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Bright electron beams, as well as the technologies they power, are among the
most powerful probes of matter at atomic length and time scales. Many of these
systems and techniques, however, are limited in performance by the achievable
brightness of modern particle accelerators. This thesis first investigates the fac-
tors that limit the final brightness of electron beams. These results suggest that
research into better photocathode technologies is a viable path toward improv-
ing brightness in contemporary accelerator systems. The remainder of this the-
sis is dedicated to exploring a diverse set of ideas on how to improve the quality
of photocathodes. First, brightness from Cs-Te (a common semiconductor pho-
tocathode) is measured near the photoemission threshold. Tuning the photon
energy of the driving laser close to the threshold is expected to limit the energy
imparted to the emitted electrons and improve the beam’s initial brightness. In-
stead, it is revealed that low workfunction impurities likely present in cathodes
of this type may be a barrier to high brightness. Next, we investigate a novel
method of emitting electrons from unoccupied states with low transverse mo-
mentum. Electrons are first excited within a semiconductor and then ejected in
a pump-prove style experiment. By adding a delay between the two processes,
the electrons may relax and lose energy which may result in better brightness.
Finally, the fabrication of nanoscale patterns on the surface of metal cathodes is
investigated as a way to improve their nonlinear yield and source size. Future

directions in research on the brightness of electron sources are discussed.
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CHAPTER 1
INTRODUCTION

Electron beams have become an essential tool for those seeking to study na-
ture at the scale of the atom. At the energies achievable in electron microscopes
and university scale diffraction apparatus (~100keV), the electron’s de Broglie
wavelength is only 3.7 pm. Being small compared to the distance between atoms
in solid state systems (~100 pm), this value suggests the utility of using electrons
as a direct probe of matter. Electron beams also play an important indirect role
in the study of atomic-scale systems due to their use in the production of in-
tense x-ray radiation. The synchrotrons and free electron lasers of the world are
powered by these beams and the radiation they generate forms an important

complementary tool to electron beams.

In this thesis, we seek to improve the performance of this broad family of
techniques by increasing the quality of the electron beams that power them.
Before we begin, however, we must settle on a suitable definition of "quality" in

this context.

1.1 The Brightness of Charged Particle Beams

To simplify our work in forming a metric of quality on particle beams, let’s
consider only a single spatial dimension in the transverse plane of the beam. We
will call this direction x and it will turn out that this simple system has all of the
essential features needed to define quality in the full three dimensions. Quality

should be a property of the beam itself and not depend on its environment.



Since we would like to imagine this metric as describing a fundamental limit
on where the electron beam may be used, it should also be difficult to improve
the quality of the beam by conventional means. This motivates us to begin by
considering quantities that are conserved during beam transport in a particle

accelerator.

Two quantities that are conserved during transport are the occupied area,
and density of the beam in phase-space! (x, p,); termed emittance and (micro-
scopic) brightness respectively. If we approximate the particles in the beam as
non-interacting, then we can talk about the system as an ensemble in 2D phase-
space (see example in Fig. 1.1). For the trajectories of particles during trans-
port in an accelerator, Liouville’s theorem guarantees these two metrics are con-
served [136]. This satisfies our original goal for a definition of quality. However,
we are left wondering how to quantitatively talk about the area of a beam which
is described by a continuous density function in two dimensions: p(x, p,). In
particular, many analytical distributions that describe particle beams (such as
the normal distribution) have a non-zero density over all of phase-space, but

we do not wish to say that they occupy an infinite area.

A solution to this problem is to consider an RMS, statistical definition of
emittance [81]. Once normalized, the beam’s density, p(x, p,), can be considered
as a probability distribution function describing the statistics of two random
variables: the phase-space coordinates x and p,. The first two central moments

of this distribution are the mean,

A = [Elx], E[p.]], (1.1)

!For the sake of convenience, momentum here is unitless and is equal to the relativistic mo-
mentum divided by the electron’s mass and the speed of light. To avoid confusion we note this

as px = p./(mec) with Dx = MeCByYy.
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Figure 1.1: A sample of electrons (green dots) in transverse phase-space with
the distribution’s covariance shown as colored ellipses. The emittance of the
beam corresponds to the area occupied by the ellipse labeled "1 o".

and the variance-covariance matrix,

E[x-x] El[x-p,]

E[ﬁx : x] E[ﬁx ' ﬁx]

™M
Il

- ﬁT : /j’ (12)

where E[¢] is the expectation value of the quantity £. Ignoring the remaining
higher moments, we can show that the determinant of 3 (written as [3]) is related

to an area occupied by the now normally distributed phase-space variables.

In particular, the curves of equal probability density for the 2D normal dis-

tribution are ellipses (see Fig. 1.1). The ellipse such that the density is equal

to ¢!

of its peak value has squared axis lengths equal to the eigenvalues of
3. Since the determinant of a matrix is equal to the product of its eigenval-
ues, V3| represents, up to a scaling factor, the area of that ellipse. There are
different conventions for the scaling used in emittance. However, for simplic-

A

ity, we take it as one. Therefore, we may define emittance? as egms = V[Z| =

2Technically, this is a "normalized" emittance. It is conventional for accelerator problems to



VE[] - E[p?] - E[x - p.J>.

Average brightness also follows from this definition as the total charge in the
beam divided by the phase-space area. However, when calculating transverse
brightness it is conventional to use an area in the 4D phase-space describing
the whole transverse plane of the beam. Fortunately, our RMS emittance defini-
tion naturally generalizes to higher dimensions by evaluating the 4 x 4 matrix
% on all of the phase-space dimensions and taking the square root of its deter-
minant. When the x and y planes of the beam are not correlated, we can also
write separate emittance for each direction and the full 4D area is equal to the

product &4p = &, - &,. The beam’s brightness is then: B = % It is this brightness
xEy

that is commonly pointed to as a metric of quality useful for the applications of

electron beams.

Before discussing how high-brightness beams are generated, one quick aside
is that while the RMS definition of emittance is simple and easy to use, it is no
longer a conserved quantity in all cases. For linear transport, we are fine® be-
cause when an initial phase-space point 7, = [x;, p,;] is transformed to a final
position 7; = M - 7, the matrix M must be symplectic due to the equations of
motion and it will have unit determinant. The squared final emittance is then
|if| = |M-3% - MT| = |%). This is true for any number of dimensions. How-
ever, nonlinearities in the beam may distort phase-space and increase the area
as evaluated by the second moments. Similarly, it may be possible to improve

the beam’s quality by "undoing" nonlinearities with magnetic elements in an

define the momentum variable as an angle 6 = p./p. (p. pointed down the accelerator) and write
the emittance in these variables instead. However, this is less convenient for work on electron
sources where p, changes greatly during the beam’s evolution.

3This isn’t completely true when magnetic fields are present as the conjugate momenta in this
system will differ from the mechanical momenta by the magnetic vector potential. However,
comparing emittances far away from magnetic elements is still fine.



accelerator.

These issues with the RMS brightness metric may be solved with other pro-
posed measures of beam quality. Core brightness is the phase-space density at
the beam’s centroid and should not change in circularly symmetric systems [14].
Differential entropy (or continuous entropy) is 4 = E[—-1og(dA - p(x, p.)/Q)],
where §A represents a small "reference area" and removes units from the in-
side of the logarithm [82]. Its value is chosen for convenience in the same way
that measuring signal amplitude with decibels requires the selection of a refer-
ence level. This arbitrariness may be avoided by instead defining an "entropic
emittance" [77] as € = 0A - exp(h) that no longer depends on 6A. The entropy
is guaranteed to be conserved by all physical motion in the 2D /4D /6D phase-
space, but may grow due to particle-particle interactions. Despite their poten-
tial utility in defining fundamental limits on the use of beams, calculating these

metrics tends to be difficult and work is ongoing to simplify their use.

Now that we have a sense of what quality means for electron beams, we
can proceed to investigate how bright beams are supplied in applications. Since
brightness is, at least approximately, conserved in beam transport, our focus
should be on the generation of electron beams, commonly achieved with pho-

toemission.

1.2 Photocathodes as a "High Quality" Source of Electrons

Photoinjectors are a popular method of generating bright electron beams. Un-
der vacuum, light is allowed to illuminate a small spot on the surface of a ma-

terial called the photocathode (commonly a metal or semiconductor). Electrons
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Figure 1.2: Diagram of a DC photoinjector. Light (red line) enters and hits the
photocathode material to the left. Electrons (green circles) are ejected and ac-
celerated out of a hole in the anode to the right by an electric field. The electric
tield here is represented as the force felt by the electrons (opposite of the field
vector due to the electrons’ negative charge) for clarity.

are ejected in this area due to the photoelectric effect. Once in vacuum, these
electrons can be accelerated with a constant electric field (DC photoinjector) or
the on-peak field of an RF cavity containing the photocathode (RF photoinjec-
tor). See Fig. 1.2 for a schematic of this process. We are highly motivated to
understand how the properties of the cathode and photoinjector influence the

brightness of the emitted beam.

First, we note that, for emission from uniform materials, the correlation term
in the emittance vanishes at the cathode: E[x- p,] = 0. This allows us to separate
the emittance into a product of the initial spot size and momentum spread. This
gives us € = 0, - 0;,. However, it is more typical to write the momentum spread

as an energy. The "Mean Transverse Energy" (MTE) is defined as*,

E[p*] O3
MTE = 2Pl Toe ) 202 (1.3)

Dy
m, m, Px

“We must be careful here to distinguish our normalized momentum from the actual momen-
tum of the particles: p, = m.cp,



where p, represents the momentum projected into the plane perpendicular to
the direction of the beam and we have assumed that o5, = 0,. The emittance

can now be written in terms of the MTE as € = o, - /ME [16].

mc?

For conventional photocathodes, the initial spot size (o) is determined by
the optics used to illuminate the material and is limited to something like 1 to
10 um. The MTE, however, depends on several factors including photon energy
of the illuminating source, the choice of cathode material, and the geometry
of the cathode’s surface. To better understand how these factors influence the
emitted beam’s MTE, we must first learn more about the physics of photoemis-

sion.

One of the dominant descriptions of photoemission is called the three-step
model [19, 151]. As advertised, the photoemission process is split into three
separate steps: excitation of an electron within the bulk of the material, trans-
port of the electron from the excitation site to the photocathode’s surface, and
then emission of the electron through the surface barrier. By modeling each of
these steps, the important cathode parameters can be estimated. Here, we will
concern ourselves with MTE and also the quantum efficiency (QE), which is the

(fractional) number of electrons emitted from the cathode per incident photon.

Fortunately, these properties can be calculated analytically for metallic cath-
odes under suitable approximation [39]. The chance of a photon with energy iv
exciting an electron in the photocathode with initial energy E is the transition
probability [1 - fep(E +hv)] fep(E), where fip represents the Fermi-Dirac distribu-
tion function. Here the first and second terms represent the density of the final
and initial states of the electron. This, however, must be multiplied by (1 —R(hv))

where R(hv) is the reflectivity to account for the fact that not all incident photons



make it into the metal.

Electron-electron scattering is predominantly responsible for the loss of par-
ticles in transport in metals. This effect only depends on photon energy and
can be modeled by the ratio of the optical absorption length and an experimen-
tally measured electron-electron scattering length. We write this as Fe.(hv) =
1/(1 + Agpe(hv)/Aee(hv)). These lengths are approximately constant when only

considering near-threshold photoemission.

When an electron escapes the material, the transverse momentum is con-
served, but the momentum component normal to the surface shrinks to satisfy
energy conservation across the barrier. In particular, when we reference the
energy to the Fermi level, the particle must lose energy equal to the work func-
tion (¢). This means that there is a maximum angle beyond which electrons
no longer have enough longitudinal momentum to escape the material. The
momenta of the internally excited electrons tend to be distributed randomly in
orientation. This lets us calculate the probability of escape as the area of the unit
sphere contained in the cone defined by the maximum escape angle divided by

the total area of the unit sphere.

With these values for the rates in the three-step model, the QE and MTE can
be estimated. The QE is the probability of a photon being absorbed and the
resulting electron being able to escape divided by the probability of a photon
being absorbed at all. This can be found by integrating a product of the rates
over all states in the metal. For near threshold photoemission and taking the

cathode’s temperature as zero we have,

1 - R(hv) (hv — ¢)?
1+ /lopt(hv)//le—e(hv) 8¢(EF + ¢) ’

where ¢ is the Fermi energy. The MTE can be evaluated similarly by evaluating

QE(hv) = (1.4)




an expectation value of the squared transverse momentum over the escaped

electrons. We have the surprisingly simple result,

MTE = "V =¢.

(1.5)

Here we see the tradeoffs inherent in photocathode-based electron sources.
Mean transverse energy should go down when the wavelength of the driving
laser is tuned close to the photoemission threshold. However the quantum ef-
ficiency also decreases and MTE(hv) « +/QE(hv). Unfortunately, the theory of
MTE dropping off to zero as long as you have a powerful enough drive laser
doesn’t seem to be true in practice either. In reality, it drops off to a value near
25 meV for many materials [15]. Why this happens may be due to several effects.
This includes surface roughness which may inflate the transverse momentum of
the emitted electrons [76]. Variation of the work function across the surface can
cause similar issues [60]. The limiting value is also close to the energy kzT at

room temperature and so thermal effects such as the Fermi tail may be at play.

1.3 Structure of the Thesis

This thesis encompasses a line of research into increasing the brightness of elec-
tron beams. With the existing popularity of photoinjectors as a way of gener-
ating high-brightness electron beams, improvements to these sources and the
photocathode materials which power them are a promising method of accom-

plishing this goal.

As discussed in the previous section, the two areas a serious attempt at in-

creasing photocathode brightness should look at are initial spot size and mo-



mentum spread. Shrinking either improves the quality of the generated beam.
Fortunately, there does seem to be room for improvement over existing cath-
ode technologies. Although the source size is typically restricted by optics to
1 ym, manipulation of the surface with nanopatterning shows promise as a way
of beating this limit. The initial momentum spread is determined by both the
photocathode material and the wavelength of the driving laser (typically shrink-
ing at a longer wavelength). Both parameters have interesting areas of explo-
ration. Common photocathode materials exist that have not been measured at
long wavelengths and could yield new bright sources of electrons. Additionally,
there are semiconductors whose electronic bandstructure naturally restricts the
momentum of electrons in the crystal. Perhaps these could be leveraged to also
limit the transverse energy of the emitted beam. Each of these starting points
suggests a fruitful area of research that could improve the brightness of electron

beam:s.

Unfortunately, it isn’t clear that this line of research, even if successful,
would have an impact on the brightness of electron beams delivered to users
in the real world. There is a lot that can go wrong from the point where the
beam is generated to the point where it is used. In particular, many applications
require a high bunch charge. The nonlinear space charge forces that may be
present in this regime of operation can have a serious effect on the brightness
in transport. Even in the case of low current, nonlinearities in beamline ele-
ments and projected effects such as slice mismatch in phase-space may inflate
the emittance of the cathode. These issues might hide any gains made in the
photoinjector. It is therefore important to understand the magnitude of these ef-
fects and their relation to the brightness offered by photocathode improvements

before spending too much effort on that research.
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To this end, we begin the thesis in Chapter 2 with numerical work aimed at
understanding the conservation of brightness in realistic photoinjectors. Opti-
mizations were performed on particle tracking simulations of a diverse set of
accelerators. We evaluated the best achievable emittance that is obtained with
contemporary photocathodes and that which can be achieved using photocath-
odes with zero MTE. We find that these systems can still benefit from higher
quality photocathodes and define a metric on each system for the value of MTE
one would have to reach before the effects of transport blur the cathode’s con-

tribution to brightness.

In Chapter 3, an investigation into the near-threshold MTE of Cs-Te (a com-
mon semiconductor photocathode) is presented. We believe this is the first work
reporting this data. Interestingly, instead of the MTE decreasing monotonically
as the photon energy is reduced, it first decreases and then shoots up close to
the threshold before shrinking again. We were able to explain this feature as
being caused by low work function compounds that form in thermodynamic
equilibrium with main semiconductor Cs,Te in the cathode. When the laser is
tuned near threshold those impurities begin emitting electrons with greater effi-
ciency than the bulk and it is these electrons that are responsible for the higher-
than-expected MTE. These results show that for systems such as Cs-Te, it is not
enough to simply turn down the photon energy of the driving laser when seek-
ing high brightness. Instead, more complex features with local minima may be

present that require consideration when optimizing your photoinjector.

Chapter 4 describes measurements from a low effective mass (small momen-
tum spread) semiconductor involving an unconventional method of emitting

electrons from the unoccupied conduction band states. Instead of using sin-
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gle photons to rip the electrons from the photocathode, this concept involved
exciting electrons into the conduction band of GaAs with a laser pulse of low-
energy photons. Then after a delay, which allows the electrons to thermalize
and lose transverse momentum as they settle into the conduction band mini-
mum, a pulse of higher energy photons would kick these electrons out of the
material. Previous work did observe small MTE in a narrow energy-resolved
set of emitted electrons. We present here the first measurements of momentum
spread over the full distribution in an attempt to develop a new high-brightness

source of electrons.

In Chapter 5, a nanopatterning concept on the path to a smaller source size
is explored. Metal photocathodes are durable and easy to prepare, but their low
QE and high work function make them difficult to use. The requirement of UV
light can be relaxed when these cathodes are driven with intense ultrafast laser
pulses into nonlinear photoemission. However, the achievable photoemission
yield tends to be small. In this work, we explore how patterning the surface of
the metal can locally enhance the optical field and improve the nonlinear yield
by six orders of magnitude. We also perform the first MTE measurements on
this system and demonstrate how these cathodes may be used in future high-

brightness photoinjectors.
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CHAPTER 2
CONSERVATION OF CATHODE BRIGHTNESS IN THE REAL WORLD

This chapter was originally published as reference [121]'.

2.1 Abstract

Reducing the intrinsic emittance of photocathodes is one of the most promising
routes to improving the brightness of electron sources. However, when emit-
tance growth occurs during beam transport (for example, due to space-charge),
it is possible that this emittance growth overwhelms the contribution of the pho-
tocathode and, thus, in this case source emittance improvements are not benefi-
cial. Using multi-objective genetic optimization, we investigate the role intrin-
sic emittance plays in determining the final emittance of several space-charge
dominated photoinjectors, including those for high repetition rate free electron
lasers and ultrafast electron diffraction. We introduce a new metric to predict
the scale of photocathode emittance improvements that remain beneficial and
explain how additional tuning is required to take full advantage of new photo-
cathode technologies. Additionally, we determine the scale of emittance growth
due to point-to-point Coulomb interactions with a fast tree-based space-charge
solver. Our results show that in the realistic high brightness photoinjector ap-
plications under study, the reduction of thermal emittance to values as low as
50 pmum™' (1 meV MTE) remains a viable option for the improvement of beam

brightness.

'The following acknowledgment appeared in the original manuscript: This work was sup-
ported by the U.S. National Science Foundation under Award PHY-1549132, the Center for
Bright Beams. We thank the US-Japan Science and Technology Cooperation Program in High
Energy Physics for providing additional travel funding.
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2.2 Introduction

Improving the brightness of space-charge dominated electron sources will un-
lock a wealth of next generation accelerator physics applications. For exam-
ple, the largest unit cell that may be studied with single shot ultrafast electron
diffraction (UED) is limited by the beam’s transverse coherence length, which
is determined by transverse emittance, at a high enough bunch charge to miti-
gate the effects of shot noise in data collection. The study of protein dynamics
with UED requires producing >1nm scale coherence lengths at more than 10°
electrons and sub-picosecond pulse lengths at the sample location [150, 43]. In
another example, the intensity of coherent radiation available to the users of free
electron lasers (FELs) is, in part, limited by beam brightness. Beam brightness
affects the efficiency, radiated power, gain length, and photon energy reach of

FELs [137, 35].

Photoinjectors equipped with low intrinsic emittance photocathodes are
among the brightest electron sources in use today. Peak brightness at the
source is limited by two factors: the electric field at the cathode and the photo-
cathode’s transverse momentum spread. Several short-pulse Child-Langmuir-
like charge density limits have been derived for the photoemission regimes
of relevance to practical photoinjectors. These current density extraction lim-
its make explicit the dependence of peak brightness on photocathode param-
eters and the electric field [16, 49, 149]. Depending on the aspect ratio of
the bunch, the brightness limit is super-linear in the electric field and moti-
vates the push towards high accelerating gradient photoinjectors. Contempo-
rary DC, normal-conducting RF (NCRF), and superconducting RF (SRF) photo-

electron guns have peak accelerating fields of order 10MV m™! [125, 41, 38, 7]
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with very high repetition rates (well above 1 MHz). At the cost of duty fac-
tor, state of the art NCRF electron guns can offer even higher fields of order
100MV m™! [47] and recent experimental results suggest the possibility of push-
ing peak fields to nearly 500 MV m™' for cryogenically cooled accelerating struc-

tures [139, 23, 161, 138, 95, 144, 111, 56, 34, 63, 37, 90].

In this work, we characterize the intrinsic emittance at the photocathode

source via the Mean Transverse Energy (MTE):

MTE 21

2

EC = 0y )
mc

where o, is the laser spot size, and m is the mass of the electron. Here, it is clear

that MTE plays the role of an effective temperature of emission.

(a) DC Gun UED (b) NCRF Gun UED
400 _ - 100 _
o 10 g 2 4 g
> >
200 L5 = | F50 2
h h
0- Lo ! 0 M Lo !
T T T T T T L T
0 25 50 75 100 0 100 200
s (cm) s (cm)
(¢) KEK Gun FEL Driver
F 50 g
17 >
W, G
of LM o &

T T T T

0.0 25 5.0 7.5 10.0 12.5 15.0 17.5
s (m)

Figure 2.1: The on-axis electric and magnetic field as seen by a reference particle
in the center of the electron bunch. In each sub-figure, the cavity and magnet
parameters are taken from an individual along the O meV Pareto front of the
respective beamline. Fields are output directly from General Particle Tracer. In
the case of the FEL, fields are computed from the energy change (dE/ds) and
Larmor angle output from ASTRA as a function of position.

Great progress is being made in the discovery of low MTE photocathodes

which are expected to improve the usable brightness of photoinjectors. Due to
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the practical tradeoffs involved with photocathode choice, most photoinjectors
today use materials with an MTE of around 150 meV [163, 167, 36, 94]. At the
cost of QE, this MTE may be reduced by tuning the driving laser’s wavelength.
For example, in Cs;Sb and Cs:GaAs photocathodes, the lowest MTE that may
be achieved via wavelength tuning at room temperature is nearly 35 meV and
25 meV respectively, but at 107° - 107> QE [118, 29, 103]. Recent work has shown
that the cryogenic cooling of photocathodes emitting at threshold can reduce
MTE even further, potentially down to single digit meV MTEs [74]. However,
a natural question arises amidst this progress in MTE reduction: in modern
space-charge dominated applications, to what extent does MTE reduction actu-

ally improve the final emittance?

Even in the case of linear transport, 3D space-charge effects lead to a trans-
verse position-angle correlation which varies along the longitudinal coordi-
nate and leads to an inflation of projected emittance that requires compensa-
tion [24, 55, 134, 147]. The residual emittance after compensation is due to non-
linear forces, either from space-charge or beamline elements. Scaling laws exist
to help estimate their effects [25, 17]. In some cases, non-linearity can cause
phase space wave-breaking in unevenly distributed beams that is a source of
irreversible emittance growth [5, 6]. Another irreversible cause of emittance
growth is disorder induced heating (DIH) and other Coulomb scattering effects
which are expected to become important in the cold dense beams of future accel-
erator applications [93]. Avoiding these emittance growth mechanisms requires

the advanced design and tuning of photoinjector systems.

Multi-objective genetic algorithm (MOGA) optimization is a popular tech-

nique for the design and tuning of realistic photoinjectors [11, 114, 70, 115, 133,
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44, 117]. Photoinjectors often have to balance several key design parameters or
objectives that determine the usefulness of the system for a given application.
MOGA is a derivative free method for computing the Pareto front, or family
of highest performing solutions, in a parallel and sample efficient manner [32].
Elitist genetic algorithms are known to converge to the global optima of suf-
ticiently well-behaved fitness functions given enough evaluations [141]. This
makes them well suited for problems involving many local extrema. Practical
problems often require optimizations to be performed over a constrained search
space and there exist techniques of incorporating these constraints into existing

genetic algorithms without sacrificing efficiency [18].

In this work, we examine the limits beam transport places on the ability of
photoinjectors to take advantage of low MTE photocathodes in a diverse set of
realistic simulated photoinjectors that have been tuned by a MOGA for ultimate
performance. This article begins with a discussion of our results involving the
simulations of beamlines with idealized zero emittance photocathodes. These
simulations are performed on three important examples of high brightness elec-
tron beam applications: high repetition rate FELs, as well as single-shot DC and
RF-based UED devices. Using zero cathode emittance simulations, we intro-
duce a new metric called the characteristic MTE to help understand the scale
of photocathode MTE which is relevant to final beam quality. It is shown that,
depending on the properties of the beamline, system parameters need to be re-
optimized to take full advantage of photocathode improvements. We present
a method of estimating when re-optimization needs to be performed and the
magnitude of its effect on final emittance. Finally, we set the scale for the mag-
nitude of emittance growth due to point-to-point Coulomb interactions using a

stochastic space-charge algorithm.
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2.3 Optimizations with a 0 meV MTE Photocathode

To understand the contribution of photocathode MTE towards the final emit-
tance of high brightness photoinjectors, we directly compare injector perfor-
mance with a contemporary ~150meV MTE photocathode to what would be
achievable with a perfect 0meV counterpart. To cover the wide range of exist-
ing and near future accelerator technologies, we chose three realistic beamlines
with significantly different energies as a representative set of high brightness
photoinjector applications. A DC and NCRF electron gun based single shot
UED beamline reflect the two predominant energy scales of electron diffraction
with single nanometer scale emittance at 10 to 100 fC bunch charge: order of
magnitude 100keV and 1 MeV. At higher bunch charge, we select an SRF pho-
toinjector under development at KEK expected to be capable of sub-pm scale
emittance at 100 pC bunch charge for simulations representative of FEL driver
applications. We consider these beamlines to be space-charge dominated based
off of their expected applications which are anticipated to push their machine

settings into a range where space-charge forces become important.

The ultimate performance of each system is evaluated on the basis of the
particle tracking codes General Particle Tracer [158] and ASTRA [54] with op-
timization carried out in the framework of MOGA. Particle tracking simula-
tions have been shown to have good correspondence with the dynamics of real
beamlines [65]. Children were generated with simulated binary crossover and
polynomial mutation [31]. Selection was performed with SPEA-II [173] in the
case of both UED examples and with NSGA-II [32] in the case of the FEL exam-
ple. Emittance preservation is known to depend strongly on the initial trans-

verse and longitudinal distribution of the beam. To this end, the optimizer is
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given the power to change parameters controlling the initial particle distribu-
tion. In particular, the optimizer may change the size and length of the beam
while preserving cylindrical symmetry. The shape of the beam along the radial
and longitudinal axes is interpolated between the set of four distributions de-

scribed in [17]. Example initial distributions taken from one individual for each

beamline are shown in Fig. 2.2.
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Figure 2.2: An example of the initial longitudinal and transverse spatial distri-
bution of the beam for each system. These examples were selected from the
OmeV Pareto front and are the same individuals plotted in Fig. 2.5.

The DC UED beamline is modeled after a similar system under development
at Cornell University using the cryogenically cooled photoemission source de-
scribed in [85]. The performance of this system under different conditions than
presently considered is discussed in [64] where a detailed description of the
layout and simulation methodology is also provided. On-axis fields for this
beamline are shown in Fig. 2.1a. The beamline consists of two solenoids that
surround an NCRF single cell bunching cavity and aid in transporting the high
brightness beam to the sample located at s = 1 m. The optimizer is given con-

trol over all magnet and cavity settings to minimize the RMS emittance at the
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sample while maximizing bunch charge. Only solutions that keep the final spot
size smaller than 100 pum RMS and the final beam length less than 1 ps RMS are
considered. These constraints were chosen based on common sample sizes used
in diffraction [163] and the timescale of lattice vibration dynamics [88, 152]. For
a complete description of the decisions, objectives, and constraints used for this

system, refer to Tab. 2.1.

The high gradient NCRF UED beamline is driven by a 1.6 cell 2.856 GHz gun
capable of 100MV m™" and based on a design currently in use at a number of
labs [163, 104, 172,171, 50]. Samples are located at s = 2.75 m and the optimizer
is given full control over two solenoids which surround a nine cell bunching
cavity that is modeled after the first cell of the SLAC linac described in [108]. A
discussion of our previous optimization experience with this beamline under a
different set of constraints can be found in [66]. As in the case of the DC UED
beamline, the optimizer was configured to minimize final RMS emittance while
maximizing delivered bunch charge under the constraint of keeping the final
spot size less than 100 um RMS and the final length shorter than 1 ps RMS. The
decisions, objectives, and constraints of this optimization are detailed in Tab. 2.2
and an example of the on-axis fields from an optimized individual is shown in

Fig. 2.1b.

Our FEL driver example includes a 1.5 cell 1.3 GHz SRF gun in development
at KEK for use in a CW ERL light source coupled with a photoinjector lattice
aimed at use in the LCLS-II HE upgrade [78]. The gun energy is controlled by
the optimizer, but is in the range 1.5 to 3.5MeV. Immediately after the gun is
a 1.3GHz 9 cell capture cavity surrounded by two solenoids. The remaining

cavities, of the same design as the capture cavity, are shown in the plot of ex-
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Decision Range
Bunch Charge 0 to 160 fC
Initial RMS Beam Size 0 to 1 mm
Intitial RMS Beam Length | 0 to 50 ps
MTE 0, 150 meV
Gun Voltage 225kV
Solenoid Current 1 and 2 Oto4A
Buncher Voltage 0 to 60kV
Buncher Phase 90°
Objective Goal
RMS Emittance Minimize
Delivered Bunch Charge Maximize
Constraint Value
Final RMS Spot Size <100 pm
Final RMS Bunch Length <1ps

Table 2.1: Optimizer configuration for the DC gun UED beamline

ternal fields in Fig. 2.1c and accelerate the beam to its final energy of roughly
100 MeV. Accelerating cavity number three was kept off during optimization as
a planned backup for cavity failure in the real machine. The bunch charge was
fixed to 100 pC, and optimizations were performed to minimize both RMS emit-
tance and bunch length at the end of the injector system. Energy constraints
were tailored for the injector’s use in the LCLS-II HE upgrade, and so we re-
quired valid solutions to have an energy greater than 90 MeV, an energy spread
below 200 keV, and a higher order energy spread less than 5keV. The full set of

decisions, objectives, and constraints is compiled in Tab. 2.3.

Initial generations of the genetic optimization were evaluated with a small
number of macroparticles to develop a good approximation of the global optima

efore moving on to the more accurate simulations involvin macroparticles
bef to th t lat 1 10° ticl
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Decision Range
Bunch Charge 0 to 300fC
Initial RMS Beam Size 0 to 50 pm
Intitial RMS Beam Length | 0 to 50 ps
MTE 0, 150 meV
Gun Phase -90 to 90°
Peak Gun Field 100MV m™
Beam Energy 4.5MeV
Solenoid Current 1 and 2 0to4A
Buncher Peak Power 0 to 25 MW
Buncher Phase 90°
Objective Goal
RMS Emittance Minimize
Delivered Bunch Charge Maximize
Constraint Value
Final RMS Spot Size <100 pm
Final RMS Bunch Length <lps

Table 2.2: Optimizer configuration for the NCRF UED beamline

for the UED examples and 10* macroparticles for the FEL driver. The optimiza-
tion stopping condition was that improvement of the Pareto front with each suc-

cessive generation fell below a threshold of approximately 10% relative change.

The products of these optimizations are shown in Fig. 2.4.

Both UED beamlines show a factor of between 10 and 100 improvement in
brightness when the 150 meV photocathode is replaced by its 0 meV counterpart.
The degree of improvement is slightly greater in the case of the DC gun UED
beamline. As seen in Fig. 2.3, the optimizer chooses a smaller initial spot size
for the NCRF gun individuals than for the DC gun individuals. We conjecture

that this is enabled by the higher accelerating gradient of the NCRF gun lim-

2Gun energy is computed from gradient and phase and not directly controlled by optimizer
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Decision Range

Bunch Charge 100 pC

Initial RMS Beam Size 0.05 to 10 mm
Initial RMS Beam Length 5to 70ps

MTE 0, 130 meV
Gun Gradient 20 to 50MVm™!
Gun Phase —60 to 60°
Gun Energy 2 1.5 to 3.5MeV
Solenoid 1 Field 0to04T
Capture Cavity Gradient 0to32MVm™!
Capture Cavity Phase —180 to 180°
Capture Cavity Offset Oto2m
Solenoid 2 Field 0to03T
Solenoid 2 Offset O0to2m
Cryomodule Offset Oto3m
Accel. Cavity 1,2, and 4 Field | 0to32MVm™'
Accel. Cavity 1, 2, and 4 Phase | —90 to 90°
Objective Goal

RMS Emittance Minimize
Final RMS Bunch Length Minimize
Constraint Value

Final Energy >90 MeV
Energy Spread <200keV
Higher Order Energy Spread | <5keV
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Table 2.3: Optimizer configuration for the KEK gun FEL driver example.

iting the effects of space-charge emittance growth. Due to the fact that initial
emittance depends on both the photocathode’s MTE and the initial spot size,
a smaller initial spot size can mitigate the effects of a high thermal emittance
photocathode. The NCRF beamline also outperforms the DC beamline for emit-
tance in absolute terms at similar bunch charges further suggesting a benefit

with higher gradients on the cathode. There is a sharp rise in slice emittance
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Figure 2.3: The probability distribution of initial spot sizes among the optimized
individuals. The three example beamlines are labeled by color and individuals
from the ~150meV fronts are in dashed lines while the individuals from the
OmeV fronts are represented by solid lines.

while the beam is still inside the gun and at low energy seen in Fig. 2.5a and
2.5b. This suggests that non-linear space-charge forces play a role in the resid-
ual emittance and the higher gradient and energy of the NCRF example could
explain why it outperforms the DC example. We observed that the brightness
improvement from the 0 meV photocathode was limited to a factor of ten in the
case of the FEL driver. The higher bunch charge of this application is expected
to increase the role of space-charge forces in transport and could be a cause of

this more modest improvement.

At the end of every beamline and for each individual we calculated the pa-

rameter
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where I is the Alfven current, I is the average current, and § and y have their
typical definitions in special relativity. This represents the ratio of the space-
charge and emittance pressure terms in the beam envelope equation. It was
greater than one in all cases which confirms that all of the beamlines operating
with optimized settings are space-charge-dominated. The ratio p was larger by
at least an order of magnitude for individuals from the 0 meV Pareto fronts than
for individuals from the 150 meV /130 meV fronts for comparable bunch charge

or length.

2.4 The Characteristic MTE Metric

Aslong as the beam dynamics of the system do not change significantly with the
introduction of a new photocathode, we can use the heuristic relationship that
non-zero initial emittance will add roughly in quadrature with the emittance

due to beam transport and the final emittance will be

MTE
&~ er+02, >
* mc

(2.2)

where ¢r is the emittance gained in beam transport, o, is the initial spot size,
and ec = oy, \/% is the initial emittance due to the photocathode and initial
spot size. To understand when the photocathode’s MTE is important in the final
emittance, we define a characteristic MTE that would result in the emittance

contribution of the photocathode and beam transport being equal as

2
MTE, = mcz( o1 ) . (2.3)

O-x,i

The characteristic MTE is a beamline specific quantity that sets the scale for

when photocathodes play a significant role in determining the final emittance
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Figure 2.4: The Pareto fronts of each beamline for the ~150 meV and 0 meV MTE
photocathodes and their characteristic MTE. The UED examples show between
a factor of 10 and 100 improvement in brightness between the two Pareto fronts.
The characteristic MTE calculated from a simulation including the effects of

Coulomb scattering is included for the DC and NCRF Gun UED examples as
a yellow cross.
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Figure 2.5: Emittance and beam sizes for an individual along the 0 meV Pareto
front of each example. The UED individuals were selected at 16 fC bunch
charge. The projected emittance is the typical RMS normalized transverse emit-
tance and the slice emittance is the average of the emittance evaluated over 100
longitudinal slices. Beam width and length are also plotted for reference. The
total projected emittance in Fig. a is clipped at 500 pm for clarity.
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of a photoinjector. Photocathode improvements down to the characteristic MTE

are likely to translate into increased usable brightness.

The characteristic MTE of each example is shown in Fig. 2.4. Photocathode
improvements down to the level of single meV MTE do affect the final emittance
of each photoinjector application studied here. The characteristic MTE of the
NCRF UED and FEL driver examples increases to roughly 15meV and 50 meV at
high bunch charge and short bunch length respectively. The larger characteristic
MTE of the NCRF UED example is likely due to the smaller initial spot size of
the individuals. This can be seen in Fig. 2.3. That smaller spot size will increase
the characteristic MTE for the same emittance because the initial emittance is
less sensitive to photocathode parameters. Characteristic MTE at short bunch
lengths in the FEL example are primarily limited by large emittance growth in

beam transport.

To test the validity of the heuristic argument that initial and transport emit-
tance should add in quadrature, we simulated each individual from the 0 meV
Pareto fronts with a photocathode whose MTE is the characteristic MTE. The
final emittance is expected to grow by a factor of V2 and we observe the ra-
tio to be close but slightly larger than that value. The frequency of ratios for
each beamline is plotted in Fig. 2.6. For our investigation, we assume that the
insertion of a new photocathode does not significantly change beam transport.
However, this condition will be violated to some extent and could explain why

the ratio observed is slightly larger than V2.
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Figure 2.6: Individuals from the 0 meV beamline were re-simulated with a pho-
tocathode MTE equal to their characteristic MTE. The probability distribution
of the ratio of the new final emittance to the original final emittance is plotted.

2.5 Re-Optimization for New Photocathodes

Our optimization experience showed that taking full advantage of the initial
emittance improvements afforded by a new low MTE photocathode required
the re-optimization of beamline parameters. In particular, when individuals
from the 150 meV Pareto fronts of the UED beamlines are re-simulated with a
OmeV photocathode and no changes to beamline parameters, their emittance
is more than fifty percent larger than the emittance of individuals in the 0 meV
Pareto front at comparable bunch charge. This can be understood by consider-
ing the sensitivity of the transport emittance optimum to small changes in the

initial spot size.

The characteristic MTE analysis does not take into account the fact that if
shrinking the initial spot size from its optimal value reduces the initial emittance

more than it increases emittance growth in transport, then the overall emittance
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will still go down. The initial emittance, as in Eq. 2.1, can be reduced by using
a smaller initial spot size. However, if the system was already at the initial spot
size which minimizes emittance growth in transport, as is the case of individuals
along the OmeV Pareto front, then changing it will negatively affect beamline
performance. Since the final emittance is roughly the quadrature sum of the
initial emittance and the growth during transport, there will be a trade-off in
minimizing both the initial emittance and emittance growth. If the system was
previously optimized with a high MTE photocathode, then the optimal spot
size will not be at the minimum transport emittance possible and new low MTE
photocathodes can unlock strategies the optimizer avoided due to their larger
spot sizes which increase initial emittance. In this case, re-optimization will be

required upon the insertion of a new low MTE photocathode.

This trade-off is represented graphically in Fig. 2.7 by plotting emittance as
a function of initial spot size. Initial emittance is linear in the initial spot size
and is represented by a line whose slope depends on photocathode MTE. Close
to the optimum, the emittance due to transport may be expressed as a polyno-
mial expansion in o, ; which, to lowest order, is quadratic. The final emittance is
roughly the quadrature sum of both terms and has an optima at a smaller spot
size than for transport emittance alone. Characteristic MTE can also be repre-
sented in this plot since the initial emittance for a photocathode with an MTE
equal to the characteristic MTE will pass through the vertex of the transport

emittance parabola.

By using the second order expansion of beam transport’s contribution to the

emittance (er) as a function of initial spot size (o) around the optimum,

e1(0 i) = A(O i — Tri0)* + 10, (2.4)
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Figure 2.7: An illustration of how re-optimization may be required upon inser-
tion of a new photocathode. In black is the emittance due to transport (er) as a
function of the initial spot size. Around the optimal spot size, o, this is ap-
proximately quadratic. The sensitivity in this example is roughly x ~ 0.001. The
solid lines represent the initial emittance (ec) for three different thermal emit-
tances. The dashed lines are the final emittance (eg), or the quadrature sums of
initial and transport emittance. The optimal spot size with the 150 meV photo-
cathode is significantly smaller than with a 0 meV or even 1 meV photocathode.

we can find the new optimal emittance with non-zero MTE. Here o, is the
optimal spot size and er is the optimal emittance. To simplify our discussion,
we consider the case of optima that are highly sensitive to changes in initial spot
size. Define the unitless parameter x = et/ (A(ril.vo) to measure the optimum’s
sensitivity. In the limit of sensitive optima (x <« 1) the new smallest emittance

when the initial spot size is allowed to vary is

_ x MTE
2MTE¢

2 _ 2 2
Eopt = €T T EC [1

] (x<1). (2.5)

The new optimal initial spot size will be smaller for the non-zero MTE photo-

cathode and, in the limit of small x, is approximately

MTE
O-ii,opt = 0-)2c,i,0 [1 —-X ] (x < 1). (26)
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Figure 2.8: The RMS and core emittance of an individual with 10° electrons per
bunch from the DC gun UED and NCRF gun UED 0 meV MTE Pareto fronts.
In the row labeled "Beam Dynamics", the yellow lines were computed with the
point-to-point space-charge algorithm and the blue lines with smooth space-
charge. The solid lines are the RMS normalized emittance and the dashed lines
are the core emittance. Below, are plots of the beam’s transverse phase space
at the sample location computed with the smooth and point-to-point methods.
Linear x-p, correlation have been removed and the ellipse of phase space second
moments is plotted in addition to the particle density.
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In practice, we observe the tendency of the optimizer to choose smaller initial
spot sizes for beamlines with non-zero photocathode MTE. In Fig. 2.3 we plot
the frequency of initial spot sizes from the O meV and ~150 meV Pareto fronts
of each beamline. For the UED examples, the initial spot sizes for individuals
in the 150 meV Pareto front are universally smaller than for those in the 0 meV
Pareto front. There is less of an impact on the FEL example, which could be due

to the optima being highly sensitive to changes in initial spot size.

Systems with insensitive optima (large x) will tolerate higher MTE photo-
cathodes than the original characteristic MTE metric implies. Likewise, systems
where the emittance grows rapidly for small changes in o, (small x) cannot
afford to decrease the initial spot size to compensate for any increase in the
photocathode MTE. The second term in the square brackets of Eq. 2.5 is the rel-
ative scale for how much changing the initial spot size can improve emittance
and can provide a rough guide to experimentalists for determining when a new
photocathode technology requires re-optimization of the beamline. The MTE
for which the transport and photocathode contributions to the final emittance

are the same even when allowing the initial spot size to vary is
MTE,. = MTE¢ [1 + g] x < 1). 2.7)

Although analytical formulas for the optimal emittance and spot size which
are accurate to all order in x may be found, they do not lend themselves to
efficient analysis and numerical methods may be better suited for investigating

the properties of systems with insensitive optima.

For each system, we can use the Pareto fronts obtained for the 0 meV and
~150 meV MTE photocathodes to estimate the sensitivity parameter x and cal-

culate the correction to the characteristic MTE. These Pareto fronts give us a

33



value of the optimal emittance from Eq. 2.5 for two different values of ec and
from there we can solve for x. This operation was performed on each system
and the sensitivity parameter was used to calculate the corrected characteristic
MTE. The correction in all cases was at the single percent level indicating that
our optima are sensitive to initial spot size. Consequently, the uncorrected char-
acteristic MTE, for the three realistic photoinjectors studied here, does a good
job at predicting the scale at which photocathode improvements no longer im-

prove brightness.

2.6 Stochastic Space Charge

Disorder induced heating (DIH) is known to play a role in degrading the emit-
tance of cold and dense electron beams. When the distance between particles
falls below the Debye length of the one component plasma, inter-particle colli-
sions can become important and can affect the momentum distribution of the
bunch in a stochastic manner. This effect will show up prominently when the
average kinetic energy of particles in the transverse direction is of the same scale
as the potential energy due to the Coulomb repulsion of the particle’s neighbors.
The result is that the nascent momentum spread grows above its initial value by
an amount AkT[eV] = 1.04 x 10~ (no[m>1)'/ [93, 157]. Using the electron num-
ber density (n) at the beginning of each optimized example, the scale of DIH
expected for all three beamlines is 1 meV. Beyond DIH, Coulomb scattering af-
ter the cathode can lead to continuous irreversible emittance growth, but these
effects are difficult to estimate analytically. We expect DIH to be important in
our simulations with 0 meV MTE photocathode due to the cold dense beams

inside the guns.
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To determine how much of an effect Coulomb scattering has on final emit-
tance in our systems, one example from each of the DC and NCRF UED 0 meV
Pareto fronts was chosen and simulated using a stochastic space-charge model.
The new algorithm for efficiently computing the effects of stochastic space-
charge is based off of the Barnes-Hut tree method and will be discussed in detail
in a forthcoming publication by M. Gordon, J. Maxson, et al. Both the NCRF and
DC UED individuals had a bunch charge of 10 fC. Simulations were performed
with GPT’s smooth space-charge model discussed in [130] and with the tree-
code method. The RMS projected and core emittance [13] along each beamline
and with each space-charge model are shown in Fig. 2.8. Coulomb scattering

contributes a factor of two increase in final emittance for both cases.

2.7 Conclusion

We have shown that characteristic MTE can be a useful tool in understanding
the scale of MTE at which photocathode improvements translate to an increase
in usable brightness. These beamlines, which are representative of high bright-
ness photoinjector applications, have characteristic MTEs on the scale of single
to tens of meV, well below the 150meV MTE of today’s commonly used pho-
tocathodes. Improvements in photocathode technology down to the level of
1 meV and below stands to improve the brightness of practical photoinjectors
by an impressive two orders of magnitude. However, it is not enough to sim-
ply insert a low MTE photocathode into an electron gun to achieve low final

emittance.

To achieve this level of photoinjector performance, advanced optimization
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techniques like MOGA will need to be integrated into the design and tuning
of future accelerators. With the use of new photocathode technologies, further
optimization may be required to take full advantage of low MTE. The sensitiv-
ity of the optima to changes in initial spot size provides a guide for when it is
necessary to re-optimize. In addition, when in the regime of single meV photo-
cathodes, existing models of smooth space-charge break down and the effects of
Coulomb scattering become important in determining ultimate brightness. Al-
though the results of the present work are not affected by this problem because
we are only concerned with order of magnitude changes in emittance, design
tools for future accelerators may need to move to high performance point-to-

point space-charge models to obtain good agreement with reality.

With the continued improvement of photocathode based electron sources
and, in particular, the reduction of MTE in photocathode materials, bright
beams will open up new possibilities for accelerator physics applications. No-
tably, an increase in brightness would enable the time resolved characterization
of biological macromolecules with UED [145] as well as benefit X-ray FELs with
a corresponding increase in total pulse energy benefiting a wide variety of x-
ray scattering experiments in fields ranging from condensed matter physics,
to chemistry, to biology [3]. Work is already underway in understanding and
beating the effects which limit photocathode MTE and in making existing low
MTE photocathodes more practical for accelerator facility use [76, 72, 46]. Addi-
tionally, structured particle emitters have already been predicted to mitigate the
emittance growth observed from disorder induced heating in the present sim-
ulations [101]. If these photocathode improvements can be realized, then their
results could provide as much as to two order of magnitude improvement in

the final brightness of realistic modern photoinjectors.
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CHAPTER 3
IMPURITIES AS A BARRIER TO LOW MEAN TRANSVERSE ENERGY

This chapter was originally published as reference [122]'.

3.1 Abstract

We describe measurements of the mean transverse energy (MTE) of Cs-Te pho-
tocathodes near the photoemission threshold. The MTE displays an unexpected
non-monotonic behaviour as the drive laser’s wavelength is tuned to threshold
and changes significantly as the photocathode is cooled to cryogenic tempera-
tures. We show that a simple analytical model of photoemission from multiple
compounds with a workfunction below that of pure Cs,Te may describe this
behavior. We identify the additional compounds as CssTe; and metallic Cs, and
by calculating the MTE numerically within the three step model, we reproduce
both the wavelength and temperature dependence of the observed MTE. In our
model, the MTE changes with temperature arise from realistically small changes
in the workfunctions of both compounds and CssTe;’s bandgap energy. These
results suggest the existence of an illumination wavelength which is optimal for
beam brightness and show that even trace impurities can dominate the MTE for

near- threshold photoemission.

The following acknowledgment appeared in the original manuscript: The authors wish to
thank Kevin Nangoi and Tomads Arias for valuable discussions. This work was supported by
the U.S. National Science Foundation under Award PHY-1549132, the Center for Bright Beams.
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3.2 Introduction

The demand for robust photocathodes has made Cs-Te a popular choice for
driving free electron lasers (FELs), as it combines the high quantum efficiency
(QE) of a semiconductor photocathode with durability that approaches that of
some metals [155, 1, 132]. High QE is particularly important for high average
current applications where the power demanded of the UV driving laser may
be impractically large for metal photocathodes. At 260 nm (4.7 eV), where Cs-Te
is commonly used, the QE is reliably in excess of 10% compared to 107 - 107*
for copper [124]. The durability of Cs-Te has been measured through its op-
erational lifetime, which is routinely in the hundreds of hours in high charge
RF photoinjectors [69, 164, 28]. Some Cs-Te photocathodes have been success-
fully used for over 100 days in a photoinjector with minimal degradation of
the QE [20]. Besides traditional photocathode applications, these properties
have caused thin films of Cs-Te to be investigated for activating GaAs photo-
cathodes [10, 9, 80, 135] as well as for use in superconducting RF photoinjec-
tors [168, 162, 165].

In spite of its success in terms of durability and QE, Cs-Te’s modest mean
transverse energy (MTE) in the UV can limit achievable photoinjector emittance.
Most measurements place the MTE of Cs-Te at 260 nm (4.7 V) between 150 meV
and 300 meV [100, 132, 148, 165]. While this MTE is acceptable for present high
repetition rate, soft x-ray FEL injectors, planned upgrades to existing facili-
ties such as LCLS-II HE have an emittance requirement as low as ~100nm at
~100 pC bunch charge, and may directly benefit from reduced intrinsic emit-
tance. [86, 121]. Driving photocathodes near threshold is a well known strategy
in reducing their MTE at the cost of QE. Dowell and Schmerge [39] showed that
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Figure 3.1: Sequential deposition growth of Cs-Te photocathodes. Samples one
and three (cesium rich) were grown until a peak was observed in the QE and
then deposition was continued to a second peak. In samples two and four (low
cesium), deposition was stopped at the first peak.

the three step model predicts a linear rise in MTE with respect to photon energy
for ideal photocathodes and the MTE for near threshold photoemission has been
shown to be limited by temperature in some cases (MTE = kzT) [46, 75, 29]. This
motivates the present measurement of the MTE of Cs-Te near threshold at both

room and cryogenic temperatures.

Cs-Te photocathodes, for which the bulk of photoemission comes from
Cs,Te, often exhibit a “shoulder” in their spectral response that consists of
low QE (< 107) photoemission at visible wavelengths. Excess Cs was blamed
for the shoulder throughout the 1960s based on photomultiplier tube measure-
ments [154, 26, 27]. However, Fisher et al. [53] and later Powell et al. [131] con-
tradicted this claim and argued that another phase of Cs,Te other than Cs,Te
must be present in the cathode along with elemental Cs. They found that the
shoulder vanished when adding Cs followed by heating and failed to decrease

when Te was deposited along with more heating which should have reacted
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Figure 3.2: The QE and MTE of sample one (panels a and c) and sample two
(panels b and d). Measurements were taken at room temperature (red squares)
and with the instrument’s sample holder filled with liquid nitrogen (blue trian-

gles).
the excess Cs into Cs,Te. Additional data from UV photoemission spectroscopy

failed to line up with that of elemental Cs or elemental Te alone [131].

Direct confirmation of a second phase of Cs, Te that coexists with Cs;Te first
came from x-ray diffraction data which identified that phase as CssTe; [30].
However, a lack of photoemission measurements prevents confirmation that
this phase is correlated with observed photoemission properties. Later work us-
ing Auger electron spectroscopy (AES) and x-ray photoemission spectroscopy

(XPS) during the growth of Cs-Te photocathodes identified impurities of the
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form Cs,Te with x = 1.2 and x = 0.9 [99, 98]. Recently, real time in-situ x-ray
characterization of Cs,Te growth was also able to observe the production of a
Cs,Te in their photocathodes, but found that it could be eliminated in diffrac-
tion measurements by using a codeposition growth technique [58]. However,
x-ray fluorescence spectra of the codeposited samples indicated that the photo-

cathode was not fully stoichiometric Cs,Te [58].

In this paper, we present measurements of the MTE of Cs-Te photocathodes
for near threshold photoemission. First, our growth technique is discussed and
results of our measurements are presented for both room and cryogenic temper-
atures. We observe a sharp increase in MTE as the driving laser’s wavelength
approaches the photoemission threshold of pure Cs,Te. Two models are posited
which help to explain this behavior as pollution of the photoemitted electron
distribution by emission from low workfunction compounds present alongside
Cs,Te. Our results indicate the need for phase-pure Cs,Te photocathodes in or-
der to achieve the low near threshold MTE desired for future accelerator physics

applications.

3.3 Cathode Growth and Characterization

Two Cs-Te photocathodes were grown with sequential deposition on commer-
cial Si substrates: one which is expected to be representative of typical growth
procedures (here, called “sample one” or “cesium rich” growth) and one where
the growth was terminated early to reduce the level of cesium on the surface
(“sample two” or “low cesium” growth). The substrates were both cleaned at

600 °C for 12 hours under ultra high vacuum and then held at ~120 °C while a
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Figure 3.3: The QE and MTE of samples three (panels a and c) and four (pan-
els b, d, and e) at room temperature (red) and liquid nitrogen temperatures
(blue). MTE was also measured at select wavelengths using CW light sources
(lime pentagons and fuchsia stars). Lines of best fit for three components with
Dowell-Schmerge MTE (“DS”) and MTE computed using DFT (“DFT”) are
shown. Not included are additional points taken in the UV: The QE of sam-
ple three was 15% at 260nm / 4.7eV (room temp.). Sample four had a QE of
10% (room temp.) and 23% (cryo. temp.) at 260nm / 4.7eV. The MTE of sam-
ple three at 260nm / 4.7eV was (170 + 19) meV (300 K) and for sample four was
(263 £24)meV (300K), (173 £20) meV (80K). At 343nm / 3.6eV the MTE of sam-
ple four was (43 £ 9)meV (300K) and (63 + 11) meV (80K).

20 nm layer of tellurium was deposited (chosen to be a common thickness used
in photoinjector facilities). The QE at 405nm (3.0eV) was monitored while ce-
sium was evaporated into the chamber as in Fig. 3.1. For sample one, evapora-

tion was terminated after the QE reached a second peak. For sample two, the
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Figure 3.4: The effect of multiple compounds with different photoemission
threshold on MTE. In this example, the sample is weighted to be 0.1% com-
pound one and 99.9% compound two. Both are modeled using Egs. 3.2 and 3.3
with the totals calculated using Eq. 3.1. The QE and MTE of each component
as well as the combined results are shown in panels a and b. The transverse
momentum distribution sampled at two different photon energies is shown in
panels c and d. It can be clearly seen how even small amounts of a low threshold
compound may “pollute” the transverse momentum distribution and inflate the
low MTE of the second compound near its threshold.

deposition was stopped at the first peak in QE at 405nm (3.0eV). The reported
“effective Cs thickness” is derived from a quartz crystal microbalance and may
have varying accuracy with process parameters. It is used here only to illustrate

the growth procedure.

Both samples were transferred into the MTE meter described in Ref. [84] and
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their QE was measured at room temperature and ~80 K, using liquid nitrogen,
as shown in Fig. 3.2. MTE was measured as a function of wavelength using the
voltage scan technique with a cathode voltage that ranged from -3 to —10kV.
Uncertainty in the measurements is shown as the vertical bars in the plot or,
when not visible, is smaller than the data points shown. Both measurements
were made with the cathodes illuminated by a monochromated arc-lamp based
light source. At long wavelengths, measurement of the MTE was hindered by

the low QE of the photocathodes and the low power of the light source used.

To better investigate the non-monotonic behaviour of the photocathodes at
visible wavelengths, another set of samples was grown using the typical pro-
cedure (“sample three”) and early termination (“sample four”). MTE and QE
were measured using an NKT Photonics SuperK Extreme monochromated su-
percontinuum light source, with comparatively greater power. This data is plot-
ted in Fig. 3.3. Additional points at short wavelength were collected using the
arc-lamp based light source, the third harmonic of an Amplitude Systems Tan-
gerine fiber laser (343 nm or 3.6eV) and a set of UV LEDs. The low energy na-
ture of the voltage scan measurements and the pulsed output of the supercon-
tinuum light source makes this data susceptible to the effects of space charge.
Additionally, high intensity illumination on the cathode may cause multipho-
ton photoemission which affects the MTE [8]. We confirm that these sources of
error are avoided by checking for agreement with measurements at select wave-
lengths using low intensity (but similar average power to the supercontinuum

light source) CW diode lasers (plotted in Fig. 3.3).
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3.4 Modeling the Near-Threshold MTE

The non-monotonic behaviour of Cs-Te’s MTE suggests that multiple com-
pounds contribute to photoemission for wavelengths below the threshold of
Cs,Te. Because the MTE is the variance of the momentum distribution of the
electrons off the cathode, the MTE of a combined distribution (here, from multi-
ple photoemitting materials) will be a weighted sum of individual MTE’s, where
the weights are determined by the QE and abundance of each source. We ex-

press this as,
> wiQE,;(hiw)MTE; (hw)
2. wiQE,(hw)

where the index i runs over all of the components of the photocathode and the

MTE(hw) = : (3.1)

weights w; account for the prevalence of each component. For a two (or more)
compound system where the QE is dominated by the higher workfunction ma-
terial at high photon energies, the MTE will be set by the lower threshold ma-
terial at low photon energies and by the higher threshold material at high ener-
gies. This may lead to non-monotonic behaviour even when the MTE of each
individual compound only rises with excess energy. A schematic of how this

can happen is shown in Fig. 3.4.

For simplicity, we consider emission from multiple compounds (and crys-
talline orientations) with an assumed step function electron occupation, where
their MTE and QE are given by the analytical expression due to Dowell and

Schmerge [39]. The QE in the absence of reflectivity and scattering is given by

2

Ef+ha) Ef+¢
E = 1- 3.2
Q 2hw ( Ef+hw] (3-2)
and the MTE is
A —
MTE = “’3 ¢ (3.3)



where E; is the Fermi energy, 7iw is the photon energy, and ¢ is the workfunction.
The free parameters are: the workfunctions of each component at each temper-
ature (¢; (80K) and ¢; (300K)), the component’s Fermi energies (E;;), and the
relative contribution of each component to the total photoemission. The work-
function is assumed to encompass a ~15 meV shift in the photocathode’s thresh-
old due to Schottky lowering in the instrument’s 0.1 to 1 MV m™! extraction field.
The temperature dependence in this model is dealt with by a change in the
workfunction of each material as a function of temperature which is known to
occur from expansion of the crystal lattice [146] or from a surface dipole due to

adsorption of molecules on the cooled surface.

A minimum of three components is needed to reproduce the experimental
data. These can be attributed either to different compounds or to different crys-
talline orientations, since the workfunction of a material may also depend on
the particular crystal face. Our parameters of best fit are listed in Tab. 3.1 and
the predicted MTE as a function of temperature and photon energy is shown
along with the underlying data in Fig. 3.3. In sample two, we only fit data at
high temperature below a photon energy of 2.95eV (418 nm) because the sudden
drop in MTE observed there is likely due to the onset of photoemission from
another compound which we do not consider here or possibly from the Cs,Te
itself which has a bandgap energy of the same value [131]. We do not place great
physical significance on the Fermi energies returned by the fitting procedures,
which are large in some cases. In the context of the Dowell-Schmerge formu-
las, the Fermi energy only shows up in the expression for QE and only affects a
small change in the MTE of the multiple components model. Additionally, we
are fitting a model designed principally for metals to a sample that may include

semiconductors where the QE will also depend on band structure parameters.
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We are motivated to consider the particular impurities CssTe; and Cs from
the direct evidence of their presence with Cs,Te from diffraction data and
AES/XPS data. We consider their photoemission properties in the context of the
three step model. The electronic band structures of Cs and CssTe; were calcu-
lated numerically using the density-functional theory (DFT) code JDFTx [153],
GBRYV ultrasoft pseudopotentials [59], and GGA-PBEsol exchange correlation
functional [119]. The calculations used a plane-wave cutoff of 544 eV and a Bril-
louin zone sample mesh of 6x6x6. The lattice of CssTe; was taken from powder
x-ray diffraction data [142] and structural relaxation was performed before the
electronic calculations. An optimal value of the lattice constants for the mon-
oclinic crystal was found to be a = 4.03nm, b = 1.35nm, ¢ = 2.85nm, and
B = 135.0°. For both compounds, a set of maximally localized Wannier func-
tions [92] (5 for Cs and 41 for CssTe;) was used to capture the band structure in
a region ~6 eV wide surrounding the Fermi energy using the Wannier interpo-

lation method [91].

Given the numerical band structure, a surface orientation, and workfunc-
tion, the probabilities of the three step model and therefore the desired photoe-
mission properties may be calculated using the method described in Ref. [105].
The rate of direct transitions between states in the band structure is given by
Fermi’s golden rule weighted by the probability of the initial state being occu-
pied and the final state being unoccupied. For the sake of simplicity, the CssTes
is assumed to be undoped with the Fermi level in the middle of the bandgap.
For a crystalline orientation whose surface has the normal vector 7, we require
electrons excited to a final state with crystal momentum I?f to satisfy the condi-
tion

I?f . f)s > O, (34)
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if they will be transmitted to the surface in the absence of scattering. The elec-
trons will escape from the crystal as long as their final state energy is large

enough to satisfy the condition

hz
TJ_ = EEf,b - 2m

k> = ¢ >0, (3.5)
where T, represents the kinetic energy of an electron in a direction perpendicu-
lar to the surface once in vacuum. A weighted average of the escape probability
and transverse energy of escaping electrons is computed for all direct transi-

tions in the first Brillouin zone using a Monte-Carlo integrator to obtain the QE

and MTE.

The weights of compounds, weights of crystal orientations, bandgap tem-
perature dependence of CssTe;, and workfunctions of each compound were fit
to the photoemission data using derivative-free global optimization [110]. The
parameters of best fit for both samples are reported in Tab. 3.2 and the best fit
curves are shown in Fig. 3.3. The sign of the work function’s temperature de-
pendence points to adsorption as a likely cause. The failure of the model to
match the qualitative behaviour of the low temperature data in sample four
could be due to us not accounting for all orientations of the compounds that are
present. The CssTe; could also be severely disordered, or other impurities may

be present.

3.5 Conclusion

In this letter we have reported measurements of the MTE of Cs-Te for near
threshold photoemission and at cryogenic and room temperatures. Our anal-

ysis of the measurements has shown that the near threshold behaviour of the
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Table 3.1: The parameters of best fit for the multiple component model with
Dowell-Schmerge photoemission formulas.

Parameter Sample 3 Sample 4
Weight One 1% 5%
Weight Two 61% 88%
Weight Three 38% 7%

Workfunction One (80 K) 1.8eV 1.8eV
Workfunction Two (80 K) 29eV 2.3eV
Workfunction Three (80K) 2.8eV 24eV
Workfunction One (300K)  1.8¢eV 2.0eV
Workfunction Two (300K)  3.4eV 24eV
Workfunction Three (300K) 2.7eV 2.2eV

Fermi Energy One 49eV 11.9eV
Fermi Energy Two 55eV 10.4eV
Fermi Energy Three 42eV 2.1eV

photocathodes may be explained by emission from multiple compounds that
emit below the threshold of pure Cs,Te. Historical measurements suggest that
the likely identity of the low workfunction compounds in Cs-Te are metallic Cs
and the semiconductor CssTe; which is known to show up in samples with a
similar ratio of Cs and Te to what is used for photocathode growth. We were
able to model the below threshold behaviour of the photocathodes by assuming
that multiple compounds contribute to emission each of which is well described
by the Dowell-Schmerge expressions for MTE and QE. Taking the compounds
to be Cs and CssTe; and computing their photoemission properties numerically,
we were able to achieve good subjective agreement with the data in almost all

cases.

Photoemission from the additional compounds may also help explain the
measurement of two-photon photoemission at 800nm (1.5eV) reported in

Ref. [116]. In that study, photocurrent was measured as a function of pulse
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Table 3.2: The parameters of best fit for photoemission modeled with numeri-
cally computed band structures.

Compound Parameter Sample 3 Sample 4
Compound Weight 0.1% 3%
[100] Surface Weight 30% 0%
[110] Surface Weight 0% 0%
[111] Surface Weight 70% 100%
Cs [100] Workfunction (80 K) 1.68eV -
[110] Workfunction (80 K) - -
[111] Workfunction (80 K) 2.03eV 2.90eV

[100] Workfunction (300 K) 1.60eV -
[110] Workfunction (300 K)
[111] Workfunction (300 K) 1.95eV 2.06eV

Compound Weight 99.9% 97%
Bandgap (80 K) 1.17eV 1.12eV
Bandgap (300 K) 1.15eV 1.20eV
[100] Surface Weight 88% 92%
[110] Surface Weight 1% 8%
[111] Surface Weight 11% 0%

CssTe
o [100] Electron Affinity (80K) 1.12eV  1.26eV

[110] Electron Affinity (S0K)  1.08eV 0.83eV
[111] Electron Affinity (80K) 1.08eV -
[100] Electron Affinity (300K) 1.04eV 1.28eV
[110] Electron Affinity (300K) 0.98eV 0.85eV
[111] Electron Affinity (300K) 1.00eV -

energy under illumination with an ultrafast 800 nm (1.5eV) light source. It was
observed that emission scaled quadratically with pulse energy instead of the
expected cubic dependence if the sample was pure Cs,Te and had a threshold
in the UV. The anomalous two photon photoemission may be explained if the
electrons were being emitted from the low workfunction compounds observed

here rather than the pure Cs,Te assumed in the paper.

Low threshold compounds that are present alongside a high workfunction
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photocathode may present a barrier to achieving low MTE even when those
compounds are present in trace amounts. These compounds may show up as
a shoulder in the cathode’s spectral response. Indeed there are other alkali tel-
lurides that have low level photoemission at long wavelengths similar to what
we see in Cs-Te [154, 156]. Use of this family of photocathodes will likely require
research into methods of growing phase pure samples. Some promising results
are already coming from this area with reports that codeposition growth of Cs-
Te is able to produce a more pure photocathode than the sequential deposition
growth studied in this work [58]. Further studies on the near threshold MTE of
photocathodes grown with this procedure and of other alkali metal photocath-

odes with a photoemission shoulder may be warranted.
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CHAPTER 4
THERMALIZED CONDUCTION BAND ELECTRONS AS A SOURCE OF
BRIGHT BEAMS

This chapter was originally published as reference [120]".

4.1 Abstract

Low effective mass semiconductor photocathodes have historically failed to ex-
hibit the sub-thermal mean transverse energies (MTEs) expected of them based
on their band structure. However, conservation of transverse momentum across
the vacuum interface, and therefore a low MTE in these materials, has been ob-
served in time resolved ARPES. To help bridge this gap, we measured the MTE
of the pump probe photoemitted electrons seen in the ARPES experiment using
methods typical of accelerator physics. We compare the results of these mea-
surements with those of both communities and discuss them in the context of

photoemission physics.

4.2 Introduction

The discovery of new low MTE photocathodes is a requirement for those seek-
ing to improve the brightness of photoinjectors operating at the charge extrac-

tion limit. In photoinjectors with a fixed electric field there is a minimum initial

The following acknowledgment appeared in the original manuscript: This work was sup-
ported by the U.S. National Science Foundation under Award PHY-1549132, the Center for
Bright Beams.
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spot size o min for every bunch charge due to the virtual cathode instability.
This is called the charge extraction limit. Since the charge extraction limit sets
a maximum charge density in the spatial coordinate and cathode MTE sets the
density in the momentum coordinate, the maximum brightness can be written
as Byp,max o (03, MTE)~". The only way to improve the brightness of photoin-

jectors operating at or near o min is to drive down the MTE of photocathodes.

4.2.1 Low Effective Mass Semiconductor Photocathodes

Low effective mass semiconductors offer a promising path towards new low
MTE photocathodes. Conservation of transverse momentum across the photo-
cathode’s surface means that the transverse energy of electrons is scaled by the
mass ratio m; /m, upon emission. For near threshold photoemission from a neg-
ative electron affinity (NEA) photocathode, the transverse energy of electrons
comes from the Fermi tail and is k3T. The MTE is then (m}/m,)kgT and makes
us interested in candidate photocathodes with small m}. Some semiconductors,
such as GaAs, have an effective mass ratio as small as m}/m, = 0.07 and should
have MTEs as low as 1.7 meV for near threshold photoemission at room temper-
ature [159]. Compare this with the MTE of polycrystalline copper, a commonly
used metallic photocathode, which has been measured at 85 meV near thresh-

old [68].

The MTE of NEA GaAs near threshold has been consistently measured at
more than 25 meV which is kgT at room temperature [118, 112, 21, 40, 166, 15].
There is only one reported measurement of the expected 1.7meV MTE and it

has not been reproduced since [89]. There is currently no consensus on why the
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MTE is so much larger than what the material’s low effective mass would lead
us to believe. Some proposed explanations include physical/chemical rough-
ness of the surface, scattering of electrons in the Cs overlayer, and the effects of

electron-phonon scattering [60, 106, 159].

The narrow dispersion of the GaAs conduction band is observed in time re-
solved ARPES (trARPES). In a trARPES measurement, electrons are excited into
empty conduction band states by pump photons and emitted into the vacuum
some time later with probe photons. These photoelectrons are filtered by an-
gle of emission and longitudinal energy in a hemispherical analyzer. Kanasaki
et al. measured a photoelectron distribution from GaAs which can be naively
converted to a transverse energy distribution with 1.7 meV MTE [73]. Photoin-
jectors, however, do not have the energy filtering capabilities of an ARPES style
detector. An accurate measurement of MTE for these applications must include

the full photoelectron distribution, not a narrow subset of it.

4.3 Measurements of the Out of Equilibrium Photocathode

The photocathode was prepared by solvent cleaning and etching a p-type GaAs
(110) wafer obtained from a commercial source. The wafer was Zn doped to a p-
type carrier concentration of 10" cm™ and came polished to a surface roughness
of better than 0.4 nm RMS. Before introduction to a vacuum chamber at better
than 107! Torr pressure, the wafer was cleaned in acetone and etched in a 1%
HF solution for 30s. Inside the preparation chamber, the sample was annealed
at 550°C for 8 hours to remove surface oxides. The band gap was measured at

1.40 eV using photoluminescence spectroscopy with illumination at 633 nm. We
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estimate the workfunction of the sample to be 4.6 eV based off of measurements
of quantum efficiency (QE) as photon energy was changed. The data, in Fig. 4.1,

was fit to a model with quadratic dependence of QE on excess photon energy.
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Figure 4.1: Quantum efficiency (QE) as a function of photon energy for the GaAs
(110) sample. Photocurrent was measured at five intensities for each photon
energy to accurately determine the QE and to ensure there was no multiphoton
photoemission. A quadratic model, shown in orange, was fit to the data with
workfunction (¢) as a fit parameter. The fit value of the workfunction was ¢ =
4.6eV.

An optical parametric amplifier was used to generate the 750nm pump and
some of the 1030 nm output of an Yb fiber laser driving it was diverted and
frequency tripled for use as the probe. Both were overlapped at the sample
and aligned in time of arrival. The intensity of the pulses was increased to the
point that each caused multiphoton photoemission from the sample and those
multiphoton beams were used to center the laser spots on the cathode and align
them with each other. The cross correlation of the pulses was measured as less
than 400 fs full width at half maximum by watching the coherent enhancement

of multiphoton photoemission as the time delay of the pulses was varied.
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4.3.1 Yield and Carrier Diffusion

We measured photocurrent as a function of pump probe delay and confirmed
the presence of long lived carriers in the conduction band of the sample. Our
measurement is shown in Fig. 4.2. The time axis is signed so that there is pos-
itive delay when the probe comes after the pump. Coherent multiphoton pho-
toemission is seen in the few hundred femtoseconds around A = 0. Incoherent
multiphoton photoemission follows that at positive values of Ar and extends
beyond 100 ps. The number of electrons emitted in this process is proportional

to how many excited carriers remain in the region of photoemission after the

pump probe delay.
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Figure 4.2: In blue, measurements of photocurrent are displayed as pump probe
delay (Ar) is changed. The large peak at Ar = 0 is due to the coherent enhance-
ment of multiphoton photoemission from the pump and probe. The long tail af-
terwards is 1+1 photoemission of electrons being excited into the GaAs conduc-
tion band. The curve in orange is a model including carrier recombination and
diffusion with a fit value of the diffusion constant. We found an optimal value
of the diffusion constant to be 231 cm%s. Values of the absorption length for the
pump and probe are from the Handbook of Optical Constants of Solids [113]. A
constant multiphoton background was subtracted from the signal and the result
normalized to a peak value of one before fitting.
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The time dependence of the yield curve is not explained by carrier recombi-
nation alone and an accurate description needs to include the effects of carrier
diffusion. The minority carrier lifetime of p-type GaAs is 4ns [109] and one
would naively expect the lifetime of the 1+1 photoemission signal to be simi-
lar. Modeling the system to include the 1D diffusion of electrons away from the
surface gives a more accurate time dependence when using literature values of
the diffusion constant and of the absorption lengths for the pump and probe
photons. The yield measurement as well as a fit with the diffusion constant as
the free parameter are shown in Fig. 4.2. The fit value of the diffusion constant

was 231 cm%/s compared to other works which found it to be 200 cm?/s [140].

4.3.2 Mean Transverse Energy

The MTE of the out of equilibrium photocathode was measured at 200 meV for
large pump probe delays. Voltage scan measurements were performed using
voltages between 2kV and 10kV as the pump probe delay was increased in
200 fs steps away from the overlap position up to a maximum delay of 20 ps. A
custom microchannel plate and scintillator based detector was coupled with an
intensified CCD camera to measure the size of the low current beam. Before
MTE measurements were performed, the intensity of the pump and probe were
decreased to the point that no multiphoton photoemission from the individual
pulses was seen in beam images at negative pump probe delays. A 100 pm di-
ameter pinhole in the path of the probe was imaged onto the cathode with unity
magnification. The MTE, shown in Fig. 4.3 as a function of pump probe delay,
relaxes on a picosecond timescale from nearly 400 meV in the overlap region to

200meV at large delays. There was an asymmetry in the MTE measurement
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between the X and Y projected values on the scale of 4% which is attributed to
an artifact of performing a measurement of such a large MTE in an instrument

designed for studying low MTE photocathodes.

We repeated the time resolved MTE measurement as the intensity of the
pump and probe were varied with no change in MTE at large delays. Multipho-
ton excitation within the individual pump and probe pulses could inflate the
observed MTE by exciting electrons into unwanted states with large transverse
energy. The rate of this process depends on intensity in a non-linear way which
makes the MTE change with intensity if multiphoton excitation is present. We
measured no change in the MTE as pump intensity was varied and only a small
change in MTE, as shown in Fig. 4.4, during the coherent overlap when the
probe intensity was changed. The bunch charge of the emitted pulse also de-
pends on pump and probe intensity and the fact that the measured value did
not change with bunch charge indicates that the measurement was not affected

by space charge.

The measurements were performed as the pump wavelength was changed
between 700 nm and 800 nm with no change in MTE. The GaAs L valley is only
300meV above the I" valley and so excitation with wavelengths of light shorter
than 725 nm can transition electrons into states with large transverse momen-
tum. As our pump wavelength crossed the 725nm threshold there was no
change in MTE at any pump probe delay. This is evidence that L valley elec-

trons are not contributing to the large MTE measured.

Adsorbates are not a likely cause of the observed large MTEs because the
measurements were replicated immediately following annealing and were uni-

form across the cathode. The cathode was annealed at 550°C for 8 hours to
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Figure 4.3: MTE of the pump probe photoemitted electrons as pump probe de-
lay is changed. A smoothed curve, orange, is included to help guide the eye.
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Figure 4.4: MTE as pump probe delay is changed at different probe intensity.
Pump intensity was held at a constant 2MW/cm?. The MTE does change by
a small amount, but only for delays where the pump and probe overlap each

other.

remove adsorbates and immediately transferred to the MTE meter where mea-
surements were performed within 15 minutes of shutting off the heater. The
vacuum in the chamber was such that the time to form a monolayer of contam-

inants was several hours. Measurements were repeated in half hour increments
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following transfer to the MTE meter with no change observed. The MTE was
determined to be uniform across the cathode by repeating the time resolved

measurement at ten different locations across the surface.

4.4 Discussion

We have measured the MTE of pump probe photoemission from the GaAs (110)
surface to be two orders of magnitude larger than what the low effective mass
argument would lead us to believe. Although the low effective mass disper-
sion was seen in trARPES, this does not contradict our new measurement. The
trARPES experiment does not collect the full distribution of electrons emitted
from the sample and there could be electrons outside of the narrow energy
acceptance of the detector that contribute to a large MTE. We did observe re-
laxation of the transverse momentum distribution on a timescale that is longer
than the overlap of the pump and the probe. This is likely thermalization of the
electrons as they make their way to the bottom of their band by non-radiative

transitions.

Estimates show that the dispersion of the GaAs (110) surface state is wide
enough to be a potential cause of the larger than expected MTE we have ob-
served. Ivanov et al. calculated the surface band structure of GaAs (110) and
found it to have states immediately below the conduction band minimum of
the bulk [71]. The probe used in our experiment has enough energy to emit
electrons in these states and the wide dispersion of their band means that the
photoelectrons can have large transverse momentum. These electrons would

also have a small enough longitudinal momentum that they would not show
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up in the trARPES experiment which only focused on emission from the con-
duction band. Confirmation of this theory would require an angle and energy

resolved measurement of the full electron distribution.
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CHAPTER 5
NONLINEAR PHOTOEMISSION ENHANCEMENT WITH
NANOPATTERNED CATHODES

This chapter has been submitted for publication and is currently available as the

preprint [123]".

5.1 Abstract

Metal photocathodes are an important source of high brightness electron beams,
ubiquitous in the operation of both large scale accelerators and table-top micro-
scopes. When the surface of a metal is nano-engineered with patterns on the
order of the optical wavelength, it can lead to the excitation and confinement of
surface plasmon polariton waves. In this work, we demonstrate the use of plas-
monic nanogrooves on gold photocathodes to obtain a tenfold enhancement in
the efficiency of fourth-order photoemission with respect to the linear process.
These cathodes reached sustained average currents in excess of 100nA, and op-
tical intensities larger than 2 GW cm? with no degradation of performance. A
procedure for high precision fabrication of these cathodes is described in order
to obtain repeatable performance. Multiple nano-structured surfaces are char-

acterized, both optically and in electron yield, and show excellent agreement

The following acknowledgment appeared in the original manuscript: C.M.P. acknowledges
US NSF Award PHY-1549132, the Center for Bright Beams and the US DOE SCGSR program.
D.F. acknowledges support from the Office of Science, Office of Basic Energy Sciences, of the
U.S. Department of Energy, under Contract No. DE-AC02-05CH11231. Work at the Molecu-
lar Foundry was supported by the Office of Science, Office of Basic Energy Sciences, of the
U.S. Department of Energy, under Contract No. DE-AC02-05CH11231. D.B.D. and A.M.M. ac-
knowledge support from NSF Science and Technology Center on Real-Time Functional Imaging
(STROBE) under Grant No. DMR-1548924, which included funds for building the laser trans-
port line in the DC photoemission test stand used in this work.
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with their designed properties. Finally, the brightness of the extracted electrons
is analyzed by measurements of the cathode’s mean transverse energy and the
asymmetry we observe is explained in terms of roughness and compared with
numerical calculations. These results demonstrate the use of nano-engineered
surfaces as enhanced photocathodes, providing a robust, air-stable source of
high average current electron beams with great potential for industrial and sci-

entific applications.

5.2 Introduction

High brightness electron sources for ultrafast applications require prompt emis-
sion of high-charge electron beams and direct injection into areas of extreme
electromagnetic field amplitudes. Photoemission from metal surfaces has been
the primary means of electron bunch generation, used by the large majority of
user facilities around the world [155, 1, 132], owing to their fast response time
and robustness. Despite their broad use, metal cathodes have a few major dis-
advantages. First, the typical quantum efficiency for a metal exhibits values
in the 107 region which, for high charge pulse extraction, requires laser pulse
intensities close to the damage threshold of the material. With time and continu-
ous operation, this has been shown to lead to partial ablation, increased surface
roughness, and reduced brightness [4]. High intensities may also cause multi-
photon absorption and photoemission, leading to the generation of unwanted
halos, and an overall increase of beam thermal emittance [8]. Furthermore, a
typical metal work function requires UV photons for linear photoemission. The
two-stage UV conversion from the initial infrared laser pulses has a substantial

impact on the size and complexity of the photocathode laser system. It may
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also impact the quality of the final pulse, resulting in substantial loss of energy,
degradation of transverse pulse shape, and limited control over longitudinal
profile. Altogether, the low quantum efficiency and the high work function
effectively limit the maximum average current that can be extracted by metal
cathodes and, therefore, the range of applications of the relevant instrumenta-

tion.

High quantum efficiency semiconductor films provide a possible path to-
wards higher performance photocathodes. Depending on the choice of the ma-
terial, the quantum efficiency can be orders of magnitude larger for a work
function in the visible or infrared region [15]. Unfortunately, such cathodes are
chemically reactive, and the vacuum levels found in high field photoinjectors
often greatly complicate their use as high brightness electron sources. Further,
dark current may become an issue in those same systems for materials with an

extremely low work function.

Nonlinear photoemission may offer another potential solution to avoid non-
linear wavelength conversion. Depending on the material and laser parame-
ters, it becomes more efficient to extract electrons from the cathode directly via
multi-photon photoemission using infrared light, rather than perform wave-
length conversion to the UV [102]. However, as is the case for linear photoe-
mission, the small nonlinear yield of most flat metallic surfaces demands laser
fluence values close to the material’s damage threshold (typically on the order

of 0.1 to 1J/cm? [79]).

One path forward in improving the nonlinear yield of metals is by fabricat-
ing plasmonic structures by surface nanopatterning. Nanoscale grooves formed

on a gold photocathode have been shown to increase its nonlinear yield at
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800 nm by up to six orders of magnitude [127]. A similar concept using a grid of
nanoscale holes showed a dramatic increase in the nonlinear yield of gold and
copper photocathodes [87, 61]. On the other hand many questions remain open
before such cathodes could be effectively considered as a reliable source for ul-
trafast application: Can we produce nano-engineered cathodes with repeatable
properties? How does the mean transverse energy of the extracted beam de-
pend on the nanostructures? Can such structures provide stable high average

currents for extended periods with no degradation?

In this work we provide a detailed characterization of nanogroove array
photocathodes that demonstrates understanding of both the engineering and
the physical aspects of this advanced class of electron photoemitters. First,
in Sec. 5.3 we discuss the theory of plasmonic nanogroove photocathodes. In
Sec. 5.4 we explain the fabrication process, and confirm the design dimensions
by direct measurements of their optical properties. Nonlinear photoemission
measurements performed on a 20 keV electron gun are reported in Sec. 5.5.
We find the non-linear photoemission coefficient for the nanostructured sur-
faces and are able to correlate its spread in values with the groove dimensions.
We then confirm the polarization dependence of the photoemission, and per-
form continuous measurement of average currents in excess of 100 nA to verify
the enhanced electron yield and the photocathode stability. Lastly, in Sec. 5.6
the mean transverse energy of the photocathode is characterized for different
energies and the values found compared with the cathode’s behaviour at the
surface. The article then concludes by discussing future prospects for nanopat-

terned photoemitters.
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5.3 Principles of Plasmonic Nanogroove Photocathodes

The ideal nanogroove cathode consists of a periodic array of trenches with
depth, d, that extend infinitely in one direction and have nanometric width,
w, in the other direction. Focusing for the moment on a single groove and
imagining very large depth, light incident on the grooves may be coupled into
modes within the gap that are best described by surface plasmon polaritons
(SPP) within a metal-insulator-metal waveguide [83] (the vacuum is the insula-
tor in this case). These SPPs require additional momentum to couple with free
space illumination, owing to their dispersion relationship lying at larger wave-
vector for the same energy than the light line. For the case of the nanogrooves,
the sharp edges at the entrance to the trenches can effectively provide such cou-
pling [126]. The corner’s profile contains high spatial frequency components

that allow light to diffract around it and onto the plasmon dispersion curve.

The finite depth of the groove acts to form a resonant Fabry-Perot-like cavity
with the allowable modes determined by d. The cavity depth that meets the res-
onance condition may be surprisingly small, only tens of nm for infrared light.
This is explained by the fact that for the same energy, plasmons traveling along
the walls of the gap may have an order of magnitude smaller wavelength than
light in a vacuum [83]. The localization of optical energy to a nanometric region
has the effect of field enhancement near the gap, which can exceed factors of

one hundred and favor nonlinear photoemission.

Fig. 5.1a shows an example of local optical field enhancement by a
nanogroove cathode computed using a finite difference time domain (FDTD)

code. The simulated cathode had grooves 14 nm wide, with a pitch of 680 nm,
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and was excited by light with a wavelength of 770 nm; representative of the
cathodes studied in this paper. The same picture also shows the computed local

variation of a static externally applied electric field.

The fact that emission occurs only at the sharp edges of the grooves may
have an impact on the emittance of generated electron beams [87] and high lo-
cal optical intensity can damage the gold surface[128]. However, the specific
pattern used, the type and materials used during nano-fabrication, such as the

sharpness of the pattern have an enormous impact on all of the above aspects.

The high quality factor (and narrow bandwidth) of the plasmonic
nanogroove also has consequences on the photocathode response time. When
the resonance bandwidth of the grooves is narrower than the bandwidth of
the driving ultrafast laser, the field will continue to oscillate in the nanocavity
longer than the duration of the excitation, effectively broadening the temporal
response time of the cathode. An example of this effect was computed for the
nanogroove array photocathode in Fig 5.1a by calculating the time-dependent
tield in response to excitation by ultrafast laser using an FDTD code (Lumeri-
cal [2]). The laser was 15 fs full-width-at-half-max (FWHM) and the calculated
response of the structure was about 42 fs or a factor of three longer (Fig. 5.1b).
The approximate bandwidth (A1) and peak absorption wavelength (1) were
15nm and 770 nm FWHM. An estimate of the optical time response can be cal-

culated from time-frequency uncertainty as

AtResponse = \/Atl%aser + (a1a,4%/(4mcAD))?, (5.1)

where a; and a, are conversions from RMS to FWHM values of the absorption
bandwidth and nanogroove time response respectively. Assuming Gaussian

profiles, both a, and a, in Eq. 5.1 are approximately equal to 2.35, leading to a fi-
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Figure 5.1: (a) Plot (with contours) of the field enhancement around a cross
section of the nanogroove structure. Solution was computed with an FDTD
code [2]. The DC accelerating field, computed independently using a finite dif-
tference code [96], is shown as the blue arrows. Inset (labeled c) shows a magni-
fied view of the groove edge; (b) Time response of structure to a 15 fs excitation
computed with FDTD (plasmon) compared with flat surface (laser). Estimated
current profiles are shown as dotted lines.

nal cathode temporal response of ~50 fs FWHM. In order to obtain the extracted
electron beam pulse duration, one would have to take into consideration the
particular photoemission order used. In our case, the current density is propor-
tional to the fourth-order of laser intensity, which suppresses the tails of the op-
tical response and shrinks the final duration by a factor of two (for a Gaussian-
like pulse). For ultrafast applications, other plasmonic cathode schemes that

do not rely on resonant cavities may support higher bandwidths and allow use
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Figure 5.2: (a) Scanning electron micrograph of the nanopatterned cathode; (b)
spatial image of reflectance of 16 plasmonic nanogroove photocathodes con-
tained in a single square of the sample; (c) An image of the fabricated cathode.

with even shorter laser pulses [42].

5.4 Cathode Fabrication and Optical properties

Photocathodes were fabricated out of gold using the template stripping
method [160, 129]. While plasmonic structures can be fabricated using other
methods such as focused ion beam milling and the lift-off procedure, template
stripping has been shown to yield superior surface roughness. Prior work has
found RMS roughness of 0.2 nm RMS for template stripping compared to 1.4 nm
for thermally evaporated metals [160]). A silicon wafer was UV /ozone cleaned
for 5 minutes and spin coated with HS5Q 2% resist. It was baked at 100 °C for

1 min and then patterned with electron beam lithography.
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Cathodes with varying geometries are arranged in a square grids (a 4x4 pat-
tern), and multiple grids are imprinted along a single wafer, with an edge-to-
edge distance of about 1 mm (see Fig. 5.2b,c). The geometric dimensions of each
of the 16 cathodes within a single square are varied, with a different groove
pitch for each row, and a different width for each of the four columns. The
groove width was varied in part by controlling the electron dose, leaving some
calibration required for this dimension. The groove depth was fixed by the fab-
rication procedure at 50 nm. After exposing the resist, the template was cleaned
using RIE oxygen plasma for 30s and 150 nm of gold was deposited. UV cur-
able epoxy was used to adhere a thin glass substrate to the gold and pressure
caused this assembly (substrate, epoxy, and gold) to separate from the template

revealing the nanopatterned cathode.

The quality of the fabrication was first verified by imaging the surface via
scanning electron microscopy (Fig. 5.2a), and confirming the close match be-
tween the array dimensions and the target values. The most central square grid
was then used for optical and photoemission measurement as it was the easiest

to align along the axis of the photoemission setup.

We then performed reflectivity measurements, starting with near-IR imag-
ing, of all the 16 patterns across the selected square in the sample. We used
a 770 nm centered non-modelocked Ti:Sapphire laser oscillator as illumination
source. The linear laser polarization was tuned to point in the direction across
the grooves, while the laser pulse hit the cathode at normal incidence. As can be
qualitatively seen in Fig. 5.2b, we observed strong suppression of the reflectivity

in the regions that contain the nanopatterning.

The laser system was then mode-locked and its full bandwidth was used to
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Figure 5.3: (a) An example of reflectance spectra measured from one of the cath-
odes (670 nm pitch, 17.1 nm width) with a fit to the FDTD model using groove
width as the free parameter; (b) Peak absorption wavelength of model and mea-
sured grooves; (c) Full width at half max of absorption peak in model and fab-
ricated sample. (d) Spectrum of the mode-locked driving laser.

measure the reflectance spectra of the nanogroove photocathodes (see Fig. 5.3d).
Difference spectra were calculated using the beam reflected from the patterned
surface against a reference pulse from an upstream 50-50 beamsplitter for both
vertically and horizontally polarized light (cathode grooves run horizontal in
this experiment). The reflected spectra for vertically polarized light was fit to
FDTD calculations [2] using the groove width as the free parameter. Fig. 5.3a
reports an example of fit result for one cathode, exemplifying the close match
found between the simulated and measured reflectance. The groove widths ex-
tracted are reported in Tab. 5.1 ( the fourth column) for all the cathodes in a

square. From such results we are able to confirm our fabrication methodology,
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Table 5.1: Dimensions of the nanogroove cathodes: pitch (p) and groove width
extracted from the fit of the reflectance spectra (w). Measured effective non-
linear yield (a4) and estimate of yield enhancement over flat gold.

Row Col p(nm) w(nm) a4 ((cmz/A)4) Enhancement

1 1 670 14.5 3.0 x 1077 3.0 x 10°
1 2 670 14.5 4.0x 10738 4.0x%10°
1 3 670 15.8 2.3%x107% 2.3x10*
1 4 670 17.1 1.6 x 10738 1.6 X 10
2 1 680 14.5 8.9 x 1077 8.9 x 10°
2 2 680 14.5 1.3 x 107 1.3 x 10°
2 3 680 154 1.0 x 1073¢ 1.0 x 107
2 4 680 16.2 2.9 %1077 2.9 x10°
3 1 690 14.1 3.0x 1077 3.0 x 10°
3 2 690 14.1 2.2 %1077 2.2 %106
3 3 690 154 22 %1077 2.2x10°
3 4 690 15.8 6.4x 107 6.4 x 10*
4 1 700 141 4.5%x 10738 4.5%x 10
4 2 700 13.7 1.8 x 10737 1.8 x 10°
4 3 700 14.5 5.8x107% 5.8 x 10°
4 4 700 154 3.7%x107% 3.7x10%

as width values increase with column indices, i.e. with electron beam lithogra-

phy dose, matching our expectations.

Measured and simulated fit peak absorption wavelength and full width at
half max of the peak are compared in Fig. 5.3b and ¢, showing excellent agree-
ment. The slight deviation of the measured groove bandwidth (larger) with
respect to the model (narrower) may be explained by small deviations in the
laser angle of incidence between measurement and the FDTD calculation, or in

differences in the sharpness of the edges of the grooves.

Overall, these measurements demonstrate an ability to fabricate nanopat-

terned photocathodes with engineered optical properties.
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5.5 Nonlinear Photoemission from Nanopatterned Cathode

In this section we describe the measured non-linear electron yield and average

current of the nanogroove arrays.

The generalized Fowler-DuBridge model of multi-photon photoemission
gives the scaling of n-photon current density, J,, with laser intensity as the fol-

lowing [102, 48].

(5.2)

e n nhy — e¢
=a,Ao|—( =R)I| T?’F|——=
Jn ap O(/’ZV( v) ) ( kBT ),

where a, is a cathode dependent constant representing the chance of multipho-
ton excitation, & is Planck’s constant, kg is the Boltzmann constant, e is the fun-
damental charge, v is the optical frequency, R, is the metal’s reflectivity, ¢ is
the work function, [ is the optical intensity, T is temperature, and n is the or-
der of emission. The value Ay = 4nm kie/h* ~ 120 A/cm?/K? is the Richardson

constant with m, as the electron mass. The Fowler function can be written as

F(x)= [ dy In(1 + exp (=y — x)).

The literature value of ¢ for gold is 5.4eV [12]. Therefore we expect fourth
order photoemission from the cathode when using 800nm (1.54eV) photons.
Typical values for a4 of flat gold [143] lie around a4 ~ 107 (cm?/A)*. Previ-
ous work on nanopatterned gold has demonstrated non-linear electron yield

enhancements of the order of 10° with pA-scale currents [129].

A schematic of our experimental setup for the measurement of electron
beams from nanostructures is shown in Fig. 5.4. We transferred the nanopat-
terned wafers into a 20kV electron gun, and used the 80 MHz repetition rate
mode-locked Ti:Sapphire oscillator as the drive laser. The pulse was sent

through a chirped pulse compressor to achieve a Fourier-transform-limited
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Figure 5.4: A schematic of the beamline used in the measurements. An 80 MHz
Ti:Sapphire oscillator emits pulses centered around 770nm. The light is sent
through a chirped pulse compressor for temporal compression, and the beam
is focused to a waist using a 600 mm focal length lens placed just before the
window of the vacuum chamber. Intensity may be adjusted with a beamsplitter
(BS) and half-waveplate (1/2) pair. A telescope is used to expand the beam
before hitting the lens to decrease its ultimate focused size. The electron beam
emitted from the cathode is accelerated and sent through a solenoid lens before
being imaged on a scintillator screen.

pulse length of ~15 fs at the sample, also confirmed by autocorrelation measure-
ments. The pulse was then focused to an RMS spot size 40 pm at the cathode
plane with a small angle of incidence of 4 degrees with respect to the surface
normal. The intensity was varied using the combination of an achromatic half-
wave plate and a polarizing beamsplitter. The maximum laser energy that could
be sent to the cathode after transport, and longitudinal and transverse shaping

was 1nl. In the electron gun, the grooves of the cathode run vertically.

To begin, the polarizing beamsplitter was temporarily removed and the half-
wave plate was used to control the orientation of linear polarization of the laser.
Photocurrent was measured from a single cathode using a lock-in amplifier and
fit to the model J(6) = A (cos*(6+ ¢))" + 0o where A is the amplitude, o is an offset,

and ¢ is a phase to account for mis-positioning of the half-wave plate in its rota-
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Figure 5.5: (a) Time series measurements of photocurrent from a nanopatterned
photocathode; (b) Histogram of jitter in photocurrent; (c) Measurements of pho-
tocurrent as angle of linear polarization is changed with line of best fit.

tion mount. Our data and line of best fit are shown in Fig. 5.5c and we conclude
from the goodness of fit that only the polarization of light running "against the
grain" of the grooves is able to excite plasmons and cause multiphoton photoe-

mission, as expected.

The polarizing beamsplitter was replaced and emitted electron photocurrent
was measured as a function of optical intensity (Fig. 5.6a) for each of the cath-
odes in a square within the wafer. Eq. 5.2 was then used in a fit to find the
nonlinear yield coefficient (a4), using 98% [12] as the value of gold’s reflectivity

at 760 nm.

The distribution of measured non-linear yield exponents is shown in
Fig. 5.6d. All of the measured behaviours are consistent with fourth order pho-
toemission. The measured value of nonlinear yield coefficient varied from a, =

3x 107 to 6 x 107 (cm?/A)*. A representation of its value distribution across
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the 16 cathodes in a square is shown in Fig. 5.6b.

One explanation for the variation in a, is the change in optical response of the
grooves depending on their geometry (see Fig. 5.3a), that will change the overall
coupling of the laser’s power into the structure. Depending on the value of the
peak absorption wavelength, the reflectance curve will align better or worse
with the power spectrum of the laser (Fig. 5.3d), changing the amount of total
absorbed intensity from the laser that then excites electrons in the metal. Indeed,
if we calculate the absorbed intensity based on both the absorption spectra of the
grooves and the laser’s spectrum for each groove array, we observe a correlation
(Fig. 5.6c). Other factors may need to be included in the analysis of the data
to explain the spread of a4 in full. For example, the effect of the plasmonic
nearfield on the emitted electrons and the probability of electrons emitted inside

the grooves escaping may contribute to the residual difference.

Current emission from the flat (non-patterned) gold surface was below our
measurement sensitivity, owing to the limited available optical intensity in the
setup. Nevertheless, with a maximum power density achievable of ~2 GW cm™?,
and a measurement system’s noise floor of ~50fA, we can calculate an upper
bound for the nonlinear yield coefficient of a, < 4 x 10 (cm*/A)*, with a yield

enhancement from nanopatterning in excess of 10°.

The current stability of the cathode performance is summarized in Fig. 5.5.
A continuous acquisition of average electron current values over about 12 min
was performed, with the laser pulses delivering the maximum available energy
(Fig. 5.5a). A stable average current value of 120 nA was measured, with fluctu-

ations measured to be 2.3% (see Fig. 5.5b).
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Figure 5.6: (a) Measurements of photocurrent as laser intensity is varied with
power-law fits shown as lines; (b) Best fit yield (a, in Eq. 5.2), laid out by location
on the 4x4 grid of cathodes (Fig. 5.2b); (c) Scatter plot of yield (a4) and estimated
absorbed laser intensity; (d) The distribution of exponents in best fit curves (blue
histogram, orange kernel density estimator).

This experiment exemplifies the disruptive potential of the technology in
high average current electron sources. Indeed, assuming a gold UV quantum
efficiency of 107 [52] and a typical conversion efficiency from NIR to UV of
7.5%, then linear photoemission would require a tenfold increase in laser power
to generate the same average current, about 0.75 W in the NIR against the 80 mW

used in the experiment.
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5.6 Mean Transverse Energy of the Emitted Electron Beam

In this section we explore the mean transverse energy (MTE) [84] of the
nanogroove cathodes. After showing that surface nanopatterning can lead to
very large nonlinear yield enhancements in metals, we now seek to explore the
effects of such enhancement on the beam’s transverse brightness. Early work
on nanopatterned photocathodes found larger emittance values than what is
expected from a flat surface [87]. Since then, substantial work tailored at im-
proving the photoemission properties of these cathodes has been carried out,
for example by selecting and optimizing the fabrication technique for minimal
roughness and sharp patterns, and by developing methods for in-situ optical
characterization of the structures [42]. Owing to such developments, we are
now able to relate photoemission properties such as the cathode electron beam

MTE, to the surface mechanical and optical characteristics.

We investigate the transverse emittance of the grooves using the solenoid
scan method. The electron gun is biased at high voltage to generate a beam
from one of the cathodes in the square (row two and column one in Fig. 5.2b;
680 nm pitch and 14.5nm width). The generated electron beam passes through
a solenoid lens a few centimeters away from the cathode and hits a scintillator
screen 60 cm away. Here the beam’s RMS spot size was measured as function of
strength of the solenoid lens. The experiment was repeated at 20kV, 19kV, and
18kV (data shown in Fig. 5.7) and the beam sizes were fit using a linear model
of transport including the accelerating electric field in the gun, following the
procedure in [15, 67] to recover the initial phase space moments. The laser RMS
spot size at the cathode was measured to be 20 pm. We find the cathode MTE to
be asymmetric, with MTE, = 510 meV and MTE, = 250 meV. The x and y axes are
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Figure 5.7: Solenoid scan measurements of the generated beam’s normalized
emittance. The beam’s size (shown here in the Larmor frame) is measured as
a function of current in the beamline’s solenoid. Fits to a linear model of the
beamline are shown as the curves with the best fit emittance in the legend.

aligned with respect to the cathode nanogrooves, which run along the vertical
(y) direction. The MTE along this direction is close to what'’s typical for a flat
metal with this excess energy [39]. On the other hand, the MTE in the horizontal
(x) plane shows a substantial increase, which we attribute to geometric effects,

as described below.

While nanopatterning has clear benefits for the non-linear yield of photo-
cathodes, those same nanoscale features are a form of surface roughness. Sur-
face roughness is well known to cause an increase in the MTE of the emitted
electrons from a photocathode [21]. Two major effects contribute to this in-

crease: the additional transverse momentum gained from the local distortions
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Figure 5.8: A schematic showing how the initial momentum distribution from
each face of the nanogroove may be combined to form an estimate of MTE in-
cluding roughness effects.

of electric fields around surface features (as in Fig. 5.1) and the local deviation of
the average direction of photoemission with respect to the global beamline axis,
which follows the surface normal. For nanogroove photocathodes, these effects
will vanish in one direction (y in our setup), thanks to the structure’s transla-
tional symmetry. To understand the increase of emittance on the horizontal (x)

axis, we will now estimate the contribution of both effects in our setup.

For the first effect, we compute the value of the externally applied electric
field around the nanogrooves using the finite difference method [96], assum-
ing perfect edges (i.e. a radius of curvature equal to the simulation mesh size).
This is shown as the blue arrows in Fig. 5.1a. We then compute the integral

of the transverse field along the particle trajectory starting from the groove
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edge to find the maximum transverse energy acquired by the electrons. For
the max achievable cathode field in the gun (which will maximize this effect)
of 7MV m™, this effect only adds ~10meV of transverse energy to the emitted

electrons.

To estimate the effect of the local variations of the surface normal on the
MTE, we start by randomly sampling the 3D momentum distribution of elec-
trons emitted from a flat metallic surface [39], generating a set of 100k virtual
particles. Assuming a work function for gold of 5.4eV [97] and fourth order
photoemission process, a numerical calculation of the MTE of these particles
gives a value of 257 meV, in close accordance with our measurement in the ver-
tical plane and the analytical expression MTE = (nhv — ¢)/3. Rotating the dis-
tribution following the local normal to the surface, and adding together all of
the contributions, we can obtain an estimate of the total MTE including the ef-
fect of nanopatterning. The number of electrons emitted from each nanogroove
face along the surface is weighted by the integral of the fourth power of the
intensity along it, extracted by FDTD simulations (Fig. 5.1a). This gives a ratio
of side wall to top emission of 6.9:1 and the total estimated MTE with normal
vector effects included of 481 meV. Adding in the ~10 meV calculated above due
to the effects of the transverse fields, this approaches our measured value in the
horizontal plane of 510 meV. A visual of how this estimate is made can be found

in Fig. 5.8.
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5.7 Conclusion

In this work we report the development and engineering of a novel metal pho-
tocathode for high brightness ultrafast electron generation. We demonstrate in-
creased average current when using plasmon-assisted multiphoton photoemis-
sion with respect to linear photoemission in our setup, overcoming the major
drawbacks of metal cathodes caused by their poor QE in the UV, and paving
the way to their use in high average current-high brightness applications, such

as X-FELs and UED setups.

Our fabricated cathodes closely match their designed optical performance.
In particular, we are able to tune the peak absorption wavelength of the struc-

ture to the spectral peak of the driving laser.

Electron yield was strongly enhanced via surface nano-structuring, a factor
in excess of 10° over fourth-order photoemission from flat gold, and a reduction
in power by a factor of ~10 compared to linear photoemission for the intensities
achieved in this work. Continuous operations at high average current showed
no degradation (Fig. 5.5a). To showcase the potential impact of such nanopat-
terned cathodes, we compare their requirements with typical metal photocath-
odes used in large-scale facilities. As an example, The LCLS X-FEL at SLAC
[45] uses linear photoemission from flat copper cathodes. By using the opera-
tional values for the laser, cathode QE, and beam charge [170, 169] (3 ps FWHM,
150 pC pulse from a 1 mm hard edge spot size, QE of 4 x 107°) and a typical
operational conversion efficiency from IR to UV of 7.5%, a flat copper cathode
requires about 240 pJ of energy in the IR pulse, compared to the 8 uJ necessary

for the gold nanostructured photocathode presented here. The advantage of
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nanopatterning becomes even more pronounced in applications requiring low
charge and femtosecond-long pulses, such as UED setups [51]. The example
shown in Fig. 5.5a, 1.5 fC electron beams are produced using only 1nJ of IR en-

ergy extracted directly from an ultrafast laser oscillator.

The normalized transverse emittance of the photoemitted beam was mea-
sured systematically for different beam energies, providing a benchmark value
for the transverse brightness of nanopatterned cathodes. The measured asym-
metry in the emittance can be fully explained by the geometry of the structure,
with its asymmetric roughness. These results suggests an interesting applica-
tion of nanogroove arrays as a future platform for studying the effects of rough-
ness on electron source brightness In these systems, the roughness can be engi-
neered to take on certain profiles. Further, the fact that the cathode "acts flat"
in one direction provides a control measurement to directly compare the effects
of roughness against in each sample. For the application of cathodes in high
brightness photoinjectors, although the emittance is increased in the direction
normal to the grooves, it is still in line or better than typical values measured in

ultrafast X-ray user facilities [4].

An interesting future application of emission from patterned surfaces is the
possibility to obtain transverse electron beam density modulation and shaping.
Since electrons are only emitted near the groove edges, structures could be en-
gineered to generate nanoscale beamlets and density modulations. Using linear
optics to perform an emittance exchange [107] this modulation can be trans-
ferred into time and used to drive temporal patterning in the beam which is of
interest to coherent x-ray light sources [62]. Also, a round beam [33, 22] could

be generated to average out the emittances in both directions.
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To further reduce the emittance from plasmonic photocathodes, emission
from a flat surface would be required, for example by using a plasmonic lens,
as described in [42], where surface plasmon interference is used to produce
large and instantaneous field enhancements in pattern-free areas well below
one micrometer. The implementation of this design could improve the trans-

verse brightness from metal cathodes even further over the state-of-the-art.
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CHAPTER 6
FUTURE DIRECTIONS

In this thesis, several paths toward improving the brightness of photocathode-
based electron sources have been reported. However, there are still many ar-
eas of this field left to explore. This chapter will briefly describe some of these

promising future points of research.

In Chapter 5, nanopatterning was studied as a method of improving the non-
linear yield of metal photocathodes. A second interesting use of this technology
is to form nanoscale lenses on the surface of a metal cathode [42]. Due to their
high numerical aperture (compared to what is achievable from external opti-
cal elements in a photoinjector) these structures can achieve small spot sizes
(<1pm). Driving the cathode with fourth-order nonlinearity further decreases
the initial electron beam spot size by a factor of two. This substantial reduction
in spot size shrinks the initial emittance of the beam and improves its bright-
ness. The extremely high fields around these cathodes may also be used to

manipulate charged particle beams with applications in ultrafast physics.

Investigating the low-temperature properties of photocathodes is an impor-
tant future direction for the field. Cold photocathodes may have better prop-
erties compared to those at room temperature. Cooling them reduces the size
of the Fermi tail of the electron occupation function and some results [29] sug-
gest that this can lower the MTE of photocathodes. Some work has pointed to
electron-phonon scattering to be an important mechanism that affects the MTE
of certain semiconductor photocathodes. Cooling the system also changes the
occupation of phonon modes in the material and could change the cathode’s

properties. Work is concluding at Cornell on a cryogenically cooled electron
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gun designed for the study of these materials.

Work on the growth of near atomically flat photocathodes holds promise in
increasing the brightness of electron beams. Recent research [57] has shown that
some semiconductors (specifically Cs3Sb) can be grown epitaxially on a lattice-
matched substrate. Through this process, the surface roughness, and therefore
the increase in MTE due to geometric factors, is greatly reduced. Potential exists
here for the growth of a variety of new materials with better quality than has

been achieved before.

Machine learning is an interesting technology and has only just started to
be adopted for the design and control of particle accelerators. These methods
promise to greatly speed up simulations involving electron beams subject to
space charge. Research into this area may also lead to the development of ad-
vanced control algorithms to aid in the real-time optimization of accelerator per-
formance. This all benefits the practical use of high-brightness electron beams
in applications where the transport of the beam is difficult. Further work may
also improve the development of new photocathode concepts with faster com-

putation of material properties.

As was pointed out in Chapter 2 of this thesis, even challenging real-world
applications can benefit from reducing the MTE of photocathodes down to the
level of 10meV. That quality of photocathode is still far from being achieved
practically. However, the future is promising for bright electron sources and
with the right material research and accelerator designs to take advantage of
these new technologies, improving the brightness of electron beams for users
by as much as 100x may be possible. With such improvements, techniques only

available at the national labs with billion-dollar budgets may become accessible
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to university users. A new world of time-resolved experiments on complex sys-
tems could be opened up and let us venture further into the nature of large and
dynamic molecular systems. The production of new brighter electron beams
has the potential to transform the way science at the atomic scale is performed.

Photocathodes are likely a key component of any route to that future.
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