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Abstract
Since the first half of the 20th century, metal tips ending in hemispheres with a radius
of curvature of hundreds of nanometers or less have been used as stochastic field
emission electron sources because the small radius of curvature allows the application
of very strong electric fields to the tip apex. These tips are high brightness electron
sources because they have very small virtual source sizes-typically smaller than the
tip radius. In this work, field emission tips are operated as pulsed electron sources
triggered by a femtosecond laser; thus, the temporal profile of the electron emission is
determined by the laser pulse, but the source size is much smaller than the di↵ractionlimited laser focal spot. Furthermore, due to optical field enhancement at the tip apex,
it is possible to get into the strong field regime, where electron emission happens on
a time-scale shorter than the optical period. Possible applications of these sources
include ultrafast x-ray tubes, improved ultrafast time-resolved electron microscopy
and di↵raction, injectors for laser accelerators, and quantum optics experiments with
time-tagged electrons.
The first part of this thesis presents a unified picture of the ultrafast laser-induced
emission processes (photo-assisted field emission, multiphoton emission and strong
field photoemission, thermally enhanced field emission) and experimental characterization of these processes. The second half describes two ongoing experiments that
seek to directly characterize the electron pulses in time. The first is based on streaking
the bias field of the tip, which maps the electron emission time onto electron kinetic
energy. The second is a cross-correlator for electrons and photons, where an electron
absorbs a photon in the near field created by scattering light from a nanostructure.
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These experiments will constitute not only the first direct measurement of the electron pulse duration in this system but will also point the way towards new techniques
for manipulating ultrafast electron pulses with optical and microwave fields.
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Chapter 1
Introduction
1.1

Ultrafast electron sources

In 1982, Mourou and Williamson built an electron di↵raction apparatus using 100
picosecond electron pulses [1]. Their electron source was a modified streak tube, with
an aluminum photocathode. This—a pulsed electron source synchronized with a laser
source that could act as a pump—led to the field of time-resolved electron di↵raction,
with modern experiments using 100–500 fs electron pulses generated from flat photocathodes [2, 3]. At almost the same time, starting in the 70’s, Lee and coworkers had
investigated using lasers to generate electrons from field emission tips [4, 5]. Using
cw lasers, they observed thermally-induced emission processes and photofield emission. Our group [6] and another group [7] independently had the idea of combining
ultrafast lasers with field emission tips and studying ultrafast electron emission from
these sources.
Field-emitter based ultrafast electron sources have unique properties that could
enable a wide range of new technologies. Field-emitters have small source sizes,
which leads to greater transverse coherence and lower emittance than planar cathode
sources. For this reason, they are used as electron sources in high-resolution transmission electron microscopes and in electron interferometers [8]. Due to optical field
enhancement, they may be operated in the non-adiabatic tunnel regime [9, 10], which
results in sub-optical cycle electron emission. Besides their potential as sources for
1
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ultrafast electron di↵raction and microscopy, the small source size of ultrafast lasertriggered field-emitters makes them attractive sources for dielectric laser acceleration
[11] and ultrafast microfocus x-ray tubes [12]. Their expected large transverse coherence length opens up the possibility of ultrafast time-resolved electron interferometry
[13] and holography. A femtosecond electron source with high transverse coherence
could make it easier to implement electron beamsplitters from standing light waves;
the requisite high laser intensities [14] could be reached using ultrafast optical pulses
because the electron source can be synchronized with the beamsplitter.

1.2

Figures of merit

To make a formal comparison between the tip-based ultrafast electron source and
planar photocathode-based sources, it is helpful to consider some figures of merit.
The improved emittance, brightness and transverse coherence figures for tip-based
sources follow because the source size is smaller than for planar photocathodes.
Three interrelated figures of merit are used in electron optics to quantify beam
quality. The emittance of a beam is a measure of how parallel the trajectories in
a collimated beam are. The smaller the emittance, the more parallel a collimated
beam, the less blurring of di↵raction spots will occur in a di↵raction measurement,
and the smaller a spot can be produced by focusing the beam with a lens of a given
focal length. The brightness is proportional to the current in the beam divided by
the emittance; since in practice, di↵raction and imaging experiments must use finite
integration times, the amount of current available in a high quality beam determines
what signal to noise can reasonably be achieved. Finally, the coherence of the beam
is related to the visibility of fringes that would be obtained by performing an interference experiment between two di↵erent parts of the beam and is evidently important
for interferometers, but can also lead to enhanced signal to noise in di↵raction experiments.1
1

The definitions of emittance, brightness, and coherence used here are based on references [17] and
[18]; the first reference gives a practical introduction to emittance and brightness of electron beams,
and the second gives a phase-space treatment for synchrotron radiation, including a discussion of
coherence.

Parameter

Flat photocathode [2]

Field-emitter photocathode

E↵ective source size
Pulse duration
Beam size at sample
Beam energy
Initial energy spread
Number of electrons per pulse

150 µm
100 fs
100 µm
300 keV
0.2 eV
104 105

1-2 nm
1-10 fs [9]

CHAPTER 1. INTRODUCTION

Table 1.1: Typical experimental parameters for ultrafast electron sources

0.2-0.3 eV (DC emission)
103 104 [15, 16]

3
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Field emission tip sources have temporal advantages over flat photocathodes as
well. Optical field enhancement enables multiphoton emission from tips in a suboptical-cycle emission regime [19], and the high DC fields at the surface of a tip
rapidly accelerate the electrons from rest, mitigating kinematic broadening of the
electron pulse [20].

1.2.1

Emittance

Consider a beam propagating in the z-direction. Assuming that there are no correlations between the x and y co-ordinates in the particle distribution, we can define the
root-mean-square (RMS) emittance in the x-coordinate as
✏x = 4
=4


h

hxi

x
2 2
x x0

⌦

2

(x

x0

hx0 i

2

hxi)(x0

D

x

hx0 i)

hxi x0

↵2 i1/2

,

hx0 i

E2

1/2

(1.1)
(1.2)

where x0 is dx/dz (the angle the electron trajectory makes relative to the z axis in the
xz plane), and

x

and

x0

are the RMS widths of the x and x0 distributions. Thus,

if there are no correlations between the angle of the particles and the position in the
beam the emittance is simply
✏x = 4

x x0 .

(1.3)

We expect this kind of situation at, for example, a photocathode, where each point
in the extended source emits with the same angular distribution, set by properties
of the emission process. In photocathodes used for ultrafast electron di↵raction, it is
important to generate a beam with a small energy spread. To accomplish this, the
photon energy must be tuned to match the photocathode work function, resulting in
energy spreads of 0.2-0.3 eV [2]. On the other hand, if a collimated beam is acted
on by an ideal lens, its net RMS angular spread will increase significantly, but this is
o↵set by the correlation between position and angle of the particles’ trajectories.
If we imagine accelerating a collimated beam in the z direction, even though its
transverse momentum spread remains constant,

x0

must decrease trivially because
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the momentum in the z direction is increasing. The same argument holds for converging and diverging beams. The volume of the particle distribution in phase space
is conserved, however. It is useful to define the normalized emittance, which will be
conserved in ideal optical systems and could be thought of as an intrinsic property of
the source:
✏n,x =
Here,

= v/c and

= 1/

✏x '

p
1

✏x (for non-relativistic beams).
2,

(1.4)

with v the electron speed.

From equation 1.3, it is evident that decreasing the size of the extended source
decreases the normalized emittance of the source. In this regard, field-emitter-based
sources represent an improvement of orders of magnitude over flat photocathode
sources. For a tip with a radius of curvature of ⇠ 100 nm, the emission area has a
radius of at most tens of nanometers. The e↵ective source size is even smaller than

this, because electrons initially follow the field lines at the surface of the tip, so that
if one backtracks the trajectories of the electrons, they form a virtual crossover at a
location inside the tip. The radius of the e↵ective emission area for a hemispherical
field-emitter of radius r is
re↵ ⇡
where



~r
p
2 2m

1/2

,

(1.5)

is the work function of the tip and m is the mass of the electron [21]. For a

100 nm radius tip with a work function of 4.5 eV, the e↵ective source size is re↵ = 2
nm.
In the case of flat photocathodes, the source size is fundamentally limited by the
di↵raction limit for focusing the ultrafast triggering pulse onto the cathode, which
should be on the order of hundreds of nanometers. In practice, experimenters are
limited by the quantum efficiency of the photocathode and must use source sizes on
the order of 100 µm in order to obtain enough electrons per pulse [22].

1.2.2

Brightness

The above fact raises the question of whether laser-triggered field-emission tips can
generate pulses with enough electrons to be used in di↵raction experiments. One
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perspective is that to observe interesting chemical and physical transformations in
solid-state systems, the pump pulse must be so intense that the sample is destroyed,
though not before useful structural information at short time delays has been observed
[2]. In this case, the electron probe pulse must have enough electrons to permit singleshot imaging (or, perhaps, imaging in several shots, by moving to a new position
on the sample); in practice, the number of electrons required to build up a useful
di↵raction pattern is roughly 106 for this type of experiment [23]. For di↵raction
targets in a molecular beam, this is a lesser issue, as the sample is continuously
replaced. Somewhat surprisingly, the field-emitter based electron sources are not that
far o↵ planar cathode sources in terms of numbers of electrons per pulse, with a few
thousand electrons emitted from 50-100 nm tips with only (⇠ 10 fs) laser excitation
[15, 16]. This reaches towards the lower end of the values given in Table 1.1 for stateof-the-art ultrafast electron di↵raction sources, and it is not clear that this number is
a physical upper bound to how many electrons could be produced. Furthermore, as
the tip-based sources have a much larger degree of transverse coherence than planar
sources, one would expect an enhancement of the signal-to-noise of the di↵raction
pattern. There may be applications where it is desirable to trade numbers of electrons
per pulse for greater coherence.
This trade-o↵ is evident in a comparison of the brightness of the two sources
(Table 1.2). The source brightness can be thought of as the current density emitted
by the source divided by the solid angle of emission2 and is proportional to the total
current, I, in the beam divided by its transverse emittance:
B=

I
⇡2✏

x ✏y

.

(1.7)

2

Another intuitive way to think about brightness: if we focus the beam with an ideal lens, the
maximum current density in the focus (neglecting space charge) is approximately
jmax ⇡
[17].

B
f#

(1.6)
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The normalized brightness, defined in terms of normalized emittance, permits comparison of beams at di↵erent energies:
Bn =

I
⇡2✏

n,x ✏n,y

=

B
(

)2

.

(1.8)

Table 1.2 lists the peak brightness of the sources.
Based on the preceding discussion, two additional quantities of interest are the
peak brightness multiplied by the pulse duration (note that the field emission source
is still superior to the planar source), and the average brightness (this latter quantity
multiplied by the repetition rate). The repetition rate of the field-emitter based
sources discussed is ⇠ 100 MHz, higher than is typically used for ultrafast electron

di↵raction, but the limiting factor in these experiments might be the repetition rate
of the pump rather than that of the probe.
It should be noted that there are some discrepancies in the literature between
quoted values of the brightness for cold field-emitters (for example, compare Refs. [24]
and [25]). A possible cause is emittance growth from statistical Coulomb fluctuations
[26]. It should be possible to test this by comparing emittance measurements for
laser-induced emission with large numbers of electrons per pulse versus less than one
electron per pulse.

1.2.3

Transverse coherence length

In a di↵raction experiment, a rule of thumb is that the coherence length of the beam
should exceed three times the lattice parameter [2]. To image large objects, such
as proteins, with a typical size scale of nanometers would require larger coherence
lengths than are obtained with flat photocathode sources. The normalized mutual
coherence function for electrons in the beam at a position z is given by3
h (x1 , t1 ) ⇤ (x2 , t2 )i
(x1 , x2 , t1 , t2 ) = p
,
h| (x1 , t1 )|2 ih| (x2 , t2 )|2 i

(1.9)

3
By using a single-electron wavefunction, we implicitly assume that there are no important e↵ects
involving correlations between the electrons, i.e. the beam degeneracy is low.
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where x = (x, y) is the transverse position,

(x, t) is the wavefunction of an individ-

ual electron and the brackets indicate an ensemble average. The mutual coherence
function quantifies the visibility of fringes that would be obtained in a hypothetical
interference experiment between two points x1 and x2 . Assuming the system is cylindrically symmetric, the transverse coherence length at some reference location and
time (x0 , t0 ) is
⇠T (x0 , t0 ) =

Z

1

(x/2), x0 + (x/2), t0 , t0 )|2

dx| (x0

(1.10)

1

The van Cittert-Zernike theorem relates the transverse coherence length at a distance
l from an incoherent source to size of the source, re↵ :
⇠T =
where

l
,
⇡re↵

(1.11)

is the wavelength of the electron. Using a biprism interferometer, Cho

et al. [27] directly measure ⇠T at a fixed distance away from a DC tungsten fieldemitter and infer e↵ective source sizes of less than 1 nm for 50-100 nm tips at room
temperature. They attribute this in part to the fact that the coherence length of the
electrons in the metal is 5-10 nm, on the order of the emission area. This suggests
that in the limit of single atom tips (or even ultra-sharp tips with emission spots
of radius . 5 nm it should be possible to generate fully coherent electron beams.
However, so far, there have not been any experimental studies of the coherence of
ultrafast laser-induced electron emission from such tips.

1.2.4

Quantum limits to beam brightness and emittance

The uncertainty principle puts limits on the emittance of a source: for a single electron
state, we must have
x p

~
,
2

(1.12)

which results in a normalized emittance of
✏n =

4 x p
mc

2~
.
mc

(1.13)

Figure of merit

Flat photocathode [2]

Transverse normalized emittance
0.3 ⇡ mm mrad
Peak brightness
2 ⇥ 107 A/(cm2 sr)
Transverse coherence length at di↵raction target ⇠ 2 nm
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Table 1.2: Figures of merit for ultrafast electron sources
Field-emitter photocathode
. 10 2 ⇡ mm mrad[28, 24]
5 ⇥ 109 A/(cm2 sr), assuming a 10 fs pulse
⇠ 5 µm for geometry in [2] with re↵ = 2 nm

9
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In the z-direction, applying this criterion in the rest frame of the electron and then
returning to the lab frame, we get
t E

~
.
2

Using the Pauli exclusion principle, for a pulse of length

(1.14)
t and two electrons (with

di↵erent spin states) occupying the minimum emittance phase-space “cell”, the maximum normalized brightness that can be obtained for any beam is
Bn,max =

8⇡e E(mc)2
.
h3

(1.15)

The beam degeneracy, , is defined as the ratio of the normalized beam brightness to
the maximum normalized brightness allowed by quantum mechanics,
=

Bn
Bn,max

.

(1.16)

For an energy spread of 0.3 eV, Bn,max ⇡ 5 ⇥ 1015 A/(cm2 sr). Inspection of Table 1.2
shows that the typical degeneracy for the sources discussed is less than 10 5 ; in fact,
even for extremely high brightness sources such as carbon nanotube and single-atom
field-emitters, the degeneracy is usually 10 4 –10 3 , and e↵orts to achieve quantum
degeneracy are based on more exotic electron sources, such as optical excitation of
cold atomic gases, or field emission from stable single molecules adsorbed on sharp
tips [29].

1.2.5

Pulse duration

The inherent energy spread of an electron source transforms to a temporal spread after
the pulses have propagated some distance, since electrons with di↵erent energies travel
at di↵erent speeds. The di↵erence in speeds becomes smaller as the electron energy
increases. For this reason, the ultrafast planar photocathode sources are operated
with the maximum practical field strengths (⇠ 10 MV/m for DC fields) [22, 2], with
proposals to use RF cavities to achieve higher accelerating gradients [2]. The field
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strength at the surface of a sharp tip, however, can be as large as a few GV/m in
typical ultrafast operation, limited, of course, by the onset of DC tunneling.
The approximate pulse broadening for electrons accelerated from rest in a constant
field is
t⇡
with

p

2m E0
,
eF

(1.17)

E0 the initial energy spread, F the field, and e and m the charge and mass of

the electron, respectively. With F ⇠ 10 MV/m and

E0 ⇠ 0.3 eV, the pulse broadens

to 180 fs. So, even if shorter triggering laser pulses were used with flat photocathodes,

it would not improve the time resolution. By contrast, even though the field of a field
emission tip decreases rapidly away from the tip, it is strongest for the electrons’
initial acceleration, where it can have the largest e↵ect in mitigating broadening.
Simulating electron propagation in one of our experimental configurations (4000 V
applied between a 500 nm tip and an electrode 1.5 mm away), an initial energy spread
of 0.3 V leads to only 3.3 fs of broadening as the electrons reach the electrode.
The possibility of suppressing kinematic broadening in this way makes it interesting to consider shorter emission times than those used with flat photocathodes—the
shortest demonstrated pulse thus far is shorter than 500 attoseconds, triggered by a 6
fs pulse at 800 nm [10]. This was achieved at high laser intensity in the non-adiabatic
tunnel regime. At lower intensity, in the multiphoton regime, the initial electron pulse
duration should be comparable to the duration of the exciting laser pulse.
There is considerable interest in generating sub-100 fs pulses with enough electrons
for single-shot imaging, which is being pursued via pulse compression in microwave
cavities [30, 31, 32] but so far is limited by jitter in the synchronization of the pulse
with the microwaves [2, 32]. Baum and Zewail have proposed exploiting the ponderomotive force of a standing light wave for pulse compression down to the attosecond
level [33]. Dielectric laser accelerator structures could provide means to compress
pulses on these time-scales as well [34]. All of these techniques must be optimized
to work at electron energies below about 300 keV to maintain large enough probe
wavelength and scattering cross section [30].
Significant work remains to be done on propagation dynamics of ultrafast pulses
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with high charge derived from field emission tips. Due to the initially very high spatial
localization, the aspect ratio of the electron packet is qualitatively di↵erent from the
those derived from flat photocathode sources [35].

1.3

Outline

The chapters that follow focus on two major questions: (1) what are the mechanisms
responsible for laser-induced electron emission from field emission tips? and (2) can we
develop practical methods for direct, in-situ measurement of electron pulse durations?
Chapter 2 provides a brief theoretical background for DC and laser-induced emission processes from nanometer tips. Chapter 3 describes studies of ultrafast laserinduced emission from tungsten and hafnium carbide field emission tips. In both cases,
we observe multiphoton absorption and emission either over or through the tunnel
barrier (photofield emission). In tungsten, laser intensities approached the intermediate Keldysh regime, where emission may not be cleanly described as multiphoton
or tunneling in the optical field. Although we did not observe field-dependent e↵ects,
numerical modeling of emission in this regime shows that emission is sub-optical cycle. The low thermal conductivity of hafnium carbide prevented us from working at
high peak laser intensities. Instead, we studied the crossover between multiphoton
emission and thermal-assisted field emission, finding that even though the average
temperature of the tip rose substantially due to laser illumination, transient thermal
emission before the electron and lattice temperatures equilibrate is undetectable in
comparison with multiphoton emission.
Although the identification of emission mechanisms provides indirect evidence that
the emission time is short, we would like to directly characterize the emission time.
Chapter 4 describes “energy-domain streaking” of the electron emission, where we use
a rapidly varying tip voltage to map the electron emission time onto the electron’s
energy. Approached with a di↵erent perspective, the same experiment represents
an ultrafast sampling oscilloscope with a temporal resolution set by the 10 fs laser
pulse duration. Finally, Chapter 5 proposes a method of studying pulse duration at a
hypothetical experimental target (for example, an ultrafast beamsplitter or a target
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for electron di↵raction) based on electron energy gain in an evanescent optical field.

Chapter 2
Electron emission mechanisms
The first part of this chapter summarizes the physics of DC electron emission processes
from sharp tips, which is useful for understanding laser-induced emission processes.
The second part summarizes laser-induced emission processes.

2.1

Thermionic emission and field emission

Before considering (ultrafast) laser-induced electron emission processes, it is helpful
to understand electron emission that occurs as a result of an electric field bias and/
or heating of a sharp metal cathode. The laser-induced emission processes can be
understood as modifications of these processes by adding energy to the electron gas
in a controlled way.
Just as a certain minimum ionization energy is required to remove an electron from
an atom or molecule, a certain amount of energy is required to remove an electron
from a metal. This energy is called the work function.
Thermionic emission occurs when the metal is heated enough that some thermally
excited electrons have enough energy to overcome the work function and escape. The
emitted current as a function of temperature is described by the Richardson-Dushman
equation,
J=

R A0 T

2

14

e

/(kB T )

,

(2.1)

To which direction does it decrease
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2
4⇡mkB
e
= 1.2 ⇥ 106 A/(m2 K2 )
3
h

(2.2)

is the Richardson constant, J is the emitted current density,

is the work function,

A0 ⌘

T is the temperature, kB the Boltzmann constant, and

R

is an empirical pre-factor

that varies slightly from one material to another [36]. Often, a bias field is applied
to thermionic emitters, which, besides accelerating the emitted electrons, has the
e↵ect of reducing the surface potential barrier to a value smaller than

(this is called

the Schottky e↵ect). Note that thermionic emission depends strongly on electron
temperature, with the exponential dependence suggesting a Boltzmann factor for the
population of electrons with energy equal to the potential barrier height.
Field emission refers to electron emission at an interface between a conductor
and a non-conductor due to the application of a strong electric field (typically 1-10
GV/m). The most common situation is electron emission from a sharpened metal tip
(called a field-emission tip) into vacuum. The strong applied electric field creates a
finite potential barrier which the electrons may tunnel through quantum mechanically
(Fig. 2.1).
The Fowler-Nordheim equation [37] describes the relationship between applied
field, F , work function, , and emitted current density, J:
e3 F 2
J=
exp
18⇡ 2 ~

"

p
8⇡ 2m
3heF

3/2

#

v(f ) ,

(2.3)

Here, e and m are the electron charge and mass, respectively. The form of v(f )
will be discussed later; it is a function of a dimensionless parameter, f , and is related
to the evaluation of an elliptic integral, but its value is typically close to 1. The
equation is valid at 0 K; however, as will be discussed below, the correction to this
equation at room temperature is quite small.
The derivation of the Fowler-Nordheim equation will be sketched in the next
sections. For now, note the following things:
1. To achieve the requisite field strengths while applying reasonable voltages to
the metal, etched field emission tips, which terminate in half spheres of radius
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r ⇡50-500 nm are used as field emitters. The field at the apex of the tip is given
by

F =

V
,
kr

(2.4)

with V the potential di↵erence between the tip and extraction electrode and k a
geometrical factor that depends on the shape of the field emitter (for example,
cone angle near the apex) and distance to the extraction electrode. In practice,
one measures the emitted current, I as a function of V (rather than J as a
function of F ); I is proportional to J, and the proportionality factor is the
emission area.
2. The current is approximately proportional to exp( a/F ), where a is some factor. This is roughly what one should anticipate given that the physical process
behind emission is tunneling through a barrier, and the “width” of that barrier
has something to do with 1/F . Arguing very loosely, if we imagine for a moment that the triangular barrier shown in Figure 2.1(b) is instead a rectangular
barrier of width /(e|F |), and a plane wave electron wave function with energy

below the top of the barrier is incident upon it, we would expect the wave

function to decay as an exponential in the barrier, with decay length
↵=

s

~2
,
2m

(2.5)

so that the probability of transmission should be something like
" ✓
◆1/2 3/2 #
2 2m
P ⇠ exp
.
e ~2
|F |

(2.6)

This gets remarkably close to the “right” answer for how the emitted current
should depend on applied field and work function. To get the full FowlerNordheim equation, one needs to more accurately treat the shape of the potential barrier and note that electrons are incident also at energies below the Fermi
level (and, at non-zero temperature, a little above it).
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The surface potential barrier

Schottky e↵ect
We need a basic model for the potential seen by an electron at the metal vacuum
interface to derive the equations describing electron emission from the metal surface.
Suppose that the metal fills the region of space x < 0, and choose the zero of potential
energy to be the zero of the conduction band so that the potential energy is zero inside
the conductor. Then in the vacuum region (x > 0), we expect the potential energy
of an electron as a function of x to be something like
U (x) = µ +
where µ is the Fermi energy,

eF x,

(2.7)

the work function, and F the applied electric field. If

the electronic states of the metal are full up to the Fermi energy, µ, then an energy
is required to remove an electron from the metal. The atomic corrugation of the
potential inside the metal is ignored. Since the metal is a good conductor, the field
does not penetrate the metal and U (x) = 0 for x < 0. Note that this is not the
case for semiconductors, and the resulting surface potential barrier is qualitatively
di↵erent from that described here [38].
As an electron leaves the metal, the potential of equation 2.7 is modified, because
the conduction electrons move to shield the interior of the metal from the field of the
free electron. As a result, we must add a term to the potential energy function, which
is typically called the image potential or image correction. Using the classical image
potential for an electron at a distance x from an infinite conducting plane yields (for
the full surface barrier)
U (x) = µ +

eF x

e2
.
16⇡✏0 x

(2.8)

Clearly, for sufficiently small x, when the electron is very close to the surface, it
seems like a many-body quantum mechanical description will be required. For the
calculations that follow, the expression for the potential is most important in the
barrier region, where U (x) & µ. It has been shown that the details of the potential at
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Figure 2.1: (a) Potential energy for an electron near the surface of a metal, with
no applied field. Solid curve includes the image correction, dashed curve is without.
The potential has been modified near x = 0 as in Ref. [39] to remove the singularity
in the image correction. (b) Same, but with an applied field. Note that the image
correction leads to a reduction in the barrier height to e↵ < (the Schottky e↵ect).

very small x do not significantly a↵ect the probability that an electron tunnels through
the barrier [39], and for the calculation of tunneling coefficients, the divergence of the
image potential is removed within some distance ✏ of the origin, and the potential is
made to smoothly connect with the expression for x < 0.
The inclusion of the image potential in Eq. 2.8 means that, when a bias field
is applied, the height of the potential barrier is less than the work function. The
barrier reduction is called the Schottky e↵ect, and it is important for thermionic and
photo-emission, as well as field emission.
The e↵ective potential barrier is given by

e↵

=

s

e3 F
.
4⇡✏0

(2.9)
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Surface dipole contribution to the work function
An electrostatic double layer or surface dipole arises at the metal-vacuum interface,
even for clean metal surfaces. This dipole contributes to the work function and
can cause di↵erent surface orientations of the same material to have di↵erent work
functions. Adsorbed atoms and molecules can change the surface dipole and therefore
the work function. This is the physical origin of patch fields on electrodes.
The work function can be written as the sum of two contributions, a volume
contribution and a surface contribution:
=
bulk

bulk

ep
.
✏0

(2.10)

is the work function calculated for a hypothetical infinite crystal (or, alterna-

tively, one can think of it as the energy required to remove a single electron from a
finite crystal and place it infinitely far away), and p is the dipole moment per unit
area, defined with positive dipole pointing away from the surface. The total work
function, , is the energy required to remove an electron to a point just outside the
crystal; specifically, to some distance x that is much greater than the inter-atomic
spacing, but smaller than the overall dimensions of the crystal.
Smoluchowski e↵ect and the field emission microscope. Researchers in the early
days of field emission quickly realized that the work function of a crystal varies with
surface orientation, and that the variations in work function between the di↵erent
crystal faces are similar for metals with the same crystal lattice [40]. This variation
in work function is due to di↵erences in the size of the surface dipole for di↵erent
crystal orientations.
If one imagines taking an infinite crystal and cutting it to form a surface, the electron density at the surface will change due to the created asymmetry. To maintain
charge neutrality in this thought experiment, we cut the full charge distribution along
the edge of the Wigner-Seitz cell–if the electron distribution within the cells at the
surface stayed the same as those in the bulk crystal, then there would be no surface
dipole. However, electrons leak out of the cell in the direction perpendicular to the
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Figure 2.2: Surface dipoles. (a) At the surface of the metal, a dipole can form from
electrons leaking into the vacuum. The electron density (blue curve) is superimposed
on the potential created by the ions. (b) Smoluchowski e↵ect. The surface of constant
charge density (blue curve) is smoothed relative to the boundaries of the Wigner-Seitz
cell.
surface (Fig. 2.2(a)), and they also leak out along the surface. Since the momentum operator is the spatial derivative of the wavefunction, rapid changes in electron
density require high values of kinetic energy for a state, which encourages electron
wavefunctions to smooth out. The true surfaces of constant electron density form
smooth curves rather than following the boundaries of the Wigner-Seitz cell. This
creates a positive surface dipole (Fig. 2.2(b)), counteracting the negative dipole due
to leakage of electrons normal to the surface. This e↵ect is named for Smoluchowski,
who first proposed it [40]. Close-packed crystal planes have less corrugation and a
smaller positive contribution to the dipole, resulting in a larger work function. Thus
the variation of the surface dipole with crystal orientation at the surface gives rise to
a variation in emission current over the surface of the emitter, because certain atomic
sites have lower work function and thus higher current for a given bias field.
The small radius of curvature of the tip, necessary for achieving strong bias fields,
also provides a mechanism for imaging the work function variations over the surface
of the tip, with a resolution approaching the atomic scale. As electrons leave the
tip, they follow the field lines near its surface, projecting the emission pattern (i.e.
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variation in emission current over the surface of the emitter) onto the detector. The
magnification (in the absence of electron lenses) is d/(

F r),

from the tip to the detector, r is the tip radius, and

F

where d is the distance

is due to the field lines

and electron trajectories bending over some distance from the tip instead of being
perfectly radial. The spatial resolution is limited by the transverse velocities of the
emitted electrons to about 2 nm [38].
E↵ect of surface adsorption. Adsorbed gases on the surface can change the surface dipole, as charges are transferred to or from the adsorbate. One can guess the
sign of the induced dipole and concomitant work function change based on the electronegativity of the adsorbate relative to the electronegativity of the metal, although
there are exceptions to this rule [41]1 . Surface adsorption can a↵ect the relaxation of
the metal surface (adjustment of the lattice parameter near the surface), but this is
usually much smaller than the dipole change due to charge transfer [41]. The change
in work function due to surface contamination is typically ⇠ 0.1 eV but can be as
large as 2 eV [38].

From the above considerations, it is clear that the surface cleanliness has a strong
impact on the work function and therefore the behavior of electron emission from
metal surfaces. For our work on ultrafast electron emission, the field-emission tip is
maintained in ultra-high vacuum (UHV), at a pressure below the measurement limit
of the ion gauge on the system, which is 3 ⇥ 10

10

torr. If the tip is sufficiently sharp

(r < 150 nm), an atomically clean surface can be obtained via field evaporation [38].
With blunter tips, voltages in excess of 20 kV are required to achieve sufficiently high
fields, which exceeds the rating of the electrical feedthroughs currently in use. In place
of field evaporation, tips may be cleaned at the start of data taking by “flashing,” or
heating to a predetermined temperature for 2–4 seconds to desorb gases (the detailed
anneal procedure is described in Appendix A). It is important to recognize, however,
that the degree of surface contamination can easily change during operation of the
experiment. For example, when the laser beam is focused on the tip, it can induce
desorption, especially if the beam is mis-aligned up the shank of the tip at high power,
1

For example, for an adsorbate with high electronegativity, if there is some degree of chemical
bonding with the surface, electrons from the adsorbate may become more concentrated in the region
between the surface and adsorbate, countering the expected surface dipole.
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which has the e↵ect of heating the tip. On the other hand, the microchannel plate
used for electron detection has significant outgassing if the current flowing in it is
large, which temporarily raises the background pressure in the chamber and can lead
to contamination of the tip.

2.1.2

Derivation of the Fowler-Nordheim equation

Under the WKB approximation, it is straightforward to calculate the probability that
an electron tunnels through a one-dimensional barrier as a function of the incident
electron’s energy. The electrons of the metal have a distribution of kinetic energies,
and by integrating over the distribution of kinetic energies normal to the barrier
multiplied by the tunnel probability, we can obtain an expression for field emitted
current density as a function of temperature and applied field:
J(F, T ) = e

Z

D(E? , F )N (E? , T )dE? ,

(2.11)

where e is the elementary charge, F is the applied field, T the temperature, and
E? the energy normal to the barrier. D(E? , F ) is the probability that an electron is
transmitted through the barrier and N (E? , T )dE? is the number of electrons per unit
time per unit area incident upon the barrier with energy between E? and E? + dE? .
For the Sommerfeld model (i.e. taking the potential inside the metal to be constant,
which results in the simplest possible electronic structure for the metal),
N (E? , T )dE? =

4⇡mkB T
log 1 + e(µ
h3

E? )/(kB T )

dE? ,

with m the mass of the electron, and kB the Boltzmann constant.

(2.12)
For a one-

dimensional potential U (x), the transmission coefficient in the WKB approximation
is given by
D(E? ) ⇡ exp

p

2m
2
~

Z

x+
x

p
U (x)

!

E? dx ,

(2.13)
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where x+ and x are the classical turning points. For a free electron metal,
N (E? , Tel ) dE? =

4⇡mkB Tel
ln(1 + e(µ
h3

E? )/kB Tel

) dE? ,

(2.14)

with h the Planck constant and kB the Boltzmann constant. At 0 K, the integral
can be evaluated to obtain the Fowler-Nordheim equation which, written in a modern
form [42], is
3

J=

2

eF
exp
18⇡ 2 ~

"

where

f⌘

8⇡ 2m
3heF

3/2

#

v(f ) ,

1
f + f log f,
6

v(f ) ⇡ 1
and

p

e3 F
.
4⇡✏0 2

(2.15)

(2.16)

(2.17)

.
As it is written, Equation 2.15 relates the current density to the applied field.
Experimentally, we apply voltages and measure currents. Recall that the field at the
surface of the tip is related to the voltage applied between the tip and an extraction
electrode by the equation
F =

V
.
krtip

(2.18)

Here, rtip is the radius of curvature of the tip, and k is a geometrical factor that
depends on factors such as the cone angle of the tip and the distance to the extractor.
The value of k is ⇠ 4–5, and it can be determined by numerical simulation of the

experimental geometry (there are also some analytic approximations, see [38]). To
make the conversion from current density to total current, we typically multiply by
an e↵ective emission area, Ae↵
I = Ae↵ J.

(2.19)

The concept of e↵ective emission area is mainly for convenience; in reality, since the
work function and local field vary over the surface of the tip, the total current is the
integral of the field emission current density over the tip surface.
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Width of energy distribution
The barrier transmission coefficient can be expanded for electron energies near the
Fermi energy as
D(E? , F ) ⇡ D(µ, F ) exp ((E?
where
dF (F ) ⌘



d log D(E? , F )
dE?

E? =µ

!

µ)/dF ) ,
1

(2.20)

e~F
⇡ p
.
2 2m

(2.21)

Since the total energy is just the sum of the kinetic energy perpendicular and
parallel to the barrier, we have
E = E? + Ek .

(2.22)

The current density at energy E can now be written as an integral over Ek .2
Z

4⇡em
fF-D (T, E) D(E? , F ) dEk
h3
4⇡em
=
fF-D (T, E) D(µ, F ) exp ((E
h3

j(E)dE =

µ)/dF )

Z

E
0

exp( Ek /dF ) dEk ,
(2.23)

where fF-D (T, E) is the Fermi-Dirac distribution
fF-D (T, E) =

1
1 + exp((µ

E)/kB T )

.

(2.24)

The decay constant dF is usually small enough that upper limit of the integral can
be taken as infinity. The result is that the energy distribution is
j(E)dE =

4⇡emdF
fF-D (T, E) D(µ, F ) exp ((E
h3

µ)/dF ) .

(2.25)

At low temperatures, fF-D cuts o↵ sharply at the Fermi energy; thus the full-width
2

Note that this di↵ers from the previous section, where total current density was obtained by
integrating over E? .
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half max (FWHM) of the energy distribution can be approximated as
EFWHM ⇡ dF log 2.

2.1.3

(2.26)

The Richardson-Dushman equation for thermionic emission

In the thermionic emission regime, the temperature is high enough and the bias
field low enough that the majority of emitted electrons escape classically over the
barrier. In this limit, the barrier transmission coefficient takes the simple form (to
first approximation)
D(E? , F ) = ✓(E?

(µ +

e↵ )).

(2.27)

✓ is the Heaviside function, E? is again measured from the bottom of the conduction
barrier, and

e↵

is the Schottky-reduced work function (Eq. 2.9). Using the same

free-electron metal approach as for the derivation of the Fowler-Nordheim equation,
the emitted current density is given by
Z
4⇡emkB T 1
J(T, F ) =
D(E? , F )N (E? , T ))dE?
h3
0
Z 1
=
N (E? , T ), dE? .
µ+

(2.28)
(2.29)

e↵

Field dependence enters only through

e↵ .

The integral can be computed using special

functions to obtain
" ✓
◆2
⇡2
4⇡em(kB T )2 1
e↵
J(T, F ) =
+
+ Li2 ( e
h3
2 kB T
6

e↵ /kB T

#

) ,

(2.30)

where Li2 is the polylogarithm of order 2;
Lis =

1
X
zk
k=1

ks

.

(2.31)
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For thermionic emission, typically
proximately3
J(T, F ) =

e↵ /kB T
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1, and this expression becomes ap-

4⇡em(kB T )2
e
h3

e↵ /kB T

,

(2.32)

which is known as the Richardson-Dushman equation. To obtain quantitative agreement between the theory and experiment, it is usually necessary to introduce a prefactor (see Eq. 2.1) that corrects for e↵ects that have been ignored in this elementary
derivation such as the true band structure of the material and electron reflection at the
metal-vacuum interface, which occurs even when the electrons can escape classically.
The FWHM energy spread of the emitted electrons is approximately
E = 2.45kB T.

2.1.4

(2.33)

Thermal-assisted field emission

By definition, field emission current is dominated by electrons emitted from near
the Fermi level, and thermionic emission current is dominated by electrons from the
tail of the Fermi-Dirac distribution whose energies exceed the barrier height. In
between these two limits, where thermal excitation is important but the electrons
escape predominantly by tunneling, an analytic approach is more difficult. Calculating the emitted current amounts to evaluating the integral of Eq. 2.28 but replacing the step function barrier transmission with the WKB transmission probability
(Eq. 2.13). Murphy and Good presented an analytic approximation for what they
call the temperature-field intermediate regime, but it is only valid for a limited range
of parameters [39]. More recently, Jensen presented a piecewise analytic approximation that can be used over the full range of combinations of T and F . For our work
on emission caused by laser-induced heating, we used the term thermal-assisted field
emission, and we found that it was reasonable to calculate the current by simply numerically integrating Eq. 2.11. After measuring the I-V (current-voltage) relation for
a tip at room temperature, one can determine krtip and Ae↵ , the parameters necessary
to convert between F and V and J and I. With this information, the family of I-V
3

In fact, the approximation is accurate to within 10% for

e↵ /kB T

> 1.5 and 1% for

e↵ /kB T

> 3.
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Figure 2.3: Experimental I-V curve for DC emission at 300 K, and theoretical I-V
curves for thermal-assisted field emission from the same tip at elevated temperatures.
The theory curves are determined by numerical integration, as described in the text.
Adapted from [43] c 2012 APS.
for the same tip at higher temperatures can be determined numerically (Fig. 2.3).
Note that the I-V curve at 300 K is not substantially di↵erent from the 0 K curve,
so analytic Fowler-Nordheim equation is a good description.

2.2

Laser-triggered electron emission

The basic physical process is that light deposits energy in the electron gas, freeing
electrons from the material. The precise details of this process depend on the nature
of the optical absorption, electron gas dynamics, and shape of the surface potential
barrier. In terms of emission process, there are two main distinctions between a sharp
photocathode and a planar one: first, due to the small radius of curvature of the tip,
very strong electric fields can be applied, so that the size and shape of the surface
potential barrier becomes a parameter that can be varied experimentally. Second,
optical field enhancement at certain locations on the tip apex results in local laser
electric fields on the order of GV/m, comparable to the DC field required for field
emission. This is (loosely) the criterion for strong-field photoemission.
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Overview of ultrafast emission processes

In the 1970’s and 80’s, experiments on laser-assisted field emission using continuous
wave (cw) lasers identified the process of photo-assisted field emission (also called
photofield emission) [4, 44]. In this process, electrons in the metal absorb one or
more photons, are promoted to a level below the peak of the surface barrier, and
tunnel to escape the metal. This process was also identified in ultrafast electron
emission from a tungsten field emission tip, using 65 fs pulses at 780 nm [6]. As
peak laser intensity increases, multiphoton emission can dominate photofield emission
[6, 9, 7], and the components of the current from photofield and multiphoton emission
can be distinguished by their relative energies, which are separated by integer steps
equal to the photon energy [45]. As peak laser intensity increases further, the emission
eventually shows sub-optical cycle modulation [9, 10], and suppression of lower photon
orders due to the large ponderomotive potential of the exciting laser (above-threshold
photoemission) [19].
For photoelectron emission from a bound system, Keldysh theory defines the limit
of validity for a multiphoton emission description as the condition
K

the Keldysh parameter:
K

K

1, with the

p
! 2m
=
,
eEp

where Ep is the peak electric field of the laser. In the opposite limit (

(2.34)
K

⌧ 1), the

emission can be described as tunneling of electrons from the Fermi level under the
influence of the strong laser electric field. In this limit, it is clear that the emission
is modulated on the time-scale of the laser optical cycle, as tunneling is suppressed
each time the laser electric field reverses direction. In practice, the limit

K

⌧ 1 has

not been achieved in laser-triggered emission from nanometric tips (nor is it typically
achieved in gas-phase high harmonic generation experiments [46], which nevertheless
rely on laser-field-dependent emission). In references [6], [10], and [19], the Keldysh
parameter (

K)

is of order 1, and yet sub-optical cycle structure is still predicted (and

observed, in [10]). Because of this fact, this regime is called the non-adiabatic tunnel
regime.
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Multiphoton emission
In a simple multiphoton emission model, n-photon absorption is assumed to simply
translate a fraction of the Fermi-Dirac distribution by n~!. The resulting supply
function is
Nmp (E? , T ) = ↵n I n N (E?

n~!, T )

(2.35)

where N (E? , T ) is the supply function used before in the derivation of both the
Fowler-Nordheim and the Richardson-Dushman equations (Eq. 2.14). The quantity
↵n I n is the proportion of electrons that are excited; it has been written to show its
dependence on laser intensity, I [47]. The emitted current density is
Jmp (T, F ) = e

Z

1

Nmp (E? , T )D(E? , F )dE?
Z 1
n
= e↵n I
N (E? n~!, T )✓(E?
0
Z 1
n
= e↵n I
N (E? , T )dE?
0

µ+

e↵

(µ +

e↵ ))dE?

n~!

But we evaluated this integral before (with di↵erent integration limits) in the derivation of the Richardson-Dushman equation. The result is
Jmp (T, F ) =

4⇡em(kB T )
↵n I n
h3

2



2
1 (n~!
⇡2
e↵ )
+
+ Li2
2 (kB T )2
6

e

(n~!

e↵ )/(kB T )

.

(2.36)

Now, because the argument of the exponential is negative, the contribution of the
final term is small as long as (n~!
Jmp (T, F ) ⇡

e↵ )/kB T

4⇡em(kB T )
↵n I n
h3

2



1, so that
2
1 (n~!
⇡2
e↵ )
+
.
2 (kB T )2
6

This approximation has an error of less than 10% when (n~!

e↵ )/kB T

(2.37)
> 1.51 and

less than 1% when it is greater than three. Note that the field dependence enters
through

e↵ .

The energy spread now depends on the degree of excitation over the barrier; in
the simplest model of monochromatic excitation at zero temperature, the energy
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One can evidently create

narrower energy distributions at the expense of total emitted current by tuning n~!
close to the e↵ective barrier height.
The derivation above neglects the fact that electrons excited below the barrier
can still escape by tunneling if there is a strong bias applied. Using the tunneling
transmission coefficient (Eq. 2.13) for E? below the barrier, we can write a theory
that includes both tunneling and over-the-barrier emission. If n~! <

e↵ ,

then the

tunneling component dominates, and the process is called photo-assisted field emission. The emission in this regime is described by the Fowler-Nordheim equation with
work function reduced by n~! and an overall prefactor of ↵n I n .
Optical field emission
In the quasi-static or optical field-emission regime (

K

⌧ 1), we expect that the

total charge emitted due to a single laser pulse can be calculated by substituting the
time-dependent laser field into the Fowler-Nordheim equation.
J(F, T, t) = JFN (F + Flaser (t), T ).
In the non-adiabatic tunnel regime (

K

(2.38)

! 1), this optical field emission picture is

not quantitative, but it can nevertheless be useful in developing intuition about the
behavior of the system.
The small radius of curvature of the field emission tip makes it easier to obtain
strong optical fields due to the phenomenon of optical field enhancement. Typical
enhancement factors at the apex of a ⇡ 100 nm radius tip are in the range 2–5.

Although I am not aware of a systematic study of field enhancement as a function
of the tip geometry (radius, cone angle), one expects that, similar to the behavior of
a lightning-rod, as the radius of the tip gets smaller, the field at the apex should be
stronger. Field enhancement diminishes as the size of the tip becomes comparable to
the wavelength of light and retardation becomes important [48]. Field enhancement
values reported in di↵erent contexts support this idea: Martin et al. calculate a field
enhancement factor of 4.9 for a 10 nm tip [48], Schenk et al. infer a value of 4.2 ± 1.1
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from experimental data for a 50 nm tip [19], and Yanagisawa et al. calculate a field
enhancement of 2.5 for a 100 nm tip [49].

2.3

Summary

The aim of this chapter has been to present a unified view of the DC and ultrafast
laser-induced emission processes as a context for understanding the remainder of this
work. These emission processes are summarized graphically in Figure 2.4.
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Figure 2.4: Emission processes from a biased tip. (a) DC emission. (b) Photo-assisted
field emission. (c) Over-the-barrier emission. (d) Optical field emission. In all panels,
the dotted blue line shows the potential seen by the electron in the absence of a bias
field; the black line is the potential with a bias field, including the image potential
and resulting barrier reduction. Increasing the field increases the magnitude of the
slope of the linear part. The Fermi-Dirac distribution is illustrated schematically
at T = 0 (dark purple) and T > 0 (light purple). In part (a), as the temperature
increases, states with a higher tunnel probability are populated, leading to thermalassisted field emission and eventually to thermionic emission, as the proportion of
current due to electrons coming classically over the barrier increases. Parts (b)-(d)
show laser-induced emission processes that occur in order of increasing laser intensity.
Adapted from [43] c 2012 APS.

Chapter 3
Laser-induced emission from
nanometrically sharp tips
This chapter will describe two experiments on ultrafast emission processes. The first is
a study of electron emission from tungsten tips in the non-adiabatic tunneling regime.
The second is on the tradeo↵ between two-photon photoemission and thermallyassisted field emission in laser-triggered electron emission from Hafnium Carbide tips.

3.1

Laser-induced electron emission from field emission tips in the non-adiabatic tunneling regime

In [6], it was shown that illumination of tungsten field emitters with 65 fs, 780 nm
laser pulses resulted in photofield emission, with a transition to an extremely nonlinear
regime as the laser intensity was increased. Building on these results, we proposed to
explore whether this extremely nonlinear regime corresponded to the non-adiabatic
tunneling regime and if we could measure field (as opposed to intensity) dependence
in the emitted current.
How can we look for dependence of the electron emission on the laser field when
this field oscillates at an optical frequency? One method is to look for a dependence of
the emitted current on the carrier-envelope o↵set (CE or CEO) phase. As suggested
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Figure 3.1: The electric field for two pulses with di↵erent carrier-envelope phase (the
phase di↵erence between the two pulses is ⇡/2). The electric field envelope of the
pulse is shown as a dotted gray line, and the horizontal axis is in units of the optical
period. A pulse with 1/e2 intensity full width of 3 times the optical period is shown.
by its name, the carrier-envelope phase is simply the phase of the carrier at a reference
point of the envelope of the intensity envelope of an optical pulse. For example, the
gaussian pulses of Figure 3.1 have CE phases that di↵er by ⇡/2. Note that the peak
electric field is di↵erent for these two pulses (one may also note that this di↵erence
becomes larger as the pulses get shorter).
If we naively take the current emitted from the tip to be a function of instantaneous
field, i.e. I = f (F ), then the total charge emitted due to a single laser pulse will be
Q=

Z

f (F (t))dt.

(3.1)

If f is a highly non-linear function of field (as is the Fowler-Nordheim equation),
then there should be a di↵erence in the integrated current for pulses of di↵erent
carrier-envelope phase. For this reason, the

K

⌧ 1 limit (optical field emission) was

proposed as a simple sensor for the carrier-envelope phase [50].
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Figure 3.2: On the left side, the spectrum of the laser is shown. On the right side,
the transform-limited pulse (obtained by Fourier transform of the spectrum with a
flat spectral phase) is shown. The FWHM of the transform-limited pulse is 7.1 fs.

3.1.1

Experimental setup

In order to resolve carrier-envelope dependence, it is clear (from even the above simplified picture) that the pulse duration cannot be longer than a few optical cycles.
For this work, therefore, we used an 8 fs Titanium:Sapphire laser (Nanolayers Venteon), which is pumped with 6 W from a solid-state diode-pumped, frequency doubled
Nd:YVO4 laser (Coherent Verdi V-10). Replacing the output coupler, the output
power is typically 750 mW at a repetition rate of 150 MHz, so that the pulse energy
is 5 nJ. The spectrum of the pulse is shown in Figure 3.2, with the transform limited
pulse obtained from a Fourier transform of the spectrum with flat spectral phase. In
reality, the pulses cannot be transform limited, as they acquire higher order spectral phase as they propagate through media (air, glass) due to dispersion. Negative
dispersion is introduced into the beam path with double-chirped mirrors (Nanolayers), chosen so that the pulses are short at the location of the tip, as measured by
interferometric autocorrelation.
The tip and microchannel plate electron detector are inside a vacuum chamber at
a pressure of < 3 ⇥ 10

10

torr. The beam is incident upon the tip at a 90 angle to the

tip axis, which allows the polarization to be parallel to the axis. The output of the
laser is linearly polarized, and the polarization at the tip is set using an achromatic
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half wave plate (Special Optics). Unless specifically noted, the polarization is parallel
to the tip axis, because this favors photon absorption at the apex (see Section 3.1.3).
The laser power incident on the tip is adjusted with a reflection o↵ of a variable
reflective neutral density filter, to avoid introducing extra dispersion.
The tip is negatively biased relative to the front of the dual-chevron microchannel plate-phosphor assembly (Burle/Photonis), and electrons leaving the tip roughly
follow the electric field lines coming from the tip, resulting in a magnified image of
the emission pattern. A voltage di↵erence of approximately 2 kV is applied between
the front and back plates of the MCP and between the back plate and the phosphor.
The spatial resolution of the detector is approximately equal to its 10 µm pore size.
The image of the electrons on a phosphor screen is seen through a viewport with a
camera.
Electrons incident on the microchannel plate (MCP) create secondary electrons
when they strike the wall of a pore, resulting in an avalanche process similar to that
in a photomultiplier tube. The MCP has very high gain, which depends non-linearly
on the the voltage di↵erence between the front and back of the chevron assembly—
changes of 100 V correspond to roughly a factor of 2-4 in gain. In addition to recording
images of light emitted from the phosphor, the front of the MCP is connected to
ground through a bias tee and a current-voltage preamplifier (SR570), which allows
direct measurement of the low and high frequency components of the (amplified)
current incident upon the detector.
For experiments on the CE phase, approximately 150 mW of the laser power is
picked o↵ (using a broad-band beamsplitter), and used to lock the carrier-envelope
frequency the laser. For dispersion compensation measurements and studies of the
non-linearity of emission, the beam is aligned first through a Michelson interferometer,
and the output of one of the interferometer ports is incident on the tip.

3.1.2

Interferometric autocorrelation measured with the tip

With the beam-line configured to include the Michelson interferometer, we can measure interferometric autocorrelations using the tip as the detector. An interferometric
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autocorrelation trace (IAC) requires a detection process that depends on the square
of the intensity. If a linear detection process is used, the resulting field autocorrelation depends only on the spectrum of the pulse, and cannot be used to test the
dispersion compensation. One common non-linear detection scheme is to focus the
output of the interferometer into a non-linear crystal to generate light at the second
harmonic frequency, which is then detected. For appropriate bias voltages, electron
emission from the tip is second-order nonlinear in laser intensity, and so by recording
the amount of electron emission as a function of delay between the two arms of the
Michelson interferometer, we e↵ectively measure the IAC.
Interferometric autocorrelation traces measured with the tip and with the more
conventional second harmonic generation (SHG) are shown in Figure 3.3, and allow
us to verify correct dispersion compensation of the beamline to ensure short pulses
at the tip (note that the autocorrelation measures the pulse duration at the location
of the second-order process—either the tip or the non-linear crystal).
The autocorrelation traces measured with the tip exclude some emission scenarios
that imply longer-lasting emission. For example, we can refute the idea that the
emission process is thermal-assisted field emission, because the temperature of the
tip should stay elevated following the first laser pulse for on the order of 100 fs. Thus,
the application of the second laser pulse to the already hot electron gas would lead to
enhanced emission relative to the case when the first laser pulse is blocked. However,
at time delays greater than the pulse duration, the baseline is flat, and additive (the
current resulting from both pulses is simply the sum of the current from each arm
individually).
In gold, interferometric autocorrelation traces measured with 3-photon photoemission have larger wings than a theoretical autocorrelation based on an instantaneous
third order e↵ect [51]. The distortion was attributed to the excitation of long-lived
states by the initial pulse, which are then “probed” by the second pulse. In contrast,
the interferometric autocorrelations measured with laser-induced emission from the
tungsten tip are similar to the theoretical dispersion-compensated IAC as well as one
measured with a crystal autocorrelator.

Figure 3.3: (a) Interferometric auto-correlation trace measured using SHG. (b) Interferometric auto-correlation
trace measured in current emitted from the tip. (c) Simulated interferometric autocorrelation trace of the transformlimited pulse shown in Fig. 3.2. All of the traces have been scaled to a value of 1 in the base-line; their peak
values should be 8, but are somewhat lower due to imperfect alignment of the Michelson interferometer.
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Power non-linearity as a function of bias voltage

The non-linearity of the emission process is, however, not always second order! The
ratio of the amplitude of the autocorrelation trace at its peak to the value in the
baseline (time-delay between the pulses

pulse duration) is a proxy for this non-

linearity. Consider a pulse with field profile E1 (t) in one arm of the interferometer.
The second interferometer arm contains a replica of this pulse at a time delay

t. If

t = 0, then the pulses interfere constructively, and the n-th order autocorrelation
signal is maximized
A( t = 0) = A0

Z

|2E1 (t)|2n dt,

(3.2)

where A0 is some physical constant relating to the detection process. If, on the other
hand

t is very large so that the pulses no longer overlap in time, then they cannot

interfere with one another, and all cross-terms become zero
Z

t)|2n dt
Z
Z
2n
= A0 |E1(t)| dt + A0 |E1(t +
Z
= 2A0 |E1(t)|2n dt.

A( t ! 1) = A0

|E1 (t) + E1 (t +

t)|2n dt
(3.3)

By inspection, the peak-to-baseline ratio is then 22n 1 . Note that we made no assumptions about the shape of the pulses beyond that they go to zero fast enough that
we could cancel cross-terms when computing the baseline. Recording the peak-tobaseline ratio of the autocorrelation trace as a function of DC bias voltage (Fig. 3.4),
we found that for a DC bias above 1.2 GV/m, the process had a peak-to-baseline
ratio of 8, as expected for a two-photon emission process. Below this bias, the peakto-baseline ratio increases continuously, up to a value of 25 near 0.5 GV/m bias. If
the emission has a pure power-law dependence (J / I n ), this would imply an n = 2.8.

To interpret this, note that the center wavelength of the laser spectrum corresponds
to a photon energy of ~! = 1.55eV . The electric field required to bring the potential
barrier down to

e↵

= 2~! is 1.4 GV/m. The laser power used for this measurement

was approximately 100 mW at the peak of the autocorrelation trace (when the pulses
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Figure 3.4: (a) Autocorrelation traces for three di↵erent DC voltages (laser parameters are the same). (b) Peak to baseline ratio vs. DC tip voltage. Blue points are data.
The solid blue line is from numerical integration of the time-dependent Schrödinger
equation, and the dashed red line is a quasistatic model fit to the data. The numbers
in circles correspond to the traces is part (a). Inset: peak and baseline current vs. DC
tip voltage. Reproduced from [9] c 2006 APS.
from the two arms of the interferometer interfere constructively).
Polarization dependence
Two physical e↵ects are responsible for the basic polarization dependence of the laserinduced emission. The first is that the emission is typically dominated by the surface
photoe↵ect [44], which, as will be shown below, depends only on the component of
the laser electric field that is normal to the surface. The second is that the subwavelength size of the tip leads to optical field enhancement, which is larger for
polarization parallel to the tip axis.
Consider, for simplicity, excitation of a (locally) flat metal surface by monochromatic light, with photon energy ~!. The emitted current can be approximated as a
sum over the probability of all possible optical transitions multiplied by the barrier
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transmission coefficient for the final state, D(j).
J/

X
ij

X

P (| i i ! | j i)D(j)
|Mij |2 D(j),

(3.4)

Mij ⌘ h j |✏t · rV | i i

(3.5)

/

ij

where

is the matrix element of the transition, | i i and | j i are the initial and final electronic

states, with energy Ei and Ej = Ei + ~!, respectively, ✏t is the polarization vector of
the transmitted light, and V is the potential seen by the electrons [44]. V is given by

V (r) =

8
>
< eF z
>
:V (r)
c

e2
16⇡✏0 z

if z > 0

(3.6)

if x < 0,

where Vc (r) is the periodic potential of the crystal lattice. From Equation 3.5, one
can see immediately that the absorption of a photon relies on the existence of a nonuniform potential and, more specifically, a potential with a non-zero gradient in the
direction of ✏t . This reflects the fact that a free electron cannot absorb a photon.
If photon absorption happens due to the large gradient in V at the surface, then
it is termed the surface photo-e↵ect. Alternatively, the corrugation of the crystal
potential in the bulk also allows photon absorption—this is called the (direct) bulk
photo-e↵ect.1
The emission observed from tips is dominated by the surface photo-e↵ect, which
has a particularly simple polarization dependence [44]. This e↵ect occurs due to the
large gradient in V in the z-direction, and it follows that Mij / ✏t · ẑ and therefore
the emitted current follows

Jsurf / (✏t · ẑ)2 .

(3.7)

1
The term “direct” di↵erentiates this from the “indirect” bulk e↵ect, which includes higher order
processes where the condition that energy and momentum be simultaneously conserved is satisfied
through interaction with other particles, for example, the emission or absorption of phonons.
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Figure 3.5: Laser-induced current vs. angle of half wave plate. Zero corresponds to
polarization parallel to the tip axis. Utip = 414 V, Pavg = 71 mW. The equation for
2
the fitted curve is y = 1.07 (cos2 ( /2)) + 0.027.
Generalizing to n-photon processes,
Jsurf, n / (✏t · ẑ)2n .

(3.8)

The expected polarization dependence of emission due to the bulk photo-e↵ect is
much more complex.2
Di↵raction of the optical field by the tip leads to locally enhanced electric fields at
the tip. Fields simulated by the finite element method [52] are plotted in Figure 3.7,
assuming 800 nm light incident on a tungsten tip of radius 120 nm. The maximum
field enhancement for this geometry is a factor of 2.1-2.2, depending on polarization.
Field enhancement a↵ects the number of electrons that will be excited at a given
region of the tip, and can be used to select particular emission sites. A detailed
2
in terms of its fourier components, Vc (r) =
P To see this, we can write the crystal potential
P
t
G VG exp(iG · r). It follows that Mij =
G iVG (✏ · G)h j | exp(iG · r)| i i. Regrouping terms
into a prefactor
aG for each reciprocal lattice vector, the direct photocurrent should have the form
P
Jbulk = G aG (✏t · G)2 for a one-photon process.
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Figure 3.6: Laser-induced current vs. angle of half wave plate. Zero corresponds to
polarizations parallel to the tip axis. Utip = 400 V, Pavg = 174 mW. The equation
3
2
for the fitted curve is y = 0.72 (cos2 ( /2)) + 0.3 (cos2 ( /2)) + 0.05.
study of this was performed by Yanagisawa et al. [53, 49], using a (011)-oriented tip,
which has four o↵-axis emission spots. The tungsten tips used in the polarizationdependence measurements discussed above (Figures 3.5 and 3.6) are (111)-oriented,
with a central emission spot on-axis and three o↵-axis emission spots. In cases where
there are low work-function crystal planes in the region of the tip where enhancement
is strong for perpendicular polarization (Figure 3.7(c)), the polarization dependence
might be more complex than that in Figures 3.5 and 3.6.

3.1.4

Carrier-envelope phase dependence

It can be shown that the spectrum of a mode-locked laser takes the form of a frequency
comb whose envelope is given by the spectrum of a single laser pulse, with peaks at
frequencies
fn = fCEO + nfrep ,

(3.9)
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Figure 3.7: Field enhancement (amplitude of the electric field divided by the amplitude of the electric field of the incident wave), simulated by the finite element
method. The tip simulated has a radius of curvature r = 120 nm, and the complex
dielectric constant of tungsten at 800 nm is used. (a) and (b) show field enhancement
for polarization parallel to the tip axis, while (c) and (d) show field enhancement for
polarization perpendicular to the tip axis. In (a) and (c), the laser is propagating
into the page. In (b) and (d), the laser comes from the left hand side (note that due
to di↵raction, the field amplitude is larger in the geometrical shadow of the tip). The
cross sections are taken through the plane of symmetry of the tip, except for (d),
where the plane is displaced by 60 nm from the axis of symmetry due to the fact that
the strongest field enhancement is o↵-axis, as seen in (c).
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Figure 3.8: f -2f interferometer. The spectrum of the laser is broadened in the
photonic crystal (PC) fiber. A dichroic beamsplitter separates the high and low
frequency parts of the spectrum. The frequencies in the lower part are doubled in a
non-linear crystal. A time-delay in one arm is used to ensure temporal overlap of the
two arms. An acousto-optic modulator (AOM) shifts the frequency by 90 MHz, which
allows fCEO to be locked to zero. The PBS followed by a polarizer overlaps the two
arms on the avalanche photodiode (APD). With the half-wave plate (HWP), PBS,
and polarizer, the power of the individual arms can be adjusted. The interference
filter removes comb-lines that don’t contribute to the beatnote.
where n is an integer and frep is the repetition rate of the laser, and fCE is the rate
of change of the carrier-envelope phase. The carrier-envelope frequency, fCEO can be
measured with an f –2f interferometer, which frequency doubles the lower frequency
comb lines and interferes them with the higher frequency comb lines. This generates
a beat at the frequency fCEO that can be measured with a photodiode (Fig. 3.8). An
acousto-optic modulator (AOM) in one arm of the interferometer shifts the frequency
of that arm by 90 MHz. This shifts fCEO by the same amount, allowing it to be
locked to zero if desired. The beatnote can be phase-locked to a reference frequency
by feeding back on the pump power of the Ti:Sapph oscillator. This is accomplished
using an AOM in the pump beam. Modulation depth is defined as
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Imax Imin
Imax + Imin

(3.10)

With fCEO and frep locked, we looked for a modulation of the photocurrent at fCEO
with the DC bias voltage adjusted from 0.35 GV/m to 2 GV/m. In this range, the
experiment should have been sensitive to a 0.1% modulation of the photocurrent, but
we were unable to find a signal. We concluded that this number represents an upper
bound to mCE in this range.

3.1.5

Numerical integration of TDSE

The optical field emission model predicts that the current will be a function of carrierenvelope phase. A fit based on Eq. 2.38 to the autocorrelation data of Fig. 3.4 yields
a laser electric field of 1.8 GV/m. For the parameters of the fit, the predicted CE
phase modulation depth is 0.5%. To understand why the modulation depth is actually
smaller than this, we needed to develop a model for the intermediate keldysh regime,
which is more appropriate to our experiment.
We developed a simple model based on integrating the time-dependent Schrödinger
equation in one dimension. The model considers the evolution of a single electron
state, which is initialied as a localized wavefunction (something like a surface state).
The energy of this state is adjusted to be equal to the Fermi energy for tungsten.
Then, the state is numerically evolved under the influence of the time-dependent
potential using the Crank-Nicolson method.
Explicitly, the potential is
8
>
1,
>
>
<
V (z, t) =
13.5 eV,
>
>
>
: (e2 /(16⇡✏ z))
0

if z <

L

L<z<

(3.11)

ez(FDC + Flaser (t)), if z >

As written, V = 0 corresponds to the Fermi level. The number

& 0 is used to avoid

the singularity of the image potential at z = 0; it’s chosen so that V (z) is continuous.
An imaginary potential is included near the right hand boundary of the simulation
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Figure 3.9: Results of 1D Schrödinger model. DC field 0.2 GV/m. The emission
profile is qualitatively di↵erent for two values of carrier envelope phase: in (a), a
single 700 attosecond electron spike occurs, in (b), which was simulated with the CE
phase shifted by 180 , the result is two sub-optical cycle spikes. Reproduced from
[54] c 2006 IEEE.
to act as an absorber and prevent reflections from the boundary. The laser field is
given by
Flaser (t) = F0 exp( 2 log(2)t2 /⌧ 2 ) cos(!t + ),

(3.12)

which represents a gaussian pulse with peak field F0 , CE phase , and FWHM ⌧ . To
determine the initial state, the field is turned o↵, and imaginary-time integration was
used to find the ground state of the potential. The width of the box, L, is chosen so
that the energy of the state matches the Fermi energy. The emission probability is
determined by calculating the probability flux outside the barrier, at z = 2 nm.
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The simulation was used to model the peak-to-baseline ratio as a function of tip
bias, under the experimental parameters corresponding to the data of Fig. 3.4; the
result is the solid blue line plotted in that figure. Given the simplicity of the model,
the agreement with the data seems quite good.
Figure 3.10 displays the simulated modulation depth as a function of DC field and
laser pulse fluence. The pulse fluence in the experiment was 4 mJ/cm2 , neglecting
optical field enhancement. With optical field enhancement, the e↵ective fluence could
be as high as 0.04 J/cm2 . For a 3-cycle pulse, the simulation predicts that the
modulation depth is always below 0.4%. For the range of parameters accessible in
the experiment, the modulation depth is below our detection limit of 0.1%, with the
exception of very small bias fields. At such low bias fields, the laser-induced current,
and therefore the detection limit, is reduced. The results of our numerical model are
consistent with theoretical work that has been done in the analogous

K

⇠ 1 regime

in atoms [55]. Ultimately, the picture of sub-optical cycle electron emission from
tips was confirmed by the beautiful work of Peter Hommelho↵’s group at MPQ [10],
which showed that sub-optical spikes similar to the ones predicted in Figure 3.9 can
be distinguished in the energy domain: two spikes emitted one period apart interfere
in the energy domain, leading to a modulation at the photon energy, whereas a single
spike does not [10].

3.2

Laser-triggered emission from Hafnium Carbide tips: multiphoton emission vs. thermallyassisted field emission

The behavior of non-equilibrium electron distributions following optical excitation of a
solid has implications for many processes of practical interest, including laser-ablation
[56] and ultrafast magnetic switching [57]. Clearly, it also has implications for electron
emission and, in particular, the time-scale of emission following photo-excitation. The
optical energy absorbed by the material directly excites the electrons, creating a nonequilibrium distribution. Electron-electron scattering leads to thermalization of the
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Figure 3.10: Simulated CE phase modulation. The modulation depth is plotted as a
function of laser fluence and DC field for three di↵erent pulse durations. Reproduced
from [54] c 2006 IEEE.
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electron gas, while electron-phonon scattering leads to equilibration of the electrons
with the lattice. Electron-phonon coupling usually happens on an approximately
picosecond time-scale; if this is slower than the electron thermalization, then the
electron and lattice can be described by two separate temperatures, in what is known
as the two-temperature model [58]. The dynamics of both of these processes are
complex, and the thermalization time can depend on the degree of excitation [59].
This section considers the tradeo↵ between laser-induced heating and multiphoton
emission in Hafnium carbide. The low thermal conductivity of Hafnium carbide makes
it a good candidate for observing e↵ects of laser-induced heating. However, we found
that, though we could obtain thermal-assisted field emission, this led to an increase
in the DC current and did not have a measurable pulsed component. By studying the
scaling of multiphoton emission and thermal-assisted field emission, we could estimate
the range of parameters where transient (or pulsed) thermal-assisted field emission
becomes important.

3.2.1

Characterization of emission processes

The current-voltage characteristic of the Hafnium Carbide tip under laser illumination
manifests two distinct emission regimes: multiphoton emission, and thermal-assisted
field emission. The apparatus used to measure the laser-induced current is similar to
that described above (Section 3.1.1). The tip is a commercially manufactured (310)oriented hafnium carbide tip (Applied Physics Technologies, McMinnville, OR), with
a radius of curvature of 120 nm. The work function of (310)-oriented HfC is 3.4
eV [60]. The laser is focused to a 2.7 µm waist using a 4.5 mm focal length mirror
inside the vacuum chamber, and the beam-line is again dispersion compensated. An
extraction aperture is placed 1.5 mm from the tip apex, and a bias voltage (Utip is
applied between the tip and this extractor. Electrons that pass through the extractor
are detected with a microchannel plate (MCP).
When an electron strikes the wall of a channel of the MCP, the electron triggers
an avalanche process with gain varying from 104 to 107 depending on the bias voltage
applied across the plates (Umcp ). This dependence can be measured with respect to
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Figure 3.11: Ilaser and I2f . Current flowing to the front of the MCP is detected.
The MCP consists of two plates in a chevron configuration. The front of the MCP
is grounded through the current to voltage preamplifier; a bias voltage (not shown)
is applied to the back of the second plate and determines the gain of the detector.
The laser beam to the tip is chopped at a low frequency (< 400 Hz), and the average
laser-induced current (Ilaser ) is detected with a lock-in amplifier. The component of
the current at twice the repetition frequency of the laser is detected as a proxy for
the pulsed component of the current (I2f ).
the gain at a particular value of Umcp , and absolute gain of the MCP was calibrated
by counting electron detection events at some value of Umcp . Combining these two
measurements, the following calibration of the gain of our MCP as a function of Umcp
was determined:
G = exp(92.83

2
0.2737Umcp + (2.8199 ⇥ 10 4 )Umcp

3
(1.1708 ⇥ 10 7 )Umcp
+ (1.7447 ⇥ 10

(3.13)
11

3
)Umcp
).

(3.14)

A bias tee splits the current from the front of the MCP into high-frequency and
low-frequency components. The laser triggering emission from the tip is chopped at
a low frequency (< 400 Hz) and the component of the current that was induced by
the laser is lock-in detected. The high frequency component consists of harmonics
of the laser repetition rate. For the I-V curves shown, we measured both the lockin detected current, which we call Ilaser , and the component of the signal at 2frep ,
which will be referred to as I2f (Fig. 3.11) when converted to an equivalent average
current. The former represents average laser-induced current, while the latter loosely
represents the pulsed component of the signal (i.e. emission that is short compared
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Figure 3.12: Closed symbols are Ilaser and open symbols are I2f . The laser power
is 3.9 mW (triangles) and 9 mW (circles), with corresponding peak intensity in the
focus (neglecting field enhancement) 2.1 ⇥ 1010 and 4.9 ⇥ 1010 W/cm2 . The solid lines
show theory curves: light solid lines are thermal-assisted field emission, and dark solid
lines are two-photon emission. The inset shows Ilaser vs. laser power for several bias
voltages in the two-photon regime. The current in this regime is always proportional
to the square of the laser power. Adapted from [43] c 2012 APS.
with the time between laser pulses).
Figure 3.12 shows the measured I-V relation at two example values for the incident
laser power. At low tip voltage, Ilaser and I2f closely follow one another, showing that
the laser-induced current is all modulated at the laser repetition rate. However, at
large bias voltages, Ilaser and I2f diverge, as the emitted current becomes dominated by
thermal-assisted field emission due to laser-induced heating of the tip. From Equation
2.37, in the limit that kB T ⌧ (2~!
I2

ph

e↵ ),

/ P 2 [2~!

the current due to two-photon emission is
+

p
eF/(4⇡✏0 )]2 .

(3.15)

The dark solid lines in Figure 3.4 are fits of this model to the I2f data (note that the
condition kB T ⌧ (2~!

e↵ )

may fail at very low bias voltages). The photon energy

is left as a free parameter for the fit; the best-fit value (curves in Fig. 3.12) is 1.46 eV.
This model neglects the width of the energy spectrum (a more precise model might
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be obtained by taking a convolution over the energy spectrum), but the fitted 1.46
eV photon energy is reasonably close to the center energy of the spectrum. At a fixed
tip voltage, the laser-induced current is proportional to the square of the laser power,
as expected for a two-photon process (inset to Fig.3.12).
The light solid curves are the predicted di↵erence in thermal-assisted field emission between the elevated temperature and room temperature. They are determined
numerically based on a fit to the measured DC emission I-V relation, as discussed
in Section 2.1.4. From this, we infer that the temperature of the apex of the tip is
525 ± 50 K and 850 ± 50 K for 3.9 and 9 mW illumination, respectively.

In all of our measurements, we never saw evidence of significant transient thermal-

assisted field emission. The I2f at two values of laser power display a constant ratio
over the entire range of tip-bias measured (Fig. 3.12). In contrast, thermal-assisted
field emission has a complex dependence on temperature and bias field (Fig. 2.3) and
would not maintain a constant current ratio as the tip-voltage varies.
The electron gas must be superheated for a short time following the absorption
of the laser pulse, and this must lead to higher rates of thermal-induced emission.
However, since the multiphoton emission theory perfectly matches the measured
pulsed current I2f , we must conclude that transient thermal-assisted field emission
is negligible with respect to multiphoton emission over the explored parameter space.
Note that this is true even where Ilaser and I2f diverge and the thermal-assisted field
emission per pulse is much larger than I2f . In this regime, average thermal-induced
emission dominates multiphoton emission because, though the instantaneous current
due to thermal-assisted field emission is smaller than the instantaneous multiphoton
emission current, the former is non-zero for the entire duration of the time between
successive laser pulses, which is nearly 6 orders of magnitude larger than the laser
pulse duration.
In the multiphoton-emission-dominated regime, the emission pattern is more diffuse than for DC field emission and thermal-assisted field emission (Fig. 3.13). This
occurs because multiphoton emission is less sensitive to di↵erences in work function
than field emission.
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Figure 3.13: Emission pattern for multiphoton and thermal or DC field emission.
Reproduced from [43] c 2012 APS.
Polarization dependence of the emission was studied. As for tungsten, the emission is maximized for polarization parallel to the tip, and the behavior is consistent
with the discussion in Section 3.1.3, except that for HfC we expect the two-photon
process to dominate. In Section 3.2.2, it will be shown that transient temperature rise
is larger for parallel polarization than for perpendicular polarization, so that thermalassisted field emission would also di↵er for the two polarizations. Figure 3.14(a) shows
current as a function of bias field for polarization parallel and perpendicular to the tip
shank. Note that I2f maintains a constant ratio for parallel and perpendicular polarization, consistent with two-photon emission but inconsistent with thermal-assisted
field emission.
As the laser is moved up the shank of the tip, the steady-state apex temperature
initially increases as more energy is absorbed by the tip (Fig. 3.14). The result is that
for bias fields above ⇡ 0.5 GV/m, the average current is much larger when the laser
is mis-aligned up the shank. Below 0.5 GV/m, the average current is largest when

the beam is aligned to the apex, because here the average current is dominated by
multiphoton emission. This gives a practical method to guarantee that the alignment
is at the apex: regardless of the parameters of the experiment, the alignment is first
optimized at low tip bias where multiphoton emission dominates.
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Figure 3.14: Influence of polarization and mis-alignment on multiphoton and thermalassisted field emission. All data shown is measured with 9 mW average laser power.
(a) Circles (triangles) represent current for polarization parallel (perpendicular) to
the tip axis. Closed symbols are Ilaser , and open symbols are I2f . The dashed line
is the calculated thermal-assisted field emission for this tip, assuming a temperature
of 1100 K. (b) Aligning the laser 2-3 µm up the shank of the tip increases the apex
temperature. Blue circles are Ilaser with laser aligned to the tip apex. Red diamonds
are measured under the same conditions, except that the laser has been aligned
further up the shank. Light solid lines are DC TFE theory. Note that the data
goes below the blue curve at low field; this is because emission there is dominated by
multiphoton emission, which is maximized when the beam is aligned to the apex of
the tip. Reproduced from [43] c 2012 APS.
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Figure 3.15: SEM images of HfC tip, viewed at a 45 degree angle. From left to right,
the scale bars are 0.5, 2, and 10 µm. Reproduced from [43] c 2012 APS.

3.2.2

Model of heating and thermal conduction in the tip

A finite element model of heat deposition and thermal conduction in the tip was
developed. The model predicts the transient temperature rise of the tip, and therefore lets us determine the relative magnitude of thermal emission and multiphoton
emission outside the range of parameters that could be explored experimentally.
The model is broken into three parts that build on one another. The first part calculates the optical field enhancement at the tip apex and the energy density deposited
in the tip by the laser pulse. The second part calculates the average temperature rise
of the tip under continuous illumination, which approximates the average temperature
of the tip under pulsed illumination. The final part calculates the temperature evolution immediately after the incident laser pulse, including thermal conduction and
the equilibration of the electron and phonon temperatures. The initial temperature
distribution in the tip is taken from the second part.
The tip geometry for the simulation is an approximation of the geometry of the
Hafnium carbide tip studied in the previous section. SEM images of this tip are
shown in Figure 3.15. The simulated tip has a radius of curvature of 120 nm. The
initial opening angle is 10 degrees (half angle), decreasing to a 2.5 degree half angle,
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Figure 3.16: Geometry of tip in finite-element simulation. The final box (image
(c)) indicates the part of the tip shown in the electromagnetic simulation results
(Fig. 3.18).
as shown in Figure 3.16. At 16 µm from the apex, the cone begins to slowly flare
out to a 500 µm cylinder. In the region of continuously increasing opening angle, the
geometry is such that a cross section of the tip profile coincides with a circle of 250
µm radius.
Material parameters used for the simulations described in this Section are summarized in Table 3.1, reproduced from [43]. HfC material parameters are not tabulated
as often as those of tungsten and gold, and in some cases the reported values were
contradictory. The temperature-dependent electronic heat capacity of HfC was determined by integrating the density of states from Ref. [64]. Defining the electron energy
in the metal as " and the chemical potential as µ, the Fermi distribution function is
f (", µ, Tel ) =

exp (("

1
,
µ)/kB Tel ) + 1

(3.16)
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Table 3.1: Materials properties used for modeling (Adapted
from [43] c 2012 APS)
T (K)
[61, 62, 63]
300
C (106 J/(m3 K))
1000
[64, 65]
300
Cel (104 J/(m3 K))
1000
,
[66] [67]
300
 (W/(m K))
1000
el,0 (W/(m K))[67, 68]
gel ph (1016 W/(m3 K))[65]
[69, 67, 70]
Re[]
✏r
Im[]
(k polarization)
(? polarization)
a

HfC
2.29
3.48
3.81a
8.42a
20.7
27.0
—b
6.85d
9.49e
-8.48e
0.8
0.95

W
Au
2.55 2.48
2.89 2.88
3.46 2.02
9.88 6.73
171
317
117
270
c
136
318
19.1 2.61
5.2
-24
-19.4 -1.5
0.6 0.037
0.7 0.047

HfC Cel (T ) determined from the density of states in Ref.
[64].
b
For HfC, el and ph were taken to be 12 W/(m K), half of
 at 630 K, the approximate initial temperature (see text).
c
W el at 400 K determined by fitting electrical resistivity
and thermal conductivity data in the 300-900 K range (Ref.
[67]) using the Wiedemann-Franz law.
d
Example value used in HfC TTM model.
e
Determined by Drude model fit to reflectivity curves in
Ref. [69] using two Lorentz oscillator terms.
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and the electronic heat capacity is
Cel (Tel ) =

Z

1
1

@f (", µ, Tel )
g(") "d",
@Tel

(3.17)

where g(") is the density of states. The chemical potential, µ depends on the electron
temperature and is determined from the condition that the total number of electrons
Nel is fixed:
Nel =

Z

1

f (", µ(Tel ), Tel ) g(")d".

(3.18)

1

The Drude-Lorentz model is often used as a phenomenological model for the dielectric
constant of metal and semiconductor materials in the IR and visible range [71]. The
Drude or free-electron part is due to intraband transitions, while one or more oscillator
terms may be used to take into account inter-band transitions. The model takes the
form
✏r (!) = ✏Drude (!) +

X

✏Lorentz, j (!),

(3.19)

◆

(3.20)

j

where

✓

!p2
! 2 + i(!

✏Drude (!) = ✏1 1
and
✏Lorentz, j (!) =

!j2

2
!p,j
!2

0)

.

(3.21)

j

The parameters of the Drude component are ✏1 , !p , and

0

are the asymptotic value

of ✏r , the plasma frequency, and the relaxation rate. Each oscillator is described by
three parameters: !j and

j

are the frequency and damping rate of the resonance,

and !p,j is related to the oscillator strength.
Ref. [69] presents the reflectivity of HfC as a function of wavelength. We can find
the parameters of the phenomenological model by fitting the reflectivity data, using
the relation between the complex dielectric constant and permittivity. The real and
imaginary parts of the complex index of refraction, n, and k, can be determined from
the complex permittivity
nc = n + ik =

p

✏r .

(3.22)
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Figure 3.17: Magenta circles are reflectivity data for HfC0.98 N0.02 from [69]. Red
crosses are the fitted Drude model contribution to the reflectivity, also from [69].
Solid lines are my fit to the reflectivity data and the resulting Drude-only reflectivity.
✏1
~!p
1/ 0

10.2
1.22 eV
1.9 fs

~!p,1
~!1
~ 1

5.9 eV
2.2 eV
4.4 eV

~!p,2
~!2
~ 2

6.8 eV
4 eV
17.7 eV

Table 3.2: Fit parameters for HfC complex permittivity reconstructed from data in
[69]
The reflectivity at normal incidence at the metal-vacuum interface is
R=

(n 1)2 + k 2
.
(n + 1)2 + k 2

(3.23)

In this approach, a model with a rather large number of free parameters is used.
However, its form is physically motivated, and the resulting complex permittivity
satisfies physical constraints such as the Kramers-Kronig relations. Ref. [69] provides
only some of the parameters of the fit. I fit the Drude-Lorentz model to their data
to obtain the remainder of the parameters and determine the complex permittivity.
Fig. 3.17 shows the reconstruction of their fit. The parameters are in Table 3.2.
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Figure 3.18: Finite element model of optical fields near tip. The amplitude of the
incident wave is 1 V/m. The wavelength is 800 nm. (a) Ex at the phase that maximizes it. (b) Cycle-averaged magnitude of the electric field, x-polarization. (c), (d)
Average power density deposited in the tip , for x- and y- polarized light, respectively.
Electric field units are V/m and power density units are 104 W/m3 . All plots are for
the cross section given by the symmetry plane (y = 0) of the model. Reproduced
from [43] c 2012 APS.
Electromagnetic fields
Figure 3.18 shows the calculated electric fields for parallel polarization, as well as the
power density deposited in a HfC tip, for both parallel and perpendicular polarization.
The model assumes continuous wave illumination at 800 nm. The calculation was
repeated for 680 nm and 940 nm wavelengths, and the deposited power changed by less
than 10%. Figure 3.19 compares the field enhancement and energy deposited in tips
of three di↵erent materials, HfC, W, and Au, illuminated with light polarized parallel
to the tip axis. Although the degree and distribution of field enhancement is similar
for the three materials, the skin depth and total energy deposited are very di↵erent.
The field distribution for parallel and perpendicular polarization are compared in
Figure 3.7.
Continuous heating model
The electromagnetic model supplies a power density deposited in the tip as a function
of position, pmodel (x, y, z). By computational necessity, the electromagnetic model is
solved over a smaller region than is required for the full thermal model. We defined the
heat source in the continuous heating model as a combination of the electromagnetic
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Figure 3.19: Comparison of electromagnetic model results for HfC, W, Au. Top:
cycle-averaged electric field strength for 1 V/m incident plane wave at 800 nm. The
optical field is polarized parallel to the axis of the tip. Escale is 2.1, 2.2, and 2.4
V/m for HfC, W, Au respectively. Bottom: Energy density deposited by a single
30 pJ laser pulse focused to 2.7 µm (this corresponds to 4.6 mW average power at
a 150 MHz repetition rate). qscale = 5.0, 8.5, and 0.8 ⇥ 107 J/m3 for HfC, W, Au
respectively. Reproduced from [43] c 2012 APS.
model result and an analytic approximation. The heat source term has the form

where

8
<papex (x, y, z), x < 1.5 µm
p(x, y, z) =
:p
x > 1.5 µm
shank (x),
papex (x, y, z) = pmodel (x, y, z) e

and
pshank (x) =

4 p P0
e
⇡w02 r(x)

2(x/w0 )2

2(x/w0 )2

,

(3.24)

(3.25)

(3.26)

where r(x) is the radius of the shank at the co-ordinate x (the x-axis is taken along
the symmetry axis of the tip). As pmodel was calculated for a plane wave, it has
been multiplied by a gaussian envelope to simulate the 2.7 µm waist used in the
experiment. The expression for pshank is simply the power intercepted by the tip
cross section, modified by a single “fudge-factor”,

p,

that encompasses the material

reflectivity and any di↵raction or field enhancement e↵ects [72]. The value of

p

is
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determined by requiring the integrated power deposited in a slice of the tip at constant
x to be continuous at x = 1.5 µm.
The data of Figure 3.12 show a temperature rise of 225 ± 50 K and 550 ± 50 K

for average laser power of 3.9 mW and 9 mW, respectively. The continuous heating

model predicts 260 K and 570 K, which is in good agreement. A simple analytic
model for the temperature rise is given in [73]:
T ⇡

p

2 p P0
,
3/2
⇡ w0 ✓

(3.27)

where P0 is the incident laser power,  is the thermal conductivity of the material, and
✓ is the half-angle of the tip cone (note that this assumes a simple conical geometry for
the tip). Using ✓ = 2.5 degrees and

p

= 0.95 (determined from the electromagnetic

model) this simple model predicts temperature increases of 300 K and 700 K for the
two example values of the laser power.
Transient two-temperature model
For the transient model, we must take into consideration the fact that energy from
the laser is deposited only into the electron gas, not the phonon lattice [58]. The
electron and lattice temperatures Tel and Tph can be described by coupled equations
dTel
= r · (el rTel ) gel-ph (Tel Tph ) + p(x, y, z)f (t)
dt
dTph
Cph
= r · (ph rTph ) + gel-ph (Tel Tph ).
dt
Ce

(3.28)
(3.29)

The heat source has been multiplied by the temporal profile of the laser pulse, f (t).
Since the duration of the laser pulse is considerably shorter than the timescale of the
temperature dynamics, the temporal profile used for the model is a square pulse with
a constant value for 0  t  10 fs. Cel,ph and el,ph are respectively the heat capacity

and thermal conductivity of the electron and phonon gas. These can be functions
of position and time due to their dependence on Tel and Tph . The electron-phonon
coupling constant, which governs the equilibration between the two heat reservoirs,
is gel-ph .
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Figure 3.20: Two-temperature model results for Hafnium Carbide. Black curves are
for parallel polarization, and red curves are for perpendicular polarization. Thick
solid curves are the electron temperature, Tel , and thin dashed curves are Tph . The
thin dotted curves show the evolution of Tel with electron-phonon coupling turned
o↵. The inset is rescaled to show the region where the two temperatures come to
equilibrium. Lower plots: the electron temperature distribution in the cross-section
where y = 0 at several times after the laser pulse. Reproduced from [43] c 2012 APS.
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Figure 3.21: Two-temperature model results for Tungsten and Gold. The model
geometry and laser parameters are the same as for the HfC model. Black curves are
for parallel polarization, and red curves are for perpendicular polarization. Thick
solid curves are the electron temperature, Tel , and thin dashed curves are Tph . The
thin dotted curves show the evolution of Tel with electron-phonon coupling turned
o↵. Reproduced from [43] c 2012 APS.
Figure 3.20 shows the simulated temperature evolution for the Hafnium Carbide
tip illuminated by 4.6 mW average power, 150 MHz repetition rate pulse train. As the
initial condition, Tel and Tph were taken to be equal to the result of the continuous
heating model, with 4.6 mW incident power. As we were unable to find values of
the electron thermal conductivity of Hafnium Carbide, we assumed that the electron
thermal conductivity was half of the total thermal conductivity, which is the case
for the similar material, TiC. We also could not determine an accurate value of the
electron-phonon coupling constant, so we assumed gel-ph = 6.85 ⇥ 101 6 W/(K m3 ),

independent of temperature. This corresponds to a coupling time ⌧el-ph ⇠ Cel /gel-ph ⇠

1 ps, which is the expected order of magnitude (see [74]). The dotted curves show
the evolution of Tel and Tph in the absence of electron-phonon coupling. Cooling of
the electron gas by conduction alone is orders of magnitude slower than reasonable
electron-phonon coupling times; the electron-phonon coupling time therefore sets the
time-scale of the thermal transient.
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Figure 3.21 shows the analogous simulation for tungsten and gold tips. The laser
parameters are the same as for the hafnium carbide model. The electron thermal
conductivity of W and Au are expanded as [56]
el (Tel , Tph ) = el,0

Tel
,
Tph

(3.30)

with values for el,0 given in Table 3.1. The electron-phonon coupling constant is itself
a function of the electron and lattice temperatures. For constant lattice temperature,
the electron-phonon coupling constant can increase dramatically with Tel , and it is
crucial to take this into account [65]. For the small pulse fluence modeled here, the
temperature rise is not large enough to require this, and the values of gel,ph in the
table were obtained from the calculation of Ref. [65], averaged over the approximate
temperature range of the simulation.
The tungsten el was determined by fitting electrical resistivity and thermal conductivity data in the 300-900 K range (Ref. [67]) using the Wiedemann-Franz law.

3.2.3

Estimated transient thermal emission from HfC

In the current experiment, it is not possible to increase the laser power significantly
above 12 mW, as the baseline temperature rise of the tip is so large that there is
significant DC thermal-assisted field emission. This occurs at even a lower power than
one might predict because at high power, even if multiphoton emission dominates for
alignment to the tip apex, there is a risk of significant thermal emission if the beam
alignment moves slightly up the shank of the tip.
In a hypothetical low repetition rate experiment, the maximum pulse fluence is
limited instead at the point where transient thermal emission is more important than
multiphoton emission. The energy density deposited at the tip apex is given by
Q=
where F is the pulse fluence and

Q

Q F,

(3.31)

= 220 J/m3 per nJ/cm2 is determined from the

electromagnetic model of the previous section. The initial temperature rise, Ttrans ,

Current  (e  /  pulse)
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Figure 3.22: Predicted scaling of transient TFE and multiphoton emission for a 120
nm radius HfC tip. Solid lines are two-photon emission. Dashed lines are estimated
transient thermal-assisted field emission, assuming an electron-phonon coupling time
of 1 ps. The blue curves are for 0.5 GV/m bias field, and the red curves are for 1.5
GV/m bias field. The largest pulse energy corresponds to K ⇠ 1.5. Adapted from
[43] c 2012 APS.
can be obtained by solving
Q=

Z

Ttrans

Cel (Tel )dTel

(3.32)

TDC

The total emitted charge is estimated as the thermal-assisted field emission current
at Ttrans multiplied by the electron-phonon coupling time ⌧el-ph . Again assuming a
1 ps electron-phonon coupling time for HfC, Figure 3.22 compares the scaling of
emission due to a thermal transient with the scaling of multiphoton emission in the
low repetition rate limit for a tip like the one used experimentally. The pulse fluence
where the two processes become comparable in size depends on the bias field applied
to the tip. For reasonable bias values, transient thermal emission begins to overtake
multiphoton emission as the Keldysh parameter gets close to 1. For large bias fields,
it is possible to get to the few 104 electron per pulse regime before the transient
thermal process dominates.

Chapter 4
Energy-domain streaking for direct
emission-time measurement
This chapter describes a proposed method for direct measurement of the electron
emission time from a laser-triggered field emission tip. In the previous chapter, it
was shown that multiphoton emission and photo-assisted field emission are readily
observed, and distinct from thermally-induced emission. Multiphoton emission and
photofield emission are assumed to be prompt with respect to the laser trigger, but
analysis of power scaling of emission does not exclude the possibility of emission
from long-lived excited states or non-equilibrium electron distributions, as has been
observed for metal surfaces illuminated at high pulse fluence [75]. Furthermore, simulations of the non-adiabatic tunnel regime and the work of Krüger et al. [10] on
the variation of electron emission spectra with carrier-envelope phase show that suboptical cycle emission can occur, and suggest that with arbitrary waveform generation,
one might be able to create arbitrarily shaped electron pulses with sub-femtosecond
features. If we wish to control the temporal waveform of the electron pulse with this
degree of precision, we must first be able to measure it.
Our initial approach to this problem was to apply a rapidly time-varying voltage
to the tip, mapping time of emission to electron kinetic energy, which is then analyzed.
Our experiment is essentially a longitudinal streak camera; here, energy plays a role
analogous to the deflection in a conventional, transverse streak camera. This is similar
68
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to the concept of the atomic transient recorder, which uses infrared fields to streak
photoelectrons generated by attosecond XUV pulses [76], but in a completely di↵erent
frequency range . In this initial approach, we built what is e↵ectively an ultrafast
sampling oscilloscope—a device capable of measuring periodic voltage variations at
the tip with the temporal resolution of the emission process, a priori less than 10
fs for multiphoton emission. With this proof-of-concept apparatus, we characterized
the electron emission time with sub-picosecond resolution.
The second part of this chapter will discuss how the time-resolution of the measurement could be improved to the 10 fs or perhaps even fs level. In particular, we
propose increasing the streaking slope by integrating the electron source into a microwave cavity, which can be used to build up large time-varying fields. Improvements
in the synchronization of the microwaves and laser pulses will also be necessary.

4.1

Proof-of-concept: ultrafast oscilloscope and energydomain streaking without an RF cavity

4.1.1

Experimental setup

The experimental setup of the “ultrafast oscilloscope” is shown in Figure 4.1. Sub10 fs pulses from a Titanium:Sapphire oscillator (a) are used to trigger emission from
a tungsten field emission tip (⇠ 120 nm radius of curvature at the apex–(b)) via
multiphoton photoassisted field emission or multiphoton over-the-barrier emission,
depending on central bias voltage. The electrons are collimated by an electrostatic
lens, and travel in an ⇡ 8 cm field-free region. We have analyzed the electron energy

using both time-of-flight methods and a retarding potential method, where grids in
front of the electron detector prevent electrons with insufficient kinetic energy from
reaching the detector. Both methods measure the kinetic energy of the electrons after
they leave the lens along the direction parallel to the tip axis. Both methods yielded
similar energy resolutions, of 2 eV (FWHM) for average tip bias voltages of 20-50 V.
The true energy distribution of the electrons is smaller than this, and either method
could be optimized to obtain higher resolution.
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The number of electrons in a single pulse is not large enough to measure the
center of the energy spectrum or its width with high precision. If the RF signal is
synchronized with the laser, however, electrons from multiple pulses can be combined
to measure an energy spectrum for a given time delay between the RF signal and the
sampling laser pulse, as illustrated in the bottom part of Figure 4.1.
To achieve this synchronization, the RF signal in the experiment is derived from
harmonics of the laser repetition frequency (f = 150 MHz), measured with a fast
photodiode. A direct digital synthesizer acts as a programmable phase shift for a
signal at the frequency f (also derived from a pick-o↵ beam on a photodiode–(c)). We
tested two di↵erent strategies to obtain rapid voltage sweeps. In the first strategy, the
DDS output is mixed with a harmonic of f with frequency ⇡ 600 MHz to generate a ⇡
750 MHz signal and passed through a non-linear transmission line (NLTL; Picosecond

Pulse Labs LPN-7102). The wave traveling along an NLTL satisfies a non-linear wave
equation, where the propagation speed is a function of voltage amplitude. The result
is a steepening of the negative slope of the input sine wave as it propagates, with
the output of the NLTL approximating a sawtooth wave with picosecond fall times
[77]. Alternatively, the DDS output is upconverted using a single-sideband mixer to
generate a signal at 62f ⇠ 9.28 GHz with computer-controllable phase. In both cases,
a broadband bias tee combines the RF with a DC tip bias voltage, and electrical

connection to the tip is a semirigid coaxial cable with the shield grounded at the
vacuum feedthrough.

4.1.2

Oscilloscope measurements

Non-linear transmission line
Figure 4.2 shows the waveform generated in a nonlinear transmission line (NLTL).
The NLTL generates a comb-like RF spectrum of the harmonics of the 750 MHz
input (which is itself a harmonic of the laser repetition rate). The oscilloscope trace
is obtained by stepping the phase of the DDS (and therefore the 750 MHz driving the
NLTL) and measuring spectra with RF alternately on and o↵. The di↵erence between
the center voltages of the spectra with RF on and o↵ reflect the voltage due to the
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Figure 4.2: Measured oscilloscope trace for non-linear transmission line output.
RF signal at the time the electrons were emitted. The measured trace is not as close
to a sawtooth wave as the trace from [77], which shows the output of a similar NLTL
(PPL LPN-7113-110) measured with a commercial sampling scope. This might be
due to the complicated frequency response of the bias tee, feedthrough, and coaxial
cable connecting to the tip. In Ref. [77], the maximum derivative of voltage with
respect to time is about 20 mV/ps. Even though our maximum voltage swing is about
6 times larger, the maximum slope is 50 mV/ps. As shown in the next section, we
were able to achieve a higher streaking slope by simply amplifying a higher harmonic
of the laser repetition rate.
9 GHz sine wave
The frequency response of the system from the bias tee onwards was characterized
by running the experiment over the range of frequencies within the bandwidth of
the microwave amplifiers. The repetition rate of the laser was not locked to the
microwave frequency, so the measured spectra samples the voltage at the tip at a
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Figure 4.3: Frequency response of the tip. The amplitude of the response is measured by amplifying the output of a frequency synthesizer and recording time-of-flight
spectra. Since the RF is not phase-locked to the laser, the time-of-flight spectrum
is broadened by the RF and represents a convolution of the spectra for di↵erent tip
voltages with the dwell-time of the sine wave at that voltage. Fitting the spectra
yields the amplitude of the sine wave on the tip. The y-axis units are relative to the
peak value of the amplitude response.
large and e↵ectively random set of phases. The result is a highly broadened spectrum
from the convolution of the spectra at di↵erent voltages with the dwell-time of the
sine wave at that voltage. Fitting the spectra to this model, the amplitude of the sine
wave applied to the tip can be determined as a function of frequency (Fig. 4.3).
The frequency response of the tip shows a maximum near 9.3 GHz; to maximize
the streaking slope given the available microwave power, it is advantageous to work
near this frequency. Figure 4.4 shows the oscilloscope trace recorded with a 9.28 GHz
signal (62nd harmonic of the repetition rate). Data are measured for increasing , and
the full data set (squares) is reproduced with a 360 degree o↵set (crosses); the overlap
shows that the measurement is stable over the several hours required to measure this
trace. The lower left hand plot shows a zoomed in portion of the oscilloscope trace,
with phase steps of 0.075 degrees, corresponding to 22.4 fs.
A numerical fourier transform of the oscilloscope trace shows that it is not a pure
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Figure 4.4: The top plot shows the measured oscilloscope trace for a 9.28 GHz sine
wave (62f ) applied to the tip. The data set (squares) is plotted again with a 360
degree phase o↵set (crosses). The voltage error bar at each point is 20 mV for a
measurement time of ⇡ 100 s per spectrum. “Residuals” (data with DC o↵set and
9.28 GHz fourier component subtracted) are plotted with triangles. The plot on
the lower left is a zoomed-in portion of the oscilloscope trace, with phase steps of
0.075 degrees (22.4 fs). The plot on the lower right shows the fourier spectrum (FT)
computed from the oscilloscope trace alongside the corresponding RF amplitudes
applied to the tip (at the LO, LO+f , LO+2f , and LO 3f ). The RF spectrum was
measured before the bias tee, and then corrected for the frequency response of the
tip and bias tee, which was independently measured.
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sine wave: there is a small DC o↵set as well as higher order spectral components, and
the magnitude of the slope at the two zero crossings di↵ers. This could be due to small
amounts of uncompensated drift during data taking. Another contribution is from
spurious single-sideband mixer products whose phases increase by n as the phase
of the 9.28 GHz signal is adjusted. The fourier spectrum of the measured trace is
shown in the lower right hand plot. The n = 0 component is the equivalent power
due to a sine wave with the amplitude of the DC o↵set of the trace. The residuals
(measured data minus the DC o↵set and the 9.28 GHz component) are shown in the
top plot. For comparison, the RF amplitudes of the corresponding mixer products
are plotted alongside the fourier spectrum of the trace. The n = 0 component is
due to the LO, and the n = 2 and n = 3 components are due to the LO + 2f and
LO 3f , respectively. Thus the streaking slope estimated by di↵erentiating the raw
oscilloscope trace is only approximately correct. Using fourier analysis to determine
the amplitude and phase of the actual RF fields on the tip, we can make a more
accurate determination of the streaking slope as 0.4 V/ps at the zero crossing of the
sine wave.

4.1.3

Streaking measurements

To illustrate the energy-domain streaking concept, the Michelson interferometer (part
(d) of Fig. 4.1) is used to generate a copy of the pulse train o↵set in time by ⇠ 5 ps.

Spectra with the double and single pulse trains were measured near the zero-crossings
of the RF (streaking slope of 0.4 V/ps) and are shown in Figure 4.5 . The pulses
are sufficiently separated in time that the temporal structure is clearly discernible
in the energy spectra. The spectra are fit with one or two asymmetric gaussians to
determine their relative emission times (the width and skew were constrained to be
the same for the double pulse spectra as for the single pulse spectra).
There is some uncertainty (on the order of 100 fs) in the position of the peaks due
to line pulling from the background, which was modeled as an additional gaussian
peak. This is manifest as a di↵erence in the time-delay inferred at the two zero
crossings (4.85 ps and 4.75 ps for the positive and negative slopes, respectively) and
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Figure 4.5: Energy-domain streaking. Spectra with one or a double pulse train incident on the tip near a zero-crossing of the RF. The plots on the left are for positive
slope (V increases with time), and those on right are for negative slope. The top plots
show the spectra for the double pulse train, and the middle plots show the spectra
with the first pulse blocked. The spectra are fit with asymmetric gaussian distributions (for the main peaks–solid red and dotted blue lines), and the background from
secondary and scattered electrons is fit with a gaussian (grey dashed line). The total
fits are shown as solid black lines through the data points. The bottom plots show
the red curves from the top and middle plots, normalized to their peak values (solid
red line–double pulse spectra, black dash-dot–single pulse spectra); the di↵erence in
position between the two fits corresponds to 110 fs for the positive slope and 10 fs for
the negative slope.
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a spurious shift of the component of the spectrum due to the second pulse (solid red
curve) between the top and middle plots. This shift is larger for the positive zero
crossing, where the peaks in question are closer to the background “peak” (see bottom
panel of Figure 4.5). Note also that the amplitudes of the main electron emission
peaks vary slightly due to the instantaneous bias voltage (compare amplitudes of the
dotted blue curves in the top panel) and di↵erences in the temperature of the tip
(compare solid red curves in the top panel vs. the middle panel, which is measured
with half the average optical power).
At the the zero-crossing of the RF signal, the tip voltage is (locally) a linear
function of time. The streaked electron spectrum becomes a convolution of the temporal profile of electron emission and the electron energy spectrum measured with
no RF. Figure 4.6(a) shows the numerically simulated increase in full-width half max
(FWHM) when the measured energy spectrum is convolved with gaussian pulses of
varying duration, assuming a streaking slope of 0.4 V/ps. Since the energy spectrum
is asymmetric, the maximum of the streaked spectrum is shifted relative to that of
the unstreaked spectrum (Fig. 4.6(b)). The optical pulse does not arrive exactly at
the zero-crossing, and the time-delay between the optical pulse and the microwaves
may drift slowly over the course of the measurement. This can be accounted for by
measuring alternately at the two zero-crossings.
For typical oscilloscope-type measurements (Figures 4.2 and 4.4), the time to
record a spectrum was around 100 s, and the measured center of the spectra have a
standard deviation of ⇡ 20 mV. Averaging for 10 hours (including time to measure a
reference spectrum at each point), a precision of 1.5 mV can be obtained for spectral
shifts, which constrains the emission time to less than 300 fs (Fig. 4.6).

4.2

The route to improving time-resolution of the
streaking experiments

In our initial streaking experiment, we demonstrated an upper bound of 300 fs on
emission time. To provide new information about the emission process, the resolution
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(a)

(b)
Figure 4.6: Simulated e↵ect of energy streaking on the measured spectrum. Blue
circles are numerical simulation, and the red curves are quadratic fits to the simulation results (see text). (a) Full-width at half-max (FWHM) of the electron energy
spectrum after streaking. The shape of the un-streaked spectrum is taken from the
data of Figure 4.5 and has a FWHM of 1.864 V. The temporal shape of the electron
pulse is assumed to be gaussian. (b) Shift in position of the spectral maximum due to
streaking. For both plots, the streaking slope was assumed to be 0.4 V/ps; for di↵erent streaking slopes, the x-axis will be re-scaled (i.e., if the streaking slope increases
by a factor of 10, the x-axis labels should be divided by 10).
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must be 10 fs or better. In this section, we consider the factors that restrict the
temporal resolution so far, and propose a next generation version of the experiment
to address them.

4.2.1

Technical limits to time-resolution

Resolution of temporal shifts and broadening
The streaking measurement implements a convolution between the energy spectrum
and the temporal profile of the pulse. With 0.4 V/ps streaking, the 10 fs time di↵erences we wish to observe become voltage widths of 4 mV. There is a basic mismatch
between this number and the resolution of the electron energy analysis, which is on
the order of 2 V. A large improvement could be obtained by making these numbers
of the same order of magnitude.
This problem can be attacked from both sides: Electrostatic energy analyzers
with an energy resolution of 40 meV FWHM, can be built relatively easily [78]. This
is smaller than the intrinsic energy spread of the source, which is on the order of
0.3-0.5 eV and thus could give an improvement in time resolution of the experiment
by a factor of 4 over the current value. On the other hand, one can try to improve
the streaking slope: to achieve the goal of distinguishing sub-optical cycle structure
(⇠2 fs) requires an increase in the amplitude of the RF waveform by 2 to 3 orders
of magnitude. A better understanding of the background seen in Figure 4.5 could
dramatically improve the time resolution, as it currently contributes systematic shifts
that vary from one data set to the next, resulting in approximately 40 mV uncertainty
in measurements of the center of the spectrum.
Count-rate limitations
In the original experiment, 10 hours of averaging were required to obtain 1.5 mV error
bars on the position of the center of the spectrum. An estimate of the fundamental
limits on the error bars due to counting statistic yields a surprise–with an energy
resolution of 1.85 V and a laser repetition rate of 150 MHz, if the experiment is
operated so that the tip generates on average one electron per laser pulse, it should
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be possible to obtain a precision of 1.5 mV in only 10 ms! This highlights the fact that
the energy analysis methods used are unable to take advantage of the high count-rates
available from the electron source. In the time-of-flight method, dead time in the pulse
detection electronics severely limits the practical count rate to far below 150 MHz.
On the other hand, the retarding potential method requires scanning of the potential
on the retarding grid, so that the spectral information is measured sequentially and
based on numerically di↵erentiating the data. An energy analysis method such as a
Wien filter, which spatially disperses the electrons, should allow the spectrum to be
recorded in parallel at high count-rates.
Phase noise
Microwave phase noise degrades the temporal resolution of the oscilloscope and streaking measurements, as it is equivalent to introducing time-jitter in the arrival of the
optical pulses on the tip. Synchronization of the laser pulse train and a microwave
signal at the femtosecond level is an ongoing area of research, in part as it is a prerequisite for using microwave pulse compression to reach 10 fs pulses in ultrafast electron
di↵raction experiments [2, 31].
Our passive system, where the microwave signal is directly derived from a photodiode signal, performs quite well. The phase noise in the generation of the ⇡9 GHz

microwave signal applied to the tip was measured by mixing the final microwave signal
with the photodiode signal (after the first amplifier stage), with a low-pass filter to
isolate the DC mixer product (see Fig. 4.7). When the phase between the two mixer
inputs is chosen to zero the DC output, the voltage fluctuations in the DC output are
linearly proportional to the phase fluctuations. This permits a measurement of the
phase noise introduced by most of the electronics—in particular, the phase noise of
the 150 MHz signals used to drive the IF ports of the SSB mixer, which was expected
to be the major source of phase noise in the upconverted signal at high frequencies.
The measurement excludes the phase noise of the photodetector for the LO and its
first amplifier, since this is the signal used as a reference.
The measured jitter spectral density is shown in Figure 4.8. Integrating from 1
Hz to 100 kHz yields a total of 47 fs rms timing jitter. The noise is expected to cut
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o↵ at ⇠ 6 MHz due to the narrow tunable cavity filter.

The signal-to-noise of the photodetection process that generates the microwave

signal is often the largest contributor to the phase noise, with noise at high frequencies
due to shot noise and Johnson noise, and noise at low frequencies from processes like
amplitude-to-phase conversion. The latter can lead easily to rms jitter on the order
of a few fs or larger in a 100 kHz bandwidth. By carefully adjusting operating
points (adjusting pulse energy and/or microwave frequency), the amplitude-to-phase
conversion coefficient can be e↵ectively nulled, reducing this e↵ect below the noise
floor set by shot noise and Johnson noise [79]. Feedback can be used to further reduce
the phase noise; McFerran et al. [80] demonstrated sub-fs rms jitter at 10 GHz using
microwave interferometry techniques.

4.2.2

Energy streaking of electrons emitted in a microwave
cavity

Improved energy analysis and locking of the microwave signal to the laser repetition
rate are more or less standard techniques. Some increase in the streaking slope can
be obtained by adding bigger microwave amplifiers, but at some point this becomes
impractical. We can obtain an even larger increase in the streaking field by building
up the microwave field in a cavity. This idea is the subject of the remainder of the
chapter.
Ultrafast electron pulses and microwave cavities
The integration of ultrafast electron sources with RF cavities has been proposed in
several di↵erent contexts. Since RF breakdown voltages are typically higher than DC
breakdown voltages, placing a planar photocathode source in an RF cavity can allow
larger acceleration and reduce kinematic broadening of the pulse as well as create
some temporal focusing [20]. Several groups are pursuing pulse compression with
RF cavities with the goal of generating non-relativistic, sub-100 fs pulses at a target
with enough electrons per pulse for single-shot imaging [30, 31, 32]. With a timed
source and time-varying fields, the Scherzer theorem (which states that spherical and

Figure 4.7: Detailed ultrafast oscilloscope/ energy streaking experimental setup with phase noise measurement.
The combination of the direct digital synthesis (DDS) frequency synthesizer and single-sideband mixer permit
computer control of the RF phase of the microwaves applied to the tip with low phase-noise. The local oscillator
(LO) for the mixer and clock input for the DDS are harmonics of the laser repetition rate, f , and are derived from
the filtered and amplified output of two fast photodiodes illuminated by the laser pulse train. The phases of IF 1
and IF 2 are controlled by the DDS. The mixer output is amplified again. A bias tee combines the DC voltage
applied to the tip with the microwave signal. A computer-controlled switch allows the microwave signal to be
applied to the tip or monitored at (b). The phase-noise introduced by the mixer and amplifier chain is measured
by mixing the monitor signal at (b) against the signal at (a).
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Figure 4.8: Jitter spectral density for amplified 9 GHz repetition rate harmonic applied to tip. The experimental setup is as shown in Figure 4.7: the signal at (b)
is attenuated and mixed with the signal at (a) (amplified photodiode output near 9
GHz), and the result is low-pass filtered to isolate the DC component. This permits
the measurement of the phase-noise introduced by the phase-adjustment electronics
and amplifier chain, excluding the first (JCA 505-812) amplifier and the LO photodiode itself, but including noise from the photodetector, amplifiers, and DDS used to
generate the IF inputs to the SSB mixer.
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Dimension
Total height
Gap
Inner radius
Outer radius

Value
h
d
r1
r2

19.5 mm
5 mm
7 mm
16 mm

Figure 4.9: Dimensions of un-modified re-entrant cavity. The dash-dotted line is an
axis of rotational symmetry of the cavity prior to adding the tip, coupling antenna,
laser entrance/ exit apertures, etc.
chromatic aberrations in an electron optical system cannot be compensated using only
cylindrically symmetric fields) no longer applies; thus, RF cavities have been proposed
as aberration-free lenses for ultrafast electron pulses [81]. The development of laserdriven dielectric accelerator structures could allow the extension of these techniques
to sub-femtosecond electron pulses controlled by optical fields [34].
Cavity design and realization
The TM0n0 modes of a cylindrical pillbox cavity have zero transverse electric fields,
and the longitudinal field is independent of z [82]. This is the microwave analogue to
the DC fields normally applied to the tip if we place the tip on the symmetry axis of
the cavity and emit electrons towards a small aperture in the far wall.
Modifying the cylindrical pillbox to a re-entrant design (Fig. 4.9) increases the
electric field in the narrow “gap” region of the cavity [83]. With the tip protruding
through a small aperture, the electrons will be emitted in this region and accelerated
towards the far wall of the cavity, where another aperture allows them to escape.
Additional apertures are necessary for laser access. We chose to work with the TM020
mode instead of the fundamental mode, which allows the cavity dimensions to be
increased slightly, relaxing machining requirements and making it easier to place the
antenna used to couple power into the cavity. The cavity mode was modeled using
finite element analysis [84]. The model includes the tip, laser entrance/ exit apertures,
and electron exit aperture. The addition of these apertures in general decreases the
quality factor, Q, of the cavity, resulting in a tradeo↵ between the Q and the numerical
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Diameter
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Thickness of cavity wall at aperture

Laser entrance 2.00 mm
Laser exit
1.50 mm
Tip
1.59 mm
Electron exit
2.00 mm

0.76
0.76
0.36
1.59

mm
mm
mm
mm

Table 4.1: Final dimensions of additional apertures required for the microwave cavity.
The gap between the posts of the tip mount and the cavity at the closest point is
approximately 0.9 mm.
x

h

d

r1

r2

df0 /dx (kHz/µm)

-345

155

-83

-160

Table 4.2: Sensitivity of the resonance frequency to modifications of the cavity parameters in the vicinity of the parameter values in Figure 4.9. The unperturbed
resonance frequency is 9.08 GHz.
aperture for illuminating the tip. The dimensions of the final design are given in Table
4.1 , and a drawing of the cavity with tip loaded and simulated fields of the TM020
mode are shown in Figure 4.10. The resonance frequency of the TM020 mode is
calculated to be 9.08 GHz, with a Q of 2400 for copper. The presence of a coupling
antenna also alters the Q of the cavity, and modeling was used to estimate placement
and length of the coupling antenna that maximizes the electric field in the gap region
of the cavity for a given amplitude of RF excitation.
The modeled sensitivity of the cavity to changes in its main dimensions is shown
in Table 4.2. Given that the linear thermal-expansion coefficient of copper at room
temperature is 16.6 ⇥ 10

6

K 1 , linearly adding these contributions yields a frequency

shift of 24 kHz for a 10 C change in temperature.
The cavity was machined from OFHC copper, and its Q outside of vacuum (and
without the tip) is 2000 (Fig. 4.12). In the design, the tip is mounted so that it is
electrically isolated from the cavity walls, permitting it to be operated with both DC
and microwave “bias”.
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Figure 4.10: (a) CAD model of the cavity with tip and apertures for the laser beam
and electrons, as well as for the antenna. (b) Finite element model of electric fields
for the TM020 mode. The fields are on-axis in the center of the cavity.

Figure 4.11: Photograph of the finished cavity.
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Figure 4.12: Cavity resonance measured in air, without the field emission tip. From
the width of the resonance, Q = 2000.

4.2.3

Simulated electron trajectories

The electrons propagate 4.25 mm from their point of emission to the exit of the cavity.
During this time, the electric field in the cavity changes since it is oscillating near 9
GHz. The picture is complicated by the fact that the microwave fields are enhanced
near the tip and the electrons are strongly accelerated by both DC and microwave
fields as they leave the tip; thus we expect the RF phase to modulate the electrons’
final kinetic energy more than if the source launched the electrons from outside the
cavity.
To calculate the final kinetic energy of the electrons as a function of the DC and
microwave fields applied, the on-axis trajectories are integrated using the 4th-order
Runge-Kutta method. The electric fields are determined using a DC model for both
the DC and microwave fields solved by the finite element method [85]. The geometry
is of a capacitor with the tip extending through a central aperture in one plate; to
simulate the DC field, a negative voltage is applied to the tip relative to the two plates
of the capacitor, which is at ground, and to simulate the RF fields, a DC model is
solved with a non-zero voltage on the far plate relative to the tip and plate with
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Figure 4.13: Field profiles used for determining the electron trajectories. Both the
DC field profiles and the “RF” field profiles are actually DC solutions (see text). Note
that the fields drop sharply at the exit aperture of the cavity (z = 4.25 mm).
aperture. The DC solution for the RF fields is then multiplied by a time-dependent
factor of the form cos(!t + ). It was verified that this solution matches full RF field
models for large tip radii. The field profiles used are shown in Figure 4.13.
Figure 4.17(a) shows the simulated energy gain as a function of RF phase for
a few DC tip voltages, assuming a peak-to-peak microwave field amplitude of 1120
V, which is the estimated voltage amplitude for 2 W input to the cavity (assuming
50 ⌦ coupling and factor of 40 gain in amplitude estimated from cavity simulations
discussed previously). The maximum slope (rate of change of final kinetic energy
with phase) determines the temporal resolution that can be obtained in an energystreaking experiment. This is plotted vs. tip voltage, and it is clear that there is
a strong modulation depending on how many half cycles of the microwave field the
electron sees as it passes through the cavity. Example trajectories of electron kinetic
energy vs. time are shown in Fig. 4.15, where it can be seen that the RF phase
dependence of the electron energy gain is suppressed near Utip = 1350 V because it
takes roughly two RF periods for the electrons to traverse the 4.25 mm of the cavity.
At optimally chosen tip voltages, the maximum slope is about a factor of 3 smaller
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(a)

(b)
Figure 4.14: Simulated energy-domain streaking with a microwave cavity. For these
simulations, the RF excitation amplitude is 14 V with a buildup factor of 40, and the
tip radius is 500 nm. (a) Energy gain (relative to no RF) vs. RF phase at di↵erent
values of Utip . (b) Maximum streaking slope vs. DC tip voltage.
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than the 32 V/ps that would be expected if the electron energy gain were completely
dominated by initial acceleration near the tip. The initial acceleration, however, is
significant; if we call “energy modulation” the di↵erence between the maximum and
minimum energies that can be obtained at any given time by varying the initial RF
phase, this quantity always exceeds zero as the electrons propagate through the cavity
(Fig. 4.16), which would not be the case for uniform fields.
The same calculations may be repeated assuming a 20 W microwave amplifier.
Here, the fields were calculated assuming a larger tip radius of 2.5 µm to increase the
voltage threshold for field emission, and the maximum streaking slope is greater than
50% of the naive value.
Initial energy spread vs. emission time spread
Under some circumstances, initial di↵erences in electron energy can also be “streaked”.
In a toy model, consider an ultrafast electron source located outside a cavity (so that
field enhancement e↵ects can be neglected). Assuming a weak modulation of the
trajectory by the RF field, and linearizing the equations near the zero crossing, the
change in velocity at the exit of the cavity for a shift in emission time, t is
vf ⇡

qE0
t.
m

(4.1)

For a change in the initial velocity, v0 , we have
vf ⇡

qE0 L v0
.
m v02

(4.2)

In the above equations, E0 is the field amplitude, L is the cavity length, q and m are
the charge and mass of the electron, and v0 is the velocity of the electron as it enters
the cavity. In order to distinguish between the emission time profile and the initial
energy profile of the electrons, we require that
t

L v0
,
v02

(4.3)
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(a)

(b)

(c)
Figure 4.15: Ensemble of electron trajectories in the microwave cavity obtained for
the di↵erent RF phases, at Utip = 830, 1350, and 2500 V. The RF phase dependence
of the electron energy gain is suppressed near Utip = 1350 V because it takes roughly
two RF periods for the electrons to traverse the 4.25 mm of the cavity.
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Figure 4.16: Energy modulation vs. time. The energy modulation is the di↵erence
between maximum and minimum energy at a given time, for the ensemble of trajectories. The RF excitation is 14 V, with a build-up factor of 40. The DC tip voltage is
varied. Note that a certain energy modulation as a function of RF phase is acquired
in the initial acceleration of the electrons in the strong electric fields near the tip,
so that even when the RF field has completed a full cycle, the energy modulation
does not go to zero. However, this modulation is about a factor of 10 smaller than
the peak-to-peak amplitude of the RF field. A greater modulation is obtained if the
electrons are timed to exit the cavity after n + 1/2 RF periods, where n is an integer.
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Figure 4.17: Maximum streaking slope vs. DC tip voltage with RF excitation amplitude of 45 V and a buildup factor of 40. The tip radius in the model is 2.5 µm to
increase the voltage threshold for field emission.
where t now refers to the desired time resolution. For the 4.25 mm propagation
length and an energy of 20 kV of the experiment proposed above, and assuming a
0.3 eV energy spread, this condition is t

1.3 fs. Clearly, there are advantages to

decreasing L and increasing v0 .

4.3

Summary

This chapter has focused on a microwave energy-domain streaking technique to characterize the temporal profile of electron emission. With the microwave signal applied
directly to the tip, we demonstrate statistical error bars of 1.5 mV in determining the
center energy of the spectrum after 10 hours of averaging, placing an upper bound of
300 fs on emission timescale. Emission time characterization with hundreds of femtosecond resolution could be useful for studying thermal emission processes. However,
10 femtosecond down to 1 femtosecond time-resolution is necessary to directly measure emission features of the multi-photon and non-adiabatic tunnel regimes and push
forward our time-domain understanding of how these processes operate in solids.
We propose improvements to the original experimental design that would allow
the energy-domain streaking technique to reach sub-fs levels. First, phase-noise in
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the microwave generation must be reduced so that the integrated jitter is less than
the desired time-resolution. Second, a proper electron spectrometer could improve
energy resolution as well as vastly increase the e↵ective count rate in the experiment,
reducing the statistical error bars in determining pulse duration for a fixed streaking
field. Finally, the streaking slope can be increased by building up the microwave
signal in a cavity containing the tip.
The first two of these proposed improvements are standard techniques. However,
the incorporation of the tip in the microwave cavity is slightly unusual in that the tip
generates strong DC and microwave field enhancement and the electrons propagating
in the cavity are non-relativistic. The second part of this chapter simulates electron
trajectories in the cavity under the conditions of the proposed experiment, showing
that the streaking slope can be increased by approximately two orders of magnitude
for a given RF power.

Chapter 5
Laser-electron cross-correlation
using electron acceleration in an
evanescent field
The preceding chapter discussed an experiment to directly measure the temporal
profile of electron emission from a tip. Methods to characterize electron pulses at
some distance away from the source are also crucial. As an ultrafast electron pulse
propagates in an experimental apparatus, the pulse may broaden temporally due to
(a) its initial longitudinal energy spread, (b) Coulomb repulsion (unless the pulse
contains only a single electron), and (c) aberrations of the electron optics. Many
proposals for achieving sub-fs electron pulses rely on temporal focusing of the pulse
[33, 32] such that the electron pulse may only be short for a small range of axial
co-ordinates. These considerations make electron pulse characterization using streak
cameras challenging, as the electron pulse parameters may evolve as it passes through
the deflection plates of the streak camera [86].
Electron-optical cross correlation techniques are promising in that the interaction
region is localized (in comparison with a streak camera), there are excellent techniques
for characterizing optical pulses, and with light we can implement a mathematically
simple interaction that can be inverted to obtain the electron pulse duration. The
drawback is that electrons interact only weakly with light in free space. Hebeisen
95
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et al. demonstrate a cross-correlation technique based on deflection of electrons by
the ponderomotive potential of a pulsed standing wave [86]. Their demonstration
uses 200 fs, 135 µJ pulses from a chirped pulse amplifier system. For comparison, the
Ti:Sapph oscillator used in our lab has a pulse energy at its output—before any losses
due to optics in the beam path—of 5 nJ in a 10 fs pulse). Freimund et al. observed
Kapitza-Dirac scattering of electrons by a standing wave (an e↵ect that could also
be used as a coherent amplitude beamsplitter for electrons) using peak intensities of
5 ⇥ 1014 W/m2 in a 125 µm focus [14], which corresponds to more than an order of
magnitude more power than could be produced by our laser system.

A way around this difficulty is to work with an evanescent optical field. Although
an electron in free space cannot absorb a free space photon, an electron can absorb
photons in an exponentially decaying evanescent field [87]. This e↵ect was demonstrated in an electron microscope and used to measure a cross-correlation of a 200 fs
optical pulse with a 400 fs electron pulse at 200 keV [88]. We propose to modify
this technique to directly characterize the electron pulses emitted from one of our
laser-triggered field emitters at a small distance from the tip.

5.1

Electron energy gain spectroscopy

In the technique of electron energy loss spectroscopy (EELS), electrons passing through
a sample lose energy by a variety of processes including exciting plasmons in nanostructures. In an electron microscope, an image can be formed with the inelastically
scattered electrons associated with a particular excitation, mapping its profile [89].
Electron energy gain spectroscopy (EEGS) was proposed as the inverse of this process [87]: a nanostructure is illuminated, and an electron passing nearby can absorb
photons in the scattered field. The technique requires high optical intensities; it has
been implemented with ultrafast pulses, allowing peak intensities of 10-100 GW/cm2
[90]. So that the signal is not overwhelmed by a background of electrons that did not
interact, it becomes necessary to also use an ultrafast pulsed electron source [90]. As
an electron microscopy technique, EEGS provides new imaging modalities ranging
from the ability to resolve plasmonic fields evolving in time [88] to enhanced contrast
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in imaging biological samples, which impart only a small phase shift to the electron
[90].
In the perturbative limit, the probability of photon absorption is given by [87]

PEEG =

ev

R1

1

2

Ez (z(t), t)dt
,
~!

(5.1)

where v is the velocity of the electron, Ez (z(t), t) the complex amplitude of the zcomponent of electric field experienced by the electron along its trajectory, z(t), and
~! is the photon energy (see Appendix B). The real part of the expression inside
the norm has a simple interpretation: it is the ratio of the classical energy gain of
the electron in the laser field to the photon energy. The complex amplitude washes
out the phase dependence, making the probability a function of the laser intensity
envelope and not the electric field [87].
As expected, PEEG is zero for a plane wave. The key prerequisite for photon
absorption is not that the light excite a surface plasmon, but rather the existence of
sub-wavelength structure in the scattered field, such as an evanescent decay, which
allows phase matching between the electron and light [90]. With this in mind, we
designed a nanostructured target to optimize the interaction between electrons and
light in a cross-correlation geometry, which will be described in the next section.

5.2
5.2.1

Experimental design
Apparatus

A sketch of the laser-electron cross-correlation experiment is shown in Figure 5.1. An
optical pulse triggers electron emission from the tip. The electrons are accelerated
by a DC electric field and pass through the nanohole target, which is maintained at
⇡ 16 kV relative to the tip. They are subsequently decelerated in a long (⇡ 8 cm)
drift region until they reach the energy analyzer with a kinetic energy of ⇡ 50 eV.

The energy analyzer consists of a microchannel plate detector (MCP) with two mesh
grids in front of it—the grid closest to the MCP has a variable retarding potential
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Figure 5.1: Electron-optical cross correlation setup.
applied to it, which blocks electrons with insufficient kinetic energy from reaching
the detector. This potential is varied in order to analyze the energy of the electrons.
The front grid is grounded so that the electron trajectories in the “drift” region are
una↵ected by changes in the retarding potential. Magnetic coils outside the chamber
are used to approximately zero transverse magnetic fields inside the chamber.
The optical pump pulse is focused on to the back side of the target at an incident
angle of 60 . When the pump pulse and the probe (electron) pulse overlap at the
nanohole sample, the electrons have a finite probability of absorbing a photon, thus
increasing their kinetic energy when they reach the analyzer. The photon absorption
probability varies with the time delay between the pump and probe pulse (as will be
calculated in detail below), so that scanning the time-delay between the two pulses
while measuring the proportion of electrons that absorb a photon results in a crosscorrelation measurement.
The tip and pump beam are derived from the same 150 MHz repetition rate
Ti:Sapphire laser; the maximum power available in the tip beam and pump beam,
respectively, is ⇠ 70 mW and ⇠ 260 mW. Both beams are dispersion compensated

to deliver < 10 fs pulses inside the chamber. The time-delay between the two pulses
is computer-controlled with a Newport picomotor. Due to the small desired optical
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Figure 5.2: SEM image of nanohole target.
beam waist at the tip and nanohole target, the two optical beams must be focused
by mirrors inside the vacuum chamber. The tip mirror is spherical, with 4.5 mm
focal length. A 30 degree o↵-axis paraboloid (Edmund optics, 27 mm e↵ective focal
length) is used to focus onto the nanohole target, to obtain a spot size of ⇠ 30 µm.

The nanohole target is adhered to a 5.1 mm wide ⇥ 0.6 mm thick stainless steel

plate using conductive epoxy. The tip and target are then mounted separately on
home-built UHV manipulators, allowing the target to be positioned relative to the
electron beam with ⇠ 10 micron precision. The target can also be removed from the
beam so that emission from the tip can be characterized directly.

A scanning electron micrograph of the nanohole target is shown in Figure 5.2. The
target is manufactured from a 50 nm thick silicon nitride TEM window (Protochips
DuraSiN), which is on a 3.05 mm diameter silicon frame so that it fits in a standard
TEM holder. First, a Ga+ focused ion beam (FIB) is used to mill the nanoholes,
which are a 20 ⇥ 20 array of square nanoholes 205 nm on a side, with 425 nm period.

Next, a 300 nm thick gold film is evaporated onto the TEM window. SEM images
following gold evaporation indicate that the holes are not significantly filled in during
evaporation. Finally, a large pattern was milled around the edges of the TEM window
(> 25 microns away from the nanohole array on all sides) to assist in visually aligning
the pump beam to the nanohole target.
Laser-induced emission in this geometry has been obtained with a 4 keV bias
voltage between the tip and nanohole target. We hope to operate the system at
16 keV with a 2.5 µm radius of curvature tip, which would increase the interaction
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Figure 5.3: Nanohole as waveguide.
probability between the laser and the electrons.

5.2.2

Optical fields in the nanohole target

An individual nanohole is equivalent to a rectangular waveguide of dimensions a =
b = 205 nm and length l = 300 nm (Fig. 5.3). Since we work with light of a
free space wavelength around 800 nm, it is immediately clear that the incident light
is significantly larger than twice the transverse waveguide dimension, so it cannot
propagate in the mode. Instead, the resulting fields are evanescent in the waveguide.
The modes of a perfectly conducting waveguide are derived in electromagnetism
textbooks, and we summarize the relevant results here. Solutions to Maxwell’s equations in the waveguide can be written as an expansion of transverse magnetic (TM)
and transverse electric (TE) mode solutions. The TM modes are the modes for which
the longitudinal magnetic field (along the axis of the waveguide) is zero. In this case,
the electric field has a longitudinal component.
Conversely, the TE modes have a non-zero longitudinal magnetic field but no
longitudinal electric field. Consider the waveguide shown in Figure 5.3. The z-axis
is taken in the longitudinal direction, and we allow a 6= b for the time being. The
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modes are assumed to be of the form
E(x, y, z, t) = E(x, y) exp (i(kz

!t))

B(x, y, z, t) = B(x, y) exp (i(kz

!t)) .

(5.2)

It can be shown that the Ez and Bz must satisfy the wave equations
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(5.4a)

The electric field in the TM modes is given by
Ez = E0 sin

⇣ m⇡x ⌘
a
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b
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(5.4b)
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(5.4c)

with m and n non-negative integers (and at least one of them non-zero). The longitudinal magnetic field of the TE modes is
Bz = B0 cos

⇣ m⇡x ⌘
a

cos

⇣ n⇡y ⌘
b

,

(5.5)

and the electric field is
Ez = 0

(5.6a)
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(5.6c)
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Figure 5.4: Transverse profiles of the two lowest nanohole modes.
Substituting equations 5.4a and 5.5 into equation 5.3 shows that, for a given mode
and a given value of !, k must satisfy
k = kmn ⌘

s

k02

⇡2

✓⇣

m ⌘2 ⇣ n ⌘2
+
a
b

where k0 is the free space wave vector, k0 = 2⇡/

0

◆

(5.7)

= !/c. For our purposes, we will

always have a = b < /2, so that k inside the waveguide is always imaginary, and the
amplitude of the field in a particular mode decays exponentially in z. Corrections
due to the finite skin depth of gold might reduce the decay length, which actually
increases the probability that the electron can absorb a photon.

5.2.3

Probability of photon absorption

We can use the explicit form of the fields in the previous section to compute the
probability of photon absorption in the perturbative regime. If we define an e↵ective
interaction length,
le↵ ( t) ⌘ v

Z

1
1

Ez (z(t), t)
dt ,
Ep

(5.8)
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Figure 5.5: Maximum interaction length for electron energy gain (calculated for a
gaussian optical pulse with 10 fs FWHM), as a function of the ratio of the norm of
the evanescent wavevector kevan and the free space wavevector k0 . kevan /k0 of the
three lowest modes of the 205 nm square nanohole are shown. Curves are plotted for
initial electron energies of 1, 4, and 16 keV.
then Eq. 5.1 can be rewritten as
PEEG ( t) =

✓

eEp le↵ ( t)
~!

Ep is the peak laser electric field. Dependence on

◆2

.

(5.9)

t, the time delay between the

electron and optical pulse, enters through the expression for the electron trajectory,
z(t) and the laser electric field, Ez (z, t). Figure 5.5 shows a plot of this e↵ective
interaction length at optimal temporal overlap with a 10 fs FWHM optical pulse, for
a few values of initial electron kinetic energy.
The simulated probability of photon absorption vs.

t is shown in Fig. 5.6. The

calculation is done for a 4 keV trajectory at the center of the nanohole, assuming a
1.7 nJ pulse focused to 300 µm exciting the lowest order mode of the nanohole with
100% efficiency.
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Figure 5.6: Probability of electron absorption vs. time delay between the electron
and the optical pulse at the center of the nanohole, calculated assuming 100% coupling efficiency into the lowest order for reasonable experimental parameters: electron
energy of 4 keV, and a 1.7 nJ, 10 fs FWHM pulse focused to a 30 µm waist. The
cross-correlation is the convolution of this curve with the electron pulse profile.

Table 5.1: Contributions to pulse broadening at the target
Electron pulse
Initial pulse
10 fs
On-axis kinematic broadening
1.3 fs
Geometrical broadening (5 mrad, 16 keV) 0.9 fs
Power supply fluctuations (16 keV)
0.7 fs/V
Optical pulse
Pulse duration
Propagation delay across target

10 fs
25 fs
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Pulse duration at the interaction region

The dispersion of the material elements in the beam-line (vacuum window, half wave
plates, polarizers, air) is compensated using double-chirped mirrors to ensure short
optical pulses at the tip and nanohole target. Table 5.1 summarizes contributions to
the electron and optical pulse duration at the target. For the electrons, kinematic
broadening was calculated numerically, integrating axial trajectories for 16 kV applied to a 2.5 µm tip and assuming an initial energy spread of 0.3 eV. Geometrical
broadening was calculated for straight-line trajectories of 16 keV electrons with an
opening angle of 5 mrad set by the 8 µm target size and the 1.5 mm distance from tip
to the target. Broadening due to the propagation time of the laser across the target
could be eliminated with tilted pulse fronts.

5.2.5

Signal to noise considerations

The energy spectrum is a convolution of the true electron spectrum with the instrument response. Assume (for ease of calculation) a gaussian spectral shape, with
FWHM

E. The number of electrons arriving with energies between E and E + E

is
g(E) E = N f
where
f (x) ⌘ 2

r

✓

E
E

◆

E
,
E

log 2
exp( 4 log(2) x2 )
⇡

(5.10)

(5.11)

The function f has been normalized so that N is the total number of electrons in
the spectrum. The signal we are looking for is a copy of this spectrum shifted by the
photon energy, ~!. If the fraction of electrons that absorb a photon is ↵, then the
expected signal is
↵g(E

~!) E.

(5.12)

This signal sits on top of a background of electrons that did not interact. The shot
noise from this signal is approximately
p

g(E) E

(5.13)
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Figure 5.7: Energy resolution and signal-to-noise. ⌘max is a dimensionless number
related to the signal-to-noise for detecting the electron energy gain signal (see text).
Here, it is plotted vs. energy resolution assuming a photon energy of 1.5 eV.
The signal-to-noise ratio is


N E
S/N ⇡
E

1/2


f ((E ~!)/ E)
N E
⌘
1/2
[f (E/ E)]
E

1/2

⌘(E, E, ~!).

(5.14)

The factor of ( E/ E)1/2 gives the reduction in signal to noise if one reduces the
bin size relative to

E. The second term shows, not too surprisingly, that it is

advantageous to make the width of the spectrum smaller than the shift that we want
to measure. Assuming that we always measure at the value of E that maximizes ⌘,
we have
S/N ⇡



N E
E

Figure 5.7 shows ⌘max as a function of

1/2

⌘max ( E, ~!).

(5.15)

E for a 1.5 eV photon energy. The energy

resolution of the energy analysis we have used so far is optimistically 1.5 eV; if this
were improved even to 1 eV, the signal-to-noise due to shot noise of the primary
electron beam would improve by nearly three orders of magnitude.

Appendix A
Annealing procedure
The annealing procedure is shown in Table A.1. The temperature of the tip as a
function of current through the support loop varies slightly from one tip assembly to
the next; we normally calibrate this initially using optical pyrometry to determine the
tip temperature, and subsequently anneal by monitoring the support loop current,
without directly measuring the temperature. This is less accurate, since it requires
some time for the tip to reach its equilibrium temperature for a given current. To
improve the accuracy with which we hit the desired anneal temperature, each time the
tip is flashed, the current is initially held at 2.5 A (T . 1000 K) until the temperature
(as determined by the resistance of the support loop) stabilizes.
Sugata and Tamaki have performed a systematic field ion microscope study of the
Approximate temperature
1750 K
1350 K
1200 K

Current through support loop
2.9 A
2.75 A
2.65 A

Time
2s
4s
4s

Table A.1: Anneal procedure. The values of the current through the support loop are
given for a specific tip–the value required to achieve the specified temperatures varies
slightly from one tip assembly to another and must be calibrated. The tip is flashed
three times, with the support loop current raised initially to about 2.5 A (⇡ 1000 K
once the temperature has stabilized) before increasing the current to the set value,
as described in the text.
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e↵ects of di↵erent anneal temperatures on the atomic structure of the tungsten surface
[91]. They found that between 1800 and 2200 K, annealing led to blunting of the tip
and the introduction of disorder in the atomic layers nearest to the surface, especially
for (111)-oriented crystal planes. Furthermore, they found that between 1200 K and
1800 K, the surface obtained by simple annealing was indistinguishable from that obtained by field evaporation followed by annealing at the same temperature [91]. Thus
the initial 1750 K anneal is designed to desorb as many contaminants as possible without introducing additional disorder to the tungsten surface. The lower temperature
anneals came from the observation that we obtained more consistent start voltages
and symmetric emission patterns after annealing at low temperatures. The start
voltage measured immediately after annealing can stay constant over months of daily
operation of the experiment indicating that the surface can be repeatably brought to
the same state of cleanliness and that the anneal procedure and laser illumination do
not significantly change the tip geometry.
Oxygen etching of (111)-oriented field emitters. (111)-oriented tungsten field emitters can be sharpened in situ by oxygen etching. Heating the tungsten in the presence
of oxygen at low pressure forms oxides on the tungsten surface that sublimate at comparatively low (1200 K-2000 K) temperatures [92]. The etching process happens at
di↵erent rates for di↵erent crystal orientations, such that a (111)-oriented field emitter is etched symmetrically and can be controllably sharpened. Kim et al. find a
tungsten removal rate of 1.3 nm/min working at an oxygen pressure of 4 ⇥ 10

5

torr

and a temperature of 1650 K and, evidently, the etching rate increases with increasing temperature and/or oxygen pressure. In our vacuum system, the oxygen pressure
measured by the ion gauge (applying the correct sensitivity factor), which is near the
tip, and the RGA, which is far away, were di↵erent by over an order of magnitude.
We found a reasonable working pressure by alternating oxygen etching with annealing
under vacuum and re-checking the start voltage of the tip to monitor whether the tip
radius had changed appreciably.

Appendix B
Probability of photon absorption
by an electron in the perturbative
limit
B.1

Monochromatic field

See review article, F. J. Garcia de Abajo, “Optical excitations in electron microscopy”
(Rev. Mod. Phys. Vol. 82, No. 1 p. 248) [93] as well as [87]. This section
will summarize the problem for a monochromatic optical field, with photon energy
~!, following the derivation in [93]. In the next section, we’ll try to generalize the
argument to come up with an analogous solution for an optical pulse.
Using first-order perturbation theory, look for a solution of the form
k (z, t)

=

1 ipi z
e e
L1/2

i✏i t

+

k (z)e

i✏f t

.

(B.1)

The incoming wave is a plane wave with momentum pi , energy ~✏i . The first term is
normalized so that
Z

z0 +L/2
z0 L/2

1
| | dz =
L
2

Z

z0 +L/2
z0 L/2

| exp(i(pi z
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✏i t))|2 dz = 1.

(B.2)
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The energy of the final state is ~✏f = ~✏i + ~!. Following reference [93],
k

=

Z

0

dz Gf (z

where
H! (z) =

0

eipi z
z ) H! (z ) 1/2 ,
L
0

0

(B.3)

e~
Ez (R0 , z) @z
me !

(B.4)

is the relevant part of the electron-light interaction term in the Hamiltonian, and
0

Gf (z

z)=

Z

0

eip(z z )
=
(~2 p2 /2me ) + i0+

dp
2⇡ ~✏f

ime ipf |z
e
pf ~2

z0 |

(B.5)

is the non-relativistic Green’s function of the free electron propagating along the z
direction with final energy ~✏f . Making these substitutions, we obtain
k (z) e

i✏f t

=

e pi e i✏f t
~! pf L1/2

Z

dz 0 exp(i(pi

pf )z 0 ) exp(ipf z)Ez (R0 , z 0 ; !), (B.6)

which becomes
k (z) e

i✏f t

=

e pi e i✏f t eipf z
~! pf L1/2

with the approximations pi ⇡ pf and pf
value of z

0

Z

dz 0 exp(i!z 0 /v)Ez (R0 , z 0 ; !).

(B.7)

pi ⇡ !/v. In deriving Eq. B.6, the absolute

z in the Green’s function was dropped by assuming that z > z 0 . This is

the case because we evaluate

k (z)

far away from the scatterer, where the scattered

field has gone to zero so that the integrand ⇠ 0 everywhere that the condition z > z 0
doesn’t hold. We are interested in the coefficient A where
k (z)e

i✏f t

= A (z, t)

(B.8)

and (z, t) satisfies the normalization condition B.2. In this case, |A|2 is the probability that the electron absorbed a photon. By inspection, we should take
(z, t) =

1
e
L1/2

i(✏f t+pf z)

,

(B.9)
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and the transition probability is
PEEG

⇣ e ⌘2 Z
= |A| =
dz 0 e
~!
2

i!z 0 /v

2
0

Ez (R0 , z ; !) ,

(B.10)

which is Eq. 67 of reference [93].

B.2

Time-domain expression

Proceeding in the same manner, we allow the optical field to be broadband. We want
k (z, t)

=

1 ipi z
e e
L1/2

i✏i t

+ A (z, t)

(B.11)

with (z, t) normalized. Since the source is now broadband, and since the perturbation theory argument is completely linear in the optical field, we now have
A (z, t) =

k (z, t)

=e

i✏i t

Z

1

d!e

i!t

0

Z

0

dz Gf (z

0

eipi z
z )H! (z ) 1/2 .
L
0

0

(B.12)

Making the same substitutions and approximations as before, and assuming a narrow
enough spectrum that !0 , the center frequency of the pulse, can be factored out of
the integral,
e 1
A (z, t) =
~!0 L1/2

Z

d!

Z

1

dz 0 Ez (R0 , z 0 ; !) exp( i!(t +

0

z0

z
v

)).

(B.13)

Switching the order of integration,
A (z, t) =

e 1 ipi z
e
~!0 L1/2

Z

dz

0

Z

1

d!Ez (R0 , z 0 ; !) exp( i!(t +

0

z0

z
v

).

(B.14)

However, the quantity in the second integral is simply an inverse Fourier transform
over positive frequencies, i.e. it is equal to
Ez+ (R0 , z 0 ; t0 ) = Ez (R0 , z 0 ; t0 ) + Ez0 (R0 , z 0 ; t0 )

(B.15)
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with t0 = t + (z 0

z)/v and Ez0 the Hilbert transform of Ez . As a result,

A (z, t) =

e 1 ipi z
e
~!0 L1/2

Z

dz 0 Ez+ (R0 , z 0 ; t + (z 0

z)/v)

(B.16)

and
Z
⇣ e ⌘2 1 Z z0 +L/2
PEEG (t) = |A| =
dz
dz 0 Ez+ (R0 , z 0 ; t + (z 0
~! L z0 L/2
2

B.2.1

2

z)/v) .

(B.17)

Classical energy increase

The change in momentum is given by
p=

Z

✓
◆
e
z0
0
E z R0 , z ; t +
dz 0 .
v
v

And the energy increase is simply v p (as long as
by the electron is simply
E=e

Z

Ez

✓

(B.18)

p ⌧ p), so that the energy gained

z0
R0 , z ; t +
v
0

◆

dz 0 .

(B.19)

This means that PEEG has an extremely simple relationship to the classical energy
gain:
PEEG =
where

✓

Ecl
~!

Ecl is interpreted as the envelope of

◆2

,

(B.20)

E.

⇣ e ⌘2 Z
2
P (t) =
dz [Ez (r, z, t) + iEz0 (r, z, t)] .
along
~!
trajectory

(B.21)
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“Route to phase control of ultrashort light pulses,” Opt. Lett., vol. 21, no. 24,
pp. 2008–2010, 1996.
[51] P. Dombi, F. Krausz, and G. Farkas, “Ultrafast dynamics of multiphoton photoemission from gold and carrier-envelope phase sensitivity,” in Advanced Solid-State
Photonics, p. WB28, Optical Society of America, 2005.
[52] using the software package Comsol version 3.5a, Comsol AB, Sweden, 2009.
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