surface barrier properties such as electron
affinity and band structure of the semiconductors [78]. In general, to avoid high-
intensity laser drive, cathodes with QEs 1% or higher are desirable [39]. In polar-
ization measurements with polarized electrons, the measured QE directly impacts
the quality factor, QE · P 2, where P denotes the polarization.
It must be noted that the QE relationship as stated in Eq. (2.1), assumes that

the photocurrent is proportional to the laser power; in other words, the emission is
not limited by space charge. In Chapter 5, the effect of the space charge limit on
the photocurrent is discussed. Regardless of the type of the research, a high value
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of QE is desirable, and research has made paramount efforts in developing photo-
cathode materials capable of delivering a high QE. As an example, researches have
fabricated the strained superlattice (SSL) photocathodes with a thin active layer
of less than 100 nm. The findings pertaining to GaAsP/GaAs strained superlattice
cathodes studied in this work are presented in Chapter 6.

2.3.2 Lifetime
Yet another important factor in determining the quality of a photocathode is the
QE lifetime. QE lifetime indicates the robustness of the cathode to withstand any
considerable degradation in the system. The cathode lifetime is defined as the time
required for the QE to drop to 1/e of its initial value. A cathode with a very high
QE provides little benefit if the QE lifetime is short and ends before the experiment
is complete. Therefore, to avoid operational interruptions in accelerator systems, a
cathode with long operational lifetime is preferred to ensure stability of the beam
without the need to revive or replace the cathode. The NEA photocathodes are very
sensitive to residual gases and must be used only if there is no other alternative,
e.g. when generating spin-polarization beam is required.
Photocathode lifetime can be divided into two components, namely the dark

lifetime, measured when no charge is being extracted, and the operational lifetime,
measuerd while the charge is being extracted. If τd, τop, and τ denote the dark,
operational, and the overall lifetime respectively, and assuming a constant emission
current of I during the operation, the QE evolution in time can be expressed as

QE(t) = QE0 e
− t
τ (2.2)

where
1
τ

= 1
τd

+ 1
τop

. (2.3)

One can extract τ directly from the decay of QE over time. The dark lifetime
indicates the susceptibility of the cathode surface to chemical reactions with the
residual gases in the vacuum and depends on the photocathode material and the
vacuum conditions. On the other hand, the operational lifetime depends on several
additional factors, mainly the presence of beam-generated ions, desorbed molecules,
the laser power, and the cathode temperature. If all other processes, such as the
beam loss in the vicinity of the source are suppressed sufficiently, the degradation of
QE during beam operation can be predominantly due to ion back bombardment [65]
and the desorbed gas. In ion back bombardment, residual gases in the chamber
interact with the electron beam, become ionized, and are accelerated backwards
toward the cathode. These ions can damage the structure of the crystal and can
also sputter away the active layer used to generate the negative electron affinity
surface, which in turn reduces the QE.

On the other hand, if the beam loss is present in the vicinity of the source, the
desorbed gas from the walls will deteriorate the cathode even if no ionization of the
residual gases exists. In reality, however, the effects are entangled; the desorbed
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gases can also be ionized and contribute to the decay of photocathode lifetime.
In operation at an accelerator with the radio frequency (RF)-synchronized beam,
the losses near the source can become very small. Under such conditions, the
deterioration of the photocathode is mainly due to the ionization of the residual
gases. However, in an accelerator system where the beam dump is located in the
laboratory, as is the case in our system, the contribution of the desorbed gases on
the decay of QE is higher.
The effect of various contamination sources in the vacuum system such as CH4,

O2, CO2, CO, N2 and H2 on the QE of a GaAs photocathode under the base
pressure of 1.5× 10−11mbar has been investigated in [27]. Fig. 2.3 represents the
result of the quantum efficiency decay. The gas exposures are quoted in unit of
Langmuir1, L.
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Figure 2.3: QE degradation for a typical bulk GaAs during different gas exposures.
Reproduced from [27].

As seen in Fig. 2.3, the residual gases H2, CH4, and N2 have no effect on the QE
loss. While CO has a slight effect, CO2 has a significant impact on decay of QE, and
O2 has the most severe effect, degrading the QE to 10% of the initial value after an
exposure of approximately 0.025 L. The lifetime can be increased by reducing the
negative impact of the ion back-bombardment and the desorbed gas. In practice,
this can be achieved by improving vacuum conditions, limiting the activated area
of the photocathode [47], and minimizing the beam loss near the source.

11L = 10−6 Torr s.
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Another major process affecting the QE decay is the rise of the photocathode
temperature due to laser illumination [140]. When the cathode is illuminated, a
substantial portion of the laser power is converted to heat. The rise in temperature
increases the thermal desorption of the active layer and enhances the QE degra-
dation. In [56], the effect of the temperature on a GaAs photocathode under a
vacuum pressure of 5.4× 10−11mbar has been studied. The findings indicated that
an increase of 60 °C in temperature resulted in the QE loss escalating from 22% to
92% during the same time interval.
Although the QE of the GaAs photocathode can be recovered by reactivation, it

is proven that the QE will never be restored to its initial value. It was shown that
under the O2 exposure, the QE can be recovered to 95 % of its initial value [27].
A much less restoration of only 60 − 70 % of the QE initial value was reported for
the GaAs cathode degraded under CO and CO2 exposures. Eq. 2.2 indicates that
QE eventually falls to a point where the cathode is not able to deliver the needed
current. Some of the QE loss can be regained by reactivating the cathode, but at
some point the cathode must be replaced.

2.3.3 Time response

The response of a photocathode represents the distribution of times when the pho-
toexcited electrons exit the cathode. The structure of the electron bunch is governed
by several factors, such as the structure of the laser pulse and the photocathode
material. For fundamental research, the laser pulses have to be considerably shorter
than the experimental resolution. For this reason, fast laser pulses in the order of
hundred femtoseconds are preferred. In order to preserve the fast pulse structure
from the laser, a photocathode with a fast response is needed. A slow response time
will taint the temporal profile of the electrons, making it larger than the initial laser
pulse profile.

In practice, however, even with an ideally fast laser pulse, i.e. delta-shape pulse,
the response time of the cathode has a finite width. This width is the result of the
finite photocathode emission time, which predominantly depends on the optical
absorption length of the laser and the electron escape depth. Both of these factors
depend strongly on the photocathode material.
In order to have a fast response time, these factors must be small to allow the

electrons quick transport to the surface and emission to the vacuum. Optical ab-
sorption length is defined as the depth which the laser can penetrate inside the
cathode before the intensity falls to 1/e of its original value. The absorption length
for a given cathode is a function of the exciting wavelength. Electron escape depth
depends on the kinetic energy of the excited electrons, and one must distinguish
between the NEA and the PEA photocathodes.
In NEA cathodes, electrons may loose all their kinetic energy, thermalize to

the bottom of the conduction band, and still be emitted due to the NEA state.
However, in the PEA cathodes only those photoexcited electrons which do not lose
their entire kinetic energy through various inelastic scatterings on their passage to
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the surface will be emitted. The escape depth in PEA cathodes is given by the
distance the electrons travel until they have lost their energy in the collisions and
are thermalized, while in NEA photocathodes is the distance electrons travel until
they recombine with the holes (in order of a few nanoseconds).
The response time of different photocathode materials as a function of the QE

was investigated [114], and the results are presented in Fig. 2.4. For each type of
photocathode, the dominant scattering mechanism is also shown.
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Figure 2.4: Range of time response and QE for metals, semiconductors, and NEA
photocathodes according to Spicer. The dominant scattering mech-
anism for each type of photocathode is also shown. Reproduced
from [114].

Metals have the advantage of a short optical absorption length of tens of nanome-
ters and a short escape depth of a few nanometers. In metals, the photoexcited
electrons are generated near the surface and consequently, have a better chance of
reaching the surface and escaping into the vacuum. Metals are considered prompt
emitters with response times in the order of sub-picosecond to femtosecond. In
metals, photoexcited electrons thermalize rapidly through the inelastic interactions
with the electrons in the conduction band. Thus, the electrons deep in the metal
are not able to be emitted, and as a result, they have a lower QE.

In contrast, semiconductors have a longer optical absorption length of a few
hundred nanometers. In semiconductors, the electrons are created deep within the
cathode and have a higher possibility of multiple inelastic scattering processes before
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emission. This prolongs the electron transit time and as a result, semiconductors
typically have a longer response time in the range of several picoseconds. However,
semiconductors offer a lower reflectivity compared to the metals and have a better
optical absorption, allowing higher QE values.
In addition, semiconductors have a longer electron escape depth. The escape

depth of the NEA cathodes is much larger than of the PEA cathodes. Therefore,
even electrons which go through many collisions and arrive at the surface late can
still be emitted. This results in higher QE values, but longer response time for the
NEA photocathodes.
In the case of the NEA semiconductors photocathodes such as GaAs, the pho-

toelectrons diffused in the band bending near the photocathode surface can also
escape into the vacuum at very low energy, see Section 2.5. This factor further
increases the possibility of multiple scatterings and causes long response times;
however, it also enhances the number of emitted electrons and thus offers a higher
QE as compared to the other semiconductors.

2.3.4 Emittance
Another important factor in characterizing the quality of the electron beam gen-
erated from a photocathode is the emittance. Generating low-emittance electron
beams is crucial for the performance of most applications of photoinjectors. In
general, the motion of the electron bunch is described by a six-dimensional phase
space comprised of position and momentum. The six-dimensional volume is pro-
jected onto two transverse phase planes and one longitudinal phase plane.
The emittance is defined as the volume occupied by the beam in the phase space

and indicates the size of the beam and its deviation. According to Liouville’s
theorem, as the electron beam travels through the beamline, the volume remains
constant [136] . However, the transverse angles decrease with momentum. The
normalized emittance is defined as βγ times the geometrical emittance, and can be
written as

εn,x = βγ
√
〈x2〉 〈x′2〉 − 〈xx′〉2 (2.4)

where x is the position of electrons and x′ is the tangent of the angle of electrons
trajectory with respect to the reference trajectory2. β and γ are the Lorentz factors
corresponding to the beam velocity and energy. βγ takes into account the shrinking
of the angle with momentum as the electrons are accelerated.
The intrinsic emittance, also known as thermal emittance, of the beam from a

photocathode is determined by the size of the laser beam and the angular spread
of the electrons as they exit the cathode. The normalized transverse emittance in
the x-plane (similar equation holds for the y-plane) is

εn,x = σl,x

√
MTE

mc2 (2.5)

2For small angles, x′ is equal to the angle of the trajectory.
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where σl,x denotes the RMS (root mean square) radius of the laser spot in the
x-plane, m0 is the electron mass, and c is the speed of light. MTE is the mean
transverse energy of the emitted electrons, which depends on the photocathode
material and is defined as

MTE = 1
2m

〈
v2
x + v2

y

〉
. (2.6)

Lowering the laser beam size is limited by the required charge per bunch for the
specific experiment. Therefore, reducing the MTE of the emitted electrons is the
only way to further reduce the emittance. It must be noted that although low
values of MTE are desirable in obtaining a low emittance, if the MTE is too low
(1−2 meV), it will create other problems, such as disorder-induced heating [75].
MTE can be reduced at longer laser excitation wavelengths [138], albeit usually at
the expense of other important parameters.
In accelerator applications, another important figure of merit directly related to

the normalized emittance is brightness. Electron beam brightness is defined as
current density per unit solid angle in the axial direction. For an electron beam
with the current I traveling in the z-direction, the brightness can be written as [57]

Bn = 2I
π2 εn,x εn,y

(2.7)

where εn,x and εn,y are the transverse normalized emittances in the x and y di-
rection, respectively. High values of brightness can be obtained by reducing the
emittance.

2.3.5 Threshold for emission

The underlying condition for the photoemission process is the release of the elec-
trons from the atomic binding when it absorbs suitable radiation energy. The
photoemission process will be discussed in detail in the next section. A minimum
energy is required for an electron to be removed, called the threshold energy, some-
times referred to as work function. The photon energy must be above the work
function to allow the release of electrons from the solid to a point in the vacuum
immediately outside of the surface of the photocathode. The work function is a
characteristic property of the photocathode surface and is defined as the difference
between the electron energy just outside of the surface (vacuum energy), EV, and
the Fermi level, EF,

φ = EV − EF. (2.8)

If the photon energy exceeds φ, the excess energy appears as the electron’s kinetic
energy in the vacuum. In the case of metal photocathodes, electrons occupy all
the states up to the Fermi level. Therefore, the threshold energy to liberate the
electrons to the vacuum is same as the work function. However, in the case of
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semiconductors, they have a bandgap between the valence band maximum and the
conduction band minimum with energy Egap. The electron affinity, χ, is defined as

χ = EV − Ec (2.9)

where Ec is the energy of the conduction band minimum. Therefore, the threshold
energy for photoemission will be the sum of Egap and χ, Eth = Egap + χ, while the
work function is the energy difference between the Fermi level and the conduction
band minimum, plus the electron affinity,

φ = χ+ (Ec − EF) . (2.10)

For accelerator applications using a semiconductor photocathode, a high work
function in tandem with low electron affinity is preferred. The potential barrier
of a high work function obstructs the emission of the electrons generated through
field emission or thermal emission. A low electron affinity increases the possibility
of the photoexcited electrons exiting the photocathode and being emitted into the
vacuum. In NEA photocathodes, like GaAs, the vacuum level is below the conduc-
tion band minimum. This creates a favorable condition for the electrons reaching
the surface to escape to the vacuum. The NEA condition will be explained in Sec-
tion 2.5.3. In PEA cathodes, however, the vacuum level lies above the conduction
band minimum. Therefore, only electrons which do not lose their entire kinetic en-
ergy through inelastic scatterings with the lattice during the thermalization process
can be emitted into the vacuum.
To conclude this section, it must be noted that although each of the aforemen-

tioned fundamental photocathode characteristics is crucial, very often these param-
eters are coupled. For example, the cathodes exhibiting high QEs tend to have low
lifetime, while on the other hand, low-QE cathodes are more robust. Thermaliza-
tion of the electron concentration improves emittance, but at the expense of the
response time [16].
Some compromise is necessary, therefore, in choosing the appropriate photo-

cathode material to meet the requirements of the specific application. Significant
strides have been made in accelerator technology to engineer the ideal photocathode
which meets most application requirements. One such example is utilizing strained
superlattice structures in polarized electron sources [73], which is the subject of
Section 2.6.2 and Chapter 6.

2.4 Density of states
In order to determine the carrier concentrations and the energy distributions of the
electrons in the semiconductor, the density of states (DOS) must be known. The
density of states is the number of allowed electron (or hole) states per unit volume
per unit energy interval. At absolute zero temperature, an intrinsic semiconductor
has electrons only in the valence band because the electrons do not have sufficient
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energy to be excited to the conduction band. However, at temperatures above zero
a probability of finding the electrons in the conduction band exists.
In general, the probability function of the electron occupying a state at temper-

ature T follows the Fermi-Dirac statistics

f(E) = 1
1 + exp

(
E−EF
kBT

) (2.11)

where kB is the Boltzmann constant. For the electron in the conduction band of
a semiconductor E − EF � kBT , and the distribution can be approximated to
Boltzmann distribution

f(E) = e
−
(
E−EF
kBT

)
. (2.12)

The number of electrons at the energy interval dE in the conduction band is
obtained by multiplying the density of states, g(E) by f(E),

n =
∫ ∞
Ec

g(E)f(E) dE (2.13)

where Ec is the conduction band minimum energy level. In the k-space, the number
of available states in a spherical shell of radius k and the thickness of dk is g(k)dk,
and is approximately equal to k-space volume times the k-space density

g(k) dk = 4πk2
(
V

π3

)
dk . (2.14)

Since two electrons of opposite spin can occupy each state, the total number of
electrons is twice that given by Eq. (2.14). Using the dispersion equation for the
electrons in the conduction band with the effective mass m∗, one obtains

k2 = 2 (E − Ec)m∗
~2 . (2.15)

In the above equation, the energy of the electrons in the conduction band is with
respect to the conduction band minimum energy. By differentiating Eq. (2.15) and
inserting it into Eq. (2.14), for a unit of volume we have [61, 121]

g(E) dE = 1
2π

(2m∗
~2

)3/2√
E − Ec dE (2.16)

which provides the number of electron states in the conduction band per unit volume
in the energy interval dE. Eq. (2.16) indicates that the DOS for electrons in the
conduction band of a 3D semiconductor is proportional to the square root of energy.

In the case of a 2D semiconductor, such as a finite quantum well, the density of
states is independent of energy. The DOS in this case is a step function with steps
occurring at the discrete energy levels,

g(E) = m∗

π~2 . (2.17)
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The DOS of a superlattice can be obtained by considering the interaction of a
series of finite quantum wells in the periodic potential. Due to the interaction
between the wells, the DOS of a superlattice is no longer constant as it is in the
finite quantum well, although it still retains a step-like behavior [94].

2.5 Photoemission from GaAs photocathode

The GaAs semiconductor is one of the first materials considered a good photoemit-
ter of polarized electrons [105]. GaAs photocathodes belong to group III-V semi-
conductors. They have a large direct bandgap and can create a large NEA level,
enhancing the photoemission yield. The remainder of this chapter is dedicated to
discussing the fundamental properties of GaAs, the state of NEA, and the physics
of the photoemission process with a special emphasis on generating spin-polarized
electrons and the strained superlattice structure.

2.5.1 Crystal structure

The GaAs crystal lattice has a zincblende symmetry, i.e. its structure consists of
two interpenetrating face-centered cubic (fcc) arrangements such that each atom
is surrounded by four nearest neighbors located at the vertices of a tetrahedron.
Fig. 2.5 shows a unit cell of the GaAs crystal structure.

Figure 2.5: The zincblende crystal structure of the GaAs photocathodes. a repre-
sents the lattice constant.

The band structure of a semiconductor shows the energy-momentum relationship
for an electron inside the material. The band structure for GaAs can be obtained
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by solving the Schrödinger equation with a periodic potential. The energy band
structure of the GaAs is illustrated in Fig. 2.6.

Figure 2.6: Abbreviated band structure of GaAs around the Γ point. The spin-
orbit interaction creates ∆Eso = 0.34 eV between the valence bands at
Γ7 and Γ8. Reproduced from [90].

The valence bands and the conduction bands are separated by a gap, known as
the forbidden energy gap (Egap), in which no energy state for the electrons exists.
The bandgap energy at room temperature is 1.42 eV and increases to 1.5 eV at
120K. At the Γ point, the upper valence band with angular momentum l = 1 has a
three-fold degeneracy. Including the spin, the degeneracy breaks due to spin-orbit
interaction. The upper two degenerate bands at the Γ point are known as heavy
hole (Hh) and light hole (Lh) bands due to different effective masses.
The dispersion relationship near the bandgap for an electron with an effective

mass of m∗ can be approximated with a quadratic equation

Ek = ~2k2

2m∗ (2.18)

The curvature of the two parabolic bands at the valence band maximum repre-
sents the effective mass of the Hh and Lh bands,

m∗ = ~2
(
d2E

dk2

)−1

. (2.19)
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Different crystal properties of the GaAs semiconductor according to [61] are listed
in Table 2.1.

Table 2.1: Properties of GaAs crystal
GaAs property Parameter

Lattice constant a = 5.65 Å
Nearest neighbor distance d =

√
3

4 a = 2.45Å
Angle between the bonds 109.47°
Density 5.32 g cm−3

Hh effective mass 0.45me
Lh effective mass 0.082me
Effective mass of electrons in CB 0.067me
Spin-orbit splitting energy 0.34 eV

Any photoexcited electron transition from the valence band to the conduction
band requires the conservation of energy and momentum. One advantage of the
direct-bandgap crystals is that the electrons move directly from the valence band to
the conduction band without any phonon absorption or emission, leading to a high
photon absorption. Different crystal properties of GaAs are listed in Table 2.1.

2.5.2 Photoemission process

Einstein published his quantum theory of photoemission in 1905 [40]; however,
over half a century passed before researchers were able to obtain a comprehensive
understanding of the photoemission process. The initial groundwork for explaining
the photoemission process of electrons from a semiconductor into vacuum was laid
by William Spicer in 1958 in what is known as Spicer’s three-step model [115].
Prior to Spicer’s description, photoemission had been considered a pure surface
effect. Spicer, in contrast, described the process as a bulk phenomenon in terms
of bulk optical constants, electron scattering length and surface properties, such as
the work function at the surface of crystal.
Spicer’s photoemission model consists of three main steps. These steps are illus-

trated in Fig. 2.7.

1© Photoexcitation of electrons from the valence band into the conduction band

2© Transport of electrons to the surface

3© Emission of electrons from the surface into the vacuum

In the first step, electrons in the valence band are excited to the conduction band
by absorbing photons, and holes are generated in the valence band. According to
Bouguer ’s law [88], the intensity of the incident light decreases exponentially with
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Figure 2.7: Schematic presentation of the Spicer’s three-step model. Step 1© repre-
sents the photoexcitation of the electrons as they are illuminated with
the laser energy slightly above the Egap. In step 2© electrons are ther-
malized and transported to the surface, and in step 3© they are emitted
to the vacuum.

the thickness of the photocathode. This dependence means the probability of a
photon being absorbed decreases exponentially with the distance travelled.
The optical absorption coefficient is an important factor in the photoemission

process. The absorption coefficient determines the depth at which a light of a cer-
tain wavelength can penetrate in the material before it is absorbed. The absorption
coefficient depends on the photocathode material and also on the excitation wave-
length. Direct-bandgap semiconductors, such as GaAs, offer the highest absorption
coefficients, and thus are considered good photoemitters [135]. The absorption co-
efficient, α, of GaAs in the vicinity of the bandgap when excited with photons with
energy Eγ follows the proportionality

α ∝
√
Eγ − Egap (2.20)

Comparing Eq. 2.20 with Eq. 2.16 suggests absorption coefficient is proportional
to the DOS of the bulk semiconductor. Absorption coefficient of GaAs at 800 nm
excitation wavelength is in the order of α ≈ 1 µm−1. This means the electrons
are generated relatively deep inside the material at a typical absorption length of
α−1 ≈ 1 µm and they have to travel “far” to come to the surface.
In the second step, the photoexcited electrons are transported to the surface of

the photocathode. During the transportation, electrons undergo different scattering
processes with phonons and other electrons; they lose energy and thermalize at the

24



2.5 Photoemission from GaAs photocathode

conduction band minimum [113]. The time required for the electrons to thermalize
is in the order of 0.1–1 ps, corresponding to a length of about 100 nm [114]. Typi-
cally, the thermalized electrons can live for only nanoseconds before they recombine
with the holes in the valence band.
Electrons lose their energy through different processes such as acoustical and

phonon scattering and recombining with holes. For GaAs heavily p-doped at con-
centration of 1× 1019 cm−3, the electron-hole recombination is the dominant energy
loss mechanism [26]. The energy of electrons after thermalization is approximately
kBT , where kB is the Boltzmann factor and T denotes the temperature. At room
temperature, the electron energy is approximately 25meV.
Comparing the thermalization and recombination time, another process besides

thermalization is obviously involved during the transport of electrons to the surface.
For heavily doped NEA photocathodes, the mean free path is significantly smaller
than the active layer thickness, λ � d, and thus the electron transport can be
expressed by the diffusion model. According to Fick’s first law, the diffusion flux
is proportional to the concentration gradient [127]. The electrons concentration at
each point in time inside the cathode, c(r, t), according to Spicer is given by

∂

∂t
c(r, t) = g(r, t)− 1

τrec
c(r, t) +D

∂2

∂x2 c(x, t) (2.21)

where g(r, t) describes the generation of conduction band electrons by photoex-
citation. Assuming an infinitesimally short laser pulse, g(r, t) will be zero. The
term 1

τrec
c(r, t) represents the reduction of the conduction electron concentration

by recombination. The last term in (2.21) describes the electron movement by dif-
fusion. D is the diffusion constant, which expresses the ease of electron diffusion
in response to a concentration gradient and is limited by vibration of the lattice
atoms and ionized dopant. The diffusion constant in p-doped materials is a linear
function of electron mobility µ by Einstein’s relation

D = µkT

e
. (2.22)

The average distance an electron travels before recombination with the holes is
called diffusion length and can be found with

LD =
√
Dτrec . (2.23)

The transport process can be described by the mean free path

λ = 3D
v̄

(2.24)

where v̄ = (2/
√
π)
√

2kT/m∗ is the average velocity of the thermalized electron
ensemble and m∗ is the electron effective mass in the conduction band. For GaAs,
the diffusion constant is approximately between 30–80 cm2 s−1 depending on the
doping [112]. The lower (higher) value corresponds to high (low) doping density of
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1× 1019 cm−3 (1× 1017 cm−3). This correspondence will result in a mean free path
between 30 nm (high doping) and 55 nm (low doping) and yield a typical diffusion
length of LD ≈ 2 µm. The diffusion length is in the same order as the 800 nm light
absorption length 1

α ≈ 1 µm.
This data validates the proposition of the diffusion process during the transport

mechanism and the fact that a large number of photoexcited electrons reach the
cathode surface during the diffusion process. The solution to the diffusion model
and the specific implications in the case of the GaAs photocathode used in the
present research will be discussed later in Section 5.6.
In the third step, electrons reaching the surface cross the band-bending region

(BBR), tunnel through the potential barrier, and are emitted into vacuum. Elec-
trons approaching the surface can be trapped in the empty surface states within
the band bending region. The probability of electrons escaping from the surface
into vacuum depends strongly on the photocathode surface characteristics and on
the nature of the surface states.
The electron surface density and the electron-phonon interactions are the con-

trolling factors for the electron transitions in the surface states. Since the density
of the surface states is very high, excited electrons which are trapped in the BBR
will lose their energy to the GaAs surface region and eventually recombine with the
holes in the valence band. For an electron to escape into vacuum, the electron’s fi-
nal energy after thermalization and phonon interactions must be above the vacuum
level. For GaAs, the surface can be treated so that the vacuum level falls below the
conduction band minimum.

2.5.3 Negative electron affinity

In the photoemission process, to achieve a successful emission of electrons into
vacuum, the vacuum level must be below the electron’s energy level. The probability
of electrons escaping into vacuum can be greatly enhanced by achieving a NEA state
on the surface. According to Eq. (2.9), an NEA state is obtained when the vacuum
level lies below the conduction band minimum. One of the advantages of the group
III–V semiconductor photocathodes is their ability to obtain NEA. Lowering the
vacuum level below the conduction band minimum occurs in two steps. These steps
are demonstrated in the energy band diagram of a typical III–V semiconductor in
Fig. 2.8.
In the diagrams, which illustrate the energy on the y-axis and the space coordi-

nate perpendicular to the surface of the cathode on the x-axis, Evb, Ecb, EV, and
EF, denote the energy level at valence band, conduction band minimum, vacuum,
and Femi level, respectively. The Fermi level in intrinsically undoped GaAs crystals
is near the middle of the bandgap, illustrated in Fig. 2.8, (a).
When the GaAs photocathode is heavily p-doped (for example by zinc atoms with

concentration in the range of 1018 −1019 cm−3), the Fermi level inside the crystal is
lowered to a value right above the valence band maximum. However, Fermi level
is pinned on the surface region somewhere in the bandgap according to the surface
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Figure 2.8: Schematic representation of achieving the state of NEA. (a): pure Bulk
GaAs; (b): p-doping GaAs lowers EV and creates the BBR, and (c):
Cs : O layer lowers the vacuum level below Ecb and creates the state of
negative electron affinity.
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conditions. The Fermi level must remain constant in thermal equilibrium. This
results in bending of the bands inside the crystal towards the surface, which in turn
forms the band-bending region near the surface [104] and reduces the vacuum level,
as shown in Fig. 2.8, (b).
A co-deposition of Cs and O2 on a p-doped GaAs photocathode surface signif-

icantly lowers the vacuum level and reduces the electron affinity of the crystal to
negative values with respect to the valence band minimum [105]. This is illustrated
in Fig. 2.8, (c). Although the precise nature of the deposition of Cs and the oxidant
is not fully understood, a possible explanation is the formation of a dipole layer.
In this model, the desorption of Cs induces donor-like surface states. Therefore,
the surface will have a positive charge, and the region immediate to the surface
will become negatively charged. This induced electric field further decreases the
vacuum level and the electron affinity. The co-deposition of O2 will intensify this
effect leading to an additional decrease of the vacuum level. The width of the BBR
is given by [121]

d =
√

εε0
2πe2

eVBBR
Np

(2.25)

where ε and ε0 are the dielectric constant of the material and the vacuum, respec-
tively. VBBR denotes the band bending potential, and Np is the doping concen-
tration. In practice, a narrow BBR is desirable since a wide BBR increases the
electron-phonon scattering, and thus decreases the probability of electron escape
into vacuum. Since a high VBBR is favorable, shortening of d can be achieved by in-
creasing the concentration of the dopant. However, too high of doping density will
increase electron spin relaxation, which is not desirable in producing spin-polarized
beam.
Therefore, a compromise must be made in choosing a doping concentration which

delivers a high escaping probability and high polarization. With high p-doping den-
sity in the order of 1019 cm−3, a band-bending region with a width of ≈ 10 nm is
obtained with a band bending potential of 0.3−0.5 eV [37]. The co-deposition of Cs
and an oxidant on the GaAs surface gives the major contribution to the enhance-
ment of the GaAs photocathode characteristics such as high QE, as discovered by
Scheer and Spicer [91, 105].
According to Spicer’s model, the photoexcited electrons thermalize at the con-

duction band minimum, and when their kinetic energy is above the Ecb, they can
escape into vacuum. A simple assumption infers that all the electrons have constant
energy during the escape process. However, this assumption is erroneous.
The energy distribution of an electron beam as a function of the longitudinal

(E‖) and transverse (E⊥) energy in a photoemission process from GaAs (Cs, O2)
at 90 keV was studied in [86] by Orlov et al.. E‖ and E⊥ are electron energies
associated with their momentum parallel and perpendicular to the GaAs crystal
surface normal. The GaAs photocathode was activated to an NEA of 280meV.
Fig. 2.9 represents the complete energy distribution of photoemitted electrons [86].
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Figure 2.9: The complete energy distribution of the photoelectrons as a function
of the longitudinal and transverse energy. Energy at conduction band
minimum (Ec) and vacuum energy (EV ) are shown in the figure. Figure
modified from [86].

Figure 2.9 demonstrates an exponential decay of the electron yield in both the
transverse and longitudinal direction for energies above the conduction band min-
imum. However, for energies below Ec, the distribution is not exponential and is
governed by complicated scattering processes in the band bending and surface re-
gion. Furthermore, while the mean transverse energy of electrons in the bulk was
about 8meV, the photoemitted electrons were found to have a wide transverse en-
ergy distribution with an MTE of 75meV [86]. These energy distributions clarify
some of the details of the emission process and clearly show the influence of elas-
tic and inelastic electron scattering processes on the energy loss near the interface
during the escape process.

2.6 Polarized electrons

As discussed earlier, group III-V semiconductors, and specifically GaAs, are the
most useful sources of polarized electrons. Since the first measurement by Pierce
in 1976 [91], NEA photocathodes have been used as a source of polarized electron
beams for almost half a century. The orderly band structure of GaAs allows se-
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lection of a specific spin state from the valence band to the conduction band and,
thus, the generation of polarized electron beams.
The generation of spin-polarized electrons can be explained best by using the

energy band diagram. Figure 2.10 demonstrates the energy bands for a GaAs
photocathode where the degeneracy between the Lh and Hh bands is broken.

Figure 2.10: Energy bands of a strained GaAs crystal where the degeneracy be-
tween the Lh and Hh is broken. By using a circularly polarized light
of specific energy, the generation of polarization approaching 100% is
possible. The arrows indicate the allowed transitions for light of pos-
itive helicity. Next to the arrows are the relative transition probabili-
ties obtained from the Clebsch-Gordan coefficients indicated in circles.
Similar transitions can be obtained for light of negative helicity.

When a bulk GaAs photocathode is illuminated with a circularly polarized light
of energy between Egap < E < Egap + ∆Eso, where ∆Eso is the split-off energy, the
transitions from the split-off band are restricted. Therefore, transitions are possible
only from the upper valence band. This selective transition results in generation
of polarized electrons. Following the quantum mechanical selection rules, only
transitions with ∆mj = ±1 from the top two degenerate valence bands, the p3/2
states, are allowed, see Fig. 2.10. The relative transition probabilities from each of
the states can be obtained from the Clebsch-Gordan coefficients. These probabilities
are shown in circles for a circularly polarized light of positive helicity. This selective
excitation leads to a maximum achievable polarization of 50% for bulk GaAs.
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The quality factor for polarized electron source delivering a beam with quan-
tum efficiency of QE is defined as QE · P 2, where P is the measured polarization.
Thus, achieving higher polarization values is desirable for polarization applications.
One successful technique to generate higher polarization electron beams involves in-
troducing mechanical strain in the GaAs crystal. In practice, two main types of
photocathodes have this feature: the strained photocathodes and strained super-
lattice (SSL). The specific design structures and physical basis of these cathodes
are discussed in the following section.
The induced strain lifts the degeneracy between the heavy-hole and light-hole

bands at k = 0, creating different bandgap energies between these bands and the
conduction band minimum, as shown in Fig. 2.10. Using circularly polarized light
with only enough energy allows selective excitation of electrons from one type of
spin state [91]. Theoretically, electron beams can be generated with polarization
approaching 100%. In practice, however, the achievable polarization falls lower
than the expected value [92], due to lattice imperfections and other depolarization
effects occurring during the transport and emission of electrons. The discussion of
depolarization mechanisms in GaAs crystal is deferred to Section 2.6.3.

2.6.1 Strained photocathodes
The cubic symmetry structure of the GaAs crystal results in a four-fold degeneracy
of the Hh and Lh valence energy levels. Breaking the symmetry of the crystalline
structure through introducing an axial strain within the GaAs crystal structure
induces valence band splitting, allowing higher polarization. Maruyama et al. were
the first to achieve polarization in excess of 50% by using this approach [72, 82].
In practice, strained layers are formed by growing a thin layer of a photocathode
material on a substrate with a slightly smaller lattice constant. In the contact plane
between the two layers, the epilayer lattice is compressed to adapt to the lattice
constant of the substrate, thereby forcing the epilayer to stretch in the normal
direction. This strain deformation leads to the splitting of the valence bands.
In order to induce an effective strain to deliver higher polarization, the bandgap

of the substrate must be larger than the bandgap of the strain epilayer to ensure
that photoemission occurs only from the epilayer. In addition, the strain must be
great enough to create a large split between the Hh and Lh bands to warrant a
selective transition. Furthermore, the thickness of the epilayer must not exceed the
critical thickness. Critical thickness is the thickness at which the strain relaxation
appears via misfit generation at the strained layer interface. Hence, exceeding the
critical thickness will result in polarization reduction.
Denoting aS and aL as lattice constants for the substrate and the epilayer respec-

tively, the lattice mismatch is defined as

ε = aS − aL
aS

. (2.26)

For a GaAs strained epilayer grown on a GaAs1−xPx buffer layer, where x is the
fraction of phosphorus, the lattice mismatch can be written [25, 82] as a function
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of the fraction parameter
ε = 0.036x (2.27)

The energy splitting between the Hh and Lh bands (δ) and the bandgap energy
at room temperature are estimated as

δx = 6.5 ε (eV) (2.28)

Egap = 1.424 + 1.150x+ 0.176x2 (2.29)

and the critical thickness (in unit of Angstrom) is estimated as

tc ≈
0.224
ε

[
1 + ln tc

4.00

]
(2.30)

The numerical values for the parameters and estimations can be found in [25].
For a phosphorus content of 36%, which is investigated in the strained superlattice
GaAs1−xPx during the course of this project, the parameter values listed in Table 2.2
were obtained.

Table 2.2: Crystal properties of GaAs1−0.36P0.36

GaAsP property Parameter

Substrate lattice constant aS = 5.727 Å
Epilayer lattice constant aL = 5.653 Å
Lattice mismatch ε = 0.013
Bandgap energy Egap = 1.861 eV
Valence band splitting δ = 0.084 eV
Critical thickness tc = 6.640 nm

A single strained-layer cathode can deliver higher polarizations. However, the
maximum achievable polarization is limited due to both the limited valence band
splitting and the strain relaxation in the epilayer, as the critical thickness is ex-
ceeded for large strain. To overcome this deficiency and obtain higher polarizations,
the research has shifted to developing strained superlattices.

2.6.2 Strained superlattice photocathodes
Strained superlattice (SSL) structures consist of a periodic design of strained lay-
ers sandwiched between unstrained lattice layers, where the thickness of each layer
is less than the critical thickness. Since the bandgaps of these alternating layers
are different, a SSL structure creates potential quantum wells and barriers. The
electrons’ allowed energy levels within each quantum well are quantized according
to Schrödinger’s equation. However, if the barrier width is sufficiently small (sev-
eral nanometers), electron wave functions from the neighboring well will begin to
overlap, forming continuum energy bands called minibands.
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Figure 2.11 depicts the energy band structure of the GaAs/GaAsP strained su-
perlattice. The relative locations of the minibands in the conduction band and
valence band are indicated.

Figure 2.11: The strained GaAs/GaAsP superlattice band structure demonstrates
the natural splitting of the Hh and Lh valence bands. The GaAs lay-
ers are wells and strained, and the GaAsP layers are potential energy
barriers. ∆E represents energy difference between the bottom of the
conduction mini-band in GaAs/GaAsP superlattice and the conduc-
tion band minimum in GaAs. δ defines the energy splitting between
the Hh and the Lh valence bands.

The valence band energy splitting in an SSL is further increased compared to
a single strained layer. This increase is due to the difference in the effective mass
of the Hh and Lh causing a natural splitting of the valence bands, which adds to
the strain-induced splitting. Moreover, each of the superlattice layers is thinner
than the critical thickness, but the total activation layer thickness can exceed the
critical thickness of the photocathode. As a result, in strained superlattice the
strain can be preserved to a higher degree than in a single strained layer. There-
fore, SSL photocathodes overcome the deficiencies of a strained GaAs cathode and
make them superior to the latter. Thus, polarization values from a SSL cathode
are inherently significantly higher. Electron accelerators have routinely achieved
electron spin polarizations exceeding 80% with strained superlattice GaAs/GaAsP
photocathodes [73, 81]. Fig. 2.12 illustrates the structure of the GaAs/GaAsP SSL
which was investigated in this project.
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Figure 2.12: Schematic crystal layer structure of strained GaAs/GaAsP superlattice
which is investigated in this work.

The epitaxial growth of the materials on a substrate in the structure of the
strained superlattice are carried out by several different techniques such as molec-
ular beam epitaxy (MBE) and metalorganic chemical vapor deposition (MOCVD).
The GaAs/GaAsP SSL investigated in the course of this research was fabricated
using an MBE method. In the MBE growth process, fluxes of the respective ele-
ments converge on a heated wafer to form the desired compound in a controlled
environment. The MBE technique allows for very precise control over the flux at
which an element is deposited and how thick the layer becomes; and as a result,
high-purity layers can be obtained. Any variations in the uniformity of the layers
lead to fluctuations in the mini-band structure and can affect the transport process
of the electrons.
A few points must be considered regarding the structure of a strained superlattice

photocathode. First, increasing the barrier thickness enlarges the valence band
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splitting and delivers higher polarization. However, a thicker barrier decreases the
probability of the electron transport and, therefore, reduces the QE. For practical
purposes, the thickness of the barrier must be optimized for the polarization and
QE.
Second, generally a superlattice is designed with a high p-doping density near the

surface (in the 10 nm region) to allow large band bending and thereby a large NEA.
Higher p-doping density, on one hand, leads to higher QEs and reduces the surface
electron trapping, which is responsible for the surface charge limit, see Section. 2.7.
On the other hand, increasing the doping density results in a higher probability of
spin depolarization. For this reason, a lower doping density is usually used in the
remaining sections of the superlattice to reduce the depolarization.

2.6.3 Depolarization processes
The polarization of the electrons generated in the photoemission process in the con-
duction band is not constant but decays exponentially with time. The electron spin
is subject to depolarization due to various processes in the bulk of semiconductors
which may occur before recombination of the conduction band electrons. Different
spin relaxation mechanisms and their relative strength are discussed extensively
in [21, 41, 93, 139], from which most of the material in this section was obtained.
Two major spin relaxation processes exist in p-type semiconductors with medium

to high doping density near room temperature, namely the Bir-Aronov-Pikus (BAP)
process and the D’Yakonov-Perel (DP) process.
In the BAP process, the strong efficiency of electron scattering by holes is con-

sidered in the spin relaxation. The rate of electron spin relaxation due to holes is
proportional to the time of interaction with the holes [21] and can be written as

1
τs

= Nh σBAP v (2.31)

where Nh is the concentration of holes, σBAP represents the spin-flip cross section,
and v is the velocity of the electrons. In GaAs, σBAP is in the order of 10−18 cm2.
In highly doped GaAs, (1017 −1019 cm−3), the BAP process is considered to be the
dominant relaxation mechanism at low temperatures. The typical spin relaxation
rate in this process is between 2× 1010 and 4× 1010 s−1. At room temperature, the
spin relaxation time is typically about 50 ps [10], and therefore, it may no longer
be neglected for electron pulses with a temporal length of a few picoseconds. As a
result, for such pulses, a time-dependent decrease in polarization is expected.
The DP process arises from the lack of inverse symmetry in the III-V semiconduc-

tor crystal structures. This asymmetry leads to a splitting of the conduction band
spin up and down states for k 6= 0. In zincblende crystals, such as GaAs, the spin
splitting near the Γ-point is proportional to the cube of the electron momentum.
This spin splitting occurs in a manner analogous to the effect of a magnetic field
inducing the precession of electron spins. The DP mechanism can predominate at
relatively low doping density levels (< 1017 cm−3) and at high temperatures.
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In DP process, typical spin relaxation rates are between 4× 109 and 2× 1010 s−1.
Since the GaAs photocathodes investigated in this work have a high doping density
of 1019 cm−3, the DP process does not have a large impact on the spin relaxation
of the cathodes. Fig. 2.13 shows the boundaries of temperature and doping density
regions within which the BAP and DP spin relaxation mechanisms in a GaAs crystal
predominate.

Figure 2.13: Boundaries between the temperature and doping density regions in
which the BAP and DP spin relaxation mechanism predominates for
GaAs crystal [7].

2.7 Surface charge limit

Negative electron affinity photocathodes can be excited with short laser pulses.
By increasing the laser power the photocathodes have the potential to produce
high peak currents. The surface charge limit (SCL) at high-excitation laser power
restricts this process, however, and the extracted average current density is limited.
At high-power illumination, a large number of electrons are excited from the

valence band to the conduction band. A small fraction of electrons exit the cathode
and are emitted into the vacuum. However, the excess electrons are trapped in the
band bending region and produce an opposing field which deflects the subsequent
electrons arriving at the surface. As a result, the vacuum level rises, and the escape
probability of the electrons is reduced. Since the surface potential changes at high-
intense optical illumination, this effect is referred to as surface photovoltage effect.
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In 1995, Woods et al. at SLAC were the first to observe SCL phenomena with a
bulk GaAs photocathode and electron source operated at 120 kV [137]. Since then,
many research groups have investigated the SCL phenomenon in a wide variety of
photocathodes. For example, Saez et al. [101] and Tang et al. [124] studied this
phenomenon in a variety of bulk and strained GaAs photocathodes with different
doping concentrations. In [54], the studies of SCL on thin unstrained GaAs were
conducted. Later, in 1998, the effect of the SCL was extensively studied by Togawa
et al. in GaAs/AlGaAs superlattice and InGaAs/AlGaAs strained superlattice with
different doping densities [130]. Malhollan et al. followed with an investigation of
the effect with a set of thin GaAs with active layer of 100 nm [79].
The effect of the surface photovoltage is further explained in Section 5.7.1 where

the low QE investigations of the bulk GaAs are discussed.
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3.1 PKAT transport system
In the early 1990’s the researchers conceived the idea of a pulsed source of polarized
electrons to satisfy the needed increased efficiency of the MAMI1 accelerator. In
1993 this idea came to fruition [9, 50] with the construction of the PKAT2 beam line,
which allowed for the time-resolved measurements of the intensity and polarization
of the electron pulses emitted from the cathode.
PKAT is a low-energy beam transport system designed with the assistance of the

Beam Optic simulation program [50, 117]. The PKAT electron source is identical
to the MAMI source injector systems [9]. Furthermore, the PKAT is equipped with
an ultra-high vacuum loadlock transport system which allows photocathodes to be
transported to and from the source without breaking the vacuum [80].
For more than two decades PKAT has been operating, allowing for conducting of

independent measurements [103, 108] and serving as a testing center to investigate
properties of the photocathodes, both with polarized and unpolarized beams. Im-
portant properties, such as quantum efficiency, lifetime, emittance, and the degree
of polarization were explored before the routine use of the cathodes at the MAMI
accelerator.
Occasionally, the PKAT transport apparatus has been modified. For example,

the Torus condenser was removed due to lack of space in order to perform beam-
induced fluorescence (BIF) and Thomson scattering (TLS) measurements [133].
Other modifications were a renewal of the high frequency system, i.e., replacing
the Klystron with a new high-frequency semiconductor amplifier, commissioning
of the new frequency-doubler laser system, and installing the analyzer slit and
channeltron [60]. In addition, to resume time-resolved polarization measurements
after removing the Torus condenser, the Wien filter spin rotator was added to the
PKAT beamline. The latter was commissioned specifically in the context of this
project.
Since the beginning of its use, PKAT has supported the performance of time-

resolved measurements of the emission of photocurrents, and the measurements of
the longitudinal halo. Longitudinal halo is the part of electron pulse not contained
in the longitudinal acceptance of the accelerator. The losses associated with the
longitudinal halo must be minimized as they can cause harm to the cathode, acceler-
ator components, and the surrounding. Different types of photocathodes have been

1Mainzer Mikroton
2Polarisierte Kanone Test
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investigated, including: bulk GaAs [35, 99, 100, 107, 134] and multi-alkali K2CsSb
photocathodes [18, 60]. In the time-resolved investigations of InAlGaAs/GaAs
superlattice, a longitudinal halo of 1 % compared to the maximum intensity was
reported [45].
Furthermore, polarization and time-resolved measurements of spin polarization

have been conducted with variety of photocathodes, such as strained GaAsP [50,
107], InAlGaAs/AlGaAs crystals with integrated DBR [100], and a GaAs/GaAsP
strained superlattice photocathode. The latter of which has been investigated in
the course of this project.

3.2 Experimental structure

The PKAT transport system is comprised of a DC photoemission electron source
with an almost 7-meter-long beamline for beam diagnosis. A schematic drawing of
the PKAT structure is shown in Fig. 3.1.
The electron source, which operates with a fixed voltage, consists of a main

electrode, an anode, and an intermediate electrode. The intermediate electrode is
connected to a variable potential, creating the ability to set different extraction
gradients. After the laser pulse is generated, it is reflected via 7 mirrors before
passing through a telescope, located directly under the first α-magnet. The laser
then illuminates the photocathode vertically from below. The generated electron
pulses are accelerated into vacuum, anti-parallel to the laser beam. Later, the
electron pulses are deflected from vertical to horizontal at an angle of 270° with the
help of an α-magnet [117].

A large quantity of small correcting magnets are located throughout the PKAT
beamline to correct the beam position. The beamline also includes several screens
for beam diagnosis and a differential pumping stage to separate the source vacuum
(kept at pressures in the low 10−10mbar) from the rest of the beamline. For sim-
plicity, these elements are not highlighted in the schematic drawing of the PKAT.
Only the elements which are relevant for the time-resolved measurements of the
intensity and polarization of the electron pulses are highlighted in color.
As the electron pulses go through the beamline, approximately three meters down

the path, there is an RF deflector cavity operates in the TM110 mode (see Fig. 3.7),
which transforms the longitudinal profile of the electron pulses into transverse.
This transformation is a necessary step to investigate the temporal response of a
photocathode. The detection of the transverse profile is achieved with the help of a
YAG screen and a CCD camera or, alternatively, by using a slit and a channeltron
to detect the current through the slit. The deflector cavity and the measuring
methods will be further explained in this chapter.
Furthermore, in the PKAT laboratory system, the execution of time-resolved

measurements of spin polarization of electrons is possible, through the use of a
Mott polarimeter. For this purpose, after electron pulses go through the deflector
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cavity and the slit, the transmitted fraction is guided through a second α-magnet
and deflected vertically.

Figure 3.1: Overview of the schematic structure of PKAT. The elements which are
relevant for the time response and time-resolved spin polarization mea-
surements are highlighted in color. In addition, the quadrupoles and
double solenoids for focusing the electron beam are shown. The fem-
tosecond laser (shown with red arrow) illuminates the photocathode
from below, and the generated electron pulses travel through the beam-
line. The lower insulator in the source chamber was removed due to
the defect (see Fig. 3.3). The electric field was maintained at approxi-
mately the same value as in the initial design, see further explanations
in Section 3.3.

In addition, since the Mott polarimeter requires the spin of the electrons to be
perpendicular to the plane of scattering, electron beams must go through the Wien
filter spin rotator system before entering the Mott. In the Mott, electrons are back-
scattered on a gold foil and detected with two detectors, each positioned at an angle
of 120° to the direction of the beam. The principal operation of Wien filter and
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Mott polarimeter are discussed later in this chapter. The principle of time-resolved
spin polarization measurements are presented in Chapter 4.
In the following sections, each of the individual elements relevant for this project

is explained in greater detail. First, however, a review of the status of the PKAT
electron source is presented.

3.3 PKAT previous and present status

As mentioned earlier, the PKAT transport system was built over two decades ago
and has been operating successfully. The flexibility of the PKAT apparatus has
permitted different experiments to be adequately conducted with no restrictions to
other experiments [18, 35, 133]. The initial design and construction of the PKAT
allowed the electron source to operate at 100 keV, similar to the MAMI injector
system [9, 50]. A close-up cross section of the PKAT electron source is illustrated
in Fig. 3.2.

Figure 3.2: A cross section sketch of the PKAT electron gun. The elevator, which
transports the photocathode to and from the preparation chamber (not
shown here) and to the source, is shown. The main and intermediate
electrodes and their respective electric potentials, as in the initial design,
are also shown. The red and green arrows represent the directions of
laser illumination and generated electron beam, respectively. Taken
from [50].

In the initial design, the main electrode of the electron gun was set at −100 kV,
the anode at 0 kV, and the intermediate electrode connected to a variable potential
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between −38 kV and −62 kV. The generated electron pulses were accelerated to a
kinetic energy of 100 keV (v = 0.55 c).

In October 2016, at the early stages of this project, field emission starting at an
energy of 77 keV was observed at the PKAT electron source. Many efforts were
made to identify the cause of the field emission and to eliminate it. The elevator
inside the source chamber was moved up and down in increments of 1mm, and
the voltage at which the field emission occurred was investigated, confirming that
moving the elevator did not affect the voltage at which the field emission occurred.
The first assumption was that the observed field emission was possibly due to
impurities gathering around the anode and contaminating the source. Prior to the
field emission incident, a K2CsSb photocathode had been used for a few months for
time response measurements [18]. Since K2CsSb has a large layer of Cs on the top,
excessive Cs in the source chamber was suspected as the cause of field emission.
Attempts were made to use Kr gas in the source chamber to create a discharge

and eliminate the possible contamination. In a separate testing area, Kr gas was
tested, and the voltage and current expectations for the discharge were obtained.
The discharge was observed at 400V and at a current of 0.5mA.
The next step was to prepare the PKAT system to attach the Kr container to

the source chamber. In the process, a leak was observed in the PKAT system.
After identifying the source, the leak was fixed with vacuum sealer, and the NEG3

material was activated at 450 °C. The hope was that during the leak the possible
Cs contamination on the anode was oxidized and field emission no longer existed.
Afterward, however, continued field emission was observed, although at a higher
voltage of 96 kV. The higher field emission voltage was possibly due to oxidization
of the Cs contamination around the anode.
The observed high pressure in the source chamber was related to the surface

contaminants due to the leak at the earlier stage and could not be eradicated
completely by pumping. Furthermore, since vacuum sealer spray had been used to
stop the leak, the source chamber could not be baked out to higher temperatures.
The only solution to revive the operation of the source at 100 keV was dismantling

the entire source chamber, replacing all the gaskets, and UHV-compatible cleaning
of all the parts inside the source chamber. During the following six months, the
source chamber was dismantled and thoroughly cleaned after more than 20 years
of operation. A close-up photo of the PKAT source chamber prior to dismantling
is shown in Fig 3.3.
In the process of dismantling, however, one of the high voltage ceramic insula-

tors around the source chamber was damaged and rendered unusable. Given the
yearlong process necessary for the acquisition of a new insulator, the decision was
made to replace the defective ceramic insulator with a metal cylinder of the same
dimensions and continue the measurements required for this project. In Fig. 3.3,
the photo on the right shows the PKAT source chamber at present.

3Non Evaporable Getter pump
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Figure 3.3: The PKAT source chamber. On the left, source chamber prior to dis-
mantling due to the experienced leak. On the right, source chamber in
the present condition, in which the measurements in this project were
performed. The main parts in the photos are: 1© the electron source,
2© ceramic insulators, 3© the elevator, 4© the preparation chamber, 5©
the copper shield around the source, 6© the variable potential, 7© the
stainless steel tube in place of the damaged ceramic insulator.

The intermediate electrode (see Fig. 3.2) was kept and grounded (0V potential).
Keeping the intermediate electrode provided two advantages. First, the electric field
strength could be maintained at a fairly similar field strength to the PKAT in the
original design, approximately 1 MV m−1 at the crystal surface. Second, because
the field conditions at the cathode are important for the initial trajectory of the
electrons, this measure guaranteed the use of the electro-optical lenses without any
changes to the arrangement.
Operating the PKAT electron source with only one insulator imposed many lim-

itations and resulted in many challenges during the course of the measurements.
From May through September of 2017, the highest energy the source was able to
deliver without experiencing field emission was 30 keV. Finally, in September 2017,
operations could be conducted at 45 keV. All the measurements presented in this
thesis were performed with the PKAT electron source operating at 45 keV.
Working with such a low-energy electron beam presented many challenges, in part

because the beam was not magnetically rigid and required a much longer time for
optimization. To focus and guide the beam through the PKAT assembly was very
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difficult. In addition, any small external field easily disturbed the beam; the electron
beam was not stable throughout each measurement. During the measurements, the
presence of other high-voltage power supplies or magnetic fields in the vicinity of the
beamline, and even the operation of the MAMI accelerator system, were observed
influencing the electron beam and causing disturbances. In Chapters 5 and 6 results
of the measurements are presented and effects of the less energetic electron beam
on the measurements, where applicable, are explained.
In the following sections, the measuring principles for time response measure-

ments are discussed and the related elements are explained.

3.4 Time response measurements
Some of the primary tasks of this thesis were to investigate the pulse response
and polarization of different photocathodes in a time-resolved manner. The charge
distribution of electron pulses will shed light on the transport mechanisms inside
photocathodes and demonstrate the quality of the photocathode material and its
construction. Investigating the time dependency of the spin polarization of the
electrons will help to better understand the motion of electrons inside the semicon-
ductor.
In order to detect ultrashort electron pulses, two necessary conditions have to be

attained. First, to generate electron pulses, one must illuminate the photocathode
with a pulsed laser. Considering both the distance that the generated electron
pulses must be transported before reaching the analyzing device and the apparative
resolution limitations of the equipment between the source and the analyzing device,
the use of a laser pulse whose pulse length is smaller than the pulse response of the
cathode under investigation is necessary. The photocathodes studied in this project
have pulse responses with FWHM in the range of a few picoseconds. In order to
generate such ultra-short electron pulses in the PKAT laboratory, a femtosecond
laser system was used.
The space-charge problems in the PKAT beam transport limit the bunch charge

to approximately 0.1 fC [8]. This measurement corresponds to approximately 600
electrons in a bunch and therefore, makes conducting pulse response measurements
with a single pulse impossible. This limitation leads to the second necessary con-
dition, in order to perform time response measurements, the integration of many
consecutive pulses is imperative. In doing so, laser pulses must be well synchronized
with the RF signal of the deflector cavity.

3.4.1 Measuring principle
The principle of generating synchronized electron pulses and detecting them for
time response measurements is schematically shown in Fig 3.4.
A femtosecond laser pulse generates electron pulses, which are synchronized with

the RF of the deflector cavity. In the deflector cavity, the longitudinal profile of
the electron pulses is transformed into a transverse profile. A phase shifter induces
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Figure 3.4: Schematic overview of the principle of time response measurements. A
laser pulse synchronized with the RF of the cavity generates electron
pulses. As electron pulses go through the deflector cavity, the longitudi-
nal profile of the electron bunch is transferred into a transverse profile.
The transverse profile can then be detected and analyzed either by a)
slit and channeltron method: the profile of the electron pulse is scanned
through a slit, current is amplified in a channeltron, and measured with
a picoammeter or alternately, by b) screen method: profile of electron
pulse is captured on a YAG screen and analyzed with a camera. For
simplicity, the latter method is not shown in the figure.

a time delay in the electron pulses arrival at the deflector cavity, and thereby, the
electrons are deflected differently in the transverse direction. Transversely deflected
electrons can be detected and analyzed in two ways:

1. Screen method: The transverse profile of electrons is captured by a Ce:YAG
screen4, photographed with a CCD camera5, and then analyzed.

2. Slit method: By changing the phase of a phase shifter, different parts of
electron pulses are transmitted through a slit. The transmitted current is
amplified by a channeltron and measured.

The complete discussion of these methods is given in Section 3.5.

3.4.2 Laser pulse system
The laser system6 in the PKAT laboratory is a mode-lock ultrafast laser which uses
a Titanium:Sapphire crystal as the laser gain medium and a 10W pump laser7. The
4Cer-doped Yttrium Aluminum Garnet
5Charge-Coupled Device
6Coherent MIRA 900 with Synchro-Lock
7Coherent, Verdi G10
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MIRA laser has the capacity to function in both DC mode and pulsed mode and
can generate a laser beam of (0.8± 0.1)mm diameter at the output coupler [29].
The MIRA laser can be tuned to produce pulses in the wavelength range of 755 nm
to 890 nm, with a pulse length of less than 150 fs and a repetition rate of 76MHz.
In addition, laser pulses of 400 nm wavelength can be generated with the help

of an SHG (Second Harmonic Generator)8 frequency doubler. SHG was inte-
grated into the PKAT laser system and has been used to measure time response of
K2CsSb [60] and bulk GaAs [35], but SHG was not relevant in the measurements
of this work.

For the majority of the measurements performed in this project, the MIRA laser
was operating at a set wavelength of 800 nm, except where the effects of various
wavelengths was investigated, for example as in Section 6.5. A detailed description
of the optical elements and modes of operation for the MIRA laser can be found
in [107]. After the laser beam exits the MIRA, the laser beam is directed through
various mirrors and prisms, and its intensity is controlled by several attenuators
before illuminating the photocathode.
As previously mentioned, time response measurements require integrating many

individual electron pulses which are well synchronized with the RF of the deflector
cavity. In this project, in the case of the measurements with the slit, about 1× 107

pulses are integrated. The process of achieving synchronization can be seen in
Fig. 3.4, and a picture of synchronized pulses is shown in Fig. 3.5.

Figure 3.5: A photo of the oscilloscope showing the laser pulses (in blue) synchro-
nized with the RF/32 of the deflector cavity in (yellow) prior to time
response measurements. The timescale on the screen is 5 ns/division.

The deflector cavity is operated at a frequency of 2.449GHz, which is the MAMI
master oscillator. In order to satisfy the condition of synchronization between laser
pulses generated by the MIRA at a repetition rate of 76MHz and the frequency of
8APE, Harmonixx SHG
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the deflector cavity, a double balanced mixer (DBM) and a synchro-lock unit9 for
MIRA 900 are used.
The DBM receives two signals: 1) A reference signal from the deflector cavity

passes through the phase shifter and then into the frequency divider before enter-
ing the DBM. The frequency divider takes the 32nd sub-harmonic pulse, which is
equivalent to 76MHz. 2) By means of a beam splitter, a fraction of the laser beam
is sent into a photodiode. The generated electric current enters the DBM. These
two signals are balanced out in the DBM, and the output goes to a synchro-lock
unit in order to keep the phase relationship constant.

3.4.3 Phase shifter
To perform time-resolved measurements, in addition to having a pulsed laser, a
deflector cavity, and a synchro-lock system, one must have a means of changing the
phase relationship between the deflector cavity and the laser pulse without causing
any interference to the synchro-lock unit. This change is accomplished by using a
phase shifter. A phase shifter can delay the time of entry of electron pulses into the
deflector cavity. This delay, in turn, causes the transverse profile of electrons to be
shifted, allowing different parts of the electron pulse to be scanned and analyzed
through the analyzing device.
Two phase shifters are used for this project. The main phase shifter is a computer-

controlled electro phase shifter, which allows automatic control of voltage change
in the range of 0–10V in steps of 1mV, corresponding to a phase shift range of
0–400°. The second phase shifter, used in conjunction with the electronic one,
is a mechanical phase shifter and can operate in a range of 0–10V as well. The
electronic phase shifter, which is fast, robust, and more reliable, serves to control
the phase and define the relative displacement of the beam on the pulse detecting
system.

3.4.4 Deflector cavity
In accelerator systems, cavities are used to store and transfer electromagnetic energy
to the particles under investigation. The most commonly used cavities are radio-
frequency (RF) cavities.
In the PKAT beamline, a transverse deflector cavity is used as a diagnostic tool

for characterization of the longitudinal properties of electron bunches. The cavity
which is used to transform the longitudinal profile of the electron bunches into a
transverse profile is a pillbox copper cavity and operated at the lowest dipole mode,
a TM110-like mode. A picture of the cylindrically symmetric deflector cavity used
in the PKAT transport system is shown in Fig. 3.6.

Cylindrical cavities have degeneracy between the horizontal and vertical dipole
modes. By making the cavity slightly asymmetric, through the use of coupling
slots or parallel rods, the frequencies of these passbands can be separated. This
9Coherent Synchro-lock
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Figure 3.6: The deflector cavity used in PKAT is cylindrically symmetric and made
from copper. The two metal rods are used for mode stabilization.

separation will set the two dipole modes in the cavity at 90° to each other. The
two metal rods used for mode stabilization in the PKAT deflector cavity are shown
in Fig. 3.6.
For a cavity operating at TM110, no longitudinal electric field exists on the beam

axis. Therefore, when a beam is injected into the cavity at the zero-crossing of the
RF, due to the Lorenz force, the beam experiences only a transverse force from
the magnetic field. In addition, since the slope of the RF is maximum at the zero-
crossing, the magnetic field will exert a strong transverse kick on the electron beam.
Furthermore, when the center of electron pulse passes the cavity at zero phase of
the RF, the head and the tail of pulse are deflected in opposite directions, while
the center of the electron pulse remains undeflected. As a result, the longitudinal
profile of the bunch is transformed into a transverse profile. Fig. 3.7 depicts the
electric and magnetic fields of the TM110 cavity used in the PKAT.
By changing the phase from the zero-crossing in small increments, a shift in

transverse position of the beam on the profile monitor occurs at each step. This
method can be exploited in electron bunch length diagnostic measurements, as seen
in this thesis.
The deflection angle of electrons in MKS system is given by

tanα = 2.35× 10−4 λ0
γ
H sin πh

βλ0
(3.1)

where λ0 is the vacuum wavelength at the resonance frequency, H denotes the
magnetic field amplitude along the axis of the cavity, h is the length of the resonator,
βc is the axial velocity, and γ = 1/

√
1− β2 is the Lorentz factor.
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Figure 3.7: Electric and magnetic fields of a TM110 mode in the center of the cavity.
As the beam travels through the cavity, the fields inside the cavity
transform the longitudinal profile of the electron bunch into a transverse
profile before the electron bunch reaches the detection area.

From the geometry drawn in Fig. 3.8, for a screen or slit positioned at a distance
s from the cavity, one can write the equation for the deflection angle of α based on
the deflection amplitude X in the transverse direction. According to Fig. 3.8,

tanα = X

s+ h
2
. (3.2)

By equating Eq. 3.1 and 3.2, and using the surface resistivity for a copper cavity
given by

Rs = 4.52× 10−3
√
λ0

Ω, (3.3)

the deflection amplitude is obtained by [49]

X = 44.3× 10−4
(
s+ h

2
γ

) Pcav λ
1
2
0

0.61 + h
λ0


1
2

sin
(
πh

βλ0

)
(3.4)

where Pcav is the power at which the cavity is operated, with a maximum value
of 322 W. For the PKAT beam line, h = 3.14 cm and s = 69 cm. Operating at
Pcav = 322 W, results in X = 2.8 cm, a deflection angle of α = 40.10 mrad, and a
deflection amplitude of 5.6 cm.
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Figure 3.8: Simplified sketch of deflecting a beam through the deflector cavity. The
value X represents half of the peak-to-peak deflection amplitude.

3.5 Electron pulse detection method
Two methods exist for detecting and analyzing the electron beam profile, the screen
and camera method and the slit and channeltron method. From the time electrons
are generated in the photocathode until they are detected, several factors contribute
to the limitations of the time response investigations in the PKAT system. These
limitations initiate from the apparative resolution of each element and transit time
dispersion. The latter is a physical limitation of the photocathode itself.

Since the beam conditions at 45 keV considerably worsened when compared to the
100 keV, the time resolution was increased substantially. The time resolution of our
measurements with the slit10 is estimated at σ ≈ 1.37 ps compared to σ ≈ 1.03 ps
under the optimum conditions [18]. Due to the unstable conditions, we estimate an
uncertainty of at least 0.50 ps in the obtained time resolution in our measurements.
The three main factors contributing to the poor resolution are the jitter of the RF
phase, the transverse beam diameter, and the jitter of the position of the electron
beam. The jitter of the RF phase initiates from the magnetic fields associated with
the frequency fluctuations in the synchronized system. The jitter of the position of
the electron beam is a result of the positional fluctuations of the electrons due to the
external environment conditions. The details of the measure of the transverse beam
diameter on the screen are presented in the next chapter. The factors contributing
to the time resolution of the time response measurements are discussed in more
details in [18].
The longer measuring time required for beam conditions at 45 keV results in

poorer resolution for the asymmetry measurements, especially for the data points

10For the screen measurements, the time resolution has increased from σ ≈ 0.83 ps under optimum
conditions [18] to σ ≈ 1.10 ps.
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at higher phase shift values, see Section 5.9. In the following sections, the two
detection methods are discussed.

3.5.1 YAG screen and CCD camera
In this method, the electron pulse impinges on a 100 µm thick screen and then is
imaged with a CCD camera11. The screen is a single-crystal Yttrium Aluminum
Garnet activated with Cerium, YAG12, a yellowish and translucent crystal with the
chemical formula Y3Al2O12.
YAG:Ce exhibits specific physical and chemical properties which makes it a prac-

tical scintilator. YAG:Ce offers a photon yield of 35 /e/keV with maximum emission
at a wavelength of 550 nm and a decay time of 70 ns, after which the number of
excited light-emitting centers decreases by a factor of e [31]. YAG screens emit
light by scintillation after collision with the electron beam. Next, an optical system
directs the light to the CCD camera, where the image is collected and analyzed.
After a single electron hits the YAG screen, the number of photons that arrive at
the CCD camera is given by

N = 1
4πY · Ω · E (3.5)

where Y is the YAG photon yield, Y = 35 /e/keV, Ω denotes the solid angle covered
by the optical system, and E is the energy of the electrons. Referring to Fig. 3.9,
the solid angle Ω can be calculated using the diameter of the YAG screen, 23 mm,
the distance between the screen and the camera, 69 cm, and the angle θ.

Figure 3.9: As the electron beam collides with the 8 µm YAG:Ce screen, the beam
produces photons which will be detected by the CCD camera at a dis-
tance of 69 cm. The dimensions in the sketch are not to scale.

Ω = 2π (1− cos θ) = 8.72× 10−4 sr (3.6)

11VC4067 Professional, Vision Components GmbH, Ettlingen
12Manufacturer: Crytur, http://www.crytur.cz/
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Assuming 100% efficiency along the optical system, a single electron at 45 keV
produces about 0.1 photons that will arrive at the CCD sensor. For a typical
camera exposure time of 1 ms and a current of 1 nA, about 106 photons reach the
CCD camera.
The investigation of the electron penetration depth in the YAG screen for different

beam energies indicates that a 100 keV electron beam penetrates to a depth of
approximately 33 µm into the YAG screen, where photons are produced [5]. Using
the information provided for the electron penetration depth as the beam energy
changes, one can draw the conclusion that the 45 keV electrons of the PKAT are
completely absorbed at a depth of around 8 µm. Within this depth electrons will
be scattered before complete absorption.
The CCD camera uses a thin silicon wafer chip, and its operation principle is

based on the internal photoelectric effect. The chip consists of 1280× 1240 pixels,
with a pixel size of 6.45 µm×6.45 µm. Each pixel is surrounded by a non-conductive
boundary; therefore, the charge collected during exposure remains within the pixel.
The bit depth of the chip is 8, which means the maximum dynamic range of the
sensor is 255. This range is the highest dynamic range that the camera is capable of
reproducing, if all other constraints are eliminated. However, in reality, the dynamic
range is much less due to background noise and in this study is approximately 2
bits. Therefore, the dynamic range is actually about 100 : 1. The camera has an
internal shutter, which allows an exposure time range between 5 µs to 17 s.
The lens which is used with the CCD camera has a fixed focal length of 85 mm

and an aperture which corresponds to 2.8. The optical limitations of the lens, such
as the effects of aberrations and shallow depth of field, are discussed in [35] and are
found to be negligible for electron pulse temporal measurements.

3.5.2 Slit and Channeltron
In this method, portions of the electron pulse will go selectively, first, through a
slit13. Then, at a distance of about 69 cm past the slit, electrons will enter a Channel
Electron Multiplier, CEM14. The inner surface of the CEM tube is manufactured
from a specialty lead silicate glass, which is suitably processed to yield an efficient
secondary emitting layer. When the inner surface is struck by an electron, secondary
electrons are generated. By applying a voltage to the channeltron, these secondary
electrons travel down the CEM channel. Eventually, these secondary electrons will
strike the emissive surface again, in turn causing the release of subsequent electrons.
The high voltage power supply15, which can be controlled remotely, delivers voltages
in the range of 1.1 − 2.1 kV. At the output end of the multiplier, these electrons
are collected and fed into a picoammeter16.

13Manufactured by the Laser Job company
14Detectors Technology Inc., Model 2403
15LeCroy High Voltage Module, Model 1461
16Keithley Instruments Inc, Model 6485
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The channeltron is capable of reaching a gain of 5× 107 at an operating voltage
of 2.05 kV in a rise time of 3 − 5 ns. The CEM operates at a typical bias current
of 21 µA, and can produce a maximum output current of 10 % of the bias current,
2.1 µA17. The amplification of the channeltron used in PKAT was measured in [60].
Operating at a voltage of 1.950 kV, which is the voltage used during this thesis, the
CEM was found to deliver a gain of 2×103. This huge drop in the gain of the CEM
can be attributed to the aging of the CEM and to the electron depletion and ion
contamination, as the manufacturing company suggests.
The picoammeter is equipped with high speed auto ranging with top speeds of

1000 readings per second and can measure small currents with high accuracy. The
picoammeter is capable of measuring currents in the range of 10 fA to 21 mA in
eight available ranges. In addition, the picoammeter has a feature which maintains
stability and accuracy over time and through changes in temperature [58].

3.6 Pockels cell
As discussed in the previous chapter, one of the essential requirements to perform
spin polarization measurements is a circularly polarized laser beam. This require-
ment is met with the help of a Pockels cell and a polarizer. A Pockels cell, based
on the Pockels effect discovered in 1893 by Friedrich Carl Alwin Pockels, is an op-
tical device consisting of an electro-optic crystal with two electrodes attached to it.
The placement of the electrodes on the crystal, and therefore the orientation of the
electric field inside the crystal, determines whether the Pockels cell is transverse or
longitudinal.
In this experiment the longitudinal configuration is used, and a sketch of the

Pockels cell is illustrated in Fig. 3.10. The electrodes are located on the two ends
of the crystal, which the laser beam passes through, creating an electric field which
is parallel to the propagation of the laser. When a voltage is applied, and the laser
is transmitted through the crystal, the crystal induces birefringence, ∆n, which is
proportional to the applied voltage.

∆n = rijE n
3
0 (3.7)

where rij is the electro-optic coefficient for the specific crystal, E is the electric
field experienced by the crystal due to the applied voltage, and n0 is the ordinary
refractive index. By applying a constant voltage, the Pockels cell operates as a
voltage-controlled waveplate, a device which changes the polarization direction of
the incident laser beam. In the absence of an external electric field, no phase
retardation occurs, and Pockels cell will transmit the light with no change in the
polarization state.

17Detector Tech
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Figure 3.10: As linearly polarized light travels through the Pockels cell, the light
will be transformed to circularly polarized light. In a longitudinal
Pockels cell, electrodes are located on the two ends of the crystal.

In a waveplate, the relative phase retardation between the two polarization com-
ponents of the laser beam is given by

Γ = 2π∆nL
λ

(3.8)

where L is the thickness of the crystal and λ denotes the wavelength of the excitation
laser. Inserting Eq. 3.7 in Eq. 3.8 and using the equality of E = V/L for the
longitudinal configuration, where V is the applied voltage, one obtains

Γ = 2π rijV n3
0

λ
. (3.9)

With careful design and orientation, the phase shift between the polarization
components is π/2. This arrangement is called a quarter-waveplate and will result
in

V = λ

4 rij n3
0
. (3.10)

When linearly polarized light passes through a quarter-waveplate such that the
axis of polarization makes a 45° angle with the fast and slow axes of the waveplate,
the emitted wave will become circularly polarized.
The Pockels cell provides switching of the polarization of the laser in the order

of nanoseconds [125], an essential requirement in conducting asymmetry measure-
ments. The Pockels cell used in the PKAT system18 is made with a KD?P, Potas-
sium di-deuterium phosphate (KD2PO4) crystal, referred to as DKDP. This type of
18Gsänger Optoelektonik GmbH
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crystal demonstrates high optical quality and can be used at wavelengths ranging
from 400 nm to about 1.1 µm [125]. The electro-optic coefficient for KD?P crystal
is r63 with the value of r63 = 25 pm V−1.

3.7 Wien filter

The polarized electron source in PKAT produces a longitudinally polarized electron
beam. However, one of the important prerequisites when making asymmetry mea-
surements using a Mott polarimeter is polarized electrons with a spin transverse to
the scattering plane. The spin rotator which was used in prior years in the PKAT
system, toroidal condenser [116], could not be installed due to space limitations. For
this purpose, a Wien filter spin rotator was commissioned for this project and was
built in house. The Wien filter is a replica of one used in MAMI for many years and
is dedicated to parity-violating asymmetry measurements and other measurements
which require a frequent change of spin orientation at the target, from parallel to
perpendicular to the direction of the electron travel path [68, 69].

3.7.1 Electron-optical principle

The Wien filter is a compact spin rotator system with a length of 445 mm. It
consists of homogeneous electric and magnetic fields which are perpendicular to
each other and transverse to the direction of the electron travel. A cross section of
the Wien filter is illustrated in Fig. 3.11.
The stainless-steel electrode plates are designed with contoured edges to ensure

the condition of no deflection (see Equation 3.11) is fulfilled in the fringes as well.
Otherwise, it leads to large additional deflections of the electron beam by the fringes.
Applying high voltage to the electrode plates produces a vertical homogeneous
electric field, while a constant current going through the symmetric window-frame
coils surrounded by a magnetic yoke results in a homogeneous horizontal magnetic
field. Additional metal plates at the two ends are used to reinforce the shielding
against fringe field effects.
In the following, a perfect homogeneous distribution of the electric and the mag-

netic field everywhere inside the Wien filter is assumed. The objective is to choose
electric and magnetic field forces so that the electron beam is not deflected from
the reference trajectory beam as electrons with velocity ~v travel through the Wien
filter while the spin rotates. The state of no deflection is fulfilled if the exerted
electric and magnetic fields follow the Lorentz force equilibrium condition of

~E + ~v × ~B = 0 ∴
∣∣∣∣EB
∣∣∣∣ = |v| (3.11)

The precession of the spin vector of the electron, ~S, which is due to the interaction
of the magnetic field with the magnetic moment associated with spin, is described
by the Thomas [126], Bargmann, Michael and Telegdi (BMT) [13, 64] equation.

56



3.7 Wien filter

Figure 3.11: Cross section of the Wien filter. The main components are: 1©: High
voltage feedthrough, 2©: Electrode plates, 3©: Magnetic coils, 4©:
Magnet mirror plate. Magnet yokes to support the magnetic coils are
also shown. By correctly selecting the directions and the magnitudes
of the electric and magnetic fields, the polarization of the electrons
(shown in orange arrows) can be rotated by 90° as shown. Modified
from [118].

For an electron traveling with velocity ~v in an static electromagnetic field, the
spin equation of motion can be written as

d~S
dt = e

γm0
~S ×

[
(1 + γG) ~B⊥ + (1 +G) ~B‖ + γ

(
G+ 1

γ + 1

) ~E × ~v
c2

]
(3.12)

where G is the electron anomalous gyromagnetic moment related to the electron
gyromagnetic factor with the relationship G = 1

2(g − 2) and g = 2.002319. ~B⊥
and ~B‖ are the transverse and longitudinal components of the magnetic field in
the laboratory frame, E is the electric field, and γ is the Lorentz factor defined as
γ = 1/

√
1− β2, where β = v/c with v and c velocity of electron and the speed of

light, respectively.
As the electron travels through the Wien filter, the magnetic field along the

direction of travel is ~B‖ = 0. Applying the condition of no deflection, Eq. 3.12
becomes

d~S
dt = e

γm0
~S ×

[
(1 + γG) ~B⊥ − γ

(
G+ 1

γ + 1

)
β2 ~B⊥

]
. (3.13)
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The factor γG is negligible at 45 keV, and substituting β2 in terms of γ, Eq. 3.13
can be simplified to

d~S
dt = eB⊥

γm0
~S

[
1− γ

γ + 1 ·
γ2 − 1
γ2

]
(3.14)

Note that Eq. 3.14 has the form of a spin precession equation

d~S
dt = ~ωspin × ~S (3.15)

where
ωspin = eB⊥

γ2m0
(3.16)

is the angular velocity of the spin rotation.
Adopting the relationship ω = v/r, where r = L/θ and L and θ denote the length

of the Wien filter and the angle of the spin rotation, results in

ω = β c θ

L
. (3.17)

Equating Eq. 3.16 and 3.17 will yield

B = m0 β c γ2 θ

eL
(3.18)

where, for simplicity, the subscript ⊥ is dropped since the applied magnetic field is
orthogonal.
For a given magnetic field strength and the associated electric field, as electrons

fly through the Wien filter, one can obtain the angle of spin rotation

θ = eLB

m0 β c γ2 . (3.19)

As noted previously, in these calculations an identical effective length of the elec-
tric and magnetic field inside the Wien filter has been explicitly assumed. However,
in practice, the perfect fields at the edges can hardly be realized; therefore, the rela-
tion between the field strengths for the no-deflection condition is not fulfilled [102,
128].
In an investigation with a similar Wien filter [128], the specific design of the

filter resulted in the electrical field fringes having a shorter extension compared
to the magnetic fringes. As a result, the focusing properties of the device were
changed, which created a distortion to the horizontal beam trajectory. Therefore,
some modifications were necessary. As the electrons pass through the two edges of
the Wien filter, the imperfect cancellation of the forces in the extended fringe-field
region causes electrons to experience a parallel offset from the central trajectory.
In [102], assuming that the effective lengths of both fields are equal, and therefore,

an angular deflection is not present, an expression for this offset is given. In this
study, the effective length of the Wien filter is considered 320 mm, and an offset in
the order of 1 − 2 mm is predicted [128].
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3.8 Mott polarimeter

3.7.2 Electron-optical properties of the Wien filter

In [89], Penner describes the optical properties of electrons for different magnetic
deflection systems using a matrix method. The matrix method can be applied to
particle trajectories of small spatial, angular, and energy spreads. In applying this
method for the Wien filter, the following assumptions are made. First, the end
fringe-field regions are assumed to be small compared to the length of the Wien
filter. Second is the assumption that electrons are moving along the z-axis and that
the electric and the magnetic fields are directed along the x and y axes respectively.
Under no-deflection condition for electrons, the first-order approximation of the
transformation matrix for the horizontal motion can be expressed by

T =

 cos(L/R) R sin(L/R) −R(1− cos(L/R))
−R−1 sin(L/R) cos(L/R) − sin(L/R)

0 0 1

 (3.20)

where R = γm0v/eB, and L is the field effective length. Using the equality of 3.18,
R can be simplified to R = L/γθ.
In principle, by using a Wien filter achievement of spin rotation for an angular

range of −π
2 to +π

2 is possible. The negative values of spin rotation are readily
attained by reversing the field orientations. Moreover, since the spin orientation
may be reversed through switching the helicity of the laser by using a Pockels
cell [11], practically any desired spin orientation in the plane of the accelerator can
be achieved.

In closing, one must note that the Wien filter is astigmatic and does not provide
the same focusing properties for every spin rotation angle. While no focusing action
by the Wien filter occurs in the vertical direction, and therefore, the corresponding
matrix is a drift space, the horizontal matrix is identical to a quadrupole with
varying focusing strength. For a similar Wien filter used in MAMI, a focusing
variation of 0 − 5.5 m−1 for the spin rotation between 0 and π

2 was obtained [128].
However, in principle, mitigation of this focusing variation is possible by using
additional quadrupoles before and after the Wien filter [129].

3.8 Mott polarimeter

Beams of polarized electrons are essential in many investigations, such as spin-
dependent effects in atomic collisions [14, 59], parity violation in high energy nu-
clear scattering [95], and surface magnetic properties of solids [3, 63]. Electron
spin analyses are commonly accomplished by using a Mott polarimeter. Mott po-
larimeters have the advantage of operating with an unpolarized target compared to
Moller or Compton polarimeters, which use spin polarized targets. Moreover, they
offer good efficiencies and are fairly simple to implement.
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3 Experimental setup

3.8.1 Principle of Mott polarimeter
Mott polarimeters exploit the left-right scattering asymmetry resulting from the
spin-orbit coupling as the high-energy electrons interact with the Coulomb potential
of a heavy nucleus. The measured scattering probability depends upon whether
the electron spin and its orbital angular momentum are parallel or anti-parallel. In
the rest frame of the electron, the electron near the target nucleus experiences a
magnetic field, which interacts with its spin and induces a torque in the scattering
potential.
The spin-dependent part of the Hamiltonian of an electron experiencing spin-

orbit interaction is given by

H = Z e2

2m2 c2 r3
~L · ~S (3.21)

where ~L and ~S are the electron orbital and spin angular momentum, Z is the
nucleus atomic number, r is the distance between the electron and the nucleus, e
and m are electron charge and mass, and c is the speed of light. The scattering
cross section, σ (θ), in the presence of the spin-orbit potential can be written as

σ (θ) = σ0 (θ)
[
1 + S (θ) ~P · n̂

]
(3.22)

where σ0 (θ) denotes the scattering cross section of the unpolarized electrons at
an angle θ, S (θ) is the asymmetry function known as Sherman function or the
polarimeter analyzing power, ~P is the electron beam polarization, and n̂ is the
unit vector normal to the scattering plane. If ~k and ~k ′ represent the wave vectors
associated with the incident and the scattered electron beam respectively, then

n̂ ≡
~k × ~k ′∣∣∣~k × ~k ′∣∣∣ . (3.23)

Factors, such as the energy of the electron beam, atomic number of the target,
and the scattering transverse polarization angle of the electrons, affect the value of
the measured asymmetry. The polarization can be obtained from the asymmetry if
the Sherman function is known. Fig. 3.12 displays the angular dependence of the
theoretical Sherman function for scattering on gold nuclei.
Since the orbital angular momentum, ~L, is perpendicular to the scattering plane,

the asymmetry is largest when the polarization is transverse to the scattering plane
and thus transverse to the direction of the beam. For this reason, a spin rotator
is required in the beamline to rotate the spin of electrons from longitudinal to
transverse before entering the Mott. The spin rotation in the PKAT beamline is
achieved with the Wien filter, which was discussed earlier in this chapter.
A thin gold target is eminently suitable in a Mott polarimeter. A high atomic

number of Z = 79 ensures higher asymmetry values due to the larger spin-orbit
coupling, see Eq. 3.21. Furthermore, gold has the advantage of chemical inertness
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Figure 3.12: The angular dependence of the theoretical Sherman function for dif-
ferent beam energies of 20 keV, 40 keV, 60 keV, and 100 keV. The Sher-
man function has a broad maximum at θ = 120°, and its value strongly
increases with increasing beam energy. Reproduced from [120].

as the formation of oxides reduces the asymmetry. Additionally, gold can easily be
fabricated into very thin foils, which is an essential requirement in reducing multiple
scattering.
In order to diminish the systematic effects associated with small changes in the

beam intensity during the measurements, the Mott polarimeter utilizes two identical
detectors positioned at the azimuthal angle at which the scattering cross section is
optimal. For low-beam-energy experiments, such as the one in the PKAT, silicon
diode detectors are a good choice, as they discriminate against the background
electrons [43, 110]. The detectors are positioned to detect the electrons scattered
at θ = 120°, where the Sherman function has a broad maximum, as can be seen in
Fig. 3.12.
To reduce the systematic errors as a result of the unwanted backscattered elec-

trons, the Mott chamber and other internal parts are made from Aluminum. The
details of the construction of the PKAT Mott polarimeter has been discussed else-
where [50]. Fig. 3.13 illustrates how the polarization is measured in the Mott
polarimeter.
As the polarized electron beam impinges on the target, the helicity of the electron

polarization at each given time determines the tendency for the electrons to scatter
to each of the two detectors. If the Sherman function S (θ) is known, one can obtain
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3 Experimental setup

Figure 3.13: The interaction of the electrons with the heavy gold nucleus creates
an asymmetry in the azimuthal scattering plane where the two Mott
detectors are located. To achieve the maximum asymmetry, the polar-
ization, shown in blue,must be perpendicular to the scattering plane.

the polarization by measuring the asymmetry between the count rates of the two
detectors [59].
Let the L and R denote the detectors on the left and the right. Then, for each

helicity, the expected count rates are L+, R+, and L−, R− respectively, where
± represent the helicity of the laser. Allow a and b to be the proportionality
constants due to the detectors unequal solid angles, and I+ and I− represent the
current fluctuations due to switching the helicity, by using Eq. 3.22 one can obtain
the sets of equations for the count rates

L+ = I+a (1 + PS (θ)) and R+ = I+b (1− PS (θ)) ⇐⇒ positive helicity
L− = I−a (1− PS (θ)) and R− = I−b (1 + PS (θ)) ⇐⇒ negative helicity

These equations will lead to

L+
L−

= I+

I−
· 1 + PS (θ)

1− PS (θ) and R−
R+

= I−

I+ ·
1 + PS (θ)
1− PS (θ) . (3.24)

Multiplying the two last equations and applying some algebra, and replacing
the theoretical value of the Sherman function, S(θ), calculated based on scattering
from a single free atom in target with the effective Sherman function of the target,
Seff (θ), will result in

A = PSeff (θ) with A = N+ −N−

N+ +N−
(3.25)
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3.8 Mott polarimeter

where N+ ≡
√
R+L− and N− ≡

√
R−L+. Introducing Q ≡ R−L+/R+L−, the

asymmetry can be written as

A = 1−
√
Q

1 +
√
Q

(3.26)

One should note that asymmetry in the form of Eq. 3.26 eliminates the helicity-
dependent current fluctuation asymmetry, in addition to the asymmetry associated
with the different efficiency of the detectors. When using two detectors to measure
the asymmetry, the additional information gained by using two detectors under
helicity switching helps the asymmetry to self-normalize with respect to fluctuations
of the beam current.
The effective Sherman function, which is the most important characteristic of the

Mott polarimeter, depends on factors such as the thickness and the composition
of the target, the scattering angle, and the beam energy. Large values of Seff (θ)
are desirable in order to obtain substantial asymmetry between the two detectors.
However, since the cross section and, therefore, the measured intensity, I, are small
at the angles where Sherman function is large [59], one must find a compromise
between high asymmetry and high intensity. The best practice is to choose the
parameters in such a way that the figure of merit (FOM) is maximal. In Mott
polarimetry the FOM is defined as

FOM = I

I0
S2
eff (3.27)

where I
I0

is the ratio between the scattered and the primary current used in Mott
measurements. For the measurements in this work, with the count rate in the order
of kHz and a typical primary current of 1 nA, the figure of merit is in the order of
FOM ≈ 10−5. In practice, one can make the ratio bigger by increasing the solid
angle of the detectors. In order to optimize FOM a complex interplay between the
solid angle, energy dependency of Seff, and foil thickness effects is required.

The thickness of the target plays an important role in the measured asymme-
try. The effect of the target thickness and various electron energy resolutions on
asymmetry for different beam energies have been investigated [44, 131]. The results
for a beam energy of 20 keV is illustrated in Fig. 3.14 [44]. The research as out-
lined in [44], showed that for all beam energy values with an energy resolution of
4 eV, the asymmetry decreases with increasing foil thickness. However, the rate at
which the asymmetry decreases is larger as the beam energy decreases, especially
at thicknesses below 200 Å. More importantly, however, is the effect of the en-
ergy resolution on the asymmetry values. The energy resolution of the asymmetry
measurements in this project is approximately 10 keV. Therefore, the drop of the
asymmetry values will be much more dramatic than what is shown in Fig. 3.14.
The Sherman function is very sensitive to the thickness of the target, which is

why Seff must be used instead of Sth. Every target contains a great number of
atoms, and the multiple scattering processes cause substantial deviations from the
Sth of the ideal single atom scattering.
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Figure 3.14: Mott asymmetry as a function of the gold target thickness and the elec-
tron energy loss at beam energy of 20 keV. ∆E denotes the maximum
energy loss which electrons can have and still be detected. Curve 1©
shows the dependence of asymmetry on target thickness with no energy
loss (elastic scattering). Curve 2© represents the thickness dependence
for a 1.2 keV energy loss. Curve 3© demonstrates the asymmetry de-
pendence on the energy resolution for a thin target. Curve 4© presents
the energy resolution dependency for a 68 nm gold target, and curve
5© indicates the asymmetry dependency on energy resolution for single
atoms. Reproduced from [44].

As the target thickness increases, the probability of such processes substantially
increases, which in turn reduces Seff significantly. Thus, extremely thin gold targets
are desirable for the asymmetry measurements. Moreover, the effect of multiple
scattering is worsened at lower energy, resulting in further reduction of Seff.
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4 Measuring principles and preparatory
measurements

After reconstruction of the PKAT laboratory was completed, experimental testing
was initiated to discern the functionality of the instruments and to obtain the
parameters for optimum measurements. The PKAT is equipped with instruments
to test the temporal distribution and polarization characteristics of a photocathode.
Some of the instruments used for these purposes include: a Ti-Sapphire laser to
probe the photoemissive properties of the semiconductor photocathode, a deflecting
cavity, a slit and a channeltron to study the temporal distribution of the beam, a
spin-rotator Wien filter, and a Mott polarimeter to measure the average asymmetry.
Of the above-mentioned instruments, the Wien filter was the latest addition to

the laboratory and had to be commissioned for operation. Furthermore, the Mott
polarimeter had not been in operation since the last asymmetry measurements
performed in 2011 [100]. More importantly, the electron gun was not equipped to
deliver energies beyond 45 keV without experiencing field emission, as compared to
the 100 keV previously, see the discussion in Section 3.3.
Therefore, the execution of a variety of tests to discern the possibility of conduct-

ing the pulse response and polarization measurements with the PKAT beamline
under suboptimal conditions was crucial. Consequently, a number of systematic
tests on the Wien filter and the Mott polarimeter were required to study the repro-
ducibility of the measurements and to obtain the parameters necessary to achieve
optimal experimental results. This testing included finding the Pockels cell’s high
voltage set up to produce circularly polarized light, obtaining the Wien filter spin-
rotator high voltage and current set up, and determining the Mott detector amplifier
threshold voltage.
The most challenging aspect of this project was accounting for the very low-

energy electron beam. One of the difficulties working with such a low-energy beam
was accomplishing the transport of the electron bunches from the cathode to the
detecting point while preserving beam emittance and energy spread at a level ac-
ceptable for effective measurements.
The difficulties due to the advanced age of the apparatus, in combination with

the low-energy beam, hampered the performance and operational reliability of the
PKAT system. Less than ideal beam quality significantly impaired the time res-
olution of the apparatus, see Section 3.5. This difficulty especially tarnished the
time response measurements using the slit, as the accuracy of these type of mea-
surements rely on having a very small beam with high brightness to be able to scan
the beam through the slit by changing the phase.
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A defining challenge was the negative impact of the low-energy electron beam
on the polarization measurements. The lack of energy notably decreases the Mott
polarimeter analyzing power, leading to much lower asymmetry values. As a result,
obtaining accurate asymmetry measurements with same statistical error throughout
the measurements requires a much longer time, see the discussion in Section 5.8.
In the following, the setups for different types of investigations in the course of

this project and the related preparatory procedures are explained.

4.1 Beam width measurement
The screen method offers a fast recording of the electron beam. This speed is advan-
tageous over the slit method because the jitter contribution to the time resolution
is much smaller in this method. However, the slit method has the advantage of
allowing recording of the low intensity area in the tail of the pulse response, known
as longitudinal halo. The CCD camera has a much lower dynamic range compared
to the channeltron, and as a result, the CCD camera is limited in the recording of
the tail. Within the scope of this thesis, the screen and camera method was used
to determine the transverse beam diameter of the electron pulse, and the slit and
channeltron method was used for the time response measurements.
A schematic representation of the screen method is illustrated in Fig. 4.1. In this

method, the measurement duration depends on the required exposure time, which
hinges on the current density. For the average extracted currents between 0.1 nA to
10 nA, limited by the space charge in the PKAT transport system, the CCD camera
is capable of resolving images between 10ms to 50ms. This imagery corresponds
to a superposition of between 7.60× 105 to 3.88× 106 pulses.

4.1.1 Screen calibration

Two necessary pieces of information are required in order to calibrate the screen: 1)
conversion of pixels to micrometers and 2) conversion of micrometers to picoseconds.
Having the diameter of the screen, 23mm, the needed information can be obtained
with the help of an image of a deflected beam on the screen created with a DC
laser; see the left photo in Fig. 4.2. For better visualization, the colors in the image
are inverted.
The beam is deflected by a fixed and arbitrary power of Pcav = 63W. The

circumference of the screen is shown in red with the diameter D, and d denotes the
size of the beam on the screen. The two end points of the beam stripe represent
the reversal points of the sinusoidal deflection through the cavity.
According to the image in Fig. 4.2, the diameter of the screen is equivalent to

440 pixels. Therefore,
1 px ≡ (52.3± 0.2) µm (4.1)

Due to the unknown accuracy of the screen dimension, the numbers which are
derived from Eq. 4.1 are estimated to have an error of 1%. Plotting the intensity
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4.1 Beam width measurement

Figure 4.1: Schematic representation of the screen method. After the electron beam
passes through the cavity, the beam impinges on the YAG screen. The
emitted light is recorded by the CCD camera, and the image is analyzed
with a computer.

profile of the observed beam results in what is shown on the right side of Fig. 4.2.
The position of the beam on the screen at a given time t can be described by a
sinusoidal deflection

x(t) = X sin (ωt) (4.2)

where X denotes the amplitude of the deflection on the screen, and ω is the
angular frequency equal to ω = 2π · 2.449 GHz. At a reference time of t = 0, the
velocity is

ẋ(t) = X · ω. (4.3)

The deflecting amplitude, according to Eq. 3.4, is proportional to the square root
of the applied RF power in the cavity. If the amplitude at a reference cavity power
is known, one can use the inverse steepness relationship to calculate the amplitude
for other cavity powers. This leads to

S−1 =
√
Pref
Pcav

(X · ω)−1 . (4.4)

In our case, Pref is P = 63 W, and X can be deduced from the images in Fig. 4.2.
The distance between the two end points, d, represents twice the amplitude. To-
gether, by applying Eq. 4.1, one obtains
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Figure 4.2: On the left: The image of the beam after being deflected with an arbi-
trary RF power. Laser and RF are not synchronized to allow the full
deflection amplitude to be seen. For better clarity, the image is inverted
and the circumference of the screen is shown in red. D and d represent
the screen diameter and the size of the beam on the screen, respectively.
On the right: Intensity profile of the observed beam on the left.

X = d

2 = 97 px = (5.07± 0.02) mm. (4.5)

For the cavity operating at Pcav = 322 W, the result is

S−1 =
√

63
322 · (X · ω)−1

S−1 = 5.67 ps mm−1.
(4.6)

Eq. 4.1 together with Eq. 4.6 provide the necessary information for the screen
calibration. It is estimated that S−1 has a typical error of 1%.

4.1.2 Transverse beam diameter

As previously discussed in Section 3.5, there are two factors limiting the time res-
olution of a pulse response measurement, apparative resolution and transit time
dispersion. The transverse beam diameter is one factor contributing to the appa-
rative resolution. To reduce this contribution in the time response measurements,
the beam is optimized so that it has the smallest transverse diameter possible.
The transverse beam diameter is measured by operating the laser in DC mode

while the deflector cavity is switched off. Fig. 4.3 represents an image of the electron
beam taken with the CCD camera at 500 ms exposure time.
Assuming that the intensity has a Gaussian form, one can calculate the FWHM

of the beam from the Gaussian fit. In the y-direction, this leads to

FWHM = (6.3± 0.1) px. (4.7)
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Figure 4.3: Image of the electron beam on the screen prior to the pulse response
measurements. In order to reduce the contribution of the jitter to the
resolution, the beam is focused with the minimum transverse width.
The horizontal and vertical lines going through the beam show the po-
sitions at which the beam diameter in the x and the y direction were
calculated.

Implementing the obtained conversion equations, Eq. 4.1 and Eq. 4.6, will result
in the transverse beam diameter of

Dbeam = (330.4± 5.2) µm ≡ (1.87± 0.03) ps. (4.8)

4.2 Pulse response measurement

In order to measure the temporal profile of the electron pulse with large dynamic
range, the slit method is used. A schematic representation of the setup for these
measurements is shown in Fig. 4.4. The method can be explained by the following
steps. First, the laser pulse is synchronized with the RF of the cavity. Then, as the
beam goes through the cavity, the longitudinal profile of the electron pulse is trans-
ferred to the transverse. Next, by changing the phase from the zero crossing of the
cavity in small steps, the transverse position of the beam shifts, and only a specific
portion of the pulse is allowed to go through the slit. The transmitted current is
amplified and detected with the help of the channeltron and a picoammeter.

4.2.1 Beam length and cavity power

As indicated by Eq. 3.4, the amplitude of the deflected electron pulse depends on
the RF power applied to the cavity. In this section, the RF power was applied at
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Figure 4.4: Schematic representation of the slit method for the pulse response mea-
surements. The laser and the RF of the cavity are synchronized. After
the electron pulses pass through the cavity, by changing the phase, the
beam profile is scanned across the slit. The channeltron amplifies the
transmitted current before the current is measured with the picoamme-
ter and is later analyzed with a computer.

different levels and the observable length of the beam on the screen was measured
for each level. The results are presented in Fig 4.5.
The measurement was accomplished with the help of steering magnet 201, located

directly behind the screen. First, the screen was calibrated according to the steering
magnet current. While the cavity was switched off, the beam was moved along the
vertical diameter of the screen and the current through the steering magnet was
recorded. This calibration resulted in

578 mA ≡ 23 mm ∴ 1 mA ≡ 39.79 µm (4.9)

Then, the RF power was changed slightly and the steering magnet current was
changed so that the two ends of the beam stripe matched up with the edges of
the screen. The net current was converted to the unit of length, and the diameter
of the screen was subtracted from or added to the conversion result, depending on
whether the beam was smaller or larger than the screen. In Fig. 4.5, the fit function
to the data is shown in black. The fit function indicates a square root pattern, as
expected, due to the amplitude of deflection changing with the square root of the
cavity power, see the discussion in Section 3.4.4. The measured beam length values
are twice the deflection amplitude, as shown in Section 4.1.

1The numbering is according to the number of elements in the PKAT data base.
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Figure 4.5: The observed length of the beam on the screen as a function of the
deflector cavity power. The black curve represents the fit to the data,
with a square root pattern. The red line at 322 W indicates the op-
erating power of the cavity for all pulse response measurements. The
observable beam length is twice the amplitude of the deflection (see the
discussion in Section 4.1).

4.2.2 Calibration of the phase shifter
Prior to pulse response measurements, the electronic phase shifter must be cali-
brated to obtain the conversion between the applied voltage and the actual phase
values. Phase shifter calibration was performed [18] and the results are illustrated
in Fig. 4.6.
The electron pulse response measurements are based on the principle of relative

phase variations. Therefore, as the electron pulses pass through the deflector cavity
the actual phase value at the point of no deflection is not of importance. However,
it is important to ensure that scanning the entire pulse through the slit is completed
within the best linear region of the calibration. For this reason, at the beginning of
each measurement, the electronic phase shifter was set to ≈ 3 V and the deflection
was zeroed with the help of the mechanical phase shifter. The pulse response
measurements in the course of this project were performed with the electronic phase
shifter operating in the range of 3V to 6V. In Fig. 4.6, this region is specified with
green color.
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Figure 4.6: Calibration of the electronic phase shifter. Changing the voltage from
0V – 10V correlates with a phase shift variation of 0 - 400°. The pulse
response measurements in this project were performed with the phase
shifter operating in the best linear region in the range of 3 - 6V, repre-
sented by the green area. Data obtained from [18].

4.3 Asymmetry measurement

Regardless of the type of spin-polarized source used in the accelerator system, the
underlying principle of the investigation in all experiments using polarized electron
beams is based on measuring the spin-dependent asymmetries. These asymmetries
derive from the small differences in the detected signals, as the polarization of the
incident electrons is reversed. Therefore, it is crucial to have a highly polarized in-
tense electron beam, as well as, having stable conditions as polarization is reversed.
Part of the investigation in this research was performing asymmetry measure-

ments. Fig. 4.7 depicts a schematic representation of these measurements.
First, the linearly polarized light is converted to circularly polarized light as

it travels through the Pockels cell. The electron beam is guided through the α-
magnets and then is directed through the Wien filter. In the Wien filter, the
polarization of the electron beam is switched to transverse before entering the Mott
polarimeter. In the Mott, electrons are backscattered through their interactions
with the gold foil and are detected with the two detectors. The asymmetry is
determined according to the detectors count rate, as the polarization of the electrons
is switched by reversing the helicity of the laser light.
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Figure 4.7: Schematic representation of the asymmetry measurements in the PKAT.
In the Pockels cell, linearly polarized light is converted to circularly
polarized light. After electron pulses are produced, they travel through
the α-magnets. Before electrons enter the Mott, their polarization is
rotated in the Wien filter from longitudinal to transverse. The red and
the green arrows show the laser polarization and the direction of the
electron beam travelling, respectively. The orange arrow and the cross
symbol indicate the direction of electron polarization before and after
the Wien filter.

In the following, the preparatory steps to achieve optimum asymmetry measure-
ments are described.

4.4 Obtaining the circularly polarized light

In order to achieve the highest possible polarization and to have an accurate mea-
surement, any helicity-correlated asymmetry must be avoided. In an ideal case, a
circular polarization of 100% is desirable. To attain the best circularly polarized
light, the alignment of the Pockels cell crystal axis with the laser axis is critical. A
photo of the Pockels cell being adjusted to deliver the maximum circularly polarized
beam is shown in Fig. 4.8.
The alignment is obtained with the help of two linear polarizers placed at each

end of the Pockels cell. The second polarizer is used as an analyzer. The alignment
should fulfill two conditions. First, the intensity directly after the crystal must not
fluctuate while the crystal is rotated around the optical axis. Second, the intensity
after the second polarizer must remain minimal, even when the voltage is applied.
Once the optimal condition is achieved, the crystal is rotated 45° around the optical
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axis, enabling the crystal to operate as a quarter waveplate and generating the state
of circular polarization.

Figure 4.8: Photo of the Pockels cell inserted in its housing and being adjusted to
deliver the highest circularly polarized light. The main parts are: 1© the
Pockels cell, 2© the first linear polarizer, 3© the second linear polarizer
used as an analyzer, 4© the Pockels cell high-voltage connection, 5© the
small springs for fine adjustment of the Pockels cell along the three axes,
6© marking of the Pockels cell prior to 45° rotation, and 7© the laser
being directed towards the first linear polarizer. Before conducting the
experiment, the analyzer is removed and a telescope is inserted after
the Pockels cell.

By applying voltage to the Pockels cell, Imin and Imax through the analyzer is
recorded and circular polarization is calculated

Pcir = 2
√
Imin · Imax

Imin + Imax
(4.10)

For each voltage the polarity is reversed, and Pcir is obtained. The results are
shown in Table 4.1.
Once the state of maximum circular polarization is obtained, the second polarizer,

which is located after the Pockels cell, must be removed before performing the
asymmetry measurements. A detailed description of the Pockels cell adjustment
procedure can be found in [74].

Table 4.1: Obtained values of circular polarization at 3.1 kV
HV polarity Imin (mW) Imax (mW) Pcir

+ 2.51 2.20 (99.8± 0.1) %
– 2.83 2.46 (99.8± 0.1) %
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4.5 Preparatory diagnosis and operational factors
As already discussed, portions of the PKAT had to be reconstructed in order to
perform the polarization measurements. The Mott polarimeter had not been used
for more than five years; thus, examination of the status of the Mott polarimeter
was necessary. Moreover, the asymmetry measurements are inherently sensitive
to the physical and mechanical conditions of the lab, such as the energy of the
electron beam and the electronic noise. This section outlines some of the challenges
encountered and methods of overcoming the challenges to ensure the asymmetry
measurements were reproducible and reliable.
One of the Mott detectors had a deficiency and was replaced. Moreover, an

observed grounding problem was mitigated by using an isolating transformer for
the detection electronics and by significantly shortening the distance between each
of the detectors and the respective amplifiers.
A penalty of operating at a low energy of 45 keV was the decreased immunity of

the system to any electronic noise. The measurements were susceptible to instabili-
ties in any frequency region, especially 50 Hz and harmonics. For example, although
the MAMI accelerator source power supply was located far from the PKAT labo-
ratory, the effect of turning on the MAMI source on the detector count rate was
clearly observed. In one incident, upon turning on the MAMI accelerator source,
the background counts jumped from below 10 Hz to almost 4000 Hz. Also, from
time to time an abrupt spike on the background counts, even up to 65 000 Hz, was
observed, even though no adjustments had been made.
Therefore, significant efforts were devoted to identifying any sources of noise and

determining practical solutions to alleviate them. In addition, the Mott detector
preamplifiers were carefully shielded with copper against any electromagnetic inter-
ference and all the beamline windows were fully covered against any stray photons
entering the detectors.
The optimum operational factors for asymmetry measurements were obtained

and the noise level was reduced so that it was discriminated against the background.
Typical signal to background ratio was 300 : 1.
The Mott polarimeter in the PKAT laboratory is equipped with three gold targets

of different thicknesses. A photo of the three gold targets with their associated
numbering in the data system is shown in Fig. 4.9. The Target3, which is the
thinnest gold foil, with a thickness of 85 nm, is placed on a carbon foil to make it
less susceptible against damage. This placement explains the blue color seen in the
photo.
By using the Mott scanner, the positions of the gold targets were obtained. Ta-

ble 4.2 presents the specifications of these gold targets and their respective positions
on the scanner. In addition, the region in which the Mott detector counts were lin-
ear as a function of the laser power was determined. During each measurement, to
avoid distorted asymmetry values due to the nonlinear effects from high laser inten-
sities, care was taken to ascertain that the illumination intensity was low enough
to ensure the detectors operated in the linear region.
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4 Measuring principles and preparatory measurements

Figure 4.9: The three gold foils in the Mott polarimeter of the PKAT beamline.
The numbering of the targets is according to their numbers in the data
system.

Table 4.2: Gold targets in the PKAT Mott polarimeter and their specifications
Gold target Area density Thickness Scanner position

1 415 µg cm−2 215 nm 91 mm
2 190 µg cm−2 98 nm 68 mm
3 165 µg cm−2 85 nm 48 mm

4.6 Wien filter calibration

In preparation for the asymmetry measurements, the Wien filter was built and
installed in the PKAT beamline. Due to the beam energy being reduced in com-
parison to past experience, it was necessary to obtain the Wien filter high voltage
and magnet current to ensure the condition of “no deflection”. Fig. 4.10 depicts a
picture of the Wien filter after installation in the PKAT beamline.
The Wien filter at MAMI has been used successfully for the last two decades.

Therefore, its electric and magnetic field strength were used as a point of reference
to obtain the electrodes high voltage and the magnetic coils current of the Wien
filter in the PKAT. For a spin rotation of 90°, the required electric and magnetic field
strengths and the Wien filter parameters are listed in Table 4.3. For comparison,
the parameters for the MAMI Wien filter are also presented.
Regardless of the different energies between the two electron sources, the relation

B = m0βcγ2θ/eL (Eq. 3.18) is valid for the spin rotation of both Wien filters at
the state of no deflection.
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4.6 Wien filter calibration

Figure 4.10: A photo of the Wien filter installed in the PKAT beamline in prepara-
tion for asymmetry measurements with Mott polarimeter. The num-
bers represent: 1© Wien filter, 2© high voltage feed through, 3© mag-
netic coils to produce magnetic field inside the Wien filter, 4© quadru-
ple doublet to correct against the Wien filter astigmatism, 5©Mott
polarimeter, 6© Mott scanner to allow the movement of the tar-
gets on the rail, 7© Faraday cup used as a beam dump, 8© Ion
Getter pump, and 9© Camera to monitor the beam position on
the Mott screen.
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4 Measuring principles and preparatory measurements

Table 4.3: Specification parameters for both PKAT and MAMI Wien filters

Parameter Wien filter
PKAT

Wien filter
MAMI

Energy 45 keV 100 keV
β 0.39 0.55
Electrodes gap 15 mm 20 mm
Electric field 0.44 MV m−1 1.04 MV m−1

Magnetic field 3.75 mT 6.30 mT
High-voltage 3.32 kV 10.36 kV
Current 6.50 A 5.78 A

For the state of 90° rotation, θ45/θ100 = 1, where the subscripts refer to the
energy of each of the electron sources. This scenario will lead to

θ45
θ100

= E45
E100

·
(
γ2 − 1

)
100

(γ2 − 1)45
= 1, (4.11)

and therefore,

E45 =
(
γ2 − 1

)
45

(γ2 − 1)100
· E100. (4.12)

Using the values from Table 4.3, the electric field strength between the electrodes
is

E45 = 443.13 kV m−1 (4.13)

and with the gap between the electrodes d = 15 mm, the total voltage can be
obtained

V45 = 6.65 kV ∴ V = 3.32 kV for each plate. (4.14)

The corresponding magnetic field is, therefore,

B45 = 3.75 mT (4.15)

which is equivalent to a current of approximately I = 6.5 A for the coils.
Having obtained the Wien filter setup parameters, one can perform the asymme-

try measurements. However, a couple of comments are in order before proceeding
with the measurements. First, although the PKAT Wien filter is a replica of the
MAMI Wien filter, the magnetic coils are not completely identical. The latter has
14 turns of coil, compared to 10 turns for the PKAT. This difference contributes to
the different currents.
In addition, due to an error in the Wien filter calibration the asymmetries were

measured at 120° deflection. This means the measured asymmetries were 86 %
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4.6 Wien filter calibration

(sin θ = 0.87) of the values had the Wien filter been set properly. However, it must
be noted that all the asymmetry values presented in this project have been corrected
against this effect by multiplying the asymmetries by a factor 1/ sin θ = 1.15.

Verifying the Wien filter calibration

Although the high-voltage setup for the Wien filter was obtained through calcula-
tions, verification that the setup produced the highest asymmetry for a spin rotation
angle of π

2 had to be confirmed. For this reason, the asymmetries for a range of
voltages were measured. The electrodes high voltage was changed from 0.09 kV to
4.43 kV in increments of 0.25 kV. For each voltage, the corresponding magnetic coils
current to deliver the optimum beam on the Mott screen and fulfill the no-deflection
condition through the Wien filter was obtained. The results are demonstrated in
Fig. 4.11.
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Figure 4.11: Measured asymmetries as a function of the Wien filter high voltage.
The black curve is the best fit to the data, and the blue line at V =
6.65 kV indicates the voltage at which a spin rotation of 90° to achieve
the maximum asymmetry is obtained.

The error bars in Fig. 4.11 represent the statistical errors. According to Fig. 4.11,
the optimum voltage set up for the Wien filter is V = 6.65 kV, which is in agreement
with our calculations, see Eq. 4.14.
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4 Measuring principles and preparatory measurements

4.7 Position of highest asymmetry using Mott screen
The Mott chamber in the PKAT is equipped with a view screen to monitor and
focus the electron beam at the target. The Mott screen was scanned to determine
the beam position which delivers the highest asymmetry. This position was de-
termined by steering the beam position around a fixed gold target. Figure 4.12
shows the Mott screen with the electron beam at different positions indicated by
the corresponding numbers.

Figure 4.12: The numbers denote the position of the electron beam on the Mott
screen where the asymmetry was measured. The asymmetry values
are listed in Table 4.4. Position number 8 shows the location of the
beam dump. The distance between each two adjacent lines on the
screen is 5 mm.

Table 4.4: The asymmetry values of the scattered electrons from the gold Target2.
The numbers correspond to the beam positions on the Mott screen.

Position Asymmetry

1 4.11± 0.19 %
2 4.06± 0.19 %
3 3.71± 0.18 %
4 3.60± 0.22 %
5 2.72± 0.16 %
6 2.57± 0.21 %
7 2.36± 0.21 %
8 4.98± 0.23 %
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4.8 Time-resolved polarization measurement

Position 8 represents the location of the Faraday cup which is used as a beam
dump. The respective asymmetries are gathered in Table 4.4. In all the asymmetry
measurements, the electron beam was focused on position 1.

4.8 Time-resolved polarization measurement

After the preparatory asymmetry measurements were completed, the time-resolved
polarization of the electrons, for both bulk GaAs and SSL GaAs/GaAsP, was in-
vestigated. The schematic representation of the setup to perform time-resolved
polarization measurements is illustrated in Fig. 4.13.

Figure 4.13: The schematic representation of the setup for the time-resolved polar-
ization measurements. The laser and the RF of the cavity are synchro-
nized. The linearly polarized light is changed to circularly polarized
light as the laser travels through the Pockels cell (the red arrows).
Then, as the electron pulses (green arrows) travel through the cavity,
their longitudinal profile is transferred to a transverse profile. The po-
larization of the electrons is rotated by 90° as they travel through the
Wien filter (the orange arrow and the cross symbol). The backscat-
tered electrons from the gold foil are detected by the Mott detectors.
By shifting the phase in small steps, a different part of the beam profile
is scanned through the slit, and its associated asymmetry is measured
with the Mott detectors.

After the electron pulses are generated and pass through the cavity, the electron
profile is changed to a transverse profile. The phase between the laser pulse and the
RF of the deflector cavity is varied in discrete steps. For each discrete variation of
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4 Measuring principles and preparatory measurements

the phase, only one specific portion of the electron pulses is allowed to pass through
the slit. As the transmitted portion of pulse is passed through the Wien filter, the
polarization of the electrons is switched to transverse. In the Mott, electrons are
backscattered from the gold foil, and their asymmetry is obtained with the help of
the Mott detectors. By systematically continuing to shift the phase, the complete
profile of the polarization in a time-resolved manner can be obtained.
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5 Experimental results and discussion
Once the systematic tests were completed, and the preliminary measurements
proved to be consistent and reproducible, the study of the photocathode itself be-
gan. Two types of photocathodes have been used during the course of this research.
First, commercial bulk GaAs with an active layer thickness of 510 − 517 µm and
heavily doped p-type with Zn to a level of (1.10 − 1.32 )× 1019 cm−3. The second
type is a strained GaAs/GaAsP superlattice with a layered active layer of 92 nm.
This chapter covers the results regarding the bulk GaAs. The results of the strained
GaAs/GaAsP superlattice investigations will be the subject of the next chapter.

5.1 Cathode preparation and activation
Before the photocathode is placed in the source chamber, it must be activated.
The activation procedure starts with the preparation of a chemically clean surface,
free from carbon and oxide contaminants. This process achieved in the preparation
chamber by heating the cathode to 600 °C for 30 min to remove the excess Cs atoms
and other residual contamination from the surface. During the activation process,
if the temperature is too high (650 °C) it will cause the Ga atoms to evaporate from
the crystal. Thus, care must be taken to avoid very high temperatures. After the
cathode is cooled down to room temperature, it is ready to be activated to the NEA
state. For this purpose, the so-called co-deposition technique is used: simultaneous
deposition of caesium and oxygen.
The process consists of exposing the GaAs cathode surface to the Cs flux gen-

erated by a dispenser, which is heated by an electrical current of 3.60 A. During
the deposition, the GaAs cathode is illuminated with a laser of 640 nm wavelength.
After a certain time, as the Cs atoms are deposited on the surface of the GaAs
crystal, the photocurrent increases due to the decrease in the electron affinity. As
the Cs deposition is continued, the photocurrent reaches a peak and then begins to
drop. The drop of the photocurrent is possibly due to a nonequilibrium concentra-
tion of Cs atoms deposited on the surface of the cathode, which gives rise to the
depolarization of the Cs dipole [12].
Soon after the photocurrent starts dropping, and while the Cs deposition contin-

ues, the O2 is introduced into the chamber through a mechanically operated leak
valve at a typical pressure between (1.0 − 5.0) × 10−9 mbar. While O2 is being
administered, care is taken to assure the pressure in the chamber does not exceed
1.0×10−9 mbar. As O2 is admitted, oxide layers are formed on the surface of GaAs
crystal, leading to a photocurrent increase, until the current reaches its peak and
begins to decrease.
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5 Experimental results and discussion

At this point, the valve is closed, the O2 exposure is stopped, and the photocur-
rent increases again due to the Cs deposition. This cycle is repeated a few times
until the photocurrent peak value becomes steady. Once the value is steady, the
activation process is completed. After the activation, the photocathode is placed
into the manipulator and transferred into the source chamber through a gate valve.
The preparation chamber is pumped by an Ion Getter pump attaining a base pres-
sure of 1.0 × 10−11 mbar. The details of the source and preparation chambers are
given in an earlier publication [11].

5.2 Bulk GaAs

The bulk GaAs crystal activated with an atomic monolayer of Cs is an excellent
photoemitter. This photoemitter has many applications in accelerators as a source
of both spin-polarized [92] and non-polarized electrons [39]. Despite its very strin-
gent vacuum requirements, demanding vacuum pressure in the order of 10−11 mbar
or below, GaAs activated using Cs remains an excellent photoemitter due to its high
QE in visible and near-infrared light and the low MTE of the emitted electrons [16].
As part of this research, some of the fundamental behaviors of bulk GaAs were

investigated, including the temporal response of the photocathode in terms of both
current and polarization, and the impact of the QE on the shape of the pulse
response. The results of these investigations are presented and discussed in the
following sections.

5.3 Effect of subsequent activation on QE

In the course of this research, two bulk GaAs photocathodes were used. The first
photocathode had been activated more than 20 times previous to our experimen-
tation, while the latter was activated for the first time during our measurements.
To distinguish between them in our discussion, we shall henceforth refer to them
as Cathode1 and Cathode2, respectively. Throughout the measurements as the
QE dropped very low reactivating the cathodes became necessary. The reactiva-
tion procedure consisted of both heat cleaning and achieving the NEA state with
Cs:O2.
Immediately after each activation, the QE was measured. The QE obtained

from the two bulk GaAs crystals was in the range of 6.10 % to orders of 10−6 %.
Performing with extremely low QE was intentional and was an important part of
this research. The motivation behind those measurements and their findings are
discussed in Section 5.7.
For the new bulk GaAs, Cathode2, the third activation delivered the highest QE

of 6.10 %, followed by QE degradation thereafter with each reactivation. A plot
between the number of activation cycles and the QE obtained from the new bulk
GaAs is shown in Fig. 5.1.
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Figure 5.1: Plot showing the achieved QE against the activation cycle number for
the bulk GaAs, Cathode2.

According to Fig. 5.1, while the relative increase of QE is only 5 % from the
second to third activation, the QE relatively degrades by 60 % from the third to
fourth activation cycle. The behavior of the GaAs photocathode has been observed
in other studies such as [87, 132].
A possible explanation for this increase in QE in the second or third activation

compared to the first activation is that during the heat cleaning process, the Cs
atoms from the surface of the photocathode are not completely removed. In this
scenario, during the heat cleaning, only the Cs atoms which are weakly bonded are
desorbed from the surface, whereas those with a strong bond remain. These strongly
bonded Cs atoms can find a favorable reconstruction on the surface, thereby result-
ing in a higher QE in the second and third activations.
On the other hand, since the heating temperature during the cathode preparation

is not high enough, some of the oxygen atoms are left on the surface. These resid-
ual oxygen atoms will contaminate the photocathode surface after each activation.
Consequently, the achieved QE will decrease with each activation thereafter; in our
case, after the third activation [27].

5.4 QE lifetime

The QE lifetime is an important parameter for the photocathode and its practical
use in the accelerators. The QE lifetime of the bulk GaAs photocathode used
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throughout the experiments is shown in Fig. 5.2. The QEs were collected with an
800 nm laser over a 14-day period. The QEs range from 5.81 % to 4.94× 10−6 %.

10-6

10-5

10-4

10-3

10-2

10-1

100

101

 0  50  100  150  200  250  300  350

Q
E

 [
%

]

Time elapsed [h]

Measurement
τ1 = 75.09 h
τ2 = 26.62 h
τ3 = 19.43 h

Figure 5.2: Degradation of the QE over 14 days for the bulk GaAs Cathode2 used
for the measurements during this project. The QE decay cannot be
described with one single lifetime.

Our data suggests that the cathode decay rate depends on the QE and cannot
be described with a single time constant as suggested by Eq.2.2. The decay is
exponential only during short intervals of a few days, but not throughout the entire
time. Remarkably, this decay change rate is observed on many orders of magnitude.
One can speculate that in the region 0 < t < 45 h, the Cs : O layer has not reached
equilibrium and is perhaps still self-organizing to an optimum. The timescale of
the decay is τ1 ≈ 75 h.

A significant change of slope occurs in the time interval 45 h < t < 165 h resulting
in decay with a time constant of τ2 ≈ 27 h, induced by the residual gases. The
lifetime further becomes shorter in the region t > 165 h with τ3 ≈ 19 h. This effect
may result from several possibilities such as a more intense laser experimentation,
opening valves or switching on the device which generates more gas. Alternatively,
the change of slope during the cathode decay could have something to do with a
sudden change of the surface, for example, changing from NEA to PEA conditions
(see Section 5.7.2), but a definitive conclusion cannot be reached.
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5.5 Pulse response measurements

In this section, the time response of the bulk GaAs using the slit method is investi-
gated and the results are analyzed. In our study, to ensure precise measurement of
the pulse response prior to each measurement, important precautions were taken,
which merit some discussion here.
These precautions include, first, making sure the beam is passing through the zero

crossing of the cavity, where the magnetic field of the cavity has no effect on the
beam. The magnetic field changes during the passing of the electron pulse through
the cavity. However, the entrance phase can be adjusted so that the electrons reach
the center of the cavity when the field is zero. Second and of equal importance,
ascertaining that the beam is well focused with the smallest transverse diameter at
the slit position to allow high resolution measurements. Third, avoiding excessive
space charge defocusing is essential. According to the previous investigations in the
PKAT system, it was estimated that a typical bunch charge should be limited to
the maximum 0.1 fC [8]. This charge is equivalent to approximately 620 electrons
per bunch. For operation at 76 MHz, that amount translates to currents of I <
10 nA. Therefore, to avoid space charge defocusing and to prevent damaging the
channeltron by excess current, an average beam current of 1 − 3 nA was chosen
throughout our measurements.
The pulse response measurements were performed at an excitation wavelength of

800 nm with the cavity resonator operating at a power of 322 W. The channeltron
high voltage was set at 1950 V, which delivers an estimated gain of 2000 according
to [60]. Fig. 5.3 depicts a typical temporal pulse response for each of the two bulk
GaAs crystals used in our studies.

The pulse impulse progression includes a steep ascending segment followed by a
region where the behavior is approximately Gaussian, and then a slow exponential
decay occurs. In order to have an equitable comparison between the pulses, the
pulses of compatible QE, in the order of 10−3 %, are chosen. Both pulses exhibit
very similar patterns with the new GaAs having a slower decay. Assuming that
both peaks satisfy a Gaussian shape, the σ of (3.17± 0.50) ps and (3.33± 0.50) ps
can be found for Cathode1 and Cathode2, respectively.
The measured temporal response of a cathode is a convolution of the true time

response of the cathode plus the effects of the time resolution of the PKAT appara-
tus and the transit time dispersion of the cathode. The latter results from different
starting energies of the electrons. The response of the photocathode consists of
excitation time of the electrons, the transport time of electrons in the crystal, and
the thermalization time of electrons since the thermalized electrons can be emitted
also by diffusion.
In a bulk photocathode, the active layer extends throughout the entirety of the

cathode, around 500 µm in this instance. As a result, the laser can penetrate deep
into the crystal, and the excited photoelectrons have to travel long distances before
they exit the crystal. Therefore, a long pulse response is expected for the bulk
GaAs. This response can be seen clearly in Fig. 5.3.
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Figure 5.3: Pulse responses of the two bulk GaAs at an excitation wavelength of
800 nm are shown: in red for the GaAs Cathode1 after more than 20
activations and in blue for the Cathode2 after its first activation. For
an equitable comparison, pulse responses of comparable QE are chosen.

According to Fig. 5.3, the slow exponential decay results in a longitudinal halo
of approximately 4.5× 10−2 and 8.0× 10−2 compared to the relative peak intensity
after 60 ps for Cathode1 and Cathode2, respectively. In Fig. 5.3, of interest to note
is that although both measurements are conducted at about the same QE, the new
GaAs crystal delivers a higher intensity throughout the entire pulse.

The photoexitation of the bulk GaAs with the 800 nm excitation had been pre-
viously recorded in [8, 35, 50], and the results indicate similar behavior. The focus
of this project for the time response measurements of the bulk GaAs has not been
on verifying or improving the previous results, but rather on the dependency of
the time response on QE, and specifically, at very low QEs. The results of these
investigations, which is palpable at QEs of about 10−4 % and lower, will be the
focus of Section 5.7.

5.6 Modified diffusion model
The concentration of the photoexcited electrons in the active layer of the NEA GaAs
semiconductor and its development in space and time can be found by solving the
diffusion Eq. 2.21 from Chapter 2. Since the exciting laser beam diameter is several
hundred micrometers, FWHM ≈ 150 µm, and the diffusion length is in the order
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of 1 µm, a one-dimensional consideration of the diffusion model is sufficient. The
repetition rate of the laser pulses is 76 MHz, which is equivalent to a period of 13 ns.
The amplifier behind the slit operates with a bandwidth of 10 kHz.
In this discussion, the modification of the signal by the 76 MHz periodicity is

found to be negligible. Moreover, the length of the laser pulse, which is approxi-
mately 150 fs, is practically negligible because it is more than one order of magnitude
shorter than the experimental resolution. Allowing x to be the direction normal to
the surface, the diffusion equation can be simplified to

D
∂2

∂x2 c(x, t)−
∂

∂t
c(x, t)− 1

τrec
c(x, t) = 0 . (5.1)

In [51], after applying boundary conditions, the solution to Eq. 5.1 was found.
Assuming that no concentration outside of the active layer thickness d exists, and
that the initial concentration at t = 0 must correspond to the absorption profile of
the laser beam, one can write

c(d, t) = c(0, t) = 0
c(x, 0) ∝ e−x/α for x ≥ 0 .

(5.2)

However, the obtained solutions delivered unrealistically high values for the dif-
fusion constant. Later, in [8], the solutions were improved by introducing a recom-
bination time scale of approximately 100 ps. The solutions under these conditions
take the form of

c(x, t) = e−t/τrec
∞∑
k=1

Ak sin
(
kπx

d

)
e−( kπd )2

Dt (5.3)

The Fourier coefficients of Ak can be calculated to fulfill the boundary conditions
and are given by

Ak =
kπ
[
1− (−1)ke−αd

]
(αd)2 + (kπ)2 (5.4)

The emitted current is proportional to the gradient of the concentration at x = 0

I(t) ∝ d
dxc(0, t), (5.5)

which leads to

I(t) ∝ e−t/τrec
∞∑
k=1

A′k e
−( kπd )2

Dt (5.6)

with
A′k = (kπ)2

(αd)2 + (kπ)2 (5.7)
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Note that the factor kπ/d which appears after the differentiation can be neglected
for the remainder of the discussion. However, a factor of kπ was retained in the
numerator of A′k to gain a simple expression for the asymptotic behaviour of the
A′k.

Assuming a single electron pulse has been produced, depending on the time t,
or equivalently the RF phase ϕ = 2πt/TRF, a signal is detected behind the slit.
The RF system in the PKAT beamline is based on a MAMI-type deflecting cavity
operating at 2.449 GHz, equivalent to a period of a TRF = 408 ps. During the period
of the RF, the signal passes the slit twice, first at 0° and then at 180°.
Since the integration time is much longer than the recombination time, one must

consider the contribution of the charges at each half period. Thus, the observed
signal is the sum of all the contributions at

tn = n
TRF

2 (5.8)

therefore,

I ′(t) =
∞∑
n=0

I

(
t+ n

TRF
2

)
. (5.9)

Inserting Eq. 5.6 into Eq. 5.9, and switching the order of summation will lead to

I ′(t) =
∞∑
k=1

∞∑
n=0

A′k exp
[
− 1
τrec

(
t+ nTRF

2

)]
exp

[
−
(
kπ

d

)2 (
t+ nTRF

2

)
D

]
(5.10)

Reorganizing the exponential terms differently results in

I ′(t) =
∞∑
k=1

∞∑
n=0

A′k exp
[
−t
(

1
τrec

+
(
kπ

d

)2
D

)]
exp

[
−nTRF2

(
1
τrec

+
(
kπ

d

)2
D

)]

For a fixed value of k, the sum over n is a geometric series, defined by a constant
ratio of subsequent summands. Defining qk as

qk = sn+1
sn

= exp
[
−TRF2

(
1
τrec

+
(
kπ

d

)2
D

)]
(5.11)

where the sum of the geometric series is given by

∞∑
n=0

sn = s0
1

1− qk
. (5.12)

Therefore, the signal observed during the experiment can be simplified into

I ′(t) =
∞∑
k=1

A′k
1

1− qk
exp

[
−t
(

1
τrec

+
(
kπ

d

)2
D

)]
. (5.13)
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Introducing A?k as

A?k = A′k
1

1− qk
, (5.14)

the observed signal can be expressed as

I ′(t) = e−t/τrec
∞∑
k=1

A?k exp
[
−t
(
kπ

d

)2
D

]
. (5.15)

Equation 5.15 has the same form as Eq. 5.6, with the exception of the modification
of the coefficients A′k, which are replaced with A?k. Equation 5.15 indicates that
the observed current at each point in time, I ′(t), is therefore slightly higher than
the I(t) in which only the finite recombination time was included into the diffusion
model. This modification is insignificant for large values of k, as qk will approach
zero.
In Fig. 5.4, the red curve shows an experimentally observed impulse response of

the bulk GaAs photocathode used in the course of this project. The pulse response
was obtained at QE = 0.37 % with an excitation wavelength of 800 nm and fitted
by the diffusion model.
The observed pulse response is a convolution of the diffusion model prediction

and a Gaussian function. The Gaussian function depends on the experimental
parameters and is defined by its σ, which is the time resolution of the apparatus.
The fit to the experimentally observed signal is found by free parameters of the
diffusion model, namely, the diffusion constant D, the absorption coefficient α, and
the recombination time τrec, as well as by the apparatus time resolution σ. The
active layer thickness of the cathode is chosen as a fixed parameter, d = 0.05 cm.
Each of the free parameters are not completely free but must be in reasonable
agreement with the accepted physical values. The results of the diffusion model
calculations with the given fixed and free parameters are plotted with solid blue
and green lines in Fig. 5.4. The peak of the pulse is normalized to 1 and shifted to
t = 0.

The blue curve shows a fit of the diffusion model considering only the finite re-
combination time, Eq. 5.6. The green curve illustrates the modified diffusion model
corrected for the effect of the contributions of each half period according to Eq. 5.15
with the same fit parameters as the blue curve. The extracted parameters, which
are listed in Table 5.1, are in reasonable agreement with the literature values for
such a highly doped semiconductor [21, 22, 26, 121]. The exact doping concentra-
tion of the photocathode in this project is not known, therefore, an uncertainty in
the obtained fit parameters exist.
Regarding the two diffusion model fits, a few comments merit some elaboration.

First, as expected, the observed current at each time according to Eq. 5.15 is
slightly higher than I(t). For the obtained parameter sets, the correction is rather
small, as observed by the different fits in Fig. 5.4. Furthermore, from Eq. 5.9, it
is obvious that the effect of the periodic deflection is insignificant for signals which
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Figure 5.4: In red, pulse response of bulk GaAs at QE = 0.37 % is shown. Blue
and green curves are the result of the diffusion model fit according to
equations 5.6 and 5.15. The blue curve includes the finite recombination
time. The green curve is the modified solution to the diffusion model
by taking into consideration both the finite recombination time and the
contributions of the pulses at each half period.

decay on single-digit picosecond timescales. However, for the pulses from the bulk
GaAs which decay at a time scale comparable to half the period of the deflector,
(TRF/2 = 204 ps), it is not completely negligible.

By introducing a cutoff time, the observed signal can be approximated:

Iobs =
∞∑
n=0

I(t+ nTRF/2) ≈
Tcutoff∑
n=0

I(t+ nTRF/2) (5.16)

A reasonable choice for the cutoff time is Tcutoff = 10 ln(10) τrec. Inserting τrec
from the fit of the diffusion model, one obtains Tcutoff ≈ 4 ns. In addition, an
exponential decay with a time constant τrec represents an upper limit for the pulse
profile. Thus, this choice illustrates that the errors resulting from the periodic re-
excitation with the 76MHz laser (period of 13.1 ns) are negligible, since the signal
has already decayed to less than 10−10 of its initial value after approximately 4 ns.

Equations 5.6 and Eq. 5.15 are a sum of exponential functions and as such are
not exponential functions by themselves. In each of these equations, the number
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5.6 Modified diffusion model

Table 5.1: The extracted fit parameters from the diffusion model.
Parameter Notation Value

Recombination time τrec (160.3± 144.1) ps
Diffusion constant D (13.6± 9.9) cm2 s−1

Absorption coefficient α (20 501± 7456) cm−1

Time resolution σ (1.78± 0.23) ps

of summands contributing to the current decreases with time. The time scale
texp = d2/Dπ2 is defined so that the exponent in the summation of equations 5.6
and 5.15 becomes 1 for k = 1. After texp, the response will be dominated by the
first term only since the relative contribution of the following terms will quickly
diminish and can be disregarded. This result means for t > texp, the response is
approximately exponential with a time constant texp. For the bulk GaAs, in our
case, texp ≈ 18 µs.

One must note that for a strained superlattice, with the same diffusion constant
and active layer thickness of d = 0.1 µm, texp is approximately 0.7 ps. The time
required until the response becomes exponential scales with d2. Therefore, as d
increases, so does the decay of the pulse response. This relationship, in turn, leads
to the undesirable long tails of the time response in the bulk GaAs, known as
the longitudinal halo. Longitudinal halos cause beam loss in the accelerator. For
the application of high-current electron accelerators, the longitudinal halo must be
minimized. The large active layer thickness of the bulk GaAs makes these NEA
cathodes rather unsuitable to produce a small longitudinal halo. Alternatively,
one can use thin layer GaAs-based photocathodes such as superlattices which can
easily be purchased [8]. Superlattices have a very thin active layer and therefore,
can generate fast pulses with much smaller longitudinal halo.
Apart from the effect of the convolution with the time resolution of the apparatus,

one would expect an exponential decay of the pulse response, as observed in [17]
when using the bi-alkali-antimonide compound K2CsSb, which is a positive electron
affinity cathode. In Chapter 6 the pulse response of GaAs/GaAsP SSL and K2CsSb
are compared.
It is worth noting that the thin photocathodes such as strained superlattice, in

which the mean free path (≈ 70 nm) is a fraction of the active layer thickness of
about 100 nm, cannot be adequately described by a diffusion model. Since the
condition of λ � d is not met in SSL, many of the photoexcited electrons are
emitted from the cathode before the necessary interactions for the diffusion take
place. Therefore, in order to describe the pulse response of SSL mathematically, a
superposition of interaction-free (ballistic) emission and diffusion must be used [10,
107].

To conclude this section, one must note that in Fig. 5.3, the pulse intensity at
negative times is not zero. This remarkable occurrence is an experimental artifact
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which merits some discussions here. The intensity at t < 0 results from the periodic
deflection of the beam and the contribution of the charges at each half period. The
pulse detection samples charge at each half period; thus, the observed signal is the
sum of all these contributions. These points have suffered from the long emission
time, and therefore, their contribution is much less than the points at t = 0. The
initial intensity at t < 0 and each of the following intensities added at each half
period is minimal. Modelling the pulse response with the diffusion model explains
the observed intensities at negative times.

5.7 Investigation of the low QE
In one of the recent studies of pulse response of bulk GaAs at 800 nm conducted
in the PKAT laboratory, the shape of the pulse was speculated as dependent on
the QE [34]. The aforementioned measurement was performed at QE ≈ 0.05 %.
Therefore, the time response measurements of the GaAs photocathode were im-
portant in order to verify whether the QE has an effect on the shape of the time
response, especially at very low QE values. For this purpose, after activating the
photocathode, the QE and the pulse response measurements were conducted daily.
In Fig. 5.5, the changes of the QE over the measuring period is shown.
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Figure 5.5: Measured QEs of bulk GaAs Cathode1 for the period of 20 days.

The QE immediately after the activation was 8.09× 10−3 %, and the investiga-
tion was terminated at a QE of 2.26× 10−6 %. The results of the pulse response
measurements during the 20 days of measuring period are illustrated in Fig. 5.6.
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Figure 5.6: The upper graph displays pulse responses of the GaAs Cathode1 mea-
sured for a period of 20 days. The color scheme represents the decay
of the QE in a descending order from 8.09× 10−3 % to 2.26× 10−6 %.
The general trend in the pulse responses is such that the intensity of
the halo decreases as the QE drops.

The pulses of higher QE are on the upper section of Fig. 5.6 and descend to
pulses of lower QE in the lower section. The color code illustrates the decay of
the QE in a descending order from right to left corresponding to QEs ranging from
8.09× 10−3 % to 2.26× 10−6 %. At each moment in time, as the QE decreases, the
intensity of the detected signal may not necessarily decrease. These fluctuations
are attributed to the experimental difficulties. However, of paramount importance
is that the general trend is such that the halo intensity decreases as the QE drops.
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5 Experimental results and discussion

These measurements were repeated with the new bulk GaAs, Cathode2 and a sim-
ilar pattern was observed.
In order to explore the dependency of the intensity on quantum efficiency, the

respected intensities at an arbitrary time of 60 ps as a function of QE are plotted in
red in Fig. 5.7. Similar measurements with bulk GaAs Cathode2 after the 2nd ac-
tivation were repeated. The pulse responses were obtained between a QE of 5.81 %
and 4.94× 10−6 % (see Fig. 5.2 for the QE degradation). The related intensities at
60 ps for Cathode2 are shown in blue in Fig. 5.7.
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Figure 5.7: Measured normalized intensities at an arbitrary time of 60 ps as a func-
tion of QE for the two different bulk GaAs cathodes. The data in red
and blue are the results from the old and the new GaAs photocathode,
respectively.

As seen in Fig. 5.7 the normalized intensity at 60 ps is relatively constant from
high QEs to QEs as low as approximately 10−4 %. In that range, the intensity
ratio changes by only approximately 20 % and 50 % for Cathode2 and Cathode1,
respectively. The dramatic change on the dependency of the normalized intensity
on QE occurs at QEs below 10−4 %. The findings in Fig. 5.7 show that the intensity
of the photoexcited electrons is strongly affected by the QE as the QE drops to very
low values. For Cathode1, a drop of almost 2 orders of magnitude is observed.

Two possible explanations exist for the behavior of the halo at QEs in the order
of 10−4 % and lower, the surface charge limit (SCL), otherwise known as surface
photovoltage effect (SPV), and the positive electron affinity (PEA). Although the
resultant impact of these two effects on the transport of the photoexcited elec-
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trons from the bulk of the semiconductor to the surface and their diffusion into
the vacuum seem similar, these two processes are profoundly different in nature.
Therefore, each effect will be discussed in detail in the following sections.

5.7.1 Surface photovoltage effect

In general, a photovoltaic effect consists of an illumination-induced change in the
potential distribution of the structure under study. The change in the potential
can typically arise because of the transfer of some charge, a net charge redistribu-
tion, or a combination of both in the given structure. The photovoltaic effect was
first reported in 1953 by Brattain [23]. Surface photovoltage is a specific variant
of the photovoltaic effect in which the surface-potential changes as the surface is
illuminated.
Some of the basic properties of semiconductor surface that lead to the SPV are

important to review.. The periodic structure of an ideal crystal results in the forma-
tion of the allowed valence and conduction bands separated by the forbidden energy
gap. The termination of this periodic structure, plus additional phenomena such
as dangling bonds, surface reconstruction or relaxation, impurity atoms adsorbed
on the surface, etc., may cause surface-localized states and/or surface dipoles to
appear within the bandgap.
The appearance of the surface states, which have a net positive charge and act

as trapping centers, induce charge transfer between the bulk and the surface, which
results in the development of the surface space charge region, SCR. The existence of
the SCR implies an electric field, and therefore, a potential drop across the region.
The electric field in the SCR causes excess electrons to be deflected away from
the surface. A simplified schematic diagram showing the development of surface
photovoltage is illustrated in Fig. 5.8.
When an NEA cathode is illuminated with a laser pulse with energy slightly

above the bandgap energy, photoexcited electrons reach the conduction band and
leave the holes in the valence band, process 1© in Fig. 5.8. A fraction of the electrons
rapidly thermalize by electron-phonon scattering, process 2©, diffuse to the surface,
surmount the surface barrier, escape to the vacuum, and contribute to the measured
QE, process 3©. On their way to the surface, a portion of the photoexcited electrons
recombine with the holes in the valence band, process 4©.

If, however, a large number of electrons reach the photocathode surface at the
same time, the electric field in the SCR sweeps away the excess of electrons from
the surface, and a large buildup of electrons are trapped in the BBR, process 5©.
These trapped electrons will produce an opposing field, and therefore, suppress the
emission of the electrons arriving at a later time.
This serves to reduce the density of surface-trapped electrons, which leads to the

flattening of the band bending. Consequently, the work function at the cathode
surface increases, leading to a reduction of NEA, which causes the development of
surface photovoltage denoted as USPV in Fig. 5.8.
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Figure 5.8: Schematic illustration of the surface photovoltage buildup. The num-
bers indicate different processes in development of surface photovoltage,
see the description in the text. The full and empty circles represent the
electrons and holes, respectively.

The effect of the SPV phenomena can be minimized in two ways. First, the
effect can be reduced by tunneling of the electrons and recombination with the
holes. This is referred to as tunneling current. This is realized, on one hand, with
high p-doping. When the p-doping is high, the BBR is narrow enough to allow
the tunneling, and consequently the trapped electrons recombine faster with the
holes. One can visualize this scenario by considering the holes tunneling into the
surface. Conversely, when p-doping is low, the photovoltage increases at a higher
rate and to a higher degree. On the other hand, having highly occupied surface
states strengthens the tunneling of the holes current, and therefore, prevents the
buildup of the photovoltage and the SCL effect. The density of surface states
depends on surface quality and the activation layer.
Second, the effect of SPV can be minimized by tunneling of the valence band

holes against the surface barrier with thermal fluctuations. This can be realized if
the width of the BBR is small. When the BBR is narrow, holes can easily overcome
the barrier and recombine with the trapped electrons. This is known as thermionic
current.
These two channels of holes arriving at the surface, process 6©, help restore the

current, although not to the point of neutralizing the SCL. The strength of these
restoring currents determines the rate at which the vacuum level recovers its original
value. For photocathodes with sufficiently high p-doping concentration levels of
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greater than 1018 cm−3 [53], the tunneling current is the most dominant process
against the buildup of any photovoltage and the charge limit effect [124]. Operating
with a high-doping-density cathode, which allows a much shorter restoring time, is
indispensable in mitigating the SCL effect.
Several papers shed light on the physical description of the SCL phenomenon.

The above summary is loosely based on the discussions in [53, 79, 124].
The response of a cathode depends on different parameters and mainly on the sur-

face condition, the photoexcitation wavelength and the electric field applied [101].
Throughout our measurements, both the laser wavelength and the electric field
were kept at fixed values, and therefore, the effects of their variations on the pulse
response will not be discussed here.
Referring to Fig. 5.6, at first, immediately after the activation, the cathode sur-

face is clean, NEA, and therefore, the QE is high. Consequently, the cathode is
capable of producing a sufficient current without requiring intense optical excita-
tion. As a result, at the start of the laser pulse, the photocathode response follows
the shape of the laser pulse, rising to a peak. Then, its response will follow the
behavior shown in Eq. 5.6. It must be noted that the rise in the pulse response
cannot be infinitely sharp due to the limitations of the time resolution and the
transit time spread.
As time elapses, the surface conditions change for the worse, and the QE drops.

In order to produce the same amount of current, according to Eq. 2.1, more intense
laser light is needed. At high illumination intensities, the photovoltage saturates
faster and to a higher degree, which results in the rising of the vacuum level. The
SPV causes a change of equal magnitude in the surface work function. Thus, the
photoexcited electrons face a larger barrier to escape. Consequently, their escape
probability and thus the photoemitted current is suppressed. This occurrence ex-
plains why in Fig. 5.6 the tail of the pulse response drops lower as the QE continues
decreasing. In this situation, the extracted current is no longer proportional to the
laser intensity due to the charge limit.
A representative example, in which the emission current dependence on the ex-

citation laser intensity was investigated, is shown in Fig. 5.9. In the low-intensity
region, as the laser pulse intensity increases, the emitted photocurrent increases
almost linearly. Further increase in the laser intensity results in an increasingly
nonlinear behavior, followed by a saturation of the photoemitted current. The
maximum emitted current is less than the space charge limit of approximately 600
electrons/pulse. This saturation is the direct result of the surface charge limit effect.
The slope of the fits to the data points is obtained. The data points in the

region Plaser < 100 nW and I < 10 pA are excluded in the fit due to the large
uncertainties in this extreme low intensity and current region. In addition, the last
eight data points in the upward bending of the curve 12 are excluded in the fit,
as the significant heating of the cathode may have affected these points. These
data points are shown in red circles. In Table 5.2, the slope of the fits, together
with the respected QE for each set of data, are presented. It must be noted that
a considerable uncertainty in the value of the slopes exists, estimated in the order
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Figure 5.9: Electron emission current as a function of the DC-laser intensity
at 800 nm. The data were taken in QE ranging from 2.44 % to
4.86× 10−6 %. The QEs are in descending order from left to right.
The slope of the curves are gathered in Table 5.2. The data points in
the red circles are excluded in the fit, see the text for explanation.

of 10%. For each set of measurements, the laser power has changed a few orders
of magnitude. Therefore, one cannot be certain of the accuracy in determining the
laser power over such a large variation. According to the fits, as the QE decreases,
the slopes of the curves are gradually decreasing. The reduction of the slopes are
attributed to the surface photovoltage which leads to the suppression of the current
as the QE decays.

As the QE drops further, so does the charge limit. The effect of QE on charge
limit for excitation wavelengths of 775 nm and 865 nm was investigated [124]. In
both cases, asQE dropped from 1 % to 0.1 %, a decrease of almost 80 % was observed
for the charge limit. This observation means that as the QE drops below a critical
value, the maximum extracted current is dictated by the intrinsic properties of the
photocathode instead of by the space charge limit. The total extracted current
tends to saturate to a limit significantly lower than what the space charge limit
allows according to the Langmuir-Child law [53, 124].
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Table 5.2: Results of the fit to the measurement data illustrating the extracted
current dependence on the laser intensity. Depending on the QE, the
slope of the fit changes. The numbering is according to the curve numbers
in Fig. 5.9. A 10% uncertainty in the extracted slopes is assumed due
to measuring over a large laser power variation, see the text.

Number QE % Slope

1 2.44 1.130± 0.022
2 7.54× 10−1 1.151± 0.007
3 5.42× 10−1 1.093± 0.011
4 2.16× 10−1 1.095± 0.006
5 3.37× 10−2 0.994± 0.006
6 8.36× 10−3 0.995± 0.006
7 2.66× 10−3 1.002± 0.006
8 1.00× 10−4 0.963± 0.006
9 6.60× 10−5 0.963± 0.008
10 2.47× 10−5 0.928± 0.016
11 1.25× 10−5 0.874± 0.010
12 4.86× 10−6 0.835± 0.042

The surface charge limit effect imposes a great challenge in producing highly
polarized electron beams for the operation of accelerators such as SLC1 [6] and
the NLC2 [97]. Furthermore, in experiments which require a high electron beam
intensity, the SCL presents a huge difficulty [123]. The demand for obtaining the
highest polarization mandates near band gap photoexcitation of an NEA cathode,
which has a low absorption region. Unfortunately, while operating at these wave-
lengths, the buildup of the SCL does not allow high-power excitation. Therefore,
the properties of NEA cathodes under intense excitation are hard to investigate [96,
98].
According to Fig. 5.7, the critical value for QE is estimated at approximately

10−4 %, and as the QE drops to values around 10−4 %, the extracted normalized
current at 60 ps remains almost constant. Further decrease in QE results in a
dramatic decrease in the extracted current due to the buildup of the surface charge
limit resulting from the intense optical excitation.
Next, the presence of SPV in this experiment is investigated. The number of

photons entering the semiconductor3 required to create a photoemitted bunch with
ne electrons is

1Stanford Linear Collider, Stanford, CA
2Next Linear Collider, Stanford, CA
3The reflection at the surface is unimportant for this consideration.
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nγ = ne
QE

(5.17)

Each photon is converted into electron in the valence band of which the majority
(characterized by 0.5 < f < 1) will reach the surface at the reference time of 60 ps.
Apart from a small fraction of electrons which are photoemitted at the beginning of
the pulse, the electrons will become localized in the surface states. This localization
compensates for the positive charges in the band bending region at the surface, in
turn, creating a surface photovoltage USPV which causes upward band bending or,
equivalently, an increase of the electron affinity.
The effect is modeled by treating the process as the charging of a capacitor. The

surface capacitance per unit area is estimated as

CA = ε0 εGaAs
dBBR

(5.18)

where ε0 and εGaAs are the permittivity of vacuum and of GaAs, respectively,
and εGaAs ≈ 13. dBBR is the thickness of the band bending region, which is within
the range of the dBBR ≈ 10 nm for doping level in the order of 1019 cm−3.

Combining equations 5.17 and 5.18 will yield the following equation for the sur-
face photovoltage

USPV = fe ne dBBR
QE ε0 εGaAsπσ2

L

(5.19)

with e as the elementary charge and πσ2
L as the illuminated area of the cathode.

The latter is a good approximation equivalent to the area where the charge is
accumulated at the surface because the lateral diffusion of carriers is in the order
of micrometers and is much smaller than σL ≈ 160 µm in this case.

For our experimental conditions, for a photoemitted current of I = 1 nA and
assuming f = 0.5 and ne = 80, the SPV is expressed numerically as

USPV[V ] = 7.0× 10−9 1
QE

(5.20)

For QE < 10−6 %, the energy eUSPV is clearly no longer negligible against the
electron affinity.
Next, an explanation is in order for the modification of the pulse shape observed

in Fig. 5.6. When the laser intensity is low, the transport can be explained by
considering the mean free path of the electrons. However, in the case of high
intensity, the transport process goes through rapid dynamic changes in the order
of a few picoseconds, which leads to self-modulation of the photoemission.
A first assumption is that the diffusion current in the bulk towards the surface is

still proportional to the photoemission without SPV. This assumption would mean
that after an initial charging of the surface during the first few picoseconds, the
electrons which arrive later will see a modified barrier, corresponding to a pump-
probe experiment. In a pump-probe experiment, a short and intense “pump” pulse
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excites the system. After an adjustable delay time, a low intensity “probe” pulse
is used to probe the effect of the first excitation. Changing the delay between
the pump and the probe, and measuring the system response to the probe allow
reconstructing the evolution of the excitation from the pump and investigating the
ultrafast phenomena inside the system.
In our case, this process is “continuous”, therefore, the pump-probe is only an

approximation. However, the first 10 ps can be considered as the “pump” period in
which majority of the electrons (≈ 90 %) have arrived and are contributing to the
pump. Since the long range behavior (> 10 ps) is of main interest, the electrons
which arrive at the surface at times t > 10 ps can be treated as “continuous probe”.
In other words, high-intensity excitation by the laser creates an enormous charge at
the surface. Then, the pulse, by itself, results in the steering of the electrodynamics
mechanisms for the electron transport in the crystal and their emission into the
vacuum. This process is a self-modulation of the photoemitted electron bunches at
the picosecond timescale.
In the pump-probe experiment, a time constant τSPV characterizes the discharge

of the surface voltage after the pump process. For doping levels similar to our
regime, τSPV is in the order of a few nanoseconds, according to the determination
established in [79]. Since t� τSPV in our experiment, the surface condition can be
considered as static around the reference time scale of our experiment.
When comparing the low QEs to the initial higher QE values, the increased

potential barrier resulting from the surface photovoltage decreases the emitted in-
tensity —which is created by the thermalized electrons diffusing to the surface—
by the Boltzmann factor. In analogy to thermionic emission, this occurrence leads
to a simple prediction for the emitted intensity, R:

R = R0 · e−kUSPV (5.21)

where R0 is the yield with no photovoltage effect and k = e/kBT , where kB denotes
the Boltzmann constant, and T is the temperature. In the above equation, the
affinity is assumed to be close to zero for the low QEs relevant to our measurements.
In the general case, where χ 6= 0, Eq. 5.21 can be written as

R = R0 · e−k[USPV+χ] (5.22)

Mulhollan et al. have derived a formula [79] which takes into account finite
negative values of affinity:

R

R0
= 1 + k1 · ln

[
1−

(
1− e−USPV/k2

)
e−t/τSPV

]
(5.23)

where k1 and k2 are constants which depend on the affinity, the amount of band
bending, and the Schottky barrier lowering.
As mentioned, t� τSPV in our experiment; thus, the time-dependent factor can

be omitted. In this case, the expression simplifies to
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R = R0

(
1− k1

k2
USPV

)
(5.24)

By fitting Equations 5.21 and 5.24 to the data in Fig. 5.7, one can obtain the
corresponding values for the best fit. The results are plotted in Fig. 5.10.
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Figure 5.10: The relative intensity at 60 ps for the two different bulk GaAs along
with the best fit curves according to Eq. 5.21 (Model1) and Eq. 5.24
(Model2). The related fit parameters are gathered in Table 5.3.

In Fig. 5.10, the fits according to Eq. 5.21 are shown in dark red and blue curves
and are referred to as Model1. The light red and blue curves represent the fits
according to Eq. 5.24 and are referred to as Model2. When obtaining the fit for
Cathode1 using Model2, R0 is kept at a fixed value of 0.05. The fit parameters are
presented in Table 5.3. In the fit equations, USPV ∝ 1/QE, and in Eq. 5.24, for
simplicity, the factor k1/k2 is replaced with k.

Table 5.3: Fit parameters according to the two models for the two bulk GaAs
Cathode1 Cathode2

Model Equation R0 k R0 k

1 R = R0 · e−k/QE 0.05 5.98× 10−5 0.08 1.04× 10−5

2 R = R0 (1− k/QE) 0.05 2.91× 10−6 0.08 4.35× 10−6

Both predictions, Equations 5.21 and 5.24, yield a constant R0 at large QEs,
although neither prediction fits the data exactly. According to the results, both
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models fit the data from the new bulk GaAs, Cathode2, reasonably well, delivering
an R0 = 0.08. For Cathode1, the models deliver lower values of R0 = 0.05, and the
models do not seem to describe the data well. This mismatch to the models is pos-
sibly a result of our data suffering from fluctuations as a result of the experimental
difficulties. Nevertheless, the observed pulse responses in Fig. 5.6 demonstrate that
the effect of self-modulation exists.

The discrepancies between the models and the data may be a result of the afore-
mentioned assumptions that are only partially fulfilled. It is possible that during
the experiment the affinity was changing, and thus, at the relevant QEs the affinity
assumed a slightly positive value, see the discussion in the following section. In
addition, the surface is continuously pumped, causing the conditions for a pump-
probe experiment not to be completely fulfilled. Moreover, in case of the extremely
low QEs the average power of the laser was already quite high, and a great portion
of the laser power converts to heat. As a result, high laser illumination might have
led to the rise of photocathode temperature, which enhances the decay of QE [56],
see discussion in Section 2.3.2.

To complete the discussion of the SCL, an elaboration of several important com-
ments is necessary.

One way to circumvent the SCL problem is through the use of a highly p-doped
superlattice or SSL. Togawa et al. [130] have investigated the SCL phenomenon for
three types of SL photocathodes under the same conditions of the laser and electron
source operations, using a 70 keV gun. They confirmed that for both GaAs-AlGaAs
superlattice and InGaAs-AlGaAs strained superlattice with the high surface doping
of 4× 1019 cm−3 the SCL phenomenon was not observed, even at the low QE values.
However, when a medium level of p-doped GaAs-AlGaAs superlattice was used,
5× 1018 cm−3, the SCL was observed at low QEs. This result is expected because
as the high surface p-doping decreases, the width of the BBR increases. This
increase in turn decreases the valence hole tunneling, one of the major physical
mechanisms in overcoming SCL.

Another important factor influencing the SCL is the source voltage. This effect
has been explored by Tang et al. [122]. According to [122], for the excitation wave-
length of 850 nm, surface charge limit dropped from ∼ 7.6× 1010 electrons/pulse
to ∼ 3.6× 1010 electrons/pulse as the source voltage was decreased from 120 kV to
60 kV. The data clearly demonstrated a strong and almost linear dependence of
the SCL on the cathode bias voltage. The decrease in surface charge limit for lower
source voltage is also due to the Schottky effect. This result is especially important
in our research. Our source bias voltage was set at 45 keV and the laser wavelength
at 800 nm; according to the findings in [122], the charge limit is estimated to drop
by almost 60 %, had we had the source operating at its original design value of
100 keV. At 45 keV, SCL is reached much faster, and therefore, the impact of the
SCL on our measurements are higher.
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5.7.2 Positive electron affinity

The second possible explanation as to why the tail of the pulse response drops
when the QE decreases is the fact that the properties of the photocathode surface
changes as the QE decays.

Recalling that the bandgap energy for bulk GaAs is Egap = 1.42 eV, a photoexci-
tation with the 800 nm laser, E = 1.55 eV, equates to an energy surplus of 0.13 eV
for the electrons reaching the conduction band. As the NEA decreases, the vacuum
energy level increases by the same amount. As long as the photoexcited electrons
energy is above the NEA level, the electrons will exit the cathode and contribute
to the QE.
As the GaAs photocathode degrades, the NEA decreases. Thus, the probability

of the transmission due to quantum mechanical transitions reduces, and the QE
drops. Since the shape of the pulse is governed by the properties of the cathode
itself, and not by the properties of the surface, the shape of the pulse remains
the same, as seen in Fig. 5.6. As the time elapses, and the cathode continues to
degrade, at some stage the NEA reaches a point where χ = 0, or even positive,
χPEA. A schematic diagram showing the χPEA for the GaAs semiconductor is
shown in Fig. 5.11.

Figure 5.11: In an NEA semiconductor, as the QE degrades, the value of χNEA
continues to decrease, and at very low QE values, the χNEA eventually
becomes χPEA.

As long as χPEA is less than the energy surplus of 130 meV and if the electrons
do not lose their energy substantially in the scattering processes, electrons can still
be emitted into the vacuum. However, since these electrons thermalize, they only
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exist for the first few picoseconds. In other words, in the first few picoseconds the
probability of the transmission is still high, though lower than that of when the QE
was higher.
After the first few picoseconds, more electrons thermalize. This reduces the

number of electrons which have enough energy to overcome the PEA barrier and
suppresses their escape probability. However, the electrons which arrive at the
surface late will meet the condition described in Eq. 5.22. As the QE drops lower,
the cathode reaches higher values of PEA, resulting in the tail of the pulse response
dropping faster, as seen if Fig. 5.6.

5.8 Asymmetry measurements
Spin-polarized electrons have been essential in a wide variety of branches of physics,
such as atomic and condensed matter physics [59], solid-state physics to study sur-
face and thin-film magnetism [38, 119], and nuclear and high-energy physics to in-
vestigate the nuclear structure and high-precision determination of the electroweak
mixing angle [2, 62].
The sources of polarized electron beams are vital in many high-energy accelerator

facilities such as SLAC, ELSA, CLIC 4, and CEBAF 5, and they will be required for
all future linear colliders, like EIC and ILC 6. Since the efficiency of the accelerator
operation is proportional to the square of the degree of the beam polarization,
any photocathode optimization that leads to higher polarization can significantly
increase the output of the accelerator, and therefore, is of utmost importance.
Choosing photocathode structures with higher Hh and Lh valence band splitting

will result in higher initial polarization. Furthermore, having a structure which
has a low p-doped active layer, suppresses the depolarization mechanism during
the transport of the photoemitted electrons in the conduction band [76]. The
SSL GaAs/GaAsP will be the subject of the next chapter, where its polarization
and other physical characteristics are investigated and discussed further. In the
following section, the asymmetry measurements of the bulk GaAs and the time-
resolved spin polarization measurements are presented and explained.
At 45 keV, the effective analyzing power of the Mott polarimeter is at least three

times less than at 100 keV. RecallingA = SeffP , the respective measured asymmetry
at 45 keV is smaller by at least a factor of three. Thus, the measuring time is 10
times longer for the same relative statistical error. As expected, longer measuring
times worsen the time resolution severely. As a result, a low-energy electron beam
is particularly troublesome for any polarization measurements.
For completeness, one must note that even though the asymmetry and the time

resolution have suffered greatly due to the low-energy beam, in principle no differ-
ence in the physics of the results has occurred. Even in this more difficult case,

4Compact Linear Collider, CERN
5Continuous Electron Beam Accelerator Facility, Virginia, USA
6International Linear Collider, CERN
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the extracted asymmetries are still expected to approximate the true distribution
reasonably well.

5.8.1 Gold target thickness

The Mott polarimeter in PKAT is equipped with a set of gold foils with different
thicknesses. During the early preliminary studies with the Mott polarimeter, the
reproducibility of the asymmetry measurements for each of the three gold targets
was investigated. The specifications of the targets are listed in Table 4.2. The
GaAs photocathode is excited by circularly polarized laser light at λ = 800 nm,
and the electrons are guided into the spin-rotator Wien filter in order to rotate
their polarization vector before reaching the Mott polarimeter. The helicity of the
laser light is reversed at a frequent interval. The asymmetry values for the targets
were obtained in sequence under similar conditions of beam quality and position.
The results are presented in Fig. 5.12.
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Figure 5.12: Asymmetry measurements for the three gold targets with different
thicknesses.

One expects to achieve higher asymmetry values as the target thickness is re-
duced. As the thickness of the target increases, the probability of multiple scatter-
ing for the electrons substantially increases, which in turn reduces the asymmetry.
However, the asymmetry for Target3, the thinnest gold foil (85 nm), was measured
less than of the Target2 (98 nm). Since Target3 has carbon backing, one can spec-
ulate that the scattering from the carbon foil may have contributed, and therefore,
has reduced the asymmetry. However, if the carbon foil has the proper thickness,
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the foil will contribute to the count rate an insignificant amount (only a few per-
cent).
Notably, the Mott polarimeter with the present gold foils was assembled a few

years prior to this project. During the reconstruction of the PKAT, the decision
was made not to open the Mott polarimeter. The risk of damage was too high
to dismantle the Mott polarimeter and thoroughly examine the conditions of each
of the gold foils. The detectors count rate for each of the targets were examined.
Although Target1 is three times thicker than Target3, almost identical counts for
these two gold foils were observed.
According to our findings for Target1 and Target3, an assumption was made that

perhaps these two gold foils were defective. Since the values for these two targets
were not reliable, all the asymmetry measurements in this project were taken using
Target2.

5.8.2 Effect of the slit

In the investigations with the Mott polarimeter, the asymmetry was measured both
with and without inserting the slit while the deflector cavity was switched off. The
measurements were conducted under the same conditions of beam position and
beam quality. The obtained asymmetry measurements were:

A = (3.868± 0.046) % with slit
A = (3.903± 0.046) % without slit

(5.25)

These values show no significant difference and are within the margin of error.
These findings indicate that the beam was focused well, and that the size of the
beam was small enough so that removing the slit did not cause any major differences
in the outcome.

5.8.3 Laser mode of operation

Finally, the influence of the mode of the laser operation on the asymmetry values
was investigated to observe whether changing the laser from DC to pulsing has any
effect on the asymmetry for a fixed wavelength. The wavelength was kept at the
fixed value of 800 nm. The asymmetry measurements yielded:

A = (3.651± 0.032) % DC laser
A = (3.607± 0.037) % Pulsed laser

(5.26)

A comparison between the measured asymmetries of the DC and the pulsed laser
reveals that as long as the wavelength is kept constant, the asymmetry does not
change by changing the laser mode of operation.
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5.8.4 Effect of quantum efficiency

Another part of this research investigated the dependency of the asymmetry on the
QE. The objective was to observe whether the asymmetry changes as the QE of
the photocathode decays, especially at very low QE. The asymmetries of the bulk
GaAs for QEs ranging from 3.14 % to 1.69× 10−6 % has been measured. Fig. 5.13
illustrates the results of the investigation.
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Figure 5.13: Asymmetry as a function of QE for bulk GaAs Cathode1. The red line
drawn at A = 3.65 % is to guide the eye.

In Fig. 5.13, the errors are the statistical errors and the line drawn at A = 3.65 %
is to guide the eye. Figure 5.13 clearly illustrates that the asymmetry for the most
part remains unchanged as the QE of the cathode decays, even at very low QEs
in the order of 10−6 %. While the QE decayed by seven orders of magnitude, the
asymmetry changed by approximately 20 % relative to the average asymmetries.
The observed fluctuations are assumed to be the consequence of the reproducibility
issues stemming from the low electron beam energy.
The asymmetry should remain constant under similar measurement conditions.

During our measurements, the conditions, though not ideal, remained the same.
The limitations of the low beam energy in tandem with the limitations due to the
old age of the apparatus are distinct disadvantages in measuring the asymmetry.
Thus, the observed fluctuations in the asymmetry while QE is decaying are assigned
to the reproducibility issues due to the aforementioned limitations.
The fact that measured asymmetries have the same order of magnitude even

at very low QEs is very significant and plays an important role in explaining the
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behavior of the cathode and the obtained photoemission at very low QEs. One
could argue that since great numbers of Cs atoms are deposited on the surface of
the bulk GaAs, the measured electron yield at very low QEs can be derived from
the infrared laser illuminating the Cs atoms and thereby producing photoexcited
electrons. However, this statement is erroneous. According to [59], photoemission
from Cs atoms is not polarized. As seen in Fig. 5.13, the polarization even at very
low QEs has not changed substantially. Therefore, the measured QE cannot be
from Cs atoms on the surface and must be from the GaAs, thus ruling out this
argument.
Moreover, the possibility of the photoemission resulting from the Pockels cell

creating the frequency doubling must be ruled out since ultraviolet does not produce
asymmetry [59].

5.9 Time-resolved polarization measurements

The last investigation with the bulk GaAs crystal was the time-resolved polarization
measurements. These measurements were possible with the help of the cavity, the
slit, and the phase shifter, as described in Section 4.8.
First, the electron beam is passed through the slit, and the phase that gives the

best focused beam on the Mott screen is recorded. Next, the phase is shifted from
the point of maximum intensity in small increments, allowing different sections of
the beam to go through the slit. For each phase shift, the asymmetry is measured.
In order to reduce the error in the measurement, the phase is increased or decreased
randomly in various increments.
A temporal profile of the asymmetry for the bulk GaAs measured at 800 nm with

a QE of 1.81 % is illustrated in Fig. 5.14.
In regards to these measurements, a few comments are worth making. First, the

errors shown in Fig. 5.14 are the statistical errors. In this particular measurement,
the errors were approximately 0.25 %. The time to collect a typical data point
ranged from 3 minutes to 50 minutes depending on the phase shift. For the higher
values of the phase shift, yielding the lower values of asymmetry, the measurement
times were extended accordingly in order to obtain fairly similar statistical errors.
As mentioned previously, the longer asymmetry measurement times are mainly due
to the low beam energy.
Second, the step-wise pattern in Fig. 5.14 is assumed to be connected to a tem-

perature drift which counteracts or intensifies the shifting of the phase for a certain
period. This period depends on whether the air conditioning is on or off. The
correlation between the room temperature fluctuations and the phase drift was
investigated in [35], and an influence of approximately 2 ps was estimated. There-
fore, the influence of the temperature variations on pulse response measurements
can be extremely important, and the time of measurement in relation to the air
conditioning control cycle must be considered.
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Figure 5.14: Time-resolved polarization measurement for the bulk GaAs Cathode1
at 800 nm and at a QE of 1.81 %.

The asymmetry and the polarization at any given time are related via the rela-
tionship

A (t) = Seff · P (t) = Seff P0 e
−t/τrelax (5.27)

where Seff is the Mott analyzing power, P0 denotes the polarization at t = 0,
and τrelax is defined as the polarization relaxation time or depolarization time. In
relation to semiconductor, these two parameters are interesting. By excluding the
points below t = 0 ps, and with an adequate exponential fit to the remaining points
in the plot of the Fig. 5.14, the depolarization time for this specific measurement
can be found. The data points which fall below t = 0 ps will be explained later.
The exponential fit will result in

τrelax = 70.28 ps (5.28)

This result means the polarized electrons in the GaAs remain polarized, on av-
erage, for only about 70 ps. Although this time period is not very long, the time
period is reasonable for this specific photocathode, as discussed in detail in the
following.
The particular GaAs photocathode under study is highly doped with Zn atoms

with the concentration of (1.1−1.3)×1019 cm−3. The spin-polarized electrons which
come to the surface of the semiconductor and escape immediately have maximum
polarization. The electrons which are emitted at later times are exposed to many
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processes that can flip their spins. The depolarization can be attributed to the
BAP process, (see Section 2.6.3), and fluctuations of the impurities in the crystal.
The process of the spin-polarized electron transport was investigated by Gerchikov
et al. [45] with AlInGaAs/AlGaAs strained superlattice. The weakening of the
electron transport was attributed to the presence of partial electron localization
within the cathode. According to [45], increasing the density of electronic traps
leads to higher localization level, which in turn increases the photoelectron losses
and lowers the polarization.
We now turn our attention to exploring the behavior of the data points in the

region of t < 0 ps. The RF system in the PKAT laboratory is based on the MAMI
deflecting cavity operating at 2.499 GHz, which yields a period of about TRF ≈
408 ps. During each period of the RF, the electron pulse passes the slit twice.
At each point in time, besides the initial intensity that passes through the slit

at that time, a contribution of all the intensities passing the slit at each half pe-
riod occurs. For each of these points in time, a corresponding polarization can be
measured with the Mott detectors.
At t < 0, the initial intensity and each of the subsequent intensities, which pass

through the slit at each half period, are much less than those of at t = 0, and there-
fore, their contribution to the intensity is minimal, see the discussion in Section 5.6.
Moreover, the electrons which are detected at time t < 0 have stayed in the crystal
for a relatively significant amount of time, and as a result, have suffered a high
amount of depolarization. Therefore, in a time-resolved polarization measurement
for the bulk GaAs, the points at t < 0 are dominated by the longer emission times.
These emission times will result in the polarization falling significantly below the
true polarization.
This effect is observable so long as the cathode emission time is long with respect

to the period of the RF. The polarization suppression effect tends to decrease with
decreasing the emission time. This effect is a unique feature of the bulk photocath-
ode and is not apparent in a strained superlattice structure, due to the distinct
difference between the bulk and the superlattice. In the bulk, as is demonstrated
in Fig. 5.3, the time response is long, and the intensity drops to 5 % relative to the
peak intensity after 50 ps for Cathode1. However, in the superlattice, the response
is very short, and the intensity drops much faster. For the strained GaAs/GaAsP
superlattice, the emission dies out in less than half of the RF period. The results of
the pulse response and polarization measurements from GaAs/GaAsP superlattice
photocathode will be discussed where appropriate in Chapter 6.
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For successful operation of any accelerator using RF, the bunch length of the beam
during acceleration is extremely important. In the case of the accelerator MESA,
which is expected to be in operation in 2023, the maximum accepted bunch length
is FWHM = 200 ps. Therefore, all electrons which are emitted at a later time from
the photocathode will be cut off and contribute to the longitudinal halo.

The longitudinal halos reduce the photocathode lifetime and damage the accel-
erator with induced radiation in the accelerator components. In order to function
within the longitudinal acceptance of the accelerator, these unwanted electrons must
be removed by a chopper, and the resulting bunch compressed by a buncher sys-
tem. For finite halo, losses will occur in an uncontrolled manner in the accelerator
system. Therefore, the chopper is needed for precision measurements. Otherwise,
the measurements suffer severely from small losses at high energies, especially if
they are varying in time. The chopper is an effective approach to concentrate the
losses at low energy where the losses cannot create damage or significant radiation.
In the case of MESA accelerator, a buncher allows transport of rather long pulses

(FWHM ∼ 200 ps) from the source and “focuses” them longitudinally to approx-
imately FWHM ∼ 4 ps at a position where the injector accelerator starts. This
“focus” reduces space charge forces at the source and during the transport of the
beam to the buncher. A rapid acceleration process sets in immediately after the
focus which results in reducing space charge forces considerably while the bunch
length remains short. The latter is needed in order to keep the beam energy dis-
tribution small. While these systems are well established and function properly in
practice, their use results in some undesirable effects. The chopper causes beam
loss, while the buncher increases the energy spread of the electrons, which in turn
reduces the beam brightness. In order to reduce these effects, short electron pulses
are desirable.
After the construction of MESA is completed, the accelerator will deliver a highly

brilliant electron beam with a current of up to 10 mA to search for the dark photon.
Alternatively, the P2 experiment in MESA demands highly spin-polarized electron
beams to study the electroweak mixing angle.
In general, photocathodes which exhibit fast transport are desirable. A typical

recombination time is in the order of 1 ns. When electrons remain in the crystal
longer, the possibility of the electrons recombining with the valence band holes is
greater. As a result, the loss of polarization and any information regarding the
transport properties of the cathode are higher. Fast responses reduce the amount
of electron recombination and depolarization.

115



6 Strained GaAs/GaAsP superlattice

As described in Chapter 2, the electron spin polarization in bulk GaAs cannot
exceed 50 % due to the Hh and Lh degeneracy. Single-layer strained photocathodes
can provide higher polarization up to 80 %. However, they are unable to deliver
a beam of sufficient QE. The unique heterostructure of strained superlattice can
overcome these limitations. Strained superlattices are capable of producing high-
polarization beams since they maintain the required induced strain and can produce
high-QE beams because the active layer has sufficient thickness.
To achieve the necessary beam brightness at low emittance while delivering high

spin polarization, the strained GaAs/GaAsP superlattice photocathode was inves-
tigated. In this chapter, after describing the structure of GaAs/GaAsP SSL, the
pulse response and polarization measurements are presented.

6.1 GaAs/GaAsP structure
The strained superlattice has a complex structure compared to bulk GaAs; there-
fore, the transport process of electrons in an SSL crystal is different from the trans-
port in the bulk. In the bulk, photoexcited electrons in the conduction band interact
with the lattice atoms through inelastic collisions until they are thermalized. Their
energy distribution can be described by a Maxwell-Boltzmann distribution. The
absorption coefficient of GaAs is approximately 1.41 µm−1 at an excitation wave-
length of 800 nm. Since the mean free path of the electrons, 30 − 55 nm, is much
smaller than the absorption length, the transport of electrons from the bulk into
vacuum can be described by the diffusion model, see Section 2.5.2.
The thickness of the active layer in the strained GaAs/GaAsP is only 92 nm

therefore, only 11 % of the light is absorbed in the crystal. In a superlattice, the
pulse responses are much shorter than in the bulk. The mean free path and the layer
thickness are in the same order of magnitude. The average number of interactions1
are very few. For the strained GaAs/GaAsP superlattice studied in this work,
the number of interactions can amount to 1 - 2 interactions. The transport of the
electrons is certainly neither diffusive nor ballistic2. Therefore, one cannot assume
that the electrons are completely thermalized during the transport. Thus, the
energy of electrons cannot be described by a Boltzmann distribution.
The Strained GaAs/GaAsP superlattice was developed at SVT Associates3 with

the specification of B-702 according to the manufacturer. The SSL was grown by
molecular beam epitaxy (MEB). The SSL consists of alternating thin layers of GaAs
wells and GaAsP barriers. A schematic structure of the strained GaAs/GaAsP0.36
superlattice is shown in Fig. 2.12. The SSL fabrication is as follows.
After growth of 2 µm-thick Be-doped (2× 1018 cm−3) GaAs buffer layer on a p-

doped GaAs substrate, a 5 µm-thick Be-doped graded GaAsPx layer was grown

1The average number of interactions can be defined approximately as the layer thickness divided
by the mean free path.

2Ballistic transport is defined when no interaction between the electrons and the lattice exists.
3SVT Associates, Inc., Eden Prairie, USA, www.svta.com
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with the P composition increasing from x = 0 to 0.35. This graded layer, and all
other layers following thereafter, were Be-doped at 5× 1018 cm−3 . Then, in order
to produce a strain-relaxed GaAs0.65P0.35 layer compatible with the superlattice
active layer, a 2 µm-thick GaAs0.65P0.35 layer was subsequently grown. This step
was followed by the growth of 14 pairs of GaAs (3.8 nm)/GaAsP (2.8 nm) strained
superlattice layers. The layers were capped with a 5 nm-thick heavily-doped GaAs
layer that produced the band bending.
The chemical composition and thickness of the strained GaAs quantum well and

GaAsP barrier layers determine the SSL energy band structure and subsequently,
determine the obtained quantum efficiency and polarization from the cathode. The
P-fraction in GaAsP has a strong effect on the width of the bandgap, which de-
termines the photon energy corresponding to maximum polarization. The Hh-Lh
energy band splitting for GaAs/GaAsP0.36 SSL is 89 meV [73], thus capable of de-
livering high polarization.

6.2 QE and lifetime measurement

Throughout our investigations with the strained GaAs/GaAsP superlattice, the
cathode was activated five times as the QE dropped to lower values and needed
reactivation. The process of reactivation is described in 5.1. Fig. 6.1 represents the
effect of subsequent activations.
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Figure 6.1: The achieved QE against the activation cycle for the strained
GaAs/GaAsP superlattice.

117



6 Strained GaAs/GaAsP superlattice

TheQE values range from 0.91 % to 5.08× 10−2%. The third activation delivered
the highest QE, similar to the bulk GaAs investigated earlier, see Fig. 5.1. The
explanation for the QE increase from the second to the third activation is assumed
to be similar to the description in Section 5.3.

The lifetime of the SSL photocathode was studied after the first activation, and
the QE values were collected during a 12 day period. The results are shown in
Fig. 6.2. The QE ranged from 5.08× 10−2 % to 3.18× 10−5 %. The main con-
tributing factors to the decay of QE during operation are ion back bombardment
and the desorbed gas, see Section 2.3.2 for further discussion. The rise in cath-
ode temperature resulting from high laser power illumination is not important to
this study since the average power used during the measurements did not exceed
5.2mW.
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Figure 6.2: Degradation of the QE for the GaAs/GaAsP superlattice during a 12-
day period. The decay cannot be described with a single time constant.

The decay is characterized by a continuous change of slope and cannot be de-
scribed with one single lifetime. The lifetime is larger at the beginning τ1 ≈ 97 h,
and it becomes shorter with τ2 ≈ 28 h for the interval t > 99 h. The drastic change
of slope could be a result of a sudden change in the surface conditions or the electron
affinity, but these causes are purely speculative. The QE decay of GaAs/GaAsP is
similar to that of the bulk GaAs; it is exponential only at short intervals of a few
days, see Fig. 5.2. This decay similitude is not surprising because the conditions
are fundamentally very similar with only small differences which depend on the
activation procedure on the nature of the surfaces. For instance, the bulk GaAs
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photocathode is simply polished, whereas the SSL is atomically grown on a clean
surface, see Section 2.6.2. Thus, differences may exist in the reaction of the crystal
towards the contamination. However, these differences do not affect the shape of
the QE degradation significantly.

6.3 Pulse response

The temporal response measurement of the strained GaAs/GaAsP superlattice was
conducted after its first activation. The electron pulses were obtained with near-
bandgap laser pulses and with a QE of 6.1× 10−2 %. The setup and the measuring
principle was as discussed before. Fig. 6.3 depicts an example of the pulse response
of the SSL photocathode along with the transverse beam diameter at the location
of the slit.
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Figure 6.3: Temporal response of a strained GaAs/GaAsP superlattice photocath-
ode. The blue curve represents the transverse beam diameter at the
location of the slit.

The result shows an asymmetrical curve with a steep rise and then decay with
a fast time constant. The observed σ is (2.16± 0.50) ps and still limited by the
experimental resolution. The pulse response has a longitudinal halo at a level of
10−4 compared to the peak intensity. Regarding the observed pulse response, a few
comments are in order:

119



6 Strained GaAs/GaAsP superlattice

t < −9ps region: A possible explanation for the pre-pulse signal could be
artifacts of the laser pulse and/or the double reflection of the laser from the optics.
The effect of the double reflection is further explained when discussing the t >
13 ps region. Notably, similar pre-pulse signals have been observed in the pulse
response measurements with the strained GaAs/GaAsP superlattice and bulk GaAs
conducted in the course of this project, as well as with other cathodes such as
K2CsSb [18] and bulk GaAs [35].
-9 < t < 13 ps region: This region is the main section of the pulse response

indicating the time that the majority of the photoexcited electrons generated in
the crystal are thermalized and then transported into the vacuum. As Fig. 6.3
indicates, the shape of the pulse in this section is asymmetric with a steep rise with
a σ of (2.16± 0.50) ps.

One must note that the obtained σ = (2.16± 0.50) ps for the superlattice indi-
cates that the superlattice is fast and still limited by the experimental resolution.
The jitter of the RF field, the jitter of the position of the beam, and the transverse
beam diameter have the most severe impact on the experimental resolution, see
the discussion in Section 3.5. Therefore, the GaAs/GaAsP would present a faster
response if the experimental conditions were better.
The best possible time resolution obtained at energy of 100 keV and excita-

tion wavelength of 400 nm is σ = 1.10 ps [17]. Our measurements suffered from
a stronger influence of AC fields and longer integration times due to the slower
phase shifting. Therefore, although one expects faster pulse responses from the
strained GaAs/GaAsP superlattice, the time resolution increased by factor of ap-
proximately 2 and resulted in longer pulse response. However, the increase of the
time resolution has no real influence on the interpretation of the results which are
presented.
The left shoulder defines the time resolution. In an ideal case, the emission of

electrons should start almost immediately after excitation, and all of the electrons
have the same energy at the surface. In this case, one will observe an infinitely
steep curve on the left. However, due to the time resolution of the apparatus and
the transit time spread caused by the initial energy distribution, one observes an
asymmetric peak which is not infinitely steep on the left.
The right shoulder of the peak is associated with the response function of the

cathode and decays exponentially. This decay is consistent with the thermalization
time of the electrons in the material. With an exponential fit to the right shoulder,
the decay time can be calculated. Within this time the photoexcited electrons come
to equilibrium with the lattice and have enough energy to transport to the surface
and into the vacuum. Fig. 6.4 shows the exponential decay to the left shoulder
between t = 0 and t = 13 ps with the function

I(t) = I0e
−t/τ (6.1)

where I0 is the intensity at t = 0 and τ is the decay time constant. According to
Eq. 6.1, the decay time constant in this case is τ = (2.38± 0.30) ps.
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6.3 Pulse response

Figure 6.4: Magnified picture of the pulse response of GaAs/GaAsP superlattice
from Fig. 6.3. An exponential decay to the right shoulder of the pulse
response for the time interval 0 < t < 13 ps results in a time constant
of (2.38± 0.30) ps. σ1 refers to the resolution which is the σ1 = 2.16 ps
of the Gaussian, and mostly affected by the apparatus resolution. σ2 =
2.36 ps is the time constant of the exponential decay and is limited
by the thermalization time and is convoluted by the resolution. This
limitation explains the increase in the time constant σ2 compared with
σ1. Since τ is obtained for the time interval which is longer than the σ1,
τ is not distorted by the finite resolution of the apparatus. The pulse
response around the 20 ps does not follow the exponential decay which
is attributed to the presence of the double reflections of the laser, see
further explanation in the text.

t > 13 ps region: This section of the pulse response is in the order of about
3× 10−4 relative to the maximum intensity at t = 0. The observed signal in this
region may be the result of the double reflection of the laser from the optics on the
path of the laser. As the laser beam passes through the interface of two media with
different refractive indices, a fraction of the incident laser intensity is reflected.
Assuming that the light is incident at a normal angle, the fraction of reflected
intensity is given by the Fresnel equation

R = (n1 − n2)2

(n1 + n2)2 (6.2)
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6 Strained GaAs/GaAsP superlattice

where n1 and n2 are the refractive indices of the two media. This equation accounts
for the fact that each time the optical medium changes, a fraction of the laser is
reflected, and the rest will be transmitted.
After the laser is produced, it travels through a polarizer, the Pockels cell, a

telescope, and a window before reaching the cathode. This process is illustrated in
Fig. 6.5.

Figure 6.5: Optical elements which the laser passes through before reaching the
photocathode. These elements contribute to the double reflection of
the laser. Double reflections between the elements are superimposed
over each other and arrive at the cathode at later times depending on
the distance they travel.

One can assume that the anti-reflection coating sets an upper limit to Fresnel
reflection of laser-optic at 0.5% of the initial intensity. Therefore, one cannot apply
Eq. 6.2 because of the special treatment of the optical surfaces, for example the glass
with the anti-reflective coating. The two surfaces which have the highest reflection
coefficients are the window and the cathode. For instance, the entrance window to
the vacuum system has at least one surface which does not have an anti-reflective
coating. Assuming n = 1.4 for the window, each time the laser passes through the
window 3 % of the laser is reflected at the interface.
The largest contribution to the reflected light comes from the GaAs/GaAsP crys-

tal itself. With a refractive index of n ≈ 3.0 at 800 nm, the crystal reflects more than
20 % of the laser light. A double reflection between the window and the cathode,
therefore, will create a pulse with a relative intensity of I = 6× 10−3I0, where I0 is
the initial pulse intensity from the undeflected laser. Similarly a double reflection
of approximately 1.5× 10−4 and 2.5× 10−5 can be expected for double reflections
between window–optics and between optics–optics, respectively. These reflected
intensities will create “parasite” pulses which illuminate the cathode at different
times than the main laser pulse. The arrival times are given by 2d/c, where d is
the distance between the two surfaces and c is the speed of light.
For the cathode–window reflection, one can assume that the laser spot at the

cathode is larger and has an offset from the original laser spot since the surfaces of
cathode and window are not exactly perpendicular to the beam. Furthermore, the
distance between the two surfaces is very large (≈ 1.0 m). These factors reduce the
contribution of the “parasite” pulse considerably. Therefore, in Fig. 6.3 the observed
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6.3 Pulse response

peak at around 40 - 50 ps with the intensity of approximately 10−3 is possibly the
result of double reflection. The appearance and absence of such peaks is possible due
to small changes in the angles of the laser beam which leads to different positions
(offsets) of the double reflections on the photocathode.
In Fig. 6.3 many small random peaks are observed. Since the background is in the

order of 10−3, these signals are not attributed to the crystal behavior. The observed
signals in the t > 13 ps region are speculatively, the upper limit of the contributions
from the photocathode plus the double reflection. The presence or absence of these
extraneous double reflections may be ascertained by removing each of the mediums
from the optical path and monitoring any changes. Eliminating the possible effects
of the double reflection was outside the scope of this project, and hence, no attempt
was made to investigate the effect. Further plausible interpretations of the observed
signals at t > 0 could be the result of electrons being reflected from the walls of the
beamline and entering the channeltron independent of the phase.

In an investigation with InAlGaAs/GaAs superlattice [45], similar signals in the
order of 10−2 compared to peak intensity were observed. However, in that case, the
observed signals were attributed to the photocathode. For GaAs/GaAsP, approxi-
mately 3× 10−4 is the upper limit. Therefore, the strained GaAs/GaAsP superlat-
tice is a better photocathode since it offers a smaller halo.
The true time response of the strained GaAs/GaAsP superlattice is faster than

the observed resolution of σobs = (2.38± 0.30) ps since the apparative resolution
and the transit time dispersion superimpose the true response of the cathode. The
true response can be obtained by

σcathode =
√
σ2
obs − σ2

res. (6.3)

Recalling σres = (2.16± 0.50) ps from Fig. 6.3, this computation will lead to
σcathode = (0.99± 1.20) ps for the true response of the strained GaAsP/GaAs su-
perlattice, which is compatible with zero.
Worthy of note is that the pulse response measurements of the GaAs/GaAsP

superlattice were repeated at different QEs of 5.08× 10−2 % and 7.44× 10−2 %.
The results of these measurements are illustrated in Fig. 6.6.
In Fig. 6.6, comparing the pulse responses a few remarks are fitting. First,

all pulse responses show a series of Gaussian-like humps in the t > 13 ps region.
Regardless of the QE, the hump between 40 − 50 ps is present, although with
different intensities. These responses further strengthen the likelihood of the humps
resulting from double reflection.
Furthermore, the observed longitudinal halo of the pulses in blue and green is

higher than the halo shown in red, but the results are limited to a detection of
3× 10−4 compared to the peak intensity. In addition, in the measurement with the
lowest QE = 7.44× 10−2 % (the green curve), the signals after the main peak look
different when compared to the other curves. One could speculate that the green
curve suffered from an electronic background condition, e.g. X-rays impinging on
the channeltron. This is supported by the background, in particular at t < 0,
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6 Strained GaAs/GaAsP superlattice

where the cathode clearly cannot have such high halo. This high halo measurement
indicates that problems occurred with the measurements and ultimately limited the
sensitivity of the method. The blue and red curves contain the effects of double
reflections, as discussed previously. Other noise factors which are not completely
reproducible may have also affected the results.
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Figure 6.6: The pulse responses of strained GaAsP/GaAs superlattice conducted at
different QEs.

Moreover, comparing the σ and the background levels of the pulses, the differ-
ences can be attributed to operating at the low beam energy of 45 keV; at such low
energy any fluctuations will impact the observed intensity severely, for instance, the
increased jitter as a result of the air conditioning in the lab operating in a different
state, see the discussion in Section 3.5.

6.4 Comparison of GaAs/GaAsP with K2CsSb and GaAs

Pulse response measurement of K2CsSb (potassium cesium-antimonide) photocath-
ode at an excitation wavelength of 400 nm was conducted [18]. The measurement
was carried out in the PKAT laboratory and with a 100 keV electron source, prior
to experiencing field emission and breaking down the source. The measurement
setup and the principle of the measurement was similar to what was used during
this project. Fig. 6.7 illustrates the comparison of the impulse response measure-
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ments between GaAs/GaAsP superlattice, K2CsSb, and the bulk GaAs (Cathode2)
photocathodes, taken at QE of 6.1× 10−2 %, 1 %, and 5.8 %, respectively.
Unlike GaAs cathodes, which are purchased commercially, K2CsSb cathodes are

usually fabricated in the lab. Thus, the elementary parameters may vary from
one cathode to another according to the specific synthesis recipe concentration,
preparation, vacuum conditions, etc. In the literature, a bandgap in the range of
1 − 1.2 eV [46, 83], effective electron affinity, χeff, between 0.4 eV to 1.1 eV [83, 84],
and a work function of 1.6 eV have been reported.
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Figure 6.7: The comparison of temporal response measurements of strained
GaAs/GaAsP superlattice with K2CsSb and bulk GaAs photocathodes.
The pulse responses of GaAs/GaAsP and bulk GaAs are obtained at a
beam energy of 45 keV and an excitation wavelength of 800 nm, whereas
K2CsSb is measured with a 100 keV beam and at 400 nm excitation.

K2CsSb cathodes belong to the positive electron affinity (PEA) group, and as
such, the vacuum level is above the conduction band minimum. Therefore, the
photon exciting energy must be greater than Egap + χeff, and only electrons with
energy above the vacuum level can be emitted into the vacuum.
The results indicate the bulk GaAs pulse response has a σ of approximately

(3.21± 0.50) ps and a longitudinal halo around 10−1 compared to the intensity
maximum. GaAs/GaAsP SSL has a longitudinal halo more than 2.5 orders of
magnitude smaller than bulk GaAs. This difference clearly illustrates the improve-
ment that one achieves using strained GaAs/GaAsP superlattice rather than the
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6 Strained GaAs/GaAsP superlattice

bulk in producing short pulses. In bulk, the active layer is the entire thickness of
crystal (510 − 517 µm), where photoexcited electrons can, in principle, be gener-
ated. However, SSL has an active layer thickness of ≈ 92 nm. The electrons are
generated close to the surface and can be emitted much faster into the vacuum.
K2CsSb has a response of approximately σ ≈ 1.10 ps and a longitudinal halo at
a level of about 6× 10−5 compared to the intensity maximum [18]. This indicates
the clear advantage of the PEA K2CsSb cathodes over the NEA cathodes for high
brightness electron beam applications. The main characteristic parameters of these
investigated photocathodes are summarized in Table 6.1.

Table 6.1: Comparison of the main characteristic parameters of the pulse response
between GaAs/GaAsP, bulk GaAs, and K2CsSb [18] photocathodes.

Parameter GaAs/GaAsP GaAs K2CsSb

Energy 45 keV 45 keV 100 keV
Excitation wavelength 800 nm 800 nm 400 nm
Pulse response (σ) 2.16 ps 3.21 ps 1.10 ps
Longitudinal halo 3× 10−4 1× 10−1 6× 10−5

Experimental resolution (σ) 1.37 ps 1.37 ps 1.03 ps
Beam diameter (σ) 0.79 ps 0.79 ps 0.37 ps

To complete the comparison between the temporal response of these photocath-
odes, a few points merit some discussion. In K2CsSb pulse response, many small
signals are observed after the main peak. Although the intensity of these humps
is not the same, they are present with different strengths and at different times.
These signals are attributed to the double reflection of the laser light. The contri-
bution of the double reflection in measurements with the SSL is speculated to be
more than in the case of K2CsSb because in the latter measurement the polarizer
and the Pockels cell were not in the optical path of the laser. Assuming equal
contributions from each optical element, the total reflected intensity in the case of
the GaAs/GaAsP SSL is estimated to be twice that of the K2CsSb.
The K2CsSb response measurement was conducted at 400 nm. In general, the

photoexcited electrons are not deep inside the crystal when excited with lower
wavelengths. This placement allows faster emission time compared to higher wave-
lengths. In addition, the response of K2CsSb has been conducted at 100 keV com-
pared to the 45 keV for the SSL. The lack of high-energy beam has contributed
immensely to poorer experimental resolutions, see Table 6.1 and the discussion
in Section 3.5. Fig. 6.7 reveals the striking influence of the experimental reso-
lution on the temporal response of the strained superlattice. Moreover, in the
investigation with K2CsSb, other pulses with higher longitudinal halo in the or-
der of 2× 10−4 have been observed [18]. The K2CsSb temporal response shown in
Fig. 6.7 is an example of minimum longitudinal halo. For an equitable comparison,
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6.5 Excitation wavelength dependency

one must compare the pulse response of the strained GaAs/GaAsP superlattice at
400 nm with a beam energy of 100 keV.
The distinguishing characteristic of the strained GaAs/GaAsP superlattice com-

pared to the K2CsSb and the bulk GaAs is its ability to produce high spin-polarized
electrons. As previously discussed, producing beams of highly polarized elec-
trons requires the degeneracy of valence bands to be broken. Neither K2CsSb nor
bulk-GaAs crystal structures allow the generation of highly spin-polarized electron
beams.

6.5 Excitation wavelength dependency
The MIRA laser in PKAT is equipped with a tunable-wavelength light source be-
tween 755 nm and 890 nm. The dependency of the quantum efficiency and asym-
metry on the excitation wavelength for the SSL photocathode was investigated.
For this purpose, the laser was operated in DC mode, and the wavelength was
changed in the range of 768 − 871 nm, corresponding to exciting energies between
1.61 − 1.42 eV, respectively. Due to some technical problems, the exploration of
wavelengths below 768 nm was not possible. The QE and asymmetry spectrums as
a function of illumination energy are presented in Fig. 6.8.
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Figure 6.8: Asymmetry and quantum efficiency as a function of the exciting wave-
length for the strained GaAs/GaAsP superlattice.

The results indicate a strong correlation between QE and the laser energy. The
quantum yield increases with energy (decreasing wavelength) to an optimum value
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and then remains almost constant. As the wavelength increases, the QE decreases,
ranging from 0.98 % to 5.02× 10−4 %. These results are in agreement with the find-
ings of other groups who used similar SSL structure [67, 73]. The laser wavelength
of λ = 770.5 nm yielded the maximum QE = 0.98 %.
According to Fig. 6.8, the band edge for the strained GaAs/GaAsP superlattice

is approximately at 800 nm. At energies higher than the band edge, electrons
will be emitted both from the valence band and the intermediate states in the
forbidden zone. Under these circumstances, thermal or other excitations can bridge
the gap and be emitted into the conduction band, increasing the quantum yield.
For practical purposes, excitation of a photocathode at a wavelength above the
band edge is not desirable due to the decrease in QE, as is seen in Fig. 6.8.

From a quantum mechanics perspective, the quantum efficiency can be described
according to the contributions of the transition rates [114]. The quantum yield of
electrons excited by energy γ within the thickness interval dx can be written as

QE ∝ Pα(γ, x, dx)PT (γ, x)PE(γ) (6.4)

Pα describes the probability of electrons to be excited above vacuum level. PT
represents the probability of photoexcited electrons reaching the surface and having
sufficient energy to escape the vacuum, and PE is the probability of the electrons
reaching the surface to be emitted into the vacuum.
Another factor contributing to the quantum yield is the density of states, which

expresses the number of available states within a region. Recalling the discussion in
Section 2.4, the density of states in an energy interval dE for a 3D semiconductor
is proportional to

√
(E − Ec).

As the photocathode is illuminated with the light, the density of states depends
on the exciting energy, and therefore the wavelength. If the electrons are excited
at exactly the bandgap, in principle, only one state exists. As the energy increases
(lower wavelength), the number of states occupied in the energy interval dE in-
creases, which in turn enhances the quantum yield. This occurrence explains the
behavior of QE as the wavelength increases in Fig. 6.8. It must be noted that in the
case of a superlattice, the density of states changes in the form of a step function
compared to the

√
(E − Ec) dependency in the bulk (see Section 2.4).

In an investigation by Maruyama et al. [73], electron polarization and quantum
efficiency from GaAs/GaAsPx with systematic changes of P-concentration were
studied. For a phosphorous concentration of x = 0.36 (similar to the SSL used
in our project), in the exciting energy range of 1.5 - 1.9 eV, two distinct steps were
visibly seen in the QE spectrum, as expected from the density of states. The two
steps are associated with distinct excitation transitions of electrons from Hh and Lh
minibands to the conduction band. In [73], a peak polarization of approximately
86 % and a QE of 1.2 % was achieved for GaAs/GaAsP0.36.
In our investigation, the QE spectrum extends up to only 768 nm, which is equiv-

alent to 1.61 eV. Up to this energy level, our QE curve is similar to what is presented
in [73] and includes the first step at energy of 1.60 eV, associated with the Hh. Due
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to the limited tunability of the MIRA laser, the second step at 1.67 eV (λ ≈ 740 nm)
was not observable. In addition, sudden changes of slope in the QE spectrum can
be seen, for example at 855 nm, 840 nm, and 805 nm. Such changes may indicate
the presence of bands, but band presence is not a certainty.
According to Fig. 6.8, the peak asymmetry is approximately 11.09 % at the ex-

citing wavelength of λ = 798 nm, and the measured QE at the peak asymmetry is
approximately 0.12 %. The measured asymmetries ranged from 9.09 % to 11.09 %.
Asymmetries greater than 9.1 % are obtained in a wide range of laser wavelengths,
820 − 861 nm. The asymmetry at its maximum value varies with the wavelength
within the limits of 18 %. The highest quantum efficiency of 0.98 % was reached at
λ = 770 nm with an asymmetry of approximately 10.20 % [66].

6.6 Time-resolved spin polarization

The spin polarization of the strained GaAs/GaAsP superlattice was measured in a
time-resolved manner. The setup and the principle of measurement are as described
previously. The measurements were collected at a wavelength of λ = 800 nm and
at a QE of 0.91 %. Fig. 6.9 represents the measured time-resolved spin polarization
for the strained GaAs/GaAsP superlattice.
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Figure 6.9: Time-resolved spin polarization of strained GaAs/GaAsP superlattice
obtained at excitation wavelength of 800 nm and at a QE of 0.91 %. The
related normalized intensities are shown in blue.
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The time-resolved measurement indicates that, although the temporal response
is dominated by the experimental resolution, the measured asymmetries fluctuate
by a small amount. According to Fig. 6.9, during a period of 24 ps, the time
between −8 ps to approximately 16 ps, a relative decrease of 12 % in the asymmetry
is observed. At very lowQE values, however, stronger depolarizations were observed
and attributed to experimental difficulties at this timescale.
A possible explanation for the polarization loss during transport is the transit-

time dispersion of the photoexcited electrons. The transit-time dispersion imposes
different arrival times of electrons to the surface, resulting in a distribution of the
kinetic energy as the electrons are emitted into vacuum. Electrons that arrive early
tend to have higher kinetic energy and a higher polarization. Electrons with lower
kinetic energy are involved in more inelastic processes during the transport and
thus have lower polarization.
Another explanation is the possibility that electrons are being trapped in the

BBR. These electrons can remain in the surface below the conduction band for
some time before exiting the cathode [10]. The energy distributions of the emitted
electrons for a strained-layer photocathode [71] and a superlattice structure [70]
were measured. According to the measurements, all electrons which escape from
the photocathode have gone through some energy loss. Furthermore, as the starting
kinetic energy lowers, the polarization decreases.
The time-resolved polarization measurements with a strained-layer GaAsP pho-

tocathode with an active layer of 150 nm and a doping of 7× 1017 cm−3 were per-
formed. The measurements were obtained with a 100 keV electron source [107]. A
relative decrease of spin polarization of 4.5 % during 2.5 ps was observed. Com-
paring these results with those from [107] indicates that our results have been
dominated by the experimental resolution.
The fluctuations in the asymmetry measurements are partly attributed to the

drifts in the machine. Recalling that the estimated drift throughout our measure-
ments was in the order of a few picoseconds [35], and considering that the time to
take each asymmetry point was 2 to 5 minutes, an assumption can be made that
the fluctuations are due to the phase drift.
To complete the analysis of the asymmetry measurements with the strained

GaAs/GaAsP superlattice, one must note that the asymmetry values have suffered
severely due to the low beam energy of 45 keV. The low beam energy resulted in
the instability of the beam during the measurements and required longer measuring
times, see the discussion in Section 3.5.
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Photoemission sources are essential for successful operation of high-power acceler-
ators. They are capable of offering low-emittance beams with high brilliance. In
addition, the pulse response of the photocathode must be within the longitudinal ac-
ceptance of the accelerator. Therefore, the losses associated with longitudinal halo
must be strictly minimized. The unwanted beam losses result, not only in degrada-
tion of the photocathode lifetime, but also in increased radioactivity throughout the
accelerator. In addition, the losses associated with the longitudinal halo can create
background which masks the physics processes in the detectors. This is particularly
problematic for the RF photoinjectors in which the electron pulses are accelerated
without a chopper/buncher system.
Furthermore, many accelerator systems require spin-polarized beams. As with

MESA, beams of high spin-polarization are required for precision measurements of
the electroweak mixing angle (P2) experiment. Presently, the GaAs-based semi-
conductors are unrivaled as sources of highly spin-polarized electrons.
With an excitation energy near the bandgap, bulk-GaAs cathodes can deliver a

maximum polarization of 50% due to the degeneracy in the valence band. However,
strained superlattice photocathodes induce strain in a periodic active layer design.
Therefore, they break the degeneracy of the valence band to a higher degree, over-
coming the limitations of the bulk and the single strained photocathodes, allowing
polarization above 85%.
In order to conduct the polarization measurements in the context of this work,

a Wien filter spin-rotator was built and commissioned to rotate the spin of the
electrons before entering the Mott polarimeter.
Within the scope of this dissertation, with respect to the bulk GaAs, one of the

goals of this work was to investigate the dependence of the pulse responses on the
decay of quantum efficiency. Two bulk photocathodes have been investigated for
this purpose. The pulse responses were obtained at QE values between 5.81 % and
4.94× 10−6 %. In both cases, the dependency of the pulse shape on QE over many
orders of magnitude were clearly observed. The results showed that as the QE
values dropped, the general trend was such that the intensity of the halo decreased.
In addition, at very low QEs, a saturation effect developed. As the QE decayed,

a more intense laser was needed for the same amount of current. The high-intensity
illumination at low QEs creates a large buildup of electrons trapped in the BBR,
which increases the potential barrier at the surface. The potential increase results in
a decrease of electron escape probability and suppression of the latter portion of the
pulse response. This tail suppression was attributed to the surface photovoltage.
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For the first time, the surface photovoltage was observed at the picosecond timescale
in photoemission.
This behavior can be approximated with a continuous pump-probe. In a pump-

probe technique, a pump pulse excites a sample, and a second and weaker probe
is used for probing the sample after an adjustable time delay. This technique
enables measuring ultrafast phenomena, such as the movement of electrons, inside
the cathode. In the pulse response, assuming the first 10 ps as the pump period,
a very large fraction of electrons (approximately 90 %) arrive at the surface within
the 10 ps time frame and contribute to the pump. The remainder of the electrons
arriving at the surface at t > 10 ps can be considered a continuous probe.

This process exhibits self-modulation for electron pulses at picosecond timescale.
The ability to alter the electron pulse properties at the picosecond timescales
through a short intense laser pulse is an exciting physical phenomenon and can
possibly be applied in electronic devices. Increasing our understanding of the sur-
face photovoltage effect in NEA GaAs crystals through further investigations may
potentially lead to overcoming this effect in high-intensity accelerator applications,
such as the MAGIX experiment in MESA.
The pulse response and polarization of GaAs/GaAsP strained superlattice at

an excitation wavelength of 800 nm was investigated. These measurements can
reveal information about the transport mechanisms inside the photocathode and
the quality of the cathode material and construction. For the first time, the impulse
response of the cathode was measured with high resolution in the tail region. Our
investigation delivered a pulse with a σ = (2.16± 0.50) ps and a longitudinal halo
in the order of 3× 10−4 compared to the peak intensity.

Our results indicated GaAs/GaAsP SSL has a longitudinal halo more than 2.5
orders of magnitude smaller compared to bulk GaAs. This result illustrates the
superiority of the strained GaAs/GaAsP superlattice over the bulk in produc-
ing short pulses. Furthermore, comparing the longitudinal halo of GaAs/GaAsP
with that of InAlGaAs/GaAs superlattice (conducted at 100 keV) [45], the halo of
GaAs/GaAsP was demonstrated to be lower by a factor of almost 2. The pulse
response of a cathode is limited by the time resolution of the experiment. Due to
the low beam energy, the time resolution increased substantially by a factor of 2.5,
compared to the optimum conditions [17]. Therefore, the time-resolved measure-
ments of the GaAs/GaAsP strained superlattice did not show the expected fast
response. However, despite the poor time resolution, compared to other superlat-
tices, GaAs/GaAsP can be regarded a better choice of cathode for investigations
in accelerator systems, in particular for spin-dependent measurements.

The pulse responses of GaAs/GaAsP superlattice and PEA cathode K2CsSb, con-
ducted at 100 keV and at an excitation wavelength of 400 nm [18], were compared.
The comparison indicated a faster time response, as well as a smaller longitudinal
halo for the K2CsSb cathode. According to these results, K2CsSb cathodes are
more suitable in the high-current accelerator applications.
However, in order to have an equitable comparison between the pulse responses

of these two types of cathodes, the strained GaAs/GaAsP superlattice should be
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investigated at 400 nm excitation wavelength and at an extraction energy of 100 keV.
Although K2CsSb photocathodes are suitable for generating short pulses with small
halos, the emission of spin-polarized electrons from these PEA cathodes is not
possible.
With respect to the asymmetry measurements of strained GaAs/GaAsP super-

lattice, our measurements yielded a peak asymmetry of approximately 11.09 % at
an exciting wavelength of λ = 798 nm, and a QE of about 0.12 % at the peak asym-
metry. In view of the lower beam energy, the time resolution in the asymmetry
measurements suffered additionally due to the longer measuring time, particularly
for the data points at higher phase shift values. Consequently, the asymmetry
values were tarnished.
Improving the apparatus, using a 100 keV electron beam, and carefully determin-

ing the background effects, such as double reflections and channeltron background,
a much better time resolution can be achieved. Therefore, smaller halo and higher
asymmetry values can be obtained from the strained GaAs/GaAsP superlattice
photocathode, making this type of superlattice a good candidate for the electron
accelerator applications such as the P2 experiment in MESA.
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