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ABSTRACT

Producing a brighter electron beams requires the smallest possible emittance from
the cathode with the highest possible current. Several materials like ordered surface,
single-crystalline metal surfaces, ordered surface, epitaxially grown high quantum
efficiency alkali-antimonides, topologically non-trivial Dirac semimetals, and nano-
structured confined emission photocathodes show promise of achieving ultra-low emit-
tance with large currents. This work investigates the various limitations to obtain
the smallest possible emittance from photocathodes, and demonstrates the perfor-
mance of a novel electron gun that can utilize these photocathodes under optimal
photoemission conditions.

Chapter 2 discusses the combined effect of physical roughness and work function
variation which contributes to the emittance. This is particularly seen in polycrys-
talline materials and is an explanation for their higher than expected emittance per-
formance when operated at the photoemission threshold. A computation method is
described for estimating the simultaneous contribution of both types of roughness on
the mean transverse energy. This work motivates the need for implementing ordered
surface, single-crystalline or epitaxially grown photocathodes.

Chapter 3 investigates the effects of coulomb interactions on electron beams from
theoretically low emittance, low total energy spread nanoscale photoemission sources
specifically for electron microscopy applications. This computation work emphasizes
the key role that image charge effects have on such cold, dense electron beams. Con-
trary to initial expectations, the primary limiter to beam brightness for theoretically
ultra-low emittance photocathodes is the saturation current.

Chapters 4 and 5 describe the development and commissioning of a high accelerat-
ing gradient, cryogenically cooled electron gun and photoemission diagnostics beam-

line within the Arizona State University Photoemission and Bright Beams research



lab. This accelerator is unique in it’s capability to utilize photocathodes mounted
on holders typically used in commercial surface chemistry tools, has the necessary
features and tools for operating in the optimal regime for many advanced photocath-
odes. A Pinhole Scan technique has been implemented on the beamline, and has
shown a full 4-dimensional phase space measurement demonstrating the ability to
measure beam brightness in this gun. This gun will allow for the demonstration of

ultra-high brightness from next-generation ultra-low emittance photocathodes.
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M1

Dowell’s model of the photoemission process says that photons excite

electrons, and those electrons with energy above the work function

escape into vacuum. In the case where the photon energy is greater

than the work function (Excess), the MTE proportional to that ex-

cess energy. When the photon energy is equal to or slightly less than

the work function (Threshold), only the tail end of the Fermi distribu-

tion overcomes the work function and the MTE is proportional to the

photocathode lattice temperature.|....................................

4

p1

Parallel-plate model to simulate equipotential lines produced by surtace

and chemical roughness. The gray arrows represent electrons emitted

from the photocathode. The blue regions show areas with positive sur-

face potential, the beige regions show areas with zero surface potential

and the red regions show areas with negative surtace potentials. This

image 1s only meant to describe the model used to solve the problem

and a rough depiction of the equipotential lines close to a surtace with

physical and chemical roughness and does not depict a real photocath-

ode surface used for simulations in this chapter|.................... ..

R2

Comparison of electric fields in x-direction (2.2a) and in z-direction

 e—

(2.2h) 100 nm away from a 1D sinusoidal surface as calculated using

Bradley’s equations (orange dashes) and using the formalism presented

here (blue dashes). The z-direction is plotted with the constant electric

nields removed. They match one another to within three significant digits|
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[2.3  Comparison of the electric potential computed 10 nm above a uniform |

| photocathode surface with 2D sinusoidally varying surtace potential us- |

| ing (2.3p) equation [2.14]as obtained from |Karkare and Bazarov| (2015)] |

| and (2.3b) using the formalism presented in this chapter. The offset |

| term of the electric potential is subtracted to show the variation. The |

| two match to within 1.6%). ... ... . . . 19

[2.4  Surface physical and chemical roughness of Cs35b as measured by AFM |

| and KPFM (2.4h). Surface potential as calculated by our formalism |

| on the rough surface (2.4b). The color coding denotes the potential |

[ variation on the surfacel . ... 20

[2.5  Surface non-uniformities contribution to the mte from the Cs3Sb pho- |

| tocathode surface shown in figure [2.4] (solid black line). At lower elec- |

| tric fields the M'TE is dominated by the variations in surface potential, |

| whereas, at higher electric fields it 1s dominated by the physical surface |

| roughness. This figure also shows the MTE obtained from the surtace |

| assuming only potential variations and no height variations (red dotted |

| line), assuming only height variations and a constant potential (blue |

| dotted line) and the sum of the two (gray dotted line). Despite the |

| same surface potential on the surtaces corresponding to the solid black |

| line and the dashed gray/red line, the 3 meV difference in MTE at zero |
| oot ol arscs d s Tar ] : I T |

| physical roughness and hence different surface electric fields despite the |

| same surface potential.| ......... .. .. 21
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B

[llustration of electrons emitting from the surface to the vacuum. The

work function is shown as a step potential, and the potential on the

right 1s a combination of the image charge eftect and Schottky etfect.

Electrons are emitted at a constant zy above the photocathode surtace,

and they are given a constant initial velocity vy in the direction of

propagation to overcome the image charge barrier) ...................

B2

We plot the potential barriers shown in[3.4{and [3.6[for various distances

d. A local maxima for the single electron case can be solved in m

marked by a vertical line. Similar local maxima can be found on the

two electron case up until the second electron is brought a distance d,,;,

to the surface; that 1s the distance where the local maxima disappears.|

[3.3

Change in the peak electric potential barrier where the vertical axis

AVpear = Va -Vi 1s plotted versus the emission interval ot of a

peak peak

second electron placed along the direction of the beam. The poten-

tial barrier increases rapidly as the emission interval approaches the

saturation Hmit) .. ..ot

B4

These plots show the change in the output current emitted versus the

extracted currents ranging from 0.1 nA to 0.3 pA. The blue, black, and

red curves represent the 10 nm, 50 nm, and 100 nm beam spot sizes

respectively. The green line is the calculated saturation limit for the

1.0 MV /m electric field.| ......... ... . 40
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3.5 Plot of MTE (dashed lines) and RMS total energy spread (solid lines) |

| versus the extracted current. The colored lines distinguish the RMS |

| laser spot sizes of 10 nm (blue), 50 nm (black), and 100 nm (red). Both |

| increase as the extracted current approaches the saturation limit....... 41

3.6  Force diagram of two electrons (black) labeled as e7 and e; and their |

| respective image charges (shown in red). This illustration shows the |

| torces experienced by the electron e7. The horizontal components of |

| the forces due to the 2nd electron (F.;) and its image charge (Fe; ) |

| approximately cancel at very close distances. The three vertical forces |

| due to the selt-image, the second charge, and the second charge’s image |

| all sum together, and the resultant force of the system is (Fioga).| .- .- 42

[3.7 2D cross sections ot a 3D scatter plot, plotting total energy versus |

| emission time interval after previous emission versus radial distances |

| between subsequent electrons for an extracted current of 0.1 pA. The |

| blue and red data points distinguish between electrons which were out- |

| put and electrons which returned to the photocathode surface respec- |

| tively. Plots (3.7h) and (3.7b) show the total energy vs emission time |

| interval for the simulation of 10 nm spot size and 100 nm spot size |

| respectively. Plots (3.7c) and (3.7d) show the radial distances between |

| subsequent electrons vs emission time interval for the same. The data |
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[3.8  Plot ot 55p for varying laser spot sizes and extracted currents. Bright-

ness goes up to the 10°[a/m?| range, which is two orders of magnitude

higher than the 6 x 1013[ A/m?| cold field emission tips used in mod-

ern electron microscopes. The brightness eventually begins to decrease

due to diminishing returns from the output current and increases in

the MTE at higher extracted currents.|...............................

. 44

A1

Cross-section of the ASU electron gun. At the top of the gun is a

continuous flow cryostat which cools the electrodes and photocathode.

The cryostat cold head is connected to the core through a flexible cop-

per strap and sapphire rod in order to maximize the thermal conduc-

tance while staying electrically insulated [Dobrovinskaya et al. (2009)].

'The cryostat also cools a copper cryogenic shield which reduces black-

body radiation to the cold internals of the gun and helps obtain lower

temperatures at the photocathode. We use a stainless-steel thin wall

tube with patterned holes connected directly to the hv plug; this tube

thermally insulates the core from the room temperature hv plug while

still maintaining electrical conductivity. A closer look into the heart

of the gun, outlined 1n green, shows that we use a custom puck to in-

sert an Omicron paddle mounted photocathode covered by a spherical

electrode with Pierce geometry to cover any sharp edges from being

exposed to the high gradient fields. The anode is conical in shape to

both maximize the accelerating gradient at the photocathode surface

and also to allow for multiple laser beam input angles.| ...............

xii

52



Figure

Page

A2

The conical anode shape allows for four laser beam mmput angles, one

directly through the anode hole, one through the backside of the pho-

tocathode for photoemission in the transmission mode, one at 25.5°

and another at 65.0° both with respect to the photocathode surtace

normal. We also display the cryogenic shield enclosing the electron

gun electrodes which consists of two cylindrical copper sheets with dif-

terent radii. This leaves a gap which improves the gas conductance

by providing a path to two symmetric SAES NEG /Ion combo pumps

connected on the electron gun chamber|.............. ... ... ... .

‘4.3

The electron gun core has been modified to accommodate a custom-

made photocathode puck. We mount our custom-made puck within an

RF conducting spring inlaid within the gun’s core. The puck contains

a Ferrovac saddle where we insert an Omicron flag-style paddle pho-

| Tode Tolder i o Te Tadl l

slot of the puck, allowing us to easily insert and remove the puck from

the core. When the photocathode voltage is set to -200 kV, the electric

fields at the photocathode surface reach 11.6 MV /m. The fields near

the grounded anode reach high as 40 MV/m.|................... .. ...
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a9

A GP'T simulation was used to demonstrate the effect of the gradient

non-linearities from 30 keV (solid) to 200 keV (dashed). The electron

beam M'TE and spot sizes are varied, and electrons were tracked from

the photocathode through the anode. This computation shows that the

emission area of the gun should be restricted to a laser beam radius of

800 pm and below in order to avoid the non-linear eftects of the field.

This simulation assumes no space charge.| .............................

58
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A simulation was run where sections of the gun were set to specific

known temperatures and the power extraction was calculated. This

cryogenic design was estimated to go to below 20 K with ideal assump-

tions on constant temperature sections, material thermal conductivity

and material emissivity. The simulation 1s used to properly capture the

thermal mechanics of the electron gun. The cryogenic shield maintains

an intermediate temperature to block the coldest portions of the gun

from the radiative heating of the room temperature chamber body. |...
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Sandpapers of 240 and 360 grit were used to roughly sand down the

machined parts using DI water and isopropanol. Each piece was tossed

into a tumbler with 1/2” x 9/16” ceramic cones in a 2% solution of

TS compound soap to give a brushed finish. The materials were tur-

ther polished with 1200 grit sandpaper and then tossed with sharper-

tipped 1/2” ceramic cones to remove the orange peel effect seen on

the surfaces. Finally the materials were cleaned with isopropanol and
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The surface slope of a mirror polished flat electrode piece was mea-

sured using an interferometric microscope at ASU. The material sur-

tace showed 0.2 pm peak to valley surface variation over a region of 0.1
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Materials were turther polished by hand using 1.0 pm MetaDi diamond

paste to achieve a pristine mirror surface. The paste was then cleaned

off using a 150 PSI water flosser and DI water for 30 minutes per part.

All parts were placed in an isopropyl bath and cleaned using a portable

ultrasonic device and cleaned for 10 minutes. During assembly in a
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chamber ...
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Chapter 1

INTRODUCTION

The production of brighter electron beams can result in major advancements in
x-ray sources like X-ray Free Electron Lasers (XFEL) [Emma et al. (2010); Pel-
legrini (2012)] and inverse Compton scattering experiments [Graves et al, (2014,
2009, 2012)]; ultrafast electron scattering techniques like Ultrafast Electron Diffrac-
tion (UED) and Ultrafast Electron Microscopy (UEM) [Wang et al, (2006); Hast-
ings et al, (2006); Musumeci et al. (2010); Murooka et al, (2011); Li et al. |(2009);
Manz et al. (2015); Weathersby et al. (2015)], and Ultrafast Electron Energy Loss
Spectroscopy (U-EELS) [Carbone et al|(2009); Pomarico et al, (2018)]; and particle
colliders [National Academies of Sciences, Engineering, and Medicine (2018); Montag
et al,(2021)] for fundamental physics research. For XFELSs, a brighter electron beam
from the source produces higher pulse energies and lasing photon energies|Wang et al.
(2016)]. A brighter beam also enables the development of compact XFELs which fit
inside a university laboratory, drastically increasing their accessibility and scientific
reach[Rosenzweig et al. (2020)]. Achieving higher brightness also produces bunched
electron beams with longer coherence lengths increasing the k-space resolution to en-
able the study of larger crystal structures at ultra-fast timescales, including moiré
patterns[Li et al, |(2022); Tran et al,|(2019); Seyler et al. (2019); Brem et al. (2020);
Duncan et al|(2022)] and complex molecular dynamics[Kabius et al. (2012)]. Brighter
electron beams from the source, when transported to the sample through aberration-
free/aberration-corrected electron optics, can enable vibrational spectroscopy with
sub-angstrom spatial resolution and small energy resolutions simultaneously in an

electron microscope. Brighter electron beams also result in higher luminosity in par-

1



ticle colliders enabling study of low-cross-section particle interactions |[Witte et al.
(2021)].

A beam’s utility can be quantified by a single figure of merit called the brightness,
which represents the beam’s density in phase space and is inversely proportional to
the transverse emittances. In this thesis we will investigate the various limitations
to obtain the smallest possible emittance from a wide range of photocathodes. We
will describe the development and commissioning of a novel electron gun which was
built to utilize these photocathodes under optimal photoemission conditions. We also
demonstrate the performance of this electron gun and the corresponding beamline
by implementing an emittance measurement technique, indicating that this tool be
used to demonstrate ultra-high brightness from next-generation ultra-low emittance

photocathodes.
1.1 Quantifying Beam Brightness and Emittance

For the electron based tools previously mentioned, the key figure of merit is the
5D beam brightness |Ruskaj (1933); Brau| (2003)]. This brightness is typically used
for photoemission based linear electron accelerators, or photoinjectors, with low lon-

gitudinal and transverse coupling [Musumeci et al|(2018)].

21
2

Bsp = (1.1)

9
To€x€y

where [ is the electron beam current and ¢; is the normalized RMS transverse emit-

tance. The emittance is defined as

i = mioc¢<x2><p;> BYFRE] (1.2)

where myq is the electron mass, ¢ is the speed of light, x represents position, and p,

represents momentum. The normalized RMS emittance represents the area that the



beam occupies in phase space; it is a measure of the size, the momentum spread, and

the position-momentum correlation of the beam. This can be rewritten as

€ni = 0/ MTE/mqc?, (1.3)

where o; is the laser beam spot size. The term MTE is the mean transverse energy,
equal to
1

§TTLOUE, (14)

where v, is the electron velocity in the direction transverse to the beam propaga-
tion. This can be thought of as the "temperature” of the beam. In applications not
dominated by space charge, the photoemission area is nearly the same as the laser
beam spot size. However in applications involving pulsed electron beams (excluding
single-shot or stroboscopic techniques) where the number of particles per RMS beam
area is proportional to the electric field |Filippetto et al.|(2014)], we can use equation
to describe a 4D beam brightness.

moc? By

T 97MTE’ (1.5)

4D

where Fj is the accelerating electric field at t he photocathode surface at the time of
electron emission, and n is a number between 1 (pancake beams) and 2 (cigar beams)
depending on the shape of the electron bunch [Musumeci et al, (2018)]. Endeavors to
increase the brightness by creating higher electric fields have been very successful with
RF guns, and active efforts c ontinue i mprove t he p hotoinjector t echnology [Arnold
and Teichert (2011)]. Reducing the MTE is another option for obtaining higher
brightness beams, and this requires a vast overhaul in the approach toward next
generation photoinjectors such that advanced photocathodes can be implemented in

optimal photoemission regimes.



1.2 Photoemission Effects that Limit the MTE

While the maximum electric field is limited by the design of the electron gun and
electric breakdown, the MTE is limited by the photocathode material — its surface
and the laser used for electron emission. In figure we show a three-step model of

photoemission by Dr. Dowell and Dr. Schmerge [Dowell and Schmerge| (2009)].

Excess:
Eoxcess
Energy Eexcess =hf =W ”T,foi. -
E B Bt ~E
N(F) 7 N(E) Evacuum
A
I
Efermi E
N ) g
Position
Threshold:
Energy
Eexcess -0 MTE~k,T

: p y (25.8 mev)
E L= = - E Evacuum
NE) ' N(E)

Efermi E
N(E)

Position

Figure 1.1: Dowell’s model of the photoemission process says that photons excite
electrons, and those electrons with energy above the work function escape into vac-
uum. In the case where the photon energy is greater than the work function (Excess),
the MTE proportional to that excess energy. When the photon energy is equal to
or slightly less than the work function (Threshold), only the tail end of the Fermi
distribution overcomes the work function and the MTE is proportional to the photo-
cathode lattice temperature.

Electrons from the conduction band are excited by an incoming photon and emit-
ted into vacuum. For photocathodes with disordered surfaces MTE is proportional

to the excess energy, E.,, which is the difference between the photon energy and the



photocathode work function:

MTE ~ E.,/o. (1.6)

In this equation « is generally equal to 3 for ideal metals, but can vary because of
several factors such as the band structure and electron scattering during emission
[Dowell and Schmerge (2009)]. By tuning the photon energy to the work function
such that the excess energy is zero or slightly negative, electrons are emitted from

the tail of the Fermi distribution resulting in MTE being limited by thermal energy.
MTE ~ kgT, (1.7)

where T indicates the photocathode lattice temperature and kg indicates the Boltz-
mann constant [Vecchione et al) (2013)]. Operating in the threshold photoemission
regime to produce lower MTE comes at the cost of producing less current. For a sim-
ple free electron metal, where most of the scattered electrons do not get emitted, the
quantum efficiency (Q E) is qu adratically related to the excess en ergy; for example,
reducing from an excess energy typical of today’s photoinjectors (around 0.5 eV) to
threshold would result in a factor of 400 lower QE.

The atomically ordered surface of Ag(111), operating at 0.15 eV above threshold,
demonstrated an MTE as low as 25 meV at room temperature with QE as high
as 107 [Karkare et al. (2017)] by utilizing the low effective e lectron m ass o f the
Ag(111) surface state. An MTE as low as 5 meV was measured via near-threshold
photoemission from the cryogenically cooled, atomically ordered surface of Cu(100)
[Karkare et al) (2020)], however the QE was expected to be quite low ({(107%). In
principle, it is possible to compensate the deficit in the bunch charge due to a lower
QE by increasing the laser pulse energy, up to the point where direct electron heating
in the solid and non-linear photoemission becomes significant [ Maxson et al,|(2016);

Knill et al. (2021)].



Another way is to use high QE semiconductor photocathodes like alkali-antimonides
or ITI-V semiconductors activated to negative electron affinity. Such materials have
a large QE since a large fraction of the scattered electrons do get emitted [Karkare
et al.(2013); Jensen (2013)]. Alkali-antimonides have shown a lot of promise as high
QE and low MTE materials; they have already been demonstrated to produce an
MTE at the room temperature thermal limit [Feng et al, (2015)]. So far an MTE
smaller than 22 meV — along with a QE as high as 7x 1075 — has been measured from
alkali-antimonide based photocathodes at liquid nitrogen temperatures close to the
photoemission threshold [Cultrera et al. (2015b)]. Other factors such as many-body
scattering with phonons [Nangoi et al||(2021)], non-linear photoemission [Knill et al.
(2021)], and lattice defect states [Cultrera et al. (2015a)] affect the MTE as well.

Photoemission sources used in existing photoinjectors and UED applications typ-
ically use polycrystalline metal or high QE semiconductor photocathodes with a con-
veniently available laser wavelength to obtain electrons with MTE in the few 100 meV
range [Musumeci et al) (2018)]. For stroboscopic UED applications, the RMS source
size is limited by the smallest possible diffraction limited s pot size t hat t he photoe-
mission laser can be focused to on the photocathode surface and is typically of the
order of 5 pum, thus, resulting in an emittance of a couple of nm-rad [Li et al, (2012)].
Reducing this emittance further will require reduction of the MTE and reduction of
the photoemission spot size.

In chapter 2 of this dissertation, we discuss another MTE increasing effect per-
taining to polycrystalline photocathodes due to nanoscale physical roughness and
work function variations. We describe a technique to calculate the electric fields
close to a surface exhibiting real physical and chemical roughness measurements from
our atomic force microscope (AFM) and kelvin-probe force microscope (KPFM). We

numerically calculate the trajectories of electrons in these fields and calculate the



expected MTE variation with the accelerating gradient due to the combined effect
of physical and chemical roughness. We show that for a real alkali-antimonide sur-
face the combined effect of physical and chemical roughness would initially cause the
MTE to reduce with increasing electric field, got o a m inimum a nd t hen increase
again. This suggests the need for atomically ordered, single-crystalline or epitaxially
grown photocathodes.

Then in chapter 3 we investigate the effects o f c oulomb i nteractions o n elec-
tron beams from theoretically low MTE, low energy spread nanoscale photoemis-
sion sources specifically for electron microscopy a pplications. This computation work
emphasizes the key role that image charge effects have on such cold, d ense electron
beams. Contrary to initial expectations, the MTE and RMS total energy spread are
preserved as the laser spot size is decreased to the nanoscale. The primary limiter to
beam brightness then becomes the saturation current.

In chapter 4 we address the need for of a photocathode test bed accelerator by
detailing the development and commissioning of a high accelerating gradient, cryo-
genically cooled, 200 kV DC electron gun within our photocathodes research lab.
This gun is unique in its capability to utilize photocathodes mounted on holders
typically used in commercial surface chemistry tools. This electron gun is able to
operate vibration-free at crygenic temperatures, is directly connected under ultra-
high vacuum (UHV) to a photocathode growth chamber and multiple photocathodes
diagnostic chambers, and has access to the necessary surface preparation tools and
a tunable wavelength laser for operating in the optimal regime for many advanced
photocathodes.

In chapter 5 we describe the beamline connected to this electron gun, along with
the type of photoemission diagnostic measurements we plan to implement. We de-

scribe a full 4D phase space measurement technique, and we demonstrate this tech-



nique with the first emittance measurements using our electron gun with an alkali-
antimonide (Cs3Sb) photocathode grown on a molybdinum substrate. Recent devel-
opments in molecular beam epitaxy have demonstrated the growth of epitaxial Cs3Sh
on lattice matched silicon carbide |[Parzyck et al.|(2022))], so these materials exist and
can be grown. The future plan is to investigating these types of advanced photo-
cathodes in this electron gun. The future development of the beamline will including
adding a 3.0 GHz deflection cavities to enable response time measurements. Finally,
we intend to add a 3.0 GHz bunching cavity for longitudinal phase space manipula-

tion, which will allow us to perform UED with ultra-low emittance photocathodes.



Chapter 2

EFFECTS OF SURFACE ROUGHNESSES ON MTE

ABSTRACT

With ongoing improvements in photocathode design and synthesis, we are now at
a point where the physical and chemical surface roughness of the photocathode can
become a limiting factor. Here we show how measurements of the spatially dependent
variations in height and surface potential can be used to compute the electron beam
mean transverse energy, one of the key determining factors in evaluation of brightness.
This chapter extends Gorlov’s formalism to model electric fields close t o physically
rough surfaces by using a spectral method to include the varying surface potential.
Then the evolution of a uniform electron beam is tracked using the computed electric
fields, omitting space charge e ffects. The result is a lower bound for the contribution
of mean transverse energy from nanoscale surface roughness, which can be as high as

the thermal contribution when evaluating polycrystalline photocathodes.



2.1 Introduction

The photocathode in a photoinjector is immersed in a strong longitudinal electric
field g radient t ypicallyintherange5 - 100 M V/m.Ifa small areaofthe surface
is tilted due to local roughness, this will produce a transverse electric field gradient
which will increase the MTE correlated to the magnitude of the applied electric field.
The effect will d epend on t helocal tilt o ft he s urface s uch t hat n anoscale surface
height variations, if accompanied by a relatively small periodicity, can produce large
effects on the MTE. In addition, most photocathodes used today are polycrystalline,
and these photocathodes will exhibit changes in local work function depending on
their chemical composition and the local orientation of the surface. This effect is par-
ticularly significant in multi-element p hotocathodes, such as t he alkali-antimonides,
due to local changes in stoichiometry [Xie et al,|(2017)].

Due to their high QE even at photon energies close to threshold, alkali-antimonides
are one of the few materials capable of delivering ultra-low emittance electron beams
with large bunch charges. Although co-deposition methods have reduced the physical
roughness and the extent of local changes in potential in alkali-antimonides [Karkare
et al/(2018)], it is common to find height variations of a few nm and chemical potential
amplitudes of 0.1 V over length scales of 50 — 200 nm.

These variations can be measured quite accurately using Atomic Force Microscopy
(AFM) and Kelvin Probe Force Microscopy (KPFM). As we advance from an MTE
of several hundred meV to the few meV range, we will need to find ways t o control
both forms of local variation. The aim of this work is to demonstrate a method to
use measured photocathode surface roughness and potential variations to predict the
ultimate MTE limited by the surface non-uniformities that can be achieved for a

defined accelerating gradient for the particular photocathode.
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Previously, several authors have calculated the effects of physical roughness on
MTE [Martinelli (1973)); |[Krasilnikov) (2006); Jensen et al.| (2014)] using various ap-
proaches. Here we discuss the works that are most relevant to our approach. Bradley
developed an analytic expression for the MTE from a 1-D sinusoidal surface variation
for the case where the amplitude of the variation was much smaller than the period
[Bradley et al| (1977)]. This approximation to the electric field was used to estimate
increase in emittance due to a sinusoidal physical roughness accurately [Xiang et al.
(2007)]. Zhang and Tang extended this formalism to 2-D surfaces with realistic sur-
face roughness by expanding the surface in terms of its Fourier coefficients [Zhang and
Tang| (2015)]. Gorlov used a more precise and combined analytic numerical method
of the 3-D field calculation close to a realistic 2-D surface |Gorlov| (2007)]. This
method has been used to obtain the MTE increase from the physical roughness on
realistic photocathode surfaces measured using an AFM [Feng et al.| (2017)); |Karkare
and Bazarov (2011))]. Despite the varying complexity of these studies, all of them

conclude that the MTE increase due to the physical roughness.

m2a? Eyle]

MTEphysical = 2\ )

(2.1)

where a and \ are the surface height peak and periodicity respectively, Fy represents
the accelerating electric field a t t he p hotocathode s urface, a nd | | i s t he electron
charge.

More recently Karkare and Bazarov have investigated the effects o f chemical
roughness or varying surface potentials on the MTE from surfaces with no physi-
cal roughness [Karkare and Bazarov| (2015)]. In this investigation they showed that

MTE will increase due to the varying surface potential.
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where h is the amplitude of the work-function variation and a is its spatial period.

MTEchemical = (22)

They showed that surface potential variations as small as 100 mV over 100 nm can
cause MTE increases as large as 30 meV. For larger accelerating electric fields, the
MTE reduces with increasing accelerating field. For smaller accelerating electric fields,
the MTE remains constant due to the influence of t he varying surface potential.

Real photocathode surfaces can exhibit both physical and chemical roughness
simultaneously. The physical roughness tends to increase the MTE with increasing
accelerating gradient whereas the effect o f ¢ hemical r oughness on M TE diminishes
with increasing accelerating gradient. Hence predicting the combined effect of both
on the MTE as a function of accelerating gradient is non-trivial.

In this chapter, based on Gorlov’s method of calculating the electric potential, we
describe the technique we developed to calculate the electric potential and fields close
to a surface exhibiting realistic physical and chemical roughness [Gevorkyan et al.
(2018). This technique can use AFM and KPFM measurements of real photocathode
surfaces as inputs to calculate the electric fields close t ot he s urface f or a ny given
accelerating gradient. As a demonstration, we calculate the electric fields close to the
surface of an alkali-antimonide photocathode measured using AFM and KPFM. Then,
we numerically calculate the trajectories of electrons in these fields and calculate the
expected MTE variation with the accelerating gradient due to the combined effect of
physical and chemical roughness. We show that for a real alkali-antimonide surface
the combined effect of physical and chemical roughness would initially cause the MTE
to reduce with increasing electric field, go to a minimum and then increase a gain. All

computation work has been conducted using MATLAB®,
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2.2  Calculation of Electric Fields Close to the Surface
2.2.1 Description of the Method

To track a single electron through space close to the photocathode surface, we
need to have an accurate model of the electric field at all p ositions. In principle, any
finite element or boundary element method can work for this calculation, however due
to the small scale of the surface roughness relative to the spatial scale of the problem,
these methods become impractical owing to large computational requirements. To
circumvent this issue, Gorlov suggested a formalism based on modeling the electric
potential using a combination of sinusoidal and exponential functions and applied it
to an equipotential surface with nano-scale physical roughness [Gorlov (2007)]. Here
we extend Gorlov’s formalism to model electric fields close to physically rough surfaces
with varying surface potential.

We model this problem using a parallel-plate capacitor where one plate is the
physically rough photocathode with varying surface potential (generally obtained
from an AFM and KPFM measurement) and the other plate is flat and heldat a
distance Lo away from the photocathode at a potential ®. Figure is a drawing
that roughly sketches this model and the equipotential lines produced in between
the plates. The distance Lg is chosen such that it is much larger than the lateral x,
y dimensions of the measured surface and the maximum amplitude of the physical
roughness. This model assumes that the photocathode surface is infinite in the x and
y directions with periodic images of the measured surface.

To calculate the electric potential between the two plates, let us assume that the
lengths of the measured surface in the x and y directions are L, and L, respectively.
Let us assume that the measured surface height is given by f(z,y) and the mea-

sured surface potential is given by Uy(x,y). Now the problem reduces to solving the
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Figure 2.1: Parallel-plate model to simulate equipotential lines produced by sur-
face and chemical roughness. The gray arrows represent electrons emitted from the
photocathode. The blue regions show areas with positive surface potential, the beige
regions show areas with zero surface potential and the red regions show areas with
negative surface potentials. This image is only meant to describe the model used to
solve the problem and a rough depiction of the equipotential lines close to a surface
with physical and chemical roughness and does not depict a real photocathode surface
used for simulations in this chapter.

Poisson’s equation V2U = 0 for the potential U(x,y, z) under the following boundary

conditions:

U|Z:Lo = ¢ (23)
U(x+L,,y+Ly,) =U(x,y) (2.4)
U|z:f(:r,y) = Uo(x,y) (2.5)

One ansatz for U(x,y,z) that satisfies the Poisson equation and the boundary

conditions given by [2.3] and [2.4] is:
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—vz_g(=- 2 2 . .
Where K = % , Y =2 (Lﬂ,) + (Lﬂy) . By using the assumption that
the anode distance Ly > max(f(z, y)), L, and L,, we reduce the exponential term of
the coefficient K to be K ~ e77*. Equation 2.6 can be written in a more concise manner

as:

4(N+1)2

U= Z ¢ x ¢i(x,y) (2.7)

n=1

where ¢; are the coefficients (either of ¢, ny s Cmgng s CmgnsOL Cmyny ) for the various
corresponding basis functions ¢; (the four listed in equation 2.6.

Now the problem reduces to finding the coefficients ¢; corresponding to the basis
functions ¢; such that the boundary condition given by equation @ is satisfied. Note
that the basis functions ¢; are not orthonormal as they contain the exponential term
K in order to satisfy the Poisson equation. Here we use the Ritz method [Gorlov
(2007)] to find t he set o f c oefficients ¢; that min imizes the diff erence betw een the
measured surface potential Up(x,y) and the potential obtained from equation

over the surface. This difference ¢ is given by:

€= (/]5(5)2 clycdy)l/2 (2.8)
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4(N+1)2
i=1 Ci+

where S is the surface y =0 to L, and x =0 to L,, and & = Up(z,y) —
oi(z,y, f(x,y)). By differentiating €2 with respect to each ¢; coefficient and setting
the derivatives to zero, we obtain series of 4(/N +1)? equations with the ¢; coefficients
as unknowns. This series of equations can be expressed in the form of a matrix

equation as:

B=A-C (2.9)

where B is a vector of length 4(N +1)2 with elements given by:

bj = f[SUo(x,y) -9 (z, y)dady (2.10)

A is a 4(N +1)%2 x4(N + 1)? matrix with elements given by

a; = [[(0@.9)-0,(x.y)drdy (211)

and C is a vector with elements ¢;. The vector C' can then be calculated by
inverting the A matrix and is given by C'= A=1B. Once the ¢; coefficients are known,
U(x,y,z) can be analytically computed from equation The electric field can
also be calculated by differentiating t he p otential U . Ifthe b asis functions ¢ were
orthonormal, A would be exactly the identity matrix and B would be equal to C’,

resulting in a standard Fourier transformation.
2.3 Validation

We verify the validity of the above formalism by comparing its results to those
obtained from various sources with well-defined p otentials. First we compare the re-
sults obtained by the above formalism to those obtained by Bradley [Bradley et al.
(1977)] for an equipotential surface with a 1-D sinusoidal variation. Bradley analyt-
ically calculated the transverse (x) and longitudinal (z) fields for a n equipotential

surface given by z = a - cos(pz), placed in an electric field of strength Eyto first order
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under the assumption a < p. The electric fields are as follows:

E, = Epap - e7P% - sin(pzx) (2.12)

E. = Ey+ Egap - eP* - cos(px) (2.13)
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Figure 2.2: Comparison of electric fieldsin x -direction ) and in z-direction

) 100 nm away from a 1D sinusoidal surface as calculated using Bradley’s equa-
tions (orange dashes) and using the formalism presented here (blue dashes). The
z-direction is plotted with the constant electric fields r emoved. T hey match one an-
other to within three significant digits.

In figure w e c ompare t he e lectric fi elds co mputed by our fo rmalism against
Bradley’s formulas. Using inputs of Ey =1.0 MV/m, a = 1.0 nm, and p = 27/50 nm™1,
we modeled the electric fields at t he source s urface. For t his s ource, t he simulated

surface size was 500 nm x 500 nm sampled on a equispaced mesh of size 256 x 256.

The surface is assumed to be equipotential. The fields are evaluated on the plane
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z =100 nm above the photocathode surface. The distance was chosen arbitrarily to
verify the accuracy of the model near the surface.

As seen in figure 2.2 our formalism produces electric fields identical to those
obtained from Bradley’s equations with an accuracy down to three significant digits.
The RMS difference of the electric fields were 5.67x10~* V/m for both the x-direction
and z-direction. The small phase discrepancy in the results comes from the lack of
higher order terms in Bradley’s solution.

To check the validity of this method for a surface with varying surface potential, we
utilized electric potential solutions published by Karkare and Bazarov |[Karkare and
Bazarov]| (2015))] to examine a surface with constant height but sinusoidally varying
surface potential. Using the same general parameters as before, we set the surface
height to be constant and vary the surface potential as Uy(z,y) = hsin(pxx)-sin(p,y).
For such a surface placed in an external electric field of strength Ej the potential near

the surface is analytically given by:
U(z,y,z2) = Eyz + he™* - sin(p,x) - sin(py,y) (2.14)

where Ej is the applied external electric field, h is the amplitude of the surface
potential variation and ~ =\/p§Tp§. As with the previous case, we set the applied
electric fieldas1.0 M V/m. We used a surface p otential amplitude h = 0.5V | and
frequencies p, = p, = 27/50 nm~!. Using the another arbitrary distance close to the
surface, the plots in figure 2.3 compare the potential U at z = 10 nm above the surface
when computed using equation and when computed via our formalism. The RMS
difference of the calculated using t he two methods is 0.0014 V which is about 1.6%.
It can be seen that our formulation, from equation reduces to Bradley’s and
Bazarov’s results for the surface variations that they have considered respectively.

This formulation provides a more general result that can be applied to a surface with
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Figure 2.3: Comparison of the electric potential computed 10 nm above a uni-
form photocathode surface with 2D sinusoidally varying surface potential using @
equation as obtained from [Karkare and Bazarov (2015)] and ) using the
formalism presented in this chapter. The offset term of the electric p otential is sub-

tracted to show the variation. The two match to within 1.6%.

~—

any physical and potential variation and thus will be very useful to investigate real

photocathode surfaces.

2.4 MTE Calculation for an Alkali-Antimonide Surface

A Cs3Sb photocathode was grown in a UHV growth chamber using the co-deposition

technique. The details of the growth are given elsewhere [Feng et al. (2017)]. The

photocathode was then transferred into an Atomic Force Microscope (AFM) with the

Kelvin Probe Force Microscopy (KPFM) capability [Melitz et al] (2011)] under UHV

conditions. Surface height and potential maps were measured for this photocathode

surface using the AFM and KPFM techniques respectively.
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Figure 2.4: Surface physical and chemical roughness of Cs3Sb as measured by AFM
and KPFM (2.44). Surface potential as calculated by our formalism on the rough
surface ) The color coding denotes the potential variation on the surface.

The measured surface map is shown in figure . Note that these measurements
are only preliminary and are used here as an example of a physically and chemically
rough surface. Detailed results from these measurements will be published elsewhere.
The electric potential of the surface is reproduced and plotted on the surface in figure
using our formalism. For this surface we obtain an RMS error € = 9.96 mV,
which is a fractional error of 2.2%. The RMS error depends upon the sampling
rate, sample size of the surface (L,, L, ), the number of frequencies N used in our
formulation, the periodicities of surface roughness, and the amplitudes of surface
height and potential variation. The larger is the number of frequencies used, the

smaller is the RMS error. However, this formalism becomes numerically unstable for

very large frequencies [Gorlov (2007)].
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Utilizing the derived electric fields computed using the above formalism for the
measured surface height and potential maps, we simulated the trajectory of electrons
as they would be accelerated away from such a photocathode surface placed in an
accelerating electric field. The electrons were tracked until the effects of the surface
height and potential variations become negligible. We use a symplectic Velocity
Verlet [Swope et al.| (1982)] tracker for this purpose. Electrons were launched from
a uniform 100 x 100 (x,y) grid on the surface with zero kinetic energy. The number
of frequencies used to calculate the electric fields (N) was set to 45 and the time
increment for electron trajectory calculation was set to 5.0 fs. The time step was
chosen to be small enough that doubling the time step did not change any of the
electron trajectories significantly.

The MTE of these electrons was calculated as the average transverse kinetic energy
of all the electrons after they are far enough from the surface that the electric fields due
to the surface height and potential variations are negligible. This gives an estimate

of the surface variation contribution to the MTE from a real photocathode surface.

IN o o
S =] =]

Surface roughness
contribution to the MTE (meV)
Now
S 35

Applied electric field E; (MV/m)

Figure 2.5: Surface non-uniformities contribution to the mte from the Cs3Sb pho-
tocathode surface shown in figure @ (solid black 1 ine). At lower electric fields the
MTE is dominated by the variations in surface potential, whereas, at higher electric
fieldsit is d ominated by t he p hysical surface r oughness. T his fi gure al so sh ows the
MTE obtained from the surface assuming only potential variations and no height
variations (red dotted line), assuming only height variations and a constant poten-
tial (blue dotted line) and the sum of the two (gray dotted line). Despite the same
surface potential on the surfaces corresponding to the solid black line and the dashed
gray/red line, the 3 meV differencein M TE at zero e lectric fi eld ar ises due to the
fact that these surfaces have a different physical roughness and hence different surface
electric fields despite the same surface potential.
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The calculated MTE as a function of the accelerating electric field is s hown in
figure (black solid line). This plot also shows the MTE obtained from the surface
assuming only potential variations and no height variations (red dotted line), assum-
ing only height variations and a constant potential (blue dotted line) and the sum of
the two (black dotted line). It is clear that a simple addition of the MTE obtained
from a surface with only potential variation and a surface with only height variations
is not equal to the MTE calculated from a surface which has both the potential and
height variations simultaneously.

At smaller accelerating electric fields, the contribution of height variations is neg-
ligible, however the MTE is dominated by the surface potential variations. This
contribution remains nearly invariant at a value of ~ 31 meV until the electric field
exceeds 1 MV/m after which it reduces with increasing electric field. T his reduction
is expected because, as the accelerating field increases t he electrons spend a smaller
time in the region with significant t ransverse e lectric fields due to surface potential
changes. The contribution of the surface height variation to the MTE is proportional
to the accelerating electric field. Hence, as the accelerating electric field is increased
further, the MTE reaches a minimum and starts to increase with the accelerating
electric field.

We note here that figure shows only the surface non-uniformities contribution
to the MTE. In reality, several other factors like the photocathode lattice temperature,
photon energy in excess of the work function and the electronic band-structure of the
photocathode materials also contribute significantly t o t he M TE. I n p rinciple, by
cryogeincally cooling the photocathode and by tuning the photon energy very close
to the photoemission threshold, it should be possible to minimize the contributions
of all these factors to a point where only the contribution of surface non-uniformities

will be significant. The low field limit of MTE is significantly above the value for
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kT at room temperature (» 25 meV), but reduces to approximately this value at the
optimum accelerating field, around 10 MV /m. It should also be noted that various
factors like non-uniform emission from the surface due to non-uniform work function
and the initial kinetic energy distributions of the electrons have been ignored in this
calculation. Including these effects will be a subject of future work.

The roughness contribution to the MTE calculated here at low electric fields is
32 meV. This is already much larger than the MTE of 22 meV measured from co-
deposited Cs3Sb at 90K temperature at the photoemission threshold |[Cultrera et al.
(2015)]. One reason for this discrepancy could be that the surface of the photocathode
used to measure the MTE was significantly smoother than the surface shown in figure
2.41 This discrepancy underscores a need for complete surface characterization along

with MTE measurements on the same photocathode surface.
2.5 Conclusion

Advancements in co-deposition methods of alkali-antimonide thin films have re-
duced the physical roughness and the extent of local changes in chemical potential
significantly. Today, alkali-antimonide photocathodes with height variations of a few
nm and chemical potential amplitudes of 0.05 V over length scales of 50 — 200 nm
[Karkare et al.| (2018)] can be grown using these co-deposition methods. Such varia-
tions can, in principle, be measured accurately using AFM and KPFM. We developed
a MATLAB® based program which allows us to calculate a lower bound to the MTE
due to such surface variations at various accelerating electric fields. This knowledge
is essential to understand the effects of photocathode surface variations on MTE and
develop photocathodes that minimize these effects to obtain MTE well below the
room temperature thermal limit.

We showed how the electric fields close to any rough surface with varying sur-
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face potential can be calculated accurately using a spectral expansion. We verified
the computational accuracy of the formalism using simulated surfaces with known
analytic solutions to the electric fields. T'hen we calculated t he contributions of the
surface (physical and chemical) non-uniformities by launching electrons from the sur-
face and numerically tracing their trajectories in the calculated electric fields close to
the surface. We showed that for a co-deposited alkali-antimonide surface, the surface
potential variations can limit the MTE at low electric fields t o around 30 meV. At
higher electric fields t he contributions of t he surface p otential reduce and t he MTE
goes to a minimum. At even higher electric fields, t he e ffects of ph ysical surface
roughness dominate the MTE, increasing it again.

In this work, we assumed that the electrons have no initial kinetic energy and
"float” away from t he surface under t he influence of the applied and surface electric
fields. This is partly valid if the photon energy is less than the work function, and the
photocathode is cryogenically cooled to liquid helium temperatures. Then the initial
velocity of each electron would be near zero, but would vary due to the chemical
potential. The number of higher energy electrons would reduce exponentially with
the tail of the Fermi distribution. In such a scenario, we can reasonably assume that
all electrons are emitted with zero kinetic energy, and weighing the electrons with by
a factor of e‘%,%, where Uy is the surface chemical potential, can be sufficient.

A more accurate way to incorporate the effects of surface and chemical roughness
on the number and initial energy of electrons would be to emit electrons with distribu-
tions of energies, at distributions of angles, from each point respectively. The energy
distributions would depend on the photon energy and the local surface potential. One
feasible way to address this is to use a Monte-Carlo based approach to sample the
energy and angular space. The hope is that even a dilute sampling of electron ener-

gies and angles from each spatial point would result in a statistically accurate MTE
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when sampled over the entire surface. Further work on this program should work to
remove the initial zero kinetic energy and the uniform electron emission assumptions.

These developments on the program would allow us to characterize the statistical
nature of the emission in the far field. If we have a range of surface p otentials close
to the average threshold, then only the areas of low chemical potential will emit. The
result will be an uneven far field distribution of electrons; and such speckling in the
positional distribution would have an effect on t he e volution o f s pace ¢ harge. The
aftermath would not be correlated space charge; it would represent an uncorrectable
space charge limited MTE, and the program in its current form will not calculate these
effects. However, we can use this program give us some idea of the speckle introduced
in the electron beam due to surface non-uniformities. This speckle pattern can then
be used as an input to other beam dynamics codes that allow the calculation of space
charge effects.

The ideal photocathode would avoid complications from roughness entirely; that is
another motivator to investigate photoemission from ordered surface, single-crystalline
or epitaxially grown photocathodes. The potential limits of such ideal photocathodes
are explored in chapter 3. Methods for synthesizing candidate photocathodes with
atomically smooth, flat [Saha et al.(2022)] and ordered surfaces [Parzyck et al. (2022)]
are in development and have shown success. These methods require growing these
films on single-crystalline, lattice-matched substrates and show promise of obtaining
MTEs below the thermal limit along with QE in the 1072 range or better, allow-
ing mitigation of nonlinear photoemission effects for large charge d ensities. Future
improvements are expected from advanced single-crystalline photocathodes like topo-
logical insulators and Dirac semimetals [Musumeci et al.(2018)]. A tool built for such

testing such materials is described in chapters 4 and 5.
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Chapter 3

EFFECT OF ELECTRON-ELECTRON INTERACTIONS ON THE EMISSION
CHARACTERISTICS OF ULTRACOLD, NANOSCALE PHOTOCATHODES

ABSTRACT

Photoemission sources have demonstrated the potential to generate ultracold, monochro-
matic electrons ideal for electron microscopy. Using advanced super-resolution light
microscopy techniques, it would be possible to limit the size of sources to sub-100
nm areas — potentially making them comparable in brightness to field emission tips.
This chapter explores the limitations which electron-electron interactions would pose
on the brightness achievable from such nanoscale, monochromatic, photoemission
electron sources. Shown here are calculations of the effects of such electron-electron
interactions on the transverse emittance, the energy spread and the output current
from these sources. The results show an interesting regime in beam physics in which
the energy spread and emittance growth are significantly mitigated due to the effects
of image charge, and the primary limiter to beam brightness is the saturation current

due to the electron-electron and electron-image-charge interactions.
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3.1 Introduction

For the last few decades, cold field emission tips have been the brightest electron
sources and have been critical in obtaining sub-atomic spatial resolutions of less than
0.05nm from electron microscopes [Kisielowski et al. [(2008)] in the scanning trans-
mission mode. In a cold field emission tip, a large current of electronsis generated
via field e mission from a small ~ 1 n m?e ffective surface ar ea an d wi th a relatively
large MTE and RMS total energy spread. These electrons are accelerated in an elec-
tron microscope and are collimated and often monochromatized by passing the beam
through various apertures and energy filters. T his monochromatization and collima-
tion process essentially removes all but the brightest part of the electron beam emitted
from field e mission t ips. T his brightest p ortion of t he b eam is used for microscopy
applications to obtain the best possible image resolution.

At the beam waist the (zp,) correlation term in equation is zero. For a state-
of-the-art electron microscopes that can achieve a small electron spot size (and hence
a small spatial resolution in the scanning transmission mode) of 0.05nm with an
convergence semi-angle of 30 mrad [Kisielowski et al, (2008)], the emittance of the
beam is as low as ~0.5 pm-rad at the sample. The emittance obtained from a field
emission tip can be several orders of magnitude larger, however after collimation in
state-of-the-art electron microscopes, a current of ~ 50 pA with an energy spread of
0.8 €V can be obtained at the sample along with such a small emittance.

Recently, advanced monochromators have been employed to reduce the RMS to-
tal energy spread to as low as 10 meV at the cost of the probe current. This in-
creases the energy resolution of Electron Energy Loss Spectroscopy (EELS) to sub-10
meV levels along with achieving a few nm spatial resolution, enabling nm-scale vi-

brational electron spectroscopy in electron microscopes in the scanning transmission
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mode [Krivanek et al. (2014)]. However, obtaining an sufficiently sm all emittance
and large enough current required for atomic-scale imaging along with a sufficiently
small RMS total energy spread to enable vibrational electron spectroscopy has been
impossible. The combined current reduction due to collimation and monochromati-
zation processes leaves the probe current too small (sub fA levels) to be of much use,
making it impossible to perform vibrational spectroscopy at the sub-angstrom scale
in existing electron microscopes.

A potential way around this issue is to use a photoemission source with the ability
to deliver pA level currents with an ultra-low emittance of the order of ~0.5 pm-rad,
a small RMS total energy spread of ~ 10 meV, and a planar geometry to minimize
aberrations close to the photocathode surface and the anode. Such a source would
have the beam brightness comparable to that of a cold field emission gun along with a
small energy spread; and although this does not exist yet, such a planar source could
be developed in the future.

The smallest laser spot size on the photocathode surface is often diffraction limited
to ~ bum due to the largest geometrically-possible numerical aperture of the final
focusing lens and the wavelength. Techniques to reduce the spot size below the this
limit have been developed and implemented in super-resolution optical microscopy
techniques. These include using very high numerical aperture immersion lenses or
zone plate based lenses embedded into the photocathode substrate [Brunner et al.
(2004)] or use plasmonic structures to focus light down to sub-100 nm spot sizes
on the photocathode surface [Durham et al. (2019)]. With a combination of such
techniques it is conceivable to think about photoemission spot sizes as small as to
10 nm RMS. With such small spot sizes and low sub-5 meV MTE from high QE
semiconductor photocathodes, one could envision a photoemission based source that

can deliver sub-pm-rad emittances along with a sub-10 meV energy spread and pA
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level currents. Even though such nanoscale planar photoemission sources have not yet
been realized, there is significant ongoing research in this direction and it is expected
that they to become a reality in the next few years.

The advent of single-digit-meV photocathodes has made it essential to consider
electron-electron interactions beyond the space charge approximation[Maxson et al.
(2013)]. For charge densities typically found in bunched electron beam applications,
the space charge approximation no longer holds true for low MTE electrons and
it becomes essential to consider point-to-point electron-electron interactions. The
point-to-point electron interactions lead to the disorder induced heating of the emit-
ted electrons due to the spatially disordered nature of electron emission, increasing
their MTE by a few meV depending on the charge density used and thus limiting
brightness|Gordon et al, (2021)].

These studies regarding the limits posed to beam brightness by electron-electron
interactions near the photocathode have thus far been limited to bunched electron
beams with relatively large charge densities along with mm-pm sized emission areas.
Furthermore these studies have never explicitly considered the effect of such interac-
tions on the total energy spread, which is usually dominated by the RF acceleration
in such applications.

In this chapter we study the effects of such coulomb interactions on electron beams
emitted from the low MTE, low energy spread nanoscale photoemission sources specif-
ically for electron microscopy applications. Our results show that the electron-electron
interactions do not significantly effect the MTE or the total energy spread in certain
current ranges. Furthermore, due to the low initial energy and the Poisson distribu-
tion in the time of emission of the electrons, we find that a significant fraction of the
emitted electrons return back to the photocathode surface due to the repulsion from

previously emitted electrons, thus limiting the total extracted beam current.
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In section 3.2 we describe the electron-electron interaction model and the various
simulation parameters used in this study. Section 3.3 shows the results of the output
current, MTE and the RMS total energy spread for the simulations performed and
illustrate the effects of the electron-electron interaction on the output current. In
section 3.4 we discuss the brightness estimated through our computations and discuss
the prospects of mitigating the electron-electron interaction effects by using a pulsed

laser to emit electrons in a semi-orderly fashion in time.

3.2 Electron-electron Interaction Model and Simulation Details

In this section we provide the details of the various models we use for electron
emission, image charge calculation and electron tracking. Electrons are modeled with
a random initial velocity and are tracked with interactions due to an accelerating

electric field and coulomb forces with other emitted electrons and image charges.

3.2.1 FElectron Emission Model

In our simulations the photocathode is assumed to be in the z-y plane located
at z = 0 and the emitted electrons are accelerated in the +z direction. We assume
that the x and y locations of the electrons at the time of emission are randomly
distributed about the origin in a Gaussian manner with a standard deviation equal
to the RMS transverse size of the source. The time of emission of each electron
is chosen randomly such that the time interval between two consecutive emissions
follows a Poisson distribution based on a value that is determined by our simulated
beam current, which we will call the extracted current from here on. The z coordinate
of all electrons at emission is zg, a small positive value which depends on the model
of the image charge used in the simulation, discussed in section 3.2.2.

The initial energy and momentum distributions are modeled to match the experi-

33



mentally measured distributions from a cryogenically cooled Cu(100) surface close to
the photoemission threshold [Karkare et al. (2020)]. The emitted electron energy is

chosen at random from an energy distribution given by
N(E)dE = Ef(E)dE, (3.1)

where FE is the kinetic energy of the emitted electron at the maximum of the potential
barrier resulting from a combination of the accelerating electric field and the image
charge of the emitted electron, discussed further in section 3.2.2. This distribution
uses the Fermi function
E-FEey

f(E):l/(l—ekBT), (3.2)
where the excess energy E., = hw — ¢rs, hw is the photon energy used for photoe-
mission and ¢.s¢ is the effective work function after taking account the Schottky
reduction due to a combined effect of the accelerating electric field and the image
charge. Lastly the constant kg indicates the Boltzmann constant and 7" indicates the
photocathode lattice temperature.

Upon emission every electron is assigned a transverse momentum randomly chosen
from a uniform distribution from 0 to pimas = V2meE. The azimuthal angle that
determines the direction of the transverse momentum in the z-y plane is chosen at
random from a uniform distribution between 0 and 27. More details on the tracking

method can be found in section 3.2.3.
3.2.2 Model of Momentum and Energy Distributions

We use the method of images to solve the electrostatics problem of an electron
leaving a metal surface, where a positive charge is introduced at an equal and opposite
distance into the surface and the combined potential of the two charges is then easily

calculated. Each electron produces an image charge which we include in the coulomb
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Figure 3.1: Illustration of electrons emitting from the surface to the vacuum. The
work function is shown as a step potential, and the potential on the right is a com-
bination of the image charge effect and Schottky effect. Electrons are emitted at a
constant zy above the photocathode surface, and they are given a constant initial
velocity vg in the direction of propagation to overcome the image charge barrier.
interaction when computing the electric potential of the system. The initial X-axis
and Y-axis positions of emitted electrons are modeled by a Gaussian distribution with
o, as the RMS beam spot size. The Z-axis position of the electrons is approximated
as the location where the potential of the electric field and the image charge is equal
to the Fermi energy. In figure we show a potential map of electrons after leaving
the surface.

If electrons were generated at the photocathode surface where 2y = 0, then their
potential due to the image charge would immediately force them back to the photo-

cathode surface. Instead of this, the Z-axis initial position of electrons is approximated

as the location where the potential of the electric field and the image charge is equal

AR A v (3.3)

2k

to the Fermi energy,

Z0 =

In this equation ¢ is the work function of the material, E is the applied electric field,
and |e~| is the electron charge. The initial velocity of electrons is dictated entirely by
the energy requirements of electrons. Generated electrons fall within a uniform range

of kinetic energy set by an inputted value. The kinetic energy can be thought of as
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having two distinct aspects, the variable aspect with direction distributed uniformly
along all three axes, and the constant aspect, vy, directed entirely into the Z axis
and is equal to the minimum energy required to overcome the attraction of the image
charge. When combined, these aspects ensure that all electrons are able to travel
along the 7 axis while also being within the desired range of kinetic energy and the
desired direction distribution of velocity. We have verified t hat all emitted electrons
fall within the correct ranges and have the necessary energy to overcome the attraction

of the image charge.
3.2.3 Electron Tracking

Electrons trajectories over arbitrarily small time-steps are computed using the
symplectic Velocity Verlet algorithm [Swope et al. (1982); Gevorkyan et al. (2018)].
The acceleration is found for each electron at each time-step using the electric po-
tential due to the applied electric field, each individual electron, and t heir respective
image charges. A small time-step is required for reasonable accuracy because we are
using a 2" order symplectic algorithm.

For computations with this algorithm, insufficiently small time-steps ty pically re-
sult in a variance of computed velocities which simply increases the energy spread.
However, in our case it results in a loss of electrons due to the inclusion of image
charge. There is a steep electric potential in the region closest to the photocathode
surface as seen in figure Tracking e lectrons w ith i nsufficient tim e-steps causes
electrons to accelerate back to the surface due to the short spatial scales and small en-
ergy spreads of the simulated electrons. The problem is made even more complicated
with the inclusion of more than one electron at any time. With the computational
resources available to us, we generated and tracked electrons using a sufficiently small

time-step of 10720 seconds; with this time-step less than 2% of electrons are lost due
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to kinematics inaccuracies in the computation. Higher order symplectic integrators
could be used for faster computations in the future [Ruth (1983); Forest and Ruth
(1990); Forest (2006); Yoshida (1990); Candy and Rozmus (1991)], however imple-
menting these for a varying electric potential multi-body problem is nontrivial.

The extracted current follows a Poisson distribution. The "output” current is
the fraction of the extracted current that has reached a z-axis position of 1.0 pm
above the photocathode and has below a 1.0 meV electric potential with the rest of
the electrons and image charges. A portion of the extracted current is not emitted
when electrons which are lost because they have returned to the surface, z = 0.
The simulation continuously computes electron emissions and trajectories until a few
hundred electrons have been counted as ”output” to provide sufficient st atistics for

analysis.
3.3 Computational Results and Explanation

We used this computation model to evaluate electron beams with extracted cur-
rents between 0.1 nA and 100 nA, with beam spot sizes of 10 nm, 50 nm, and 100 nm,
all computed with an applied an electric field of 1.0 M V/m. A n initial expectation
of this simulation would be that the MTE and the RMS total energy spread would
limit the maximum brightness as the current approaches saturation, and the energy
variation would increase as the spot size decreases. Our computation suggests that

this is not the case, and that the current is the largest limiter in beam brightness.
3.3.1 Clrrent Saturation Due to Electric Potential Barrier Changes

We evaluate a simpler two electron model analytically to estimate what we expect

to see as the current saturation. When there is only a single electron in the system,
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Figure 3.2: We plot the potential barriers shown in (3.4 and for various distances
d. A local maxima for the single electron case can be solved in marked by a
vertical line. Similar local maxima can be found on the two electron case up until the
second electron is brought a distance d,,;, to the surface; that is the distance where
the local maxima disappears.

we can write the electric potential barrier for that electron as,

kele™|
2z

‘/vlba'rrier = |€_|E0 - (34)

where |e7| is the electron charge, Ej is the applied electric field, k. is the Coulomb
constant, and 2z’ is the distance between the electron and its image charge. The peak

of this barrier can be solved directly,

kele”|
leeak = 2—E10 (35)

For the sake of simplicity, we consider the additional potential of a stationary second

electron a close distance d away from the surface,

kele”|  kele|  kele”|

Vo, . =le|Eo+
2barrier ’e ‘ 0 d_ Z/ d+ Z/ 2Zl

(3.6)

The local peak of the electric potential barrier V3, for the emitted electron increases

eak

according to the distance d. In figure 3.2 we plot the electric potential from equations

and
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Figure 3.3: Change in the peak electric potential barrier where the vertical axis
AVoeak = Vapear = Vipear 18 plotted versus the emission interval 6t of a second electron
placed along the direction of the beam. The potential barrier increases rapidly as the
emission interval approaches the saturation limit.

At some close distance d the local peak disappears entirely, meaning that an
electron that is emitted would return to the surface. To detail the growth of the
potential barrier’s local maxima in the two electron case, we plot in figure the
change in the potential barrier versus the distance d where the second electron is
placed.

Given a finite energy spread, the plot indicates that there is a temporal spacing
cut-off where the emitted electron would not have enough energy to overcome the
potential barrier and therefore return to the surface after emission. This implies
there is a saturation current,

Qmedmin

-1/2
cPE,

Isat = ( ) (37)

where [, is the saturation current, m, is the rest mass of the electron, and d,;, is
the closest spacing between subsequent electrons due to an increased peak potential
barrier. For a 1.0 MV /m applied electric field, we predict the saturation current to

be 0.154 pA.

In figure we plot the output current for the three spot sizes as a function of
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Figure 3.4: These plots show the change in the output current emitted versus the
extracted currents ranging from 0.1nA to 0.3pA. The blue, black, and red curves
represent the 10 nm, 50 nm, and 100 nm beam spot sizes respectively. The green line
is the calculated saturation limit for the 1.0 MV /m electric field.

the extracted current. The output current tends toward the estimated saturation
limit as explained in our simple two electron case, making it an effective first guess.
The number of interacting electrons in the system increases as the emitted current
increases, making our saturated current estimate slightly larger than what was com-

puted. A more accurate estimate would not be possible to solve analytically due to

the increasing number of electron interactions.
3.3.2 MTE and RMS Total Energies in the Nanoscale Emission Regime

There is an initial assumption that the MTE and RMS total energy spread would
increase significantly in the nanoscale emission regime due to the closer electron spac-
ing. We show in figure the M TE and R MS t otal e nergy s preads o f electrons
emitted for our inputs. The results show MTE values remain quite low between 4
meV and increase up to 14 meV for the highest extracted currents. The RMS total
energy spreads remain between 5 meV to 25 meV for each spot size even at higher

output currents. Both of these quantities remain significantly low even for the small-
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Figure 3.5: Plot of MTE (dashed lines) and RMS total energy spread (solid lines)
versus the extracted current. The colored lines distinguish the RMS laser spot sizes
of 10 nm (blue), 50 nm (black), and 100 nm (red). Both increase as the extracted
current approaches the saturation limit.

est spot sizes, and remain low until the extracted current approaches the saturation
limit as described in section 3.3.1; this result is opposite to initial expectations for
photoemission in this regime.

To illustrate an explanation, we show a simplified force diagram of the interaction
of each electron with the field, a second electron, and their respective image charges
in figure |3.6|

The transverse forces experienced by the electrons are

r r

F = ke|€_|2( (,,,,2 n (Z _ d)2)3/2 B (7«2 + (Z + d)2)3/2)’

(3.8)

where z and d are the longitudinal distances between the emitted electron to the
photocathode and second electron to the photocathode respectively, and r is the
transverse distance between the respective electrons. The first t erm in t he force is
the transverse push of the second electron, and the second term is the transverse pull
of the second electron’s image charge.

The mitigation of MTE is a result of the image charge interaction at the close

surface distances [Gordon et al,|(2021)]. At the highest extracted currents the MTE
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Figure 3.6: Force diagram of two electrons (black) labeled as ej and e; and their re-
spective image charges (shown in red). This illustration shows the forces experienced
by the electron ej. The horizontal components of the forces due to the 2nd electron
(Feg) and its image charge (Feiim) approximately cancel at very close distances. The

three vertical forces due to the self-image, the second charge, and the second charge’s
image all sum together, and the resultant force of the system is (Fyota).

grows because we are attempting to operate near or above the saturation limit, as
discussed in section 3.3.1, and there are significantly more interactions at a smaller
area. Even so, the MTE remains quite low at these nanoscale spot sizes.

The RMS total energy spreads, according to our force diagram in figure should
have increased significantly with the inclusion of image charge due to the longitudinal
forces between image charge and real charges adding together. Although the RMS
total energy spreads do increase more than the MTE, it still remains significantly lower
than initial expectations for such a nanoscale source given that the image charge adds
constructively with the real charge longitudinally.

To explain this effect, in fi gure @ we sh ow cr oss se ctions of a 3D sc atter plot
for each electron emission, plotting the total energy verses the emission time interval

versus the radial distances between subsequent electrons.
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Figure 3.7: 2D cross sections of a 3D scatter plot, plotting total energy versus emis-
sion time interval after previous emission versus radial distances between subsequent
electrons for an extracted current of 0.1 pA. The blue and red data points distinguish
between electrons which were output and electrons which returned to the photocath-
ode surface respectively. Plots (3.74) and |(3.7h) show the total energy vs emission
time interval for the simulation of 10 nm spot size and 100 nm spot size respectively.
Plots @) and @) show the radial distances between subsequent electrons vs
emission time interval for the same. The data indicates that electron emissions are
both related to the emission time interval and the radial separations.

The electrons which return to the photocathode surface after emission, denoted
in red, condense within a specific e mission i nterval a s t he ¢ urrent a pproaches the
saturation limit, validating our explanation in section 3.3.1. The longitudinal force of
subsequent electrons increases with smaller electron spacing; the smallest beam spot
size actually has less output current (8% less in this case) due to electrons returning
to the surface which accounts for the smaller total RMS energy spread. The lower
energy electrons emitted at closer radial distances are more likely to be pushed back
into the surface at higher extracted currents. This effectively ” cleans” t he RMS
total energy spread in the smaller spot sizes. The electrons emitted at larger radial
distances interact less longitudinally in the first place, meaning less increase in total

energy spread.
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Figure 3.8: Plot of Bsp for varying laser spot sizes and extracted currents. Bright-
ness goes up to the 10'%[a/m?] range, which is two orders of magnitude higher than
the 6 x 1013[A/m?] cold field emission tips used in modern electron microscopes. The
brightness eventually begins to decrease due to diminishing returns from the output
current and increases in the MTE at higher extracted currents.

3.4 Conclusion and Future Work

The 5D beam brightness of the nanoscale photocathode that we’ve simulated thus
far can be quantified by using equations [I.1] and [T.4]

~ 21 (mgc?)

- m2MTEo?’ (3.9)

5D

The constant mgc? indicates the electron’s rest mass energy, the variable o; indicates
the laser spot size, the variable I indicates the output current. A plot of the 5D
brightness using the equation @ is shown in figure

The 5D beam brightness of such a photocathode would reach the 10'[A/m?]
range or higher. The best electron microscope use cold field e mission g uns, which
have a brightness up to 6 x 10'3 [A/m?] [Spence and Howells (2002)]. Those electron
guns produce electron beams with RMS total energy spread in the 300 meV range
and require the use of monochromators to reduce the energy spread, whereas this
photoemission source would have non-monochromated RMS total energy spreads in

the 10’s of meV. Further investigations will be done for higher accelerating gradients
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and the dependence on radius for these ultra-low emittance photocathodes.

The benefit of this source over traditionally used sources is significantly smaller
transverse and longitudinal energy spreads. The primary concern is whether it is
possible to extract the necessary current for various electron beam applications. To
extract 0.1 pA of current from a photocathode with 1% QE, we would need 50 pW
squeezed into a 20nm laser beam spot size. This would be a laser irradiance of
1GW/cm?

A pulsed laser could be used to limit electron-electron interaction effects in higher
current applications by emitting electrons in a semi-orderly fashion. For a 1.0 MV /m
electric field, an output current of 80nA suggests that a 500 GHz repetition rate
pulsed laser would help further reduce the increased energy spread of the beam and

increase the output current closer toward the saturation limit.
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Chapter 4

A CRYOGENICALLY COOLED 200 KV DC PHOTOEMISSION ELECTRON
GUN FOR ULTRALOW EMITTANCE PHOTOCATHODES

ABSTRACT

Novel photocathode materials like ordered surfaces of single crystal metals, epitaxi-
ally grown high quantum efficiency thin films, and topologically non-trivial materials
with Dirac cones show great promise for generating brighter electron beams for various
accelerator and ultrafast electron scattering applications. Despite several advanced
photocathodes having been identified with the potential to produce brighter electron
beams, none of them have been tested in electron guns to extract electron beams
due to technical and logistical challenges. Presented in this chapter is the design and
commissioning of a cryocooled 200 kV DC electron gun which is capable of testing
a wide variety of novel photocathode materials over a broad range of temperatures
from 298 K to 35 K for bright electron beam generation. This gun is designed to en-
able easy transfer of the photocathode to various standard ultra-high-vacuum surface
diagnostics and preparation techniques allowing a full characterization of the depen-
dence of beam brightness on the photocathode material and surface properties. This
chapter details the development of such a high-voltage-high-gradient gun using ma-
terials and equipment that are easily available in any standard university lab making

development of such 200 kV electron guns more accessible.
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4.1 Introduction

As described in chapter 2, low MTE photocathodes are limited by the effects
of surface non-uniformities such as physical roughness and work function variation,
making it critical to use single-crystalline, atomically ordered photocathode surfaces
for the smallest possible MTE. In chapter 3 we showed the potential of such photo-
cathodes if operated in the optimal photoemission regime with nanoscale laser spot
sizes. Many advanced photocathodes have been identified that show promise of higher
beam brightness but have never been tested in electron guns with large accelerating
gradients and capable of generating high energy electron beams. This is primarily
due to the design incompatibility of existing electron guns with the tools necessary to
prepare the vacuum sensitive surfaces of such photocathode technologies and other
logistical issues.

Most RF guns use the backside plate of the RF cavity, a piece of machined cop-
per, as their electron source. A new style of retractable photocathode plugs originally
designed at the National Institute for Nuclear Physics (INFN), Italy, are becoming
more popular in RF guns [Sannibale et al||(2012); Rosenzweig et al||(2018)] because
they allow for the growth and use of thin films vacuum sensitive p hotocathodes like
alkali-antimonides and Cs,Te. However, the polycrystalline nature of the machined
metal plug allows for the growth of only rough polycrystalline films of t he high QE
photocathodes[Alesini et al, (2015)]. The INFN pucks do not have a clear way of
mounting a single-crystal surfaces, and any mounted surface would ruin the electro-
static configuration due to sharp edges introduced by traditional substrate mounting
methods.

Some RF guns like the L-band gun at the Argonne Wakefield A ccelerator facil-

ity [Conde et al. (2017)] and several DC guns used for polarized electron generation
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[Siggins et al. (2001)] and extremely high currents [Dunham et al, (2013)] can use
substrates mounted to the photocathode plug, however, they require substrates of
non-standard dimensions making it challenging to acquire, use and test a wide vari-
ety of non-traditional materials as photocathodes or substrates. Most of these guns
do not have the appropriate UHV surface preparation and characterization tools re-
quired for the advanced photocathodes. Also, none of these guns allow for cooling
the photocathode to cryogenic temperatures or have tunable wavelength lasers easily
available which may be required to test the production of the brightest beams. Fur-
thermore, many of these guns provide electrons to operating facilities and testing a
wide variety of photocathode materials becomes a logistical challenge.

In order to address the need of a photocathode test bed for such advanced, low
MTE photocathodes, we have designed and built a 200 kV cryocooled DC electron
gun [Gevorkyan et al. (2019, 2022)] at Arizona State University (ASU). In this chap-
ter we present the design, construction, and commissioning of the ASU 200 kV DC
cryocooled electron gun. This gun uses the Omicron flag style sample holder [Scienta
Omicron GmbH (2023)] as the photocathode. Such a sample holder is compatible
with several commercial surface science instruments and can hold the 10 mm X 10
mm substrates that are most commonly available. Although this gun has been pri-
marily developed for photocathode studies, it can also be used as a source of electrons
for UED applications. We have also designed the gun to use a continuous flow lig-
uid Helium (LHe) cryostat to minimize vibrations during cold operation. Due to
potentially low MTE and vibration free cryogenic operation, in principle, it can out-
perform existing UED setups [Filippetto and Qian (2016); Li et al. [(2022); Gordon
et al,|(2022)] in terms of the resolution and signal-to-noise ratio.

Furthermore, most high-voltage-high-gradient DC guns used as electron sources

have been developed at large laboratories with specialized equipment for cleaning and
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polishing the electrodes. The ASU gun presented here has been developed using only
equipment easily available at a small university scale lab making the development of
such guns more accessible. In section 4.2, we present the mechanical, vacuum, elec-
trostatic high voltage and cryogenic design of this gun. In section 4.3 we give details
of the assembly process and demonstrate the cryogenic and high voltage performance
of the gun and show its commissioning process to high voltage. Finally in section 4.4

we discuss the future plans for operation of this gun.
4.2  Electron Gun Design
4.2.1 Mechanical and Vacuum Design

The ASU cryogun is an inverted geometry electron gun [Hernandez-Garcia et al.
(2016, 2019); Adderley et al|(2010)); Nagai et al. (2010); Maxson et al.| (2014)]. The
design was based on the Cornell 200 kV DC cryocooled electron gun [Lee et al.| (2018)]
and has modifications to incorporate the following features:

(a) Flexibility to implement a variety of photocathodes.

(b) Capability to transfer photocathodes easily into and from standard UHV sur-
face preparation and characterization tools.

(¢) Thermal radiation shield to minimize photocathode temperature for a given
cooling power.

(d) Use of continuous a flow cryostat to minimize vibrations during cryogenic
operations.

(e) Multiple laser beam input angles to test photocathode performance as a func-
tion of the angle of incidence.

To have these features, we modified t he shapes of t he electrodes and t he anode,

used a larger vacuum chamber, used a custom photocathode puck design, and changed
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the design of the core. A cross section of the ASU electron gun is shown in figure [4.1

to illustrate the design with various key components labeled. The photocathode is

A — Cryostat

B — Sapphire rod
C — Cryoshield

D — Thin Wall Tubel
E — HV Plug

Figure 4.1: Cross-section of the ASU electron gun. At the top of the gun is a
continuous flow cryostat which cools t he electrodes and p hotocathode. The cryostat
cold head is connected to the core through a flexible copper strap and sapphire rod in
order to maximize the thermal conductance while staying electrically insulated
Brovinskaya et al|(2009)]. The cryostat also cools a copper cryogenic shield which
reduces black-body radiation to the cold internals of the gun and helps obtain lower
temperatures at the photocathode. We use a stainless-steel thin wall tube with pat-
terned holes connected directly to the hv plug; this tube thermally insulates the core
from the room temperature hv plug while still maintaining electrical conductivity.
A closer look into the heart of the gun, outlined in green, shows that we use a cus-
tom puck to insert an Omicron paddle mounted photocathode covered by a spherical
electrode with Pierce geometry to cover any sharp edges from being exposed to the
high gradient fields. The anode is conical in shape to both maximize the accelerating
gradient at the photocathode surface and also to allow for multiple laser beam input
angles.

placed on a puck which can be inserted into a copper block (the core) in the electron
gun. The core is enclosed by a pair of well polished, hemispherical electrodes made
from 316 stainless-steel (316 SS). These form a spherical electrode shell to ensure all
sharp corners of the core are electrically shielded and are not exposed to large electric
fields. The back part of t he shell has an opening w here we insert t he p uck holding

the photocathode into the core. The front part of the shell facing the anode has a

Pierce geometry [Stoffel and J ohnson (1985)], e xposing only t he fl at portion of the

the photocathode to the high electric fieldsin t he p hotocathode-anode g ap. This
geometry is necessary to cover the sharp edges of our photocathode substrate and

mount as we discuss in the next paragraph.
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The puck nests within an RF conducting spring [Stdubli International AG/(2019)]
placed inside the core to keep it in place and provide a good thermal and electrical
contact. The transfer arm has a bayonet which can lock into the back of the puck
to move it into and out of the core. This puck has a saddle in which the Omicron
flag-style sample holder [ Karkare et al. (2019)] is i nserted. p hotocathode substrates
of any size larger than 9 mm diameter and smaller than 14 mm x 14 mm square
can be mounted to this flag-style h older u sing t antalum s trips s pot welded t o the
holder. This holder is compatible with the other commercial surface science tools
also available in the lab allowing us to easily use single crystal or epitaxially grown
photocathodes inside the electron gun while providing the flexibility needed to study
a wide range of materials.

The shell and the core are connected to the high voltage UHV feed-through via a
long thin tube made from 316 SS. This tube mechanically supports the photocathode
electrode assembly, provides the HV connection and minimizes heat conduction from
the HV feed-through. This tube is enclosed with a larger, well polished, cylindrical,
316 SS outer tube to shield it from the large electric fields. T he larger o uter tube
is connected to the HV feed-through and does not come in direct contact with the
cold photocathode assembly limiting the conductive heat loss only through the thin
inner tube. The HV feed-through is isolated from the grounded chamber walls using
a ceramic insulator shaped to allow insertion for the R-28 HV plug on the HV cable
connecting the high voltage power supply (HVPS) to the gun outside of vacuum.

The top of the core is connected to a continuous flow L He c ryostat t hrough a
thermally conducting, but electrically insulating sapphire rod. The sapphire rod is
connected to the cryostat using a flexible copper s trap. Our electron gun design has
the HV plug on the bottom and the cryogenic cooling mechanism above on the top

to accommodate the long insertion length of the cryogenic LHe transfer line into the
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cryostat. This allows us to keep the photocathode at a comfortable height to transfer
it into and out of the gun in UHV. We have added a cryogenic shield which covers the
cold photocathode/shell of the gun. This intermediate temperature barrier shields the
cold parts from the chamber’s black-body radiation and helps the photocathode reach
lower temperatures. The cryogenic shield is cooled by the exhaust of the cryostat.
The gun chamber and the electrodes are designed to give us additional laser beam
input angles. In figure we show a horizontal cross section of the gun to illustrate

the possible laser beam input angles and also how pumping to UHV was achieved.

Figure 4.2: The conical anode shape allows for four laser beam input angles, one
directly through the anode hole, one through the backside of the photocathode for
photoemission in the transmission mode, one at 25.5° and another at 65.0° both
with respect to the photocathode surface normal. We also display the cryogenic
shield enclosing the electron gun electrodes which consists of two cylindrical copper
sheets with different r adii. This leaves a gap which improves the gas conductance by
providing a path to two symmetric SAES NEG /Ton combo pumps connected on the
electron gun chamber.

The two laser beam input angles at the front of the gun are 25.5° and 65.0° with
respect to the photocathode surface normal. The beam can also be incident on the
photocathode at near normal angle by reflecting it off a mirror which can be inserted
in the electron beamline. A laser path through the backside of the photocathode

exists to allow the possibility of using photocathodes in the transmission mode. The

QE of certain materials, especially metal surfaces, varies with photoemission angles
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and light polarization [Karkare et al.| (2017)]. These various openings can allow for
the study of the photocathode performance at different angles of incidence.

Figure 4.2 also shows that the cryogenic shield covering the cryogenically cooled
interior is made of two parts of different radii. With this design we require an opening
near the pump locations to give us higher gas conductance from the photocathode
surface to the pumps while still shielding the photocathode from room temperature
radiation heating. The vacuum requirement is then achieved by using two 2000 L/s
SAES NEXTorr D2000 [Manini and Maccallini (2017); SAES Getters S.p.A.| (2022)]
NEG/Ion combo pumps placed symmetrically on both sides of the chamber facing
the spherical electrode shell. The chamber reaches pressures well below 10719 torr, a

typical range for electron gun operation.
4.2.2 High Voltage Design

The ASU electron gun uses a larger vacuum chamber with a 13.25” ConFlat [Kurt
J. Lesker Company| (2022)] (CF) flange as o pposed t o t he chamber witha 10” CF
flange as used for the Cornell gun [Lee et al,(2018)]. The larger chamber was chosen
to obtain our desired electrostatic configuration- 10 M V/m at t he p hotocathode -
after adding the additional element of a cryogenic shield. The cryogenic shield is
grounded and kept at the same distance away from the negatively biased shell as the
chamber walls of the Cornell gun. This requires the ASU gun to use a larger vacuum
chamber to enclose the cryogenic shield.

The electrostatic fields of the ASU electron gun have been computed using Poisson
Superfish [ Halbach (1976)]. Figure @ displays the design and geometry of our elec-
trode and the equipotential field lines formed b etween t he p hotocathode and anode
when at high voltage. The puck sits behind the spherical electrode shell which has

been modified in shape from what was used in the Cornell gun to cover the protruding
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saddle holding the sample holder and prevent sharp corners from being exposed to the
large electric field between the photocathode and anode. A 9.0 mm diameter circular
section of the photocathode surface is exposed to the large electric fields between the
photocathode and anode. This limits the smallest size wafer that can be used in the

gun without exposing the sharp edges to large electric fields.

RF conducting springs

Electron gun core

= 9@

Custom transfer
arm extension

Custom puck 11.6 MV/m at 200 kV

Figure 4.3: The electron gun core has been modified t o a ccommodate a custom-
made photocathode puck. We mount our custom-made puck within an RF conducting
spring inlaid within the gun’s core. The puck contains a Ferrovac saddle where we
insert an Omicron flag-style p addle p hotocathode h older. O ur custom t ransfer arm
extension fits to the back slot of the puck, allowing us to easily insert and remove the
puck from the core. When the photocathode voltage is set to -200 kV, the electric
fields at t he p hotocathode surface reach 11.6 M V/m. T he fields near th e grounded
anode reach high as 40 MV /m.

The anode is bolted to the front flange on t he vacuum side oft he e lectron gun
chamber. Increasing the chamber size to implement a grounded cryogenic shield
has increased the distance between the photocathode and anode. The anode was
modified from b eing a fl at grid pl ate with a hole as in th e Cornell DC gun case,
to being conical in shape, allowing the anode nose to sit as close as possible to the
photocathode surface to form high accelerating gradients while still providing a path
for the laser beam at the various angles.

The gap between the photocathode and anode is 1.17 cm, and the fields produced
at the center of the photocathode surface reach 11.6 MV /m when the gun is operated
at -200 kV due to the shape of the anode. Due to the curvature of the anode nose, the

fields there are as high as 40 MV /m at -200 kV. The photocathode field is typically
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limited to the 10 MV /m range due to field emission, however the anode field can be
significantly higher because the emission of ions from the anode requires significantly
larger fields [Miller and Kenik (2004)]. The anode field of 40 MV /m is about a factor
of three higher than what is used in many DC guns, including the Cornell Cryogun.
However the anode field of 40 MV/m was not a limitation in achieving t he required
gun voltage as shown in section 4.3.

The Pierce geometry at the photocathode cause focusing electric fields whereas the
anode hole causes electric field lines that tend to defocus the emitted electron beam.
The radial components of these fields arelinear with t he r adius t o first or der, and
these cause linear lensing of the electron beam. Linear lensing effects d o not affect
the emittance, however higher order nonlinearities in the field d o ¢ ause emittance
degradation. To determine the region where these focusing/defocusing field lines
do not degrade the emittance, we conducted a beam size scan using GPT [van der
Geer and de Loos (1997)] to simulate the motion of emitted electrons until they
pass through the anode. The simulation assumes no space charge effects. Figure@
displays the result of this computation.

For 30 keV electron beams, a laser spot smaller than 800 pm at the photocathode
center yields a change in beam emittance of below 0.2%. For beams at 200 keV,
a laser spot smaller than 600 pm at the photocathode center is needed to yield a
similar change in beam emittance. This shows that the non-linear effect d ue to the
photocathode/anode focusing are negligible so long as the emission area is restricted
to within the central 500 um - 1000 um region depending on the gun voltage and

photocathode MTE.
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Figure 4.4: A GPT simulation was used to demonstrate the effect of the gradient
non-linearities from 30 keV (solid) to 200 keV (dashed). The electron beam MTE and
spot sizes are varied, and electrons were tracked from the photocathode through the
anode. This computation shows that the emission area of the gun should be restricted
to a laser beam radius of 800 pm and below in order to avoid the non-linear effects of
the field. This simulation assumes no space charge.

4.2.3 Cryogenic Design

Cryogenic Cooling Systems and Design

Cooling the photocathode to cryogenic temperatures is a major design feature of the
Cornell Cryogun, and the ASU electron gun uses the same heat extraction design
within the gun but uses a different cryogenic cooling system with a cryogenic shield.
The Cornell Cryogun uses a closed-cycle cryostat which introduces vibrations that
can be detrimental to the emittance at the nanometer-radian scale. We addressed
this issue on the ASU gun by using a continuous flow cryostat. The exhaust of the
cryostat is used to cool the cryogenic shield and is then captured and pumped into
a helium liquifier for reliquification. We use the Cryomech Helium Liquefier Plant
which can generate up to 24 liters per day of LHe from He gas. This limits the
maximum flow rate of LHe through the cryostat to 24 liters per day for continuous
use without loss of He gas.

The Cryomech Helium Liquefier Plant used in our lab refrigerates and supplies a
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continuous flow of LHe to t he cryostat of t he g un. T he system is able t o replenish
24 liters per day, making that our maximum stable flow for indefinitely long cooling.
The LHe flows t hrough t he c ryostat c onnected t o t he g un’s fl exible co pper strap,
evaporating and removing heat from the gun. The helium gas is recirculated back
into the liquefier p lant t hrough t heuseofa scroll p ump. W hen t he g as pressure
in the 150 L dewar of the plant increases beyond 10 PSI, a relief valve releases the
excess gas out of the system resulting in a loss of helium. Helium is replenished by
attaching a standard gas container of 99.999% pure LHe and pumping it into plant.
So long as the flow rate of liquid helium is kept below the maximum 24 liters per day
liquification c apacity, t he pressure in t he d ewar d oes n ot i ncrease and no h elium is
lost.

In order to maximize the heat extraction between the cryostat and the core, the
ASU electron gun uses a P5-502 CuTS copper strap [Technology Applications, Inc.
(2022)] connected to the cryostat to allow for flexibility while maintaining maximum
thermal conduction to extract heat from the electrode and photocathode. We connect
a 21.0 mm diameter, 25.4 cm long sapphire rod from Precision Sapphire Technologies
[Precision Sapphire Technologies, Ltd. (2022)] between the copper strap and electron
gun core to extract heat from the photocathode and cool it to cryogenic temperatures
while isolating the core and the shells electrically from the copper strap. We place a
0.127 mm thick layer of indium foil[John and Hilliard (1963)] in between joints where
two materials connect to improve the thermal conduction.

In order to minimize the heat conduction from the cold core to the room temper-
ature HV feed-through, this gun uses a thin stainless steel tube with patterned holes
between the core and the high voltage plug. The patterned holes remove nearly half
of the mass of the tube, reducing the thermal conductivity by half while still main-

taining its structural stability. The thickness of the tube is 0.5 mm and the length is
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10.16 cm. The ASU gun uses a polished copper shield between the vacuum chamber
walls and the cold electrode shells in order to minimize the radiation heating. There
are holes in this shield to allow the anode to be placed close to the photocathode and
to insert the puck into the core. The shield is made from two semi-cylindrical pieces
with slightly different radii as shown in figure This is done to allow for maximum
pumping at the photocathode surface while minimizing the line-of-sight areas to the
room temperature vacuum chamber walls. This shield is cooled by the cold He gas

exhausting from the cryostat before it is collected for re-liquification.

Heat Load and Cooling Power

In figure .5 we show the result of the heat flow computations which were conducted
to verify the static thermal design of our ASU electron gun.

The computed power conducted to the photocathode from the HV plug was 2.0 W.
The power radiated from the walls was determined to be much larger in contribution
than the conduction. When the photocathode reached its lowest temperatures, the
computed power due to radiation was 10.2 W. The cryostat calibration states that
this heat load should result in a 50.0 K temperature at the photocathode surface.
This was the largest heat load on the cold internals of the gun and needed to be
mitigated as much as possible.

The radiated heat is absorbed by the surfaces of the materials depending on their
emissivity due to Kirchhoff’s law of t hermal radiation [ Siegel (2001)]. Each material
is polished for high voltage operation, but as an added side-benefit the material emis-
sivity goes down for highly polished materials, mitigating the absorption of radiative
heat. Implementing a cryogenic shield [Cultrera et al, (2018)], which is specified by
the cryostat manufacturer to reach 120 K, would then reduce the power radiated on

the photocathode to 7.5 W, allowing us to reach steady temperatures below 40 K.
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Figure 4.5: A simulation was run where sections of the gun were set to specific
known temperatures and the power extraction was calculated. This cryogenic design
was estimated to go to below 20 K with ideal assumptions on constant temperature
sections, material thermal conductivity and material emissivity. The simulation is
used to properly capture the thermal mechanics of the electron gun. The cryogenic
shield maintains an intermediate temperature to block the coldest portions of the gun
from the radiative heating of the room temperature chamber body.

Further reduction of radiative power and hence the photocathode temperature is pos-
sible by reducing the temperature of the cryogenic shield further by cooling it with a
separate LN2 bath and by adding shutters to the photocathode transfer hole in the

radiation shield.

4.3 Electron Gun Commissioning

The commissioning of the electron gun required three major phases: the polishing
and assembly of the gun, the cryogenic cooling testing, and the voltage conditioning.

We describe the details and results from each of these below.
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4.3.1 Electron Gun Polishing and Assembly

The entire process of mirror polishing and cleaning played a vital role on the suc-
cess of the voltage conditioning because any rough feature or dust particle can behave
as a strong field emission source and cause voltage breakdown. We used an extensive
cleaning and polishing process on all of the internal pieces of the gun. Surfaces that
are exposed to large fields require such polishing to minimize the probability of field
emission. Polishing the cryogenic shield improves its emissivity and therefore its abil-
ity to shield black-body radiation. A mirror-finish polishing technique was used on

the electrode surfaces and the cryogenic shield based on the centrifugal barrel polish-

ing process used at Jefferson Lab [Hernandez-Garcia et al. (2017)] and modified to fit

our scale and budget as a university lab.
In figure [4.6| we show the tools used to reach a mirror-grade polish on the electrode

surfaces and the cryogenic shield.

el T Mirror-finished electrode

Ceramic stones Treated corn-cobb

Figure 4.6: Sandpapers of 240 and 360 grit were used to roughly sand down the
machined parts using DI water and isopropanol. Each piece was tossed into a tumbler
with 1/2” x 9/16” ceramic cones in a 2% solution of T'S compound soap to give a
brushed finish. T he m aterials w ere f urther p olished w ith 1 200 g rit s andpaper and
then tossed with sharper-tipped 1/2” ceramic cones to remove the orange peel effect
seen on the surfaces. Finally the materials were cleaned with isopropanol and dry-
polished with treated corncob to achieve a mirror finish.
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Each piece was thoroughly hand washed to remove any residual oils used during
fabrication using a dish soap followed by an ultrasonic cleaning in an alkaline solution.
The metals were then hand polished using medium 240 and 360 grit sandpaper and
isopropanol to remove machining features and sharp edges. The pieces were placed
in a rotary tumbler for polishing using 1/2” x 9/16” SX Cone ceramic stones [Mass
Finishing, Inc. (2022b)] in a 2% solution of T'S Compound metal cleaner soap [Mass
Finishing, Inc. (2022¢)] and water. The metals were left with a smooth brushed finish
after two days of continuous tumbling. The tumbler was a cylindrical can of diameter
15 inches rotating at a speed of 15 revolutions per minute. This is much smaller and
cheaper than the heavy duty tumbler previously used for the Jefferson Lab D C gun
[Hernandez-Garcia et al. (2017)].

Every piece was hand polished using a fine 1200 grit sandpaper and isopropanol
after tumbling, leaving a blurry mirror finish. Some of t he larger electron gun elec-
trode pieces displayed bumpy features similar to that of the surface of an orange peel.
Another two days of polishing was done with sharper-tipped conical ceramic stones
[Mass Finishing, Inc, [(2022a)] to remove these features. Every piece was cleaned
within an isopropanol bath with an ultrasonic cleaner, and then placed back into the
rotary tumbler with treated corncob for dry polishing. After 3 days of continuous
polishing in corncob, a full mirror finish was obtained.

A flat polished piece was measured under an interferometric microscope, as shown
in figure to quantify the quality of the p olish. This helped us determine the grade
of mirror finish produced by this p olishing m ethod. A crossa 0.1 mm stretch of the
surface there was a peak to valley surface variation of 0.2 pm. The equipotential lines
will be generally unaffected on this very fine surface sc ale. The mirror finished pieces
still appeared to have some features in the form of extremely fine s treaks, as seen

in the microscope image. We show the tools used to reach a finer finish and remove
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Figure 4.7: The surface slope of a mirror polished flat electrode piece was measured
using an interferometric microscope at ASU. The material surface showed 0.2 pm peak
to valley surface variation over a region of 0.1 mm.

these features in figure[4.8, Each part was hand-scrubbed using 1.0 pm diamond paste

MetaDi 1 pm paste Ultrasonic

Water flosser HPR CO2 Snow-jet cleaning

Figure 4.8: Materials were further polished by hand using 1.0 pm MetaDi diamond
paste to achieve a pristine mirror surface. The paste was then cleaned off using a
150 PSI water flosser and DI water for 30 minutes per p art. All parts were placed in
an isopropyl bath and cleaned using a portable ultrasonic device and cleaned for 10
minutes. During assembly in a class 1000 cleanroom the materials were cleaned using
a CO, snow-jet gun, ensuring the surfaces were contaminant free before closing the
chamber.
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and DI water to remove any lingering micro-features on the electrode surfaces. This

was followed by 30 minutes of high-pressure rinsing (HPR) using a Homemarvel 150

PSI water flosser [HOMEMARVEL (2021)], cleaning away any microscopic diamond

chunks entrapped in the electrode surface. After this process, all of the electron gun
pieces were mirror finished and only needed to be cleaned for UHV assembly.

All of the UHV pieces, including the high voltage parts, were cleaned using a
generic portable household ultrasonic cleaner wand in an isopropyl alcohol bath. Ev-
erything was ultrasonic cleaned for ten minutes before being taken into the cleanroom
curtains for assembly. In figure 4.9 we show the completed assembly of the gun within

our class 100 cleanroom environment. Inside the cleanroom, every piece was further

o . :
Figure 4.9: A moving cleanroom curtain with a total of eight HEPA filter condi-

tioners was used to assemble the gun cleaning. The curtained space maintained class
100 cleanroom conditions throughout the assembly.
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cleaned during assembly using a COq snow-jet cleaner. This was done to ensure the
insides of the chamber and the surfaces of the electrode and cryogenic shield remained

dust and contaminant free.
4.3.2 Cryogenic Cooling

Cryogenic performance tests of the photocathode were done before conditioning
the electron gun to high voltage. Multiple Lake Shore DT-670-SD [Lake Shore Cry-
otronics Inc.| (2022)] cryogenic temperature sensor SI diodes were attached to the
photocathode surface, electron gun core, cryogenic shielding, the sapphire rod, at
the copper strap and at the cryostat end to verify the temperatures reached during
the cooling process. We used a Cryomech Helium Liquifier Plant |Cryomech Inc.
(2019)] to supply a continuous flow of liquid helium to the electron gun cryostat.
Several steady state measurements for the photocathode temperature and the cryo-
stat temperature were taken at various LHe flow rates while the system was under
high vacuum. These measurements were used to calibrate the LHe flow rate and the

cryostat end temperature to the photocathode temperature, shown in figure [4.10]
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Figure 4.10: This plot shows the measured calibration between the temperature of
the photocathode versus the temperature output of the cryostat. A linear-regression
fit with coefficient of determination of 0.99471 is used to indirectly measure the pho-
tocathode temperature.
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All diodes need to be disconnected from the high voltage components for high
voltage conditioning and operation making it impractical to directly measure the
photocathode temperature during high voltage operation. Hence the calibration of
LHe flow a nd c ryostat t emperature v s p hotocathode t emperature will b e u sed to
determine the photocathode temperature when the gun is operational.

We started by testing the cryogenic cooling of the photocathode without the
cryogenic shield implemented to determine the performance with unmitigated black-
body radiation. The room temperature chamber emits heat to the cold portions of
the gun. Without the cryogenic shield the smallest photocathode temperature we
achieved was 52 K with a 24 lit/day LHe flow.

We conducted a cryogenic cooling test for the assembly with the cryogenic shield
layer surrounding the cold portions of the gun. In figure we show over two days of
cooling, and in this test the lowest temperature reached was 34.5 K. This temperature
is able to be maintained indefinitely for cryogenic o peration of t he electron g un. A
slight uptick can be seen in the figure near the 20 hour mark because the LHe flow rate
exceeded the liquefying limit. The flow rate drifts during the initial phase of cryogenic
cooling as the system properties change rapidly, and those drifts require a manual
flow rate adjustment to prevent a build up of excess helium gas pressure within the
recirculation pipes. Over the course of the night the system left unattended, and this
resulted in a pressure build up due to flow rate d rifts. A reduction of the flow rate was
necessary to recover the helium pressure, and this caused the photocathode to slightly
increase in temperature. The steady temperature reached at the photocathode was
satisfactory for our desired use; a 34.5 K photocathode temperature translates to a
3.0 meV contribution to the MTE. This temperature contribution is low enough to
reach the lowest MTE experimentally achieved to date [Karkare et al| (2020)] and

will work for a variety for advanced photocathode tests within this electron gun. The
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Figure 4.11: Cryogenic cooling attempted with a cryogenic shield covering the elec-
trode. The lowest temperature of 34.5 K was reached after 48 hours of cooling, and
the system was able to remain steady at this range indefinitely.

cooling time, however, was quite long, and this could cause a problem particularly for
photocathodes that have sensitive surfaces and smaller lifetimes. We attempted to
reduce the cooling time by nearly an order of magnitude by cooling the internals of
the gun before inserting the warm photocathode puck so that the puck would ”flash
freeze” because it would be the only warm internal component.

In our flash freeze process t he p hotocathode w as 1 eft o ut o f t he c hamber while
the electron gun was cryogenically cooled over the course of two days, reaching the
minimum stable temperature. The photocathode puck was then inserted into the
chamber and the temperature was recorded as it cooled. Figure shows the
results of the photocathode temperature using this process. The flash freezing process
yielded a rapid change of temperatures from the moment the photocathode puck was
inserted into the core; the photocathode was already down from room temperature
to 250 K within the first m inute. T he t emperature of t he p hotocathode reached 60
K after only two hours, compared to the original method taking 20 hours for the
same temperature. Another 10 hours would be needed to achieve the coldest steady
temperature according to our measurement shown in ﬁgureA photocathode
lattice temperature of 60 K corresponds to a thermal limit of 5.1 meV MTE, so

we conclude that this technique can be safely attempted in this electron gun using
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Figure 4.12: The puck at room temperature was inserted into the pre-cooled electron
gun. This flash freezing process repeatedly yielded a t emperature in t he range of 60
K at the photocathode over the course of 2 hours. Further optimizing the mass of
each electrode piece would greatly reduce the heat load and therefore reduce the total
cooling time of the electron gun.

photocathodes with shorter lifetimes. For time limitation reasons, a longer test was

not run.
4.3.3 High Voltage Conditioning

High voltage conditioning of the electron gun was done at room temperature after
we removed all of the temperature diodes, cleaned the pieces of the gun, and reassem-
bled them in our cleanroom. The electron gun cannot reach 200 kV immediately due
to electric breakdown events which can permanently damage the gun and require
cleaning or replacement of parts. Short arcing events occur before complete voltage
breakdown, and these can burn off u nwanted fi eld em itters wh ich wo uld otherwise
limit the electron gun voltage. We condition the gun to high voltage by carefully
increasing the voltage and inducing short arcing events to clean our the unwanted
field emitters.

A Cockeroft-Walton Multiplier HV stack was used as the high voltage power
supply (HVPS) for the electron gun, the XP Power OS series 250 kV 8.0 kW model
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[XP Power (2022)]. The stack was assembled into a tank which was later filled with
sulfur hexafluoride ( SFg) dielectric gas for safe use within thel ab. A HV type R28
cable from Dielectric Sciences which is rated for operation up to 225 kV [Dielectric
Sciences, Inc, (2022)] was used to connect the HVPS to the electron gun. The high
voltage plug was inserted with a heavy coating of dielectric grease to connect the
electron gun to the output voltage of the multiplier stack. When the tank is at air,
the high voltage stack is able to operate in air with 8 feet clearance from all sides.
However when operated within a tank filled with the S Fgdielectric gas, the operating
footprint is 5 feet tall and 3 feet wide therefore taking up a much less space in the
lab.

During the high voltage conditioning process the power supply voltage and current
were controlled and monitored via 0-10 V analog signals. The pressure in the gun
chamber and the radiation measured by a Geiger counter behind the gun were also
monitored. Any arcing or field emission during the high voltage conditioning process
causes the pressure in the gun chamber and the radiation to spike. The pressure
was in the low 10710 torr range when conditioning began. The voltage was increased
slowly while maintaining the gun pressure below 107 torr and the radiation below
0.2 mR/hr. A LabView program was used to monitor these and control the gun
voltage. The program automatically set the gun voltage to zero if any of these limits
in pressure or radiation were exceeded.

We controlled the arcing activity within the electron gun by monitoring the pres-
sure spikes on the ion pump, maintaining pressures below 10~7 torr throughout the
process. We additionally monitored and controlled the radiation spikes by using a
Geiger counter placed next to the gun chamber, maintaining radiation levels below
0.2 mR/h. We use LabView to remotely set the voltage of the stack and to record

the voltage, the current, the pressure, and the radiation with each having a fail-safe
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limit. The program indicates when the system is on, and will set the voltage to zero
when any of the fail-safe limits have been reached.

The results of the conditioning are displayed in figure 4.13| The gun was able to
immediately reach near 100 kV without many short arcing events. Pressure spikes

were initially the main reason for power supply tripping, followed by current and

radiation spikes as we reached up to the 200 kV range.
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Figure 4.13: The gun high voltage (black), current (red), pressure (blue), and
radiation (green) were plotted over the several hours of conditioning. The voltage
reached over 200 kV after 30 hours of high voltage conditioning. Pressure spikes
were the main limiter for the first 150 kV. Power supply trips due to radiation spikes
became more prominent at the higher voltages.

The gun reached a steady 200 kV after 30 hours of total processing time. This
processing time is very much comparable to the previous 200 kV electron guns built
with similar electrostatic designs [Lee et al) (2018)]. This demonstrates that the
polishing and cleaning process we followed using simple equipment easily available in

a standard university lab space is sufficient for developing 200 kV electron guns.
4.4  Conclusion

The ASU electron gun will be used to test advanced photocathode materials in

the optimal photoemission conditions. Many factors can be tuned or varied in the
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electron gun as desired, including the laser wavelength and fluence, the laser beam
input angle, the photocathode temperature, and the gun voltage. This gun can test
the performance of a wide variety of advanced photocathode materials, such as single-
crystalline, ordered surface Cu (100) and Ag (111), epitaxial grown alkali-antimonides,
Dirac semimetals, and more. Material testing can be verified with surface character-
ization done before and after beam extraction tests in the gun |[Knill et al. (2019)].
We will use a 500 kHz repetition rate femtosecond pulsed laser with a FWHM
pulse length of 150 fs generated from a pulsed Optical Parametric Amplifier (Light
Conversion Pharos pump laser with the Light Conversion Orpheus optical parametic
amplifier). The laser beam will be focused through a 250 mm fused silica plano-convex
lens to minimize the laser spot at the photocathode surface. The design, fabrication,
preparation, and commissioning of this electron gun were all done at ASU. All of
the unique features of the ASU electron gun will make this instrument excellent for
testing photocathodes at high voltages. In chapter 5 we will describe a photoemission

diagnostics beamline which will be used to measure advanced photocathodes.
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Chapter 5

PHASE SPACE MEASUREMENTS OF AN ELECTRON BEAM USING THE
ASU CRYOCOOLED 200 KV DC ELECTRON GUN

ABSTRACT

The cryocooled DC electron gun at Arizona State University is the first electron gun
built to implement single-crystal, ordered surface and epitaxially grown photocath-
odes to produce cold and dense electron beams at the source. This chapter presents
the developments of a photocathodes characterization beamline which will be used for
measurements such as emittance, response-time, and current. Detailed in this chap-
ter is a full four-dimensional transverse phase space of the electron beam, measured
using a Pinhole Scan technique developed at Cornell University. This method is used
to directly calculate the mean transverse emittance in both dimensions. This chapter
reports the first results of a full four-dimensional transverse phase space measurement
on a molybdinum mounted alkali-antimonide photocathode, and discusses the future

plans for measurements on the beamline.
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5.1 Introduction

As described in chapter 4, a cryogenically cooled 200 kV DC electron gun has been

commissioned at ASU [Gevorkyan et al| (2019, [2022)] with an objective to test such

advanced photocathodes. In section 5.2 we describe the accompanying photocathode
diagnostics beamline that we have built for photocathode characterization. We will
describe some of the possible experiments which can be done using this tool, In section
5.3 we go into detail on the simulations of the full 4D transverse phase space measure-

ment, and demonstrate this technique for the first time using our newly commissioned

electron gun [Gevorkyan et al.| (2023)].

5.2 The Pinhole Scan Technique for Full 4D Phase Space Measurements

In Fig. we show the current accelerator beamline with various elements high-

lighted for clarity. The beamline consists of 8 corrector dipole magnets to steer the

Solenoids 1 Deflection Cavity __ Screen _ )
| @ R -

Buncher Cavuty = Corrccmr Dupole Magnets

Figure 5.1: The beamline consists of corrector dipole magnets (yellow), two solenoid
magnets (red), a 3.0 GHz buncher cavity, a ”Pinhole” aperture element, a 3.0 GHz
deflection cavity, and multiple YAG screens.

electron beam, two solenoid magnets for transverse focusing, an aperture element, a

3.0 GHz buncher cavity of the Eindhoven design [Oudheusden, van (2010)] for lon-

gitudinal focusing, and a 3.0 GHz deflection c¢ avity. T he final element is a YAG:Ce

scintillator screen coupled to a CMOS camera and lens. In this beamline we plan

to implement a solenoid scan emittance measurement [Bazarov et al, (2008)], a time

response measurement ‘[Bazarov et al.‘ ‘(2008)‘], a beam cropping phase space measure-

ment [Ji et al. (2019); Gordon et al) (2022)], and eventually UED in the stroboscopic

il |
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2010)].

The emittance in equation [I.2]is a critically important measurement of an electron
beam in relation to the beam brightness in equation [1.1] To find emittance, we use a
Pinhole Scan technique to measure the full 4D phase space using an aperture element
to select a section of the focused electron beam and illuminate a detector screen

after some drift space. This technique was developed at the MEDUSA beamline in

Cornell University [Li et al| (2022); |Gordon et al.|(2022); Duncan et al. (2022)]. An

illustration of the technique is shown in Fig. [5.2

Electrons expand
* during drift due to
momentum spread

Electron beam cropped
(measure position)

Scintillator screen image
(measure momentum)

- S —>+o . S®
b Drift
Electron Pinhole Detector
Gun aperture Screen

Figure 5.2: This is an illustration of the Pinhole Scan technique. Beam position is
measured at the aperture, and the momentum spread is measured after a drift space.
In our beamline we use a thin tantalum foil with 10 pm, 30 pm, and 80 pm aper-

tures to crop to a small portion of the focused electron beam. After the beam is
cropped, the electrons pass through a drift space before they reach the scintillator
screen which allows us to measure the transverse momentum spread. The phase space
measured will give us enough information to calculate the 4D beam matrix, which is

the two RMS transverse positions and momenta and their related correlations.
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In the equation, x and y represent the transverse position of the beam at the
aperture, and the primed coordinates are derivatives with respect to longitudinal
position and represent the transverse momentum. We use this matrix to calculate
the 4D normalized emittance and determine the mean transverse energy (MTE) of

the beam.

eann = (78)*Vdet(Zap), (5.2)

where det is the determinant of the matrix. The 4D emittance can then be used to

find the electron beam MTE,

€4D.n
2

i

MTE =

> (5.3)
g7moc
In this equation o; is the RMS laser spot size and mgc? is the rest mass energy of a

free electron.
5.3 Implementing the Pinhole Scan at the ASU Cryogun Beamline
5.3.1 Simulations of Phase Space Measurements

We modeled this Pinhole Scan technique in GPT [van der Geer and de Loos (1997)]
and analyzed the results in MATLAB. We simulated our expected beam parameters
and real beamline elements to compute an image comparable to our real detector
screen and CMOS camera. The beam was rastered over the aperture by adjusting

the simulated corrector coils. We then used MATLAB to compute the full 4D phase
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space of the beam using the resulting images of the simulation. Using simulation,
have predicted results for a large range of values for MTEs and beam spot sizes we
expect to measure.

The smallest emittance that can be measured is limited by the aperture used, the
resolution of the screen and camera system, and the distance between the aperture
and the screen. In our setup the drift distance is 0.7 m. For this drift a 1.0 pm spot
on the screen corresponds to a transverse momentum of 0.30 eV /c. Assuming a 50 pm
resolution of the YAG screen and the camera-lens imaging system, we get a precision
of of 14.97 eV/c in the measured o,,. If we use the 10pm aperture, the smallest

possible emittance that can be measured is 0.53 nm-rad.
5.3.2 Measurements on the Beamline

In Fig @ we show a Pinhole Scan of a beam from a Cs3Sb photocathode on a
molybdenum substrate. This photocathode was significantly d egraded since it had
been in the electron gun for over two months since growth. A 532 nm continuous
laser with 5 mW power was focused to the center 100 pm of the photocathode. A flip
mirror was used to direct the laser beam to a intensity profiler matching the distance
to the photocathode to measure the laser spot size, which was measured to be 70 pm
RMS. The beam was focused and centered onto the 80 pm aperture. We rastered
the beam in small steps using an advanced optimized scanning strategy to suppress
errors due to systematic drift [Emma et al. (2010); Pellegrini (2012)]. Each image was
811-by-811 pixels and the resolution was 13.636 pm per pixel. Our MATLAB code
interpreted these images to compute the matrix in equation and emittance in
equation Using equation we measured an MTE of 76.6 meV for our degraded

Cs3Sb sample using 532 nm light.
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Figure 5.3: A full 4D phase space was reconstructed from our degraded CszSh
photocathode grown on molybdenum using the pinhole scan technique. This was
measured in our beamline at 30 keV with a spot size of 70 pm. We show the transverse
positions x-y (B.3h), where o, = 158.53 pm and o, = 151.02 pm. In (5.3p) and (5.3k) we
plot the 2D phase space in one transverse axes x-x’ and y-y’ respectively, /€44 = 27.1
nm-rad.
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5.4 Conclusion

Future automation of this code can be implemented to remove as much of the
manual operation of the beam as possible, particularly in the dipole coil momentum
calibration and in the actual measurement process. Testing single-crystalline photo-
cathodes at cryogenic temperatures will be a priority because they have demonstrated
record low transverse energy spreads, and measuring the full 4D phase space of such
materials at high voltage in optimal conditions is currently only possible using this
electron gun and beamline.

Cryogenic cooling was not used because the laser was significantly above threshold
energy for Cs3Sh. The next iteration of this beamline will use our tunable wavelength
laser, which has a 500 kHz repetition rate and a FWHM pulse length of 150 fs from a
pulsed Optical Parametric Amplifier. We expect to see a difference in the emittance
after tuning the wavelength to threshold and cryogenically cooling the photocathode
[Karkare et al. [(2017)]. This beamline will eventually be used for UED in both the
stroboscopic and single-shot modes[Oudheusden, van (2010); Van Oudheusden et al.
(2010, 2007); Li et al. (2010); Duncan et al, (2022)], making it possible to surpass
the k-space resolution of existing UED tools, given proper beam quality preservation,

due to the ability to make use of higher brightness sources in our electron gun.
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Chapter 6

CONCLUSION

Ultra-low emittance photocathodes can pave the way to improve electron-based tech-
nologies such as XFELs and inverse Compton scattering experiments; ultrafast elec-
tron scattering techniques like UED, UEM, and U-EELS; and particle colliders for
fundamental physics research. Modern photoinjectors use polycrystalline metals as
their electron source and are limited on the brightness of those sources due to a va-
riety of effects. One of t hese effects is likely the nanoscale surface roughnesses as we
described in detail in chapter 2. Ordered surface, single crystalline photocathodes
could be used in conjuction with nanoscale laser spot sizes to produce ultra-low emit-
tance electron beams. In chapter 3 we described how such materials could perform as
next generation electron sources for electron microscopes. The brightness from ultra-
low emittance sources could be two orders of magnitude larger that the brightness of
the best technology used today, with the added benefit of having low energy spreads
without the use of a monochromator. In chapters 4 and 5 we described the devel-
opment and commissioning of a high accelerating gradient, cryogenically cooled, 200
kV DC electron gun and photoemission diagnostics beamline within our photocath-
odes research lab. This accelerator has a unique capability to utilize photocathodes
mounted on holders typically used in commercial surface chemistry tools, and fur-
thermore has the necessary features and tools for operating in the optimal regime for
many advanced photocathodes. We demonstrated a full 4D phase space measurement
with this tool; this is a big step toward investigating the use of advanced photocath-
odes which can produce ultra-low emittance electron beams for modern photoinjector

applications.
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The work presented in chapter 2 was originally published as Gevorkyan et al.
(2018). The work presented in chapter 3 and is a manuscripts that is currently under
preparation with plans to submit to a journal, and has been published in conference
proceedings as Gevorkyan et. al (2019,2022). The work presented in chapter 4 has
been submitted as a manuscript to be published as Gevorkyan et. al. (2023). The
work presented in chapter 5 has been published in the TPAC 2023 conference as
Gevorkyan et al. (2023), which was submitted as a proceeding with joint coauthorship
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