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Abstract

Electron beams are powerful tools with applications ranging from treating
cancer to recording ultrafast microscopic movies. The temporal and spatial
resolution of the latter is limited by the electron pulse duration and beam
emittance, respectively. However, the electron sources used in state of the
art ultrafast electron microscopes and our photonic laser acceleration setup
were developed for dc operation. The high brightness Schottky and cold field
emitters suffer from emission instability when triggered by femtosecond laser
pulses.

The main goal of this work was to invent, fabricate and characterize a
robust high brightness emitter designed for femtosecond laser-triggered op-
eration: We present nanodiamond-coated tungsten needle tips.

This geometry results in a large DC field enhancement at the emitter
apex, which enables operation at GV/m electrostatic fields. These large fields
and the resulting acceleration of emitted electrons are crucial for mitigating
space charge effects and achieving high beam brightness during high current
density operation. To better understand the electrostatic field distribution
at nanometer-sized emitters, we developed a differential phase contrast tech-
nique in a transmission electron microscope. Measuring electron deflection
allows us to determine the 3D electrostatic field with nanometer resolution,
even during dc field emission. We measured up to 2.92 V/nm at a 20 nm sized
tungsten emitter and achieved quantitative agreement between experiment
and simulation.

Another major advantage of the needle shape is the small effective elec-
tron source size both in dc and laser-triggered emission. This leads to a small
source emittance, which is one of the key parameters for realizing a photonic
particle accelerator on a chip, especially at low injection energies. The lower
the injection energy is, the more compact the injector unit can be built due
to reduced electrostatic field breakdown. We demonstrated electron acceler-
ation using optical near fields in the vicinity of a periodic nanostructure with



x

energies as low as 9.6 keV.
As emitter material, we chose diamond as it is not only mechanically

and chemically robust, but also exhibits high thermal conductivity. These
properties promise a robust emitter which can withstand the high laser inten-
sity of femtosecond laser pulses. Furthermore, the diamond surface exhibits
negative electron affinity if it is terminated by hydrogen. Not only does this
significantly lower the work function, it also boosts the photoelectron yield as
the photoexcited carriers can be emitted into vacuum even after thermalizing
to the conduction band minimum. The tungsten substrate was chosen as a
metallic contact which can easily be fabricated in the desired needle shape.

We report a reliable fabrication recipe, which is based on dip-seeding of
electrochemically etched tungsten in nanodiamond suspension, dry-blowing
with pressurized nitrogen and microwave plasma-enhanced chemical vapor
deposition of diamond. Electron energy loss spectroscopy and electron diffrac-
tion in a high resolution transmission electron microscope confirm conformal
diamond coating. The crystallites have a columnar shape, are 20 nm in size
and have graphitic grain boundaries.

Based on the band diagram of this heterostructure, we propose an emis-
sion model, which explains the femtosecond laser-induced multiphoton emis-
sion from the ultraviolet to the infrared (235-1932 nm). Depending on the
laser wavelength and intensity, excitation across the direct band gap or direct
emission into vacuum dominates, which is identified by the number of photons
needed to emit one electron. Furthermore, emission is stable for all wave-
lengths and bunch charges investigated. We infer a normalized emittance of
<0.20 nm rad and a normalized peak brightness of > 1.2 · 1012 A m−2 sr−1.
These values are already comparable to published values even though we
used the geometrical source size for the calculation. Therefore, our results
are promising for a future use of diamond-coated tungsten tips as high bright-
ness ultrafast electron sources.



Zusammenfassung

Elektronenstrahlen sind leistungsstarke Werkzeuge, deren Anwendungen von
Krebsbehandlung bis zur Aufnahme ultraschneller mikroskopischer Filme re-
ichen. Die zeitliche und räumliche Auflösung der letzteren ist durch die
Elektronenpulsdauer bzw. die Strahlemittanz begrenzt. Die in den mod-
ernsten ultraschnellen Elektronenmikroskopen sowie auch in unserem pho-
tonischer Laser-Beschleunigungsaufbau verwendeten Elektronenquellen wur-
den jedoch für den Gleichstrombetrieb entwickelt. Ein Nachteil von diesen
Schottky- und Feldemittern ist, dass sie unter Instabilität leiden, wenn sie
durch Femtosekunden-Laser gepulst werden.

Das Hauptziel dieser Arbeit war die Erfindung, Herstellung und Charak-
terisierung eines robusten Elektronenemitters mit hohem Richtstrahlwert,
der für den Femtosekunden-Laser-getriggerten Betrieb ausgelegt ist: Wir
präsentieren Nanodiamant-beschichtete Wolframspitzen.

Die Geometrie führt zu einer großen DC-Feldverstärkung an der Emitter-
spitze, was den Betrieb bei elektrostatischen Feldern von GV/m ermöglicht.
Diese großen Felder und die daraus resultierende Beschleunigung der emit-
tierten Elektronen sind entscheidend für die Abschwächung von Raumladungs-
effekten und das Erreichen eines hohen Strahrichtwerts bei Betrieb mit ho-
her Stromdichte. Um die elektrostatische Feldverteilung an nanometrischen
Emittern in Nanometergröße besser zu verstehen, haben wir eine differentielle
Phasenkontrasttechnik in einem Transmissionselektronenmikroskop entwick-
elt. Die Messung der Elektronenablenkung ermöglicht es uns, das elektro-
statische 3D-Feld mit Nanometer-Auflösung zu bestimmen, sogar während
der Feldemission. Wir haben bis zu 2,92 V/nm an einem 20 nm großen
Wolfram-Emitter gemessen und eine quantitative Übereinstimmung zwischen
Experiment und Simulation erreicht.

Ein weiterer großer Vorteil der Nadelform ist die geringe effektive Größe
der Elektronenquelle sowohl bei der Gleichstrom- als auch bei der lasergetrig-
gerten Emission. Dies führt zu einer kleinen Quellen-Emittanz, die einer der
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Schlüsselparameter für die Realisierung eines photonischen Teilchenbeschle-
unigers auf einem Chip ist, insbesondere bei niedrigen Injektionsenergien. Je
geringer die Injektionsenergie ist, desto kompakter kann die Injektionseinheit
aufgrund des elektrostatischen Felddurchbruchs gebaut werden. Wir demon-
strierten die Elektronenbeschleunigung mit optischen Nahfeldern in der Nähe
einer periodischen Nanostruktur mit Energien von nur 9,6 keV.

Als Material für den neuartigen Emitter wählten wir Diamant, da er nicht
nur mechanisch und chemisch robust ist, sondern auch eine hohe Wärmeleit-
fähigkeit aufweist. Diese Eigenschaften versprechen einen robusten Emitter,
der der hohen Laserintensität von Femtosekunden-Laserpulsen standhalten
kann. Darüber hinaus weist die Diamantoberfläche eine negative Elektrone-
naffinität auf, wenn sie durch Wasserstoff terminiert wird. Dies senkt nicht
nur die Austrittsarbeit erheblich, sondern erhöht auch die Photoelektrone-
nausbeute, da die photoangeregten Ladungsträger auch nach der Thermal-
isierung in das Leitungsbandminimum ins Vakuum emittiert werden können.
Wolfram wurde als metallischer Kontakt gewählt, da Wolfram leicht in der
gewünschten Nadelform hergestellt werden kann.

Wir berichten über ein zuverlässiges Herstellungsrezept, das auf dem
Bekeimen von elektrochemisch geätztem Wolfram in Nanodiamantsuspen-
sion, dem Trockenblasen mit Stickstoff und der mikrowellenplasmaunter-
stützten chemischen Gasphasenabscheidung von Diamant basiert. Elektronen-
energieverlustspektroskopie und Elektronenbeugung in einem hochauflösenden
Transmissionselektronenmikroskop bestätigen eine konforme Diamantbeschich-
tung. Die Kristallite haben eine säulenförmige Form, sind 20 nm groß und
haben graphitische Korngrenzen.

Basierend auf dem Banddiagramm dieser Heterostruktur schlagen wir
ein Emissionsmodell vor, das die Femtosekundenlaser-induzierte Multipho-
tonenemission vom Ultraviolett bis zum Infrarot (235-1932 nm) erklärt. Ab-
hängig von der Laserwellenlänge und -intensität dominiert die Anregung
über die direkte Bandlücke oder die direkte Emission ins Vakuum, die durch
die Anzahl der zur Emission eines Elektrons benötigten Photonen identi-
fiziert wird. Darüber hinaus ist die Emission für alle untersuchten Wellen-
längen und Pulsladung stabil. Wir schließen auf eine normalisierte Emit-
tanz von <0,20 nm rad und einen normalisierten Strahlrichtwert von >
1, 2 · 1012 A m−2 sr−1. Diese Werte sind bereits mit publizierten Werten
vergleichbar, obwohl wir für die Berechnung die geometrische Quellengröße
verwendet haben. Daher sind unsere Ergebnisse vielversprechend für einen
zukünftigen Einsatz diamantbeschichteter Wolframspitzen als ultraschnelle
Elektronenquellen mit hohem Richtstrahlwert.



Preface

The main work of this thesis lies in the attached publications in chapter 5 - es-
pecially the work on nanodiamond-coated tungsten needle tips (Publications
5.1 and 5.2). While publication 5.3 presents a new method for measuring
the electrostatic field at nanometric emitters, publications 5.4 and 5.5 show
the need for a novel electron emitter designed for femtosecond laser-induced
operation.

To acknowledge the work of all authors, I will use the ”we” form, whenever
one of the publications is mentioned and the ”I” form otherwise.

The following chapters have the purpose to introduce the theoretical foun-
dation for the publications as well as to integrate the publications into a larger
context. Therefore, the scope of the following chapters is not to cover the
entire research field of the respective topics. On the contrary, the goal is to
neither overcomplicate nor to oversimplify the relevant theory for this work.
Ideally, the following chapters enable the reader to see the main focus of this
thesis:

The value of researching needle-shaped electron emitters and the potential
of diamond-coated tungsten tips as novel electron emitters.
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Chapter 1

Characterization of particle
beams

Many modern techniques and research fields like ultrafast electron microscopy
[1, 2, 3, 4], ultrafast electron diffraction [5, 6, 7, 8], free electron lasers [9] and
dielectric laser accelerators (DLAs) (see. 1.3) require pulsed femtosecond to
attosecond electron beams with high spatial beam quality. In this chapter, I
will introduce common measures of particle beam quality and elaborate on
the beam requirements of DLAs.

1.1 Emittance

Every particle beam has a characteristic size σ(z) and divergence θ at a given
longitudinal position z. In the focal point, the product of σ and θ is called the
transverse emittance ε. More generally speaking, the emittance is a measure
of the phase space area occupied by the particle beam. The single particles
are described by their transverse position x and angle x′ = arctan(px

pz
), where

px and pz are the transverse and longitudinal momenta, respectively. In Fig.
1.1, the phase space of a freely propagating particle ensemble is illustrated in
focus, in the far field and after beam expansion to

√
2 of the focal size, which

is a widely used value (characterized by β∗, the interested reader is referred
to [10]).

Even though the beam size changes with propagation distance, the occu-
pied phase space - and therefore also the emittance - remains constant. The
transverse root mean square (rms) emittance is defined as

εx =
√
〈x2〉〈x′2〉 − 〈xx′〉2 (1.1)

where the term 〈xx′〉 describes correlation between transverse momentum
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Figure 1.1: Transverse phase space of a freely propagating Gaussian electron
beam with 100 pm rad rms emittance at three different longitudinal positions.
In focus (left), there is no correlation between position and angle, but at the
β∗ position (center) and in the far field (right), there is correlation. The
emittance is conserved if space charge can be neglected.

and space. This term vanishes in the focus of a particle beam. For curved
surfaces of emitters 〈xx′〉 is nonzero. This means that the emittance of curved
emitters, e.g. a hemisphere, can be lower compared to flat surfaces with the
same geometric source size. In the literature, this effect is often explained
via the term effective source size as the particles seem to originate from a
surface which is smaller than the geometric source size of the emitter [11, 12].
For tungsten needle tips, the effective source size has been measured to be
below 1 nm under direct current (dc), continuous wave (cw)[13, 11] and
femtosecond laser-induced electron emission[12], approximately one order of
magnitude smaller than the geometric source size. This is one of the reasons
why state of the art electron microscopes are equipped with - and why we
focused our work on - tip-shaped emitters.
For a beam moving along the z-axis, x′ ≈ px

βγc
, where β is the particle speed

in unit of the speed of light and γ = (1 − β2)(−1/2) is the Lorentz factor.
Therefore, only the normalized emittance εnorm = βγε is conserved under
uniform acceleration of the beam.
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1.2 Brightness

Depending on the exact requirements of the application, not only the emit-
tance but also the particle current J is relevant. While the emittance can
be reduced via spatial filtering of the beam, this always comes at the cost of
particle loss. As an example, the process time of electron beam lithography
depends on the minimum desired resolution of the desired pattern.
To account for this, I introduce the brightness B, which is a measure for the
phase space population. For best comparison with the most relevant litera-
ture [14, 15] for this work, I use the following definition for the normalized
rms brightness:

Bnorm =
J

4πεnorm,xεnorm,y
(1.2)

The higher the brightness, the more particles can be focused to a given
spot size and divergence angle, often determined by the use case. In the case
of pulsed beams, not only the average, but also the peak brightness is of im-
portance, e.g. for pump probe experiments, free electron lasers and dielectric
laser accelerators (DLAs).
The physical limit of the normalized brightness Bnorm,max for fermions is given
by the Pauli exclusion principle and the Heisenberg uncertainty of energy and
time. For an energy width of 0.3 eV, this limit is 5 ·1019 A m−2 sr−1 [16]. As
we will show in chapter 2, typical brightness values are orders of magnitudes
below this limit.

For more information on beam emittance and brightness, the reader is
referred to [10, 17].

1.3 Requirements of modern pulsed applica-

tions

Treating all potential applications is beyond the scope of this thesis, there-
fore we will focus on DLA [18], which is directly related to this work. With a
concise introduction of DLAs as an example application, we will deduce the
approximate requirements for the particle beam emittance.

Dielectric laser acceleration

For a specific target particle energy, the length of today’s particle accelerators
(PAs) is limited by the acceleration gradient G, i.e. the energy gain (dE) per
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unit distance (dz).

G =
dE

dz
= q

dF

dz
where e is the charge and F is the electric field.

Most of today’s PAs including user facilities such as the Large Hadron
Collider and the Linac Coherent Light Source are based on the excitation
of electromagnetic modes in cavities. For those PA types G is ultimately
limited by the damage threshold field Fth of the cavity material at the drive
frequency. In conventional accelerators with metal structures and GHz fre-
quencies, Fth is on the order of 100 MV/m and typical accelerating fields
on the order of 20 MV/m [19]. As the damage threshold field of dielectrics
at optical frequencies (typically 100 − 300 THz) exceeds this value by up to
two orders of magnitude [20], DLAs have the potential to shrink PAs drasti-
cally. Even a complete photonic PA on a silicon chip seems possible after the
demonstration of acceleration [21, 22, 23], deflection [24] and focusing [25]
using only optical near fields. To achieve the high peak electric fields with-
out destroying the dielectric nanostructures, (sub-)picosecond laser pulses are
used [26, 21, 22, 23, 24, 27, 28], the electron pulse duration should be shorter
than the laser pulse duration. The highest average gradient experimentally
shown to date is 850 MeV/m over 0.5 mm [29]. However, this advantage of
working with µm scale wavelengths comes along with the challenge of phase
space acceptance, which is directly linked to the drive wavelength.

For continuous acceleration, the particles speed needs to be matched with
the phase velocity of the acceleration mode. As a consequence, the acceler-
ation mode is an optical near field mode which decays exponentially from
the surface (e.g. decay length δ = 100 nm at 2 µm wavelength and β = 0.32
[26]). By exciting the same mode from two periodic structures (e.g. two
rows of pillars and Bragg mirror [26, 28] or double sided illumination [27]), a
hyperbolic cosine mode with homogeneous field strength in the center can be
excited. An example structure is shown in Fig. 1.2, which illustrates the de-
mands on the electron beam: To avoid large particle loss at the aperture and
to achieve uniform acceleration, the channel width d and the electron beam
radius needs to be smaller than δ. To avoid additional particle loss during
propagation through the structure, the acceptable divergence of the beam is
on the order of d/2L, where L is the structure length. For L = 100µm, this
results in x′ ≈ 1 mrad and ε < 0.1 nm rad. The beam expansion of such a
beam is illustrated in Fig. 1.1. Simulations show that comparable param-
eters (ε=100 pm rad, d=420 nm) suffice to guide and accelerate an electron
beam from 83 keV to 1 MeV within 5 mm with 56 % survival rate of the par-
ticles [30]. The required brightness on the other hand highly depends on

https://home.cern/science/accelerators/large-hadron-collider
https://home.cern/science/accelerators/large-hadron-collider
https://lcls.slac.stanford.edu
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Figure 1.2: Setup of a DLA experiment with comparably short structure
length (12 µm). The electron beam is focused into the 200 nm channel of the
periodic nanostructure. The laser pulse excites an optical near field mode
inside the channel. If the phase velocity of this mode is matched to the speed
of the electrons, they are synchronously accelerated. Modified from [26].

the exact parameters. Nevertheless, the brightness is the key parameter for
DLAs as it determines the achievable current for the required emittance. As
an example, one electron per pulse at 30 keV (β=0.32) with a pulse duration
of 100 fs requires a normalized peak brightness better than 1.4 · 1013 A m−2

and a normalized emittance better than 35 pm rad.

In publication 5.2, we present first measurements of the emittance and
brightness of diamond-coated tungsten tips. Whereas the effective source
size can be much smaller than the geometric source size, we used the ge-
ometric size as a first estimation of emittance and brightness. We infer a
normalized emittance of < 200 pm rad and a normalized peak brightness of
> 1.2 · 1012 A m−2 sr−1. As these values represent only conservative bounds,
this underlines the potential of diamond-coated tungsten tips.

For more details on DLAs the reader is referred to [19, 31, 25]. In the next
chapter, we will introduce commonly used electron sources, their properties
and operation principle.
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Chapter 2

Electron sources and their
applications

The invention of the thermionic cathode by Thomas Edison in 1883 and the
discovery of the electron by E. Wiechert and J.J. Thomson in 1897 led to
countless applications of electron beams in industry and science including
the first diodes, cathode ray tubes (CRTs), PAs, electron lithography and
electron microscopy (EM). PAs are used for cancer radiation therapy and
led to the discovery of numerous particles like the Higgs boson [32, 33] . While
television on CRTs has entertained & informed our society for decades, EM
revolutionized imaging and material characterization due to the ability of
focusing electrons to sub-nanometer waist size. Even single atoms can be
resolved in transmission electron microscopy (TEM) and scanning tunneling
microscopy (STM). As diverse as the applications of free electron beams are,
as diverse are the requirements and properties of the electron sources.

In molecules and solids, electrons interact with the nuclei and the remain-
ing electrons of respective elements via the Coulomb force. This interaction
leads to eigenstates of the electrons in the Coulomb potential landscape of
the nuclei. In order to excite electrons into vacuum, the energy difference
between these states and the vacuum level has to be overcome. At 0 K
temperature, the smallest energy difference, i.e. the difference between the
highest occupied state and the vacuum level, is called ionisation potential Ip
for molecules and work function Φ for solids. Even though electron sources
with high beam quality can be built with gases and magneto optical traps
[34], most electron sources are based on solid state materials.

To achieve femtosecond electron pulses with the small emittance and high
brightness requirements introduced in chapters 1.1 and 1.2, state-of-the-art
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research setups of today are based on electron microscopes. Whereas all
electron sources in these setups were originally designed for dc operation and
repurposed for laser-induced operation, the diamond-coated tungsten needle
tips developed in the scope of this work are specifically designed for laser-
induced electron emission. Flat photocathodes are not described in this work
as the emittance is typically limited by the laser spot size, the achievable dc
fields are much smaller and they are harder to implement in microscope
setups. In the following sections, the most commonly used electron emitter
types are introduced and related to our work.

2.1 Thermionic emitters

Electrons are fermions and therefore obey the Fermi distribution in solids:

f(E) =
1

1 + exp E−µ
kBT

(2.1)

where E is the Energy state, µ is the chemical potential, kB is the Boltz-
mann constant and T is the Temperature. Strictly speaking, µ at T = 0 K is
called Fermi Energy EF . In practice, however, µ and EF are often used as
synonyms. If the condition E −EF > Φ is fulfilled, electrons can be emitted
into vacuum. During the emission process, the normal component of the
particle’s (crystal) momentum k⊥ is conserved. By taking this into account,
Owen Willans Richardson derived the following law for the current density
J in 1912 [35]:

J = AT 2 exp

(
− Φ

kBT

)
(2.2)

where A is a constant which was later found to be material dependent.
The combination of equations 2.1 and 2.2 yields that high temperature re-
sults in an increase of both the emitted current and the energy width of the
electrons. The latter deteriorates the focusability of the emitted beam due
to an increased mean transverse and longitudinal momentum (see 1.1) and
the velocity-dependent focal length of common electrostatic and magnetic
lenses. Additionally, the high operating temperature of tungsten emitters
(≈ 2800 K) results in oxidation and evaporation at the surface leading to
short lifetimes (≈ 100 h). To reduce the operating temperature, materials
with low work functions like LaB6 (2.3-2.8 eV [36]), which can be operated
at ≈ 1900 K, are favorable for applications with focused beams. Advantages
of thermionic emitters are that they are typically robust, low cost and eas-
ily replaceable. Furthermore, they can deliver high currents due to a large
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emitting area. LaB6 emitters can also be used in laser-triggered operation
[37]. However, emittance and brightness values of such a setup remain un-
published to the best of our knowledge.

Thermionic emission from diamond-coated tungsten tips was not inves-
tigated in this work for the following reasons: Surface terminations which
reduce the electron affinity - and therefore the work function (see. 4.2) - are
not stable at elevated temperatures [38]. Nanodiamond itself is also unstable
at temperatures above 1100 K [39] as it transfers to its thermodynamically
favored phase graphite.

2.2 Schottky emitters

To reduce the operating temperature, the barrier height for electron emission
can be reduced by applying a strong electrostatic field. For a flat metal
surface, this reduction can be calculated by finding the maximum of the
total potential E. Outside of the metal, E consists of the image potential of
the emitted electron and the electrostatic potential:

E = − e2

16πε0

1

z
− eFz (2.3)

where z is the distance to the solid-vacuum interface and F is the electric
field. F reduces the barrier height by the Schottky reduction ∆Φ:

∆Φ ≡ max(E) =

√
e3F

4πε0
(2.4)

To achieve large fields (>108 V/nm) and low barrier heights, typical Schot-
tky emitters consist of needle-shaped tungsten with low work function coat-
ing, e.g. zirconium oxide as shown in Fig. 2.1. The emission process can be
approximately described using eq. 2.2 with the reduced work function cal-
culated from eq. 2.4 as the emission is still thermionic. A typical Schottky
emitter consists of a needle-shaped tungsten wire with a reservoir of zirconia
(see Fig. 2.1). When the tip is heated to its operating temperature of ≈
1800 K, the zirconium oxide electromigrates to the surface and significantly
lowers the work function to 2.8 eV [40].
Advantages of Schottky emitters over pure thermionic emitters include in-
creased lifetime and higher brightness (3 − 5 · 1013 A m−2 sr−1 [41, 42, 40])
and lower energy spread (0.4 eV [40]). Disadvantages include more complex
fabrication and installation. Furthermore, ultrahigh vacuum is required.
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Figure 2.1: Schottky type emitter. A reservoir of zirconium oxide is located
at the shaft of the needle shaped emitter. Heating increases the diffusivity
of zirconia, which electromigrates to the maximum field at the apex and
significantly reduces the work function. Taken from [44].

Schottky emitters are also used in femtosecond laser-triggered operation
[1, 43, 14], but suffer from photocurrent decay on the timescale of hours
[1, 43]. We have also observed this decay and reported it in publication 5.4.
The highest published normalized peak brightness from Schottky emitters is
1.75 ·1013 A m−2 sr−1 at 13 pm rad and 2.5 electrons per pulse probe current
[14]. However, the exact number of electrons per pulse at the source is not
stated making it hard to compare source parameters.

Schottky emission was not investigated from diamond-coated tungsten
for the same reasons stated in the previous section. For more information on
Schottky type emitters, the reader is referred to [44].

2.3 Cold field emitters

Applying electric fields on the order of 109 V/nm bends the potential at
the surface so strongly that electrons can tunnel through the narrow energy
barrier into vacuum. To achieve these high fields, field emitters are typically
needle shaped with a tip radius of in the nanometer range. Fowler and
Nordheim calculated the emitted current density j in 1928 [45] and Murphy
later refined the equation [46]:
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Figure 2.2: Scanning electron micrograph of a tungsten cold field emitter.
The electrostatic field is enhanced at the apex of the needle shaped emitter.
A [310] oriented wire is typically used as this surface facet has the lowest
work function. Adopted from [15].

j = A(F,Φ) · F
2

Φ
exp

[
−b(F,Φ)

Φ2/3

|F |

]
≈ A · F

2

Φ
exp

(
−bΦ2/3

|F |

)
(2.5)

where A and b are only weakly dependent on Φ and F , especially for low
fields around the onset of field emission. For a more complete version of the
equation, the reader is referred to [47]. Due to the exponential dependency
on F , direct measurement of the local electric field is of high interest. We de-
veloped a method which allows direct measurement of the electrostatic field
with nanometer resolution in a transmission electron microscope, even under
field emission conditions (see publication 5.3). As eq. 2.5 does not depend
on the temperature, field emission sources can be operated at room temper-
ature or even at cryogenic temperatures. This is why these sources are often
called cold field emitters. In practice, however, these sources are often heated
to moderate temperatures to avoid adsorption of residual gases. Adsorption
heavily impacts the emission behaviour due to local change in work function.
This degradation is the main reason why commercially available field emit-
ters need to undergo regular proprietary ”flashing” procedures. Furthermore,
this is why cold field emitters have the highest vacuum requirements (10−8

Pa).
The most common cold field emitters are nanometer sized needle-shaped
tungsten wires as shown in Fig. 2.2. This geometry is needed to achieve the
high field strength at the apex. The main advantages of cold field emitters
over all other dc emitters is that it provides the highest achievable brightness
up to 1 · 1015 A m−2 sr−1 [40, 48] and a reduced energy width [40]. Disad-
vantages over Schottky emitters include lower emission current, less stable
emission, even higher vacuum requirement (< 10−8 Pa) and the need to reg-
ularly ”flash” the tip, which is a proprietary procedure. The curved surface
of the needle shaped emitters leads to an even reduced effective source size
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as the backtraced electron trajectories have a virtual crossover inside the tip
(see chapter 1). This effective source size can be more than one order of mag-
nitude smaller than the geometric source size not only in dc [11] operation,
but also for laser-triggered emission [11, 12].

We routinely operated diamond-coated tungsten tips in dc field emission.
Depending on the individual sample, the field emission threshold was found
between 200-2000 V. Compared to bare tungsten emitter with the same size,
the emission threshold was lower. However, DC emission was not the focus
of this work and our statistics don’t allow a more precise and quantitative
statement.

Similarly to Schottky emitters, cold field emitters suffer from current
degradation over time when used in femtosecond laser-triggered operation.
The maximum peak brightness is estimated ”in the 1013 A m−2 sr−1” range
at 15 electrons per pulse [15].



Chapter 3

Photoelectron emission from
metallic surfaces

The electron pulses studied in this work were generated via photoemission
using femtosecond laser pulses of various wavelengths and intensities. This
chapter describes the essential theory of photoelectron emission needed for
the scope of this work. For the sake of simplicity and readability, this chapter
focuses on photoemission from metal surfaces. The special case of electron
emission from diamond-coated metal surfaces will be described in chapter
4.4.2 as it requires knowledge of the band structure, the surface termination
and morphology of the diamond samples.

3.1 Classical Photoemission

The photoelectric effect, i.e. the observation that illumination of ultraviolet
light on metals can induce a current, was observed in 1887 by Heinrich Hertz
and Wilhelm Hallwachs. This could be attributed to an increase of free
electrons after the discovery of the electron by Thomson in 1897. Surprisingly,
the photoelectric effect seemed to be instantaneous and depended on the
wavelength of the light. This observation could not be explained by the
common theory, that light is a wave. Albert Einstein received the Nobel
Prize in Physics 1921 for solving this puzzle. He introduced the concept of
quantized light with energy Eph = ~ω - nowadays called photons - in 1905
[49]. This concept explained the photoelectric effect of metals: Electrons
absorb one photon, the remaining energy is converted to kinetic energy of
the electrons.

Ekin = Eph − Φ = ~ω − Φ (3.1)
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Figure 3.1: Sketch of the classical photoelectric effect in a metal. An electron
absorbs one photon and is emitted into vacuum if the photon energy is larger
than the work function. Taken from [50].

If the photon energy is smaller than the material’s work function, the pho-
tocurrent drops dramatically. Measuring this drop enabled measurements of
the material’s work function. As the light field is shielded by free carriers
inside the metal and the carriers typically thermalize within femto- to pi-
coseconds, only carriers within a few atomic layers from a vacuum interface
are effectively emitted. In publication 5.2, we also observe that this kind of
photoemission is the dominant mechanism when using ultraviolet pulses with
wavelength 235-260 nm. However, at high intensities as well as with longer
wavelengths, we observed nonlinear photoemission.

3.2 Nonlinear Photoemission

In general, bound electrons inside solids can absorb more than one photon.
Compared with the process of absorbing a single photon, the probability
of absorbing several photons is in general lower as this involves additional
steps. The photon densities, i.e. light intensities, needed to observe multi-
photon photoemission were not accessible until the invention of the optical
laser in 1960. Only one year later, two-photon photoemission was observed
from CaF2Eu2+ [51], where the photon energy was not sufficient for a single
photon emission process. In 1965, Keldysh formulated a more general the-
ory for photoemission which accommodates single-photon, multi-photon and
tunneling emission [52] (see. Fig. 3.2). As all experimental parameters in
the publications of this thesis were chosen to result in single- or multi-photon
emission, we focus on these cases rather than covering a theory valid for all
intensities, wavelengths and work functions.
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Figure 3.2: (a) Multiphoton electron emission. More than one photon is ab-
sorbed to overcome the barrier height. (b) Above-threshold emission. More
photons than necessary are absorbed by one electron. (c) Light-induced tun-
neling. The light field is so large, that the potential at the surface oscillates
strongly and electrons can tunnel into vacuum. Taken from [50].

In the perturbative regime, i.e. the electric field inside the matter is much
larger than the laser field, the multiphoton electron emission process can be
pictured as the simultaneous absorption of several photons. In this case the
final probability is the product of the single absorptions. The probability of
a single absorption is proportional to the laser intensity I, which is a measure
for the photon density. The total emission current J is then given by the sum
of all possible emission paths including absorbing more photons than needed
to overcome the barrier height:

J =
∞∑
n

Jn =
∞∑
n

an · In (3.2)

where a is the prefactor and n is the number of absorbed photons. At low
intensities, it is often sufficient to reduce eq. 3.2 to the lowest photon order
n that fulfills n · Eph > Φ as this contribution is typically dominant.

J ≈ an · In (3.3)

However, with increasing intensity, the higher order contributions become
more relevant. I.e. some electrons absorb more photons than needed to over-
come the potential barrier. This above-threshold-ionisation is illustrated in
Fig. 3.2(b) and has been observed in the photoelectron spectra of solids
[53, 54, 55] and gases [56]. Applying even stronger fields bends the atomic
potential so strongly that electrons can tunnel into vacuum (see Fig. 3.2 c)).
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In this scenario, the photon picture breaks down and the light fields can be
pictured classically. These effects play a key role in the process of high har-
monic generation for the generation of attosecond ultraviolet pulse trains [57].

As we conducted our experiments in the perturbative regime and never
observed light-induced tunneling, we stay in the photon picture for the in-
terpretation of our data. In this regime, eq. 3.3 can be used to identify the
dominant emission channel in the investigated laser intensity window. Plot-
ting eq. 3.3 double-logarithmically allows to directly extract n from the slope
of the measurement data.

log(J) = n · log(an · I) (3.4)

If the slope is integer, this can be interpreted as only one photoemis-
sion channel with photon order n contributing. Noninteger slopes are called
effective nonlinearity and indicate multiple channels contributing. In pub-
lication 5.2, we use this technique to identify different emission channels of
femtosecond laser-induced electron emission from diamond-coated tungsten
tips.



Chapter 4

Diamond

4.1 Properties and applications

Diamond is a material with exceptional properties. Consisting of only one
chemical element - carbon - diamond exhibits the highest hardness and the
lowest compressibility of all naturally occurring materials. It is chemically
inert to most acids, bases and solvents and has a high electric breakdown
field. Despite being an electrical insulator, it also exhibits the highest ther-
mal conductivity at room temperature of all naturally occurring materials.
Due to these properties, diamond has a wide range of applications. The
most well known use in society is gem stones. The comparably high refrac-
tive index and dispersion in the visible range give diamond gem stones their
particularly nice look. One of the most common use of synthetic diamond is
polishing and cutting due to its hardness. The high breakdown field and the
high thermal conductivity make diamond a highly promising candidate for
next generation high power electrical devices, even though major challenges
need to be overcome: Despite decade long research, wafer scale production of
single crystal diamond with low defect density remains the holy grail of dia-
mond crystal growth. Additionally, only dopants with donor/acceptor levels
above kBT with activation energy of more than ten times the thermal energy
at room temperature are available. The most important dopants are boron
(0.35 eV), phosphorous (0.57 eV) and nitrogen (1.7 eV) [58].
From a solid state physics perspective, diamond is a wide band gap semi-
conductor with face centered cubic crystal structure with an indirect band
gap of 5.5 eV [59] and a direct bandgap of 7.1 eV [60, 61]. The band gap is
one of the key parameters in the absorption process of photons as it defines
the minimum photoexcitation energy of the (ideal) semiconductor. However,
it is the electron affinity (EA), which provides diamond with its exceptional
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photoelectron emission properties, therefore we will briefly introduce it in the
next section.

4.2 Electron affinity

In solid state physics, the EA χ is defined as the energy that is released, when
an electron right in front of the solid’s surface is moved to the conduction
band minimum (CBM) inside the semiconductor. In other words, it is the
energy difference between the vacuum level Evac and the CBM.

χ = Evac − ECBM (4.1)

While the CBM at the surface is defined by the crystal structure and
potential band bending, the EA is a surface property, which depends also on
the chemical elements and associated dipole moment at the interface. As the
work function Φ is defined as the difference between Evac and EF , Φ directly
depends on χ

Φ = Evac − EF = ECBM − EF + χ (4.2)

For most solids and their thermodynamically stable surfaces, the EA is
positive. Only very few surfaces with negative electron affinity (NEA) exist.
Diamond is one of these rare materials which can exhibit true NEA. While
the EA is positive for a clean carbon surface and oxidized surfaces, hydrogen
terminated surfaces exhibit NEA (see Fig. 4.1). It is the large dipole moment
and the corresponding potential drop across the C-H bond which yields the
NEA. Using only hydrogen and oxygen for surface termination, the EA is
readily adjustable between +1.7 eV and -1.3 eV [62].
As we will show in chap. 4.4.2, NEA has a dramatic effect on the photoelec-
tron emission properties.

4.3 Nanocrystalline diamond

All established techniques for the deposition of artificial diamond - chemical
vapour deposition (CVD) as well as high pressure high temperature con-
version from graphite - are comparatively expensive. To reduce costs and
still make use of the properties of diamonds, there is a high demand for
diamond coatings, e.g. as tribological coatings. To achieve thin films, the
nucleation/seeding density needs to be high. The smaller the distance be-
tween seeds, the quicker the single grains grow into a dense film, i.e. the
minimum achievable thickness is inversely proportional to the square root of
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Figure 4.1: Electron affinity of different diamond surfaces. Depending on the
surface termination, EA is positive (natural surface and oxygen terminated)
or negative (hydrogen terminated). Taken from [62].

the seed density. Established methods for high nucleation/seeding density
include mechanical scratching, bias enhanced nucleation and seeding with
nanodiamond particles [63]. In our work, we achieved high seed densities by
dip-seeding in nanodiamond suspension and adjusting the electrostatic force
between seeds and substrate surface. We chose seeds with positive zeta po-
tential as our substrate samples were oxidized and therefore exhibit negative
zeta potential (see publication 5.1).

With subsequent CVD, this approach makes conformal coating of 3-
dimensional substrates possible, even with sub-100 nm film thickness. During
growth of the diamond grains, the atoms at the grain surface have fewer bind-
ing partners and therefore the chemical bonds show sp2 character. This bond
character remains at the grain boundaries even after the grains have grown
together and formed a film. In publication 5.3, we could measure the relative
sp2 to sp3 ratio with nanometer resolution and visualize the graphitic sp2

paths along grain boundaries via scanning transmission electron microscopy
in combination with electron energy loss spectroscopy. These paths provide
electrical conductivity and also play a role in photoelectron emission as we
show in publication 5.2. For more details on nanocrystalline diamond, the
reader is referred to [64]. In the following section, we briefly review the
properties of diamond as both cold field and photoelectron emitter.
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Figure 4.2: Scanning electron micrograph of nanocrystalline diamond. High
seeding density allows deposition of sub-micrometer thin closed films. The
interface between grains is graphitic, therefore conductive paths exist across
the film. In publication 5.1, we developed a method for visualizing the sp2

character of the grain boundaries. This character also plays an important
role in the photoemission model in publication 5.2.

4.4 Diamond as an electron emitter

4.4.1 Cold field emission

Driven by the development of field emission flat panels [65], cold field emission
from nanocrystalline diamond (NCD) was investigated in the 1990s [66, 67].
Diamond was a promising candidate due to the materials unique proper-
ties and the adjustability of both electrical conductivity and work function
via doping and surface termination. The low work function - especially of
n-doped and hydrogen-terminated diamond with NEA - and the microstruc-
ture of NCD results in low turn-on fields of flat surfaces below 1 V/µm [68].
This allows to work with low voltages which is advantageous for the elec-
tronic design of the circuit boards for flat panels. The main disadvantage of
NCD surfaces is the heterogeneity of the emitted current density. This is a
consequence of both the geometry, the resulting local electrostatic fields and
the local work function of the coating (see Fig. 4.3). At the triple junction
between vacuum, diamond and the graphitic grain boundaries, the electrons
which originate from the conductive boundaries effectively feel the work func-
tion of the NEA diamond.
While dc emission from needle-shaped diamond emitters has been researched
decades ago [69, 70, 71], the field of photoemission from such emitters re-
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Figure 4.3: Band diagram of
the diamond/vacuum junction
(top), graphite/vacuum junc-
tion and the triple junction
(center) with equipotential
lines. Even though the elec-
trons originate from graphite,
they may effectively ”see” the
diamond work function if they
are close to the triple junction
of graphite, diamond and
vacuum. Taken from [72].

mained to be discovered.

4.4.2 Photoemission

The combination of NEA and indirect band gap results in unique photoe-
mission properties. The photoemission process can be divided into photoex-
citation, thermalization, migration to the surface and transfer to vacuum.
Quickly after the photoexcitation of electron-hole pairs across the band gap
of diamond, the charge carriers thermalize via electron-electron and electron-
phonon scattering. The length scale for this thermalization process is on the
order of the inelastic scattering length, i.e. a few nanometers [73]. As diamond
is an indirect band gap semiconductor, excitation and recombination require
the absorption or creation of a phonon. This additional process and the high
optical phonon energy (141 meV for the transverse optical phonon) reduce
the recombination probability, which leads to a comparably long carrier life-
time up to microseconds [73]. Within this lifetime, the electrons can pass
a distance on the order of the diffusion length inside the material, i.e. tens
of micrometers. As the vacuum level lies below the CBM, electrons in the
conduction band can be emitted into vacuum once they reach the surface.
In other words, carriers can be excited deeply below the surface, migrate to
the surface and be emitted into vacuum. This results in a photoyield, which
is orders of magnitude larger compared to positive electron affinity (PEA)



22 4. Diamond

diamond, metals and semiconductors, where only electrons excited within in
the short thermalization length can escape into vacuum [74, 75, 76].

The unique photoemission behaviour in combination with the materials
robustness makes diamond a promising candidate for a stable high brightness
photocathode. However, only single-photon photoemission with nanosecond
pulses has been investigated [77]. After the submission of publication 5.2,
one study on multiphoton emission from - single crystalline - diamond was
published with signs of above-threshold photoemission [78].

Our work in publication 5.2 is the first work on femtosecond multipho-
ton emission from NCD and from a tip-shaped metal semiconductor het-
erostructure. We show that the physics of photoexcitation and -emission
with femtosecond laser pulses is complex. Depending on the exact laser wave-
length and intensity, different emission channels dominate. These channels
are identified by the number of photons needed to photoemit one electron
at a particular wavelength. For example, excitation across the direct band
gap dominates at 512 nm excitation wavelength, whereas direct emission into
vacuum dominates at 1932 nm. Based on the band alignment of the relevant
junctions, we proposed an emission model, which explains the experimental
data. We also show that the photoemission is stable from the UV (235 nm) to
the infrared (1932 nm) at all bunch charges and repetition rates investigated.

The stable photoelectron current and the high brightness of the emit-
ted electrons are encouraging to further investigate diamond-coated tungsten
needle tips as an ultrafast electron source. Measuring the electron bunch du-
ration is particularly interesting. Direct emission into vacuum is expected
to be fast, whereas the consecutive absorption, migration and emission is
expected to be slower.
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toyield of diamond (111)Â—a stable negative-affinity emitter,” Physical
Review B, vol. 20, no. 2, p. 624, 1979.

[75] J. B. Cui, J. Ristein, and L. Ley, “Low-threshold electron emission from
diamond,” Physical Review B, vol. 60, no. 23, pp. 16135–16142, 1999.

[76] J. Cui, J. Ristein, M. Stammler, K. Janischowsky, G. Kleber, and L. Ley,
“Hydrogen termination and electron emission from CVD diamond sur-
faces: a combined secondary electron emission, photoelectron emission
microscopy, photoelectron yield, and field emission study,” Diamond Re-
lat. Mater., vol. 9, no. 3-6, pp. 1143–1147, 2000.

[77] A. N. Obraztsov, P. G. Kopylov, A. L. Chuvilin, and N. V. Savenko,
“Production of single crystal diamond needles by a combination of CVD
growth and thermal oxidation,” Diamond and Related Materials, vol. 18,
no. 10, pp. 1289–1293, 2009.

[78] M. Borz, M. H. Mammez, I. Blum, J. Houard, G. D. Costa, F. De-
laroche, S. Idlahcen, A. Haboucha, A. Hideur, V. I. Kleshch, A. N.



Bibliography 31

Obraztsov, and A. Vella, “Photoassisted and multiphoton emission from
single-crystal diamond needles,” Nanoscale, vol. 11, no. 14, pp. 6852–
6858, 2019.



32 Bibliography



Chapter 5

Publications

The following publications are displayed in their original form with permis-
sion of the respective journals. These publications represent the main work
of this thesis.
At the beginning of each publication, the author’s contributions are stated,
which have been acknowledged and signed by all co-authors.



 

 

Author contribution for publication 

“Fabrication and structural characterization of diamond-coated tungsten tips” 

Authors:  A.Tafel, M. Wu, E. Spiecker, P. Hommelhoff, J. Ristein 

Diamond and related materials 97, 107446, 2019 

 

 

 

Co-Authors contributions: 

• Support in writing of the manuscript 

• Preparation for TEM measurements 

• Conducting TEM measurements  

• Discussion of methods and results 

• Analyzing the results 

 

A.Tafels contribution: 

• Writing of the manuscript 

• Participating during TEM measurements 

• Discussion of methods and results 

• Analyzing the results 

• Etching of tungsten needle tips 

• Development of recipe for selective seeding and diamond deposition 

• Sample fabrication for TEM measurements 

 

 

34 5. Publications



Contents lists available at ScienceDirect

Diamond & Related Materials

journal homepage: www.elsevier.com/locate/diamond

Fabrication and structural characterization of diamond-coated tungsten tips
Alexander Tafela,*, Mingjian Wub, Erdmann Spieckerb, Peter Hommelhoffa, Jürgen Risteina

a Department of Physics, Friedrich-Alexander-Universität Erlangen-Nürnberg, Staudtstrasse 1, Erlangen D-91058, Germany
b Institute of Micro- and Nanostructure Research & Center for Nanoanalysis and Electron Microscopy (CENEM), Department of Materials Science, Friedrich-Alexander-
Universität Erlangen-Nürnberg, Cauerstrasse 6, Erlangen D-91058, Germany

A R T I C L E I N F O

Keywords:
Conformal coating
Nanocrystalline diamond
EELS
HRTEM
Nanoemitter

A B S T R A C T

Coating metal nanotips with a negative electron affinity material like hydrogen-terminated diamond bears
promise for a high brightness photocathode. We report a recipe on the fabrication of diamond-coated tungsten
tips. A tungsten wire is etched electrochemically to a nanometer sharp tip, dip-seeded in diamond suspension
and subsequently overgrown with a diamond film by plasma-enhanced chemical vapor deposition. With dip-
seeding only, the seeding density declines towards the tip apex due to seed migration during solvent evapora-
tion. The migration of seeds can be counteracted by nitrogen gas flow towards the apex, which makes coating of
the apex with nanometer-thin diamond possible. At moderate gas flow, diamond grows homogeneously at shaft
and apex whereas at high flow diamond grows in the apex region only. With this technique, we achieve a
thickness of a few tens of nanometers of diamond coating within less than 1 μm away from the apex.
Conventional transmission electron microscopy (TEM), electron diffraction and electron energy loss spectro-
scopy confirm that the coating is composed of dense nanocrystalline diamond with a typical grain size of 20 nm.
High resolution TEM reveals graphitic paths between the diamond grains.

1. Introduction

Negative electron affinity (NEA) materials are of great interest for
photocathodes due to their high photoelectron yield and low thermal
emittance [1-3]. The electron affinity of diamond depends on the exact
surface, i.e. chemical species, orientation and reconstruction, and is
readily adjustable between +1.7 eV and −1.3 eV with only oxygen and
hydrogen as chemisorbed atoms [4]. If the surfaces are terminated by
hydrogen, they reveal a comparatively low work function and true
NEA, i.e. a conduction band minimum (CBM) above the vacuum level at
the solid-vacuum interface. This boosts the photoelectron yield by or-
ders of magnitude, paving the way for a highly efficient photocathode.
Photo-excitation happens in the bulk and electrons are emitted into
vacuum when they reach the surface, even if they have thermalized to
the CBM. This is in contrast to metals, where only photoelectrons ex-
cited within the thermalization length below the surface can escape into
vacuum. The combination of NEA, high thermal conductivity and me-
chanical robustness under imperfect vacuum condition make diamond a
desirable material for photocathodes.

As the electron emittance - a measure of beam quality - is directly
connected to the electron source size, nanosized emitters are favored.
Sharp tungsten tips are known as the brightest electron sources in
scanning and transmission electron microscopes because of their

extremely small virtual source size, which can be even smaller than the
nanometer-sized geometrical source size [5,6]. Coating such a sharp
tungsten tip with a NEA material like hydrogen-terminated diamond
holds promise for an ever brighter photocathode. Since a small source
size is important to be maintained, the diamond layer should be thin.
The thickness also defines the mean migration time of the excited
carriers to the surface. This migration influences the electron pulse
duration after pulsed photo-excitation.

All these arguments favor a thin and dense diamond coating on a
sharp tungsten tip. For the deposition of such thin layers, a high nu-
cleation/seeding density is crucial. The shorter the mean distance be-
tween neighboring nucleation sites, the thinner the resulting dense film
can be. Sufficiently high seed densities require appropriate adhesion of
the seeds to the substrate, e.g. via electrostatic forces [7,8]. Rheological
forces occurring during the drying process of dispersed particle sus-
pensions influence the local seeding density and can lead to phenomena
like ring stains, also known as “coffee ring effect” [9]. Therefore, zeta
potential adjustment and counteracting of rheological forces are es-
sential for the control of the seeding densities. Moreover, the mor-
phology of the nanodiamond films will play a crucial role for the
electron emission properties as well. sp2-bonded carbon specifically
located at the grain boundaries of the film is beneficial in terms of
providing sufficient conductivity through the film to prevent charging
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during operation.
Previous work reported the coating of tips based on electrophoresis

[10-12], with bias-enhanced nucleation during chemical vapour de-
position (CVD) [13,14], parafin wax and CVD [15] and ultrasonic
seeding in nanodiamond slurry with and without a carburization step
[16]. In this work, we report a new recipe on the fabrication of dia-
mond-coated tungsten tips via dip-seeding, nitrogen gas flow and CVD.
Furthermore, we characterize the structure of the resulting diamond
coating. The results are promising for a high brightness diamond-based
electron source. This approach is also valuable for the fabrication of
samples for local electrode atom probe tomography to investigate the
spatial distribution of dopants in ultrathin nanocrystalline diamond
films.

2. Experimental

2.1. Tip fabrication

Tungsten wire is etched electrochemically with 3 mol/L aqueous
NaOH via the lamellae drop-off technique [17]: A thin film of the
electrolyte is trapped in a ring-shaped gold electrode. A bias voltage of
6 V is applied between this gold cathode and tungsten wire - which acts
as the anode - until the wire is etched through. A second gold electrode
with trapped electrolyte underneath the cathode detects the drop-off
and shuts off the etching potential within less than 1 μs to prevent post-
etching and blunting of the tip. Freshly etched tips are rinsed with
deionised water to remove electrolyte residue. Resulting radii of tung-
sten tips with this method are typically 5–20 nm.

2.2. Diamond seeding

Sharp tungsten tips are dip-seeded for a few seconds in mono-
disperse nanodiamond suspensions of crystal diameter of 4–6 nm. Both
0.025 wt.% aqueous suspension from Carbodeon and 0.025 wt.% in
dimethyl sulfoxide:methanol 1:3 from Adamas Nanotechnologies were
used in this work with comparable results. Due to the oxidized tungsten
surface after etching, the zeta potential of the freshly etched tungsten
surface is presumably negative at the pH of the seeding suspensions. To
ensure good adhesion of the diamond seeds, highly zeta-positive hy-
drogenated seeds are therefore used. Even though the exact zeta po-
tential of the tungsten surface and of the seeds is not known, this
qualitative approach has worked reliably on flat samples and nanotips.
Experiments with zeta-negative seeds on flat tungsten samples showed
more than one order of magnitude lower seeding densities. Directly
after seeding of a nanotip by dip-coating, it is blown dry with pres-
surized nitrogen gas directed from the shaft towards the tip apex with
adjustable flow rates between 0.5 and 2.5 L

sec
through a nozzle with

3.5 mm diameter.

2.3. Diamond deposition

Diamond deposition is performed in a home-built microwave
plasma-enhanced chemical vapor deposition (MPECVD) chamber at
2.5 GHz frequency and 512 W microwave power, at a pressure of
49 mbar using 50 sccm hydrogen and 2 sccm methane flow. The sample
holder is heated to 600 °C and then lifted into the plasma. The plasma
additionally heats the sample so that the local temperature of the tip
apex region is expected to be higher than 600 °C. Deposition times
range between 2 and 20 min with a growth rate of approximately 10
nm
min

. After terminating the diamond growth by switching off the mi-
crowave power and sample heater, the sample cools down in a hy-
drogen atmosphere at 45 mbar. This recipe reliably results in a hy-
drogen-terminated diamond surface with negative electron affinity
[4,18].

2.4. Characterization

Scanning electron microscopy (SEM) is used for routine imaging of
the tip geometry and the morphology of the diamond films. In addition,
a coated tungsten tip is characterized by imaging, electron diffraction
and electron energy loss spectroscopy (EELS) in a Titan Themis trans-
mission electron microscope (TEM) operating at 200 kV. The micro-
scope is equipped with Cs-correctors both at the illumination and
imaging side and a Gatan GIF Quantum ER spectrometer. The sample
wire was inserted in a Nanofactory STM-TEM holder. The image cor-
rector was tuned to negative Cs imaging condition where the first pass
band corresponds to a resolution of 1 Å. We noticed that upon illumi-
nation of the tip area, the effective lens aberration can suffer from
strong drift at high dose rate. Therefore, a moderate to low dose rate
and careful grounding of the STM-TEM holder is necessary to obtain
high-resolution TEM (HRTEM) images with good quality. The single
electron energy loss (EEL) spectra were acquired directly in TEM dif-
fraction-coupled mode with the largest collection angle - i.e. without
objective aperture - to suppress the anisotropic effect in the study of
graphite [19].

The EEL spectrum image was acquired in scanning TEM (STEM)
mode with an effective collection angle of 30 mrad, a pixel size of
1.1 nm and a short dwell time to balance the sample drift. The low-loss
and high-loss (i.e. zero-loss and Carbon 1s region in this study) are
acquired with a dispersion of 0.25 eV/channel. The standard Fourier-
Log deconvolution method using the recorded zero-loss and plasmon
peaks is applied to account for multiple scattering [20]. We use an
approximate quantification scheme to extract the sp2/sp3 ratio ne-
glecting the anisotropy of the scattering cross section of the graphitic
components.

3. Results and discussion

3.1. Diamond seeding and coating

Diamond films deposited after dip-seeding on tungsten foils show
clear signs of evaporation dynamics and their influence on local seeding
density (see Appendix A). A related effect can be observed when
tungsten tips are dip-seeded with nanodiamond suspensions. Without
dry-blowing of the dip-seeded tips, continuous and homogeneous
coating with diamond was achieved at the shank of the tip, as can be
seen in Fig. 1a) –c). The high nucleation density at the shank is pre-
sumably a result of the high positive zeta potential of seeds and the
negative zeta potential of the tungsten surface. However, the density of
diamond crystallites indicating the seeding density clearly decreases
towards the tip. Solvent evaporation and the accompanying forces seem
to redistribute the seeds, which are pushed away from the tip. To
counteract this effect, we adopt a controlled flow of nitrogen gas to-
wards the apex during the drying process. Without the nitrogen gas
flow not a single sample out of ten samples was covered with diamond
at the apex.

Using pressurized nitrogen gas for dry-blowing immediately after
the dip-seeding and consecutive MPECVD, diamond was successfully
grown on the tip apex with a 82% success rate (14 out of 17 samples).
At moderate flows rates (0.5 –1.0 L/ s), homogeneous coating both at
the shank and at the apex is achieved as can be seen in Fig. 1d) –f). Even
the sharpest tips with approximately 5 nm radius were succesfully
coated with this technique (Fig. 2). At high flow rates (up to 2.5 L/ s),
the tungsten tips can even be coated selectively at the apex within less
than 1 μm with 20 nm thin diamond (Fig. 1g) –i)). From these ob-
servations we deduce that the nitrogen flow successfully counteracts
the migration of the seeds away from the apex. If the flow is high en-
ough, the seeds start migrating towards the apex and remain there only.
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3.2. Structural and chemical characterization

Carbon deposited by MPECVD results in various phases as graphite,
diamond and amorphous carbon depending on the exact parameters.
The nanocrystalline diamond (NCD) films are expected to be

composites of graphitic and diamond phases. Their morphology and
composition will have decisive influence on the electron emission
properties from coated tips. In order to elucidate the structural details
we performed an extensive TEM study on an ultrasharp tungsten tip
(apex radius approximately 5 nm) covered by a 100 nm thin NCD film.

Fig. 1. SEM images of diamond-coated tungsten tips with different nitrogen flow after dip-seeding. a)–c) Zero flow: The seeding density clearly decreases along the
tip shank and only few grains are found close to the apex. Homogeneous coating of the apex could not be achieved. d)–f) Moderate flow: The entire tip including the
apex is densely covered with nanodiamond. g)–i) Strong flow: Here, the apex region is selectively coated with 20 nm thin diamond. Only the first 400 nm are coated
with a dense layer of diamond. From ∼ 800 nm behind the apex, the coating is almost absent. The inset in i) is the same tip prior to deposition.

Fig. 2. The columnar nature of the diamond grains
on the polycrystalline tungsten tip becomes visible
under TEM inspection. (a) Bright-field TEM image of
the diamond-coated tungsten tip. The radius of cur-
vature of the coated tip is 100 nm, while the initial W
tip radius is ∼5 nm. (b) selected area electron dif-
fraction (SAED) pattern of the sample. The calcu-
lated diamond powder ring pattern (using kinema-
tical diffraction theory, red circles) is superimposed
on the acquired pattern, indicating that the coating is
dominated by crystalline diamond. Some weak spots
can be assigned to tungsten and graphite as is ex-
emplarily illustrated by the black arrows. (c–e) Dark-
field images of the sample with the objective aper-
ture placed at different positions of the {111} dif-
fraction ring as indicated in (b) by the colored cir-
cles. Single grains oriented such that the {111} Bragg
condition is satisfied are revealed this way and the
columnar shape as well as the characteristic grain
size of 20 nm is revealed. The high resolution image
in Fig. 5 is obtained at the dashed black box in (a)
and the EEL spectrum shown in Fig. 3 is acquired in
the blue dashed circle region in (a).
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Fig. 2a) shows a bright-field image of the tip. The tungsten is seen dark
in the center and is covered by a gray layer of NCD. The selected area
electron diffraction (SAED) pattern shown in Fig. 2b) was acquired
using an aperture covering an area with about 200 nm radius over the
tip region showing diffraction rings perfectly matching the powder
pattern of diamond (red circles in Fig. 2b)). This confirms that the
coated layer is dominated by diamond crystallites. Some additional
weak spots that do not belong to diamond can be attributed to tungsten
and graphite. Although the experimental diffraction ring pattern fills
each circle completely, some sparse segments and strong spots can be

seen especially on the {220} diffraction ring.
This is due to the textured structure of the diamond grains.

However, the texture can hardly be retrieved from this diffraction
pattern alone and will be a subject of future research. In order to reveal
the shape of the diamond grains more clearly, a series of dark-field
images was recorded with the objective aperture placed at different
azimuth location of the diamond {111} diffraction ring as indicated by
the colored circles in Fig. 2b). The corresponding images are displayed
in Fig. 2 ( c–e). The columnar shape of the diamond grains with a width
of about 20 nm is clearly evidenced by these dark-field images. The
grain columns seem to align themselves at a small angle to the surface
normal. On closer inspection, the columnar grains are also faintly
visible in the bright-field image in Fig. 2a).

Fig. 3 presents the background substracted EEL spectrum recorded
from the tip region marked by the dashed circle in Fig. 2 (a), as well as
graphitic and diamond reference spectra. The fine structure of the
carbon K-edge in the EEL spectrum reflects the orbital character of the
conduction band states. Transitions into sp2 − σ* antibonding states,
which form the upper part of the graphite conduction band, create a
broad and featureless band in the EEL spectrum with a maximum at
292 eV. The diamond conduction band with sp3 − σ* character is also
reflected as a broad band in the K-edge EEL sprectrum with a threshold
at about 290 eV and peaks at 292, 297 and 305 eV. These peaks are well
resolved in the spectrum of the coated tip (Fig. 3) and their presence is a
clear proof that the coating is diamond [21].

Both the tip and the graphitic reference spectrum show a well re-
solved peak at 285 eV loss energy that is assigned to electron transitions
into sp2 − π* antibonding states. As the sp2 − π* signal is absent for

Fig. 3. EEL spectrum acquired in the blue dashed circle region in Fig. 2 (a) with
characteristic peaks of nanocrystalline diamond, in-situ graphite reference
(black) and bulk diamond (blue) [21].

Fig. 4. Qualitative map of the ratio of sp2- to sp3-bonded carbon. (a) Evaluated map after the simple formula and processing method in Appendix B. More sp2-bonded
carbon is found in the axial region of the apex. The high ratio at the surface is due to carbon deposition (contamination) during the STEM-EELS measurement. The
(deconvoluted and background subtracted) spectra denoted at positions b, c and d are shown in (b)–(d), respectively. (e) Intensity of extracted Gaussion peak 1 (G1)
at 285 eV and (f) sum of Gaussian peak 2 and 3 (G2+G3) at 289 and 292 eV, respectively.
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monocrystalline diamond, the integral of appropriate energy windows
holds quantitative information on the ratio of sp2- to sp3-bonded carbon
[22-25]. Fig. 4 shows the pixel-wise evaluated sp2 to sp3 ratio from the
spatially-resolved STEM-EELS spectra (for details of the evaluation, see
Appendix B). The map reveals that the average sp2 content is larger at
the apex and that paths of high sp2 content are present which align with
the axes of the single grains (Fig. 2 & 4). The large sp2 content at the
apex is attributed to a larger seeding density at the apex as Fig. 1 shows
that the seeds adhere well to the apex after dry-blowing with nitrogen.

Further insight into the morphology of the film, specifically the
location of the sp2-bonded tissue, is given by the HRTEM image in
Fig. 5. Wavy lattice fringes with a characteristic distance of 354 pm
corresponding to the interlayer spacing of graphite can be seen. Some
fringes are marked in white in Fig. 5 for easier identification. Appar-
ently, the graphitic components form contiguous paths between the
diamond crystallites, which promises sufficient conductivity of the
composite film to prevent charging of the tip during electron emission
in future applications.

At the tip, one can see a few grains showing 2D lattice fringes. From
the lattice fringe distances, one can attribute the lattice plane indices
and plane normal directions. A small region as marked by the dotted
box in Fig. 5 is magnified in the inset with its Fourier transform on the
upper right side. The {111} and {220} lattice planes can be easily re-
cognized. However, drawing general conclusions about texture requires
a thinner coating and will be a subject of future studies.

4. Conclusion

Tungsten tips with apex radii down to 5 nm have been successfully

coated with dense nanocrystalline diamond films with a thickness as
small as 20 nm. Solvent evaporation after seeding has a large effect on
the local seeding density, especially at strongly curved surfaces, and
must be engineered appropriately. To counteract evaporation forces, we
adopt a nitrogen gas flow towards the tip apex. Diamond deposition on
shaft only, apex only as well as homogeneous coating of shaft and apex
is achieved by variation of the nitrogen flow. We achieved the growth
of 20 nm thin diamond limited to less than 1 μm away from the tip apex
by this technique. EELS and electron diffraction of a coated tungsten tip
confirm the presence of diamond with a fraction of sp2-bonded carbon,
identified as graphitic paths in between grains via HRTEM images. A
spatially resolved STEM-EELS measurement shows an elevated fraction
of the relative sp2-content at the tip apex. Furthermore, a columnar
radial growth of diamond crystallites with a typical grain size of 20 nm
is revealed. We expect that these diamond-coated tungsten tips with
negative electron affinity offer a great potential for the use as high
brightness photocathodes both in dc and ultrafast laser-triggered op-
eration.
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Fig. 5. HRTEM image of the diamond coating at the apex of the tungsten tip. Graphitic paths between the grains with interplane distance of 0.354 nm are visible. The
dashed boxed region is magnified as inset with its Fourier transform shown on the right side.
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Appendix A. Deposition on tungsten foil

Diamond deposition on dip-seeded tungsten foils have shown signs of solvent evaporation effects. Circular spots with radially growing crystallite
density were often observed (Fig. A.6 a)–c), sometimes accompanied by larger ring stains (Fig. A.6 d)). The former is a result of an evaporation front
pushing seeds radially outwards whereas the latter is formed due to fluid dynamics inside the solvent happening due to evaporation [9]. These
results are additional hints, that solvent evaporation plays an important role for the dip-seeding of nanotips.

Fig. A.6. a)–c) SEM images at various magnifications of a flat tungsten foil coated with CVD diamond after dip-seeding in nanodiamond suspension. The patterns
show characteristic circular features. Seeds are pushed radially outwards during evaporation. d) Optical microscope image with circular area of larger thickness;
colors arise due to thin film interference. Ring stains form due to fluid dynamics during evaporation. (Different sample than a)–c)).

Appendix B. EELS analysis

A mixture of sp2- and sp3-bonded carbon with atomic sp2-fraction x contains Nσ σ-orbitals and Nπ π-orbitals.

= +N x x N(3 4 (1 )) at (B.1)

=N x Nat (B.2)

=
+

x N
N N

4
(B.3)

Where Nat is the total number of carbon atoms. Therefore the ratio of sp2- to sp3-bonded carbon y becomes

= =y x
x

N
N N1

4
3 (B.4)

To deconvolute the contributions in the EEL spectra, we fit three gaussians with center energy 285, 289 and 292 eV to the spectrum. Assuming
that Nπ is proportional to the area under the gaussian centered at 285 eV and Nσ is proportional to the area under the other two Gaussians with the
same proportionality factor, we calculate y for every pixel of the STEM-EEL spectrum. This is a simplified picture of the situation, but sufficient for a
spatially resolved qualitative comparison of y. The graphitic reference spectrum shown in Fig. 3 cannot be used for a quantitative analysis due to the
anisotropy of the scattering cross section with respect to crystal orientation, which was not matched between the coated tip and the reference sample.

Since graphite is highly anisotropic, the ratio between the inelastic scattering cross sections into σ* and π* orbitals depends strongly on the
scattering angle and the angle between the incoming beam and the graphitic c-axis. Fortunately, this latter dependence vanishes for a specific so
called magic scattering angle [26]. Choosing this angle in EELS experiments in combination with reference samples of known composition allows a
quantitative imaging of y for arbitrary orientation of the graphitic fraction, i.e. independent of the substrate geometry and texture. Such experiments
are a subject of ongoing research.
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Femtosecond Laser-Induced Electron Emission from Nanodiamond-Coated
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We present femtosecond laser-induced electron emission from nanodiamond-coated tungsten tips. Based
on the shortness of the femtosecond laser pulses, electrons can be photoexcited for wavelengths from the
infrared (1932 nm) to the ultraviolet (235 nm) because multiphoton excitation becomes efficient over the
entire spectral range. Depending on the laser wavelength, we find different dominant emission channels
identified by the number of photons needed to emit electrons. Based on the band alignment between
tungsten and nanodiamond, the relevant emission channels can be identified as specific transitions in
diamond and its graphitic boundaries. It is the combination of the character of initial and final states
(i.e., bulk or surface-near, direct or indirect excitation in the diamond band structure), the number of
photons providing the excitation energy, and the peak intensity of the laser pulses that determines the
dominant excitation channel for photoemission. A specific feature of the hydrogen-terminated nano-
diamond coating is its negative electron affinity that significantly lowers the work function and enables
efficient emission from the conduction band minimum into vacuum without an energy barrier. Emission is
stable for bunch charges of up to 400 electrons per laser pulse. We infer a normalized emittance of
<0.20 nm rad and a normalized peak brightness of >1.2 × 1012 Am−2 sr−1. The properties of these tips
are encouraging for their use as laser-triggered electron sources in applications such as ultrafast electron
microscopy as well as diffraction and novel photonics-based laser accelerators.

DOI: 10.1103/PhysRevLett.123.146802

Tip-shaped cathodes are among the most commonly
used electron sources in electron microscopy due to their
ability to provide a high quality beam. Typical materials are
zirconia in common Schottky type emitters and lanthanum
hexaboride because of their low work function, as well as
tungsten due to the easy fabrication of sharp tips ideally
suited for (cold) field emission [1]. Most of the commonly
used emitters are operated under ultrahigh vacuum condi-
tions in the 10−8–10−9 Pa regime to minimize bombardment
with ionized gas and adsorption on the emitter surface.
Furthermore, they are heated for thermal enhancement of
the emission or to achieve stable operation due to reduced
adsorption.
Over the last decades, ultrafast electron microscopy has

emerged [2–4]. Until today, emitters, which were designed
for dc operation, are also used in ultrafast mode. In the latter
case, the cathode is typically triggered by femtosecond laser
pulses resulting in femto- to picosecond electron pulses
[5–10]. One of the major drawbacks of these laser-triggered
electron sources is the continuous decrease of emission
current over time [5,9,10], which is attributed to laser-
induced changes at the emitter surface. Femtosecond
laser-induced photoemission from tip-shaped cathodes has
been extensively studied for the materials of tungsten
[11–16], gold [17–19], silver [20], hafnium carbide [21],
and carbon nanotubes [22,23]. Pulsed photoemission from
single crystal diamond tips has been investigated with

nanosecond pulses [24]. Femtosecond photoemission from
tip-shaped heterostructures offers promising opportunities
yet to be discovered.
Diamond is one of the most robust materials due to its

exceptional chemical inertness, mechanical strength, and
thermal conductivity. Nanocrystalline diamond (NCD) is a
good electron emitter, especially if the surface exhibits
negative electron affinity (NEA) [25]. The graphitic grain
boundaries in this composite material provide electrical
conductivity, and the low work function of the diamond
matrix that goes along with the NEA lowers the surface
energy barrier for the electrons, even if they originate from
the graphitic parts [25]. NEA is also known to boost the
photoelectron yield due to fundamental absorption, i.e.,
optical excitation across the band gap: electrons photo-
excited into thediamond conduction band can be emitted into
vacuum without any barrier after migration to the surface
[26,27]. The electron affinity of hydrogen-terminated dia-
mond is as low as −1.3 eV for both main crystallographic
surfaces (100) [28] and (111) [29].
The combination of high beam quality from tip-shaped

photocathodes with the mechanical strength and the low
work function of hydrogen-terminated diamond promises a
robust and high-brightness photocathode. Here, we present
the first photoemission results from a tip-shaped semi-
conductor/metal heterostructure—diamond-coated tung-
sten tips—triggered with femtosecond laser pulses, and
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we characterize the underlying photoemission physics by
identifying various emission channels. We define an
emission channel as the combination of photon energy
and energy states involved in the photoemission process of
electrons.
To obtain the nanodiamond-coated tips, 100 μm diam-

eter tungsten wire is electrochemically etched, resulting in a
tip with a typical apex radius of roughly 10 nm. The freshly
etched tip is dip seeded in nanodiamond suspension and
dry blown with pressurized nitrogen. NCD is grown on the
seeded tips with microwave-enhanced chemical vapor dep-
osition, resulting in a dense film of hydrogen-terminated
nanocrystalline diamond with negative electron affinity
covering the tungsten surface (Fig. 1 inset). A thin layer
of tungsten carbide (WC) is expected to be formed at the
diamond-tungsten interface [30]. Samples used in this
work have apex radii between 60 and 200 nm, including
the diamond coating. Details of the fabrication process
and a structural characterization of the tips are published
elsewhere [31].
The so-fabricated tips are mounted in an ultrahigh

vacuum chamber with a base pressure of 1 × 10−7 Pa.
Femtosecond laser pulses are focused at the tip with the
help of a 51 mm diameter off-axis parabolic mirror with a
152 mm focal length outside of the vacuum chamber,
resulting in a measured spot radius of 3.8 μm at 512 nm
(1=e2 intensity radius). The employed commercial laser
system consists of a regeneratively amplified Ti:Sa oscil-
lator (1 kHz repetition rate, 80 fs pulse duration), an optical
parametric amplifier, and a stage for second harmonic and
sum-frequency generation. Additionally, a Ti:Sa oscillator
(780 nm, 80 MHz, 6 fs) is used for long-term stability
measurements. We apply a negative voltage below 50% of
the dc field emission threshold (400–2000 V, depending on
the individual tip). Due to the dielectric surface with a small
work function of 2.8 eV [Eq. (2)], the Schottky reduction is
lower as compared to metal tips and is neglected here. The

dc field is chosen low enough that photon-assisted field
emission does not occur: only multiphoton emission. The
laser pulses are linearly polarized parallel to the tip axis.
Photoemitted electrons are detected with a microchannel
plate (MCP) with a grounded front plate. For bunch charges
below one electron per laser pulse, we count detection
events on the MCP; above one electron per pulse, we
measure the calibrated MCP screen current; and for large
average currents at high repetition rates, we are able to
additionally measure the current through the tip.
In order to identify the different contributions to the

photoelectron current J, we have measured its dependence
on the peak intensity Ip. Due to the high Ip of the
femtosecond laser pulses, optical excitation is not limited
to one-photon absorption processes as the multiphoton
absorption becomes efficient. The dependence of the
photoelectron current J on Ip is expected to be a sum of
power law contributions:

J ¼
X∞

n

anInp; ð1Þ

where n reflects the number of photons necessary to
provide the excitation energy, and an is the corresponding
coefficient for the specific emission channel. Often, one
channel is dominant; hence, the slope of logðJÞ vs logðIpÞ
directly reveals the photon order n. If more than one
channel is involved with comparable strength, the linear-
ized slope is a noninteger and is called effective non-
linearity. Depending on the photon energy and laser
intensity, different emission channels can become domi-
nant. We show the power dependence of the photoelectron
current at wavelengths of 1932, 512, and 256 nm in Fig. 2.
For 1932 nm, we find an integer slope of 5.0, indicating a
single dominating emission channel with five photons. At
512 nm, the plot shows an effective nonlinearity of 3.4.
This is indicative for two channels with photon orders of
3 and 4 contributing. At 256 nm, we observe a transition
from photon order one at low intensities to photon order
two at high intensities.
In the UV (235–350 nm), we have investigated the

wavelength dependence of the effective nonlinearity in
more detail. Figure 3(a) shows the logðJÞ vs logðIpÞ plot for
235, 260, and 350 nm. We find effective nonlinearities of
1.1, 1.4, and 2.0, respectively. Again, this reflects the
transition of the dominant emission channel from first to
second order. Note that we do not observe a transition in the
power dependence directly in contrast to Fig. 2(b). This is
due to the restricted pulse energy range in Fig. 3. The
effective nonlinearities for all wavelengths in the UV are
summarized in Fig. 3(b), confirming the transition men-
tioned above.
For the interpretation of the data, we sketch the energy

states relevant for this work in Fig. 4. Five junctions
between W=WC, diamond, vacuum, and the graphitic
grain boundaries (called graphite in Fig. 4) are formed.

FIG. 1. Experimental setup. The laser is focused onto the
diamond-coated tungsten tip with an off-axis parabolic mirror
(OAP). The inset shows a transmission electron micrograph of the
nanodiamond-coated tungsten tip. A voltage clearly below the dc
field emission threshold is applied between the tip and the
microchannel plate (MCP) to accelerate electrons towards the
MCP. See text for details.
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Diamond forms Schottky junctions with graphite and
W=WC with Schottky barriers of EB;G ¼ 1.4 eV [32]
and EB;W=WC ¼ 1.2 eV [33], respectively. As the sample
surface only consists of diamond grains and their graphitic
boundaries, the junctions of diamond-vacuum and graph-
ite-vacuum are the relevant ones for electron emission into
vacuum. In a heterosystem involving metallic (W=WC and,
in a good approximation, the half-metal graphite) and
semiconducting (diamond) components, the Fermi level
in the semiconductor relative to the valence band maximum
(VBM) is identical to the Schottky barrier height as long as
the dimensions of the semiconducting parts are much below

the Debye length of the semiconductor. This is certainly the
case for the diamond grains. We expect EB;G to dominate
at the diamond surface because the average grain size
(approximately 20 nm) is smaller than the thickness of the
diamond film. Consequently, the Fermi level is EB;W=WC ¼
1.2 eV above the VBM at the back contact and EB;G ¼
1.4 eV above the VBM at the free surface [see Fig. 4(a)].
The work function Φ is defined as the energy difference
between the vacuum level and the surface Fermi level.
Graphite has a work function of 4.7 eV [34], whereas the
work function of diamond depends on the electron affinity
χ, and EB;G and results in

Φdia ¼ Eg − EB;G þ χ ¼ ð5.5 − 1.4 − 1.3Þ eV ¼ 2.8 eV;
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FIG. 3. Power scaling in the UV with transition from one- to
two-photon emission as the dominant channel. (a) Data at 235
(black squares), 260 (violet circles), and 350 nm (blue triangles)
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excitation channels we identify as relevant here. The length
and color of the arrows in Figs. 4(a) and 4(c) represent the photon
energies of 0.64 (near infrared), 2.4 (green), and 4.8 eV (near
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the observed laser power and wavelength dependence discussed
around Figs. 2 and 3. Intriguingly, this emission channel
identification, except for the assignment of the one-photon
process in the UV, seems to result in a unique attribution in
spite of the intricate level structure. The work function of
diamond is 2.8 eV for a negative electron affinity of
χ ¼ −1.3 eV. In the diamond bulk, electrons can be excited
across the indirect (5.5 eV) or direct band gap (7.1 eV), with two
ultraviolet or three green photons, migrate to the surface, and
cross the surface into vacuum. Alternatively, electrons can be
excited into vacuum directly by one ultraviolet or five infrared
photons. Even if the electrons originate from graphite close to the
diamond interface, they effectively feel the work function of
diamond, as indicated by their trajectories across the equipoten-
tial lines in Fig. 4(b). See text for details.
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intensity in Fig. 2(b) because we could not measure the laser spot
size in the UV.
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where we inserted −1.3 eV for the electron affinity of
a fully hydrogen-terminated diamond surface [29,35].
The diamond work function also constitutes the low energy
threshold for electrons originating from graphite [see
Fig. 4(b)].
Based on this band diagram, we can identify electron

emission channels with different energy thresholds, as
indicated in Fig. 4(a). For diamond with negative electron
affinity, the energy barrier between the conduction band
minimum (CBM) at the surface does not exist: Electrons
can be excited into the conduction band across the indirect
(5.5 eV [36]) and direct band gaps (7.1 eV [37,38]), migrate
to the surface, and escape straight into vacuum even if
they have thermalized to CBM. Alternatively, direct optical
excitation from electronic states at the surface to the plane-
wave-like states in vacuum can lead to photoelectrons
as well.
The emission probabilities of the different channels are

complex functions of the densities of initial and final states,
the number of photons necessary to provide the transition
energy, and the laser intensity. We discuss them by referring
to their signature in the logðJÞ vs logðIpÞ plots in Figs. 2
and 3. Excitation with 1932 nm [ℏω ¼ 0.64 eV; red arrows
in Fig. 4(a)] and observed photon order 5 can be identified
as transitions at the surface from the Fermi level to the
vacuum level. For clearer presentation, we have sketched
the red arrows only in Fig. 4(a), although the initial
states at the Fermi level can be assigned either to defects
in the diamond or, more likely, to the graphitic grain
boundaries [27].
At 512 nm (ℏω ¼ 2.4 eV; green arrows in Fig. 4), the

effective nonlinearity equals 3.4, which we attribute to
excitation across the direct band gap by three or by four
photons.
With UV excitation (λ < 350 nm and ℏω > 3.5 eV;

violet arrows in Fig. 4), we observe one- and two-photon
processes [Figs. 2(b) and 3]. We assign the one-photon
process at low intensities to excitation at the surface from
the Fermi level or the diamond VBM to the vacuum level.
Evaluating energy differences only, the two-photon process
(ΔE > 7.2 eV for λ < 350 nm) could be assigned to all
transitions in the band diagram of Fig. 4. We suggest, for
this process, the transition across the direct band gap of
diamond: The spatial overlap of the wave functions, the
direct nature of the transition, and the large excitation
volume make this process, by far, the most likely. This
argument is supported also by the nonlinearity of 3.4,
which we observe for 512 nm (ℏω ¼ 2.4 eV): Two photons
of that energy would suffice to excite electrons from the
VBM directly into vacuum. Nevertheless, this channel is
not observed as the dominant one. The situation is different
for 1932 nm (ℏω ¼ 0.64 eV): With this wavelength,
excitation across the indirect band gap would require 9
photons and 11 photons across the direct band gap. These
extremely high order processes are so unlikely that we

observe the fifth order process at the surface as the
dominant channel instead. For the spectral range inves-
tigated, we find no evidence of absorption across the
indirect band gap as the dominant mechanism.
Lastly, we characterize the photoemission stability over

time at different bunch charges and estimate the normalized
peak brightness Bp;norm. For the best comparison of Bp;norm
with existing literature on ultrafast tip-shaped electron
sources [8,9], we calculate all quantities as normalized
root-mean-squared (rms) values and use the following
definition:

Bp;norm ¼ Jp
4π2εx;normεy;norm

; ð3Þ

where Jp is the peak current, εi are the transverse emittances,
and the subscript “norm” indicates normalized values. As an
upper bound for the transverse emittances, we measure the
emission angles αi and we assume homogeneous emission
across the geometrical radius of the emitter (r ¼ 170 nm,
rrms ¼ r=

ffiffiffi
3

p
). Note that the effective source size, and

therefore the emittance of tip-shaped emitters, can be an
order of magnitude smaller because the curved surface
induces correlations between the origin and transverse
momentum [16,39]. Photoemission at 1932 nm and 40 eV
electron energy yields αx ¼ 0.16ð6Þ rad, αy ¼ 0.15ð9Þ rad,
εx;norm ¼ 0.20 nm rad, and εy;norm¼0.19nmrad. Assuming
that the emission duration matches the laser pulse duration,
wecalculate the normalized rmspeakbrightness ofBp;norm ¼
1.2 × 1012 Am−2 sr−1 for one electron per pulse, which is
comparable to a femtosecond cold field emitter at 15
electrons per pulse [9]. Because we use the geometrical
and not the effective source size, and because we consider
currents of one electron per pulse, we consider this peak
brightness a lower bound.
The photoemitted current is stable over a timescale of at

least half an hour at 256, 512, and 1932 nm with bunch
charges of 55, 32, and 0.75 electrons per pulse, respectively
(Fig. 5). With a stable 80 MHz Ti:Sa oscillator, the
photocurrent is stable over more than 12 h and trillions
of pulses. In contrast, the photoemission from an uncoated
monocrystalline [310]-oriented tungsten tip decays over
time (Fig. 5); a comparable behavior with even stronger
decay was observed in a transmission electron microscope
(ℏω ¼ 2.4 eV, p ¼ 1 × 10−9 Pa [9]). Schottky emitters in
scanning electron microscopes (ℏω ¼ 3.6 eV with reduced
barrier height Φeff ¼ 1.6 eV [5], and ℏω ¼ 4.7 eV with
Φeff ¼ 2.8–3 eV and p < 4 × 10−8 Pa [10]) show a similar
behavior. Hence, nanodiamond-coated tungsten tips are
more stable than these emitters: especially at low photon
energies. (Working with low photon energies can be
advantageous because the field enhancement at the apex
[40] in combination with the nonlinearity enhances forward
emission.)
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In dc field emission, occasional jumps occur, which is
typical for cold field emission. The angular distribution in
this emission mode is even smaller as compared to laser-
induced emission.
We did not observe a change in laser-induced emission

behavior during our experiments, with a laser fluence up to
30 mJ=cm2 and 3.4 × 1011 W=cm2 peak intensity. Hence,
we find these as lower bounds of the damage threshold
for diamond-coated tungsten tips. With 1932 nm pulses at
3.4 × 1011 W=cm2, we have measured 400 electrons per
pulse. At these large bunch charges, pulse broadening due
to Coulomb repulsion is expected to be severe [10,41],
which is why we have focused on smaller bunch charges.
In conclusion, we have presented femtosecond laser-

induced electron emission from diamond-coated tungsten
tips at 235–350, 512, 780, and 1932 nm. Based on the
involved junctions between tungsten, diamond, and the
graphitic grain boundaries, we have proposed an emission
model that explains our experimental data well. Individual
emission channels can be selected by proper choice of laser
intensity and wavelength. These channels are identified by
the number of photons needed to emit an electron. Stable
photoelectron current and the high brightness of the emitted
electrons are encouraging to further investigate diamond-
coated tungsten tips as an ultrafast electron source.
Before resubmission of this Letter, we became aware of

new and related work [42].
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ABSTRACT

Differential phase contrast in scanning transmission electron microscopy has been applied to image nanoscale electrostatic
fields of a sharp tungsten electron emitter with an apex radius of about 20nm and under field emission conditions. Assuming
axial symmetry of the nano-emitter, we derived a method based on the inverse Abel transform to quantitatively reconstruct an
axial slice of the 3D electrostatic field from a single projection measurement. The highest field strength of 2.92V/nm is measured
at the nano-emitter apex under the condition of a bias voltage of �140V with respect to the grounded counter electrode located
at about 650nm from the apex, resulting in an emission current of more than 2 lA. The experimental results are compared with
simulations based on a finite element numerical Maxwell equation solver. Quantitative agreement between experiment and simu-
lation has been achieved.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5055227

Revealing and quantifying the 3-dimensional (3D) electro-
static field at nanometer resolution around sharp tips has found
great interest in the community of electron field emission (FE)
and atom probe tomography (APT). In the case of FE, it is the key
to answer the fundamental question of how the field interacts
with the sharp tips, which has not yet been adequately
addressed despite its long history.1 For this purpose, the local
electrostatic field around the apex of metal emitter tips has to
be accurately measured at a nanometer scale, while the emis-
sion current (density) is simultaneously logged. In the case of
APT, the knowledge of electrostatic field topography around the
tip apex may form the basis of an aberration correction scheme
for APT.2 The electrostatic field in both FE and APT is usually
very strong around the apex and extends to large distances,
thus requiring techniques that are able to deliver the resolution
and a large field of view (FOV). For this purpose, off-axis electron
holography (EH) has been applied to similar studies of field
emission tips qualitatively3–6 and a few quantitative studies have
been reported.4,5 Despite the high sensitivity of EH to measure
phase shifts, studying strong and extended electrostatic fields

locally and quantitatively with EH is quite challenging due to the
limits of the setup. First, the strong and extended field at field
emission tips can cause the distortion of the reference wave,
which is utilized to form the interference fringes. Therefore,
quantification of the local field requires iterative modeling
which is usually problem specific. Furthermore, the extremely
high field at the tip may not be measurable if the gradient of the
phase shift exceeds 2p/pixel when recorded with digital cam-
eras.7 Alternatively, in-line holography was also proposed for
such studies, but also facing considerable challenges including
calibration issues, necessity of modeling and simulation, etc.3

Here, we determine the 3D electrostatic field at an electron
nano-emitter during in situ biasing the tip to field emission con-
ditions. The (projected) field is determined by accurate mea-
surement of the electron beam deflection via differential phase
contrast in scanning transmission electron microscopy (DPC-
STEM). Assuming axial symmetry, we show that the axial slice of
the electrostatic field can be retrieved with an algorithm based
on the inverse Abel transform, and quantitative agreement with
simulation can be achieved.

The tungsten nano-emitter is prepared by standard
electro-chemical etching followed by plasma etching in an

a)Authors to whom correspondence should be addressed: mingjian.wu@fau.de and
erdmann.spiecker@fau.de
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ultra-high vacuum chamber. The in situ manipulation and bias-
ing are realized with a Nanofactory STM-TEM holder. A gold rod
(electro-chemically etched) is inserted into the fixed side and
grounded, while the W nano-emitter is installed on top of the
piezo-tube [movable side, cf. Fig. 1(a)]. The axis between them is
carefully aligned, so their distance can be measured directly
from images. The I–V curve is always logged during ramping up
and down of voltages (typically 1–2 s), while the DPC experi-
ments were performed at a constant bias voltage [Fig. 1(b)]. A
typical I–V curve and the emission current during the DPC mea-
surement (inset) are shown in Fig. 1(c).

The DPC experiments were performed on a ThermoFischer
Scientific Titan Themis3 300 electron microscope, operating at
200kV in micro-probe STEM mode. The vacuum in the column
is typically 2� 10�7 mbar. One of the annular detectors (DF4) is
quadrant segmented (referred to as the DPC detector hereafter),
which is used to acquire the four quadrant images via Velox soft-
ware. A typical probe beam current between 150 and 250pA and
a pixel dwell time of 20–30 ls (thus, 25–35 s for the 1024 pixel
square frame) is used. Data conversion, processing, and visuali-
zation are realized with Python and Gatan DigitalMicrograph
scripts.

The DPC signal is calculated by the intensity differences
IA–C and IB–D of the opposing quadrants [cf. Fig. 1(d)] and is then
normalized to the local sum intensity IAþBþCþD

SDPCðx; yÞ ¼
IA�Cðx; yÞêx0 þ IB�Dðx; yÞêy0

IAþBþCþDðx; yÞ
; (1)

in which êx0 and êy0 denote the unit vectors in the x0 � y0 plane,
where the base axis is defined by the orientation of the installed
detector quadrants. Whereas at the sample, the plane x–y
depends on how the sample is inserted and can be arbitrary
(due to the possible scan rotation applied). Their relative
rotation about the commonly defined z-axis and the possible
in-plane flip is carefully calibrated and corrected. A vacuum
frame under identical conditions as the experimental one is
acquired for the correction of the scan artifacts, so that the
corrected DPC signal is

Scorr
DPCðx; yÞ ¼ Sraw

DPCðx; yÞ � Sref
DPCðx; yÞ: (2)

The beam convergence half-angle a¼ 4 mrad and the beam disk
(area) coverage of about 60% on the annual DPC detector were
applied. This is considered to be a compromised condition to
measure strong fields (in our case expected to result in deflec-
tions up to about 3 mrad) while keeping the DPC signal in the
linear region of calibration. We also have to balance the large
FOV,where a scan pivot point problemmay arise, and sensitivity
(which favors small detector coverage). The deflection angle can
be converted from the DPC signal by bðx; yÞ ¼ k � Scorr

DPCðx; yÞ. The
calibration factor k is obtained with the procedure as described
in our previous study.8

FIG. 1. (a) Scheme of the DPC-STEM setup. (b) Voltage-time curve of the DPC experiment. (c) I-V curve showing the field emission and the current-time plot revealing fluctuations of
emission current during the DPC measurement (inset). (d) DPC signals and data processing and visualization.
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The differential phase shift of electrons passing through a
vacuum area (along the defined beam path direction z) with
respect to an area of local electrostatic potentialU(x, y, z) is

d/ðx; yÞ ¼ CE � Uðx; y; zÞdz; (3)

where CE is the interaction constant, depending only on the corre-
sponding incident electron energy.The differential beamdeflection
along z at position (x,y) is the in-plane gradient of d/(x, y)

db ðx; yÞ ¼ k
2p
rxyd/ðx; yÞ ¼ kCE

2p
rxyUðx; y; zÞdz

¼ CE0
@Uðx; y; zÞ

@x
êx þ

@Uðx; y; zÞ
@y

êy

 !
dz: (4)

Here, the reduced interaction constant CE0 ¼ kCE=2p has been
introduced. For 200keV electrons used in this study, CE¼ 7.288
mradV�1 nm�1 and CE0 ¼ 2:9092lradV�1. The partial differentials
@U/@x and @U/@y are the x and y components of the electrostatic
field F at position (x, y, z), i.e., Fðx; y; zÞ ¼ Fxðx; y; zÞx̂ þ Fyðx; y; zÞŷ.
Therefore, the beam deflection projected along z as measured by
the detector at the electron probe position (x, y) is

bðx; yÞ ¼ CE0

ð1
�1

Fxðx; y; zÞêx þ Fyðx; y; zÞêy
� �

dz: (5)

Here, the high-energy assumption is implied and should hold,
since the deflection angles are small (0.1–3 mrad). The beam
deflection bðx; yÞ is a 2D vector with components

byðx; yÞ ¼ CE0

ð1
�1

Fyðx; y; zÞdz; (6a)

bxðx; yÞ ¼ CE0

ð1
�1

Fxðx; y; zÞdz: (6b)

For a sharp tip with a (presumed) circular symmetric axis
defined to be coincident with the y-axis and

q2 ¼ x2 þ z2; dz ¼ qdqffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 � x2

p ;

the potential function can be reduced: Uðx; y; zÞ ! Uðq; y; hÞ
with @U/@h¼0, and the field can be reduced to

Fðx; y; zÞ ! Fðq; yÞ ¼ Fqðq; yÞêq þ Fyðq; yÞêy:

After rearranging, Eq. (6a) becomes (since Fy is even in q)

byðx; yÞ
CE0

¼
ð1
�1

Fyðx; y; zÞdz ¼ 2
ð1
x

Fyðq; yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 � x2

p qdq; (7)

where the right side is the forward Abel transform. Therefore,
the local field Fy(q, y) can be obtained from the inverse Abel
transform of byðx; yÞ=CE0

Fyðq; yÞ ¼ �
1

pCE0

ð1
q

@byðx; yÞ
@x

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � q2

p dx: (8)

Similarly, the local field component Fq(q, y) can be obtained
from the inverse Abel transform of bxðx; yÞ=CE0

Fqðq; yÞ ¼ �
1

pCE0

ð1
q

@bxðx; yÞ
@x

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � q2

p dx: (9)

At the slice z¼0, one can find that Fx(q, y)¼ Fq(q, y).
Numerical evaluation of Eqs. (8) and (9) involves numerical dif-
ferentiation and integration. In this study, we applied the
Hansen and Law algorithm9 as implemented in the PyAbel pack-
age to obtain the numerical inverse Abel transform. This algo-
rithm works in principle as “onion-peeling” from the outer most
pixel and iteratively proceeds until the axial pixel is reached.
Therefore, for 2D data, it calculates each axial strip of data [i.e.,
horizontal lines in Figs. 2(a) and 2(b)] independently. Gaussian fil-
tering with a 3� 3 kernel was applied to the raw DPC signal
before the inverse Abel transform to produce results with much
lower noise level.

Electrostatic field simulations between the nano-tip and
the anode assuming cylindrical symmetry were performed using
a finite element method Maxwell equation solver (COMSOL
v5.3). The nano-tip is modeled by a cone with 15� tapering angle,
a rounded apex with 20nm radius and a total wire length of
2mm, which is simplified but based on observations in the
experiments. The anode has a defined cone radius of 750nm,
the same tapering angle and the total length as the nano-tip.
The tip to anode distance was set to 650nm, and �140V poten-
tial is applied to the nano-tip side, while the anode is grounded,
identical as in the experiment. The potential drop due to the
small emission current is negligible and was not implemented in
the simulation. Grid size close to the tip (about 1lm) region is
defined to be smaller than 1nm. The results were exported and
plotted similar to experimentally reconstructed data.

The experimentally measured electron beam deflection
maps, calibrated and dissociated into axial and radial compo-
nents, are shown in Figs. 2(a) and 2(b), respectively. These maps
were acquired at a lower sampling rate of 1.1 nm/pixel and 1024
pixels squared in order to cover enough field-of-view for recon-
struction; otherwise, the boundary conditions may cause strong
artifacts to the field reconstruction. Deflection maps closer to
the tip apex acquired immediately after but at a higher sampling
rate of 0.27nm/pixel are shown as insets. The higher beam dose
at high magnification has caused the growth of the contamina-
tion layer from a few nm to more than 10nm. Nevertheless, one
can clearly observe that the beam deflection (in vacuum) is
highly localized at the apex, where the local surface curvature is
the highest. The axial component is several times stronger than
the radial component, as expected. The “deflection meas-
urement” inside the tip and the electrode does not directly pro-
vide the true beam deflection due to the electrostatic field in the
materials, but rather a measure of center of mass deflection of
the beam, due to the contribution of the mean inner potential of
materials, the diffraction contrast, and the dynamic scattering
effect.8,10,11 Therefore,we cannot directly interpret the deflection
magnitude inside materials simply as the expected field, and we
will restrict our data interpretation to the vacuum region only.

The local electrostatic fields in the two directions, recon-
structed according to Eqs. (8) and (9), are presented in Figs.
2(c)–2(f). The center vertical line in the reconstructed maps is
the typical artifact of the algorithm applied to noisy data. The
triangles close to the counter electrode [Fig. 2(c)–2(f)] are also
artifacts, due to inclination of the electrode and therefore
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deviate from cylindrical symmetry. Whereas Figs. 2(c) and 2(d)
were reconstructed directly from the experimental deflection
maps, the results in Figs. 2(e) and 2(f) were reconstructed from
the symmetrized experimental results. Symmetrizationwas sim-
ply realized by flipping the images horizontally (keeping the tip
always aligned in the center) and average with respect to the

original images. Under the assumption of axial symmetry, half
plane of the data (i.e., on either side of the axis) would be enough
to calculate the axial slice of the electrostatic field. This is indeed
the case in Figs. 2(c) and 2(d) where the left and right sides of the
results were reconstructed from the deflection measure of the
respective half planes. Hence, the comparison of the results
with and without symmetrization can be regarded as a measure
of the quality of the assumption of axial symmetry. Indeed, in
the results presented in Fig. 2, the agreement is very good in the
vicinity of the tip but deteriorates towards the anode.

The results of the simulated electrostatic field are pre-
sented in Figs. 2(g) and 2(h). One can immediately see that the
topology of the field, in both axial and radial components, fits
quite well to the experimental results. The field strength of the
axial component even matches quantitatively to the experimen-
tal one. A radial line of data of the axial field component, starting
at the tip and extending to about 500nm, as marked by the blue
and black dashed-lines in Figs. 2(e) and 2(g), respectively, is
extracted and plotted in Fig. 3. The highest field strength, normal
to the local curvature of the tip is measured to be 2.92V/nm,
and decays rapidly along its radial distance. Both features are
very well reproduced in simulation. Nevertheless, the decay
speed of the measured field strength close to the tip (<80nm)
seems to be slightly slower than that of the simulated results.
This can be attributed to two factors: (1) the geometry of the
tip was simplified as a cone in simulation, whereas in experi-
ment, the emitter tip has a local shape that deviates from a cone,

FIG. 2. Experimental beam deflection components (a) by(x, y) and (b) bx(x, y). The insets are beam deflection components close to the tip region. Reconstructed axial slice of
the electrostatic field components Fy(q, y) and Fq(q, y) of the nano-tip at �140 V, directly derived from the deflection maps (c) and (d) and derived after making the deflection
maps symmetric (e) and (f). Simulated results of the respective field components Fy(q, y) and Fq(q, y). The center vertical lines in (c)–(f) are reconstruction artifacts. The
reconstructed results close to and at the counter electrode are not directly interpretable due to the deviation of symmetry required by the applied reconstruction algorithm. The
data points along the color dotted lines as marked in (a), (e), and (g) are plotted in Fig. 3.

FIG. 3. Line profiles of the measured beam deflection by(x, y¼ 0) and experimen-
tally derived as well as the simulated field component Fy(q, y¼ 0), corresponding
to the dashed lines marked in Figs. 2(a), 2(e), and 2(g).
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and (2) the emitter tip was contaminated and covered by about
3–4nm carbon at the time when the measurement was con-
ducted. Lastly, we note that the noisiness of the deflection mea-
surements strongly limits the quality of the reconstructed field.

From the application point of view, one may wonder
whether there is a simpler way to estimate the strongest field
strength from just the highest beam deflection without the
inverse Abel transform.This is however not trivial. Themeasured
deflection at the tip apex is a projection integral due to the field
topology, i.e., Eq. (5). To obtain the peak field strength from one
single projection, even assuming axial symmetry, one has to
“peel off” the field contribution on top and bottom (of the axial
slice of the tip apex) to the beam deflection by using pixels far
enough on the left/right side (in the image). This is the reason
why the FOV and sensitivity to weaker fields far away from the
tip are equally important for obtaining good quality in the
inverse Abel transform. Nevertheless, the characteristic function
of the profile (from apex to far enough) of the measured beam
deflection carries the quantitative information of the field at the
apex [cf. red curve shown in Fig. 3, which is extracted from Fig.
2(a)]. This function depends sensitively on the geometry and the
tapering angle of the emission tip.

So far, we have demonstrated quantitative measurements of
strong and long-ranged electrostatic fields with high spatial res-
olution using DPC-STEM. This method has several advantages:
First, no reference wave distortion issue occurs (as in off-axis
EH); therefore, the results can be interpreted straightforwardly.
Second, this technique is able to balance the FOV (set by the
scanning area) and the resolution (determined by the probe size
and the sampling rate, i.e., pixel size). Finally, it is easy to calibrate
the signal.

Besides technology developments in STEM detectors and
cameras, there is still room to optimize the parameters of the
experimental acquisition.12 Balanced resolution and detection
sensitivity to lower field strength and hence a lower noise level
of the reconstruction can be expected. These include the fol-
lowing considerations. With aberration corrected optics, the
STEM probe can reach well below an Ångstr€om with a large
opening angle (a > 25 mrad). Indeed, atomic resolution DPC sig-
nals were recorded13,14 and interpreted after the electron probe
has penetrated thin crystal samples.10,14 Therefore, vacuum elec-
tric field measurements at resolution below an Ångstr€om is defi-
nitely possible, and interpreting the DPC signals at the interface
of the last atomic surface of the tip and vacuum can be
expected. In the latter case, the higher order fringes of the point
spread function of the probe [cf. blue curve in the electron
probe in Fig. 1(a), an example of a probe wave function] has to be
considered.8,11 However, due to the 3D volume of the vacuum
field, it is also important to record the weak and extended field,
as argued before. In our DPC setup, higher sensitivity favors a
smaller beam convergence angle a (typically in similar range as
the expected beam deflection angles), a longer camera length L,
and a smaller beam coverage on the detector, which may cause
non-linearity of the DPC signal with respect to the beam
deflection.12

Although we have to apply the strong symmetry constrain
due to the limited available datasets (single projection measure-
ment), the principle should also work for the study of fields
around tips of general shape with tilt series acquisition and
tomography algorithms based on Radon transform.15,16 In this
case, a stable and reproducible field emission condition during
such tilt series acquisition is necessary. In this respect, the limit-
ing factor is the relatively poor vacuum in the normal TEM col-
umn (on the order of 10�7 mbar), under which contamination of
the tips is hardly avoidable. The contaminates will not only
change the work function, but also alter the local curvature,
which will cause instability of the emission current [cf. inset in
Fig. 1(c)]. These are all crucial parameters to study electron field
emission.

In conclusion, we have determined the 3D electrostatic
field at a nano-emitter under field emission conditions by DPC-
STEM and the inverse Abel transform assuming cylindrical sym-
metry. At a tip-electrode distance of about 650nm and �140V
bias voltage, the local field at the tip apex is determined to be
2.92V/nm. The reconstructed field topology and field strength
show almost perfect agreement with simulations.
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In this paper, we describe an ultrafast scanning electron microscope setup developed for the

research of inelastic scattering of electrons at optical near-fields of periodic dielectric nanostruc-

tures. Electron emission from the Schottky cathode is controlled by ultraviolet femtosecond laser

pulses. The electron pulse duration at the interaction site is characterized via cross-correlation of

the electrons with an infrared laser pulse that excites a synchronous periodic near-field on the

surface of a silicon nanostructure. The lower limit of 410 fs is found in the regime of a single elec-

tron per pulse. The role of pulse broadening due to Coulomb interaction in multielectron pulses is

investigated. The setup is used to demonstrate an increase in the interaction distance between the

electrons and the optical near-fields by introducing a pulse-front-tilt to the infrared laser beam.

Furthermore, we show the dependence of the final electron spectra on the resonance condition

between the phase velocity of the optical near-field and the electron propagation velocity. The

resonance is controlled by adjusting the initial electron energy/velocity and by introducing a

linear chirp to the structure period allowing the increase of the final electron energy gain up to a

demonstrated value of 3.8 keV. Published by AIP Publishing. https://doi.org/10.1063/1.5032093

I. INTRODUCTION

Inelastic scattering of electrons by optical near-fields,

excited by femtosecond laser pulses in the vicinity of various

nanoobjects, has been studied in recent years from different

perspectives. The resulting energy modulation imprinted to

the electron beam on sub-optical cycle time scales is interest-

ing for various fields of physics. It is considered for electron

acceleration,1–13 for enhancing the visibility of low-contrast

nanostructures in photon-induced near-field electron micros-

copy (PINEM),14–17 for studying the quantized interactions

between light and electrons18–22 as well as for improving the

temporal resolution of ultrafast electron diffraction and

microscopy experiments.20,23–29 This technique can help to

overcome the temporal resolution limitations (typically few

hundreds of femtoseconds) given by the dispersive broaden-

ing of electron pulses during their propagation from the

source to the specimen. Achieving sub-optical cycle tempo-

ral control of freely propagating electrons by their coherent

interaction with light may enable direct access to probing

ultrafast coherent electronic dynamics with electrons or the

full characterization of optical near-fields of various nano-

structures, including phase-resolved spectroscopy.

The interaction between electrons and optical near-fields

is based on modifying the dispersion relation of light propa-

gating in vacuum close to an object with refractive index

n> 1. The phase velocity of the evanescent near-field can be

matched to the propagation velocity of an electron near the

scattering object, leading to a synchronous interaction

between the field and the electron.6–10,15,16,30 The spatial

distribution of the electromagnetic near-fields in the vicinity

of a nanostructure can be described using, e.g., Mie scatter-

ing theory in the case of a single nanosphere16 or numerical

techniques in the case of more complex nanostructures of

various shapes.9,30 Generally, the near-field amplitude

decreases with increasing distance from the object (�1/r3 for

a sphere, �e–r/C for periodic structures) on sub-wavelength

scales. Hence to maximize the current of electrons interact-

ing with the generated evanescent field, the transverse

dimensions of the electron beam have to be smaller than the

field decay length (typically C¼ kbc/2p¼ 10–100 nm, where

k is the light wavelength, b is electron velocity in units of

speed of light c, and c ¼ ð1� b2Þ�1=2
is the Lorentz factor

of electrons). Furthermore, due to the necessity of high field

amplitudes allowing reaching measurable electron energy

modulation, short laser pulses with durations of fs-ps

(�10�15–10�12 s) are required for the excitation of the near-

fields. For the interaction of all generated electrons with the

optical near-fields, the duration of the electron pulse has to

be comparable to or shorter than the laser pulse duration.

These two requirements, namely, the electron beam that

can be focused to a spot with clearly sub-micron-sized trans-

verse dimensions and a pulsed operation with the femtosec-

ond duration of electron pulses, are met in ultrafast electron

microscopes, where the electron emission is triggered by

ultrashort laser pulses.31–38 There are several reasons why

transmission electron microscopes (TEMs) equipped with

field-emission electron sources are considered ideal for this

application. They offer a high degree of transverse coherence

[coherence length of �1 lm (Ref. 37)] and monochromatic-

ity (absolute energy spread of DE� 0.5 eV, resulting in aa)Author to whom correspondence should be addressed: martin.kozak@fau.de
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relative energy spread of DE/E¼ 10�5–10�6) of the electron

beam. Further advantages of TEMs are built-in high quality

imaging systems and the possibility to acquire images and

diffraction patterns in the same measurement setup by adapt-

ing the electron imaging optics. The energy resolution of

spectrometers used for electron energy-loss spectroscopy

(EELS) of �0.1 eV further enables spectroscopy of the elec-

trons after their interaction with optical fields and allows

resolving quantum coherent features.14–16,18–21 However, for

some applications, the energy acceptance window of these

spectrometers, which is typically limited to �10 keV, is not

sufficient. In experiments focused on electron acceleration

by laser fields, the observed energy gains at sub-relativistic

electron energies are already approaching several keV9,10

and higher gains are expected in the future.8 Furthermore,

the specimen chamber in most TEMs has very small dimen-

sions (few millimeters in the electron beam direction). This

fact significantly limits the freedom of choice of light cou-

pling geometries and also makes the implementation of

experiments with more than one laser beam complicated.

In this paper, we describe the development of an experi-

mental setup based on an ultrafast scanning electron micro-

scope (USEM)38 equipped with a heated Schottky-type

field-emission tip cathode (in the following referred to as

Schottky cathode). The setup serves for the research of the

inelastic interaction between free electrons and optical near-

fields and will be used in the future as a tool for studying

different structure geometries and coupling schemes for effi-

cient electron acceleration9,39–41 and for the implementation

of different techniques for transverse and longitudinal

manipulation with freely propagating electrons on sub-

optical cycle time scales in time-resolved electron imaging

and diffraction experiments.23,29,42 The vacuum chamber of

the USEM accommodates both a dielectric nanostructure,

where the optical near-fields are generated by femtosecond

laser pulses, and a detection setup based on an

electromagnetic spectrometer and a microchannel plate

(MCP) detector, which allows us to measure the post-

interaction electron spectra. The spectra are studied as a

function of the time-delay between the pulsed electron beam

and the pulsed optical near-fields, the electron initial energy,

and/or the parameters of the nanostructure (material, geome-

try, etc.). This paper is focused on describing the details and

capabilities of this new USEM. Furthermore, we show a few

examples of applications of this setup. We investigate the

temporal broadening of the electron pulses due to repulsive

Coulomb interaction between the electrons. Furthermore, we

study the role of the resonance condition between the elec-

trons and the synchronous optical near-field mode. Finally,

we demonstrate the extension of the interaction length in

electron acceleration driven by pulse-front-tilted laser beam

at a chirped grating nanostructure.

II. EXPERIMENTAL SETUP

A. Laser source

In the experiment, two synchronized femtosecond laser

pulses are used both to temporally control the emission of

the electron pulse and to excite the optical near-fields in the

interaction region inside the USEM vacuum chamber (see

the layout of the experimental setup in Fig. 1). Ultraviolet

(UV) laser pulses induce electron photoemission in the

USEM electron gun, while infrared (IR) laser pulses excite

the optical near-fields on the surface of the nanostructure.

The IR pulses are generated in an optical parametric ampli-

fier (OPA) pumped by a Ti:sapphire regenerative amplifier

running at a repetition rate of frep¼ 1 kHz. The small repeti-

tion rate was chosen to achieve high peak powers, which

enables increasing the interaction distance between electrons

and laser fields in acceleration experiments while keeping

the amplitude of the field strength on the order of 10 GV/m.

Depending on the wavelength, the pulse duration and the

FIG. 1. (a) Layout of the ultrafast scanning electron microscope (USEM) experimental setup. The pulsed UV laser beam (violet) is focused by an achromatic

lens (ACL) to the USEM Schottky tip, where the electrons are photoemitted. The electron beam (grey) passes through the objective aperture (OA) and is

focused to the interaction region close to the surface of a periodic dielectric nanostructure. The pulsed IR laser beam (red), which is used for optical near-field

generation, is delayed by an optical delay line (Dt) and dispersed by a diffraction grating (G), whose surface is imaged by a cylindrical lens (CL) and an aspher-

ical lens (ASL) to the surface of the nanostructure in the USEM vacuum chamber. Electron spectra are measured by an electromagnetic spectrometer and a

micro-channel plate detector (MCP). (b) Photoemission electron current as a function of time from tip flashing (heating to �1600 K). Excitation photon energy

is EUV¼4.7 eV, and pulse energy is 12 nJ.
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pulse energy of the OPA signal and idler waves are sFWHM

¼ 50–100 fs and Ep>100 lJ. The UV pulses for electron

photoemission are generated by sum-frequency mixing the

signal wave from the OPA (wavelength of 1100–1600 nm)

and part of the basic amplifier output at k0¼ 800 nm, and

subsequent second harmonic generation. The UV laser beam

at a wavelength of kUV¼ 251–285 nm is focused on the

USEM Schottky cathode through the vacuum window from

a direction perpendicular to the tip symmetry axis with linear

polarization parallel to the electron emission direction. The

pulse energy is 0.5–30 nJ and the spot radius is wUV� 6 lm.

The laser beam is aligned to the front facet of the Schottky

cathode by heating the tip to high temperature (T> 1500 K).

The black-body radiation in the visible and infrared is used

to align two irises in the beam-path by maximizing the

power transmitted through the two apertures using a CCD

camera. The UV laser beam is then aligned to these two

irises. The fine alignment is done by optimizing the emitted

electron current detected by the MCP.

B. Pulsed electron beam

The femtosecond pulsed electron beam is generated by

photoemission in a standard SEM (FEI XL 30 FEG)

equipped with a Schottky cathode.43 The cathode consists of

a tungsten tip with a flat front facet (100–500 nm in diame-

ter) oriented in the h100i crystallographic direction. The

electrons are emitted by a single-photon process using the

UV femtosecond pulses to control the emission time. The

height of the surface potential barrier for electrons at the

front facet of the cathode [workfunction at the h100i tung-

sten surface is U¼ 4.6 eV (Ref. 44)] is lowered to 2.8–3 eV

by the Schottky effect due to the applied field strength of

0.8 GV/m and by a layer of ZrOx which is supplied on the tip

front facet when the tip is heated to 1800 K during continu-

ous operation.43 However, when the tip is kept at room tem-

perature to suppress the DC electron current in the

photoemission operation mode, the barrier height is slowly

increasing on time scales of several hours [see Fig. 1(b)],

probably due to deposition of impurities and adsorbates on

the surface and slow removal of ZrOx by laser illumination.

This drop of the electron current is present even for rela-

tively good gun vacuum levels of p< 4� 10�10 mbar. We

found that the increase in the effective barrier height satu-

rates at the value of Ueff¼ 4.5–5 eV determined from the

photon energy, at which the single-photon photo-emitted

current drops to zero after approx. 1 hour of operation. A

similar growth of the effective barrier height was previously

observed in experiments with optical field emission from

tungsten nanotips.34 To reach single-photon operation with a

stable emission current, we typically use the wavelengths of

kUV¼ 251–285 nm corresponding to the photon energy of

EUV¼ 4.35–4.95 eV.

The decrease in the electron current with time can be

partially suppressed by heating the cathode to a moderate

temperature of 1100–1300 K, where the DC current is still

negligible but the contamination of the surface is slower due

to the elevated temperature. However, this temperature level

is still too low to reach diffusion of ZrOx from the reservoir

to the tip apex. Due to this reason, we regularly flash the tip

by heating it to temperatures of �1600 K (similar to Ref.

37). After this procedure, the photoemission current returns

back to its original value.

To find out the influence of the laser illumination on the

drop of the photoemission current, we measured the current

with different time delays after flashing the tip with and with-

out continuous illumination by fs pulses. Here, we observed

that the trend of decreasing emission current with time is inde-

pendent of the illumination but the slope of this decrease -dI/dt
growth with laser power. From the results, we anticipate that

the illumination plays a significant role only at high power lev-

els. There are two possible reasons for this behavior: 1) The

multiphoton ionization of residual gas in the gun leads to pro-

duction of ions that are attracted by the cathode. When consid-

ering the gun pressure, laser repetition rate, and illuminated

volume, enough ions can be produced to cover tens of percent

of the front facet of the tip after one hour. 2) At high intensi-

ties, also the surface geometry of the front facet of the

Schottky cathode can change, similar to observations made

with a cold field-emission tip.45 This influences the field

enhancement on the surface and thus both the emitted electron

current and the spatial distribution of emitted electrons.

After photoemission, the electrons are accelerated by

electrostatic fields to the final kinetic energy of Ekin

¼ 1–30 keV. The electron beam is focused by the objective

lens to the focal plane with a working distance of wd¼20 mm

reaching a transverse spot size of we�50–100 nm (1/e2

radius) using a 100 lm diameter objective lens aperture (the

objective aperture is shown in Fig. 1). To increase the num-

ber of electrons available for the interaction, the condenser

lens of the USEM column is set to the highest probe current

setting, in which the electron beam is almost perfectly colli-

mated during its propagation through the column (see the

calculated electron trajectories in Fig. 5).

C. Optical near-fields, pulse-front-tilt

The optical near-fields used for the interaction with elec-

trons are excited by the IR pulses on the surface of a nonres-

onant silicon nanograting.10,23 The spatial distribution of the

synchronous spatial harmonics can be described as an eva-

nescent wave exponentially decaying with the distance from

the surface and propagating in the direction of the grating

k-vector.13 The cycle-averaged force acting on the electrons

during the interaction in the case of nonresonant structures

(without resonant enhancement of the near-field amplitude

of the synchronous mode) can be written as Fðt; zÞ
’ jEðtÞj exp ð�CxÞ sinðxtÞ, where E(t) is the temporal enve-

lope of the driving laser pulse electric field.

The time delay between the UV and IR laser pulses is con-

trolled by a standard optical delay line (0–600 ps, precision of

10 fs), effectively controlling the arrival time of electrons with

respect to the optical near-fields. For the light coupling geome-

try with the laser and electron beams perpendicular to each

other,30 the distance over which the electrons interact with the

near-fields is limited by the pulse duration for the flat intensity-

front beam. The interaction distance can be significantly

increased by using a pulse-front tilted (PFT) laser beam46,47
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[see the sketch of the interaction between the travelling electron

and the PFT laser beam in Fig. 2(a)] generated by a dispersive

element and the imaging optics shown in Fig. 1(a). While the

intensity fronts are tilted, the phase-fronts of such a spatio-

temporally modulated beam are still perpendicular to the

propagation direction. Therefore, the coupling to the evanes-

cent near-field mode is not affected. In fact, the group veloc-

ity of the envelope of the synchronous near-field is matched

to its phase velocity. By imaging the surface of the reflective

diffraction grating using a cylindrical lens with focal distance

of fcyl¼ 70 cm and the final focusing lens (asphere,

ffin¼ 25 mm), an intensity-front angle hPFT is reached in the

interaction region.48 The magnification of the imaging setup

in the dispersion plane determines the angle hPFT¼76�, which

fulfills the relation tan(hPFT)¼tan(h)fcyl/ffin, where h¼ 8� is

the diffraction angle of light at wavelength k¼ 1.93 lm at the

diffraction grating. To avoid spatio-temporal distortions of

the laser beam, we use a geometry in which the diffracted

beam is perpendicular to the diffraction grating.49

The PFT laser beam at a wavelength of k¼ 1.93 lm is

characterized using cross-correlation with a flat intensity front

beam on a silicon-based charge-coupled device (CCD) chip

utilizing the two-photon absorption process of the IR pulse

[see the sketch of the cross-correlation measurement in the

inset of Fig. 2(b)]. The transverse position of the peak of the

cross-correlation signal in the electron propagation direction z
is plotted in Fig. 2(b) as a function of the longitudinal shift of

the PFT beam with respect to the flat intensity-front beam. The

measured PFT angle hPFT¼ 74� leads to perfect synchroniza-

tion of the group velocity of the near-fields with electrons

propagating along the grating surface with velocity ve¼ 1/

tan(hPFT)c¼ 0.29c (c is the speed of light). With the PFT laser

beam, the interaction distance is only limited by the transverse

laser spot size in the electron propagation direction (�100 lm)

and the electron beam dynamics during the interaction.

D. Electron detection setup

The setup for detection of electron energy spectra after

the interaction with optical near-fields consists of a home-

built Elbek-type electromagnetic spectrometer42,50 and a

microchannel-plate detector (MCP, Chevron type) with a

phosphor screen imaged by a CCD camera [see the layout in

Fig. 3(a)]. The spectrometer is designed to offer a large

FIG. 2. (a) Layout of the interaction between an electron propagating downwards along the surface of a silicon grating and optical near-fields generated by a

pulse-front-tilted IR laser beam propagating horizontally from the left to the right. (b) Measured transverse position (along electron propagation direction z) of

the peak of the cross-correlation signal between PFT and flat-intensity front laser pulses on the CCD chip as a function of the longitudinal distance between the

two pulses (x-coordinate in the inset) adjusted by a translation stage. Inset: Sketch of the PFT characterization, where the change in the relative longitudinal dis-

tance between the PFT and flat-intensity front pulses leads to the transverse position dependence of the nonlinear detection signal on the CCD chip, labeled as xi.

FIG. 3. (a) Layout of the magnetic spectrometer. The point P1 indicates the position of the input slit (focus of the electron beam). (b) Measured response

functions (squares) of the magnetic spectrometer at different electron energies fitted by Gaussian functions (curves). (c) Measured dispersion curve of the spec-

trometer. (d) Resolution the spectrometer determined from the FWHM of the measured response functions shown in (b).
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energy acceptance window of dEk¼ 20–80 keV and close to

the linear dispersion relation. Its performance is verified

using a calibration procedure, where the initial electron

energy is varied by changing the USEM DC accelerating

voltage in the range 27.8–29.6 keV. The dispersion and

resolution of the spectrometer are measured [see Figs.

3(b)–3(d)]. The initial energy width of the electron distribu-

tion DE� 0.5 eV is negligible for the resolution measure-

ment. For data acquisition, two modes are available at

different experimental conditions. At the low repetition rate

of 1 kHz, the electron counting mode is used to suppress the

dark noise. Here, the individual peaks in images from the

CCD camera with amplitudes above a threshold, which is

higher than the noise level, are attributed to single electrons

located in the center of mass of each peak and integrated by

an acquisition software. Via this procedure, the spectral reso-

lution of <40 eV [see the measured FWHM of the response

function in Fig. 3(d)] and the high signal/noise ratio are

experimentally reached. This is close to the numerically cal-

culated 20 eV limited by the pixel size of the MCP detector.

In this regime, the electron current has to be low enough to

allow resolving individual electron density peaks. The back-

ground in the measured spectra of 0.001 counts/(s bin) is only

caused by the dark count rate of the MCP. At higher electron

currents, the second mode is used where the total above-

threshold image intensity from the CCD camera is integrated.

Here, the spectral resolution is limited to �100 eV due to the

spatial resolution of the MCP phosphor screen.

III. NUMERICAL SIMULATIONS

A virtual model of all active elements within the elec-

tron gun head is built in order to solve for the electric field

distribution in the gun head. The dimensions for this geome-

try as well as the applied voltages are taken from the techni-

cal drawings of the microscope itself. The Schottky cathode

is modeled as a conical tip terminated by a hemispherical

apex with a radius of curvature of r¼ 470 nm. To mimic the

end facet of the emitter, the cone tip is cut perpendicular to

the cone axis such that a flat surface with 300 nm diameter is

formed. The static electric fields shown in Fig. 4 are calcu-

lated using the electrostatics module of COMSOL multiphy-

sics in two dimensions (all the elements are cylindrically

symmetric). The field maps are then revolved around the

electron beam axis to yield the fully three-dimensional field

distribution.

Electron trajectories (see Fig. 5) are calculated by the

5-th order Runge-Kutta algorithm using the General Particle

Tracer (GPT). The initial electron distribution is defined in

the following way. The particle coordinates are generated

randomly over the end facet of the Schottky cathode, with a

two dimensional Gaussian distribution with a FWHM diame-

ter of 300 nm. The initial energy distribution is

f ðEÞ ¼ 2
ffiffiffiffiffiffiffiffi
ln 2
p
ffiffiffi
p
p

DE0

e
�4 ln 2

E�E0ð Þ2

DE2
0 ; (1)

where E0 is the central energy and DE0 is the FWHM energy

width. The energy width defines the magnitude of the initial

electron velocity. The direction of the velocity is uniformly

distributed in the solid angle of 2p out of the tip surface. In

the simulations, E0¼0.2 eV and DE0¼0.5 eV (typical values

for the single-photon photoemission from a Schottky tip38).

The distribution of the electron emission time corresponds to

the envelope of the UV laser pulse (Gaussian, sFWHM¼100

fs). We note that in addition to the electrostatic elements

modelled in COMSOL, magnetic elements such as con-

denser lenses are included in the particle tracing simulations

within GPT to accurately model trajectory effects during

electron propagation through the microscope column. The

Coulomb repulsion between the particles is taken into

account to describe the space-charge effects on the final

FIG. 4. Geometry of the numerical model of the electron gun with the longi-

tudinal component of the static electric field Ez calculated by COMSOL

multiphysics. Displayed electrodes are the suppressor cylinder (lower left

corner), extractor and condenser plates, and grounded plate for electron

acceleration to the final energy (top). Inset: Details of the distribution of Ez

around the tip apex.

FIG. 5. Electron trajectories calculated

by GPT (blue lines). Inset shows the

detail of the electron density close to

the apex of the Schottky tip (color

scale).
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pulse duration and transverse dimensions of the probe beam.

The position, velocity, energy, and arrival time are evaluated

at the interaction point of the experiment located 40 cm

downstream from the tip apex.

Each simulation contains a set of N¼ 3000 simulated

electrons. For a correct description of statistical effects on

the Coulomb interaction for few electrons per pulse, the

number of electrons per pulse follows a Poisson distribution:

f N;Navð Þ ¼ e�Nav
Navð ÞN

N!
; (2)

where Nav is the average number of electrons per pulse. The

bunch duration is evaluated from the Gaussian fit of the his-

togram of arrival times of all simulated electrons to the inter-

action point.

IV. RESULTS AND DISCUSSION

In this section, we describe the experimental characteri-

zation of the femtosecond pulsed electron beam of the

USEM. Furthermore, we show a few examples of measured

electron spectra after inelastic scattering of electrons by opti-

cal near-fields of silicon nanostructures. To reach efficient

energy transfer between the optical near-fields and the elec-

trons, the resonance condition between the phase velocity of

the m-th spatial harmonics of the near-field and the propaga-

tion velocity b (in units of speed of light c) of the electrons

has to be met.5,7,30,46 This synchronicity condition is fulfilled

if kp¼bkm, where kp is the period of the structure. During

the interaction, a time-periodic sinusoidal modulation of the

electron energy is induced. The post-interaction electron

energy spectra thus reveal information about the number/

density of electrons present at the structure at the same time

as the optical near-field pulse. By scanning the relative time

delay between the optical pulses generating the near-fields

and the electron pulses, the electron pulse duration is mea-

sured similar to Refs. 19, 23, and 51. Another option for

characterization of the electron pulse duration is to use pon-

deromotive interaction between the electrons and light.52–55

A set of parameters that fully characterize short electron

pulses consist of the center energy E0, an energy spread DE
arising from the photoemission process and/or Coulomb

interactions, the spatial coherence given by the transverse

(e?) and the longitudinal (ek) emittances of the beam, dura-

tion of the temporal envelope of the pulse, and the total

charge.56 The temporal resolution of experiments with

pulsed electron beams is limited by the achievable duration

of the pulse envelope (individual pulse envelopes in the case

of the attosecond pulse trains20,26,29,42) at the studied speci-

men. There are three main contributions to the final electron

pulse duration. The first arises from the short times after

photoemission, when the velocity of electrons is small and

the relative velocity spread Dv/v is high. In the case of flat

cathodes, this leads to temporal broadening by sacc

� ðm0DE=2Þ1=2=eEacc, where Eacc is the homogeneous accel-

erating electrostatic field, m0 is the electron mass, and DE is

the initial energy spread.57–60 However, for tip-based elec-

tron sources, the field is strongly inhomogeneous along the

electron trajectory. For this case, the acceleration

contribution to the electron pulse broadening can be calcu-

lated numerically. The arrival time of the on-axis electrons

as a function of the initial kinetic energy Ein (only longitudi-

nal velocity component assumed) can be written as

t ¼
ffiffiffiffiffiffi
m0

2

r ðd

0

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qðVð0Þ � VðzÞÞ þ Ein

p dz; (3)

where V(z) is the potential on the symmetry axis of the elec-

tron beam propagating along the z direction. The temporal

broadening of the pulse can be approximated as

sacc¼ t(Ein¼ 0) – t(Ein¼DE). The potential obtained from

the numerical solution of the Laplace equation DV¼ 0 gives

the field amplitude on the front facet of the Schottky cathode

of 0.8 GV/m. This leads to a temporal broadening of

sacc� 30 fs. The second contribution to the final electron

pulse duration is given by the laser pulse duration of slaser

¼ 100 fs. The final electron pulse duration (on-axis) can be

calculated as selectron �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2

laser þ s2
acc

q
. However, because of

the relatively large emission angle of the electrons due to the

distribution of the electrostatic field on the tip surface, addi-

tional broadening of the electron pulse arises from the trajec-

tory effect (see the calculated electron trajectories in Fig. 5),

the third contribution. The transverse distribution of elec-

trons along the beam path leads to different lengths of their

trajectories between the emission site and the interaction in

the chamber. From numerical modelling, we obtained a

value of �400 fs for the minimum electron pulse duration,

which can be obtained in the presented SEM-based setup.

A. Electron pulse duration measurement

The electron pulse duration is measured by acquiring

the post-interaction electron spectra as a function of the time

delay between the UV laser photoemission pulse and the IR

pulse (with PFT) that serves for the near-field generation on

the surface of the single silicon grating with a period

kp¼ 620 nm. The electron beam energy in these experiments

is 28 keV (ve¼ bc¼ 0.32 c) to fulfill the resonance condition.

The electron velocity is thus slightly faster than the group

velocity of the synchronous mode obtained using the PFT lead-

ing to shortening of the interaction distance to �50 lm. In Fig.

6(a), the electron spectra are plotted as a function of the time

delay between the UV and IR laser pulses. The cross-

correlation signal [squares in Fig. 6(b)] is obtained by integrat-

ing each electron spectrum out of the spectral window marked

by the two dashed lines in Fig. 6(a) (28.27–28.53 keV).

Because the nanostructure used to generate the near-fields is

nonresonant and because the tilted pulse fronts lead to equal

values of the group velocity of both optical near-fields and

electrons in the perpendicular coupling geometry, the temporal

envelope of the near-fields in the electron rest frame is given

by the temporal envelope of the laser pulse. For a sufficiently

high energy cut-off and with laser pulses significantly shorter

than the electron pulse duration, the cross-correlation signal

corresponds to the temporal envelope of the electron pulse

fe(t).
28
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The measured data are fitted with a Gaussian curve with

se,FWHM¼ 410 6 30 fs. This corresponds well to the numeri-

cal simulations predicting se,FWHM¼ 400 fs. Such short

pulses are only obtained in the regime of <1 electron/pulse

emitted from the cathode. We further investigate the depen-

dence of the electron pulse duration on the number of photo-

emitted electrons during a single laser pulse. For very high

pulse charges corresponding to 500 electrons/pulse emitted

from the cathode, the temporal envelope of the electron pulse

shows a double-peak structure [see Fig. 6(b)] due to the

Coulomb repulsion shortly after emission. The two peaks

correspond to the front and back parts of the electron pulse

that are repelled in the longitudinal direction and accelerated

to the final energy. Such a double-peak structure is not

observed for pulsed electron beams generated at flat photo-

cathodes.61 This can be explained by the difference in the

current density shortly after photoemission. With 500 elec-

trons per pulse emitted from the front facet of the tip, the

maximum density is approximately 50 times higher than the

current density with 104 electrons per pulse in a typical

experiment with a flat photocathode.61 The Coulomb interac-

tion causes acceleration of the front part and deceleration of

the trailing part of the pulse, leading to the observed two

peaks of electron density.

Apart from the initial energy spread due to the photo-

emission process, the electrons in the interaction region have

a correlated energy spread due to the spectral broadening

shortly after the photoemission and subsequent dispersive

propagation. Therefore, also the multi-electron pulses can be

in principle compressed back to sub-picosecond durations by

RF62–64 or THz compression techniques.65

In Fig. 6(d), we compare the measured pulse duration as

a function of electrons/pulse emitted from the cathode (lower

scale) and delivered to the chamber (upper scale) with the

numerical results. The probe current is limited by the diame-

ter dap¼100 lm of the USEM objective lens aperture and the

setting of the condenser lens. The combination of these two

parameters effectively sets the transverse emittance et of the

probe beam, which needs to be lower than 0.1 nm rad for

experiments investigating the interaction between electrons

and optical near-fields of periodic nanostructures due to the

short transverse decay length of the near-fields. The probe

current grows approximately linearly with the area of the

objective lens aperture. However, for large aperture diame-

ters, the transverse size of the probe beam in the focus grows

significantly (up to �1 lm with dap¼500 lm) due to aberra-

tions of the electron optics. For experiments with less strin-

gent requirements on the transverse emittance and spot size

of the electron beam, currents corresponding to the lower

scale in Fig. 6(d) can be used with the objective aperture

fully open (dap>500 lm). Also the pulse duration grows

with the aperture size due to the trajectory effects. The

FIG. 6. Electron pulse duration measurements. (a) Electron spectra as a function of the time delay between the electron and laser pulses (in Fig. 1, Dt is varied).

(b) Cross-correlation signal obtained from (a) by integrating electrons in each spectrum out of the region of the initial electron energy spectrum marked by the

two dashed lines (squares). The data are fitted by a Gaussian function with sFWHM¼410 fs (red curve) with an average charge per pulse emitted from the cath-

ode �0.2 electrons (0.03 aC). (c) Same as (b), with an average charge per pulse emitted from the cathode of 500 electrons (80 aC). The red curve represents

numerical simulation including Coulomb interaction. (d) Measured (squares) and calculated (red curve) electron pulse duration as a function of number of elec-

trons emitted from the cathode per laser pulse (bottom scale) and number of electrons per pulse in the interaction region (upper scale, USEM objective lens

aperture with the diameter of 100 lm).
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electrons propagating further from the symmetry axis have

longer trajectories than the on-axis electrons leading to

temporal broadening of the pulse. The minimum measured

pulse duration with the objective lens aperture fully open

is se,FWHM¼730 6 30 fs.42

B. Electron spectra after the interaction with optical
near-fields

When the resonance condition is fulfilled, the electrons

gain or lose kinetic energy dependent on their injection time

with respect to the phase of the optical near-field and on their

distance from the surface of the nanostructure.7,30 The result-

ing electron spectrum is broadened with exponentially

decaying tails [see the spectra with and without laser fields

in Fig. 7(a)]. The exponential decay is a consequence of the

transverse spatial shape of the accelerating/decelerating

fields.30 The energy gain of an electron interacting with a

near-field mode with constant phase velocity in the impulse

approximation assuming a small electron velocity change

Dve�ve is given by the integral

DE ¼ q

ð1

�1

Esynch
long ðr; tÞds; (4)

where q is the electron charge, Esynch
long ðr; tÞ is the longitudinal

component of the electric field of the synchronous harmonic,

and ds is the element along the electron trajectory. This

approximation, however, is only valid for our experimental

parameters when DE< 0.5 keV. For higher amplitudes of the

velocity modulation (Dve/ve>1%–3%), the electrons slip

over the initial phase of the near-field acting during the inter-

action and dephasing takes place.30 This limits the maximum

energy gain using periodic nanostructures to approximately

1–3 keV, depending on the interaction distance and the field

amplitude applied.10

1. The role of the resonance condition for the
interaction between electrons and near-field

If the resonance condition is exactly fulfilled when the

interaction starts and the electron velocity modulation

during the interaction is small (Dve/ve<0.5%), the final

electron spectra are symmetric as a consequence of the

temporal periodicity of the net force applied to the elec-

trons. This translates to the spatial periodicity in the elec-

tron propagation direction. The maximum energy gain and

loss before the onset of dephasing are given by Eq. (4).

However, when the electrons are initially slower than the

optical mode, the spectrum becomes asymmetric due to

different phase-matching (resonance) conditions for accel-

erated and decelerated electrons. In Figs. 7(b) and 7(c), we

show the measured (b) and calculated (c) spectra for elec-

trons with different initial velocity b. The phase velocity

of the accelerating mode was fixed in all the measure-

ments. The deviation from resonance leads to a difference

in the dephasing length and corresponding energy change

of the electrons that gain or lose energy. If the electrons

are initially slower than the optical mode, the acceleration

brings part of the electron distribution to the resonance

before dephasing occurs and these can be further acceler-

ated to higher velocities. However, for the decelerated

population, the dephasing comes earlier. As a conse-

quence, the beam obtains a net energy gain.

2. Controlling the resonance condition during the
interaction

To overcome the dephasing and to allow the electrons to

be accelerated over longer distances, the phase velocity of

the near-field mode has to be controlled during the interac-

tion either by the frequency chirp introduced to the laser

pulse or by the chirp of the period of the nanostructure.

Because of the limited spectral bandwidth of the laser pulses,

we use the second approach. The structure period adiabati-

cally grows along the electron trajectory as kp ¼ kp0 þ az,

FIG. 7. (a) Electron spectra after passing by the surface of the silicon grating without (black) and with (red) the pulsed laser beam present, exciting the syn-

chronous near-fields. (b) Measured and (c) calculated post-interaction electron spectra for different initial electron energies 28.5–29.3 keV (spectra were verti-

cally shifted for clarity). The resonance condition is met for the black spectra. An initial electron velocity smaller than the synchronous mode phase velocity

leads to an asymmetric shape of the spectra as a consequence of different dephasing lengths for accelerated and decelerated electrons.
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where kp0 is the initial structure period, a� 1 is the parame-

ter of the linear chirp, and z is the electron propagation direc-

tion. In Fig. 8(a), we show the electron spectra after the

interaction with the optical near-fields of a chirped single-

grating structure as a function of the chirp parameter a. The

peak electric field of the laser beam with optimized PFT is

measured to be 1.5 GV/m. The maximum measured energy

gain as a function of a is shown in Fig. 8(b).

The highest observed energy gain of 3.8 keV is limited

by several factors. The first limitation is due to the signal to

noise ratio achievable in the presented setup with electron

pulses containing less than 1 electron per pulse and the repe-

tition rate of only 1 kHz. The second limiting factor is the

sharp dependence of the longitudinal and transverse forces

both on the injection phase of the electrons and on their dis-

tance from the surface of the nanostructure. Therefore, the

amount of electrons that can propagate along the chirped

structure with the acceleration exactly matching the phase

velocity of the mode decreases exponentially with the trav-

elled distance. In other words, the electron beam experiences

a non-uniform growth of both transverse and longitudinal

emittance preventing further interaction with the appropriate

phase of the optical near-field.

In RF accelerators, for instance, the electrons become

relativistic during one field oscillation and then propagate

with the velocity close to c. Therefore, the relative changes

of both transverse and longitudinal velocities during one

period of the accelerating field become very small. However,

even with GeV/m gradients reached in dielectric laser accel-

erators,66 the energy gain over one grating period for elec-

trons initially at 30 keV is of the order of 1 keV. Therefore,

the electrons need to oscillate in the optical near-field many

times before they reach relativistic energies. Furthermore,

the accelerating mode in a typical RF cavity is cylindrically

symmetric allowing the use of focusing elements along the

beamline to keep the beam transversally confined. The lack

of the transverse spatial symmetry of the accelerating fields

makes the electron dynamics of dielectric laser accelerators

extremely complicated. For the future success of the particle

accelerators driven by optical near-fields, a configuration

allowing stable acceleration of electrons trapped in a fraction

of the phase space (both longitudinal and transverse) has to

be developed.

V. CONCLUSIONS

The experimental setup based on an ultrafast scanning

electron microscope was developed for the investigation of

the interaction between free electrons and optical near-fields

or optical fields in general (see, for example, the inelastic

scattering of electrons at a ponderomotive potential of an

optical travelling wave described in Ref. 42). Due to its vari-

ability, it can also serve for time-resolved electron diffrac-

tion and microscopy experiments. The characterization of

the pulsed electron beam confirms the possibility of directly

(without further compression) reaching femtosecond tempo-

ral resolution with this setup with the lower limit for the

electron pulse duration of se,FWHM¼410 fs. The implementa-

tion of the pulse front tilt to the femtosecond pulsed laser

beam further allows increasing the interaction distance

between the electrons and high-amplitude optical near-fields

far beyond the limit for the flat-intensity front beam. We

show that by controlling the resonance condition between

the propagating electrons and the optical near-fields, the

shape of the electron spectra changes. By chirping the struc-

ture period, the synchronous interaction for electrons accel-

erated along the structure is reached leading to the increase

in the maximum energy gain to 3.8 keV. Entering the regime

of laser-driven electron dynamics brings many challenges

for the further development of the dielectric laser accelera-

tors. Reaching transverse and longitudinal beam stability

will require the generation of focusing forces based on near-

field10 or ponderomotive interaction.67 The implementation

of these advanced schemes is the next step towards develop-

ing a miniaturized electron accelerator driven by optical

fields. The USEM presented here will be helpful to provide

the well-controlled electron beam with widely varying and

well-matching beam parameters.
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Abstract
Here we propose a miniaturized electron source driven by recent experimental results of laser-
triggered electron emission from tungsten nanotips and dielectric laser acceleration of sub
relativistic electrons with velocities as low as 5.7 10 m s7 1´ - or energies as low as 9.6 keV, less
than 20% of the speed of light. The recently observed laser-triggered emission of coherent low-
emittance electron pulses from tungsten nanotips naturally lends itself towards incorporation
with subrelativistic dielectric laser accelerators (DLAs). These structures have previously been
shown to accelerate 28 keV electrons and here we report on the utilization of the 4th and 5th
spatial harmonics of near fields in the single grating DLA to achieve acceleration of electrons
with kinetic energies of 15.2 and 9.6 keV. We then propose the combination of needle tip
emitters with subrelativistic accelerators to form a mm-scale device capable of producing
electrons with arbitrary energies.

Keywords: laser-driven electron emission, laser-driven electron acceleration, non-relativistic
electron beam, inverse Smith–Purcell effect

(Some figures may appear in colour only in the online journal)

1. Introduction

Dielectric laser acceleration, the acceleration of charged par-
ticles by the near fields of optical and NIR lasers traversing
micron-scale dielectric structures [1], has previously been
shown to impart energy to electrons injected with kinetic
energies of 28–100 keV, and 60MeV [2–4]. The accelerating
gradients of these structures have been found to be as high as

300MeVm−1 and are expected to soon exceed
1 GeVm−1 [5].

The large field gradients and mm-sized footprint of these
structures has motivated a proposed design of a miniaturized
electron source that incorporates dielectric laser accelerator
(DLA) accelerating sections. However, two challenges have
previously stood in the way of realizing such a source. First,
in order to miniaturize the design, electrons with energies
lower than 28 keV need to be efficiently accelerated by DLAs
(so that 28 kV DC accelerating fields and their associated
infrastructure do not need to be employed). Second, an
appropriate electron source for subrelativistic DLAs needs to
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be determined. To address the first point, we report here on
acceleration of electrons with kinetic energies below 10 keV,
permitting the use of a DC injector gun with sub-cm size.
State of the art electron guns typically have overall dimen-
sions that are 5 cm or larger, however many of the critical
feature sizes in these guns are limited by the breakdown
voltage of the metals composing the guns. By operating our
proposed electron gun at voltages 3 to 10 times smaller than
standard electron gun voltages (30–100 keV), we can reduce
these critical feature sizes by a factor of at least three.

To address the second challenge, we note that the typical
DLA geometric dimensions place restrictions on potential
emitter sources. For instance, in order to traverse the 1 micron
tall by 500 micron long acceleration channel in [4] without
colliding into the dielectric structure, the accelerated electron
beam must have a sub-micron spot size and an emittance
below one micron-radian, well below the standard operating
conditions of the copper photocathodes in most accelerator
facilities. Similar requirements are placed on the emittance of
a DLA-appropriate beam if one demands that electrons stay
within one transverse decay length of the accelerating fields
of the single grating DLA described in [2] and below. Laser-
triggered tungsten nano emitters may provide suitable elec-
tron beams for DLA operation. We summarize here recent
results on the sub-nm emittance, sub-micron spot size electron
beams generated by laser triggered emission of tungsten
nanotips [6].

Finally, we put forward a preliminary design that incor-
porates the nanotips with the sub relativistic DLA design to
form a miniaturized electron source. We comment on
potential applications for such a source and discuss further
challenges for improving its efficacy.

2. The single grating DLA as a subrelativistic
accelerator

The single grating DLA acts as a phase mask for a laser pulse
traversing the structure from below. The diffracted laser pulse

generates near fields above the grating that are used to
accelerate electrons traveling from left to right in figure 1.
Synchronous acceleration occurs if a spatial harmonic of the
diffracted near field has a phase velocity matching the tra-
versing electron velocity. This synchronicity condition can be
expressed as

m
, 1( )b

l
=

L

where β is the longitudinal speed of the accelerated
synchronous electron divided by the speed of light, Λ is the
structural periodicity of the single grating, m is the order of
the accelerating mode harmonic and λ is the central
wavelength of the incident laser pulse. In order to ease the
process of miniaturizing a DLA-based electron source, we
aim to decrease the velocity of electrons that can be
synchronously accelerated. This can be achieved by either
decreasing the structural periodicity of the single grating,
increasing the order of the harmonic used to accelerate
electrons, or increasing the central wavelength of the incident
laser source. Decreasing the structural periodicity is limited
by fabrication capabilities. Although all approaches are being
considered by the authors, we report here specifically on
using higher spatial harmonics (m=4, 5) to accelerate
electrons with kinetic energies much less than 28 keV. We
note that all spatial harmonics are excited when the single
grating is illuminated. However, only the harmonic which is
synchronous with the electron velocity will impart a net
acceleration to the electrons. For instance, if a 9.55 keV
electron traverses the single grating, it will see a continuous
increase in energy due to interaction with the 5th harmonic.
Although it will also interact with the fields generated by the
fundamental harmonic, it will encounter rapid phase slippage
due to the mismatched velocity of the mode and the electron.
The electron will see accelerating fields for half of an optical
cycle, then decelerating fields the next half optical cycle,
resulting in zero net energy gain. Nevertheless, because the
amplitude of the non-synchronous lower-order modes are
stronger than that for the synchronous 5th order mode, it is
important to confirm that acceleration due to interaction with
the 5th harmonic is detectable in our setup.

For the fused silica structures tested, the grating peri-
odicity is 750 nm and the depth and width of the grating
trench is 280 and 325 nm respectively. This grating period, set
by fabrication limits of fused silica, determines the kinetic
energy of electrons synchronous with each harmonic. Elec-
trons with a kinetic energy of 15.2 keV are synchronous with
the 4th harmonic whereas electrons with a kinetic energy of
9.55 keV are synchronous with the 5th harmonic generated by
this structure. The longitudinal electric field profiles of the
3rd–5th harmonics, as computed in a eigenmode field-solver
[23], are shown in figure 2. We note two important properties
of these field profiles. First, the relative strength of these
profiles (generated by a 3 GVm−1 incident field) is reduced
for higher harmonics. The 4th harmonic has approximately
60% of the maximum field strength of the 3rd harmonic, and
the 5th harmonic has approximately 30% the maximum field
strength of the 3rd harmonic, corresponding to accelerating

Figure 1. Illustration of two periods of a cross-section of the single
grating DLA. A laser pulse incident from below excites near fields
with travelling wave modes that can synchronously interact with
electrons travelling from left to right above the grating. Here red
fields are accelerating and blue fields are decelerating.

2

J. Phys. B: At. Mol. Opt. Phys. 49 (2016) 034006 J McNeur et al

72 5. Publications



gradients of 18 and 9MeVm−1 for electrons travelling 20 nm
above the surface of the grating. As a result, we expect
smaller total energy gains. Second, it is clear that as the
harmonic number increases, the e1 transverse decay length
decreases, consistent with the fact that it scales with bgl [5].
Consequently, the requirements of electron beam transverse
size and alignment with the DLA sample are stricter when
higher harmonics are used. Further, the fraction of electrons
that are accelerated is reduced for higher harmonics, as we
discuss below.

2.1. Single grating subrelativistic acceleration: experimental
setup

Our DLA experimental setup is described in detail in [7] and
summarized here. A scanning electron microscope (SEM)
column (Hitachi S-570) serves as a DC electron source with a
tunable electron emission energy in the range of 5–30 keV.
The width of the electron energy distribution at 28 keV is
typically 10 eV. The beam is aligned so that it is parallel to
the surface of transparent fused silica grating (grating period
750 nm) and focused by a condenser magnet so that the spot

size (1/e radius) is 70 nm at 28 keV and 250 nm at 9.6 keV.
Femtosecond laser pulses from a long-cavity Ti:sapphire
oscillator with a repetition rate of 2.7MHz, a pulse length of
115 fs, a center wavelength of 787 nml = and a pulse
energy of 160 nJ are used to excite the accelerating mode of
the grating. The laser beam is focused to an elliptical spot
shape with gaussian radii w1=8.6 μm, w 3.6 m2 m= and is
perpendicularly incident on the grating surface in the geo-
metry shown in figure 1. The long axis of the laser spot profile
is parallel with the direction of electron travel. The spatial
overlap between electron and laser beams was adjusted using
the electron-induced scintillation of phosphorus grains
deposited on the top of the substrate. The incident laser
polarization is parallel to the electron propagation direction.
After interaction with the laser field, electrons pass through a
retarding field spectrometer that only allows the traversal of
electrons that have gained energy. Transmitted electrons were
detected by a micro channel plate (MCP) detector down-
stream of this effective energy filter. To decrease the back-
ground photon signal on the MCP, electrons were deflected
by pair of coils and high energy photons emitted from the
SEM column were blocked.

In our setup only a small fraction of the DC electron
beam can interact with the short laser pulses. The effective
electron current interacting with the laser beam can be written
as I I feff b p rept= where Ib is the electron current from the
SEM column, and pt and frep are the pulse length and repe-
tition rate of the incident laser respectively. Due to the fact
that electrons sample all injection phases of the accelerating
mode, accelerated electrons represent only a fraction of
interacting electrons. To detect count rates on the order of one
electron per second we used a time-resolved detection scheme
where the time delay between each count on the MCP and the
following laser pulse was measured by a time to digital
conversion unit. Laser pulses were detected by an avalanche
photodiode. The temporal resolution of this setup is 1–2 ns.
The resulting time delays were plotted in a histogram (as
shown in figures 4 (b) and (c)). The background counts (due
to the MCP dark current, high energy photons and electrons
emitted from the spectrometer) are equally distributed in time
but the signal counts of accelerated electrons appear as a peak
with a fixed time delay. To determine the count rate, the

Figure 2. Field profile of the longitudinal component of the electric field directly above one structural period of the single grating DLA for the
3rd harmonic (left), 4th harmonic (center) and 5th harmonic (right). More detail is in the text.

Figure 3. The rate of accelerated electron counts per second on the
MCP screen for the 3rd and 4th harmonics as a function of incident
electron kinetic energy. Maxima of the distribution correspond to
phase synchronous acceleration.
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signal was then integrated over the peak width (a 3 ns time
window) and the average background count rate was sub-
tracted. The resulting signal was then divided by the inte-
gration time.

2.2. Single grating subrelativistic acceleration: results and
discussion

In all accelerators working with time-dependent fields, syn-
chronicity between the acceleration modes and electron
velocity must be met for efficient operation. In the case of the
DLA, electrons with β given by equation (1) feel the highest
acceleration gradient. However, due to the spectral width of
the incident laser pulses and the short interaction distance of
the electrons and laser pulse, the energy acceptance of the
DLA is non-zero. As we show in figure 3, the width of this
distribution changes for different spatial harmonics. We
compare count rates of accelerated electrons in dependence
on initial electron beam energy for the 3rd (energy gain above

100 eV) and 4th (energy gain above 30 eV) spatial harmonic.
Gaussian fits show FWHM widths of 1.4 keV for 3rd and
0.42 keV for 4th harmonic, respectively, corresponding to
relative widths of the initial velocity distributions of 2.3% and
1.3%. Thus, when experimental conditions are kept constant
(laser power, wavelength, spot size), the velocity ‘acceptance’
of electrons which can be accelerated becomes narrower for
higher spatial harmonics. This can be explained as follows:
The acceleration mode for mth spatial harmonic contains m
oscillations per grating period. For an electron to be accel-
erated, it has to ‘surf’ on the accelerating wave. However, for
higher spatial harmonics, the spatial distance between accel-
eration and deceleration fields decreases. Moreover, the
interaction time increases because of smaller electron velo-
city. Therefore a smaller relative change in the electron initial
velocity causes the electron to dephase from accelerating to
decelerating fields; thus preventing efficient acceleration.
Finally, we note that we obtain peak count rates for electron

Figure 4. (a) The rate of accelerated electron counts per second on the MCP screen for the 3rd (black), 4th (red) and 5th (green) harmonic as a
function of energy gain of the accelerated electrons. The resulting maximum field gradients are 27, 15 and 7.5 MeV m−1 respectively. (b)
MCP integrated counts/sec as a function of time after part of the incident laser pulse was picked off and sent to a avalanche photodiode. The
accelerated signal (corresponding to 9.6 keV electrons in (b) and 15.2 keV electrons in (c)) is at 320 ns.

Figure 5. Evidence of transverse coherence of laser-triggered (a) and dc-field (b) emitted electrons, with the transverse coherence length x̂
highlighted. In the former case, the tip is held at –41 V as a near-uv laser (with a 3.1 eV photon energy) is focused onto the tip apex. In the
latter case the tip is held at –53 V. To generate these interference fringes, the emitted electrons pass a freestanding carbon nanotube beam
splitter placed in close vicinity to the tip and are then incident upon a downstream micro-channel plate detector. We note that this data is
taken from the same data set used in [6], but with a different carbon nanotube position. For more details, see [6].
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energies 28.4 and 15.2 keV. Further measurements have been
carried out at these energies.

In figure 4(a) we show accelerated electron count rates as
a function of the voltage difference between the retarding
field spectrometer and the center of the electron beam energy
distribution. This difference corresponds to a threshold energy
gain of electrons detected at each point. Initial electron beam
energies were 28.4, 15.2 and 9.6 keV for the 3rd–5th spatial
harmonics, respectively. The measured data matches the
theoretical curves obtained by FDTD simulations and particle
tracking quite well. For our custom-made FDTD code, we use
Yee’s algorithm [8] with a cartesian grid with spatial and
temporal sampling of 10 nm and 10 as respectively. Particle
tracking was performed with standard finite difference
methods.

In our calculations we took into account the dependence
of the electron current and spot size on electron initial energy.
Due to the significantly larger electron spot size at 9.6 keV,
the electron density at the sample surface decreases. More-
over, our SEM electron energy cannot be tuned continuously
in this energy region and we cannot reach the ideally syn-
chronized electron energy for 5th harmonics (9.55 keV). This
fact also contributes to the low count rate observed in the 5th
harmonic measurement.

3. Laser-triggered nanotip electron source

The single grating DLA scheme requires excellent injector
beam quality in order to obtain a small beam in close vicinity
to the grating as the acceleration efficiency drops quickly on a
typical length scale of one optical wavelength (more pre-
cisely, ,

2
d = bgl

p
see [5], typically on the order of 100 nm or

less). In other DLA geometries such as the double grating
geometry described in [4], merely transmitting the electron
beam through the acceleration channel, typically 1 micron tall
by 1 mm long, requires an electron beam with extraordinarily
low divergence. Thus, an electron source exhibiting an
emittance of well below 1 micron-rad is crucial.

The property of small emittance is related in a large
degree with a large transverse coherence length [6]. The
highest quality electron beams feature large transverse
coherence lengths and a narrow energy spread along with a
small emittance. Metal needle tips (nanotips) operated in
(cold) dc-field emission are regarded as electron sources
which perfectly meet these conditions for practical purposes
[9]. They typically have apex radii of 10 ,..., 100 nm, which
leads to a large static field enhancement. The underlying
physics of the dc-field emission process is covered within the
Fowler–Nordheim framework [10].

The transverse coherence length x̂ is defined as the
distance between two points for which interference can still
be observed. Employing the van Cittert–Zernicke theorem
(see for example [11]), we obtain x̂ at a certain distance d
from the source. This can be directly related to its (effective)
radius reff as d r ,db eff( · ) ( · )x l p=^ where dbl is the de
Broglie wavelength. Hence, the smaller the source the beam
seems to be originating from, the larger the coherence width.

Nanotips in dc-field emission typically exhibit values for reff
on the order of 1 nm and below [12, 13], clearly smaller than
the geometrical emission surface, which is quite remarkable
as it means that there is already a non-zero coherence length
at the emission site. Therefore these emitters are said to be
partially coherent. As the beam quality does not only depend
on the emission process (see e.g. thermal emission, Schottky
emission and variants thereof), but also on the coherence of
the electrons inside the conduction band [12], it has been
unclear whether these well-known properties are preserved in
a laser-triggered emission process—even though their use as
an ultrafast electron source has been proposed almost a dec-
ade ago [14–16].

In a recent experiment [6] an upper bound for reff of a
tungsten tip triggered by a near-UV laser (photon energy of
3.1 eV) has been obtained and directly compared to the value
in dc-field emission. It has been shown the value of 0.8 nm for
a tungsten tip of 10~ nm radius triggered by a laser beam in
a one-photon emission process is quite comparable to the one
obtained in dc-field emission (0.6 nm) from the same tip.
Moreover, the geometric root mean square electron beam
emittance at 44 eV is as low as 0.08 nm rad, corresponding to
a normalized rms emittance of 1 nmmrad. For the purpose of
DLA this renders a laser triggered needle tip emitter an ideal
source, as a small beam diameter in close vicinity to the
grating can be easily achieved with suitable electron optics,
which ensures a homogeneous acceleration coefficient across
the entire beam. Synchronization of the electron beam with
the accelerating laser pulse is inherently given as the same
(frequency doubled) laser beam can be used for triggering
electron emission from the tip as for accelerating.

4. Proposed electron source

The aforementioned tip source is suitable for integration with
a DLA section based on the subrelativistic acceleration pre-
sented above. Electrons are emitted from the tip with a nor-
malized emittance of approximately 1 nm-mrad and a spot
size that can be collimated to a size of less than 100 nm,
suitable for traversing DLA accelerating regions with typical
sizes of 100 s of nm. In the double grating structure described
in [4], this means the electrons can easily traverse the
structure without colliding with the walls of the accelerating
channel. In the single grating structure described above, this
means that the electrons can traverse the fields without
bending away from the region in which accelerating field are
significant.

In order to accelerate electrons to 10 keV (the lowest
kinetic energy of electrons that have been accelerated via
DLA interaction), we propose the use of a DC electric field
generated by a –10.0 kV anode on the order of 1 mm away
from the apex of a laser-triggered tungsten nanotip floating at
–10.1 kV. Approximately 5 mm downstream of the –10 kV
anode is an anode at –100 V, designed to accelerate the
electrons to 10 keV while maintaining collimation. This
separation distance between each element is dictated by the
breakdown threshold of metal in vacuum (∼25 MVm−1) [17]
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as well as the dc field emission threshold at the laser-triggered
tip (approximately 2 GVm−1), taking into account the dc
field enhancement at the 100 nm scale radius tip. A schematic
of our proposed design is given in figure 6.

As mentioned above, it is critical that the electrons
reaching the DLA components are collimated. Otherwise,
they will either crash into the DLA structure or be thrown
away from the strong accelerating fields. To achieve this
collimation, we first consider the beam envelope equation
[18]:
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Here, n is the normalized emittance, rm is the beam
radius, kf is the transverse focusing coefficient due to external
fields, and K I I2 0

3 3( )b g= is the generalized perveance,
with the Budker or Alfvén current for electrons: I 17 0000 =
A. The perveance is a measure if the space charge effect
[18, 19]. To determine the necessary focusing strength, we
assume the case of balanced or Brillouin flow, in which a
focusing lens balances the defocusing forces due to emittance
and coulomb repulsion. That is, r 0.m

0000 g= ¢ = By equating
the focusing term with the perveance term in the resulting
simplified beam envelope equation, we find that
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By then assuming a kinetic energy of 10 keV, a beam
radius of 100 nm and a space-charge limited peak current of
1 mA [5], we find that the required focusing strength is less
than 0.1 m .2m - Such focusing forces are easily achievable for

the electrostatic collimating gate scheme demonstrated in
[21], for instance. By scaling down the design dimensions in
[20], we expect the size of this gun (with collimating gates
included) to be less than 2.5 cm in the direction of electron
propagation. Simulated fields in figure 6 confirm this scaling.

Once electrons reach an energy of 10 keV, they are then
injected into the DLA accelerating sections. As the electrons
are accelerated, their velocities increase, and the geometry of
the structure is modified to match the phase velocity of the
accelerating mode to this increasing electron velocity. Addi-
tionally, when the electrons have reached an energy of
15 keV, the structure is adapted so that the 4th harmonic is the
synchronous accelerating mode, when they reach 28 keV, the
3rd harmonic is the synchronous mode and so on. Within a
few mm, the electrons can then reach energies approaching
1MeV. To reach this energy in a small distance, the accel-
erating gradients will need to approach 100 s of MeVm−1.
Work is underway to improve the accelerating gradients at
these low energies by changing the dielectric material (to
silicon or anodic alumina, for instance), the geometric para-
meters of the grating, and the incident laser wavelength.

Moreover, the interaction distance between the electrons
and the laser pulse will need to be increased by more than an
order of magnitude. This requires a pulse energy that scales
with the beam diameter squared (to operate slightly below the
damage threshold of the material), and pulse front tilting of
the intensity front of the incoming laser relative to its phase
front. Pulse front tilting will remove the limitation on the
interaction length imposed by the temporal pulse length of the
incoming pulse [22].

A MeV electron source with a footprint of less than a cm
can potentially be used for applications such as tumor or
neuronal endplate irradiation. Such a device would fit on the

Figure 6. Proposed DLA-based electron source. Electrons that are accelerated to 10 keV by the DC photogun are then accelerated by multiple
sections of DLA. Simulated fields in the gun section of the electron source are shown on the bottom left. Field strength is limited by
breakdown of the metals composing the gun. Electrons leave the gun at 10 keV. The periodicity of the DLA sections is varied so that the
phase velocity of the accelerating mode matches the increasing electron velocity.
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end of a catheter or endoscope and could be used in a surgical
setting [1]. However, to realize such a device, a few technical
challenges must first be addressed. First, the electron beam
produced by such a source must remain focused as it travels
through the DLA (after it has exited the aforementioned
external electrostatic focusing fields) even as it potentially
sees the deflecting fields of the accelerating mode. To main-
tain beam collimation, the transverse forces of the DLA fields
(experimentally detected in [3]) could be utilized to create
focusing fields, such as those proposed in [22].

Finally, we note that the current produced from the
nanotips will need to be increased in order to make for an
effective tumor irradiation. In [6], single electron per pulse
(and thus pA average current, depending on the repetition rate
of the triggering laser) beams are proposed with the afore-
mentioned emittance values. This emitted electron beam,
when implemented in our proposed electron gun, is appro-
priate for applications such as ultrafast electron diffraction.
However, for effective tumor irradiation for example, nA
average currents are necessary. To achieve this, higher laser
fluences will need to be used to trigger the emission. In [20],
2000 electrons per pulse were laser-triggered using a similar
tungsten tip and a 6 fs 80MHz Ti:Sappphire laser. Although
the emission current remained stable over a time scale of 10
min, tip stability, potentially improved with a larger tip radius,
will be further studied to ensure a robust electron source for
potential DLA applications. Moreover, the assumption of
Brillouin flow used to derive equation (3) is no longer valid,
and more involved simulations will be implemented to fully
characterize the particle dynamics of collimation.

5. Conclusion and outlook

We have demonstrated DLA-based acceleration of the slow-
est electrons tested with DLAs to date. The acceleration of
electrons with energies as low as 10 kV, combined with new
results demonstrating sub-nm emittance of electrons emitted
from a laser-triggered tungsten nanotip leads to the possibility
of a novel compact electron gun which is briefly described
here. To fully realize the applications of such an electron
source, future work is focused on beam collimation and
generating sufficient currents from the laser-triggered tips.
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