
Practical Limitations of Low Mean Transverse Energy Metallic Photocathodes

by

Christopher John Knill

A Dissertation Presented in Partial Fulfillment
of the Requirement for the Degree

Doctor of Philosophy

Approved April 2023 by the
Graduate Supervisory Committee:

Siddharth Karkare, Chair
Jeffery Drucker
Robert Kaindl

Samuel Teitelbaum

ARIZONA STATE UNIVERSITY

May 2023



ABSTRACT

The performance of accelerator applications like X-ray free electron lasers (XFELs)

and ultrafast electron diffraction (UED) and microscopy (UEM) experiments is lim-

ited by the brightness of electron beams generated by photoinjectors. In order to

maximize the brightness of an electron beam it is essential that electrons are emit-

ted from photocathodes with the smallest possible mean transverse energy (MTE).

Metallic photocathodes hold the record for the smallest MTE ever measured at 5

meV from a Cu(100) single crystal photocathode operated near the photoemission

threshold and cooled to 30 K. However such photocathodes have two major limi-

tations: poor surface stability, and a low quantum efficiency (QE) which leads to

MTE degrading non-linear photoemission effects when extracting large charge densi-

ties. This thesis investigates the efficacy of using a graphene protective layer in order

to improve the stability of a Cu(110) single crystalline surface. The contribution to

MTE from non-linear photoemission effects is measured from a Cu(110) single crystal

photocathode at a variety of excess energies, laser fluences, and laser pulse lengths.

To conclude this thesis, the design and research capabilities of the Photocathode and

Bright Beams Lab (PBBL) are presented. Such a lab is required to develop cathode

technology to mitigate the practical limitations of metallic photocathodes.
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Chapter 1

INTRODUCTION

1.1 Photocathodes

Photocathodes are materials that use the photoelectric effect to generate electrons

from incident light. In linear accelerators the photocathode is placed in a chamber

(called photoinjectors) with a high DC or RF electric field. Illuminating the photo-

cathode with a pulsed laser generates electron bunches which are then accelerated by

the electric field to create an electron beam.

Electron beams are used in a variety of linear accelerator applications like X-ray

free electron lasers (XFELs) and ultrafast electron diffraction (UED) and microscopy

(UEM) experiments. The performance of these applications is directly limited by the

brightness of the electron beam. The brightness of an electron beam is a quantity

that characterizes the phase space density of the beam and is represented by:

B6D ∝ N

ϵxϵyϵz
(1.1)

where N is the number of electrons which can range from 1 to 1010 depending on the

application, and ϵi for i = x, y, z is a quantity known as the emittance and it describes

the RMS area in the x-, y-, and z- phase space planes. For linear accelerators the

electron beam undergoes incompressible flow due to Liouville’s theorem which states

for a Hamiltonian system the phase space density remains constant. Hence, the

maximum brightness of the electron beam occurs at the photocathode. Therefore,

maximizing the beam brightness from the photocathode is essential to generating the

highest quality electron beam.
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For high peak charge density applications like XFELs and single-shot UED, the

maximum beam brightness scales according to the following relation:

B ∝ En

MTE
(1.2)

where E is the accelerating electric field, n is a real number between 1 and 2 where the

value depends on the design of the photoinjector, and MTE is the mean transverse

energy of the electrons emitted from the photocathode. For low charge density appli-

cations like stroboscopic UED, the brightness is inversely proportional to the MTE

as well as the emission area on the cathode (Musumeci et al. (2018)). The MTE can

be related to the intrinsic emittance (ϵx) from the photocathode as:

ϵx = σx

√
MTE

mec2
(1.3)

where σx is the RMS emission area, me is the mass of the electron, and c is the

speed of light. From Eq. 1.2 and Eq. 1.3 the critical figure of merit in increasing

the brightness for linear electron accelerators is the MTE and it is equivalent to the

temperature of the electrons in vacuum (Bazarov et al. (2009)). Hence great efforts

have gone into understanding and minimizing the MTE in order to maximize the

brightness of electron beams. In general the MTE is limited by operating parameters

like the irradiating excess energy (Dowell and Schmerge (2009)), the temperature of

the photocathode (Cultrera et al. (2015); Feng et al. (2015)), and the laser pulse

energy (Bae et al. (2018); Maxson et al. (2017)), as well as photocathode properties

like surface nonuniformities (Karkare and Bazarov (2015); Feng et al. (2017)) and the

band structure (Karkare et al. (2017)).

Excess energy is defined as the difference between the photon energy and the work

function. Typically a fraction of the excess energy is converted into the transverse

energy during emission. Using Spicer’s 3-step model, Dowell and Schmerge (Dowell

2



and Schmerge (2009)) first explained the relationship between MTE and excess energy

by the following equation:

MTE =
Eexcess

3
(1.4)

where Eexcess is the excess energy. However this model was based on several unrealistic

assumptions like a constant density of states at zero temperature and the conservation

of transverse momentum, which does not hold for disordered surfaces. Recently Saha

et al proposed a simpler explanation of the relationship between MTE and excess

energy (Saha et al. (2023a)). Assuming that the electrons are uniformly distributed

into the free electron parabola and that upon excitation they do not scatter before

emission, the MTE is given by Eq. 1.4. For low or negative excess energies the electron

emission occurs from the tail of the Fermi distribution and the MTE approaches the

thermal limit of kBT where kB is the Boltzmann constant and T is the temperature

of the electron distribution. For small laser fluences the temperature of the electron

distribution is in thermal equilibrium with the lattice, and therefore the temperature

T is the temperature of the photocathode. At room temperature the thermal limit

is 25 meV, a result that has been demonstrated experimentally from Sb thin films

(Feng et al. (2017)) and Cu single crystals (Karkare et al. (2020); Knill et al. (2023)).

By cooling down the photocathode to cryogenic temperatures, sub-25 meV MTEs

have been demonstrated from several systems like 22 meV from thin films of alkali-

antimonide at 90 K (Cultrera et al. (2015)), 5 meV from a Cu(100) single crystal at 30

K (Karkare et al. (2020)), and 9 meV from a graphene-coated Cu(110) single crystal

at 77 K (Knill et al. (2023)). However at cryogenic temperatures it becomes increas-

ingly difficult to reach the thermal limit. One factor that increases the MTE above

the thermal limit is the surface non-uniformities of physical and chemical roughness

(Karkare and Bazarov (2015); Feng et al. (2017)). These non-uniformities lead to

localized transverse electric fields that can increase the MTE by several factors. To

3



minimize the contribution to MTE from surface non-uniformities, it is critical that

electrons are emitted from atomically ordered single crystalline surfaces (Karkare et al.

(2017)). For single crystalline surfaces the transverse momentum is conserved during

photoemission. Hence by selecting photocathode materials that allow photoemission

from low transverse energy states the MTE can be reduced. By minimizing the effects

of excess energy and by emitting from a small transverse momentum state, a record

low MTE of 5 meV was demonstrated from an atomically pristine Cu(100) single

crystal when operated near zero excess energy and cooled down to 30 K (Karkare

et al. (2020)). Space charge effects can degrade the brightness set by the photocath-

ode. However the maximum brightness in a photoinjector is inversely proportional to

the MTE as shown in Eq. 1.2 (Bazarov et al. (2009)). Although this 5 meV MTE is

significantly lower than the 100 - 500 meV MTEs that are typically found in modern

photoinjectors, it comes with two main drawbacks which prevents its widespread use:

poor surface stability, and low quantum efficiency (QE) which can lead to non-linear

photoemission effects.

1.2 Photocathode Stability

In order to operate in photoinjectors, single crystalline metallic photocathodes

need to be able to maintain their low MTE for long periods of time. Photoemission is

a surface sensitive process so any damage to the surface will affect the MTE. In a pho-

toinjector the photocathode is subjected to high electric fields and high laser fluence

conditions. Operating in such conditions can lead to surface degradation from various

mechanisms like chemical poisoning from residual gas (Chanlek et al. (2014)), laser

heating (Anisimov et al. (1974)), and ion back-bombardment (Aulenbacher (2011)).

Recent investigations have looked at the efficacy of capping photocathode sur-

faces with a thin film to improve their stability under vacuum conditions without

4



negatively impacting their photoemission properties. One such investigation showed

that capping a Cu(110) single crystal with a monolayer of graphene can significantly

improve the stability of the cathode surface and preserve the quantum efficiency (QE)

at atmospheric conditions (Liu et al. (2017)). Another investigation showed that a

graphene coated Cu(110) single crystal can achieve MTEs right at the thermal limit

for room temperature, and in the sub-10 meV range for cryogenic temperatures (Knill

et al. (2023)). In addition the MTE was shown to be stable near the thermal limit

for 7 days indicating that it improved the stability of the MTE (Knill et al. (2022)).

1.3 Non-linear Photoemission

Quantum efficiency is a material property that is equal to the ratio of the number

of emitted electrons per number of incident photons on the photocathode surface.

Low-MTE Cu single crystals have an extremely low QE of 10−7 at room temperature

(Dowell et al. (2010)) and as low as 10−9 at liquid nitrogen temperatures (Ch. 2)

when operating near threshold. In order to extract high charge densities from these

low QE photocathodes, a very a high laser fluence >10 mJ/cm2 is required at room

temperature which is on the order of the damage threshold of Cu (10s of mJ/cm2.

At these high laser fluences, the non-linear photoemission effects of multi-photon

emission and electron heating begin to dominate the photoemission process and limit

the minimum achievable MTE (Maxson et al. (2017); Bae et al. (2018)).

Multi-photon emission occurs when an electron absorbs more than one photon in

order to emit into vacuum and it can be categorized into two regimes: below threshold

multi-photon emission and above threshold multi-photon emission. Below threshold

multi-photon emission occurs at negative excess energies, and therefore the electron

needs to absorb at least two photons in order to have sufficient energy to overcome the

work function and emit to vacuum. Above threshold multi-photon emission occurs at
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positive excess energies under a high laser fluence. At laser fluences larger than 10−4

mJ/cm2 the photoemission process transitions from purely single-photon emission to

a mix of single- and multi-photon emission (Bae et al. (2018)). In both regimes the

MTE can increase significantly as the electron can be emitted with very large excess

energies. However it is the second regime that is relevant to low-QE single crystal

photocathodes as there is a trade off that must be made between extracting large

current densities and achieving a small MTE.

Electron heating occurs when high laser fluences are delivered to the photocath-

ode surface by ultrafast (sub-10-ps) laser pulses which causes the temperature of the

electron distribution to increase to several thousand Kelvin. For sub-10-ps timescales

the electron distribution is thermally isolated from the lattice due to small electron-

phonon coupling, and the difference in heat capacities between the lattice and the

electron distribution leads to the electron heating effect (Anisimov et al. (1974);

Elsayad-Ali et al. (1987); Hohlfeld et al. (2000)). It has been shown theoretically

that at high laser fluences near threshold this effect plays a large role in limiting the

minimum achievable MTE (Maxson et al. (2017)).

The non-linear processes of multi-photon emission and electron heating have been

the focus of their own individual theoretical investigations (Maxson et al. (2017);

Bae et al. (2018)), and they have briefly been studied experimentally (Pasmans et al.

(2016); An et al. (2018)). One experiment focused on below threshold multi-photon

emission from polycrystalline Cu at low laser fluences (An et al. (2018)). As mentioned

above, this regime is not of particular interest to utilizing low-QE photocathodes for

high charge density applications. Another experiment measured the emittance of two-

photon photoemission from polycrystalline Cu in a UED beamline (Pasmans et al.

(2016)). In this work emittance measurements were taken from high charge density

beams above threshold and across a large range of laser fluences. While this excess
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energy and fluence regime is of interest to low-QE photocathodes, it was not possible

to clearly distinguish what portion of the emittance growth was due to two-photon

emission or due to space charge effects (Coulomb repulsion). Recently an investigation

measured the contribution that non-linear photoemission effects have on the MTE of

a graphene coated Cu(110) single crystal over a wide range of laser fluences, excess

energies, and laser pulse lengths (Ch. 3). Using the measured data an extrapolation

technique was devised which investigated non-linear effects at high charge densities

for photocathodes with QEs as high as 10−4 at threshold. The results show that

in order to achieve the thermal limit at large charge densities (10−4 pC/mm2), the

photocathode must have QEs larger than 10−4 at threshold.

1.4 High Quantum Efficiency Photocathodes

While we have investigated the two main challenges with low-MTE metallic pho-

tocathodes, the results point to the need for further research into high QE photo-

cathodes for high charge density applications. Such photocathodes need to be able

to achieve the thermal limit at high charge densities, and maintain a low MTE for

long operational times. There are several possible candidates like low electron affin-

ity semiconductors, nanotechnology photocathodes, and materials that allow electron

emission from low transverse energy states. Below we discuss each of these photo-

cathodes in detail.

1.4.1 Low Electron Affinity Semiconductors

Electron affinity is defined as the difference between the conduction band min-

ima and the vacuum level. Low electron affinity materials are those in which the

electron affinity is smaller than the band-gap. For low electron affinity materials the

QE is much higher compared to high electron affinity materials like metals due to
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the suppression of electron-electron scattering (Musumeci et al. (2018)). For these

photocathodes the dominant electron scattering mechanism is with phonons which

causes electrons to lose energy slowly in comparison to electron-electron scattering

(Spicer and Herrera-Gomez (1993)). Since the work function is close to the band-gap,

a large fraction of electrons excited to near-bad-gap energies get emitted which results

in higher QEs.

Alkali-antimonide thin films are a family of low electron affinity semiconductor

photocathodes that are commonly used in photoinjectors for high brightness and high

charge density applications (Vecchione et al. (2011); Dunham et al. (2013); Schmeißer

et al. (2018)). At threshold (∼ 1.9 eV) alkali-antimonides like Cs3Sb, K2CsSb, and

Na2KSb have QEs as high as 10−1 at room temperature and 10−4 when cryo-cooled

down to 90 K (Dowell et al. (2010); Cultrera et al. (2015)). However they have

typically been grown as polycrystalline thin films with very rough surfaces which

prevents them from reaching thermal limit MTEs. Within the last year the first

ever epitaxial growth of a Cs3Sb(001) single crystal was demonstrated (Parzyck et al.

(2022)). While this represented a major advancement towards achieving thermal limit

MTEs at high charge densities, there are still several issues that need to be addressed.

First, while it was expected that these photocathodes will achieve the thermal

limit when illuminated with near threshold light, when MTE measurements were first

performed the thermal limit was not obtained (Cultrera et al. (2015)). Initially surface

non-uniformities were thought to be the cause of this. However recent measurements

have shown that that the threshold is significantly smaller than what was previously

thought to be the case, and only very recently have near-threshold measurements been

performed (Saha et al. (2023b)). Second alkali-antimonide surfaces are extremely

sensitive to the vacuum conditions in RF guns. Since achieving the thermal limit

requires atomically clean and ordered surfaces, steps need to be taken to make alkali-
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antimonides more robust before they can be utilized in RF guns. Graphene protective

layers have been investigated on polycrystalline alkali-antimonides in order to make

the surface more robust (Yamaguchi et al. (2017, 2018); Liu et al. (2022)), but as

of yet no attempts have been made to grow graphene on alkali-antimonide single

crystals. Lastly, the response time of these surfaces is relatively unknown. In general

the response time is affected by the absorption depth of photons as well as the excess

energy. Due to the small thickness of these thin films it is expected to be around 1

ps, but precise response time measurements are still needed. Hence alkali-antimonide

single crystals still need to be subjected to thorough characterization and testing

before they will realistically be considered for use in photoinjectors.

1.4.2 Nanotechnology

Recent advancements in nanotechnology has lead to a lot of interest in investigat-

ing these areas as novel photocathode technologies. In particular, photonic-integrated

photocathodes and plasmonic-enhanced photocathodes are being investigated as po-

tential options for photoinjectors. It has been proposed that using photonic structures

like waveguides on photocathodes can enhance photoemission by simultaneously emit-

ting electrons with low MTEs (∼30 meV), high QE (1-10%), and fast response times

(0.2-1 ps) making them suitable for a wide variety of applications (Blankemeier et al.

(2019)). Engineering these structures remains technologically challenging and there-

fore investigations are in the early stages. Recently an experiment was performed as

a proof-of-principle which demonstrated photoemission confined by a waveguide on

a 40 nm thick Cs activated GaAs photocathode (Kachwala et al. (2022)). However

further studies are needed to simultaneously demonstrate low MTE, high QE, and

prompt response times.

Plasmonic-enhanced photocathodes utilize a nano-sized plasmonic structure which
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can greatly increase the electron yield for a resonant wavelength (Perchec et al.

(2008)). By creating nanosized rectangular grooves arranged in a sub-wavelength

array on the photocathode, the grooves act as surface plasmon resonance cavities

which trap the incident laser light and dramatically increase the electron yield for

a resonant wavelength. The resonant wavelength can be selected by adjusting the

width and depth of the grooves as well as the separation distance between neighboring

grooves. Recently by designing a nano-structured array with a resonant wavelength

of 720 nm, a group was able to demonstrate an increase in electron yield by 6 orders

of magnitude for 800 nm laser light (Polyakov et al. (2013)).

1.4.3 Low Transverse Energy States

Since the transverse momentum is conserved during photoemission from single

crystalline surfaces, materials that allow electron emission from low transverse en-

ergy states can be selected to achieve low MTEs and high QEs simultaneously. Such

materials will typically have narrow energy dispersion bands with low effective masses

localized around Γ (q=0) (Musumeci et al. (2018)). For example using the low effec-

tive mass of the surface state of Ag(111), low MTEs near 25 meV and high QEs of

10−4 were demonstrated near threshold (Karkare et al. (2017)).

On the extreme end, novel materials like topological insulators and Dirac semi-

metals have a Dirac cone at the Gamma point which makes the effective mass of

any electrons emitted from the Dirac point nearly zero. Therefore they are expected

to yield very low MTEs (sub-10 meV) even when operating with excess energies as

large as 0.25 eV (Pan et al. (2011); Liu et al. (2014a,b); Xu et al. (2017); Tian et al.

(2018)).

While all of these high QE materials have the potential of achieving low MTEs at

high charge densities, they still require detailed characterization and testing before
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they can be considered realistic options for use in photoinjectors. In Ch. 4 we outline

a lab which has been designed to address the outstanding challenges of characterizing

and testing such materials.

1.5 Thesis Outline

Chapter 1 and Ch. 5 of this thesis provide an introduction and summary of practi-

cal limitations of low mean transverse energy metallic photocathodes respectively. In

Ch. 2 and Ch. 3 we discuss the two main challenges of low MTE metallic photocath-

odes: stability and non-linear photoemission. In Ch. 4 we present an introductory

review of photocathode physics and the design of the Photocathode and Bright Beams

Lab (PBBL). Such a lab is needed to investigate technologies to mitigate the practical

limitations of metallic photocathodes.

In Ch. 2, we investigate the impact that a graphene protective coating has on the

MTE from a photocathode. In particular we present MTE and QE measurements

from a graphene coated Cu(110) single crystalline photocathode at photon energies

near the photoemission threshold for both room and cryogenic temperatures. The

MTE is measured over a period of a week after surface preparation to test the stability

of the photocathode. We perform a surface preparation technique that only requires a

low temperature anneal and not the usual Ar ion bombardment and high temperature

anneal combination that is typically needed for single crystalline surfaces. To test the

success of this reduced surface preparation technique LEED was used to characterize

the crystal structure of the photocathode.

In Ch. 3 we investigate non-linear photoemission from a graphene-coated Cu(110)

single crystalline photocathode over a wide range of laser fluences, excess energies,

and laser pulse lengths. We measure the total energy and transverse momentum

distributions to provide deeper insights into the non-linear photoemission process.
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An extrapolation technique is presented which allows us to obtain the effects of non-

linear photoemission on MTE at charge densities relevant to photoinjectors.

In Ch. 4 we provide an introductory review of photocathode physics and the

brightness limiting factors that are relevant to photocathodes. We discuss the need for

photocathode research facilities to test a wide variety of outstanding challenges with

photocathodes. Lastly we present the design and research capabilities of the newly

commissioned Photocathode and Bright Beams Lab (PBBL) at ASU. The PBBL is

built to address the practical limitations of metallic photocathodes. In addition the

PBBL provides a test facility that can investigate a wide variety of photocathode

materials and technologies that go beyond the practical limitations posed by metallic

photocathodes.
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with grooves a few nanometers deep and wide may strongly absorb visible light”,

Phys. Rev. Lett. 100, 066408 (2008).

Polyakov, A., C. Senft, K. F. Thompson, J. Feng, S. Cabrini, P. J. Schuck and H. A.

Padmore, “Plasmon-enhanced photocathode for high brightness and high repetition

rate x-ray sources”, Phys. Rev. Lett. 110, 076802 (2013).

Saha, P., O. Chubenko, J. K. Nangoi, T. Arias, E. Montgomery, S. Poddar, H. Pad-

more and S. Karkare, “Theory of photoemission from cathodes with disordered

surfaces”, J. Appl. Phys. 133, 053102 (2023a).

Saha, P., A. Kachwala and S. Karkare, “Thermal limit to the mean transverse energies

from alkali antimonide photocathodes”, Manuscript under preparation (2023b).

Schmeißer, M. A. H., S. Mistry, H. Kirschner, S. Schubert, A. Jankowiak, T. Kamps

and J. Kuhn, “Towards the operation of cs-k-sb photocathodes in superconducting

rf photoinjectors”, Phys. Rev. Accel. Beams ST 21, 113401 (2018).

Spicer, W. and A. Herrera-Gomez, “Modern theory and applications of photocath-

odes”, Proc. SPIE Int. Soc. Opt. Eng: Photodetectors and Power Meters 2022, 18

(1993).

Tian, Y., G. Gu, P. Johnson, T. Rao, T. Tsang and E. Wang, “Topological insulators

for the generation of electron beams”, App. Phys. Lett. 113, 233504 (2018).

Vecchione, T., I. Ben-Zvi, D. H. Dowell, J. Feng, T. Rao, J. Smedley, W. Wan and

H. A. Padmore, “A low emittance and high efficiency visible light photocathode

for high brightness accelerator-based x-ray light sources”, Appl. Phys. Lett. 99,

034103 (2011).

Xu, C.-Z., Y.-H. Chan, Y. Chen, P. Chen, X. Wang, C. Dejoie, M.-H. Wong, J. A.

Hlevyack, H. Ryu, H.-Y. Kee, N. Tamura, M.-Y. Chou, Z. Hussain, S.-K. Mo and

T.-C. Chiang, “Elemental topological dirac semimetal: α-Sn on InSb(111)”, Phys.

Rev. Lett. 118, 146402 (2017).

Yamaguchi, H., F. Liu, J. DeFaxio, M. Gaowei, C. W. N. Villarrubia, J. Xie,

V. Pavlenko, K. L. Jensen, J. Smedley, A. D. Mohite and N. A. Moody, “Free-

standing bialkali photocathodes using atomically thin substrates”, Adv. Mater.

Inter. 5, 1800249 (2018).

Yamaguchi, H., F. Liu, J. DeFaxio, C. W. N. Villarrubia, D. Finkenstadt, A. Shabaev,

K. L. Jensen, V. Pavlenko, M. Mehl, S. Lambrakos, G. Gupta, A. D. Mohite

and N. A. Moody, “Active bialkali photocathodes on free-standing graphene sub-

strates”, npj 2D Mater. Appl. 1, 12 (2017).

12



Chapter 2

NEAR-THRESHOLD PHOTOEMISSION FROM GRAPHENE-COATED CU(100)

This chapter was originally published as Knill et al. (2023).

2.1 Abstract

The brightness of electron beams emitted from photocathode sources plays a crit-

ical role in determining the performance of X-ray free electron lasers (XFELs) and

ultrafast electron diffraction (UED) applications. In order to achieve the maximum

brightness, the electrons need to be emitted from a photocathode with the lowest

possible mean transverse energy (MTE). Recent investigations have shown that cap-

ping a Cu(110) photocathode with a monolayer of graphene can protect the quantum

efficiency (QE) from long term exposure to varying vacuum conditions. However,

there have been no studies that investigate the effects that a monolayer of graphene

has on the MTE. Here we report on measurements of a graphene coated Cu(110)

single crystal near the photoemission threshold for room, and liquid nitrogen, tem-

peratures. At room temperature, a minimum MTE of 25 meV was measured at 295

nm. At liquid nitrogen temperatures, a minimum MTE of 9 meV was measured at

the photoemission threshold of 290 nm.

2.2 Introduction

The performance of accelerator applications like X-ray free electron lasers (XFELs)

and ultrafast electron diffraction (UED) (Siwick et al. (2002); Ischenko et al. (2017);

Chatelain et al. (2012)) and microscopy (UEM) experiments largely depends on the

brightness of pulsed electron beams generated from photoinjectors. For XFELs, an
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increase in brightness will lead to an increase in both the maximum X-ray lasing

energies, and the X-ray pulse energies (Ferrario (2015)). In addition, brighter elec-

tron beams are crucial for developing smaller, and more accessible, university-scale

XFELs (Rosenzweig et al. (2020)). For single shot UED, the brightness of existing

electron beams typically limits studies to crystals with a lattice constant of 1 nm. The

transverse coherence lengths can be increased allowing studies of crystals with larger

lattice sizes by using a pinhole at the cost of the bunch charge and poorer signal-to-

noise ratio. Increasing the brightness of electron beams, will increase the transverse

coherence length and allow for the study of larger crystals without compromising the

signal-to-noise ratio (Musumeci et al. (2010)). For high repetition rate stroboscopic

UED/UEM applications, a brighter electron beam will increase the signal relative to

the noise as well as reduce the data acquisition time (Ji et al. (2019)). Signal-to-noise

is critical for these applications and limits their resolution as shown by Bryan et al

(Bainbridge et al. (2016)).

For applications that require a high peak charge density from the cathode, like

XFELs and single shot UED, the maximum beam brightness scales according to the

following relation:

B ∝ En

MTE
(2.1)

where E is the accelerating electric field, n is a real number between 1 and 2 where the

value depends on the design of the photoinjector, and MTE is the mean transverse

energy of the electrons emitted from the cathode, and is equivalent to the temperature

of the electrons in vacuum (Bazarov et al. (2009)). For applications that require

only a few electrons per pulse, like stroboscopic UED/UEM (Barwick et al. (2008);

Carbone et al. (2009); da Silva et al. (2018); Ji et al. (2019); Aseyev et al. (2020)) the

brightness is inversely proportional to the MTE as well as the emission area on the

cathode (Musumeci et al. (2018)). MTE is related to the intrinsic cathode emittance
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(ϵn,x) as

ϵn,x/σx =
√
MTE/mec2 (2.2)

where σx is the rms emission spot size on the cathode, me is the rest mass of the

electron, and c is the speed of light. Thus, understanding and minimizing the MTE

is crucial to achieving the brightest possible beams from photocathodes for all pho-

toinjectors.

By combining Spicer’s three-step model of photoemission and Sommerfeld’s free

electron gas theory in solids, Dowell and Schmerge showed that for typical metallic

cathodes the MTE is roughly equal to Eexcess/3, where the excess energy (Eexcess) is

defined as the difference between the photon energy (ℏω) and the work function (ϕ)

of the photocathode (Dowell and Schmerge (2009)). This theory was based on sev-

eral assumptions like a nearly free electron gas model, parabolic dispersion relations,

conservation of transverse momentum, constant density of states, and zero lattice

temperature. While many of these assumptions are unrealistic, the MTE predicted

in this theory has been verified experimentally (Feng et al. (2017)). For low or neg-

ative excess energy, the emission occurs from the tail of the Fermi distribution and

the MTE reaches the thermal limit of kbT , where kb is the Boltzmann constant, and

T is the temperature of the electrons in the crystal (Vecchione et al. (2013)). For

small laser fluences, the electrons are in equilibrium with the lattice and thus, the

temperature of the electrons is equivalent to the temperature of the cathode. For

a room temperature cathode the thermal limit is 25 meV, a result that has been

demonstrated experimentally from polycrystalline Sb (?). It has also been shown ex-

perimentally that by cryogenically cooling the cathode, the thermal limit decreases,

and sub-25 meV MTEs can be achieved (Cultrera et al. (2015); Karkare et al. (2020)).

As the temperature reaches cryogenic temperatures, it becomes increasingly difficult

to reach the thermal limit. One factor that leads to a small increase in MTE above the
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thermal limit is the low transmission probability for low kinetic energy electrons near

the photoemission threshold (Schroeder and Adhikari (2019); Karkare et al. (2020)).

Another factor that can significantly increase the MTE above the thermal limit is the

surface non-uniformities of physical roughness and work function variations (Karkare

and Bazarov (2015); ?). These non-uniformities can lead to transverse electric fields

that can increase the the MTE by several factors (Gevorkyan et al. (2018)). To

minimize the MTE degrading effects of surface nonuniformities, it is crucial to emit

electrons from an atomically ordered single crystalline surface (Karkare et al. (2017)).

For single crystalline ordered surfaces, the transverse momentum is conserved

during photoemission. In order to achieve a minimum MTE, it is essential that the

emission does not occur from electronic states with a large transverse momentum.

Hence selecting single crystal cathodes with a band structure that allows emission

from low transverse momentum states is crucial to minimizing the MTE (Karkare

et al. (2017)).

The 5 meV Cu photocathode is an ideal candidate for applications that do not

require large charge densities like stroboscopic UED/UEM. However, the low quantum

efficiency (QE) of Cu, typically on the order of 10−8 when operating at 35 K and

with near-threshold photon energies, makes it unsuitable for high charge density

applications like XFELs and single-shot UED experiments. For those applications,

a large laser fluence is required to extract the desired beam current. At these large

laser fluences, the MTE becomes limited by the non-linear photoemission effects of

multi-photon emission (Bae et al. (2018); Knill et al. (2021)) and electron heating

(Maxson et al. (2017)), and small MTEs are no longer attainable. To alleviate the

effects of non-linear photoemission, high quantum efficiency and low electron affinity

semiconductors like Alkali-antimonides are used as photocathodes (Dunham et al.

(2013); Musumeci et al. (2018)). For such photocathode surfaces, the QE is large
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enough where the desired charge density can be extracted at lower laser fluences

where the non-linear photoemission effects do not significantly impact the MTE.

However, such cathodes are extremely sensitive to vacuum conditions making their

use technologically complicated and expensive. Capping of such cathodes with a

robust protective 2D layer that doesn’t affect the photoemission properties of QE

and MTE adversely is being investigated (Yamaguchi et al. (2017, 2018); Liu et al.

(2022)).

Recent investigations have looked at the efficacy of capping photocathode surfaces

with a thin film to increase their stability without negatively impacting their pho-

toemission properties. One such investigation showed that capping a Cu(110) single

crystal with a monolayer of graphene can significantly improve the stability of the

cathode surface and preserve the quantum efficiency at atmospheric conditions (Liu

et al. (2017)). While these results were promising, there still remained the question

of whether or not these cathodes could be used to achieve a brighter electron beam.

Hence reliable MTE measurements are necessary to complete the investigation of the

effects that a graphene coating has on the photoemission properties.

In this chapter we investigate the effects that a graphene coating has on the MTE

of a Cu(110) single crystal. We measure the MTE at photon energies near threshold

at both room temperature and at liquid nitrogen temperatures to confirm that a

graphene coating does not impact the ability to achieve MTEs close to cryogenic

thermal limits. Our measurements show that the MTE reaches the thermal limit

of 25 meV at room temperature, and 9 meV when cooling down to liquid nitrogen

temperatures and are very much in-line with the well established theoretical model

for MTE and QE first put forth by Dowell and Schmerge (Dowell and Schmerge

(2009)). Additionally, attaining these low MTEs required minimal surface preparation

in comparison to the Cu(100) surface which has previously demonstrated similar,
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record low MTEs (Karkare et al. (2020)). The sample required a single anneal at

345◦C to achieve these low MTEs. This is in contrast to a non-graphene-coated Cu

sample which requires several cycles of ion bombarding and annealing up to 600◦C to

achieve an atomically ordered and smooth surface and the low MTEs. The MTE was

measured over a period of a week after surface preparation to test the stability of the

cathode. During this time, the thermal limit of 25 meV was consistently measured

indicating an extremely stable cathode (Knill et al. (2022)). This demonstrates that

a monolayer of graphene grown on a single crystal can be a useful step to improve

the stability of a cathode with no discernible negative effects on the photoemission

properties.

2.3 Experimental Setup

For this work a commercially available, mirror-polished, Cu(110) single crystal

was purchased from Princeton Scientific and sent to the Global Innovation Center at

Kyushu University in Japan for graphene growth. Graphene was grown using chemical

vapor deposition using the following recipe. First, the Cu(110) substrate was annealed

in a 500 sccm continuous flow of mixed hydrogen (2%) and argon (98%) in a tube

furnace at 1000◦C for 1 hour at atmospheric pressure. This high anneal removed

any oxide layer that may have been present on the Cu substrate, and ensured that

the graphene was grown on a pure, contaminant free surface. Then the tube furnace

was ramped to 1075◦C, and the growth cycle was completed by flowing methane gas

continuously for 3 hours to achieve a methane concentration of 10 ppm (Ago et al.

(2013)). Then the sample was forced to cool to room temperature and transported

to Arizona State University under atmospheric conditions. After several weeks of

exposure to atmospheric conditions, the sample was loaded into a UHV preparation

chamber where it was annealed at 345◦C for 3 hours with a base pressure of 5 ×
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10−10 Torr. It was then allowed to cool for 2 hours before being loaded into the

UHV connected analysis chamber which has a base pressure of 1 × 10−10 Torr. The

analysis chamber houses the electron energy analyzer as well as low energy electron

diffraction (LEED) and Auger electron spectroscopy (AES) experiments. An Auger

spectrum showed the presence of only carbon and copper peaks. Figure 2.1 shows

a higher order LEED pattern that was collected at 155 eV with a sharp pattern

that is in agreement with previously measured LEED patterns from graphene coated

Cu(110) by other groups (Wilson et al. (2013)). This indicates that the sample had

a contaminant free, atomically ordered single crystalline surface. Once the sample

was determined to be an atomically pristine surface, it was positioned in front of the

electron energy analyzer for MTE measurements.

The electron energy analyzer is a time-of-flight based detector comprising of a

sample and delayline detector arranged approximately 4 cm ± 0.1 cm apart in a

parallel plate configuration. A sub-picosecond pulsed laser was focused down to the

sample to a sub-100 µm spot size, and the emitted electrons were accelerated towards

the detector by an accelerating voltage of 72 V. The delayline detector measures the

transverse positions of the electrons as well as their time of flight from the sample to

the detector. And from that, the transverse energies and momenta can be calculated

trivially. Further details of the electron energy analyzer can be found here (Karkare

et al. (2019)).

For this work a 130 fs pulse width, 500 kHz repetition rate, laser was used along

with a tunable wavelength optical parametric amplifier (LightConversion Orpheus

pumped by the LightConversion Pharos). Neutral density filters were used to keep

the laser intensity low enough to ensure that the photoemission was purely linear, and

so that at most one electron was emitted per pulse. The sample was irradiated with

photons ranging from 260 nm (4.77 eV) to 300 nm (4.13 eV) in increments of 5 nm.
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Figure 2.1: LEED Pattern Collected at 155 eV for Graphene-Coated Cu(110). The

Blue Circles Show the Rectangular Pattern That is Associated With a Cu(110) Single

Crystal. The Red and Yellow Circles Show a Hexagonal Pattern That is Associated

With a Monolayer of Graphene, with the Graphene Growth Determined by the Under-

lying Cu. Despite the Difference Between the Hexagonal and Rectangular Patterns

of Graphene and Cu, They Share a Common Periodicity. In This Case There are

Two Preferred Growth Orientations, Hence There are Two Hexagonal Patterns. This

Pattern is in Agreement With Previously Measured LEED Patterns From Graphene-

Coated Cu(110) By Other Groups (Wilson et al. (2013)).
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The laser was p-polarized and incident at an angle of 50◦ with respect to the normal,

and the laser was focused down to between 60 and 80 µm. While the laser spot size

changed slightly from each measurement, the emission occurred from the same central

location on the cathode. The measurements were taken at room temperature (300

K) and at colder temperatures of 100 K and 77 K. The colder temperatures were

achieved using a continuous flow liquid helium cryostat that was connected to the

sample.

2.4 Theoretical Comparison

In order to test the accuracy of our experimental results with theory, our measure-

ments were compared with a model of photoemission from single crystalline cathodes

by Vecchione et al. This model shows that for a given temperature T, the MTE and

QE can be expressed by Eq. (3) and Eq. (4) respectively (Vecchione et al. (2013)).

MTE = kT
Li3{−exp[ e

kT
(ℏω − ϕ)]}

Li2{−exp[ e
kT
(ℏω − ϕ)]}

(2.3)

QE = S12

Li2{−exp[ e
kT
(ℏω − ϕ)]}

Li2{−exp[ e
kT
µ]}

(2.4)

where Lin is a polylogarithm function defined as

Lin(z) =
(−1)n−1

(n− 2)!

∫ 1

0

1

t
log(t)n−2log(1− zt)dt. (2.5)

2.5 Experimental Results

2.5.1 Mean Transverse Energy

Figure 2.2 shows the measured MTE at wavelengths at, and above, threshold for

three temperatures along with theoretical MTE curves that were calculated using
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Figure 2.2: Measured Data Points and Theoretical Curves of MTE for 300 K, 100

K, and 77 K Between Eexcess = -0.1 eV and Eexcess = 0.5 eV. The Theoretical MTE

Curves Were Calculated Using Eq. 2.3. For 100 K and 77 K It Was Not Possible to

Obtain Linear Photoemission Data at Eexcess = -0.1 eV. The Error in the Measure-

ment Was Estimated to Be 10% Due to Measurement Systematics.
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Eq. 2.3. The experimental data for all three temperatures is in good agreement with

the MTE predicted by Eq. 2.3. Looking at the experimental results from Eexcess =

0.49 eV (260 nm) to Eexcess = 0.15 eV (280 nm), the MTE is roughly the same for

all three temperatures. In this wavelength region, the excess energy is large enough

that the emission does not occur from the tail of the Fermi distribution, and the

MTE is roughly equal to Eexcess/3 as predicted by Dowell and Schmerge (Dowell and

Schmerge (2009)). As we get closer to the photoemission threshold of 4.28 eV (290

nm), or equivalently as the excess energy approaches zero, the emission occurs more

from the Fermi tail, and we see a reduction in MTE with decreasing temperature. At

room temperature, the smallest MTE measured was the thermal limit of 25 meV at

Eexcess = -0.08 eV (295 nm). For the cryo-cooled measurements it was not possible to

measure linear emission at Eexcess = -0.08 eV due to a very small QE that is less than

10−9. Instead the minimum MTE for the cryo-cooled measurements occurred at the

photoemission threshold of 290 nm, where we measured 13 meV and 9 meV for 100 K

and 77 K respectively. While these MTE measurements are small, it does not reach

the thermal limit at 100 K and 77 K due to the low transmission probability of low

energy electrons near the photoemission threshold (Schroeder and Adhikari (2019);

Karkare et al. (2020)).

2.5.2 Quantum Efficiency

Figure 2.3 shows the QE measurements and theoretical curves for the various

excess energies and temperatures. The current was determined by treating each

count measured by the delayline detector as one electron, and from that the QE

was calculated. However this method does not account for every electron emitted

from the cathode, and instead puts a lower limit on the current. Therefore the QE

measured is some unknown factor lower than the actual QE. We expect this factor to
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Figure 2.3: Measured Data Points and Theoretical Curves of the QE for 300 K, 100

K and 77 K Between Eexcess = -0.1 eV and Eexcess = 0.5 eV. The Theoretical QE

Curves Were Calculated From Eq. 2.4. The Current Measured Represented Only a

Fraction of the Actual Current Emitted, and so the QE Is Some Unknown Factor

Lower Than the Actual QE. For 100 K and 77 K It Was Not Possible to Obtain

Linear Photoemission Data at Eexcess = -0.1 eV. The Error In the Measurement Was

Estimated to Be 10% Due to Measurement Systematics.
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be of the order of unity. With this unknown factor in mind we can still compare the

experimental and theoretical results, and we can see that the QE is in good agreement

the trend predicted by Eq. 2.4. For 100 K and 77 K, the measured QE decreases by an

order of magnitude near the photoemission threshold. In spite of this drop in QE, it

is still sufficient for stroboscopic UED/UEM experiments that require a few or single

electron per pulse (Bainbridge et al. (2016)). For high charge density applications like

XFELs and single shot UED experiments, a large laser fluence is required to extract

the necessary current. At these large laser fluences, the non-linear photoemission

effects limit the MTE and Cu cathodes are no longer suitable options (Maxson et al.

(2017); Bae et al. (2018); Knill et al. (2021)).

2.5.3 Cathode Stability

While the graphene coated Cu(110) single crystal gives MTE very much compa-

rable to the bare non-graphene coated Cu(100) (Karkare et al. (2020)), it does signif-

icantly improve the stability and makes the sample preparation process significantly

easier. In order to achieve sub-10 meV MTEs, bare Cu single crystals require repeated

ion sputtering and high temperature (600◦C) annealing cycles in-situ to achieve the

atomically ordered pristine surface. While for the graphene coated Cu, the atomically

ordered single crystalline surface is achieved during the graphene growth, and can be

performed off site and transported in atmosphere over several weeks. Then a simple

345◦C anneal for 3 hours is performed to remove any oxide layer and get the cathode

ready for operation. Current photoinjectors do not have the in-situ surface prepara-

tion techniques that are necessary to achieve a well ordered single crystalline surface,

and so polycrystalline cathodes are typically used. In order to use single crystal cath-

odes to achieve the brightest possible beams, photoinjectors would require significant,

and costly, modifications. Adding the capability to perform the 345◦C anneal needed
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for the graphene coated Cu requires much less modification, and is significantly less

costly than adding the surface preparation techniques required for bare single crys-

tals. Thus making graphene coated single crystals promising cathodes for current and

future photoinjectors.

2.6 Conclusion

In conclusion, we present MTE measurements for a graphene coated Cu(110)

single crystal at room, and cryogenic, temperatures. Our results show that a graphene

coating does not negatively impact the MTE, and that a sub-10 meV MTE can be

measured from a cryogenically cooled graphene coated Cu(110) single crystal. The

thermal limit of 25 meV at room temperature was consistently measured for 7 days,

indicating that the cathode was extremely stable (Knill et al. (2022)). Furthermore

the graphene coating significantly simplifies the in-situ surface preparation that is

required to achieve a well ordered single-crystal, thus making graphene coated single

crystals a viable option for current and future photoinjectors.
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Chapter 3

EFFECTS OF NON-LINEAR PHOTOEMISSION ON MTE FROM METAL

PHOTOCATHODES

3.1 Abstract

In order to improve the performance of linear accelerator applications like X-ray

free electrons lasers (XFELs) and ultrafast electron diffraction (UED) and microscopy

(UEM) experiments, it is essential that electrons are emitted from photocathodes

with the smallest possible mean transverse energy (MTE). Metallic photocathodes

are popular due to their relatively low MTE, quick response time, and robustness

under varying vacuum conditions. However they typically have a very low quantum

efficiency (QE) which requires a large laser fluence in order to extract the desired

charge density for applications like XFELs and single-shot UED/UEM experiments.

At these large laser fluences the non-linear photoemission effects of multi-photon

emission and electron heating begin to dominate the photoemission process. Several

recent theoretical investigations have shown that these non-linear effects can increase

the MTE dramatically. However there has not been a detailed experimental study

of these non-linear effects, and such an investigation is necessary to allow for a well-

developed theory of non-linear photoemission. Here we report on measurements of

non-linear near-threshold photoemission from a graphene coated Cu(110) photocath-

ode at laser pulse lengths of 130 fs, 1 ps and 10 ps. We extrapolate our measured

data to find the ideal irradiating photon energy that results in a minimum MTE

from a Cu photocathode for charge densities relevant to photoinjectors, and specify

quantum efficiency requirements to obtain the thermally limited MTE at these charge
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densities.

3.2 Introduction

The brightness of ultrafast electron pulses generated by photoinjectors is crucial

to the performance of linear accelerator applications like X-ray free electron lasers

(XFELs) and single-shot ultrafast electron diffraction (UED) and microscopy (UEM)

experiments. For XFELs, a brighter electron beam will increase both the X-ray pulse

energy and maximum lasing energies (Ferrario (2015)). This will enable investigations

into the atomic structure of materials and lead to the production of molecular movies

of chemical and biological processes (Minitti et al. (2015)). In addition, a brighter

beam will enable the construction of smaller, university-scale XFELs which will sig-

nificantly increase the accessibility of these experiments to the scientific community

(Rosenzweig et al. (2020)). For single-shot UED/UEM experiments a brighter elec-

tron beam will increase the transverse coherence length and thus the spatial-temporal

resolution (Musumeci et al. (2010)). This will enable the study of larger lattice sizes

like proteins and macromolecular assemblies.

For the above applications the maximum beam brightness occurs at the photoe-

mission source, or photocathode, and is given by the following relation:

B ∝ En

MTE
(3.1)

where E is the accelerating electric field; n is a real number between 1 and 2 which

depends on the design of the photoinjector; and MTE is the mean transverse energy

of the photocathode (Bazarov et al. (2009)). The MTE is also related to the intrinsic

emittance ϵn,x of the photocathode as:

ϵn,x/σx =
√
MTE/mec2 (3.2)

where σx is the rms laser spot size; me is the mass of the electron; and c is the speed
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of light. The MTE is the key figure of merit in determining the brightness of the

electron beam and it is equivalent to the temperature of the electrons in vacuum

(Bazarov et al. (2009)). Hence understanding and minimizing the MTE is necessary

to achieving the brightest possible electron beams for linear accelerator applications.

Using Spicer’s 3-step model of photoemission, Dowell and Schmerge demonstrated

that for typical metallic photocathodes the MTE roughly obeys

MTE =
Eexcess

3
(3.3)

where Eexcess is the excess energy and is defined as the difference between the photon

energy (ℏω) and the work function (ϕ) (Dowell and Schmerge (2009)). For small

or negative excess energies the electrons are emitted from the tail of the Fermi-

Dirac distribution and the MTE approaches the thermal limit kBT where kB is the

Boltzmann constant and T is the temperature of the electron distribution in the

lattice (Vecchione et al. (2013)). At room temperature the thermal limit is 25 meV,

a result that has been experimentally verified from several systems like thin Sb films

(Feng et al. (2017)), Cu(100) (Karkare et al. (2020)), and graphene coated Cu(110)

(Knill et al. (2023)). For small laser fluences, the electron distribution is essentially in

equilibrium with the lattice and therefore the temperature of the electron distribution

is equivalent to the temperature of the photocathode. Hence the thermal limit can be

reduced below 25 meV by cooling the photocathode to cryogenic temperatures. By

cryogenically cooling the photocathode below liquid nitrogen temperatures (77 K),

sub-10 meV MTEs have been measured from well ordered single crystalline surfaces

of Cu and graphene coated Cu when operating near zero excess energy (Karkare

et al. (2020); Knill et al. (2023)). In order to achieve these low MTEs it is necessary

that the photocathode is a well ordered single crystal, as such surfaces minimize the

MTE-degrading surface nonuniformities of physical and chemical roughness (Karkare
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and Bazarov (2015); Karkare et al. (2017); Gevorkyan et al. (2018)). While these

low MTEs represent a significant improvement on the 100 - 500 meV MTEs typically

found in photoinjectors today, they come at the expense of an extremely low quantum

efficiency, or QE. In particular, the QE of Cu is 10−7 at room temperature (Dowell

et al. (2006)) and as low as 10−9 at liquid nitrogen temperatures (Knill et al. (2023))

when operating near zero excess energy. In order to extract the large current densities

necessary for XFELs and UED, a high laser fluence >10 mJ/cm2 is required at room

temperature for such photocathodes. However at these high laser fluences the non-

linear photoemission effects of multi-photon emission and electron heating begin to

dominate the photoemission process and limit the minimum achievable MTE (Maxson

et al. (2017); Bae et al. (2018)).

When considering photon energies close to the work function, two regimes related

to the multi-photon emission phenomenon exist. The first is at negative excess en-

ergies where the energy of the photon is less than the work function and therefore

an electron typically requires at least two photons to overcome the photoemission

threshold. At negative excess energies near the photoemission threshold it is still

possible for single-photon emission to occur from the tail of the Fermi-Dirac distri-

bution. However this process represents only a small fraction of the total electron

emission and most electrons are emitted via the multi-photon process. The second

regime occurs at positive, but small, excess energies under a large laser fluence. In this

regime, at laser fluences higher than 10−3 mJ/cm2 multi-photon emission dominates

the photoemission process and significantly increases the MTE (Bae et al. (2018)). It

is this second regime that is relevant to photoinjectors as there is a trade off between

extracting large current densities and achieving small a emittance.

Electron heating occurs when high laser fluences around 10 mJ/cm2 are delivered

to a sample by ps or sub-ps pulses and heat the electrons to several thousand Kelvin.
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At sub-ps timescales the electron distribution is essentially thermally isolated from the

lattice due to small electron-phonon coupling. And the difference in heat capacities

between the electron distribution and lattice leads to a heating effect of the electrons.

The electron distribution and the lattice then reach an equilibrium on ps-timescales

due to electron-phonon scattering (Anisimov et al. (1974); Elsayad-Ali et al. (1987)).

A recent theoretical investigation looked at the impact that electron heating has on the

MTE, and showed that at high laser fluences and small excess energies the minimum

achievable MTE is limited by electron heating (Maxson et al. (2017)). It was also

shown that partial mitigation of electron heating can be achieved by irradiating the

photocathode with pulse lengths on the order of 10 ps.

While the non-linear processes of multi-photon emission and electron heating have

been the focus of their own individual theoretical investigations (Maxson et al. (2017);

Bae et al. (2018)), their relative strengths are not well understood. Experimentally

non-linear effects have been briefly investigated, although many of these investiga-

tions were performed under certain experimental conditions that did not allow for a

complete measurement of non-linear effects. One such experiment measured multi-

photon photoemission from polycrystalline copper (An et al. (2018)). However these

measurements only investigated multi-photon emission at negative excess energies

and did not investigate the non-linear effects above threshold that emerge at high

laser fluences. Another experiment measured the emittance of two-photon photoe-

mission from polycrystalline copper in a UED beamline using the waist scan technique

(Pasmans et al. (2016)). In this work measurements were taken at a single positive

excess energy and across a large range of laser fluences. By varying the laser fluence

they observed a transition from single- to two-photon photoemission with increasing

fluence. However these higher laser fluences extracted large charge densities which

lead to space charge effects. Hence it was not possible to clearly distinguish what
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portion of the emittance growth was due to two-photon emission or due to space

charge effects. Lastly, an experiment was performed which was the prelude to this

investigation (Knill et al. (2021)). In this work the MTE of non-linear photoemission

from a single crystalline Cu cathode coated in a layer of oxide was measured for a

130 fs laser pulse length. All the above measurements were performed for short 100

fs scale lase pulses. Photoinjectors often use longer 10 ps scale laser pulses followed

by bunch compression to mitigate effects of space charge. Theoretically, longer pulse

lengths are expected to reduce the probability of non-linear emission and mitigate

its effects on MTE. However, this regime has never been studied experimentally with

regards to effects on MTE.

In this chapter we experimentally investigate the contribution that non-linear

photoemission effects have on the MTE of a graphene coated Cu(110) single crystal

over a wide range of laser fluences, excess energies and laser pulse lengths. We use this

data to extrapolate the results to realistic photoinjector fluence and charge density

conditions for a range of laser pulse lengths from 130 fs to 10 ps. In Sec. 3.3 we

describe the experimental setup. In Sec. 3.4 we present detailed measurements that

were performed. In particular we present measurements of MTE at positive and

negative excess energies, at a variety of laser fluences, and at laser pulse lengths of

130 fs, 1 ps, and 10 ps to investigate the impact that these various parameters have on

non-linear photoemission. In addition we present measurements of the total energy

and transverse momentum distributions in order to provide deeper insights into the

photoemission process. Lastly, in Sec. 3.5 we discuss an extrapolation technique that

allows us to obtain the affects that non-linear photoemission has on MTE at charge

densities relevant to photoinjectors. Our results show that non-linear effects play a

dominant role when trying to reduce the MTE by lowering the excess energy, and

that high QE photocathodes will be essential for mitigating these effects.
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3.3 Experimental Setup

For this work a graphene layer was grown on a commercially purchased Cu(110)

single crystal according to the recipe found in Knill et al. (2023). After growth

the cathode was transported in air into our UHV analysis chamber for surface and

photoemission measurements. The UHV chamber has a base pressure of 2×10−10

torr. The sample was annealed to 345◦C for 2 hours to produce a well ordered

atomically clean surface of graphene coated Cu(110) as evidenced by low-energy-

electron-diffraction (Knill et al. (2023)).

The energy and transverse momentum distributions were measured using a time-

of-flight based analyzer (Karkare et al. (2019)). It consists of the photocathode and a

delay-line detector arranged in a parallel plate configuration and separated by ∼ 4 cm.

A short laser pulse is focused down to a sub-50 µm spot size on the photocathode and

the emitted electrons are accelerated towards the detector by a voltage of 72 V. The

relatively large accelerating voltage of 72 V compared to the 4 V used for previous

high resolution studies is essential to measure the large MTE contributions from

multi-photon effects. However, this causes the energy resolution of the measurement

to be worse than 100 meV (Karkare et al. (2019)). The delay-line detector measures

the time of flight of the electrons as well as their x and y positions on the detector.

From that the transverse and longitudinal energies and momenta can be calculated.

The delay-line detector can detect at most one electron per pulse, and so neutral

densities filters are used to reduce the incident laser power and ensure that we are

operating within that regime. While this step is necessary for the correct operation

of the delay-line detector, it also ensured that our measurements are free of any space

charge effects.

Tunable wavelength UV light was generated using an optical parametric amplifier
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Figure 3.1: The Schematic of an In-house Pulse Stretcher That Was Built Using a

Pair of Transmission Diffraction Gratings. By Fixing One Diffraction Grating and

Moving the Other We Can Set the Correct Distance According To Eq. 3.4, and Stretch

the Pulse to Lengths Ranging from 1 and 10 ps for Photon Energies Between 3.70 eV

and 4.77 eV.

(LightConversion ORPHEUS) pumped by a 130-fs-pulse-width 500 kHz repetition-

rate laser (LightConversion PHAROS). The sample was irradiated with photon en-

ergies ranging from 3.70 eV to 4.35 eV. The laser is p polarized and is incident at

an angle of 50◦ with respect to the normal, and it was focused down to a spot size

between 30 µm and 40 µm. While the spot size changed slightly, the location of

the electron emission on the sample remained the same. MTE measurements were

performed at 130 fs, which is the natural pulse-width of the laser, as well as at the

stretched pulse lengths of 1 ps and 10 ps. The spot size was measured using a beam

profiler used as a virtual cathode for all pulse lengths and photon energies. This spot

size along with the pulse energy was used to calculate the fluence. All spot sizes

quoted in this chapter are measured as full width half max.
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The pulse was stretched from from 130 fs to 1 ps and 10 ps using a pair of

transmission diffraction gratings (Akturk et al. (2006)) as shown in the schematic in

Fig 3.1. The diffraction gratings are made from fused silica and have an efficiency

between 70% and 90% in our operating photon energy range (Ibsen (2022)). This

gives the pulse stretcher an overall efficiency of 15% to 39% in our photon energy

range. From the schematic in Fig 3.1 it can be seen that the laser is diverted from

its original path and sent to the pulse stretcher where it passes through the first

diffraction grating whose position is fixed. After it passes through the first diffraction

grating it is directed towards the second grating which is mounted to a 50 cm linear

translator stage. The linear translator sets the distance between the two diffraction

gratings so that the desired pulse length can be achieved for a wide range of photon

energies according to:

L = τ · c[1− (10−6d · λ− sin α)2]3/2

2(10−6d)2λ ·∆λ
(3.4)

where L is the distance between diffraction gratings, τ is the pulse length of the

stretched pulse, d is the line density, λ is the center wavelength of the laser, ∆λ is

the bandwidth, α is the angle of incidence, and c is the speed of light (Zhong et al.

(2020)). After passing through the second diffraction grating the beam hits a roof

mirror which sends the beam back through both diffraction gratings at a slightly

lower height. At this lower height the beam hits the pickoff mirror and exits the pulse

stretcher and continues on its original path. The pulse duration was measured with

a commercial autocorrelator (APE (2023)) and the measured pulse length matched

the expected pulse length calculated from Eq 3.4.
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Figure 3.2: Measured Data Points for a 130 fs Pulse Length with a Line That Is

Included as a Guide for the Eye. At Large Excess Energies, the Emission Process Is

Dominated by Single-photon Emission and the MTE Is Roughly Equal to Eexcess/3.

At Negative Excess Energies the MTE Increases Significantly Due to Non-linear Pho-

toemission Effects. The Error in the Measurement Was Estimated to Be 10%.

3.4 Experimental Results

The data was collected with photon energies ranging from 3.70 eV to 4.35 eV for

130 fs, 1 ps, and 10 ps pulse lengths. The QE and MTE measurements in the linear

regime show the experimental work function of this photocathode to be 3.88 eV. With

this work function the photon energy range of 3.70 eV to 4.35 eV corresponds to -0.18

eV to 0.47 eV of excess energy. In this section we present the MTE, QE and energy

distribution measurements at various photon energies and fluences for the 3 pulse
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Figure 3.3: Measured Data Points at -0.06 eV Excess Energy for 130 fs, 1 ps, and 10 ps

Pulse Lengths. At This Excess Energy You See a Significant Increase in MTE for the

Shorter Pulse Lengths Due to Non-linear Effects. While the Increase at the Longer

10 ps Pulse Length Is Only a Few meV. Furthermore the Increase in MTE Appears

Quadratic Indicating That the MTE Is a Function of the Square of Laser Fluence as

Expected. The Solid Lines Are Obtained from the Extrapolation Technique Described

In Sec. 3.5. From This Plot We See That Our Extrapolation Technique Provides a

Lower Limit on The MTE. The Error in the Measurement Was Estimated to Be 10%.
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lengths.

3.4.1 Mean Transverse Energy

Figure 3.2 shows MTE measurements taken between -0.18 eV excess energy and

0.47 eV excess energy for a 130 fs pulse length at a small enough fluence to keep

the emission above threshold fully linear. From this plot we see that the minimum

MTE occurs at zero excess energy which corresponds to the photoemission threshold

of 3.88 eV. For excess energies between between 0.2 eV and 0.476 eV the MTE is

approximately equal to one-third of the excess energy as predicted by Eq. 3.3. As the

positive excess energy approaches 0 eV the MTE begins to deviate from Eq. 3.3 as it

gets limited by the thermal limit to 25 meV. Below the photoemission threshold the

MTE increases dramatically as the non-linear photoemission effects begin to dominate

the MTE.

In order to investigate the impact that a changing laser fluence has on non-linear

photoemission effects, detailed measurements were performed right below the photoe-

mission threshold for various laser fluences. At -0.06 eV excess energy we can observe

a transition between photoemission dominated by single-photon emission from the

tail of the Fermi-Dirac distribution, to photoemission dominated by non-linear ef-

fects. Figure 3.3 shows our measured data for the three pulse lengths at laser fluences

between 10−4 mJ/cm2 and 10−1 mJ/cm2. For the 130 fs pulse length we see that

the MTE begins to increase at 10−4 mJ/cm2 due to non-linear effects, and that it

increases by an order of magnitude at 10−2 mJ/cm2 laser fluences. For the 1 ps data

the non-linear effects begin to impact the MTE at 10−3 mJ/cm2, and at 10−2 mJ/cm2

the MTE is roughly a factor of 2 smaller than the 130 fs data. At 10 ps pulse lengths

the MTE only begins increasing slightly at 10−2 mJ/cm2. As the delay-line-detector

cannot measure more than one electron per shot, we are unable to perform any direct

41



Figure 3.4: Measured Quantum Efficiency for 130 fs. The Current Was Measured

from Electron Counts on the Detector and Therefore Represents Only a Fraction of

the Actual Current Emitted. Hence the Measured QE Is Some Unknown Factor, on

the Order of Unity, Lower than the Actual QE. The Error in the Measurement Was

Estimated to Be 20%.

measurements beyond this laser fluence.

3.4.2 Quantum Efficiency

Figure 3.4 shows the measured QE that corresponds to the data points from

Fig. 3.2. For this experiment the QE is determined by treating each count measured

by the detector as one electron. The detector efficiency may be less than one and

hence this is only a lower estimate of the QE. From previous calibrations we expect

the detector efficiency to be a large fraction and hence the QE measurement is still
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Figure 3.5: Total Energy Distribution at 325 nm (-0.06 eV Excess Energy) for 130

fs, 1 ps, and 10 ps. For the 10 ps Data We See That Multi-photon Emission Is

Significantly Reduced and the Number of Electrons Emitted from a Single Photon

Is Increased. This Reduction of Multi-photon Emission Shows That Multi-photon

Emission Can Be Significantly Mitigated by Operating at 10 ps Pulse Lengths.

accurate within the order of magnitude. From Fig. 3.4 we see that the QE is 10−9 at

zero excess energy. This QE is very low compared to other metal photocathodes like

bare polycrystalline copper which often exhibit a QE of 10−7 at zero excess energies

(Dowell et al. (2006)). All values presented in Fig. 3.4 are measured keeping the

fluence small enough to be in the linear range.
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3.4.3 Total Energy Distribution

Figure 3.5 shows the normalized total energy distribution for the three different

pulse lengths at a photon energy of 3.82 eV (excess energy of -0.06 eV). These total

energy curves correspond to the largest fluence measurements from Fig. 3.3 for each

pulse length. This corresponds to a fluence of 6.4×10−3 mJ/cm2 for the 130 fs curve,

9.1×10−3 mJ/cm2 for the 1 ps curve, and 1.6×10−2 mJ/cm2 for the 10 ps curve.

The initial drop from 0 to ∼100 meV corresponds to single-photon emission from the

Fermi tail. As expected this initial drop is largest for the 10 ps data which indicates

that the fraction of electrons emitted via single-photon emission is largest for 10 ps.

From 100 meV to 4000 meV we see two-photon emission for all three pulse lengths.

Around 2000 meV we see a similar feature in all three curves. Looking at the density

of states of Cu, there is an increased number of electrons at -2000 meV corresponding

to the d-band (Bunau and Joly (2009)). Hence it is possible that this feature at

2000 meV can be attributed to the d-band. Beyond 4000 meV we see the presence

of three-photon emission for the 130 fs and 1 ps data while the 10 ps shows mostly

noise. Comparing the three curves we see that the drop between 130 fs and 1 ps is

significantly smaller than the drop between 1 ps and 10 ps suggesting a significant

change in the photoemission process at the 10 ps time scales.

3.4.4 Transverse Momentum Distribution

Figure 3.6 shows the kx = 0 slice of the energy integrated transverse momentum

distribution on a log scale for the same photoemission conditions shown in Fig. 3.5.

All three curves fall sharply till 0.25 1/Å, beyond which the emission is dominated by

the two-photon process. The sharp drops beyond 0.25 1/Å correspond to the emission

of d-band electrons and the three-photon process respectively just like in Fig. 3.5.
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Figure 3.6: The kx = 0 Slice of the Energy Integrated Transverse Momentum Dis-

tribution on a Log Scale for 130 fs, 1 ps, and 10 ps under the Same Photoemission

Conditions as Shown In Fig. 3.5. Between 0 1/Åand The Yellow Vertical Lines We

See the Presence of Single-Photon Emission. Beyond the Yellow Vertical Lines We

See the Presence of Multi-Photon Emission and Emission From the D-band. The

Small Wiggles In the Curves Are an Artifact of a Mesh Grid Placed at the Entrance

of the Detector.
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3.5 Extrapolation Method

While the data presented in the previous section gives a much needed starting

point for the contribution of non-linear photoemission on the MTE, it does not pro-

vide us measurements at laser fluences and excess energies that are typically used in

photoinjectors. For that we would need to measure the MTE at laser fluences between

0.1 mJ/cm2 and 4 mJ/cm2 and at excess energies in the range of 0-1 eV. However

for the smallest laser spot size achievable in the energy analyzer, this range of fluence

and excess energies leads to more than one electron being emitted per shot and hence

cannot be measured by the delay-line detector. Hence, to estimate the MTE in the

fluence and excess energy range typically used in photoinjectors, we have used the

measurements presented in section 3.4 and devised an extrapolation scheme based on

the extended Fowler-Dubridge theory.

From the extended Fowler-Dubridge theory for non-linear photoemission, the total

photo-current density can be expressed as a sum of the partial current densities for

n-photon emission (Jn) according to the following relation:

J =
∞∑
n=0

Jn =
∞∑
n=0

σnI
n (3.5)

where J is the total photo-current density, σn is the expansion coefficient, I is inten-

sity of the irradiating laser, and n is an integer corresponding to n-photon emission

(Ferrini et al. (2009)). For our extrapolation we have considered only single- and

two-photon emission and represented the MTE as a sum of partial MTEs. With such

an extrapolation the MTE can be given as a function of the fluence F as:

MTE =
1

N

(
NL ·MTEL

FL/F
+

NNL ·MTENL

(FNL/F )2

)
(3.6)

where NL,NL is the number of electron counts per second, MTEL,NL is the MTE,

FL,NL is the laser fluence, and the subscripts L and NL represent the linear and

46



non-linear contributions respectively. N is calculated according to:

N =
NL

FL/F
+

NNL

(FNL/F )2
(3.7)

Since linear emission does not change significantly across the three pulse lengths,

we have taken one data set that was collected at 130 fs and used it as the linear

contribution for all three pulse lengths. For the non-linear contribution we have

taken measurements at -0.18 eV excess energy for each pulse length. The specific

linear and non-linear data sets used are shown in Table 3.1.

This extrapolation technique assumes that the contribution of non-linear effects

to the MTE does not change significantly from -0.18 eV to other excess energies,

and does not change significantly at laser fluences larger than 10−2 mJ/cm2. Our

technique also assumes only 2nd order photoemission effects and ignores any high

order effects as well as the effects of electron heating. Due to these assumptions, our

extrapolation technique only provides a lower limit for the MTE.

Table 3.1: A Table Showing the Data Used in the Extrapolation Technique. The

Data Set Titled ”Linear” Is Used in the Extrapolation for All Three Pulse Lengths

As the Linear Contribution. While the Non-linear Contributions Are Titled ”130 fs”,

”1 ps”, And ”10 ps” For the Respective Pulse Lengths.

Data MTE (meV) N (counts/s) F (mJ/cm2)

Linear 29 850 1.9e-4

130 fs 463.12 6700 4.6e-3

1 ps 394.87 14000 1.2e-2

10 ps 306.55 2000 7.3e-3
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Figure 3.7: MTE vs Fluence Curves for 130 fs, 1 ps, and 10 ps Pulse Lengths Cal-

culated From Eq. 3.6. Although the Curves Plateau at Higher Fluences, This is

an Artifact of Not Including Beyond 2nd Order Photoemission in the Extrapolation

Technique. In Practice We Would Expect the Curves to Continue Rising with Fluence

Due to 3rd Order, and Higher, Photoemission Effects.

3.5.1 Mean Transverse Energy and Laser Fluence

In order to check the accuracy of our extrapolation we have compared it with our

measured data as shown in Fig. 3.3. We can see that the extrapolation curves are

in good agreement with the measured data for all the pulse lengths. In addition we

see that all extrapolated values are smaller than the measured data. This is expected

because the extrapolation only gives a lower limit for the MTE.
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Figure 3.7 shows the extrapolation over the 10−4 mJ/cm2 to 100 mJ/cm2 fluence

range. We see that non-linear effects begin to contribute to the MTE at laser fluences

as low as 10−4 mJ/cm2 for 130 fs pulse lengths and at 10−2 mJ/cm2 for 10 ps pulse

lengths. This is as expected since the two orders of magnitude difference between

pulse lengths is compensated by the two orders of magnitude difference in laser flu-

ence. Lastly, we see in Fig. 3.7 that at higher fluences the curves begin to plateau.

This is a limitation of the extrapolation due to considering only effects of 2nd order

photoemission and ignoring higher order emissions and not something we expect to

occur at these higher laser fluences. Instead we expect the MTE to continue to rise

as the laser fluence increases.

3.5.2 Mean Transverse Energy and Charge Density

While the above plots provide us with some insight into the fluence range where

non-linear effects begin to impact the MTE, we are more interested in the MTE we can

expect at various charge densities that are relevant to photoinjectors. In particular

we want to identify the ideal operating excess energy that results in the minimum

MTE for a given charge density per bunch. For that we have calculated the charge

density as a function of the fluence (F) and excess energy as:

CD =
N · q
A · f

(3.8)

where N is the number of electrons calculated from Eq. 3.7, q is the charge of the

electron, A is the emission spot area, and f is the repetition rate of our laser (500

kHz). In this case we used the data from Fig. 3.3 for positive excess energies as the

linear contribution to Eq. 3.6. Then we plotted the extracted charge density and

MTE as a function of the fluence for various excess energies. By checking over all of

the measured excess energies we were able to identify the minimum MTE that we can
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Figure 3.8: Minimum Contribution to the MTE From Non-linear Effects as Calculated

From Eq. 3.8 for Charge Densities Ranging From 10−1 and 104 pC/mm2 For a 130 fs

Pulse Length. The Calculation Was Performed for the Measured QE Data as Well as

Higher QEs.

expect for a given charge density, and the excess energy where this minimum occurs.

The plots in Fig. 3.8, Fig. 3.9, and Fig. 3.10 show the minimum MTEs at various

charge densities for pulse lengths of 130 fs, 1 ps, and 10 ps respectively. They also

give the excess energy at which the minimum occurs on the right y-axis. These three

plots also show curves for the minimum MTE obtained by scaling the measured linear

QE by 10 to 105 times. We plot this for charge density ranges that are often used in

DC and RF photoinjectors.

From Fig. 3.8, Fig. 3.9, and Fig. 3.10 we see that for for all three pulse lengths the

measured 10−9 QE data set has an MTE that increases significantly with increasing
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Figure 3.9: Minimum Contribution to the MTE From Non-linear Effects as Calculated

From Eq. 3.8 for Charge Densities Ranging From 10−1 and 104 pC/mm2 For a 1 ps

Pulse Length. The Calculation Was Performed for the Measured QE Data as Well as

Higher QEs.

charge density. We also see that for all charge densities the minimum MTE occurs at

excess energies greater than 0.19 eV. This shows that for very low QE photocathodes

there needs to be a balance between contributions to the MTE from excess energy

and from non-linear effects in order to achieve the minimum MTE at these charge

densities. Furthermore we see that the minimum MTE is approximately a factor of 2

larger than the thermal limit at 10−1 pC/mm2 for all three plots. Hence our measured

10−9 QE data set is not suitable for operating at these high charge densities and is

really only suitable for applications that require single-to-few electrons per pulse.

In general the 10−9 QE, 10−8 QE, and 10−7 QE data sets correspond to QEs of
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Figure 3.10: Minimum Contribution to the MTE From Non-linear Effects as Calcu-

lated From Eq. 3.8 for Charge Densities Ranging From 10−1 and 104 pC/mm2 For a

10 ps Pulse Length. The Calculation Was Performed for the Measured QE Data as

Well as Higher QEs.

metallic photocathodes. While the 10−9 QE and 10−8 QE data sets show a significant

increase in MTE at high charge densities, at 10−7 QE we see that it is possible to

obtain sub-100 meVs even at these high charge densities for all three plots.

Looking at the 10−4 QE data in all three plots we see that for the entire range of

charge densities the minimum MTE is at or near the thermal limit of 25 meV and the

excess energy is near zero. This indicates that there is no contribution to the MTE

from non-linear photoemission effects. Therefore to achieve MTEs near the thermal

limit at charge densities as high as 104 pC/mm2 it is essential high QE photocathodes

like low-electron affinity semiconductors are used.
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3.6 Conclusion

In conclusion we present MTE measurements of non-linear photoemission from a

graphene coated Cu(110) photocathode above and below the photoemission threshold

for pulse lengths of 130 fs, 1 ps, and 10 ps. Our results show that for a given laser

fluence, the contribution to the MTE from non-linear effects can be significantly

reduced by using longer pulse lengths. At longer pulse lengths the total energy and

transverse momentum distributions show that the fraction of electrons emitted via

single-photon emission is significantly larger in comparison to shorter pulse lengths.

In addition we extrapolate our data to identify the minimum MTE that can be

achieved at charge densities ranging from 10−1 to 104 pC/mm2 for QEs ranging from

10−9 to 10−4 at the photoemission threshold. We see that when using lower QE

photocathodes to obtain high charge densities, a balance between non-linear effects

and excess energy is necessary in order to achieve the minimum MTE. In addition we

see that low MTEs near the thermal limit are not attainable in this range and hence

these low QE photocathodes are only practical for single-to-few electron per pulse

applications. For photocathodes with QEs greater than 10−7 at threshold we see that

while a balance must be found between non-linear effects and excess energies, sub-100

meV MTEs can be attained at all charge densities. Lastly, for photocathodes with

QEs greater than 10−4 at threshold we see no significant contribution to the MTE

from non-linear effects for all pulse lengths and charge densities. Hence is essential

that high QE photocathodes like low-electron affinity semiconductors are used for

high charge density applications.
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Chapter 4

PHOTOCATHODE AND BRIGHT BEAMS LABORATORY

4.1 Abstract

The performance of linear accelerator applications like X-ray free electron lasers

(XFELs) and ultrafast electron diffraction (UED) and microscopy (UEM) experi-

ments is determined by the brightness of the electron beam. For linear accelerators

the electron beam is never brighter than it is at the emission source, or photocath-

ode. Hence identifying photocathode materials that generate the brightest possible

electron beams is critical to the advancement of linear accelerator technology. In

this chapter we present an introductory review of photocathode materials as well

the factors that limit the brightness of electron beams. In addition we present the

research capabilities of the recently commissioned Photocathode and Bright Beams

Lab (PBBL) at Arizona State University (ASU). The PBBL has been designed to be

a comprehensive photocathode research facility equipped to tackle many outstanding

challenges in photocathode characterization and development.

4.2 Introduction

The brightness of ultrafast electron beams generated by a photoinjector play a

critical role in determining the performance of linear accelerator applications like X-

ray free electron lasers (XFELs) (Akre et al. (2008); Emma et al. (2010)) and ultrafast

electron diffraction (UED) (Ruan et al. (2001); Siwick et al. (2002); Ischenko et al.

(2017)) and microscopy (UEM) (Lobastov et al. (2005); Armstrong et al. (2007)) ex-

periments. For XFELs the beam brightness limits the ability to lase at higher photon
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energies and with higher X-ray pulse energies (Ferrario (2015)). For example the

proposed Linear Coherent Light Source II High Energy Upgrade (LCLS II-HE) at

Stanford Linear Accelerator Center (SLAC) will produce X-ray energies above 5 keV.

By increasing the electron beam brightness by a factor of 10, or a factor of 3-4 reduc-

tion of normalized transverse emittance, the LCLS II-HE could reach X-ray energies

of 20 keV (DOE (2016)). These hard X-rays are necessary for producing real time

movies of various chemical and biological processes as well as probing the electronic

and atomic structure of materials (Minitti et al. (2015)). In addition increasing the

beam brightness is essential to the development of smaller university-scale XFELs

(Rosenzweig et al. (2020)). The LCLS is on average 400% oversubscribed and there-

fore the development of university-scale XFELs will greatly improve the accessibility

of these devices to users who do not require the maximum X-ray energies produced

by the LCLS (SLAC (2012)).

UED and UEM experiments can be classified into two main operating modes:

single-shot mode and stroboscopic mode. Single-shot mode utilizes a large number

of electrons to probe irreversible processes in materials and biology. For single-shot

experiments increasing the electron beam brightness can increase the transverse coher-

ence length without compromising the signal-to-noise ratio, thus enabling the study

of larger lattice sizes (Musumeci et al. (2010)). For example existing single-shot ex-

periments have a small electron transverse coherence length which limits the study of

crystals with ∼1 nm lattice sizes. By increasing the beam brightness, we can investi-

gate lattice sizes that are several nm long like proteins and macromolecular assemblies.

In addition, one can access correlation lengths of longer than 1 nm in materials if the

coherence length of the electron beam is longer than the correlation length. Stro-

boscopic mode uses single-to-few electrons per pulse with high repetition rates to

probe a wide range of processes like laser-induced phase transitions (Grinolds et al.
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(2006)), magnetization dynamics (Silva et al. (2018)), and reversible morphological

changes to thin films (Barwick et al. (2008)). Stroboscopic mode offers an advantage

in that the small number of photo-electrons results in negligible coulomb repulsion,

known as space charge effects, which allows for both atomic-scale spatial resolution

and sub-ps temporal resolution (Aseyev et al. (2020)). For these stroboscopic mode

applications, an increase in beam brightness will reduce the data acquisition time as

well as increase the signal relative to the noise (Ji et al. (2019)).

High brightness electron sources are also of importance to particle colliders used

for nuclear physics and high energy physics applications (Filippetto et al. (2022)).

Brighter electron sources can result in novel ways of efficiently cooling hadron beams

using electrons, and enable higher luminosity and cheaper designs of high energy

electron colliders.

In general the brightness of an electron beam characterizes the phase space density

of the electron beam and is represented by:

B6D ∝ N

ϵxϵyϵz
(4.1)

where N represents the total number of electrons which ranges from 1 to 1010 de-

pending on the application, and ϵx,y,z is the emittance and it describes the RMS area

of the electron beam in the x-, y-, and z-planes of the phase space. For the linear

accelerator applications described above the electron beam is never brighter than it

is at the source, or photocathode. Hence maximizing the beam brightness from the

photocathode is essential to generating the highest quality electron beam. For the

majority of applications the transverse and longitudinal emittances are decoupled and

the 4D beam brightness given by:

Bn,4D =
mec

2ϵ0E

2πMTE
(4.2)
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becomes an important figure of merit (Musumeci et al. (2010)). For high charge den-

sity applications like XFELs and single-shot UED/UEM experiments the maximum

charge density that can be extracted is limited by the accelerating electric field E

at the cathode surface, and hence the maximum possible 4D beam brightness scales

according to the following relation:

B ∝ En

MTE
(4.3)

Here, MTE is the mean transverse energy of the emitted electron and can be related

to the normalized transverse emittance as:

ϵx = σx

√
MTE

mec2
(4.4)

where σx is the RMS emission area, me is the mass of the electron, and c is the speed

of light.

For low charge density applications like stroboscopic UED and UEM the number of

photoemitted electrons is small and hence the repulsive force is negligible compared to

the force of the applied field. For such applications the brightness at the photocathode

is inversely proportional to the square of the intrinsic emittance of the photocathode

(ϵx) (Musumeci et al. (2018)). Thus, for such applications, brightness can be increased

by reducing the emission area (often limited by the diffraction limit of the laser spot

size) or reducing the MTE.

For all of the aforementioned linear accelerator applications the key figure of merit

in determining the beam brightness is the MTE, and it is equivalent to the temper-

ature of the emitted electrons in the vacuum (Bazarov et al. (2009)). Hence a lot of

effort has gone into understanding and minimizing the MTE in order to maximize

the beam brightness. Several theoretical and experimental investigations have shown

that there are a variety of photocathode properties that affect the MTE like the band

57



structure (Karkare et al. (2017)) and surface nonuniformities (Karkare and Bazarov

(2015); Feng et al. (2017); Gevorkyan et al. (2018)), as well as operating parameters

like the temperature of the photocathode (Cultrera et al. (2015); Feng et al. (2015)),

the irradiating excess energy (Dowell and Schmerge (2009)), and the laser pulse en-

ergy (Maxson et al. (2017); Bae et al. (2018a)). Thus it is critical that we have a deep

understanding of photocathodes and the photoemission process in order to generate

the brightest possible electron beams.

In this chapter we present an introductory review of photocathode physics and

the factors that limit beam brightness for linear accelerators. With this discussion in

mind, we then present the design of the Photocathode and Bright Beams Lab (PBBL)

at Arizona State University (ASU). This is a unique photocathode lab that has been

built to grow, characterize, and test a wide variety of photocathode materials and

technologies for use in current and next generation photoinjectors. The organization

of this chapter is as follows. Section 4.3 summarizes several photocathode and pho-

toemission properties that limit the brightness of electron beams. Section 4.4 reviews

various photocathode materials and technologies. And in Section 4.5 we present the

design and experimental capabilities of the newly built PBBL, as well as some early

results coming out of the lab.

4.3 Brightness Limiting Factors

In order to improve the performance of current and next generation linear accel-

erator sources, it is essential that we have a complete understanding of the factors

that impact the electron beam brightness. From Eq. 4.2 and Eq. 4.3 we know that for

all photoinjector applications, the key figure in determining the brightness from the

photocathode is the MTE. Hence this section largely focuses on factors that affect

the MTE and ways of mitigating them. MTE is governed by 4 primary factors: 1.
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Excess energy, 2. Surface non-uniformities, 3. Band-structure, and 4. Non-linear

photoemission effects. Below we discuss each of these factors in detail:

4.3.1 Excess Energy

Excess energy is defined as the difference between the photon energy and the work

function. Typically a fraction of the excess energy is converted into the transverse

energy during emission. Thus, usually larger excess energies result in larger MTEs.

Exceptions to the rule of thumb can occur during photoemission from single crystal

surfaces where effects of band structure (Karkare et al. (2017)) and many-body scat-

tering processes (Nangoi et al. (2021)) can dominate when the surface is comprised of

two or more phases with significantly different work functions (Pierce et al. (2021)).

The relationship between MTE and excess energy was first identified by Dowell and

Schmerge (Dowell and Schmerge (2009)) and explained based on the Spicer’s 3 step

model. More recently, Saha et al proposed a simpler explanation of the relationship

(Saha et al. (2023a)). Assuming that the electrons upon excitation do not scatter be-

fore emission and are distributed uniformly into the free electron parabola, the MTE

is given by MTE = Eexcess/3. For small excess energies comparable to the thermal

energy kBT or lower, the MTE gets limited to kBT due to electrons being emitted

from the Fermi tail of the distribution. A general relationship between MTE and

excess energy can be given using the following expression:

MTE = kBT
Li3[−exp(Eexcess)]

Li2[−exp(Eexcess)]
(4.5)

where Li2 and Li3 are polylogarithm functions of the 2nd and 3rd order respectively

(Vecchione et al. (2013)). Figure 4.1 shows the MTE transition from Eexcess/3 to

the room temperature thermal limit of 25 meV for a Cu(110) surface coated with

graphene (Knill et al. (2023b)). This thermal limit has also been demonstrated for
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Figure 4.1: Experimental Data from Knill et al. (2023b) Compared with MTE =

Eexcess/3 and the Thermal Limit at Room Temperature.

the Cu(100) (Karkare et al. (2020)) surface and for thin Sb films (Feng et al. (2017)).

For small laser fluences sub-25 meV MTEs can be attained by cooling down the

photocathode to cryogenic temperatures. Such MTEs have been demonstrated from

several systems like 22 meV from thin films of alkali antimonide at 90 K (Cultrera

et al. (2015)), 5 meV from a Cu(100) single crystal at 30 K (Karkare et al. (2020)), and

9 meV from a graphene-coated Cu(110) single crystal at 77 K (Knill et al. (2023b)).

While these three results represent some of the lowest MTEs ever measured, none of

them reached the thermal limit for their respective photocathode temperatures. For

the sub-10 meV Cu single crystal measurements, it is suspected that the low trans-

mission probability for low-kinetic-energy electrons near the photoemission threshold

is what lead to these MTEs being slightly larger than the thermal limit (Schroeder
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and Adhikari (2019); Karkare et al. (2020)). For the alkali antimonide thin films, the

22 meV MTE that was measured is significantly larger than thermal limit. In this

case it was suspected that the MTE was limited by the surface nonuniformities of

physical and chemical roughness due to the polycrystalline surface of the photocath-

ode (Karkare and Bazarov (2015); Feng et al. (2017)). However, recent measurements

of the work function of Cs3Sb films show that this higher-than-kBT -MTE was likely

due to a larger excess energy (Saha et al. (2023b)). Furthermore, several of these

near-threshold measurements have a very low quantum efficiency which will result in

increased MTE due to non-linear photoemission effects when extracting large charge

densities.

4.3.2 Surface Non-uniformities

The surface non-uniformities of physical roughness and chemical roughness play a

significant role in the photoemission process (Karkare and Bazarov (2015)). Physical

roughness refers to the nano-scale peaks and valleys that can exist on a photocathode

surface. These features lead to localized transverse electric fields that cause the

photoemitted electrons to accelerate transversely and therefore increase the MTE.

This increase in MTE due to physical roughness (MTEpr) can be given by:

MTEpr =
π2A2Ee

2λ
(4.6)

where A is the amplitude of the surface roughness, E is the applied accelerating

electric field, e is the charge of the electron, and λ is the spatial period of the surface

roughness (Feng et al. (2017)).

The chemical roughness refers to work function variations that can occur across

the surface of the photocathode. This leads to transverse electric field regions between

the work function variations which can also increase the MTE. However unlike the
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physical roughness, the chemical roughness impact on the MTE decreases with an

increasing accelerating field. For sinusoidal work function variations in a high electric

field (E ≫ 2π
√
2h

a
) the increase in MTE has been modeled by Karkare and Bazarov

(Karkare and Bazarov (2015)). This increase in MTE due to chemical roughness

(MTEcr) obeys the following relation:

MTEcr =
π2h2e

4
√
2aE

(4.7)

where h is the amplitude and a is the period of the work function variations (Karkare

and Bazarov (2015)). For lower electric fields it remains constant with electric field.

Hence the effects of the combined surface nonuniformities on MTE leads to a non-

monotonic dependence on the accelerating electric field. One investigation showed

that the contribution to the MTE from these combined effects can be calculated using

a spectral expansion of electric fields close to the surface and tracking the trajectory

of electrons with the results shown in Fig. 4.2 (Gevorkyan et al. (2018)). Recently it

has been shown that it is possible to obtain a nearly atomic smooth polycrystalline

surface of photoemissive Cs3Sb thin films with negligible contributions to the MTE

from surface roughness (Saha et al. (2022)). However in order to completely eliminate

the contribution to the MTE from surface nonuniformities it is essential that electrons

are emitted from atomically ordered single crystalline surfaces (Karkare et al. (2017)).

4.3.3 Band Structure

In addition to being free from the MTE-degrading surface nonuniformities, single

crystalline photocathodes also benefit from the conservation of transverse momentum

during photoemission (Karkare et al. (2017)). By selecting photocathode materials

which have a band structure that restricts the electron emission to low transverse

energy states, we can take advantage of the conservation of transverse momentum
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Figure 4.2: Plot Showing the Contributions to the MTE from Surface Roughness

(Blue Dashed Line) and Chemical Roughness (Red Dashed Line) as Well as Their

Combined Effects (Black Solid Line) at Electric Fields That Can Be Found in Pho-

toinjectors (Gevorkyan et al. (2018)).

and emit electrons with smaller MTEs (Musumeci et al. (2018)). In general these

photocathode materials will have narrow energy dispersion bands with low effective

masses localized around the Gamma point in the Brillouin zone.

For example emission from Ag(111) can produce both low MTE and high QE

simultaneously due to the low effective mass of the surface state (Karkare et al.

(2017)). Another investigation in this regard is that of PbTe(111). Here, although

the band structure is suitable with the relevant band having a small effective mass as

low as 0.02me, it was found that the many-body electron-phonon scattering affects

excited electrons into higher transverse momentum states before emission (Nangoi

et al. (2021)).
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4.3.4 Non-linear Photoemission

Multi-photon emission occurs when an electron absorbs more than one photon in

order to emit into vacuum, and it can be categorized as below threshold multi-photon

emission and above threshold multi-photon emission. Below threshold multi-photon

emission occurs at negative excess energies, and therefore the electron needs to absorb

at least two photons in order to emit. This is a common experimental technique for

pump-probe experiments, whereby an electron is excited into a higher energy state

by a photon with energy less than the work function, and then that excited energy

state is probed by a second photon which emits the electron.

Above threshold multi-photon emission occurs when high laser fluences are used

with positive excess energies near the photoemission threshold. At laser fluences

larger than 10−4 mJ/cm2 the photoemission process transitions from purely single

photon emission to a mix of single and multi-photon emission (Bae et al. (2018a)).

While the overall fraction of electrons emitted via multi-photon emission is small,

their contribution to the MTE is significant in comparison to single-photon emission.

In both above and below multi-photon emission the electrons can be emitted with

several eVs of excess energy and will therefore have very large MTEs.

Electron heating, also known as ultrafast laser heating, is an effect that occurs

when high laser fluences are delivered by ultrafast (sub-10-ps) laser pulses which

causes the temperature of the electron distribution to increase to several thousand

Kelvin. At sub-10-ps timescales the electron distribution is thermally isolated from

the lattice due to small electron-phonon coupling. The large difference in heat capac-

ities between the electron distribution and the lattice leads to the electron heating

effect (Anisimov et al. (1974); Elsayad-Ali et al. (1987)). It has been shown theoret-

ically that at high fluences and small excess energies this effect plays a large role in
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limiting the minimum achievable MTE (Maxson et al. (2017)).

Recently there have also been several experimental investigations that measured

the impact that non-linear effects have on the MTE and emittance from polycrys-

talline Cu (Pasmans et al. (2016); An et al. (2018)) and single crystalline Cu (Knill

et al. (2021, 2023a)) photocathodes. These experimental and theoretical findings

show that non-linear effects make it impossible to utilize low QE metallic photocath-

odes to obtain sub-25 meV MTEs for high charge density applications. While they

showed that non-linear effects can be partially mitigated at longer laser pulse lengths,

the only way to ensure that the MTE is not impacted by non-linear effects is to use

photocathodes that have QEs larger than 10−4 at the photoemission threshold like

those found in alkali-antimonide photocathodes.

4.3.5 Selecting a Photocathode

When it comes to selecting a photocathode for an accelerator application, all of

the above factors must be considered. In general the ideal photocathode would have

the smallest possible MTE, the highest possible QE to mitigate the non-linear pho-

toemission effects, and a fast response time. It turns out that these are all competing

photocathode characteristics and are all coupled to the excess energy. From Sec. 4.3.1

we know that in order to minimize the MTE we must emit as close to threshold as

possible. However the QE is proportional to the square of the excess energy and so it

drops significantly near threshold (Dowell and Schmerge (2009)). In addition as we

approach zero excess energy the response time increases to tens of picoseconds which

which makes it unsuitable for applications that require ultrashort electron bunches

(Musumeci et al. (2018)). In general we want photocathodes that have low MTE,

QEs that are larger than 10−2 in the visible range, and a prompt sub-ps response

time. However there currently are no photocathodes that simultaneously satisfy this
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criteria, hence trade-offs must be made.

In addition there are a few more properties that must be considered when selecting

photocathode materials like the work function, the robustness of the photocathode,

and the lifetime of the photocathode. The work function of the photocathode is an

important property due to limitations of modern laser technology. Typically modern

ultrafast lasers generate in the IR or NIR range, and UV light is produced using

harmonic generation crystals. However this method of UV generation is not very

efficient and the power that is delivered by ultrafast UV laser pulses is significantly

less than the power delivered by visible and IR laser pulses. The power of the drive

laser limits the total charge that can be extracted from a photocathode. Therefore for

applications that require high repetition rates (MHz - GHz), photocathodes should

have a work function in the visible range in order to efficiently extract large currents.

(Dowell et al. (2010)). In addition the transverse beam profile quality deteriorates

during UV generation which makes UV pulse shaping inefficient due to the non-

uniformity of the beam (DOE (2016); Musumeci et al. (2018)). Hence great efforts

have gone into identifying photocathodes with small band gaps and low electron

affinity in order to efficiently photoemit in the visible and IR range (Dowell et al.

(2010); Musumeci et al. (2018)).

Since photoemission is a surface sensitive process the QE and the MTE depend

heavily on the condition of the surface. In a high field and high laser fluence pho-

toinjector environment the surface of the photocathode is susceptible to degradation

from various mechanisms like chemical poisoning from residual gas (Chanlek et al.

(2014)), laser heating (Anisimov et al. (1974)), and ion back-bombardment (Aulen-

bacher (2011)). Hence photocathodes need to be robust to photoinjector environments

to ensure that they have a long lifetime.
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4.4 Commonly Used Photocathode Materials

In this section we give a brief review of the photocathode materials that are com-

monly used and that are being investigated. Photocathode materials can generally

be characterized into two types: High Electron Affinity and Low Electron Affinity.

Electron affinity is defined as the difference between the conduction band minima

and the vacuum level. High electron affinity materials are those in which the elec-

tron affinity is larger than the band gap, whereas low electron affinity materials are

those in which the electron affinity is smaller than the band gap. Metals have zero

band-gap and hence fall under the high electron affinity category. This classification

is important for photocathodes as the photoemission process in these two kinds of

materials is significantly different.

In High Electron Affinity materials the excited electrons are allowed to interact

with the unexcited electrons and this scattering process is the most dominant. It

also causes the excited electrons to lose energy very rapidly and hence very few of

the excited electrons are emitted, making their QE at threshold in the 10−9 to 10−6

range.

Low electron affinity materials have a work function close to the band gap. Elec-

trons excited to near-band-gap energies do not experience a large electron-electron

scattering as there is no energy state for the electrons to go into post-scattering.

Thus the excited electrons interact only with phonons, plasmons, and lattice defects

all of which cause them to lose energy slowly in comparison to the electron-electron

scattering process. As the work function is close to the band-gap, a large fraction

of these excited electrons reaching the surface have sufficient energy to get emitted.

Thus the QE for such low-electron-affinity materials is usually significantly higher in

the range of 10−5 to 10−2 near threshold. Most semiconductor cathodes that are used
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as electron sources (alkali-antimonides, Cs2Te, NEA-GaAs) fall under this category.

Below we briefly describe the various metallic and semiconductor cathodes that

have been used in photoinjectors along with their advantages, disadvantages, and

drawbacks.

4.4.1 Metallic Photocathodes

Metallic photocathodes are popular choices for many electron sources like RF

photoinjectors (Jongewaard et al. (2012)), wakefield accelerators Khachatryan et al.

(2004), and stroboscopic UED/UEM (Grinolds et al. (2006); Barwick et al. (2008);

Silva et al. (2018); Ji et al. (2019)). The main reason they are popular in RF guns is

due to convenience. While semiconductors have significantly larger QEs than metals,

their surface degrades in atmospheric conditions. Hence they require the ability to

transfer the photocathode in UHV to the RF gun, and the gun itself requires a UHV

loadlock. Metals are much more stable and due to their convenience of use, often

times the back plate of the RF gun acts like a photocathode. In addition their

surface is very robust against degradation from vacuum conditions, heating effects,

and high electric fields. Therefore metals can provide long term stable performance

in RF photoinjectors where very high fields are needed to extract large currents from

the photocathode (Jongewaard et al. (2012)). Metallic photocathodes also have a

very fast (sub-50 fs) response time in comparison to semiconductors. Hence they are

well suited to applications that require ultrashort electron bunches like laser wakefield

accelerators (Khachatryan et al. (2004)).

Atomically clean and ordered surfaces of single crystal metal also show promise.

They can achieve very low MTEs with the record low MTE of 5 meV coming from a

Cu(100) single crystal. However due to frequent electron-electron scattering during

photoemission, these photocathodes suffer from a very low QE. Hence their low MTE

68



and low QE makes them suitable for low charge density applications like stroboscopic

UEM/UEM (Grinolds et al. (2006); Barwick et al. (2008); Silva et al. (2018); Ji

et al. (2019)). Single crystal metal surface states of Ag(111) have also been used for

demonstrating low MTE along with high (10−4) QE near threshold. Thus using the

band-structure of single crystalline metals can potentially lead to obtaining low MTE

and high QE simultaneously. Such surfaces have to be atomically clean and ordered,

and hence they require UHV and are not stable for extended periods of time. Recent

studies show that Gr coatings on such surfaces can help extend their lifetime (Liu

et al. (2017)).

4.4.2 Semiconductor Photocathodes

Semiconductor photocathodes that are used include the family of alkali-antimonides,

Cs2Te, and NEA-GaAs. All of them are low electrons affinity cathodes and hence

demonstrate a significantly larger quantum efficiency compared to metal cathodes.

Due to their high QE, they are already used for high average current applications.

They are also being investigated as candidates for achieving extremely low MTEs

at large charge densities due to their relatively high QE near threshold. The high

QE near threshold helps mitigate MTE increasing effects of non-linear photoemission

making these cathodes attractive for low MTE applications.

Negative Electron Affinity Gallium Arsenide

P-doped GaAs when coated with one monolayer of Cs/O results in a work function

smaller than the bulk band gap resulting in negative electron affinity. In such a sit-

uation, a very large fraction of the electrons excited into the conduction band get

emitted resulting in QE as high as 10−2 even at threshold. Furthermore, circularly

polarized light preferentially excites electrons with one spin resulting in spin polarized
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electron emission. Currently GaAs has the unique position of being the only photo-

cathode capable of producing spin polarized electron beams. Spin polarized beams

are essential for investigating nuclear phenomena at facilities like the future Electron-

Ion Collider (EIC) (Aulenbacher (2011); Accardi et al. (2016)). While GaAs itself

has a low QE, by activating GaAs to NEA electrons can be emitted exclusively from

the top of the valence band which is necessary to generate spin-polarized beams (Bae

et al. (2020)). Typically NEA has been achieved by activating p-doped GaAs with

Cs which has resulted in strongly polarized beams with QEs as high as 10−1 (Dow-

ell et al. (2010)). However the activated Cs surface is highly susceptible to various

degradation mechanisms like ion-back bombardment and thermal desorption which

can limit the operating lifetime of the photocathode to hours (Bae et al. (2018b)).

Hence it is essential that these photocathodes are operated in the Xtreme high Vac-

uum (10−11 Torr), which limits them to DC applications (Musumeci et al. (2018); Bae

et al. (2018b)). Recently there have been efforts to achieve NEA with a more robust

activation layer than Cs. One such method used Cs2Te as the activation layer which

improved the lifetime by a factor of 5 when operating with green light (Bae et al.

(2018b)). Another method used co-deposited Cs-Sb-02 which increased the lifetime

by a factor of 6.8 at threshold and a factor of 10 at green light (Bae et al. (2020)). The

thermal limit of 25 meV can be achieved from GaAs near the photoemission threshold

(IR light), however at these IR photon energies GaAs has a very long response time of

100 ps which makes them unsuitable for photoinjectors. However by operating GaAs

at higher photon energies in the visible range the response time reduces to a more

useful 1-2 ps, although this comes at the cost of an increase in MTE to 120 meV

(Bazarov et al. (2008)).
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Alkali-Antimonides

Alkali-antimonide thin films are a family of PEA semiconductor photocathodes that

are commonly used in photoinjectors. Several materials in the alkali-antimonide fam-

ily exhibit low, but positive electron affinity which gives them high QEs that are

comparable to NEA semiconductors. At threshold (∼ 1.9 eV) alkali-antimonides like

Cs3Sb, K2CsSb, and Na2KSb have QEs as high as 10−1 at room temperature and 10−4

even when cryo-cooled down to 90 K (Dowell et al. (2010); Cultrera et al. (2015)).

At these high QEs, large currents can be extracted without the use of high laser flu-

ences that lead to the MTE-degrading non-linear photoemission effects. Hence these

photocathodes can be operated right near the photoemission threshold allowing the

MTE to be limited by the thermal limit rather than the excess energy. In addition

the small band gap (∼ 1 eV) and low electron affinity (∼ 1 eV) of alkali-antimonides

allows these photocathodes to be operated at visible photon energies thereby avoiding

inefficient UV laser pulses (Dowell et al. (2010); Musumeci et al. (2018)). As a result

alkali-antimonides have been utilized in photoinjectors for high brightness and high

charge density applications (Vecchione et al. (2011); Dunham et al. (2013); Schmeißer

et al. (2018)). However as of yet there are no detailed response time measurements

from alkali-antimonide thin films. Although due to their small thickness the response

time is expected to be in the sub-ps to 1 ps range near the photoemission threshold

(Cultrera et al. (2015)).

One major challenge with alkali-antimonide photocathodes is their relatively short

operational lifetimes due to sensitivity to vacuum conditions. Recently there have

been several groups that have investigated the use of graphene protective layers on

alkali-antimonide thin films in order to protect the photocathode surface from con-

tamination, thus prolonging its lifetime (Yamaguchi et al. (2017, 2018); Liu et al.
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(2022)).

Another major challenge with alkali-antimonides is that they are typically grown

as polycrystalline thin films with very rough surfaces that limit the minimum attain-

able MTE. This has lead to a lot of effort in growing smooth alkali-antimonide thin

films in order to minimize the contributions to MTE from these rough surfaces (Feng

et al. (2017); Xie et al. (2017); Saha et al. (2022)). Recently by growing Cs3Sb on

a lattice matched 3C-SiC(001) substrate, the first ever alkali antimonide epitaxial

growth was demonstrated with a Cs3Sb(001) single crystal (Parzyck et al. (2022)).

This Cs3Sb(001) single crystal photocathode represents a major step forward towards

the use of single crystal photocathodes in high charge density photoinjectors. How-

ever further MTE and response time measurements as well as high field testing is

necessary before such photocathodes will realistically be utilized in photoinjectors.

Cesium Telluride

Cs2Te is another popular PEA semiconductor photocathode which tends to offer a

compromise between metallic and semiconductor photocathodes. It has very robust

surfaces and long operating lifetimes like metals, and it has the high QEs of semi-

conductors (Kong et al. (1995a,b)). Cs2Te provides several advantages over alkali-

antimonide photocathodes like longer operating lifetimes and a robust surface while

still maintaining a high QE, however it comes with the drawback of operating in

the UV range which leads to both inefficient laser pulse generation and laser pulse

shaping. In particular Cs2Te can reach QEs as high as 10−1 when illuminated with

UV light, and it can maintain these high QEs for up to a month under realistic pho-

toinjector operating conditions. This is due to its robustness to damage from surface

contamination, the driving laser, and high fields. Hence Cs2Te is well suited to op-

erating in RF photoinjectors where very high fields are used to extract large charge
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densities (Kong et al. (1995b); Fry et al. (1998); Sertore et al. (2000)).

4.4.3 Nanotechnology and Photocathodes

Several recent advancements in nanotechnology have lead to the consideration

of photonic-integrated and plasmonic-enhanced photocathodes for use in generating

bright electron beams. It has been proposed that utilizing photonic structures like

waveguides can enhance electron emission from photocathodes by breaking the trade-

off that exists between the excitation photon energy, the MTE, the QE, and response

time. One such method utilized a waveguide nano-fabricated underneath an ultra-

thin high QE semiconductor photocathode (Blankemeier et al. (2019)). By irradiating

the photocathode through the waveguide, the photons are absorbed at a very shal-

low depth which can break the trade-off that exists between the MTE and response

time of the photocathode. Monte-Carlo simulations were performed on this config-

uration which showed that in addition to breaking the trade-off between MTE and

response time, it also decouples the QE so that low MTEs, prompt response times,

and high QEs can be achieved simultaneously (Blankemeier et al. (2019)). While

these photonic-integrated structures offer a great deal of promise to photoinjectors,

engineering such photocathodes has proven to be technologically challenging. One re-

cent experimental investigation was able to engineer a photonic-integrated structure

onto a photocathode and demonstrated photoemission confined by a waveguide on a

40 nm thick Cs activated GaAs photocathode (Kachwala et al. (2022a)). However

this investigation was a proof-of-principle experiment and further studies are needed

to demonstrate simultaneously achieving low MTE, low response times, and high QE

from photonic-integrated photocathodes.

One example of plasmonic enhanced photocathodes makes use of nano-sized plas-

monic structures which can greatly increase the quantum efficiency for specific wave-
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lengths (Perchec et al. (2008)). By creating nanosized rectangular grooves arranged

in a sub-wavelength array on the photocathode, the grooves act as surface plasmon

resonance cavities which trap the incident laser light and dramatically increase the

electron yield for a resonant wavelength. The resonant wavelength can be selected by

designing the nano-structure array with different groove depths, widths, and periods.

This method was demonstrated using a nano-structure array that was designed for a

resonant wavelength of 720 nm. By irradiating it with a 800 nm center wavelength

laser they observed an electron yield that was 6 orders of magnitude larger (Polyakov

et al. (2013)).

4.4.4 Novel Materials

Since the discovery of Dirac materials there has been a lot of interest in imple-

menting them into photocathode technology due to their multitude of unique and

useful properties. For example graphene is already being utilized as a protective gas

barrier for vacuum sensitive photocathodes (Yamaguchi et al. (2017, 2018); Liu et al.

(2017, 2022); Knill et al. (2023b)). But there has also been interest in using Dirac ma-

terials like topological insulators and Dirac semi-metals as photocathodes themselves.

These materials have a Dirac cone at the center of the Brillioun Zone which makes the

effective mass of photo-emitted electrons around the Dirac point nearly zero. There-

fore they offer the promise of low MTE (sub-10 meVs) even when operating with

excess energies as large as 0.25 eV (Pan et al. (2011); Liu et al. (2014a,b); Xu et al.

(2017); Tian et al. (2018)). In addition angle-resolved photoemission spectroscopy

(ARPES) studies of the topological insulator Bi2Se3 have shown that it can even

produce spin-polarized electrons which points to a path where a photocathode other

than GaAs can generate spin-polarized beams (Pan et al. (2011)). However these

photocathode materials still require detailed characterization and testing before they
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can be considered realistic photocathode candidates.

4.5 Photocathode and Bright Beams Lab

In the last section we have seen that there are a wide variety of photocathode ma-

terials and technologies that can potentially improve the brightness of electron beams.

In order to translate this research into improving electron beams it is critical that such

photocathodes are tested in photoinjectors to see how they withstand the high field

and high fluence environment. However most photoinjector are developed with the

intention of operating continuously, and therefore they do not have the ability to test

a wide variety of photocathodes. Instead they rely on the photocathodes that have

already been well studied and choose the one that best suits their application. This

process does not lead to a lot of novel photocathode testing, and hence there needs

to be photoinjectors that are specifically designated to photocathode testing in order

to really drive the photocathode field forward. In order to address this need we have

recently commissioned the Photocathode and Bright Beams Lab (PBBL) at Arizona

State University (ASU) as shown in Fig. 4.3. The PBBL has been designed to be

the most comprehensive photocathode research facility to-date with a photocathode

materials science focus.

The PBBL contains two growth chambers that are designated to growing alkali-

antimonide photocathodes as well as other novel photocathode materials. Since pho-

toemission is a surface sensitive process we have a variety of surface diagnostic ca-

pabilities that can map the physical features as well as the work function variations

on the surface. We have photoemission experiments which allow us to measure the

3-D energy and momentum distributions of photoemitted electrons. In addition these

experiments allow us to study the fundamentals of the photoemission process itself

which is essential to identifying new photocathode materials and technologies. For
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Figure 4.3: Picture of the Recently Commissioned Photocathode and Bright Beams

Lab (PBBL). The PBBL Has Been Designed to Be a Comprehensive Photocathode

Research Facility Equipped to Tackle Many Outstanding Challenges in Photocathode

Characterization and Development.

testing photocathodes in a high field and high fluence environment we have the ASU

DC electron gun. Figure 4.4 shows a 3-D model of the PBBL with all of these ex-

perimental capabilities connected by a single UHV transfer line. Every experimental

chamber in the lab is compatible with omicron flag-style sample holders. This allows

us to grow, characterize, and test photocathodes by rapidly transferring them be-

tween the various chambers without the need of vacuum suitcases. Transfers between

vacuum suitcases can be time consuming and have the possibility of contamination,

and so such a transfer line is essential for photocathodes with short lifetimes. In this

chapter we discuss the experimental capabilities of the PBBL as well as some of the
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Figure 4.4: Schematic of the Photocathode and Bright Beams Lab (PBBL). While

This Schematic Shows Two Growth Chambers Attached to the Transfer Line, We

Plan to Only Have One Growth Chamber Attached at a Time. This Leaves Space

for the Future Addition of Another Experimental Chamber Which Can Enhance the

Lab.

work that has already been coming out of the lab.

4.5.1 Transfer Line

The transfer line consists of a stainless steel cart with stainless steel bearings

that sits on an aluminium track as shown in Fig. 4.5. The cart has two steel pucks

attached to the bottom on either end which allows an external handheld magnet to

grab onto the cart and move it across the transfer line. The cart can hold up to 8

photocathodes mounted onto omicron flag-style sample holders which are compatible

with every chamber in the lab. This allows for multiple photocathode materials to

be tested simultaneously throughout the lab, and it also offers the possibility of long

term photocathode storage.
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Figure 4.5: 3-D Model of the Stainless Steel Cart on a Section of the Aluminum Track.

The Cart Can Hold 8 Photocathodes Mounted to Omicron Flag-style Sample Holders

Which Are Compatible with Every Chamber in the Lab. This Allows for Testing of

Multiple Photocathodes at Once as Well as Long Term Photocathode Storage.

The transfer line is ∼ 8 m long and it is made up of two different types of half-

meter sections which are all connected by 4.5” CF flanges. The first intermediate

section shown in Fig. 4.6 is located between the various experimental chambers and

it consists of a track mounted to a 2.75” stainless steel tube. There is a 4.5” ConFlat

(CF) port at the midway point which is used to connect various vacuum pumps and

vacuum diagnostics to the transfer line. The second sample-transfer section shown

in Fig. 4.7 is located at the junction between the transfer line and the experimental

chambers. This section is where the sample is transferred between the cart and the

various experimental chambers. It features a vertical wobblestick which is used to

remove photocathodes from the cart and hand them to a linear transfer arm, with the
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Figure 4.6: The Intermediate Section of the UHV Transfer Line. This Section Is

Connected Between the Junctions of the Transfer Line to the Various Experimental

Chambers. The Middle CF Port Is Used to Attach Various RGAs, Ion Gauges, Ion

Pumps, and NEG Pumps.

transfer arm then placing the photocathodes in the experimental chambers. There

are 3 viewports placed around this section which allow us to observe the sample

transfer and ensure no samples are dropped. This method allows us to perform rapid

photocathode transfers which is essential for testing materials with short lifetimes.

For example, a photocathode can be grown in the growth chamber at one end of the

transfer line, and moved to the other end of the transfer line and loaded into the DC

electron gun in ∼ 15 minutes.

The transfer line was designed to operate at a base pressure of 10−10 Torr or lower.

It is being pumped down by 5 large ion pumps with pumping speeds ranging from

75 l/s to 350 l/s as well as 4 non-evaporable getter (NEG) pumps with a pumping

speed of 1000 l/s. Simulations performed using Molflow (Fig. 4.8) estimate that the

pressure ranges between 4×10−11 Torr and 1.2×10−10 Torr. The only major spikes in

pressure occur at the sample-transfer sections where there is a long linear transfer arm
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Figure 4.7: The Sample Transfer Section of the UHV Transfer Line. This Section

Connects the Various Experimental Chambers to the Transfer Line.
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Figure 4.8: Simulations Were Performed Using Molflow Which Show the Pressure

along the Transfer Line. The Pressure Remains Relatively Stable Between 4× 10−11

Torr and 1.2 × 10−10 Torr. The Only Major Spikes in Pressure Occur at Locations

Where There Is a Sample-transfer Section and a Long Transfer Arm Attached to the

Transfer Line.

attached to the transfer line. In general this simulation suggested that the pressure

will remain relatively stable around the low 10−10 Torr range. Ion pressure gauges

and residual gas analyzers placed along the transfer line confirm that the pressure is

indeed stable in the 10−10 Torr range.
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4.5.2 Photocathode Growth

The lab will house two growth chambers which use thermal evaporators to grow

thin films using molecular beam epitaxy. In order to avoid cross contamination one

chamber will be dedicated to growing alkali-antimonide thin films while the other

will be dedicated to growing novel photocathode materials. Although Fig. 4.4 shows

both growth chambers attached to the transfer line, only one will be connected to the

transfer line at any given time. This was done in order to allow enough space for the

addition of another experimental chamber in the future. However both chambers are

designed such that they can be quickly swapped out for each other.

The first growth chamber is dedicated to growing alkali-antimonide thin films

and investigating new growth techniques. The sources are contained in effusion cells

which are isolated from the rest of the growth chamber using manual gate valves

and thin films are grown using molecular beam epitaxy. In addition this growth

chamber has the capability of performing spectral response measurements across a

broad range of wavelengths from 200 nm to 2 µm. Recently this growth chamber was

used to grow a Cs3Sb thin film on a lattice-matched STO substrate which resulted in

physically and chemically smooth surfaces (Saha et al. (2022)). This photocathode

represented a factor of 4 smoother surface in comparison to thin films of Cs3Sb grown

on Si substrates. The photocathode was transferred into the AFM/KPFM where the

surface was measured and compared with Cs3Sb on Si substrates as shown in Fig. 4.9.

The second growth chamber is currently being built and it will be dedicated to

growing novel single crystal materials like the topological insulators and Dirac semi-

metals that were described in Sec. 4.4.4. This chamber will also have the capability

of performing Energy-Dispersive X-ray Spectroscopy (EDX) and Reflection High En-

ergy Electron Diffraction (RHEED) diagnostics. EDX will allow us to determine the
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Figure 4.9: AFM Images Which Show the Physical Roughness of the Surface From

Cs3Sb Grown on a Lattice-matched STO Substrate.
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precise chemical composition of the photocathode while RHEED will allow us to de-

termine the crystal structure of the photocathode surface. In addition we have a

surface preparation chamber attached to the transfer line which contains argon ion

bombardment and high temperature annealing capabilities. Such surface preparation

techniques are essential to achieving atomically ordered single-crystalline surfaces.

Hence with appropriate single crystal growth, diagnostics, and surface preparation

capabilities we will be able to obtain atomically ordered single crystal topological

insulators and Dirac semi-metals with relative ease.

4.5.3 Surface Diagnostics

Since photoemission is a highly surface sensitive process, it is essential that re-

liable measurements are performed on the surface morphology of the photocathode.

For that the PBBL has a variety of atomic scale surface diagnostics like Auger Elec-

tron Spectroscopy (AES), Low Energy Electron Diffraction (LEED), Atomic Force

Microscopy (AFM), Kelvin Probe Force Microscopy (KPFM), Scanning Tunneling

Microscopy (STM), and the EDX and RHEED capabilities described in the previous

section. AES and EDX allow us to determine the chemical composition of the photo-

cathode, LEED (Fig. 4.10) and RHEED allow us to determine the crystal structure of

the photocathode surface, AFM and STM allow us to determine the physical rough-

ness of the surface, and KPFM allows us to determine the work-function variations

across the surface of the photocathode. Since photoemission characteristics like the

work function and MTE are strongly dependant on the top-most layer of atoms of

the photocathode, having the ability to perform such a detailed and complete char-

acterization is essential to photocathode research and testing.
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Figure 4.10: A LEED Pattern from a GaN Photocathode Showing a Sharp Hexagonal

Pattern. The Red Circles Highlight the First Order Pattern Although Higher Order

Spots Are Also Present.
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4.5.4 Photoemission Diagnostics

Photoemission characterization is critical to understanding the emitted electron

distribution for photocathodes as well as identifying promising photocathode mate-

rials. In the PBBL photoemission characterization experiments will be performed

using a unique electron energy analyzer as well as a photoemission electron micro-

scope (PEEM). These experiments will allow us to measure the MTE, energy spectra,

longitudinal energies, and the QE from a wide variety of photocathode materials. In

addition to directly investigating photocathodes, we will also perform investigations

on the photoemission process itself by studying mechanisms like non-linear photoe-

mission and limitations like the sudden approximation. This will allow us to gain a

deeper understanding of the physics of photoemission which is essential to engineering

novel materials that can improve the brightness of current and future photoinjectors.

The electron energy analyzer is a unique instrument that measures the 3-D energy

and momentum distributions of meV electrons with sub-meV resolution (Karkare

et al. (2019)). It features a time-of-flight based delayline detector arranged in a

parallel plate configuration with the photocathode and separated by ∼ 4 cm. The

photo-electrons are accelerated towards the detector by a voltage ranging from 4 V -

72 V depending on the application. The detector records the x- and y- positions of the

photo-emitted electrons and from that the transverse and longitudinal energies and

momenta can be calculated in a straightforward manner. The sample is connected

to a liquid helium (LHe) cryostat and can be cooled to 30 K indefinitely using the

helium re-circulation line detailed later in this chapter. This unique design makes the

electron energy analyzer the most precise near-threshold photoemission diagnostics

experiment in the world. And in fact it holds the record for the lowest MTE ever

measured which was 5 meV from Cu(100) operated near threshold and cryo-cooled
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Figure 4.11: Results from an Investigation into the Effects of Non-linear Photoemis-

sion on Metallic Photocathodes Using the Electron Energy Analyzer.

to 30 K (Karkare et al. (2017)). Recently it has been used to study linear and non-

linear photoemission from graphene-coated Cu(110) with some of the results shown

in Fig. 4.1 (Knill et al. (2022, 2023b) and Fig. 4.11 (Knill et al. (2023a)). However

one major limitation of the energy analyzer is that it is best suited to precise near-

threshold measurements and therefore it must be operated in low field and under low

laser fluence conditions. Therefore photocathodes which show promise in the energy

analyzer under low fields and lower laser fluences will then be tested further in the

ASU DC electron gun under high fields and high laser fluences.

The PBBL also houses a commercially available photoemission electron micro-

scope (PEEM) which has 40 nm spatial resolution, sub-8 mÅ−1 k-space resolution,

and 62 meV energy resolution (FOCUS (2023)). It can be used to measure the MTE,

energy spectra, QE, spatial variations, and work function variations of the photo-

87



Figure 4.12: Image from the Peem Showing Confined Non-linear Emission From:

(a) Graphene Using a Tapered Waveguide, and (b) Carbon Contaminants Using a

Straight Waveguide.

cathode. In addition it can be used to investigate novel photocathode technologies

like nano-scale electron sources, photonic-integrated photocathodes, and plasmonic-

enhanced photocathodes. Recently it has been used to demonstrate proof-of-principle

measurements of nitrogen-incorporated ultra-nano-crystalline diamond ((N)UNCD)

(Kachwala et al. (2022b)) and photonic-integrated photocathodes using waveguides

(Kachwala et al. (2022a)).

4.5.5 High Field Testing

In order to translate photocathode research into improving the performance of

bright electron sources, it is critical that photocathodes are tested in high field and

high laser fluence conditions in photoinjectors. To perform high field and high fluence

photocathode testing in the PBBL, we have built the ASU 200-kV DC electron gun

(Gevorkyan et al. (2019)). It was modeled after the Cornell electron gun with a few

modifications (Lee et al. (2018); Li et al. (2022)). First instead of using a closed-

cycle refrigeration system like the Cornell gun, the ASU gun is cooled by an LHe
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cryostat which allows it to reach temperatures of 30 K with minimal vibrations during

cryo-cooling. Second the ASU gun is designed to use photocathodes mounted to

omicron flag-style sample holders which are compatible with all of the experimental

capabilities detailed in this chapter. This allows us to not only test a wide variety

of photocathode materials with different shapes and sizes, but it also allows us to

characterize the photocathodes using the various UHV diagnostic tools in the PBBL.

And lastly it has multiple laser input ports which allow us to test the performance of

the photocathode at various angles of incidence.

Attached to the ASU gun is a diagnostic beamline which consists of two solenoids,

a 3 GHz RF bunching cavity, and a 3 GHz RF deflection cavity. The RF cavities

are synchronized to the laser system with a sub-30 fs jitter. This allows for accurate

response time measurements across a wide range of wavelengths (200 nm - 2 µm).

The emittance of the electron beam can be measured using a solenoid scan technique

with a knife edge to measure the spot size, and from that the MTE can be deduced.

The ASU gun and the beamline can measure the MTE, QE, and response time of

the photocathode at high fields and high laser fluences. Currently it is being used to

perform such measurements on physically and chemically smooth alkali-antimonides.

And although the ASU gun and diagnostic beamline has been designed to investigate

photocathode materials, it also has the capability of operating as a UED beamline.

4.5.6 Additional Features

In addition to the experimental capabilities discussed in this chapter, there are

a few other components which make the PBBL unique like single crystal surface

preparation techniques, a closed loop LHe plant, and a tunable wavelength laser

system.

Since atomically ordered single-crystalline photocathodes offer the best path to low
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MTEs by eliminating the MTE-degrading surface nonuniformities, it is essential that

we have the tools to achieve these surfaces. In order to achieve an atomically ordered

single-crystalline surface, the photocathode typically needs to undergo repeated cycles

of Argon ion bombardment and high temperature annealing. While these surface

preparation techniques are well known, no photoinjector in the world has the ability to

perform them in-situ and therefore single crystalline photocathodes have not been yet

utilized in photoinjectors. Adding the capability to perform such surface preparation

would require significant financial investment as well as down time from operation. As

previously mentioned, most photoinjectors are designed to operate continuously and

therefore adding these surface preparation techniques is not practical unless single

crystalline photocathodes are guaranteed to offer improved performance under high

fields and high laser fluences.

In order to cryo-cool the electron energy analyzer and the DC electron gun we

have a Cryomech LHe plant with a 150 L Dewar in our lab. The LHe plant uses a

pulse-tube compression system in order to cool the cold-head down to 4 K, and it is

capable of liquefying ultra-high purity He gas into LHe at a rate of 24 L/day. The

Dewar feeds two extraction lines which are each connected to the electron energy

analyzer and DC electron gun. The disconnect between the cryo-cooling mechanism

and experimental chambers themselves is essential for operating our experiments in

a vibration free environment. When cooling these two chambers, the LHe boil off is

collected and fed into a He re-circulation line which pumps the He gas back into the

Dewar for liquefaction. A flow rate monitor tracks the He gas flow rate and ensures

that our LHe extraction does not exceed the maximum liquefaction rate of the LHe

plant. This allows us to cryogenically cool the electron energy analyzer and the DC

electron gun for indefinite periods of time without any loss of He.

Perhaps the most important piece of equipment in any photoemission lab is the
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driving laser. The PBBL uses a tunable wavelength LightConversion ORPHEUS

optical parametric amplifier (OPA) pumped by LightConversion PHAROS solid-state

laser. The PHAROS is a 20 W laser with a 1030 nm center wavelength, 130 fs pulse

duration, and 500 kHz repetition rate. At the output of the laser 10 W is directed

towards the OPA using a beam splitter while the other 10 W is sent to a beam dump.

The OPA uses a series of lenses, crystals, and mirrors in order to generate wavelengths

between 200 nm and 2 µm. At the output of the OPA the beam can be directed

towards the PEEM, the energy analyzer, the DC electron gun, or the growth chamber.

This allows us to perform very detailed MTE, QE, emittance, energy distribution, and

response time measurements in a wide range of vacuum environments. In addition

since many different photoinjectors use pulse lengths ranging from sub-ps to 10 ps,

we have built a pulse stretcher that utilizes a pair of diffraction gratings to stretch

the laser from its natural pulse length of 130 fs to laser pulse lengths between 1 ps

and 10 ps.

4.6 Summary

In this chapter we reviewed various photocathode materials and technologies, the

factors that impact the brightness of an electron beam, and outlined the experimental

capabilities and work being performed in the Photocathode and Bright Beams Lab

at Arizona State University. While the review presented in Sec. 4.3 and Sec. 4.4 is

far from comprehensive and there are notable omissions like disorder induced heating

and nano-blade photocathode technology, it does provide a strong foundation for the

presentation of the PBBL in Sec. 4.5.

In Sec. 4.5 we outlined the PBBL and its broad range of experimental capabilities.

It has the capabilities of growing alkali-antimonide and novel Dirac metal photocath-

odes. It has numerous surface diagnostic techniques which are essential for surface
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characterization and preparation. It has unique photoemission diagnostics with the

most precise near-threshold photoemission diagnostics in the world. And It has a

photoinjector which is capable of testing various photocathode materials over a wide

range of photon energies and at temperatures as low as 30 K. Lastly it has all of

these capabilities connected by a single UHV environment which allows for samples

to be rapidly transferred between experimental chambers. This puts the PBBL in

the position as the most comprehensive photocathode research facility in the world.
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Chapter 5

CONCLUSION

In order to improve the performance of linear accelerator applications like XFELs,

UED, and UEM it is essential that we generate electron beams from low-MTE photo-

cathodes. The lowest MTE ever measured was from a Cu(100) single crystalline sur-

face that was cooled to 30 K and operated near the photoemission threshold (Karkare

et al. (2020)). However this photocathode has two major drawbacks: 1. Poor sur-

face stability and 2. Low QE which leads to MTE-degrading non-linear effects when

extracting large charge densities. Coating the photocathode surface with graphene

protective barriers has been investigated as a method of improving surface stability

(Liu et al. (2017); Yamaguchi et al. (2017, 2018); Liu et al. (2022)). However it is

not known if a graphene layer affects the MTE. Non-linear photoemission effects have

been the subject of several theoretical and experimental investigations which suggest

that these effects can increase the MTE significantly (Pasmans et al. (2016); Maxson

et al. (2017); Bae et al. (2018); An et al. (2018)). However there has not yet been an

experimental investigation which provided measurements of non-linear photoemission

effects in their entirety.

In this dissertation we first experimentally investigated the two main issues sur-

rounding low-MTE metallic photocathodes: stability and non-linear photoemission.

In Ch. 2 we investigated the impact that a graphene protective coating has on the

MTE from a Cu(110) single crystalline photocathode. We performed MTE measure-

ments near the photoemission threshold at room and cryogenic temperatures. We

demonstrated MTEs at the thermal limit (25 meV) for room temperature and sub-10

meV for cryogenic temperatures. The thermal limit at room temperature was mea-
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sured for 7 days indicating that a graphene protective coating results in an extremely

stable photocathode surface. Furthermore LEED and AES indicated that a graphene

protective coating significantly reduces the surface preparation required to achieve

an atomically ordered single crystalline surface. Thus making graphene protective

coatings viable options for protecting the surface of single crystalline photocathodes

without impacting the photoemission properties.

In Ch. 3 we investigated the non-linear photoemission effects that arise when

extracting large current densities from low QE metallic photocathodes. In particular

we measured the contribution that non-linear photoemission effects have on the MTE

of a graphene-coated Cu(110) single crystal over a wide range of laser fluences, excess

energies, and laser pulse lengths. We demonstrated that non-linear effects can be

significantly mitigated at 10 ps pulse lengths, which suggests that a significant change

in the photoemission process occurs at 10-ps timescales. Using our measured data we

devised an extrapolation scheme which allows us estimate the contribution to MTE

from non-linear effects at realistic photoinjector fluence and charge density conditions.

Our results show that for low QE metallic photocathodes there needs to be a balance

between contributions from the excess energy and non-linear effects in order to achieve

the minimum MTE at high charge densities. The only way to ensure that the MTE

is not impacted by non-linear effects is to use photocathodes that have QEs larger

than 10−4 at threshold like alkali antimonides.

Chapter 4 presents a brief review of photocathode physics and the brightness

limiting factors that impact electron emission from photocathodes. In particular we

review the MTE-limiting factors of excess energy, surface nonuniformities, band struc-

ture, and non-linear photoemission and discuss ways of mitigating them. We review

various photocathode materials and technologies that have been used along with their

advantages, disadvantages, and drawbacks. Novel photocathode materials and tech-
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nologies were discussed with a focus on their advantages as well as challenges that are

associated with utilizing them in photoinjectors. We then presented the experimen-

tal capabilities of the recently commissioned Photocathode and Bright Beams Lab

(PBBL). The PBBL has been designed to be a comprehensive photocathode research

facility equipped to tackle many outstanding challenges in photocathode characteri-

zation and development, and is required to develop photocathode technologies which

will enable overcoming the practical limitations of metallic photocathodes.
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APPENDIX A

DISCLAIMER

The work presented in Ch. 2 was originally published as Knill et al. (2023). The
work presented in Ch. 3 and Ch. 4 are manuscripts that are currently under prepara-
tion with plans to submit them to a journal. For all three chapters I have obtained
permission from all co-authors to use these works as chapters of my dissertation.
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