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Abstract 

This thesis presents theoretical and experimental work on the generation and 

control of ultrashort electron pulses via surface plasmon (SP) waves. As such, new 

methods are presented to specifically control various beam parameters such as direction, 

kinetic energy, pulse duration, and current. 

Employing a single, ultrashort, terahertz (THz) electric field pulse to a standard 

SP based electron source provides a method for ultrafast, all-optical control of the angular 

directivity and kinetic energy spectra of SP generated electron pulses. By introducing a 

second THz pulse and controlling its delay and phase with respect to the first THz pulse, 

greater control over the electron’s temporal acceleration profile is afforded, allowing 

electrons to be accelerated to kinetic energies up to 3.5 keV. 

The design of a compact, ultrafast nanoplasmonic based electron gun is presented. 

Harnessing the focusing capability of radially polarized light, conical surface plasmons 

are able to accelerate electrons to 1.2 keV. Through the use of magnetostatic and spatial 

filtering, electron packets with attosecond durations can be achieved. 

Multiple methods of increasing the electron yield of surface plasmon based 

electron sources are studied. Reduction of the nonlinear emission order is achieved by 

introducing a dielectric layer beneath the plasmonic metal film. The dielectric layer 

allows for higher electric field confinement and thus higher acceleration gradients. To 

further increase the current, gating of secondary electrons generated by an external, 

continuous, electron beam is explored. This platform allows for an in-depth study of the 
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interaction of free electrons with strong SP fields for the next generation of ultrafast, high 

current SP based electron sources. 

The knowledge gained from SP-electron interaction in a vacuum environment is 

transferred to a solid-state Si-based platform to investigate the next generation of optical 

computing devices. Utilizing the SP mode in a nanoplasmonic waveguide to accelerate 

electrons, and subsequently filtering them based on their energy produces a triode like 

behaviour useful for interfacing current nanoelectronics and nanoplasmonics. A similar 

effect is used to develop a solid-state detector for the carrier-envelope-phase of few-cycle 

pulses. 

With the understanding of the effect that free electrons within a film can have on 

the various properties of a plasmonic system, a method to modulate the conductivity of 

an ensemble of Au particles using THz electric fields was explored. By utilizing all-THz 

pump-probe time-resolved spectroscopy, it was demonstrated that a low THz field 

strength can induce a measurable change to the Au particle’s conductivity. This is the 

first step towards controlling the SP coupling and photoemission properties in the near-

infrared, such that THz electric field enhanced photoemission can be realized.  
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Introduction 

 

Within the last 10-15 years there has been great interest in time-resolved electron 

microscopy. Electron microscopy has allowed users to obtain images with high spatial 

resolution since the 1930’s [1]. With resolution on the atomic scale, scientists and 

engineers have unprecedented access to study the nanoscale features of materials. 

However, the images produced are static, still-frame images that contain no temporal 

information. As such, researchers began to investigate ways to generate ultrashort 

electron pulses in order to achieve high temporal (~femtoseconds) resolution to 

complement the already achievable atomic spatial resolution. Using ultrafast electron 

pulses, it is possible to combine multiple atomic scale snapshots to capture the intricate 

dynamics of electrons on surfaces and in matter. Typical ultrafast electron sources can 

achieve resolutions of a few hundreds of femtoseconds (fs). Current research is 

attempting to push the resolution down to the 10 fs and ultimately the sub-fs regime [2–

4]. By utilizing electron pulses on the order of tens of fs, researchers would be able to 

observe fundamental physical and chemical processes and truly understand what is 

occurring on the atomic level.  

1.1. Methods of Generating Ultrashort Electron Pulses 

To generate ultrashort electron pulses, lasers having pulse durations of ≤ 100 fs 

are used to photoemit electrons from a suitable material. To emit an electron from a 

material, the electron must gain enough energy to overcome the material’s work function, 
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WF. For optical excitation, this can be achieved in multiple ways. The simplest method is 

to choose a suitable material and laser wavelength such that the photon energy, hν, is 

greater than WF. This, however, can be difficult to achieve in practice as most 

experiments employ ultrafast Ti:Sapphire lasers with photon energies ~1.55 eV and 

nearly all materials used have significantly higher WF (>4 eV), thus requiring the laser 

output to be frequency doubled or tripled to match WF. Without changing the photon 

energy, multiple photons are required to free an electron, making the emission process 

non-linear and requiring high intensities. To overcome this, WF can be lowered through 

the application of a high strength electric field [5]. This high electric field can either be a 

DC field or can come from the high electric field of the laser pulse itself [6]. In either 

case, with sufficient electric field strength, WF can be lowered by enough to allow 

electrons to tunnel over the Schottky barrier at the material-vacuum interface, reducing 

the number of photons required to free an electron. Within the category of laser-driven 

electron sources, there are various techniques for generating ultrashort electron pulses 

such as plasma wakefield accelerators, dielectric accelerators, photocathodes, and surface 

plasmon (SP) based sources. 

1.1.1. Direct Laser Driven Electron Sources 

 The original method that was used for generating ultrashort electron pulses was a 

photocathode. Here, an ultrafast laser pulse is simply focused on a material to photoemit 

electrons. Photocathodes have the advantage of being compact and simple to operate as 

they only require focusing a laser pulse on to the material. However, the electron energy 

produced is quite low, ~ a few eV, and thus requires post acceleration in high electric 

fields to reach the energy range useful for electron microscopy (> 1 keV). This increases 
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the overall size of the electron source and introduces a larger source to sample distance 

that limits the minimum achievable pulse duration to 100’s of fs due to dispersion 

(explained in greater detail in Section 1.2.).  

The first pioneering work demonstrating sub-picosecond (ps) time resolution is 

that of R. J. D Miller in 2003 [7,8]. Their group was able to achieve 600 fs electron 

pulses from a photo-activated electron gun, which was subsequently used to probe the 

solid-liquid phase transition of aluminum via ultrafast electron diffraction (UED). The 

experimental setup used is depicted in Fig. 1.1(a). Here, the initial photoelectrons are 

generated by focusing the output of a Ti:Sapphire amplifier that has been frequency 

tripled to λtripled = 256 nm (4.84 eV) on the back of a thin 40 nm silver film deposited on 

a sapphire substrate. These electrons are then accelerated in an external field to a kinetic 

energy of 30 keV before being focused by a magnetic lens on the sample as illustrated in 

Fig. 1.1(b). Notably, this electron source was specifically designed to operate with ~104 

electrons per laser pulse to reduce measurement acquisition time. This work represents 

the first major stepping stone in achieving sub-ps temporal resolution for electron 

microscopy. 
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Figure 1.1. (a) Ultrafast electron diffractometer with Ag photocathode. (b) Schematic 

overview of the photo-activated gun capable of generating electron pulses having 600 fs 

pulse durations. [8] 

Around the same time, A. H. Zewail’s ultrafast electron microscopy (UEM) group 

was working towards achieving even higher temporal resolution [9]. Zewail et al.’s initial 
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work utilizes a modified transmission electron microscope (TEM) column, depicted in 

Fig. 1.2(a). Electrons are emitted by focusing a laser pulse on the standard lanthanum 

hexaboride (LaB6) emitter of the TEM column. Here, the laser pulse used is the 

frequency doubled output of a sub-100 fs, 800 nm, Ti:Sapphire oscillator. By utilizing the 

second harmonic of the laser output (400 nm or 3.1 eV) and LaB6 (WF ~ 2.5 eV), the 

emission is a single-photon process. Remarkably, with an average of one electron per 

pulse, they can produce images with comparable resolution, contrast, and quality to those 

obtained with standard TEM techniques, Fig. 1.2(b)-(c), respectively. 

 

Figure 1.2. (a) Ultrafast TEM with photocathode. (b) UEM micrograph of diffraction 

grating, and (c) traditional TEM micrograph of the same diffraction grating. The scale bar 

is 100 nm. [9] 

1.1.2. Electron Pulse Generation Driven by High Intensity Laser Fields 

Operating in the high intensity regime, > 1015 W/cm2, it is possible to generate high 

energy ultrashort electron pulses from plasmas. A few different geometries in this regime 

include laser wakefield acceleration and acceleration in the longitudinal field of a focused 
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radial laser beam. While these techniques can produce high energy, short electron pulses 

they necessitate the use of large, complex laser systems in order to reach the high laser 

intensities used. 

 Laser wakefield acceleration was proposed by Tajima and Dawson in 1979 as a 

method to produce laser-driven acceleration gradients significantly higher than state of 

the art particle accelerators [10]. The operation principle is quite simple, an intense laser 

pulse propagates through a plasma containing electrons and ions. The electrons are 

accelerated (in the transverse direction) by the large ponderomotive potential of the laser 

pulse, setting up a longitudinally oscillating plasma wakefield propagating behind the 

laser pulse. It is possible for some of these electrons to be trapped in this wakefield and 

experience significant longitudinal acceleration to high kinetic energies. This approach 

has been used to reach kinetic energies in the GeV range by Mo et al. [11]. Lundh et al. 

were able to achieve electron bunches with an estimated 1.4-1.8 fs pulse duration and 

kinetic energies of 84 MeV [12]. Their experimental setup is depicted in Fig. 1.3. 

 

Figure 1.3. Laser wakefield acceleration setup used to achieve high energy, 84 MeV, 1.4 

fs electron beams. [12] 
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Alleviating the need for a plasma, Payeur et al. were able to achieve electron pulses 

with kinetic energies ~23 keV by focusing a radially polarized laser beam with an 

intensity of 7.4 ×1017 W/cm2 into a chamber filled with oxygen [13]. A depiction of their 

experimental setup is shown in Fig. 1.4. At the focus of the radial laser beam, a high 

longitudinal electric field component is realized. As such, the laser ionizes the oxygen to 

produce electrons that are subsequently accelerated in this intense longitudinal field to 

high kinetic energies. Payeur estimates the pulse duration to be ~20 fs at the electron 

beam waist. Theoretical work from the same group has proposed that this generation 

technique can be extended to achieve electron pulses with attosecond pulse durations 

[14–16]. 

 

Figure 1.4. Experimental setup for electron pulse generation using intense radially 

polarized laser pulses [13]. 
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1.1.3. Surface Plasmon Driven Electron Sources 

Another widely used method of generating ultrafast electron pulses with tabletop 

laser sources, and the focus of this thesis, is using a surface plasmon (SP) based 

approach. Surface plasmons are the collective oscillation of conduction band electrons 

within a metal. The oscillating charges are coupled to electromagnetic waves that decay 

away from the surface. This evanescent decay results in confinement of the 

electromagnetic fields to the surface of the metal, which leads to strong enhancement of 

the electric field and makes this a promising platform for generation and acceleration of 

ultrafast electron pulses. A more comprehensive, electromagnetic explanation of surface 

plasmons and the various geometries used for excitation is presented in Section 2.3.  

Surface plasmons can be excited on various geometries including prisms [6,17–

20], gratings [21,22], nanoantennas [23,24], and nanotips [3,4]. After excitation, the SP 

photoemits electrons like photocathodes, i.e. through multiphoton absorption or tunnel 

ionization, but with the caveat that the materials used must support surface plasmons at 

the wavelength of the incident laser. For this reason, many of the sources utilize gold 

(Au) or silver (Ag) films when operating with ultrafast lasers such as Ti:Sapphire 

oscillators with central wavelengths around 800 nm. SP based electron sources offer 

several advantages over photocathodes including being more compact due to the 

nanoscale confinement, higher electric field enhancement leading to built-in electron 

acceleration instead of post acceleration, carrier-envelope-phase (CEP) sensitivity, and 

they have demonstrated the shortest pulse durations to date [3,4]. Owing to the high 

electric field enhancement of the SP, these electron sources are also able to enter the 

strong-field regime of laser-matter interaction while utilizing low energy laser pulses 
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from Ti:Sapphire oscillators [20]. This strong-field interaction allows for the acceleration 

or deceleration of electrons. SP based electron acceleration has been shown to be able to 

achieve high energy, >1 keV, electrons and sub-30 fs pulse durations [6]. They are not 

without their drawbacks though. Notably, SP waves cannot be excited by free-space 

radiation and require specific geometries to be excited, thus increasing the complexity of 

the electron source.  

The initial work that motivated this research area was the observation of increased 

photoemission current due to surface plasmons on various metallic films in the 

Kretschmann geometry by Tsang et al. [25]. It was demonstrated that SP photoemission 

resulted in a 3500× increase in current from Ag compared to non-resonant 

photoemission. This opened the way for utilizing SP based sources to generate ultrashort, 

high-energy electron pulses. 

The first use of an SP based source to generate high-energy electrons was carried 

out in a similar configuration by Zawadzka et al., Fig. 1.5(a) [17]. Incident laser pulses 

with a pulse duration of 150 fs were used to excite the surface plasmons. Initially, kinetic 

energies up to 40 eV were achieved for incident laser intensities up to 21 GW/cm2 (Fig. 

1.5(b)). However, by significantly increasing the laser intensity to 40 TW/cm2, kinetic 

energies up to 0.4 keV were achieved [18].  
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Figure 1.5. (a) Kretschmann geometry. (b) Kinetic energy spectra for SP accelerated 

electrons with incident laser intensities of 0.7, 4.2, 5.5, 8.3, and 21 GW/cm2. [17] 

It was demonstrated by our group (Irvine et al.) that similar, high kinetic energies 

could be achieved using significantly lower laser intensities [19]. Figure 1.6(a) depicts 

kinetic energies up to 0.4 keV that were observed when exciting SP waves with 27 fs, 1.5 

nJ laser pulses from a Ti:Sapphire oscillator focused to an intensity of 1.8 GW/cm2. As 

the plasmon lifetime is ~48 fs, utilizing a shorter laser pulse duration allows for a more 

efficient transfer of the ponderomotive energy from the SP wave to the accelerated 

electrons, thus allowing for higher kinetic energies at lower laser intensities. Furthermore, 

Fig. 1.6(b) depicts correlation experiments that were carried out to demonstrate that the 

electron pulses generated have a pulse duration ≤ 27 fs at the surface of the Ag film. 

Irvine et al. also observed kinetic energies up to 2 keV at a laser intensity of 30 GW/cm2, 

by utilizing 30 fs laser pulses obtained from a Ti:Sapphire amplifier [6]. Operating at 

these high laser intensities also brought the photoemission process from the multiphoton 

regime into the tunneling regime due to the high electric field enhancement on the surface 

of the metallic film. This meant that a single photon could be used to free an electron 

from the metal instead of requiring multiple photons in order to excite an electron over 
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the Schottky barrier at the metal-vacuum interface. The various excitation regimes are 

discussed in greater detail in Section 2.4. 

 

Figure 1.6. (a) Kinetic energy spectrum of SP generated electrons at a laser intensity of 

1.8 GW/cm2. (b) Corresponding interferometric 3-photon correlation trace indicating 27 

fs electron pulse duration. [19] 

Within the last five years, other geometries utilizing nanoparticles are beginning 

to be explored [23,24]. Nanoparticle based sources represent a unique opportunity 

because, unlike prisms or gratings, they do not require the incident laser pulse to arrive at 

a specific angle, only the laser polarization direction is important. Additionally, the 

particle geometries can be tuned to achieve greater control over the characteristics of the 

emitted electron pulse. Kinetic energies up to 140 eV are observed for arrays of 100 nm 

diameter Au nanopillars when excited with a laser intensity of 140 GW/cm2, Fig. 1.7 

[23]. This is an increase of 3× compared to a flat Au film irradiated at the same laser 

intensity. Notably, the non-linear emission order of the nanopillars is observed to be 

second-order as opposed to the expected third order process determined by the WF of the 

Au film (4.8 eV) and the incident photon energy (1.55 eV). The decrease in emission 

order is attributed to an 18× electric field enhancement from the nanopillars, causing a 

shift from the multi-photon regime to the tunnel ionization regime.  
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Figure 1.7. (a) Scanning electron microscope (SEM) image of Au nanopillar array. (b) 

Kinetic energy spectra of electrons emitted from the array at various incident laser 

intensities. [23] 

A similar study was carried out using various shapes of nanoparticles [24]. Here, 

arrays of different length nanorods or resonant bowties were illuminated with ~100 fs 

laser pulses with a central wavelength of 805 nm. Figures 1.8(a)-(d) depict the kinetic 

energy spectra for resonant nanorods, nanorods with a red-shifted resonance, nanorods 

with a blue-shifted resonance, and resonant bowties, respectively. SEM images of each of 

the corresponding arrays are shown in Fig. 1.8(e)-(h). The highest kinetic energy of 19 

eV was obtained for a bowtie sample irradiated with 25.1 GW/cm2. It was found that to 

obtain similar kinetic energies with the nanorod samples required the laser intensity to be 

increased to 45.6 GW/cm2. The increased performance of the bowtie structures can be 

directly attributed to the increased electric field enhancement in the gap between the two 

halves of the bowtie. While nanoparticles have the advantage of less stringent coupling 

requirements they necessitate the use of nanofabrication techniques to pattern the 

particles, as well as their maximum achievable kinetic energies for a given laser intensity 

are significantly less than Kretschmann based electron sources. 
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Figure 1.8. Kinetic energy spectra at various incident laser intensities from nanoparticle 

arrays of (a) resonant nanorods, (b) red-shifted nanorods, (c) blue-shifted nanorods, and 

(d) resonant bowties. Corresponding SEM images of (e) resonant nanorods, (f) red-

shifted nanorods, (g) blue-shifted nanorods, and (h) resonant bowties. [24] 

More recently, there has been a great interest in utilizing nanotips to generate 

femtosecond electron pulses. The first work on nanotip based sources operated on similar 

principles to photocathodes by focusing a high intensity pulse on the apex of the nanotip 

and observing the emitted photoelectrons [26–28]. However, in order to further increase 

the temporal resolution, groups have begun utilizing plasmonic based nanotips [3,4]. 
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 Initial work was carried out on electrochemically etched single-crystal tungsten 

(W) tips with an applied DC bias by Hommelhoff et al. [27]. The DC bias acts to reduce 

the Schottky barrier at the tungsten-vacuum interface and allows for a DC tunneling 

current to be observed. When the tip is excited by a laser pulse, the laser electric field 

adds to the applied DC bias and thus increases the photoemitted current. Notably, they 

were able to ascertain that the photoemission process is prompt with the laser excitation 

and occurs from a small 2 nm diameter region. Therefore, electron pulses with durations 

similar to the pulse duration of the driving laser pulse can be achieved. For higher current 

applications, it was shown that blunt tips can be utilized to increase the photoemitted 

current from 100 fA to 40 nA at the same laser intensity of 30 GW/cm2. The same 

nanotips can also be used to produce low energy ultrafast electron pulses with kinetic 

energies up to 19 eV, however this requires laser intensities up to 230 GW/cm2, Fig. 1.9 

[28]. A similar approach by Li et al. utilizing ultrashort, single-cycle, terahertz (THz) 

pulses to excite tungsten tips has been demonstrated to achieve kinetic energies up to 5 

keV, Fig. 1.10 [29]. The advantage of using single-cycle THz pulses is that due to the 

THz photon energy (~ a few meV) being much less than the WF of the tungsten tip, the 

process is entirely field-driven, allowing researchers to study purely field-driven 

processes without any competing multi-photon effects. 
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Figure 1.9. Kinetic energy spectra from W nanotip irradiated by laser intensities of {90, 

120, 140, 160, 190, 210, 230} GW/cm2 (curves from bottom to top). The top inset depicts 

the position of the energy peaks in the spectrum obtained at 120 GW/cm2. The lower 

inset illustrates the measured number of electrons per pulse for the given intensities. [28] 
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Figure 1.10. Maximum electron kinetic energy from W tips as a function of incident THz 

electric field strength and tip radius, R. [29] 

The most recent advances in nanotip based electron sources is using 

nanoplasmonic focusing to generate ultrafast electron pulses. This offers a large 

advantage over excitation of the apex directly as the nanotip source can now be placed 

significantly closer to the sample under test as the laser is focused far from the sample. 

This improves the achievable temporal resolution due to a reduction in temporal pulse 

broadening. The setup is very similar to that of the other nanotip arrangements, except a 

grating is ion milled into the side of Au nanotips (Fig.1.11) to allow for the incident laser 

pulse to couple to a SP wave that travels towards and focuses at the apex of the nanotip. 

Vogelsang et al. were able to achieve an electron pulse duration of 27 fs at the tip by 
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exciting the grating with a 16 fs laser pulse with a central wavelength of 1.6 µm [4]. They 

successfully used the electron source to image a silver nanowire with a diameter of 100 

nm using point projection microscopy. Müller et al. developed a similar plasmonic 

focusing nanotip based source around the same time. They were able to achieve a sub-10 

fs temporal resolution [3]. The increased temporal resolution is attributed to excitation by 

a 5 fs laser pulse with 800 nm central wavelength. This source was used to successfully 

image an InP nanowire. 

 

Figure 1.11. Nanoplasmonic Au nanotip electron source. [4] 

To reach high kinetic energies for a compact electron source, Hommelhoff et al. 

have been pursuing nanoscale dielectric linear accelerators (DLA) [30]. Initial work 

focused on the acceleration of nonrelativistic continuous electron beams, as shown in Fig. 

1.12(a). Here, an ultrafast laser is used to excite evanescent fields on a dielectric grating 

structure. Subsequently, a continuous beam of 28 keV electrons is passed above the 

grating and interacts with the fields resulting in acceleration. Notably, electrons gain up 

to 300 eV over a distance of 11.2 μm, resulting in an acceleration gradient of 25 MeV/m 

that is comparable to modern RF accelerators. The next step that Hommelhoff et al. 
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explored is the incorporation of a laser-driven nanotip emitter to generate the initial seed 

electron pulse [31]. The proposed electron gun is schematically depicted in Fig. 1.12(b), 

where a nanotip emitter is used to seed cascaded DLAs. It is envisioned that this cascaded 

approach is capable of accelerating the electrons to kinetic energies reaching 1 MeV 

within a few mm. This combination of a laser-driven nanotip source and the cascaded 

DLAs could be used for an extremely compact source of high energy, femtosecond 

electron pulses. 
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Figure 1.12. (a) Experimental setup for acceleration of continuous electron beams using 

a dielectric linear accelerator. [30] (b) Proposed schematic of a compact high energy, 1 

MeV, femtosecond electron gun based on cascaded dielectric linear accelerators seeded 

by electron pulses from a laser-driven nanotip emitter. [31] 
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1.2. Obstacles Facing Generation of Ultrafast Electron Pulses 

The biggest challenge in generating electron pulses with durations < 100 fs is 

temporal pulse broadening. Pulse broadening can occur due to two different factors, 

space-charge induced broadening, or kinetic-energy induced broadening. In both cases, 

the broadening gets worse as the distance between the generation point and sample under 

test increases. Space-charge induced broadening occurs due to the coulombic repulsion 

between all of the electrons within the pulse [32]. To overcome this, fewer electrons must 

be generated per laser pulse, which can be achieved by lowering the incident laser pulse 

energy. However, with fewer electrons per pulse in hand, obtaining a suitable image may 

require more pulses and hence a longer acquisition time. For most currently developed 

sources, space charge broadening is not an issue as the sources are typically operated to 

deliver a few electrons per pulse. Kinetic-energy induced pulse broadening occurs due to 

the broad range in kinetic energies within a given electron pulse [33]. When electrons are 

photoemitted from a material, they will have excess kinetic energy corresponding to the 

difference between WF and the (multi-)photon energy. In addition, as discussed 

previously, for SP based sources, the electrons will be accelerated and therefore, the 

electron pulse will have a very broad kinetic energy spectrum. When this happens, the 

higher energy electrons will be at the front of the pulse leading the lower energy ones. As 

each kinetic energy corresponds to a different velocity, the electron pulse will begin to 

disperse in time as it propagates to the sample under test. A number of methods to 

combat this pulse broadening have been proposed and demonstrated, with the majority of 

them falling into a few categories: filtering of the electron pulse [34,35], compressing the 

electron pulse [36,37], optically gating the pulse [38–40], or simply shrinking the source-

sample distance by utilizing nanoscale emitters [3,4]. 



Chapter 1 – Introduction 21 

 

 The first method that was employed to combat pulse broadening was compression 

or bunching of the electron beam using a radio-frequency (RF) cavity [36]. A schematic 

depiction of the setup is shown in Fig. 1.13(a). In this configuration, generated electron 

beams enter an RF cavity at the correct phase such that the higher energy electrons 

leading the pulse will be decelerated and the lower energy electrons at the end of the 

pulse will be accelerated. In doing so, the electron pulse will compress (bunch) as it 

propagates towards the sample. With suitable selection of injection time and spacing 

between the RF cavity and the sample, the shortest duration electron pulse can be 

achieved. This method has been used to generate sub-100 fs, 95 keV electron pulses with 

enough electrons to allow for single-shot imaging [37]. However, there is a drawback to 

RF compression, namely the timing jitter between the RF source and the laser generating 

the electron pulse. For this experiment, the lowest attainable jitter was 80 fs. Instead of 

RF fields, high power ultrafast THz pulses can be used to provide the necessary electric 

fields as depicted in Fig. 1.13(b) [41]. Here, 950 fs electron pulses are passed through the 

gap of an inverse THz bowtie structure which provides electric field enhancement. By 

controlling the time delay between the arrival of the electron pulse and the arrival of the 

THz pulse, the electron pulse was compressed to a 75 fs pulse duration, similar to the RF 

compression, but with a timing jitter of only 4 fs. 
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Figure 1.13. Electron pulse recompression techniques using (a) RF cavities [37], and (b) 

THz electric fields [41]. 

 A similar method has been proposed that would utilize ultrafast laser pulses to 

perform the compression [2]. The proposed scheme for generating attosecond electron 

pulses is shown in Fig. 1.14. By utilizing the same laser to initially generate the electron 

pulse and to recompress it, time synchronization is guaranteed. This method utilizes a 

moving intensity grating provided by focusing a laser and its second harmonic to provide 

the actual recompression. It was theorized that starting with a 30 keV, 300 fs electron 

pulse, it can be compressed to a duration of 15 attosecond (as). Remarkably, this can be 

achieved with a long laser pulse duration of 300 fs but requires an intensity of 800 
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GW/cm2. Recently, this proposed scheme has been experimentally demonstrated by 

Kozák et al. [42]. The experimental setup used is depicted in Fig. 1.15(a)-(b). Here, two 

separate optical traveling waves are generated by focusing counterpropagating laser 

pulses in free space. The first traveling wave provides the compression while the second 

is used to characterize the compressed electron pulse. The initial electron pulse is 

generated by laser excitation of the Schottky emitter in a field emission electron gun 

followed by acceleration to achieve a seed pulse duration of 460 fs and a central kinetic 

energy of 23.5 keV. Remarkably, this setup allows for a compressed pulse duration of 

260 attoseconds, Fig. 1.15(c)-(d). 

 

Figure 1.14. Proposed laser-driven compression scheme for generating attosecond 

electron pulses. (a) An electron packet (blue curve) propagates along the same direction 

as a moving intensity wave (red curve) excited by counterpropagating laser pulses at 

different frequencies. (b) The ponderomotive force (green arrows) push electrons away 

from regions of high laser intensity. Electrons on the falling slope are accelerated while 

those on the rising slope are decelerated. (c) Over many cycles this 

acceleration/deceleration leads to self-compression of the electron pulse to an attosecond 

duration. [2] 
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Figure 1.15. Experimental setup used to generate and detect attosecond electron pulses 

with schematic depiction of (a) laser setup and (b) electron pulse generation, 

compression, and detection setup. (c) Temporal evolution of the electron pulse. (d) 

Expanded view demonstrating 260 attosecond electron pulse duration. [42] 

 A more recent method used to generate ultrashort pulses within a TEM column 

utilizes multiple laser pulses to generate electron pulses with a 30 fs temporal resolution 

[35]. Figure 1.16 depicts the experimental setup used to achieve this. The fundamental 

laser pulse used has a central wavelength of 1040 nm. This pulse is then frequency 

doubled twice to produce a UV pulse at 260 nm which is then focused on a photocathode 

to produce the initial electron pulse with a duration of 500 fs. As the pulse propagates 

down the TEM column it is accelerated to 200 keV. At the sample, the second laser pulse 

(gating pulse produced from a non-collinear optical parametric amplifier) with a 30 fs 

pulse duration overlaps (in time and space) the electron pulse, giving rise to a modulation 

in the energy spectrum of the electron pulse. By filtering the electron signal based on 
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these modulations, the time resolution of the imaging technique will correspond to the 

interaction time of the gating pulse and the initial electron pulse. As such, they are able to 

achieve a temporal resolution of ~30 fs. It is important to note that actual electron pulse 

duration is > 30 fs. It is also theorized that this method can be extended to the attosecond 

regime by using gating pulses with attosecond duration on pre-compressed electron 

pulses of ~75 fs pulse duration. 

 

Figure 1.16. Experimental setup for optical gating of electron pulses in an ultrafast 

electron microscope. [35] 

 A similar arrangement using laser fields to modulate the energy spectrum of a free 

electron beam has been demonstrated to achieve pulse durations down to 1.2 fs [39]. This 

method uses a pair of gratings on which surface plasmons are excited by laser pulses with 

600 fs pulse durations, as shown in Fig. 1.17. The first grating introduces a periodic 
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energy modulation to the 28 keV free electrons which is either enhanced or suppressed by 

controlling the arrival time of the second laser pulse at the second grating. Then, by 

selecting only those electrons that have gained energy, an electron pulse train with 

durations dependent on the time delay is achieved. This dual grating arrangement can 

also be employed for transverse streaking to temporally characterize the electron pulses. 

 

Figure 1.17. Dual grating setup for optical modulation of continuous electron beams. 

[39] 

In addition to aiding the recompression process, and specifically for SP based 

electron sources, it would be beneficial to generate electron pulses that do not have a 

broad kinetic energy spectrum, and in fact possess a quasi-monoenergetic energy 

spectrum. One proposed method to do this is by introducing openings in a thin dielectric 

layer deposited on the plasmonic metal in the Kretschmann geometry [34]. Electron 

emission will then be confined to specific regions. As such, electrons will only be 
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generated at locations that produce favorable kinetic energies. By restricting emission to 

a 300 nm region at the center of the laser excitation region, it was theorized that electron 

pulses with kinetic energies of 60 eV and a minimal spread of 1.8 eV can be generated. 

 With all of the attempts to recompress or modulate the electron pulses from direct 

laser driven sources, there has been very little attention paid to SP based sources. To date, 

there exist very few methods for control and tuning of the characteristics of SP generated 

electron pulses such that the electron pulses can be tailored to their specific applications. 

As SP based sources have demonstrated greater performance than direct laser driven 

sources, it is of utmost importance to develop these methods for SP based electron 

sources. 

1.3. Thesis Objectives 

The main goal of this thesis is the generation and control of ultrashort electron 

pulses via surface plasmon waves. SP based electron sources is an emerging area, but 

many of the SP based methods still suffer from inherent lack of control, both in electron 

beam characteristics (kinetic energy, pulse duration, number of electrons per pulse, etc.) 

and spatial directionality. As such, this thesis aims to develop new methods to 

specifically control the kinetic energy and pulse duration of the generated electron pulses 

while also providing a mechanism for controlling the emission direction. Techniques to 

significantly increase the current of SP based electron sources are also demonstrated. The 

outcomes of this thesis will open new pathways for the next generation of compact, 

ultrafast, SP based electron sources for use in all areas such as ultrafast electron 

microscopy, ultrafast electron diffraction, and seeding of nanoscale particle accelerators. 

The specific goals are outlined below: 
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1. Develop a method for ultrafast, all-optical, control of SP generated electron 

pulses utilizing terahertz pulses. 

2. Develop high-energy, ultrafast, compact SP based sources. 

3. Develop methods to increase the electron yield from SP based sources at low 

laser intensities. 

4. Gain a fundamental understanding of the interaction of an external electron 

beam with strong SP fields. 

5. Demonstrate a high current SP based source by gating secondary electrons 

from Au. 

6. Apply the insight gained from vacuum electron sources for novel solid-state 

devices. 

7. Demonstrate the direct, all-optical, THz modulation of conduction electrons in 

Au as a stepping stone to ultrafast control of SP coupling and photoemission 

in the near-infrared. 

1.4. Thesis Organization 

This thesis includes 7 chapters that present a combination of theoretical and 

experimental work demonstrating ultrafast control of SP generated electron pulses. 

Chapter 2 includes the relevant background information necessary to understand the work 

presented in this thesis.  

 When working with electrons interacting with electromagnetic fields, it is 

necessary to be able to model the laser-electron interaction to fully understand what is 

happening. To this end, a particle tracking code was developed and used to study various 

methods of ultrafast control in Chapter 3. The particle tracking code is used to model 
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single-cycle, ultrafast THz pulses as a method for all-optical control of SP generated 

electron beams. The THz pulses allow for increased kinetic energy and angular tuning. 

Notably, the THz pulses are found to not destroy any carrier-envelope-phase (CEP) 

dependence of the initial SP generated electron beam. Although the THz allows for 

control of the energy and angle, it does not help with generating ultrashort electron 

pulses. To do so requires some method of filtering which can be achieved using a 

combination of magnetostatic and spatial filtering. The second half of Chapter 3 

discusses a compact method to generate isolated attosecond electron pulses with kinetic 

energies > 0.5 keV while maintaining a low laser intensity that can be accessed with a 

tabletop laser oscillator. 

Chapter 4 discusses various methods of increasing the current yield of SP based 

sources. A thin dielectric layer of eCarbon is added to act as a reservoir of electrons for 

the Au plasmonic film and reduce the nonlinear emission order of the SP based source. 

Gating of continuous electron beams to significantly increase the current of SP based 

electron sources is also demonstrated. The second half of Chapter 4 additionally details 

the systematic study of the interaction of a free, continuous, external electron beam 

passing through a strong plasmonic field on a metal.  

 With a greater understanding of the interaction of electrons with SP fields in 

vacuum, attention is turned to solid-state plasmonic electron devices. Chapter 5 explores 

such solid-state hybrid plasmonic/electronic devices. A nanoplasmonic triode that is the 

optical analogue of a standard three-terminal electronic device such as a transistor is 

investigated. This device can be used to bridge the gap between nanoplasmonics and 

nanoelectronics. Subsequently, a compact solid-state CEP detector that would allow for 
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the in-situ measurement of the CEP of few-cycle phase-stabilized laser pulses is 

presented.  

 Chapter 6 presents the experimental demonstration of the modulation of the 

conductivity of Au using THz electric fields. This modulation can be harnessed to control 

the SP coupling, electric field enhancement, and photoemission in the near-infrared 

regime opening a new pathway towards THz electric field enhanced photoemission.  

 Chapter 7 summarizes the major outcomes from this thesis as well as discusses 

the future directions of this research. 
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Chapter 2 

 

Background 

 

The work presented in this thesis explores various methods for ultrafast control and 

tailoring of ultrashort electron pulses usable for the next generation of time-resolved 

ultrafast electron microscopy. Both the generation and control of electron beams are 

presented and incorporate various different areas of science and engineering including 

ultrafast laser-matter interaction, optical surface plasmons, and ponderomotive electron 

acceleration. This chapter explores each area in detail and helps to develop the 

background necessary for the experiments and investigations laid out in the rest of the 

thesis. First, classical electromagnetics is discussed along with the Drude theory of 

metals. This leads to the concept of surface plasmon waves excited at dielectric-metal 

interfaces. Next, various methods of electron emission are discussed including secondary 

electron emission.  

2.1. Classical Electromagnetics 

All of classical electromagnetics is governed by four simple equations referred to 

as Maxwell’s equations: 
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Here, E
�

 is the electric field, D
�

 is the electric flux density, H
�

 is the magnetic field, B
�

 is 

the magnetic flux density, ρ is the free charge density, and J
�

 is the free current density. 

The relationship between D
�

, E
�

 and B
�

, H
�

 is given by the following constituent 

equations: 

 0r
D Eε ε=
� �

  (2.5) 

 0r
B Hµ µ=
� �

  (2.6) 

Here, rε is the relative material permittivity, 0ε  is the permittivity of free space 

(8.854×10-12
 F/m), rµ  is the relative material permeability, and 0µ  is the permeability of 

free space (4π×10-7 H/m). When equations (2.1) to (2.6) are combined, the interaction of 

electromagnetic waves with matter can be fully described. 

2.2. Drude Theory of Metals 

 To fully understand the interaction of electromagnetic waves with metallic films, 

such as those used for surface plasmon experiments, it is important to understand the 

Drude theory of metals as proposed by Paul Drude [43,44]. This theory governs the 

behaviour of electrons within a metal. When the atoms within the metal are brought 

together (such as in a film or in bulk), the light and mobile valence electrons detach from 

their atoms and are free to move throughout the material while the heavy and immobile 

positively charged atoms stay in place. Drude modelled the electrons by applying the 

kinetic theory of gases to the “gas” of free electrons within the metal. This theory has two 
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main assumptions: (1) The electrons are solid identical spheres that travel in straight lines 

until they collide with the immobile ions, and (2) the only forces present are those that 

momentarily arise during collisions. As such, any electron-electron or electron-ion 

interactions except during collisions are neglected. These interactions can be neglected 

due to the short electron mean-free path, and hence short transit time between collisions, 

of the electrons within the material. This assumption fails when considering film 

thicknesses on the order of the mean-free path. For these films, the interaction is better 

modeled with the Lindhard dielectric function [45,46]. The density of these free electrons 

per cm3 within a metal is given by [47]: 

 A v m
e

a

n
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m

N ρ
=   (2.7) 

Where, NA is Avogadro’s Number (6.022×1023 atoms/mole), nv is the number valence 

electrons contributed per atom, �m is the mass density in g/cm3, and ma is the atomic mass 

of the material. For most metals, ne is on the order of 1022-1023 cm-3. The main plasmonic 

metals used when working with laser pulses having wavelengths ~800 nm are Ag and Au 

which have ne of 5.86×1022 cm-3 and 5.90×1022 cm-3, respectively. Another commonly 

used metric to describe the density of conduction electrons in a material is the so-called 

Wigner-Seitz radius, rs, defined as the volume of a sphere equal to the volume per 

conduction electron and typically given in units of Bohr radius. The Wigner-Seitz radius 

is given by [47]: 
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Where ao is the Bohr radius (5.29 ×10-11
 m). This gives rs = 3.02 for Ag and 3.01 for Au. 
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 These conduction electrons will respond to an external electromagnetic field that 

is oscillating at an angular frequency, �. The motion of the electron (in one dimension) 

can be described by: 

 
2

2

( )
d

e

d x dx qE t

dt dt m
ν+ = −   (2.9) 

Where x(t) is the electron displacement, νd is the material damping rate, q is the 

elementary electric charge, me is the electron mass, and E(t) is the externally applied 

electric field driving the electron’s motion. The relationship between the electron 

displacement and the external field can be found using the standard harmonic time 

dependence which assumes the forms for x(t) and E(t): 

 0( ) exp( )x t x i tω=   (2.10) 

 0( ) exp( )E t E i tω=   (2.11) 

Substituting equations (2.10) and (2.11) into (2.9) results in: 
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The polarization of the material can then be written as the sum of all electric dipoles per 

unit volume as ( ) ( )eP t n qx t= − . When combined with equation (2.12), the electric 

susceptibility of the material can be derived: 
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The frequency dependent dielectric function of the material is then: 
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Where 
2

0/p e en q mω ε=  is the so-called plasma frequency or the natural collective 

oscillation frequency of the electrons within the material. 

2.3. Surface Plasmons 

A plasmon wave is the coherent oscillation of conduction band electrons within a 

metal. The quantized quasi-particle of these coherent oscillations is referred to as a 

plasmon. Plasmons come in two forms, bulk plasmons and surface plasmons. Bulk 

plasmons are excited within a bulk film when the lightweight, mobile, conduction 

electrons are displaced from the static, heavy, background atoms. This displacement can 

occur due to an external electric field such as the wakefield behind an electron traveling 

through the material. As such, bulk plasmons are typically probed with techniques such 

as electron energy loss spectroscopy (EELS) [48]. On the other hand, surface plasmons 

exist at, and are confined to, the very surface of a metal. Specifically, at a metal-dielectric 

interface. This concept is illustrated in Fig. 2.1, which depicts the charge oscillations and 

coupled electromagnetic fields of a SP wave confined at the interface between two 

infinite half spaces. For z > 0, the space is filled with a dielectric having a dielectric 

constant 1ε , while for z < 0 the space is filled with a metal having dielectric constant 2ε . 

For a surface charge density oscillation (plasmon) to exist at the dielectric-metal 

interface, it must obey Maxwell’s equations. Assuming that region 1 is free-space and by 

following the prescription in [49], the electric field distribution of the surface plasmon at 

the interface can be derived. Here, we seek a wave solution to Maxwell’s equations that 
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is confined to the interface at z = 0 and is propagating in the +x direction. Starting with E 

and H fields of the form: 
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Where k is the wavevector. Here, the subscript numbers correspond to the medium in 

which the field is contained (i.e. 1 for free space, and 2 for metal), and both kz are taken 

to be positive in order to have exponential decay away from z = 0 to confine the plasmon 

wave to the interface. The boundary conditions at the interface dictate that D
�

 must be 

continuous giving 1 1 2 2z zE Eε ε= , and as the material is assumed to be non-magnetic, the 

continuity of the normal component of B
�

 gives Hz1 = Hz2. This combined with the fact 

that 0B∇ ⋅ =
�

 at the interface, necessitates that only the Hy component must exist. 

Furthermore, 
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 with only an Hy component dictates that Ey must be zero, 

indicating that the surface plasmon wave is a transverse magnetic (TM) wave. As such, 

surface plasmons can only be excited with p-polarized light in order to satisfy the 

boundary conditions. Substituting equations (2.15) to (2.18) into Ampere’s Law 

(equation (2.4)), and assuming that there is no surface current, yields: 

 1 1 1 1 1 1 1) ( ,( ,0, 0, )
z y x y x z

k H H i E Eik ε ω= −   (2.19) 
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 2 2 222 2 2 ) ( ,0, )( ,0,
z y x y x z

H i E Ek H ik ε ω−− =   (2.20) 

The next step is to look at the boundary conditions of the tangential fields at the interface, 

which must be continuous, giving 1 2x x xEE E= = , and 1 2y y y
HH H= = . This also implies 

that 1 2x x xkk k= = . Substituting these boundary conditions and looking at the x-

components of equations (2.19) and (2.20) yields 1 1z y x
k EH iε ω= −  and 22z y x

k H i Eε ω=  , 

dividing the two gives: 

 1 1

2 2

z

z

k

k

ε

ε
= −   (2.21) 

As we have already assumed that both kz are positive, and that 1ε  is free space (i.e. 

positive and equal to 0ε ) the only way to satisfy the above result is to have 2ε be 

negative. This result indicates that for a surface plasmon wave to exist at the metal-

dielectric interface, the dielectric function of the metal must be negative, which will only 

occur for frequencies below the plasma frequency (i.e. 
2

0/p e en q mω ε= ). 

 

Figure 2.1. Surface plasmon confined to the interface between infinite half spaces of 

metal and free space. The SP consists of charge oscillations coupled to electromagnetic 

fields. 
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The wave equation can be used to obtain the dispersion relation of the 

propagating surface plasmon mode: 

 
2

2

2

E
E

t
εµ

∂
∇ =

∂

�
�

  (2.22) 

Substituting equations (2.15) to (2.18) into equation (2.22) gives the following 

expressions: 

 2 2 2

1 1 0x z
k k ε µ ω− + = −   (2.23) 

 2 2 2

2 2 0x z
k k ε µ ω− + = −   (2.24) 

Rearranging and dividing these equations gives: 

 
2 2 2

1 1 0

2 2 2

2 2 0

z x

z x

k k

k k

ε µ ω

ε µ ω

−
=

−
  (2.25) 

Substituting equation (2.21) into equation (2.25) gives the relationship between the 

frequency of the surface plasmon and its wavevector (i.e. the SP dispersion relation): 

 1 2

1 2

xck
ε ε

ω
ε ε

+
=   (2.26) 

Where c is the speed of light in vacuum. Figure 2.2 illustrates the dispersion 

relation for a surface plasmon wave at the interface between an Au film and vacuum. The 

red curve in Fig. 2.2 depicts the dispersion relationship of a photon traveling in free 

space: 

 photon
ckω =   (2.27) 
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Where ω is the angular frequency of the photon, and kphoton is the wavevector of the 

photon. The Au dielectric function is taken to be the Drude model using parameters from 

[50]. Notably, at high wavevectors the dispersion curve approaches an asymptote equal to 

2/pω , the so-called surface plasmon frequency. At low wavevectors, it is observed 

that the SP dispersion curve behaves similar to the light line. However, it should be noted 

that the two curves do not actually cross, which is an important point in plasmonics. 

Consequently, it is not possible to directly couple free space electromagnetic waves to 

surface plasmon excitations since the momentum of the electromagnetic wave is not 

matched to that of the plasmon wave. 

 

Figure 2.2. Surface plasmon dispersion curve for a lossy Au film. The red light line 

depicts the dispersion curve for a photon, indicating no coupling between the SP mode 

and light. 
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Figure 2.3. Schematic depiction of various geometries used for coupling lasers to surface 

plasmons: (a) grating coupling, (b) defect coupling, (c) Otto configuration, and (d) 

Kretschmann configuration. Each method provides the necessary momentum matching 

between incident laser photons and the propagating SP wave. 

To couple a free space electromagnetic wave to a surface plasmon wave, the 

dispersion curves must cross such that both the energy and momentum is conserved when 

the plasmon is excited by a photon. There are multiple ways to enable the momentum 

conservation, such as grating couplers (Fig. 2.3(a)), defect couplers (Fig. 2.3(b)), the Otto 

configuration (Fig. 2.3(c)), and the Kretschmann configuration (Fig. 2.3(d)). The grating 

and defect couplers increase the incident photons momentum via diffraction while the 
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Otto and Kretschmann configurations increase the momentum by passing the incident 

photons through a prism. The Kretschmann geometry is used throughout this thesis due 

its simplicity, (i.e. it only requires the deposition of a thin metal film). In this geometry, a 

thin metallic film is deposited on the hypotenuse side of a right-angle glass prism. Light 

is coupled to a surface plasmon at the metal-free space interface by illuminating the glass 

side of the metal film. As the incident photon is now traveling in the glass prism, its 

dispersion curve will have a different slope inversely proportional to the refractive index 

of the glass prism, nprism. When the photon passes through the glass prism, its dispersion 

relation obeys: 

 
photon

prism

ck

n
ω =   (2.28) 

This, in effect, increases the momentum of the photon ( photon
kℏ  , where ℏ  is reduced 

Planck’s constant) at a given frequency, causing the dispersion curves to cross and the 

momentum to be conserved between the incident photon and the plasmon, as depicted in 

Fig. 2.4. However, to excite the surface plasmon, the component of the incident photon 

wavevector, kphoton, must match that of the propagating surface plasmon wavevector, kx 

according to: 

 in )s (
x photon SP

k k θ=   (2.29) 

Where SPθ  is the surface plasmon resonance angle.  
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Figure 2.4. Surface plasmon dispersion curve with reduced light line for light incident on 

the Au film from the glass prism with refractive index nprism. 

Substituting equation (2.28) into (2.29) we get the momentum of the propagating surface 

plasmon wave: 

 sin( )x prism SPk n
c

ω
θ=   (2.30) 

To find �SP, one must consider the thickness, d2, and the permittivity, ε2, of the metal 

film. The plasmon coupling angle occurs when light is most efficiently coupled to the SP 

wave, i.e. when the reflection from the surface exhibits a sharp dip having no reflection. 

Figure 2.5 shows the arrangement of prism, metal film, and free-space used to calculate 

the reflection. The amplitude reflectivity of the multilayer stack is thus given by: 

 1

321

0

n

n

r

E

E

∞

==


  (2.31) 
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Where En represents the multiple reflections of the electric field from the interface and is 

given by: 

 

1

2

2 23

4

32

32 21
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...
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E t e
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φ

−

−

=

=

=
  (2.32) 

Where 2 1/2

2 3 1 2( sin( )/ )
r

c dφ ω ε ε θ= −  is the phase change on reflection, and rij, tij are the 

Fresnel reflection and transmission coefficients given by [25]: 

 
2

j i i j

j i i j

i i

j i i j

ij

ij

k k
r

k k

k

k
t

k

ε ε

ε ε

ε

ε ε

−

+

=
+

=

  (2.33) 

Where i is the index of the material the electric field is incident from, j is index of the 

material on the other side of the boundary, and 2 1/2

3 1/ )( i )( s n
i i

k cω ε ε θ= − . Carrying out 

the summation of equation (2.31) one arrives at the closed form solution: 
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=

+
  (2.34) 

The amplitude reflectance is simply 
2

321r  and is plotted in Fig. 2.6(a) for a λ = 800 nm 

light wavelength incident on Au films of various d2 deposited on a fused silica prism 

using permittivity data from [50]. Figure 2.6(b) depicts the amplitude reflectance for a Ag 

film using permittivity data from [51]. The plasmon coupling angle shifts from 45° for a 

45 nm Au film to 44.7° for a 45 nm Ag film. The thickness has quite a profound affect on 

the efficiency of the coupling process with only 40-50% of the incident light being 
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coupled to the SP for films thinner or thicker than 45 nm. Notably, θSP is above the angle 

for total-internal reflection at the glass-metal interface. As such, the use of a prism is 

necessary as the 45° angle of the input face results in minimal refraction for the incident 

laser. If the photon was incident on a rectangular glass block, there is no angle of 

incidence that could be found that would result in (after refraction at the input face) θSP at 

the glass-metal interface, thus making it impossible to couple to a SP wave. 

 Based on Fig. 2.6, surface plasmons can be efficiently excited on both Ag and Au 

films with similar angular sensitivities (0.6° full-width at half-maximum (FWHM) for Au 

and 0.3° FWHM for Ag), the choice of metal comes down to additional factors. Au was 

selected over Ag for experiments in this thesis for one main reason: Ag films begin to 

tarnish and form Ag2S when exposed to air [52]. As such, the performance of Ag films 

severely degrades within a short time frame (~ a day) and cannot be used for experiments 

over a long period of time. 

 

Figure 2.5. Multilayer system for calculating Fresnel reflectance.  
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Figure 2.6. Reflectance of λ = 800 nm light for a multilayer stack composed of (a) fused 

silica/Au/Air at different metal thicknesses, d2, and (b) fused silica/Ag/Air at different 

metal thicknesses, d2. 

2.4. Electron Emission from Metal Surfaces 

When a photon is incident on a metallic surface, it may free an electron from the 

conduction band via the photoelectric effect, given that the photon energy is greater than 

the work function of the metal. Typically, this corresponds to photons in the ultraviolet 

(UV) as the work function of most metals is in the range of 4-5 eV. Albert Einstein first 

theorized the photoelectric effect in 1905 while trying to explain the results of Hertz 

previous experiments by proposing that packets of light have quantized energy given by: 

 photon
E hν=   (2.35) 

Where Ephoton is the photon energy, h is Planck’s constant, and ν is the frequency of the 

light. Notably, Einstein realized that there is an energy threshold (work function) for the 

ejection of electrons and that the number of electrons generated is linearly proportional to 

the intensity of the incident light. However, for intense enough light, such as that from a 

laser, multiple photons can be absorbed to free an electron, termed multi-photon 
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absorption. In this case, each photon is absorbed to a virtual state and can be thought of 

as “stacking” their individual energies such that when the sum of their energies is above 

the work function, a single electron will be freed. Both single photon absorption and 

multi-photon absorption are depicted in Fig. 2.7. The number of photons required can be 

determined by: 

 , )mod( Fm W hν=   (2.36) 

Where m is the number of photons required, WF is the work function of the metal, and 

mod is the modulus. The electron that is ejected will have an excess of kinetic energy 

given by: 

 k FE mh Wν −=   (2.37) 

Where Ek is the initial kinetic energy of the generated electron. In addition, as the process 

now relies on multiple photons, the number of generated electrons, and hence, the current 

density, J, will scale nonlinearly with the incident intensity given by: 

 
la e

m

s r
IJ ∝   (2.38) 

Where Ilaser is the incident laser intensity. 
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Figure 2.7. Single photon absorption (left) and multi-photon absorption (right) to free 

electrons from a metallic film. Electrons are excited from the Fermi energy (EF) to 

energies exceeding the vacuum energy (Evac). 

Another method of electron emission from metallic surfaces is optical field 

emission. Optical field emission occurs when there is a high electric field present at the 

surface of the metal such that the potential barrier (ϕ(x)), is lowered to a level that 

electrons can overcome it by absorbing a single photon’s energy, as depicted in Fig. 

2.8(a). The source of the electric field can either be from an externally applied DC field 

or from the electric field of a laser pulse. A similar effect is tunnel ionization, in which 

the applied electric field distorts the potential barrier such that electrons within a material 

have a greater probability to tunnel through it. These electrons typically tunnel from 

energy states close to the Fermi energy, EF, as shown in Fig. 2.8(b). Externally applied 

DC fields have widely been used for electron sources in high-resolution electron 

microscopes (i.e. field emission microscopes). 
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Figure 2.8. Schematic depiction of (a) optical field emission and (b) tunnel ionization. 

ϕ(x) is the potential barrier at the metal-vacuum interface. 

The value of the electric field necessary to induce tunnel ionization is generally 

calculated via the Keldysh parameter that was derived for an electric field ionized atom 

[53]. The Keldysh parameter is given by: 

 
2 e F

laser

m W

qE

ω
γ =   (2.39) 

Where Elaser is the peak laser electric field value. For values of γ > 1, multi-photon 

absorption will be the dominating electron emission mechanism, and for γ < 1, tunnel 

ionization will dominate. To give a sense of the of the electric fields required for tunnel 

ionization, an electric field of 1.7×1010 V/m or 17 V/nm is required for an Au film (WF = 

4.8eV) being excited by a Ti:Sapphire laser (� = 2.4×1015 rad/s). 

2.5. Secondary Electrons 

Electrons may also be freed from a material through means other than photoemission, 

namely secondary electron emission. A section of Chapter 4 explores the control of these 

secondary electrons with plasmonic fields. As such, it is important to understand what 

happens when an energetic primary electron (PE) having kinetic energy EP collides with 

atoms in a material. Figure 2.9 depicts the four main outcomes that arise. During the 
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collision, the four outcomes that may occur are: (1) The primary electron is elastically 

reflected from an atom of the material. This electron will have an energy of Ep and is 

deemed a reflected electron (RE). (2) The primary electron will undergo inelastic 

collisions within the material and becomes directed back out of the material. This 

electron will have an energy between 50 eV and Ep and is deemed a backscattered 

electron (BSE). (3) The material is thin enough and Ep is high enough such that the 

primary electron is transmitted through the material. These electrons will have kinetic 

energies between 50 eV and Ep and are typically used in transmission electron 

microscopes (TEM) and EELS. (4) The primary electron will undergo inelastic collisions 

with the shell electrons of the atoms and ionizes them to generate new electrons. These 

new electrons travel randomly through the material and if they have enough energy to 

overcome the material work function they will be ejected from the material. These 

electrons are the secondary electrons (SE) with kinetic energies < 50 eV (by definition) 

and will be the focus of this background section as well as the second half of Chapter 4. 

Secondary electrons provide the main signal for scanning electron microscopes (SEM).  
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Figure 2.9. When a primary electron (PE) interacts with a material there are four possible 

outcomes: (1) The electron is reflected with no energy loss (RE). (2) The electron 

undergoes multiple collisions, loses energy and is directed back out of the material 

(BSE). (3) The electron is transmitted through the sample and may or may not lose 

energy (transmitted e-beam). (4) The electron undergoes multiple collisions knocking off 

secondary electrons (SE) that are emitted from the sample with kinetic energies < 50 eV. 

 As secondary electrons, by definition, have kinetic energies less than 50 eV, it is 

important to understand the shape of their kinetic energy spectrum and how it might be 

influenced for different primary beam or material characteristics. The kinetic energy 

spectrum is given by [54]: 
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14.7( ) ( )
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SE p e SE F
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+ + −
  (2.40) 

Where NSE is the number of secondary electrons, ESE is the secondary electron energy, kF 

is the Fermi wavevector, EF is the Fermi energy, 1/3(4 / 9 ) ( / )
s

rβ π π= , and *

e
m  is the 

electron effective mass. Notably, from (2.40) the shape of the spectrum is entirely 

determined by: 

 
4( )

SE SE F F

SE SE F

dN E E W

dE E E

− −
=

−
  (2.41) 

The remainder of (2.40) only determines the magnitude of the spectrum. Remarkably, the 

shape is independent of Ep [55]. Figure 2.10 depicts the SE energy spectrum for Au 

assuming EF = -5.53 eV [47], and WF = 5.2 eV. 

 

Figure 2.10. Secondary electron energy spectrum for Au. Note that the energy is 

referenced to the vacuum level. 
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As SE are generated by inelastic collisions of the primary electron within a material, 

there is the possibility that multiple SE will be generated for a given primary electron. 

This is deemed the SE yield, /
SE p

i iδ =  , where iSE is the measured SE current and ip is 

the primary electron beam current. The SE yield increases for increasing Ep until a 

maximum δm is reached, at which point δ decreases for increasing Ep. The increase at low 

Ep is attributed to the primary electrons penetrating farther into the material and thus 

exciting more SE. Due to their low energy, SE have a very low escape depth, meaning 

that only SE excited within the escape depth will be able to reach the surface of the 

material and contribute to the measured iSE. As such, at a certain value of Ep, the 

penetration depth of the primary electron exceeds the escape depth of the SE, leading to a 

reduction in � [56]. The escape depth of most metals is ~0.5-1.5 nm with a maximum 

escape depth of ~5 nm [55]. To calculate δ, a few assumptions must be made [57]: 

1. The number of SE generated in a material is determined by the energy loss per 

unit length of the primary electron along its path ( /
k

dE dx−  ) divided by the 

energy required to produce a single SE (ΩSE). 

2. The probability of a SE produced at depth x reaching the surface is given by 

exp( )xα− , where α is the inverse extinction length. 

3. The escape probability for SE leaving the surface is BSE. 

4. The constant loss approximation is used for the primary electrons. This assumes 

that the average loss of primary energy is independent of the depth, i.e. 

/ /
k p

dE dx E R= −  , where R is the primary electron penetration depth. This 

accounts for the angular scattering of the primary electron beams once they have 

penetrated the material. 
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5. The penetration depth, R, is determined by primary electrons that do not undergo 

angular scattering and follows a power law, i.e. 1/ / b

k k
dE dx E

−= −Γ  , where Γ  is 

a material constant determined from experiment, and b is experimentally 

determined to be ~1.35 for Ep < 10keV. [58] 

From these assumptions, the secondary electron yield is given by [56]: 

 ( ) (1 ) /
p R

p SE

SE

E
E B e

R

αδ α−= × × −
Ω

  (2.42) 

It has been found that there is a somewhat universal curve for δ as a function of Ep that is 

normalized to the peak values. The equation governing this universal curve is [56]: 
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  (2.43) 

Where δm is the value of the maximum SE yield, Em is the kinetic energy value that δm 

occurs at, and σyield has a value of 1.6. Figure 2.11 depicts the theoretical universal SE 

yield as a function of Ep for a Au film using parameters from [55]. The value of δm and 

the corresponding Em for some common metals are listed in Table 2.1. Notably, 

experimental values reported for Em and δm vary significantly between published works. 

For example, the value of Em for Au has been reported ranging from 300 eV up to 875 eV 

[55,59,60]. 

It also important to understand how the yield changes with the primary electron 

beam angle of incidence. Due to the short escape depth of SE, the SE yield increases at 
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oblique angles. This is due to the fact that a large portion of the primary electron 

penetration depth is now projected parallel to the surface of the material (within the SE 

escape depth) as opposed to normal to it (beyond the SE escape depth). The adjusted SE 

yield is given by [55]: 

 0(c s( ) )o uδ θ δ θ=   (2.44) 

Where, δ0 is the SE yield at normal incidence, θ is measured from the normal to the 

surface, and u is found to be ~1.3 for materials with atomic number, Z, < 30, and ~0.8 for 

Z > 30 [55]. 

 

Figure 2.11. Secondary electron yield for an Au film as a function of primary electron 

energy, Ep. 
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Atom Z δm Em (eV) 

Al 13 0.9 – 1.0 250 – 300 

Ti 22 0.7 – 0.9 300 

Cr 24 1.0 470 

Cu 29 1.1 – 1.3 500 – 600 

Ag 47 1.2 – 1.4 700 – 800 

Pt 78 1.35 – 1.7 700 – 750 

Au 79 1.2 – 1.6 700 – 875 

Table 2.1. Maximum of SE yield, δm, and the corresponding kinetic energy, Em for 

common metals. Adapted from [55]. 

To determine the angular distribution of the SE electrons, one can consider the 

situation depicted in Fig. 2.12. Here, the primary electron is assumed to be impinging 

normal to the surface. A portion of the SE current, diSE, originates from a point along the 

path of the primary electron location, dx, and travels to the surface along the path l at an 

angle θ. The internal SE distribution is assumed to be isotropic such that diSE is 

independent of angle. The SE must then traverse a distance of / cosl x θ= . The SE yield 

as a function of angle is then given by [61]: 

 
0

( ) ( / 2) ( / ) exp[ / cos ]
R

K dE dx x dxδ θ α θ= −   (2.45) 

 Where K is a constant. This can be integrated to achieve: 

 
1/( ) ( / 2 )( / ) ( (( ) ))g

p bK g CA A f Afδ θ α η= ′ ′ + ′ ′   (2.46) 

Where g is a fitting parameter depending on the energy range of Ep [61], C is the energy 

range coefficient, / )( g

pCA Eα= , /A osA c θ′ =  , 
p

f ′  is the contribution to the SE from 

the primary electrons, b
f ′ is the contribution from the backscattered electrons, η  is the 

backscatter coefficient, and with: 
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Where /y x R=  is the reduced penetration depth, and 30.45 2 10 Z
−Φ = + ×  is the relative 

mean energy of the backscattered electrons. Using equations (2.46) and (2.47), and the 

fact that the peak yield (δm) is related to the primary energy at the peak yield (Em) by 

3 1/ 2.4 10 eV
m m

Eδ − −×=  the normalized angular distribution for SE is as follows: 

 (26.2 / )(( ) / ( )/ ) (( ))
m p m p b

g E E A f Afδ θ δ η= ′ ′ + ′ ′   (2.48) 

From equation (2.48), the angular distribution approximates a cosine distribution as 

depicted in Fig. 2.13. The curve in Fig. 2.13 uses parameters from [61] for an Au film 

and assumes Ep is 300 eV. Furthermore, the angular distribution of SE is found to be 

essentially independent of Ep and angle of incidence [62]. 

 

Figure 2.12. Schematic depiction of secondary electron angular distribution. PE is the 

primary electron and SE is the generated secondary electron. 
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Figure 2.13. Secondary electron angular distribution indicating a cosine-like distribution. 

2.6. Electron Acceleration in a Surface Plasmon Field 

Now that multiple methods of electron generation have been discussed, it is 

essential to understand how these free electrons will interact with the surface plasmon 

fields present at the metal-vacuum interface. One of the characteristic behaviours of a 

surface plasmon mode is the tight confinement of the electromagnetic radiation to this 

interface. This is evidenced by the fact that the electric field of the surface plasmon 

decays exponentially away from the metal film in the normal direction. This high 

confinement gives rise to two very interesting phenomena, electric field enhancement, 

and the ponderomotive force.  

As the electric field exponentially decays from the metal film, this sets up a large 

spatial gradient in the strength of the electric field. It is this spatial gradient that produces 

acceleration of free electrons. On the positive half-cycle of the electric field, electrons 

will be accelerated while on the subsequent negative half-cycle, the electrons will be 
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decelerated. In a spatially homogeneous electric field, over multiple cycles, this 

acceleration and deceleration will cancel out resulting in no net increase or decrease of 

the kinetic energy of the electron.  

For a spatially inhomogeneous electric field, such as that of a surface plasmon, 

the result is significantly different. During the positive half-cycle, the electrons are 

accelerated from areas of high electric field to areas of lower electric field, i.e. along the 

gradient of the field. In addition, due to the high electric field strength, the electron 

traverses to the area of lower electric field faster than the electric field polarity can 

reverse. As such, on the negative half-cycle, the electron will be decelerated, but by an 

amount less than it was accelerated on the positive half-cycle, resulting in a net 

acceleration over a single cycle. Over multiple cycles, this acceleration accumulates, 

resulting in a significant increase in the electron kinetic energy, as well as the electron 

being guided from an area of high electric field (close to the metal-vacuum interface) 

towards an area of lower electric field (away from the interface into vacuum). Effectively 

the electron is ‘pushed’ farther towards an area of weaker field strength during the 

positive half-cycle than it is ‘pulled’ back during the negative half-cycle. This is 

schematically depicted in Fig. 2.14. This interaction is referred to as ponderomotive 

electron acceleration and constitutes one of the major sources of electron acceleration 

during laser-electron interaction.  
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Figure 2.14. Schematic depiction of cycle-by-cycle ponderomotive electron acceleration 

in an SP field.  

The ponderomotive force can be derived by considering the equation of motion 

for an electron placed in an oscillating electric field, i.e. the Lorentz force: 

 
e

dv q
E v B

dt m
 = − + × 
� ��

  (2.49) 

Where v
�

 is the velocity of the electron. Initially, only the electric field is considered as a 

first order contribution and then the magnetic field contribution is introduced as a second 

order perturbation. Assuming that the oscillating electric field has the form 

0( ) ( )E E r cos tω=
� �

, the first order Lorentz force is: 
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 Which can be integrated to obtain the velocity 
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And the incremental change in position is then: 
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Next, the second order contribution of the magnetic field can be introduced by using 

Maxwell’s equation to yield: 
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  (2.53) 

The second order Lorentz force equation is given by: 
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Substituting equations (2.51) to (2.53) in to equation (2.54) yields: 
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The high frequency 
2sin ( )tω and

2cos ( )tω  terms are time-averaged to yield ½, resulting 

in the rearranged form of: 

 
2

2
0 0 0 02 2

[( ) ( )]
2 e

dv q
E E E E

dt m ω
⋅∇ + × ∇ ×= −

�
� � � �

  (2.56) 
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The vector identity 2

0 0 0 0 02( ) ( )E E E E E∇ ⋅ ∇ + × ∇ ×=
� � � �

 can be used to reduce the right 

hand side of equation (2.56) to a single term: 
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Which results in the final expression for the ponderomotive force: 
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And the corresponding ponderomotive potential 
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From equations (2.58) and (2.59), it can be concluded that for a large ponderomotive 

interaction, high electric field strengths, as well as, steep gradients are favoured. 

Therefore, the high spatial confinement of SP waves affords an ideal environment for 

ponderomotive acceleration. It can also be concluded that the ponderomotive force scales 

with the wavelength of the driving laser light. 
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Chapter 3 

 

Theoretical Control and Tailoring of 

Electron Pulses 

 

3.1. Introduction 

In this chapter, numerical simulations are presented that explore various methods to 

control and tailor SP generated electron pulses. The first section introduces the theoretical 

model used for these simulations and discusses additions that were necessary to include 

THz electric fields. The following sections present results that were obtained using this 

model that demonstrate the application of external THz electric fields for kinetic energy 

and angular tuning of SP generated electron pulses. The final section introduces multiple 

filtering techniques to achieve attosecond electron pulses with ~0.5 keV kinetic energy. 

3.2. Particle Tracking Model 

This section describes the theoretical model used to simulate the interaction of 

free electrons with intense laser and surface plasmon fields both in materials and in 

vacuum. The model implemented consists of a two-step algorithm. First, electromagnetic 

(EM) fields are calculated using the commercial finite-difference-time-domain (FDTD) 

software package FDTD Solutions from Lumerical Inc. [63]. Next, test electrons are 

tracked in space and time as they interact with the FDTD calculated fields. A description 

of the MATLAB source code and the overall flow of the particle tracking simulation can 

be found in Appendix A. 
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3.2.1. Electron Interaction with Electromagnetic Fields 

The particle tracking code is a fully home-developed program using MATLAB and 

can be broken down into two major components. The first component is the generation of 

the electrons before they interact with the electromagnetic fields, and the second 

component is the interaction of the generated electrons with the EM fields. 

 The source of electrons within my particle tracking code can take several forms 

and will be described below. Each source calculates the electron’s initial position, 

velocity, starting time and statistical weight. The statistical weight is implemented to 

sample the behaviour of the electrons without having to simulate a large number of 

electrons. For this reason, the weight is a relative probability of an electron possessing 

that specific characteristic.  

The most common electron source used is the plasmon source. This source 

represents electrons that are freed from a material through multi-photon ionization (MPI). 

As such, their weight will be dependent on the multi-photon absorption probability of the 

material which is proportional to ( , , , )m

SP
x y z tI  , where m is the order of the emission 

process (typically 3 for Ag, and 4 for Au), and ISP is the intensity of the SP field. The 

MPI electrons may also possess initial kinetic energies from the multiphoton absorption 

given by equation (2.37). This excess kinetic energy is randomly directed away from the 

metallic film, as depicted in Fig. 3.1(a). The electrons are placed along the metallic film’s 

surface and their initial starting time is typically set to correspond to the peak of the SP 

electric field. This electron source can also be used to model multi-photon absorption 

within a material such as two-photon absorption in Si (see results presented in Chapter 5) 

or eC (see eC/Au bilayer in Chapter 4).  
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Figure 3.1. Schematic depictions of the different types of electron sources available. (a) 

Surface plasmon source where electrons are ejected from the metal via multi-photon 

ionization. (b) Box electron source where electrons are injected within the dotted box 

region. (c) Beam source whose electrons are distributed in a plane and are all directed 

along the same direction. (d) Secondary electron source where electrons are injected with 

kinetic energies <50 eV and are directed in a cosine angular distribution (red circle). 

The simplest source of electrons is the so-called “box source,” depicted in Fig. 

3.1(b). Here, free electrons are placed within a defined spatial box, 2D or 3D where 

appropriate, within the simulation region. The electron’s initial position, starting time, 

and velocity can be randomized or set as needed. As the physical source of these 

electrons is ambiguous, they are assigned a statistical weight of 1. This source is useful 

for modelling electrons within a material.  
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The next source is an electron beam source, useful in modelling a continuous 

electron beam such as that used for the electron beaming experiments presented in 

Chapter 4. Figure 3.1(c) depicts this source which introduces a plane of electrons having 

a given velocity and direction that are injected at times specified. To emulate a 

continuous electron beam, electrons are injected at equally spaced times throughout the 

entire duration of the simulation. As each electron is identical to the others within the 

electron beam, they are assigned a weight of 1.  

The final electron source that was required for the electron beaming simulations 

was the secondary electron source, depicted in Fig. 3.1(d). SE electrons are generated 

with initial kinetic energies up to 50 eV, with their initial angular direction corresponding 

to a cosine distribution. As such, their weight is proportional to 
4

cos
( )

SE F F

SE F

E E W

E E
θ

− −
×

−
, 

where � is the angle measured from the surface normal (See Chapter 2 for more details 

on characteristics and theory of SE). Again, to emulate the effect of continuous SE 

emission, these electrons are generated at equally spaced times throughout the simulation.  

 Once the electrons have been introduced to the simulation region, they must be 

tracked as they interact with the electromagnetic fields from the FDTD simulation. This 

interaction is modelled through the non-relativistic equation of motion for the Lorentz 

force: 

 
0( )

e

dv q
E v H

dt m
µ= + ×

�
� ��

  (3.1) 

Equation (3.1) is discretized using finite difference and the particle-tracking code steps 

through time to calculate the position and velocity at the same time steps that the FDTD 
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fields were calculated at. Because the FDTD fields are discretized in space, linear 

interpolation is implemented to calculate the fields at the specific positions of the various 

test electrons. It is important to note that the particle tracking code does not include any 

electron-electron interactions and thus can only be used for simulations below the space 

charge limit. 

 The THz fields necessary for the simulations presented in following sections are 

included by appending the THz field terms to equation (3.1). The updated equation of 

motion becomes: 
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  (3.2) 

Where 
SP

E
�

, 
SP

H
�

 are the FDTD calculated fields, and 
THz

E
�

, 
THz

H
�

are the analytically 

calculated THz fields. For all simulations considered in this thesis, the THz electric field 

pulse is assumed to be a single-cycle pulse centred around λTHz = 600 µm and having a 

pulse duration of 1 ps. Figures 3.2(a) and 3.2(b) depict the THz signal in the time domain 

and frequency domain, respectively. Due to the wavelength and timescale of the THz 

electric field being significantly larger than that of the SP field, the THz electric field is 

implemented analytically as opposed to being calculated via FDTD. A spatial gaussian 

with a full-width at half-maximum (FWHM) diameter of 600 μm is assumed. The 

equation for the THz electric field is given by: 
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Where t is the time, tcenter is the time of the center of the THz electric field pulse, ΔtTHz is 

the THz electric field sideband, r is the spatial coordinate, and σTHz is the spatial FWHM 

parameter. 

 

Figure 3.2. (a) Time domain trace of the single cycle THz electric field pulse used for 

particle tracking simulations and (b) corresponding frequency domain spectrum. 

3.3. Terahertz Electric Field Control and Acceleration of Surface Plasmon 

Generated Electrons 

This section explores the use of THz electric fields in various configurations to 

control and tailor surface plasmon generated electron beams through detailed model 

calculations. While SP based electron beam generation has shown great strides towards 

creating high energy electron beams, these are inherently broadband, possessing a large 

range of kinetic energies. This, in turn, makes the beams less desirable for ultrafast 

electron pulse applications. Yet, it has proven very challenging to control and tune the 

various characteristics of the generated electron beam, such as peak kinetic energy, 

kinetic energy spread, angular directivity, and angular spread. This lack of control arises 

from the electrons being photogenerated at different spatial and temporal phases within 
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the SP field. As such, each electron experiences a different temporal acceleration profile 

ultimately resulting in a wide spread of kinetic energies and emission angles. For the next 

generation of SP based electron sources, it is crucial to find a mechanism that can modify 

the trajectory of each electron on an ultrafast timescale to tailor the resulting ultrafast 

electron pulse for its intended application. In addition, generating high kinetic energies, > 

500 eV, requires electric fields strengths approaching the material damage threshold. 

Therefore, it is beneficial to decrease the optical electric field and introduce a secondary 

source of acceleration. To satisfy these stringent requirements, an all-optical technique is 

necessary. 

THz electric field pulses represent a unique approach for acceleration and 

manipulation of electron pulses. The difference in wavelength (λTHz >> λSP) allows the 

THz electric field, ETHz, to interact with the electron pulse in a quasi-static manner over 

the length scale of interest. Due to the timescale mismatch between ETHz and ESP 

(picoseconds vs. femtoseconds), the electrons will interact with the slowly-varying ETHz 

and either be accelerated or decelerated, dependent on their initial phase with respect to 

the SP field. Furthermore, as the THz electric field pulse can be generated from the same 

laser as the optical pulse, low jitter timing synchronization can be achieved between the 

SP generated electron pulse and the THz electric fields, providing ultrafast control. This 

all-optical THz electric field control not only provides the tuning of kinetic energy to a 

specific range, but also facilitates the generation of high energy electron pulses 

possessing narrow kinetic energy bands, while simultaneously maintaining a low incident 

optical field below the material damage threshold. The angular directivity and spread can 

also be controlled, allowing for active steering of ultrafast electron beams. 
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3.3.1. Single Terahertz Electric Field Pulse Control1 

The first configuration that was investigated was a single THz electric field pulse 

acting on the electrons that are generated from SP waves in the Kretschmann geometry, 

as depicted in Fig. 3.3(a). The geometry consists of a 50 nm Ag film on the hypotenuse 

side of a silica prism. A 30 fs duration optical pulse, with peak electric field strength 

Elaser, centred at λlaser = 800 nm is coupled from the prism side to the vacuum side of the 

Ag film as a surface plasmon wave with peak electric field, ESP. Here, electrons are 

generated through multi-photon absorption. Subsequently, the ejected electrons 

experience a cycle-by-cycle acceleration as they quiver in the ESP field (Fig. 3.3(b)-(c)), 

allowing them to either gain or lose kinetic energy. 

The peak of the first half-cycle of the THz electric field pulse coincides with the 

peak of the optical pulse in time. Test electrons are introduced and allowed to interact 

with both ESP and ETHz. Here, electrons are accelerated in a fixed ESP of 5×108 V/cm and 

are collected 1 mm away from the Ag film for various ETHz field strengths and initial 

polarities.  

In the absence of ETHz, the majority of accelerated electrons are emitted 

perpendicular to the Ag film, as shown in Fig. 3.3(a). Therefore, the initial polarity of the 

ETHz is crucial in determining the optimal configuration for achieving kinetic energy and 

ejection angle tuning. The two configurations that are investigated are: ( )

THZ
E

+  and ( )

THZ
E

−  , 

as depicted in Fig. 3.3(b), where the superscript indicates the initial polarity. ( )

THZ
E

+ and 

                                                 
1 A version of this section has been published as S.R. Greig and A.Y. Elezzabi, "On the Role of Terahertz 

Field Acceleration and Beaming of Surface Plasmon Generated Ultrashort Electron Pulses," Appl. Phys. 

Lett. 105, 041115 (2014). 
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( )

THZ
E

−  are 180° out of phase with respect to each other. At ESP = 5×108 V/cm, and with no 

ETHz present, electrons are accelerated to a peak kinetic energy of 180 eV (FWHM of 300 

eV). Introducing a THz pulse with field strength ~ 105-106 V/cm significantly alters the 

situation. 

 

Figure 3.3. (a) Schematic depiction of Kretschmann configuration with a 50 nm Ag film 

on hypotenuse side of a glass prism. Elaser is the electric field of the incident 30 fs pulse. 

ESP is the electric field of the excited surface plasmon. θp is the pitch angle, subtended to 

the normal of the metal film, of the emitted electrons. The black lines show representative 

electron trajectories due to acceleration from ESP = 5×108 V/cm, with ~10 nm between 

inflection points as they quiver in the field. The 1 µm scale bar corresponds to the ESP 

and Elaser electric fields. The 20 nm scale bar corresponds to the electron trajectories 

(black lines). (b) The ( )

THZ
E

+  and ( )

THZ
E

− pulses represent the different initial starting polarity 

for the applied THz electric field. The red and blue curves depict representative electron 

trajectories for ( )

THZ
E

+  and ( )

THZ
E

− = 3×106 V/cm, respectively. Electrons directed to the right 

(red lines) are under the influence of ( )

THZ
E

+  . Electrons directed to the left are under the 

influence of ( )

THZ
E

−  (blue lines). (c) Magnified electron trajectories under the influence of 

( )

THZ
E

+  and ( )

THZ
E

− , as they quiver in both the ESP and ETHz electric fields. 
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The kinetic energy spectra for various ( )

THZ
E

+  field strengths are depicted in Fig. 

3.4(a). When ( )

THZ
E

+  ≈< 1×106 V/cm, the force on the electrons from the first half-cycle of 

( )

THZ
E

+  acts to further accelerate the ESP accelerated electrons outward, away from the Ag 

film (i.e. acting with the ponderomotive force of the plasmonic field), while the second 

half-cycle attempts to decelerate the electrons and direct them back toward the Ag film. 

However, during this second half-cycle, the ESP has propagated to a different location 

along the Ag film and thus the electrons experience only the force due to ( )

THZ
E

+ . As such, 

these electrons experience a net decrease in their kinetic energy from the time-varying 

ponderomotive potential and the ‘quasi-static’ potential from the THz field. However, 

when ( )

THZ
E

+  > 1×106 V/cm, the whole spectrum translates to higher energies (peaks at 

0.49 keV (FWHM of 0.27 keV) for ( )

THZ
E

+  = 3×106 V/cm). Here, a combination of ESP and 

the first half-cycle of ( )

THZ
E

+  alters the trajectory of the electron such that it is nearly 

perpendicular to ( )

THZ
E

+ , thus reducing the force experienced due to the second half-cycle of 

the THz electric field. This allows the electron to retain a greater portion of its kinetic 

energy gained during the first half-cycle. Exemplary trajectories are depicted in Fig. 

3.3(b). 

Reversing the polarity of the ETHz (i.e. from ( )

THZ
E

+ + to ( )

THZ
E

− ) produces more 

interesting results. The kinetic energy spectra at various ( )

THZ
E

−  are depicted in Fig. 3.4(b). 

For this configuration, the first half-cycle of ( )

THZ
E

−  forces the electrons back towards the 

metal film (i.e. acting against the ponderomotive force), thus allowing them to experience 

the ponderomotive force over a greater number of ESP cycles. Acting in opposition to the 
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first half-cycle of ( )

THZ
E

− , the ponderomotive force prevents the electrons from reaching the 

metal. This allows the electrons to be accelerated on the subsequent second half-cycle of 

( )

THZ
E

−  to higher kinetic energies. At the same ESP field, higher peak kinetic energies up to 

1.56 keV (FWHM of 0.5 keV) are realized, without the inherent broadband energy 

spectrum typically associated with ESP accelerated electrons. Notably, to achieve similar 

energy results from ESP acceleration alone would require the ESP field strength to be 5× 

higher, while producing an extremely broad FWHM of 1.8 keV [64].  

 

Figure 3.4. Electron kinetic energy spectra calculated at detector located 1 mm away 

from the Ag film at a fixed ESP = 5×108 V/cm and at various: (a) ( )

THZ
E

+  and (b) ( )

THZ
E

−  field 

strengths. Note the kinetic energy scale difference between (a) and (b). 

At high ( )

THZ
E

−  strengths, the peak kinetic energy for ( )

THZ
E

−  is ~3× higher than that 

of ( )

THZ
E

+ , as depicted in Fig. 3.5. While the electron's kinetic energy tunability can be 

demonstrated via the application of ETHz, a crucial factor to consider is the fraction of 

electrons that reach the detector, ψ. Fig. 3.5 depicts ψ as a function of ETHz. For ( )

THZ
E

+  , ψ 

decreases significantly for increasing ( )

THZ
E

+  where only 7% of the electrons are collected 
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for ( )

THZ
E

+  = 3×106 V/cm. This is because electron trajectories are being increasingly 

directed parallel to the Ag film and therefore either miss the detector or collide with the 

Ag film. On the contrary, for ( )

THZ
E

− , 72% of the electrons are collected for ( )

THZ
E

−  = 3×106 

V/cm. This increase in collected electrons is directly attributed to the ESP field acting in 

unison with ( )

THZ
E

−  during the first half-cycle of ( )

THZ
E

− . 

 

 

Figure 3.5. Electron count and peak electron kinetic energy at detector, at a fixed ESP = 

5×108 V/cm. 

The introduction of ETHz also affords control over the trajectories of the electron 

pulse (Fig. 3.3(b)-(c)) and, hence, the pitch angle subtended normal to the metal film, θp. 
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Fig. 3.6 shows θp as a function of kinetic energy at ( )

THZ
E

+ = 0, 5×105, 2×106, and 3×106 

V/cm. The color bar represents the electron count at that specific kinetic energy and θp. 

The insets in Fig. 3.6 depict the total electron count versus θp. At ( )

THZ
E

+ = 0 V/cm, the 

electrons exhibit a peak θp =10° with the majority of electrons spread between θp = -60° 

and θp = 20° (Fig. 3.6(a)). This angular spread and the location of the peak in the positive 

direction is due to the ESP accelerating the electrons along its direction of propagation. By 

introducing ( )

THZ
E

+  = 5×105
 V/cm, the location of the energy peak becomes θp = 20°, while 

maintaining a similar angular spread between θp = -50° and θp = 45° (Fig. 3.6(b)). Figure 

3.6(c) depicts the peak θp = 58° for ( )

THZ
E

+ = 2×106
 V/cm, with all of the electrons spread 

between θp = 55° and θp = 90°. At ( )

THZ
E

+ = 3×106
 V/cm the majority of the electrons are 

now directed parallel to the Ag film surface, with electrons spread between θp = 80° and 

θp = 90° (Fig. 3.6(d)). The increase in θp as ( )

THZ
E

+  increases is due to the fact that during 

the first half-cycle of the THz pulse, ( )

THZ
E

+ is accelerating the electrons towards θp = -45°, 

in opposition to the ESP field which is attempting to direct the electrons to θp = 10° (inset 

of Fig. 3.6(a)). As such, the first half-cycle works with the ESP field to accelerate the 

electrons away from the metal film; therefore, the net θp is directed negative. 

Subsequently, during the second half-cycle of ( )

THZ
E

+ , the ESP field has propagated to a new 

region and now only the second half-cycle of ( )

THZ
E

+  is acting to decelerate the electron 

back towards the metal film. This deceleration results in increasing θp for increasing 

( )

THZ
E

+  field strength up to the peak of nearly 90°, almost parallel to the Ag film, at !"#$

(&)
 = 

3×106 V/cm. 
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Figure 3.6. Electron kinetic energy as a function of pitch angle measured 1 mm away 

from the Ag film. Color represents the electron count. ( )

THZ
E

+ = (a) 0, (b) 5×105 V/cm, (c) 

2×106 V/cm, (d) 3×106 V/cm. Insets show pitch angle versus electron count, normalized 

to ( )

THZ
E

+  = 0. 

Reversing the polarity of ETHz allows θp to be directed in the opposite direction. 

Figure 3.7 depicts θp as a function of kinetic energy at ( )

THZ
E

− = 0, 5×105, 2×106, and 3×106 

V/cm. When ( )

THZ
E

− = 5×105 V/cm, the energy peak is directed to θp = 2° with a reduced θp 

spread between θp = -50° and θp = 2°. The kinetic energy also begins to reach higher 

energies (Fig. 3.7(b)). Figure 3.7(c) depicts that at ( )

THZ
E

− = 2×106 V/cm, the majority of 
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electrons have gained an energy between 0.65 keV to 1.1 keV and are directed to a θp 

between θp = -45° and θp = -15° with the peak energy at θp = -15°. At ( )

THZ
E

− = 3×106 V/cm, 

the electron's energy increases further to between 1.3 keV and 1.7 keV, while only 

slightly shifting θp between θp = -42° and θp = -22° (Fig. 3.7(d)), thus providing a 

narrower angular directivity. This angular control is shown in the insets in Fig. 3.7 and is 

attributed to the first half-cycle of ( )

THZ
E

−  that initially decelerates the electrons toward the 

Ag film within the range θp = -45° and θp = 10°. Here, the electrons reside in the ESP field 

for a longer time and experience more cycles of the ESP field. Subsequently, the second 

half-cycle accelerates the electrons away from the Ag film towards θp = -45°. This 

outward acceleration leads to a peak θp = -26.7° when ( )

THZ
E

−  = 3×106 V/cm. 
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Figure 3.7. Electron kinetic energy as a function of pitch angle measured 1 mm away 

from the Ag film. Color represents the electron count. ( )

THZ
E

− = (a) 0, (b) 5×105 V/cm, (c) 

2×106 V/cm, (d) 3×106 V/cm. Insets show pitch angle versus electron count, normalized 

to ( )

THZ
E

−  = 0. 

 Clearly, a single THz electric field pulse allows for tailoring of two of the generated 

electron beam characteristics, namely kinetic energy and angular directivity. The next 

logical step is to add a second THz pulses such that a gating effect can be achieved by 

altering the time delay and phase between the two pulses. 
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3.3.2. Two Terahertz Electric Field Pulses for Electron Pulse Gating2 

Adding a second THz electric field pulse introduces two new parameters to work 

with: the phase, ϕ, and time delay, t∆ , between the two THz electric field pulses. The 

dual THz electric field configuration is implemented to translate, narrow, or broaden the 

kinetic energy spectrum of the electron pulse.  

The simulation setup is similar to that of the single THz electric field 

configuration but with a few minor adjustments, as depicted in Fig. 3.8. Now, the THz 

electric fields are directed normal to the Ag film and ETHz is fixed at 1.5×106 V/cm for 

each pulse, while ESP is fixed at 5×108 V/cm as before. Throughout the calculations, the 

time delay between ( )a

THz
E  and ESP is fixed while the time delay, t∆ , between ( )b

THz
E and 

( )a

THz
E  is varied to allow for control over the central energy and the width of the kinetic 

energy spectrum of the accelerated electron pulse. Further control can also be realized 

through alteration of the phase relationship between ( )a

THz
E and ( )b

THz
E . The time delay is 

varied from -500 fs to 500 fs, where negative delay corresponds to ( )b

THz
E arriving prior to 

( )a

THz
E . The effect of the relative phase difference between ( )a

THz
E and ( )b

THz
E is also 

investigated for ( )b

THz
E  in-phase (ϕ = 0) and out-of-phase (ϕ = π) with ( )a

THz
E .  

                                                 
2 A version of this section has been published as S.R. Greig and A.Y. Elezzabi, "Electron Acceleration and 

Kinetic Energy Tailoring via Ultrafast Terahertz Fields," Opt. Express 22, 29092 (2014). 
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Figure 3.8. Schematic illustration of the Kretschmann configuration consisting of a 50 

nm Ag film on a right-angle silica prism. Elaser and ESP represent the optical and 

plasmonic electric fields, respectively. The ( )a

THz
E and ( )b

THz
E depict the two THz electric 

fields with a delay of t∆  between them. ϕ represents the relative phase difference 

between ( )a

THz
E and ( )b

THz
E . The spatial full width at half maxima of the THz and optical 

pulses are 600 µm and 4 µm, respectively. 

3.3.3. Two Terahertz Electric Field Pulse Electron Kinetic Energy Control 

The kinetic energy spectra of the in-phase (ϕ = 0) case at various positive and 

negative t∆ are depicted in Figs. 3.9(a) and 3.9(b). Here, the first half cycles of 
( )

, 0

a

THzE ϕ=

and 
( )

, 0

b

THzE ϕ= act to decelerate the electrons against the outward ponderomotive force of 

the ESP. Subsequently, on the reversed second half-cycle, 
( )

, 0

a

THzE ϕ= and 
( )

, 0

b

THzE ϕ= accelerate 

the generated electron pulse outward, away from the Ag film, resulting in higher kinetic 

energies. Examining first the t∆ = 0 case, 
( )

, 0

a

THzE ϕ= and 
( )

, 0

b

THzE ϕ= temporally overlap and the 
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electrons effectively experience a single THz pulse with field strength 2×
( )

, 0

a

THzE ϕ= = 3×106 

V/cm. This electron pulse achieves a broad weighted full-width-at-half-maximum 

(WFWHM) of 0.62 keV which is centered at 1.8 keV. Varying t∆ provides marked 

kinetic energy selectivity. Figure 3.9(a) depicts the electrons' kinetic energy spectra for 

t∆ > 0. At t∆ = 500 fs, the central kinetic energy has shifted to 0.94 keV having a 

narrower WFWHM of 0.49 keV. As t∆  decreases from 500 fs to 100 fs, the central 

energy shifts from 0.94 keV to 1.65 keV. The WFWHM, however, exhibits a decreasing 

trend where the minimum WFWHM of 0.43 keV is achieved at t∆  = 200 fs, followed by 

broadening as t∆ decreases further to t∆ = -500 fs, where a much wider WFWHM of 1.56 

keV (centered at 1.85 keV) is observed, as shown in Fig. 3.9(b).  
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Figure 3.9. Kinetic energy spectra for ϕ = 0 at (a) t∆ > 0 and (b) t∆ < 0. (c) Kinetic 

energy and combined THz electric field strength as a function of time for ϕ = 0 at t∆ = 0 

(pink line), t∆ = -500 fs (red line), and t∆ = 500 fs (black line). Kinetic energy spectra for 

ϕ = π at (d) t∆ > 0 and (e) t∆ < 0. (f) Kinetic energy and combined THz electric field 

strength as a function of time for ϕ = π at t∆ = 0 (pink line), t∆ = -500 fs (red line), and 

t∆ = 500 fs (black line). 

 The energy selectivity is ascribed to the two THz electric field pulses interfering 

with each other to create different temporal acceleration potential profiles at various t∆ . 
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This can more easily be illustrated with the aid of Fig. 3.9(c) where an electron’s kinetic 

energy, and the combined THz electric field it experiences, are tracked as a function of 

time at t∆ = -500 fs, 0 fs, and 500 fs. Within the first 25 fs the electrons at various delays 

gain the same energy of 0.35 keV from the ESP field. Afterwards, the electron 

corresponding to t∆ = -500 fs experiences a greater outward (away from the Ag film) 

force from the combined
( )

, 0

a

THzE ϕ= and 
( )

, 0

b

THzE ϕ= compared to the t∆ = 500 fs and t∆ = 0 

cases. This leads to a higher final kinetic energy of the electron. As the electron interacts 

and gains more energy from the ESP field at various locations along the SP wave 

propagation direction, it simultaneously experiences only a unipolar THz electric field 

due to the overlapping of 
( )

, 0

a

THzE ϕ= and 
( )

, 0

b

THzE ϕ= (i.e. the second half-cycle of 
( )

, 0

b

THzE ϕ=

overlaps with the first half-cycle of
( )

, 0

a

THzE ϕ= , effectively cancelling it out). However, for 

t∆ = 0 or 500 fs, the THz field overlap increases the combined THz electric field strength 

( t∆ = 0) or extends the duration of the first half-cycle ( t∆ = 500fs). Here, the electron is 

decelerated to the point where it possesses almost zero kinetic energy (~10 eV). This low 

energy point coincides with the combined THz electric field reversing polarity. For t∆ = 

500 fs, the effective electron deceleration duration is much longer (i.e. 570 fs), resulting 

in significantly lower final kinetic energy (1.1 keV vs 2.15 keV) when compared to t∆ = 

0. This significant difference in kinetic energy allows for a specific energy range to be 

selected based on the time delay between the two THz electric fields. 

A distinct behavior is achieved when ( )b

THz
E  is 180 degrees out of phase with ( )a

THz
E . 

The kinetic energy spectra at various t∆  are depicted in Figs. 3.9(d) and 3.9(e). Here, the 

two THz electric field pulses (
( )

, 0

a

THzE ϕ= and 
( )

,

b

THzE ϕ π= ) are applying opposite forces on the 
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electrons, depending on their half-cycle field polarity. At t∆ = 0, 
( )

, 0

a

THzE ϕ= and 
( )

,

b

THzE ϕ π=  

completely overlap, and thus, effectively cancel out any acceleration due to the THz 

electric fields. Here, the electrons only gain kinetic energy from the ESP field. As t∆

decreases from t∆  = 500 fs towards t∆ = -200 fs, the central kinetic energy is shifted 

from 0.66 keV (WFWHM of 0.61 keV) (Fig. 3.9(d)) to lower kinetic energies until a 

minimum of 83 eV is achieved at t∆  = -200 fs (Fig. 3.9(e)). Below t∆  = -200 fs, the 

kinetic energy begins to translate towards higher values. The WFWHM follows a similar 

trend when going from t∆  = 500 fs to t∆ = -500 fs, with the narrowest WFWHM of 111 

eV coinciding with the lowest central kinetic energy at t∆  = -200 fs. 

The difference in behavior for the out of phase case is more easily seen in Fig. 

3.9(f) where an electron’s energy and combined THz electric field experienced is tracked 

through time for t∆ =-500fs, 0 fs, and 500fs. At t∆ =0 the combined THz electric field 

experienced by the electron is zero; therefore, the electron’s kinetic energy reaches its 

maximum of 0.37 keV during its interaction with the ESP field alone. At t∆ = -500 fs, 

since the first half-cycle of the effective THz electric field is twice the strength of the 

second half-cycle, the net deceleration experienced by the electron is greater than its 

acceleration. This leads to a final kinetic energy of 0.24 keV. On the contrary, at t∆ = 500 

fs, the electron is initially decelerated to 0.2 keV and subsequently accelerated to its 

maximum kinetic energy of 2.5 keV as the THz electric field reverses its polarity. 

However, the net THz electric field reverses polarity again, greatly decelerating the 

electron to its final energy of 1.1 keV. 

The results presented in Figs. 3.9(c) and 3.9(f) help to enforce the need for control 

over the temporal characteristics of the applied THz electric field pulse. Clearly, the most 
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advantageous configuration is a unipolar THz electric field as the electron is continually 

accelerating to higher kinetic energies, i.e. none of the energy imparted to the electron 

from the THz electric field is lost.  

3.3.4. Carrier Envelope Phase Effects of Electrons in Terahertz Fields3 

When working with few-cycle laser pulses having durations of ~5-10 fs (with a 

central wavelength of 800 nm), the carrier envelope phase (CEP) starts to become 

important for electric field dependent processes such as electron acceleration. The carrier 

envelope phase represents the phase difference between the peak of the envelope of the 

pulse and actual peak of the electric field, or carrier wave. Figure 3.10 shows the electric 

field of a 5 fs, 800 nm laser pulse with CEP ranging from 0 to 3π/2. In this regime there 

are only a few cycles of the electric field within the pulse duration and therefore the 

phase difference between the carrier wave and the envelope of the pulse plays a major 

role in laser-matter interactions. As the distinct signature of CEP has been previously 

reported for SP based electron acceleration [65], it is important that any modification to 

the acceleration process, such as the addition of THz pulses used here, preserve this CEP 

dependence. 

                                                 
3 A version of this section is published in S.R. Greig and A.Y. Elezzabi, "Electron Acceleration and Kinetic 

Energy Tailoring via Ultrafast Terahertz Fields," Opt. Express 22, 29092 (2014). 
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Figure 3.10. Few cycle pulse train depicting four values of carrier-envelope-phase at a 

carrier wavelength of 800 nm. 

To observe prominent CEP effects, the ESP field must consist of only a few cycles, 

otherwise any effect is averaged out over the pulse duration. As such, the surface plasmon 

is now excited by an optical pulse having a pulse duration of 5 fs while keeping the 800 

nm central wavelength. A single ETHz pulse is introduced to observe how it will affect the 

kinetic energy characteristics of the electron packets generated at various values of CEP. 

The setup, shown in Fig. 3.11, is again the standard 50 nm Ag film in the Kretschmann 

geometry with a single THz pulse directed at 45° to the surface normal. Throughout the 

simulations, the ESP and ETHz field strengths are fixed at 6.5×108 V/cm and 3×106 V/cm, 

respectively. 
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Figure 3.11. Simulation setup for CEP dependence using a 5 fs optical pulse. , 0THz
E ϕ = and 

,THz
E ϕ π= represent the different phases of the THz electric field. The spatial full width at 

half maxima of the THz and optical pulses are 600 µm and 4 µm, respectively. 

Of particular interest is the influence of the initial phase of the ESP field on the 

energy of the accelerated electrons as they interact with the THz field. The CEP effects 

on the kinetic energy spectra, in the presence of , 0THz
E ϕ = , at various values of CEP

ϕ  are 

shown in Fig. 3.12(a). Each spectrum exhibits a similar trend at energies < K0 = 1.6 keV. 

Above K0, each of the spectra exhibit a discernible drop (δ1) in the number of electrons 

collected, often followed by a plateau and second drop (δ2) [65]. For 0 < CEP
ϕ  < π, δ1 is 

shifted to lower energy for increasing CEP
ϕ , exhibiting similar behavior to electron pulses 

generated in the absence of , 0THz
E ϕ =  [65]. However, for CEP

ϕ > π, only δ1 is present. 

Clearly, the electron’s interaction with the ponderomotive force from the ESP is highly 

dependent upon the phase of ESP during its generation. 
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Utilizing the opposite polarity, ,THz
E ϕ π= , different behavior is observed. The 

energy spectra for ,THz
E ϕ π= at various CEP

ϕ  values are depicted in Fig. 3.12(b). The energy 

spectra exhibit similar low energy behavior for energies < K0 = 0.37 keV. However, the 

shift in δ1 is significantly less pronounced than the ϕ = 0 case. This is ascribed to the fact 

that the deceleration from the second half-cycle of ,THz
E ϕ π= reduces the overall number of 

electrons collected at the detector (36% compared to the , 0THz
E ϕ = case). As such, the ESP 

field imparts its phase on fewer electrons. Additionally, the CEP
ϕ  effects are obscured due 

to the lower spread of kinetic energies. For 0 < CEP
ϕ  < π, the number of collected 

electrons is increasing for increasing CEP
ϕ . Above CEP

ϕ = π, δ1 occurs at lower energies 

for increasing CEP
ϕ .  

 

Figure 3.12. Kinetic energy spectra for , 0THz
E ϕ = = 3×106 V/cm and ESP = 6.5×108 V/cm 

for (a) ϕ = 0 and (b) ϕ = π at various values of CEP
ϕ . Note that the kinetic energy scales 

are different between (a) and (b). 

Due to the marked difference in the number of collected electrons above K0, a 

useful measure is to investigate the percentage of collected electrons above K0 versus 
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CEP
ϕ . Figures 3.13(a) and 3.13(b) depict a distinctive sinusoidal relationship between K0 

and CEP
ϕ , similar to the case in the absence of ETHz [65]. Clearly, introduction of ETHz 

maintains any CEP information present in the generated electron pulse. A characteristic 

to note is that the curves for , 0THz
E ϕ = and ,THz

E ϕ π= are exactly 180° out of phase, affirming 

the fact that not only can the CEP information be recovered from the electron pulse, but 

also the polarity of the applied ETHz.  

 

Figure 3.13. Percentage of electrons collected above (a) K0 = 1.6 keV for ϕ = 0 and (b) 

K0 = 0.37 keV for ϕ = π. The red lines represent sinusoidal fits to the data. 

3.4. Generation of Attosecond Electron Packets via Conical Surface Plasmon 

Electron Acceleration and Post-Acceleration Filtering4 

From the kinetic energy plots of the previous section it can be ascertained that 

THz electric field electron acceleration works well for generating high kinetic energies, 

but the electron pulses still possess a broad range of energies. This will ultimately destroy 

the ultrafast time duration of the electron pulses. As such, this section explores the 

combination of various electron filtering methods in order to greatly reduce this kinetic 

                                                 
4 A version of this section is published as S.R. Greig and A.Y. Elezzabi, "Generation of Attosecond 

Electron Packets via Conical Surface Plasmon Electron Acceleration.," Sci. Rep. 6, 19056 (2016). 
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energy spread to produce ultrafast electron packets. Combining these filtering techniques 

with a unique approach to electron generation, a compact, high-energy nanoplasmonic 

electron gun capable of producing attosecond electron packets is developed and 

simulated. By harnessing the unique focusing property of radially polarized light, and 

magnetostatic spatial filtering, extremely short electron packets of attosecond durations 

and keV kinetic energies are produced. Additionally, it is demonstrated that by varying 

the magnetic field strength and the parameters of a physical aperture, electron packets 

with various kinetic energies and temporal packet lengths can be tailored to a specific 

need.  

3.4.1. Electron Acceleration via Conical Surface Plasmon Waves 

The geometry used for generating the keV attosecond electron packets is depicted 

in Fig. 3.14. The electron source consists of a 50 nm Ag film deposited on a conical silica 

lens with a diameter of 10 µm, an apex angle of 91º, and a refractive index n = 1.45. To 

ensure that the findings are generalizable to a realistic situation, the Ag film is modelled 

to have a surface roughness of 2.8 nm rms [20] such that the influence of enhanced SP 

fields localized at random spots is captured. A traveling SP wave is excited by a λ = 800 

nm radially polarized laser pulse with pulse duration of 5 fs and an electric field strength, 

Elaser. It should be noted that all values of Elaser refer to the peak value of the incident 

field. The use of a radially polarized beam affords the benefit of having the electric field 

polarization oriented such that it is p-polarized with respect to the Ag film along the 

entire azimuthal angle of the conical lens. This leads to the excitation of traveling SP 

waves encompassing the entire conical surface of the Ag film, a so-called conical SP 

wave. Consequently, this results in a greater peak enhancement of the electric field (63 
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times) at the apex than for the case of linear polarization (11 times). Figure 3.15 depicts 

the electric field intensity profile when the tip is excited by a radially polarized 5 fs laser 

pulse. The high intensity electric fields that are present within the silica lens itself are due 

to the interference of out-of-plane reflections from the glass-metal interface along the 

entire azimuthal angle of the lens. The polarization of the SP wave is given by the two-

headed arrows in Fig. 3.15. Notably, at the very apex of the conical lens, the SP waves 

from each azimuthal direction constructively interfere and the polarization is along the 

axis of the cone. This is what gives rise to the increased enhancement of 63 times. 
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Figure 3.14. Schematic depiction of a nanoplasmonic attosecond electron source 

consisting of a 50 nm Ag film deposited on a conical silica lens. The electrons are 

generated by a 5 fs radially polarized laser pulse with a central wavelength of 800 nm and 

are accelerated by the nanoplasmonic field. (a) Configuration in the absence of a static 

magnetic field, where the electron packet generated has no defined direction, as shown by 

an ensemble of electron trajectories. (b) Configuration in the presence of a static 

magnetic flux density at
x

B
�

= -1T. Here, the electron trajectories show that the generated 

electron packet is now directed towards the detector placed 50 µm away and pass through 

the aperture for energy filtering. 
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Figure 3.15. Two-dimensional slice of the electric field intensity profile of the conical SP 

wave on the Ag coated conical lens when excited by a 5 fs radially polarized laser pulse 

with electric field strength Elaser. The two-headed arrows represent the electric field 

oscillation direction of the laser field, Elaser, and the SP field, ESP. 

The behaviour of the electron gun is modelled using the standard particle tracking 

code. Free electrons are ejected through a three-photon absorption process from the film 

and interact with the SP electric field, ESP. To verify that multi-photon absorption will be 

the dominate generation mechanism, the Keldysh parameter is calculated. For our 

operating parameters, and with the average surface enhancement of 3, a value of γ =1.83 

is calculated, indicating that electron emission will occur through a multi-photon process. 

The calculated average surface enhancement considers the enhancement along the entire 

azimuthal Ag surface. Note that due to the surface roughness of the Ag film, there will be 

hotspots of electric field enhancement greater than 3. However, these localized hotspots 
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will not significantly contribute to the total electron count and thus the statistical 

weighing used above will remain valid. Throughout the calculations, the peak intensity of 

the optical pulse is kept below 1.2×1012 W/cm2
 which is below the experimentally 

determined damage threshold of a thin Ag film on a silica prism [20]. At this intensity, 

and with a spot size diameter of ~6 µm for a radially polarized beam, the corresponding 

energy per laser pulse is calculated to be ~1 nJ. Such a low laser pulse energy can be 

achieved with a typical ultrafast laser oscillator. It is estimated that at the highest 

intensities considered (1.2×1012 W/cm2), there will be ~104 electrons/packet [20]. 

However, after passing through the aperture, the number is significantly reduced to 4% of 

its initial value. As this value is well below 107 electrons/packet, space charge effects will 

not be encountered [20]. It should also be noted that due to the lack of tight focussing of 

the laser field, the Gouy phase shift can be neglected. 

3.4.2. Electron Simulation Parameters 

To reduce the computational requirements, the conical lens is simulated with a 

base diameter of 10 µm, which is larger than the laser spot size used. Symmetric 

boundary conditions are utilized in the x and y-directions with Berenger perfectly-

matched-layer (PML) boundary conditions in the z direction. The conical lens is placed 5 

µm away from the boundary in the x, y-direction and 8 µm away in the z-direction. 

Furthermore, the source is placed 2.5 µm back from the lens. The 50 nm Ag film is 

simulated with a random surface roughness of 2.8 nm rms [20]. The spatial electric field 

profile of the incident radially polarized laser beam is given by the following:  

 2

0 0 1
ˆ( ) exp( ( ) ) J ( )E r E r w r r= −

�
  (3.4) 
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where E0 is amplitude, r is the radial distance from the center of the beam, w0 is the beam 

waist, J1 is the first order Bessel function, and r̂  is a unit vector directed in the radial 

direction. For the linear polarization configuration, the spatial electric field profile is that 

of a standard Gaussian laser beam polarized in the x direction. For both configurations, 

the spatial electric field profiles are modulated in time by a 5 fs temporal Gaussian pulse 

having a central wavelength of 800 nm. 

The static magnetic field utilized for filtering the electrons is introduced by 

appending a static magnetic field term to the equation of motion used in the standard 

particle tracking code. To characterize the effect of the aperture on the electrons arriving 

at the detector, the aperture diameter, da, thickness, ta, and location, la, are swept to select 

exemplary sets of parameters. The diameter and thickness of the aperture act to limit the 

acceptance angle of the aperture. From the parametric sweeps, representative electron 

packets are chosen based on their kinetic energies and temporal lengths. For all 

simulations, the detector is placed a fixed 50 µm away, in the +y-direction (Fig. 3.14(b)), 

from the tip of the conical lens. A total of 825,000 electrons are considered for each 

different magnetic field strength. 

3.4.3. Generation of Attosecond Electron Packets 

The kinetic energy spectra for a linearly polarized excitation laser pulse at various 

values of Elaser are depicted in Fig. 3.16(a). At the maximum Elaser = 3×107 V/cm, a peak 

electron kinetic energy of 15 eV is achieved, with the majority of electrons (85%) being 

accelerated to energies below 2 eV. Lowering Elaser shifts the electron kinetic energy 

spectrum towards lower energies with a maximum at 2.2 eV, achieved at Elaser = 1×107 

V/cm. Clearly, utilizing linearly polarized laser pulses at these field strengths limits the 



Chapter 3 – Theoretical Control and Tailoring of Electron Pulses 95 

 

electron’s energy to only a few eVs. The poor performance of the linearly polarized 

configuration can be directly attributed to the laser pulse only coupling to an SP wave in 

one plane (i.e. the xz plane at the center of the conical lens in Fig. 3.14(a)), leading to a 

reduction in the electric field enhancement occurring at the apex of the conical lens. 

 

Figure 3.16. Electron kinetic energy spectra for an excitation with (a) linear polarization 

and (b) radial polarization. The electron count scale is normalized to the radial 

polarization configuration at Elaser = 3×107 V/cm. Note the difference in the electron 

count and kinetic energy scales between (a) and (b).  

A radially polarized incident laser pulse can be utilized to increase the maximum 

attainable kinetic energy of the generated electrons. As discussed earlier, this leads to 

conical SP waves that are directed towards and focused at the tip where they 

constructively interfere. Therefore, a peak electric field enhancement of 63× is achieved 

at the tip, compared to 11× for the case of linear polarization.  

The electron kinetic energy spectra for excitation with a radially polarized laser 

pulse at various Elaser are depicted in Fig. 3.16(b). Owing to the increased electric field 

enhancement from the radially polarized configuration, a maximum kinetic energy of 1.2 

keV can be achieved at Elaser = 3×107 V/cm, 80 times higher than for excitation with 
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linear polarization at the same electric field strength. Remarkably, at this excitation field 

strength, a large number of electrons (45% of the total electrons) have kinetic energies 

above 0.25 keV. The maximum kinetic energy drops to 0.11 keV at Elaser = 1×107 V/cm.  

The high kinetic energy gain can also be attributed to a non-ponderomotive source 

of acceleration deemed sub-cycle acceleration. If an electron experiences a high electric 

field strength during its first half-cycle, the electron will be essentially “ejected” from the 

surface plasmon field, meaning it will not experience the second half-cycle and thus will 

not be decelerated. This can result in significant energy gain in an extremely short period 

of time (~fs). Figure 3.17(a) depicts the kinetic energy of an electron as a function of time 

during its interaction with an intense electric field of 3 V/nm for the radially polarized 

case. Notably, the electron achieves a final kinetic energy of 0.96 keV within 7 fs of it 

being ejected from the metal into the intense SP field. Figure 3.17(b) depicts the energy 

vs. time for an electron that is ejected at a different point, in space and time, and achieves 

a final kinetic energy of 13 eV within 40 fs. This electron experiences a more 

ponderomotive like acceleration evidenced by the multiple kinetic energy gain/loss cycles 

as a function of time, which correspond to the period of the driving laser pulse, ~2.7 fs (λ 

= 800 nm). In the ponderomotive interaction, electrons experience a significant difference 

in electric field strength on the positive and negative half-cycles. Thus, over multiple 

cycles, the electron is accelerated or decelerated, dependent on the polarity of the ESP 

field. However, for short pulse durations, there is additional energy gained by non-

ponderomotive acceleration due to the SP field [21]. This energy gain can occur over less 

than an oscillation cycle and depends on the phase of the SP field that the electron 

experiences when it is generated. 
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Figure 3.17. Kinetic energy as a function of simulation time for electrons experiencing 

(a) sub-cycle acceleration, and (b) ponderomotive acceleration. 

In addition to the increased kinetic energy of the generated electrons, employing a 

radially polarized configuration greatly increases the total number of photogenerated 

electrons. This is evidenced by comparing the electron counts between Fig. 3.16(a) and 

Fig. 3.16(b), where the maximum total number of electrons for the radial polarization is 

~4,300 times that of the linear case at Elaser = 3×107 V/cm. This can be attributed to 

excitation of the conical SP waves along the entire conical surface of the Ag film.  

From the broad kinetic energy spectra present in Fig. 3.16, it can be ascertained 

that any electron packet generated from either configuration (linear or radial polarization) 

would result in an extremely long packet duration due to the inherent time dispersion. 

Therefore, it is of paramount importance to implement a mechanism that can either tune 

or filter the kinetic energies of the electrons to produce electron packets with a minimal 

spread in kinetic energy. One such configuration that is presented here is kinetic energy 

filtering of the electrons through the introduction of a static magnetic field. In this 
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manner, the accelerated electrons will be directed away from the tip towards a detector 

placed in the +y-direction (Fig. 3.14(b)) and spatially dispersed in accordance to their 

kinetic energy. The introduction of the magnetic field causes the electrons to travel in a 

circular trajectory with a radius given by: 

 1( / )
e e

R q m v B−=
��

  (3.5) 

where v
�

is magnitude of the electron velocity, and B
�

is the strength of the magnetic flux 

density. Since the radius is proportional to the velocity, and hence the kinetic energy of 

the electron, the electrons will spread out along the z-axis of the detector. A sample of 

500 electron trajectories in the absence of any external magnetic field is shown in Fig. 

3.18(a), with the color of the trajectory representing the kinetic energy of that electron. 

Since the accelerating force from the SP field acts in both the outward radial and the 

longitudinal directions, the accelerated electrons are spread accordingly. While these 

generated electrons have kinetic energies up to 1.2 keV, the lack of directionality in this 

arrangement makes it inadequate for UED and UEM applications. Conversely, applying a 

magnetic field breaks the symmetry of the trajectories of the electrons being accelerated 

via the conical SP wave. Figure 3.18(b) illustrates such action, where the electrons are 

now directed in one direction (towards the detector) along a circular, velocity-dependent 

path. Notably there are two distinct path types. The first path type corresponds to 

electrons that are initially directed in the negative y direction. These electrons experience 

a greater bending radius due to the increased interaction with the magnetic field. The 

second path type are those electrons that are initially directed more towards the positive y 
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direction. These electrons have a reduced bend radius and arrive significantly earlier than 

the other electrons. 

 

Figure 3.18. Representative electron trajectories (a) in the absence of the magnetostatic 

field, and (b) with an applied 
x

B
�

= -1 T. The color scale represents the electron kinetic 

energy. 

Varying the strength of the applied magnetic field results in the tuning of the 

packet length of the generated electron packet and offers a scheme for accessing the 

attosecond regime. This can be illustrated with the following representative arrangement, 

where the detector is placed 50 µm away from the tip in the +y direction, Elaser is fixed at 

3×107 V/cm, and B
�

is directed in the –x direction. Figure 3.19 depicts a 2-dimensional 

map of the arrival time of the electrons as a function of their final position along the z-

axis of the detector for 
x

B
�

 = -0.5 T, -1 T, -1.5 T, and -2 T, with the color representing the 

normalized electron count on a logarithmic scale. The spatial spreading afforded by the 

magnetic field can distinctly be seen in Fig. 3.19 where the electrons spread out in space 

as they reach the detector. Here, electrons arrive up to 420 µm away from the tip 

for 
x

B
�

 = -0.5 T. For increasing
x

B
�

, electrons will arrive at the detector closer to z = 0, 
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thus reducing the spatial spreading of the packet. Additionally, the inherent time 

dispersion of the electron packet is also evident in Fig. 3.19. In the case of 
x

B
�

= -0.5 T, 

electrons can take up to 47 ps to arrive at the detector, but only 12 ps for 
x

B
�

= -2 T. 

Notably, at a given
x

B
�

, there are specific locations along the detector’s surface where the 

duration of the electron packets is <1 ps, and others where the duration is extremely long 

(>10 ps). The reason for the wide spread in the electron packet durations is due to the fact 

that each electron experiences a different spatial and temporal electric field strength as it 

gets accelerated within the SP field. That is, the SP acceleration process is sensitive to the 

local magnitude of the SP field and the phase of the generation of the electron with 

respect to the phase of the conical SP wave. When the magnetic field is introduced, it acts 

to curve the trajectory of the electrons in a circular fashion where their initial trajectory 

ultimately dictates where and when they will arrive at the detector. Each electron will 

have its velocity oriented in a different direction based on its specific interaction with the 

SP field. As such, electrons will arrive at the detector at different locations, resulting in 

the spread of both kinetic energy and arrival time at a distinct position along the detector. 

Clearly, the introduction of a static magnetic field is the first step in filtering the electrons 

to achieve ultrashort electron packets. 
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Figure 3.19. Electron arrival time as a function of position along a detector placed 50 µm 

away from the tip, for Elaser = 3×107 V/cm and with an applied static magnetic flux 

density 
x

B
�

 = (a) -0.5 T, (b) -1 T, (c) -1.5 T, and (d) -2 T. The color scale represents the 

normalized logarithmic electron count. Note the difference in axis scales. 

To spatially gate the electrons at the detector, an aperture is placed in front of the 

detector (depicted in Fig. 3.14(b)). This opening defines the position along the detector 

that is exposed to electrons, as well as, the arrival angles of the electrons. By varying the 

diameter (da), thickness (ta), and location (la) of the aperture, the kinetic energy and the 

packet length of the electron packet can be controlled. This aperture and the magnetic 

field strength introduce four different parameters that can be used to tailor the final 
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electron packet. To explore the extremely large parameter space, each parameter was 

given realistic bounds and swept to determine the characteristics of the final electron 

packet. Through predetermined selection of these parameters, the electron packet can be 

tailored to the specific needs for a given application.  

The key characteristics defining an ultrafast electron packet are the temporal 

length (
p

τ ), and the weighted central kinetic energy (KE). Figure 3.20 depicts electron 

packet arrival times chosen for two illustrative sets of aperture parameters and for
x

B
�

 = -

0.5 T, -1 T, and -1.5 T with the corresponding 
p

τ and KE, labelled on the respective 

electron packets. The kinetic energy spread (∆KE) has also been included for 

completeness. Choosing the aperture thickness to be 25 µm, the diameter to be 1 µm, and 

locating it 45 µm from the tip, we obtain electron packets with kinetic energies varying 

from 0.06 keV at 
x

B
�

= -0.5 T (Fig. 3.20(a)) to 0.49 keV at 
x

B
�

= -1.5 T (Fig. 3.20(c)). For 

x
B
�

= -0.5 T, the packet length is 50 fs, while a packet length of 52 fs is achieved for 
x

B
�

= 

-1 T. Notably, an ultrashort packet length of 912 as is observed at 
x

B
�

= -1.5 T. The 

characteristic square shape of the generated electron packets depicted in Fig. 3.20 arises 

due to the magnetic field acting to effectively map electrons from a location on the tip to 

a position along the detector based on their interaction with the SP field. As such, the 

electrons within the detected packet will have experienced similar acceleration due to the 

localized SP field (i.e. resulting in similar kinetic energies and electron counts). Selecting 

a different set of aperture parameters (da = 1 µm, ta = 9 µm, la = 57 µm) results in 

increased kinetic energies, albeit with longer duration packets, as shown in Fig. 3.20(d) - 

3.20(f). Figure 3.20(d) depicts the 0.06 keV, 265 fs electron packet which is observed for 
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x
B
�

= -0.5 T. Varying 
x

B
�

to -1 T or -1.5 T results in 0.25 keV, 161 fs and 0.61 keV, 30 fs 

electron packets, respectively. The generated electron packets exit the aperture with 

central angles, θa, ranging from -8.19° to 5.69° with angular spreads, ∆θa, from 0.01° to 

0.93°. Table 3.1 lists the central angle and the angular spread for each representative 

electron packet presented. It should be noted that the two sets of aperture parameters 

discussed above are chosen as illustrative examples and that electron packets with various 

desired characteristics can be chosen by modifying the parameters of the aperture. 

ta (µm) da (µm) la (µm) 
x

B
�

(T) θa (°) ∆θa (°) 

 

25 1 45 -0.5 -1.34 0.09 

25 1 45 -1 0.49 0.19 

25 1 45 -1.5 0.40 0.42 

9 1 57 -0.5 -1.59 0.30 

9 1 57 -1 -3.32 0.71 

9 1 57 -1.5 -5.95 0.25 

25 2 131.5 -1 1.31 0.17 

24 5 75.5 -1 5.69 0.93 

4 1 207 -1 -8.19 0.01 

7 1 166 -1 -5.20 0.02 

25 1 137.5 -1 -1.20 0.03 

15 1 140.5 -1 -1.59 0.07 

Table 3.1. Electron packet angular spread after leaving the aperture. θa is the central 

angle of the electrons and ∆θa is the angular spread. 

As increasing 
x

B
�

 leads to a reduction in the spatial spreading of the electrons 

along the length of the detector, it becomes more challenging to select aperture 

parameters that result in desirable electron packets at various magnetic field strengths. 

Therefore, it is also possible to fix 
x

B
�

and examine different aperture parameters to 

achieve various electron packets. Figure 3.21(a)-(c) depict three illustrative femtosecond 

electron packets arriving at the detector for different aperture parameters at a fixed
x

B
�

= -1 
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T. For da = 2 µm, ta = 25 µm, and la = 131.5 µm, an electron packet KE = 0.50 keV, and 

p
τ = 52 fs is observed (Fig. 3.21(a)). With da = 5 µm, ta = 24 µm, and la = 75.5 µm, an 

electron packet with KE = 0.24 keV and 
p

τ = 25 fs is achieved (Fig. 3.21(b)). An 

ultrashort, high energy electron packet with KE = 1.15 keV and 
p

τ = 4 fs is achieved for 

da = 1 µm, ta = 4 µm, and la = 207 µm (Fig. 3.21(c)). Remarkably, attosecond electron 

packets with kinetic energies >0.5 keV (Fig. 3.21(d)- 3.21(f)) can be achieved through 

proper choice of the aperture parameters. With da = 1 µm, ta = 7 µm and la =166 µm a 

high energy (KE = 0.76 keV) attosecond (
p

τ = 775 as) packet can be achieved. An 

electron packet with 
p

τ = 195 as and KE = 0.54 keV can be achieved with da = 1 µm, 

ta = 25 µm and la = 137.5 µm. Notably, an ultrashort electron packet with
p

τ = 140 as 

packet and KE = 0.56 keV is observed for the aperture parameters da = 1 µm, ta = 15 µm 

and la = 140.5 µm. Again, the electron packet characteristics can be tuned for a specific 

need by tailoring the aperture parameters.  
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Figure 3.20. Electron packet duration at a detector placed 50 µm away from the tip, with 

schematic depictions of aperture parameters used at:
x

B
�

 = (a) -0.5 T, (b) -1 T, and (c) -1.5 

T for aperture parameters da = 1 µm, ta = 25 µm, and la = 45 µm; 
x

B
�

 = (d) -0.5 T, (e) -1 

T, and (f) -1.5 T for aperture parameters da = 1 µm, ta = 9 µm, and la = 57 µm. KE is the 

weighted central kinetic energy, ∆KE is the kinetic energy spread, and
p

τ  is the temporal 

duration of the electron packet. Note that the schematic depictions of the aperture 

parameters are not to scale. 
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Figure 3.21. Electron packet duration at a detector placed 50µm away from the tip, at a 

fixed Elaser = 3×107 V/cm and 
x

B
�

= -1 T with aperture parameters (a) da = 2 µm, ta = 25 µm, 

la = 131.5 µm, (b) da = 5 µm, ta = 24 µm, la = 75.5 µm, (c) da = 1 µm, ta = 4 µm, la = 207 

µm, (d) da = 1 µm, ta = 7 µm, la = 166 µm, (e) da = 1 µm, ta = 25 µm, la = 137.5 µm, and 

(f) da = 1 µm, ta = 15 µm, la = 140.5 µm. KE is the weighted central kinetic energy, ∆KE 

is the kinetic energy spread, and
p

τ  is the temporal duration of the electron packet. Note 

that the schematic depictions of the aperture parameters above each electron packet are not 

to scale. 
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3.5. Summary 

The results of this chapter demonstrate that there are multiple methods that can be 

employed to achieve control of electron pulses and ultimately tailor them to their 

intended applications. A mechanism utilizing THz pulses to control the kinetic energy 

spectrum of surface plasmon generated electron pulses was presented. Utilizing a single 

THz electric field pulse, control of the angular and energy characteristics of the generated 

electron pulse can be achieved. Through control of the time delay between a second 

ultrashort THz electric field pulse, the kinetic energy spectrum can be selectively tuned to 

the required range. It was also shown that carrier envelope phase information of the 

optical pulse can be recovered in the presence of a THz electric field. Although the THz 

electric field pulses can control the kinetic energy of the electrons, they still produce 

broad kinetic energy spectra. To overcome this limitation, a method that utilizes 

magnetostatic and physical filtering to generate attosecond keV electron packets was 

designed and modelled. By varying the strength of the applied magnetic field or 

modification of the parameters of an aperture placed in front of the detector, both the 

kinetic energy of the electrons and the duration of the electron packet can be tailored. 

This compact attosecond, nanoplasmonic, keV electron source opens the pathway for 

time-resolved electron microscopy of physical, biological, and chemical processes with 

sub-nanometer and sub-femtosecond resolution such as real-time imaging of the 

formation and breaking of chemical bonds, imaging of protein folding, and imaging of 

intra-atomic processes. Attosecond electron pulses can also be used for the next 

generation of vacuum electronics that harness the switching speed of electrons in vacuum 

to extend operating frequencies into the terahertz regime.
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Chapter 4 

 

Experimental High Current Electron 

Sources 

 

4.1. Introduction 

 In this chapter, experimental demonstration of multiple methods to increase the 

electron yield of SP based electron sources is presented. The main drawback to using SP 

to generate electron pulses is that at low intensities, the electron generation mechanism 

occurs in the multi-photon regime. As such, 3 or more photons are required to liberate an 

electron from the plasmonic metal, resulting in a very low electron yield or requiring high 

intensity laser pulses. The number of photons required can be reduced by lowering the 

potential energy barrier at the metal-vacuum interface via application of a strong enough 

electric field either from a DC bias or the electric field of the laser pulse itself. Both 

approaches have drawbacks though, namely the DC electric field breakdown or the laser 

induced damage threshold of the materials involved. To develop the next generation of 

ultrafast electron sources, it is important to reduce the number of photons required while 

utilizing low laser light intensities. 

The first section of this chapter details the experimental setup that is used to carry out 

the experiments. The following sections explore the use of a non-metallic/metallic bilayer 

film to reduce the nonlinear electron emission order, thus increasing the electron yield. 

The final section details work on an ultrafast high current plasmon driven secondary 

electron source that harnesses the increased current of an external electron beam. Also 
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included in this chapter is a detailed investigation of the interaction of free, non-SP 

generated, electrons with strong SP fields. 

4.2. Experimental Setup 

This section aims to describe the various experimental setups that were used 

throughout this chapter. The base setup used for the experiments consists of three distinct 

sections, the laser system, the vacuum system, and the detection setup. Briefly, laser 

pulses from either a laser oscillator or a chirped-pulse-amplifier (CPA) are directed 

through a chopper and variable neutral density filter before being directed towards the 

vacuum chamber where electrons are detected with the detection setup. The following 

subsections describe each separate subsystem in detail. 

4.2.1. Laser System 

Figures 4.1(a)-(b) depict a photograph and a schematic of the laser system, 

respectively. Laser pulses are obtained from a commercial FemtoLasers Kerr-lens mode-

locked Ti:Sapphire laser oscillator capable of supplying 15 fs duration pulses with a 

central wavelength of 800 nm and a maximum pulse energy ~5 nJ at a repetition rate of 

76 MHz. The pulse train from the oscillator passes through an optical chopper and a 

variable neutral density filter before being directed to the experimental setup. Flipper 

mirror F3 can be used to direct the pulse train to a few beam diagnostic tools such as a 

GRENOUILLE ultrafast pulse measurement tool (Swamp Optics GRENOUILLE 8-9-

USB), or an optical spectrometer (Ocean Optics USB4000). Figures 4.2(a)-(b) depict the 

measured and retrieved FROG traces, respectively, of the output of the Ti:Sapphire 

oscillator. The corresponding extracted time and spectral plots including phase are 

depicted in Fig. 4.3(a)-(b), respectively. From the FROG trace, a pulse duration of 17.4 fs 
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(FWHM) is obtained as well as a FWHM bandwidth of 58 nm. This specific model of 

GRENOUILLE is unable to correctly measure the entire broadband frequency spectrum 

of the laser pulse. As such, a full spectrum was obtained from the optical spectrometer as 

depicted in Fig. 4.4, demonstrating a broad FWHM bandwidth of 122 nm. 

 

Figure 4.1. (a) Photograph of the three sections of the laser system used: the Ti:Sapphire 

oscillator, the Ti:Sapphire chirped-pulse-amplifier, and the prism compressor. (b) 

Schematic depiction of the laser setup used throughout the experiments. F: flipper mirror, 

M: fixed mirror, ND: neutral density filter. F1 and F2 are placed in the beam path to use 

the pulse train from the oscillator as the seed for the amplifier. F3 is used to direct the 

pulse train to either the GRENOUILLE or optical spectrometer for diagnostics. 
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Figure 4.2. (a) Measured and (b) Retrieved FROG traces obtained from the 

GRENOUILLE 8-9-USB. 

 

Figure 4.3. Extracted (a) temporal and (b) spectral traces from the FROG results. The red 

curves depict the phase. 

To obtain higher intensities, the output from the laser oscillator can be used to 

seed a FemtoLasers Ti:Sapphire chirped-pulse-amplifier (CPA) by moving flipper 

mirrors F1 and F2 into the beam path. Using a prism compressor at the output, the CPA 

can supply 25 fs pulses with pulse energies up to ~800 µJ at a repetition rate of 1 KHz. 
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Due to the high pulse energy at the location of the sample, the FROG trace could not be 

measured. Figures 4.5(a)-(b) depict the intensity autocorrelation and frequency spectrum 

of the output of the CPA, indicating a FWHM pulse duration of 21 fs and a FWHM 

bandwidth of 36.8 nm. As the output beam diameter of the CPA is ~10 mm, the beam is 

directed through a two-lens telescope to reduce the beam size to ~4 mm diameter. This 

disperses the amplified laser pulse to a final pulse duration of ~50 fs. 

 

Figure 4.4. Broadband laser pulse spectrum from mode-locked Ti:Sapphire oscillator 

obtained with optical spectrometer. 

 

Figure 4.5. (a) Intensity autocorrelation trace and (b) laser pulse spectrum of the chirped 

pulse amplifier.  
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4.2.2. Vacuum Chamber 

A few iterations of the vacuum chamber have been used for experiments, but for 

brevity only the most recent configuration will be discussed below. Figure 4.6 depicts a 

photograph of the vacuum chamber. It consists of a main 12” diameter chamber with 

various ConFlat vacuum flanges around the perimeter and protruding from the bottom. 

To allow for optical components to be mounted inside, a round steel optical breadboard is 

mounted inside the main chamber. A top down schematic diagram of the interior of the 

vacuum chamber (without electrical connections) is shown in Fig. 4.7(a) with 

corresponding photograph in Fig. 4.7(b). Laser pulses are coupled into the vacuum 

chamber through a thin glass window, after which they pass through a lens, L1, and are 

directed by a mirror towards the sample holder in the middle of the chamber. L1 is 

mounted on a translation stage that is controllable from outside the vacuum chamber. 

This allows for tuning of the laser spot size while the chamber is under vacuum. The 

sample holder was designed by me and consists of a circular platform mounted on a 

mechanical feedthrough from the bottom of the chamber. Figures 4.8(a)-(b) depict a 

photograph of the sample holder and the mechanical feedthrough, respectively. This 

allows the sample to be translated in 3-dimensions as well as rotated about the central 

axis. As many of the experiments being carried out in this setup use the Kretschmann 

geometry to excite surface plasmons, the rotation allows for the highest plasmon 

coupling, and hence highest photoemission to be achieved. A rack and pinion system 

driven by a stepper motor (Oriel Motor Mike 18212) can be mounted on the sample 

holder, as shown in Fig. 4.9, to allow for angularly resolved measurements with various 

detectors. A commercial electron gun (VG Electronics LEG32) is mounted on one of the 

vacuum chamber flanges and is directed towards the center of the chamber as shown in 
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Fig. 4.7(b). The electron gun supplies a continuous electron beam with an energy of 0.1-5 

keV in discrete 0.1 keV steps and a beam current up to 2 microamps. Deflectors within 

the electron gun allow for x-y steering and an electrostatic lens allows for focusing of the 

electron beam. The entire vacuum chamber is pumped with a turbomolecular pump 

(Adixen Alcatel ATP80) backed by a dry membrane roughing pump (Leybold EcoDry 

M15). This setup can achieve pressures of ~10-5
 Torr. 

 

Figure 4.6. Photograph of current vacuum chamber exterior. 
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Figure 4.7. (a) Schematic depiction of the vacuum chamber setup. Different detectors 

can be used as needed and can be swept angularly for angle-resolved measurements. The 

focusing lens L1 is mounted on a translation stage operated from outside the vacuum. 

The Faraday cup allows for on-line monitoring of the electron gun current. The 

turbopump allows for base pressures ~10-5 Torr. (b) Photograph of the interior of the 

vacuum chamber, note that the Faraday cups are not pictured. 
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Figure 4.8. Photograph of (a) circular sample holder, and (b) 3-axis rotational 

feedthrough. 

 

 

Figure 4.9. Rack and pinion system for angularly resolved measurements. Note that the 

stepper motor is not pictured. 
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4.2.3. Detection System 

Multiple detectors are used for the photoemission experiments and are 

interchanged as necessary, they include a Ceremax 7596m channeltron electron 

multiplier (Fig. 4.10(a)), a Hamamatsu R5150-10 discrete dynode electron multiplier 

(Fig. 4.10(b)), and various copper (Fig. 4.10(c)) and steel (Fig. 4.10(d)) Faraday cups. 

The output of the detector is connected to either an electrometer (Keithley 619) or a lock-

in amplifier (Stanford Research SR830) depending on the given experiment. An optical 

chopper (Stanford Research SR540) in the laser beam path provides the reference signal 

for the lock-in amplifier. To increase the sensitivity of the detection setup, a low-noise 

current amplifier (Stanford Research SR570) is used when needed. Electrical connections 

are provided by three electrical feedthroughs mounted on the bottom of the chamber. 

Detailed wiring diagrams for the electrical feedthroughs and detector connections can be 

found in Appendix B. 
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Figure 4.10. Various electron detectors used throughout the experiments: (a) Ceremax 

7596m channeltron electron multiplier, (b) Hamamatsu R5150-10 discrete dynode 

electron multiplier, (c) copper Faraday cup with glass slit to reduce acceptance angle, and 

(d) steel Faraday cup. 

To measure kinetic energy spectra, the retarding potential method is used, which 

utilizes a grid connected to a voltage, VRP to act as a high pass filter for the electrons, as 

depicted in Fig. 4.11. Only electrons with kinetic energies greater than RP
qV  will pass 

through the grid to be collected by the detector. As such, the measured signal is the 

integral of kinetic energy and must be differentiated to obtain the true kinetic energy 

spectrum. Although the retarding potential approach is simple its resolution is ultimately 

limited by the stability of VRP and the uniformity of the electric field on the grid. To 

improve the uniformity of the electric field, I designed and built a compact retarding 
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potential analyzer (RPA) based on designs from [66,67] that could be mounted directly to 

the front of the electron multiplier or channeltron (with an adapter). The RPA consists of 

two sections separated by a dielectric (acrylic) spacer and is shown in Fig. 4.12. The front 

piece is grounded and has a small input aperture (1-3 mm depending on the mounted 

front piece). The rear cylinder is connected to VRP and is covered at the back by a 

standard retarding potential grid. This cylinder helps to create a more uniform field 

distribution between the grounded front piece and the retarding potential grid. 

Mechanical drawings of the RPA are included in Appendix C. The major disadvantage of 

the RPA is that due to its physical size it is not always the appropriate choice for kinetic 

energy measurements, as such a standard retarding potential grid is used for some 

experiments.  

 

Figure 4.11. (a) Schematic depiction and (b) photograph of retarding potential setup used 

for measuring electron kinetic energy. 
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Figure 4.12. Retarding potential analyzer (RPA) (a) front, and (b) rear. 

In order to achieve a higher kinetic energy resolution, I also designed and built a 

double-pass cylindrical mirror analyzer (CMA) based on the work in [68,69]. The 

completed CMA is depicted in Fig. 4.13. Details of the mechanical design and 

electromagnetic/particle tracking simulations are discussed in Appendix D. 

 

Figure 4.13. Double-pass cylindrical mirror analyzer (CMA). (a) Fully assembled CMA. 

(b) Outer shield removed. (c). Outer cylinder removed revealing the electron slits in the 

inner cylinder. 
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4.2.4. Graphical User Interface for Electron Experiments 

To correctly identify small signals on the lock-in amplifier, such as the output from a 

Faraday cup, it is necessary to accumulate data points for long periods of time and 

compute the median value. This is easily automated, so I designed and developed a 

MATLAB based graphical user interface (GUI). Figure 4.14 depicts a screenshot of the 

GUI. The program allows the user to select various lock-in settings such as time constant, 

sensitivity and data sampling rate. The user can then select the type of experiment they 

are doing such as energy, power scaling, angle, shutter time series, or other. When a new 

data point is taken, the program instructs the lock-in amplifier to accumulate data at the 

specified sampling rate for the time specified. Once the time has elapsed, the raw data 

from the lock-in (R and θ) is transferred to the computer and the median value is 

calculated. The data is then added to the table and the plot. The value displayed in the 

table and plot can be selected to be either R, X, or Y. To use the shutter controls or the 

shutter experiment type, a shutter controller (Uniblitz VCM-D1) is connected to the lock-

in amplifier with the shutter being placed in the laser beam path. When using the shutter 

experiment type, the shutter is opened before the point is taken and closed when it is 

finished. The program then waits the specified step size (in minutes) before taking 

another measurement.  
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Figure 4.14. Electron experiment GUI for control of data collection using the lock-in 

amplifier. 

4.3. Surface Plasmon Driven Lowering of the Electron Emission Order in an 

eCarbon/Gold Bilayer5 

To increase the electron yield of a SP based electron source, one requires an 

alternative source of electrons that acts in unison with the plasmonic metal. As such, a 

nonmetallic material can be introduced that acts as a source/reservoir of electrons. 

However, there are two issues that need to be addressed using this approach: a 

                                                 
5 A version of this section is published as S.R. Greig, A. Morteza-Najarian, R.L. McCreery, and A.Y. 

Elezzabi, "Surface Plasmon Driven Lowering of the Electron Emission Order in a Carbon/Gold Bilayer 

Film," Appl. Phys. Lett. 109, (2016). 
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nonmetallic/metallic surface interface can introduce an inversion/depletion region that 

will impede the flow of electrons into the metal layer; and the nonmetallic material can 

interfere with the coupling and propagation of the SP at the metal-vacuum interface. This 

limits the choices of nonmetallic materials to dielectrics with low absorption so as not to 

disturb the SP field at the metal-vacuum interface and whose Fermi level lines up exactly 

with that of the metal. This section explores the use of a thin dielectric film composed of 

electron beam evaporated carbon (eCarbon or eC) as a reservoir of electrons beneath an 

Au plasmonic film to reduce the nonlinear electron emission order of a SP based electron 

source.  

4.3.1. eCarbon 

Before studying the effects of introducing eCarbon into a plasmonic system, it is 

important to understand some physical and optical properties of the material itself. The 

eCarbon films used in these experiments were deposited in Dr. Richard McCreery’s lab 

in the National Institute for Nanotechnology (NINT) at the University of Alberta. The 

films were deposited by standard electron beam evaporation at a rate of <0.01 nm/sec 

using a target of spectroscopic graphite rods (SPI Supplies, PA). eCarbon is an 

amorphous form of carbon and the deposited films consist of approximately 30% sp3 

hybridized carbon, with the remainder sp2 [70]. The sp2 corresponds to a graphite like 

structure while the sp3 is closer to a diamond-like structure.  

 eCarbon’s most important feature is that it produces extremely flat films with 

RMS surface roughness <1 nm. Remarkably, this flatness is maintained for films 

deposited on top of the eCarbon, meaning it can be used as a sort of buffer layer to 
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produce smooth metallic films. Figures 4.15(a)-(b) show atomic force microscope (AFM) 

images of a 45 nm Au layer deposited on a fused-silica prism at two different locations. 

The RMS surface roughness of each location is 1.19 nm and 0.85 nm. For a 10 nm 

eCarbon layer beneath a 45 nm Au layer on a similar prism, the surface roughness is 

reduced to 0.88 nm and 0.81 nm as seen in Fig. 4.15(c)-(d). For SP based electron 

sources, the lower surface roughness of the eC/Au bilayer should allow for reduced 

radiative scattering loss as the SP propagates along the film, potentially increasing the 

various performance characteristics of the source.  

 

Figure 4.15. AFM images for (a) Au film location 1, (b) Au film location 2, (c) eC/Au 

location 1, and (d) eC/Au film location 2 indicating the reduced surface roughness for the 

eC/Au film. 
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 It is important to understand the optical characteristics of all materials employed 

in a plasmonic system. As such, spectroscopic ellipsometry was used to determine the 

complex refractive index of the eCarbon film. By fitting the ellipsometry data to a model 

for Al2O3 (a diamond-like structure), the complex refractive index for eCarbon over the 

range of 600-1000 nm was determined. The refractive index of eCarbon at 780 nm is n = 

3.26+ i0.53 and refractive index over the spectral range 600-1000 nm is depicted in Fig. 

4.16. This model was used for FDTD simulations throughout this section.  

 

Figure 4.16. eCarbon refractive index and extinction coefficient from 600-1000 nm.  

4.3.2. Electron Emission from an eCarbon/Gold Bilayer  

Two samples were prepared, one with a 45 nm Au film on a UV fused silica 

prism, and the second with a 10 nm layer of eC underneath a 45 nm Au film. To 

determine the nonlinear electron emission order of each sample, they were placed in a 

vacuum chamber and SP waves were excited using 15 fs laser pulses having a central 

wavelength of 780 nm focused to a 140 µm diameter spot size. The photoemitted current 
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is measured using the channeltron electron multiplier connected to a lock-in amplifier 

through a current amplifier. The channeltron is operated at a bias of +2.4 kV, the current 

amplifier provides 20 nA/V gain, and a 3 second time constant was used on the lock-in 

amplifier to reduce signal fluctuations. 

As previously mentioned, introducing a dielectric layer beneath the Au film may 

introduce a built-in potential difference due to a difference in the Fermi levels of the two 

materials. Figure 4.17(a) depicts the ultraviolet photoemission spectroscopy (UPS) 

spectra for a 10 nm eC film, a 20 nm Au film, and an eC/Au bilayer film. The onset of 

electron photoemission from all three films arises at 4.8 eV (inset of Fig. 4.17(a)), 

indicating that the Au, eC, and eC/Au films have the same work function of 4.8 eV. 

Therefore, the Fermi levels of the eC and Au line up and will not create an inversion 

layer that would produce a built-in potential. This is confirmed by measuring the current-

voltage behavior of the eC/Au contact. The linear behavior of a four-point current-

voltage electrical measurement, shown in Fig. 4.17(b), of the eC/Au contact junction 

confirms the absence of a built-in field at the eC/Au interface [5]. 
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Figure 4.17. (a) Measured ultraviolet photoemission spectroscopy spectra for a 10 nm eC 

film, a 20 nm Au film, and a 10 nm eC film beneath a 20 nm Au film, indicating a 4.8 eV 

work function for eC and Au alone, and the eC/Au bilayer. (b) Four-point current vs. 

voltage measurement indicating the absence of a built-in field at the eC/Au interface.  

After confirming that there will be no detrimental electrical effects introduced by the 

eC layer, the plasmonic performance of the eC/Au bilayer was studied. Figure 4.18 shows 

the measured reflected laser pulse spectrum at the SP resonance of each film. The 

spectrum was measured with an Ocean Optics USB4000 optical spectrometer. As the 

pulse used for excitation is quite broadband, a lens was used after the prism to collect all 

the wavelengths of the pulse as they would normally disperse in space. At the SP 

resonance approximately 8-10% of the incident light is reflected. It should be noted that 

the spectra are normalized, as such their counts cannot be directly compared. The black 

curve illustrates the spectrum of the laser pulse reflected off an Au mirror. The results 

indicate that the eC layer does not affect the plasmonic coupling compared to a standard 

Au film. Furthermore, these results indicate that the entire spectrum of the laser pulse is 
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being coupled into the SP wave. This is confirmed by performing FDTD simulations that 

find the SP electric fields at the Au-vacuum interface are within 5% of each other for 

each sample. A cut of the laser electric field squared, 
2

laser
E , along a direction normal to 

the surface of the films, determined by FDTD simulations, is depicted in Fig. 4.19(a)-(b) 

for the Au layer by itself and the eC/Au bilayer, respectively. The material parameters for 

eC and Au were determined by spectroscopic ellipsometry. Clearly, the introduction of 

the thin eC layer does not alter the SP coupling. 

 

Figure 4.18. Spectrum of reflected laser pulse from Au and eC/Au films at the SP 

resonance. The black curve shows the spectrum of the laser pulse reflected from an Au 

mirror. Note that the counts are normalized. 
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Figure 4.19 Cut of the laser electric field squared from FDTD simulations along a 

direction normal to the film for (a) Au and (b) eC/Au films. 

For the duration of the experiment, the laser intensity is kept below 9.9 GW/cm2 such 

that the emission process is occurring fully within the multi-photon absorption regime 

[6]. This provides a platform to study the effect of the eC/Au bilayer on the number of 

photons required to free an electron. Based on the work function of 4.8 eV for Au and eC 

(see inset of Fig. 4.17(a)), and with each photon of the incident laser pulse possessing an 

energy of ~1.4-1.7 eV, freeing an electron from an Au or an eC/Au film requires a 

minimum of a three-photon absorption (3PA) process to take place. At the laser 

intensities used here, the Keldysh parameter is calculated to be γ = 21 at the lowest 
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intensity of 0.37 GW/cm2, and γ = 11 at 1.35 GW/cm2, assuming a surface electric field 

enhancement of 21 times [20]. 

 

Figure 4.20. Measured current as a function of incident laser intensity indicating (a) 

three-photon ionization in the Au sample, and (b) a combination of absorption processes 

of different orders with different probabilities in the eC/Au sample. 

To experimentally verify the electron emission order, the incident laser intensity was 

varied between 0.37 GW/cm2 and 1.35 GW/cm2. By operating with a maximum intensity 

of 1.35 GW/cm2, thermal effects within the metallic films are avoided [22]. The 

measured photocurrent, J, for the Au and the eC/Au samples, as a function of laser 

intensity, Ilaser, are depicted in Fig. 4.20(a) and Fig. 4.20(b), respectively. A slope of m = 

3.01±0.05 is found for the Au sample, and a slope of m = 2.44±0.03 is found for the 

eC/Au sample. In an ideal multiphoton absorption photoemission process, one would 

expect the order, m, to be an integer number corresponding to the power dependence of 

the measured photocurrent, i.e. m

laser
J I∝ . While the m = 3 is expected for the Au film 

(Fig. 4.21), the m = 2.44 for the eC/Au bilayer suggests that electrons must be originating 
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from another, lower order emission process. However, the work function of eC was 

measured to be identical to that of Au, i.e. 4.8 eV. As such, any electron released would 

require the absorption of at least three photons (i.e. m = 3). Examining the absorbance of 

a 10 nm eC film, and a 15 nm Au film over the ultraviolet-visible wavelength range (Fig. 

4.22), shows a broadband absorption in eC, indicating many possible local optical 

transitions between a range of states present in the disordered carbon matrix [71]. 

Notably, the absence of any strong absorption peaks indicates that there is no direct two-

photon ionization of the eC layer. Evidently, the electron emission for the eC/Au sample 

must be originating from absorption processes of different orders with different 

probabilities.  

 

Figure 4.21. Energy band diagram at the eC/Au interface representing the two emission 

processes; two-photon absorption (2PA) followed by field-driven acceleration (FDA) and 

emission over the lowered ϕ; and direct three-photon absorption (3PA). Each arrow 
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represents a single photon with 1.6 eV energy. EF is the fermi level, Evac is the vacuum 

energy level, and x is directed away from the Au-vacuum interface. 

 

Figure 4.22. Measured absorbance for a 10 nm eC film and a 15 nm Au film. 

To discern the low order of the photoemission process, the effect of the SP field must 

be considered. It is well known that in the presence of high electric fields, the vacuum 

potential barrier, ϕ, can be lowered via the Schottky effect [5,72]. The potential barrier 

under influence of an electric field is given by [5]: 

 2

0( ) 16
F laser

x W q x qE xφ πε= − −   (4.1) 

where x is the distance from the interface into the vacuum. Therefore, the lowered barrier 

at the surface is given by [5]: 

 
04

laser
l F

q
W

E
φ

πε
= −   (4.2) 

In the current experiment, at the lowest incident field of Elaser = 5.3×105 V/cm (or Ilaser = 

0.37 GW/cm2), and at an average SP electric field enhancement of 21 times, ϕ is lowered 
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by 1.1 eV to ϕl = 3.7 eV. However, this value of ϕl is not low enough to allow for two-

photon absorption. Additionally, if ϕl was low enough, the reduction would be observed 

for both samples (i.e. Au and eC/Au) as this barrier is located at the Au-vacuum interface. 

Therefore, another mechanism must be responsible for the observed m = 2.44 in the 

eC/Au bilayer sample. 

 Just as electrons are accelerated in the SP field present at the Au-vacuum interface 

[6,19,20], electrons are also accelerated by the electric fields within the materials 

themselves [73]. Here, only electrons that are generated by one-photon absorption (1PA) 

and two-photon absorption (2PA) are considered, corresponding to initial kinetic energies 

of 1.6 eV and 3.2 eV, respectively. Electrons that have absorbed three photons are 

already freed from the metal. The electrons are then subsequently accelerated 

(decelerated) to higher (lower) kinetic energies by the electric fields present within the 

materials. Clearly, at the electric field strengths here, one-photon generated electrons will 

not be able to gain enough energy to overcome ϕl and thus cannot contribute to J. 

However, for completeness their simulation results are included below. On the contrary, 

for 2PA generated electrons, the minimal kinetic energy gain is quite achievable to 

overcome ϕl. Figure 4.21 illustrates the field-driven acceleration of 2PA generated 

electrons over ϕl. 

4.3.3. Simulation of Electrons in an eCarbon/Gold Bilayer 

To verify that the kinetic energy of the field-accelerated electrons is enough to 

overcome ϕl, particle tracking simulations are performed with electromagnetic fields 

calculated from FDTD simulations. For the single-photon absorption simulations, each 

electron is given an initial kinetic energy in the range of 1.4-1.7 eV, corresponding to the 
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bandwidth of the incident 15 fs laser pulse. The kinetic energy spectra of m = 1 generated 

electrons at the Au-vacuum interface after they have interacted with the internal fields in 

the Au sample are depicted in Fig. 4.23(a) for three values of incident laser intensity over 

the experimental range. The quasi-symmetric shape of the kinetic energy spectra can be 

ascribed to the fact that the acceleration process is highly dependent on the phase of the 

SP field when the electron is generated. As such, a similar number of electrons that are 

accelerated will be decelerated. As the maximum energy gained by any of the m = 1 

electrons is only 0.25 eV at the highest laser intensity (1.35 GW/cm2), none of these 

electrons can overcome ϕl.  

 For the eC/Au sample, even with only a 10 nm eC layer, the situation is markedly 

different. Firstly, there is a significant increase in electric field strength within the eC 

layer compared to the Au layer. This can readily be seen in Fig. 4.19 above. Calculating 

the average magnitude of the electric field obtained from FDTD simulations in each layer 

indicates 2.2 times higher average electric field in the eC layer of the eC/Au sample 

compared to the Au sample. Secondly, the effective mass of electrons within eC is 78% 

that of the effective mass in Au. Therefore, at a given Elaser, the relative acceleration, arel, 

experienced by an electron in eC compared to an electron in Au will be higher. The 

relative acceleration is given by: 

 
* *

rel confinement Au eCa m mη=   (4.3) 

where *

Au
m  = 1.12 is the electron effective mass in Au [74], *

eC
m  = 0.87 is the electron 

effective mass in eC [75], and 
confinement

η  = 2.2 is the aforementioned ratio of electric fields 

between the eC film and Au film. This results in 2.8 times higher electron acceleration in 
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the eC film compared to that in the Au film. Furthermore, in addition to the electric field 

enhancement from the SP, there is also field enhancement from the composition of the eC 

film itself. It is well known that for field emission from carbon films, the nanoclusters of 

conductive, graphitic, sp2 bonds embedded in insulating, diamond-like, sp3
 bonds leads to 

increased localized electric field enhancement within the carbon [76–79]. It is also 

possible that at the interface between eC and Au, sp3
 bonds are converted to sp2

 bonds 

[80], resulting in further increase of sp2 clustering directly at the interface, and hence, an 

increase in the electric field enhancement at the eC/Au interface. At an SP electric field 

enhancement of 21 times, combined with an eC electric field enhancement of 56 times 

[76], photogenerated electrons from the eC can gain significantly more kinetic energy 

compared to those in the Au film. Note that ϕ will only be lowered due to the SP field 

enhancement directly at the Au-vacuum interface and will not be affected by the 

localized sp2/sp3 clustering field enhancement.  

 Figure 4.23(b) depicts the kinetic energy spectra at the Au-vacuum interface for m 

= 1 electrons originating in the thin eC layer at three incident laser intensities. Only at the 

highest incident intensity (1.35 GW/cm2) are electrons able to gain enough kinetic energy 

to overcome ϕl. These electrons only account for <2% of the total m = 1 electrons and 

therefore do not contribute to the measured J. From these results it is clear that the 

contribution from the m = 1 electrons can be ignored and it is more important to consider 

what happens to the 2PA generated electrons within each material. 
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Figure 4.23. Simulated electron kinetic energy spectra at the Au-vacuum interface at 

various incident laser intensities for the (a) Au layer by itself, and (b) eC/Au bilayer. The 

electrons are given an initial kinetic energy in the range of 1.4-1.7 eV, corresponding to 

an electron generated by single-photon absorption of the incident laser pulse. The eC/Au 

spectrum is broader than the Au spectrum due to the higher accelerating SP field in the 

eC layer. Note that all electron counts are normalized and there is a difference in energy 

scales between (a) and (b). 

For the m = 2 simulations, each electron is given an initial kinetic energy in the range 

of 2.8-3.4 eV, corresponding to 2PA of the laser pulse. Figure 4.24(a) depicts the kinetic 

energy of m = 2 generated electrons at the Au-vacuum interface for the Au sample at 
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three incident intensities (0.37, 0.85, and 1.35 GW/cm2). At the lowest electric field of 

5.3×105
 V/cm, (i.e. Ilaser = 0.37 GW/cm2), no electron can gain enough kinetic energy to 

overcome ϕl. As the electric field strength increases, the barrier continues to lower, and 

electrons will gain enough kinetic energy to overcome the lowered barrier at the Au-

vacuum interface. At Elaser = 8×105
 V/cm (i.e. Ilaser = 0.85 GW/cm2) only 2% of 2PA 

generated electrons will have enough energy to overcome the ϕl = 3.45 eV barrier, this 

increases to 19% at Elaser = 1×106
 V/cm (i.e. Ilaser = 1.35 GW/cm2) for the ϕl = 3.3 eV 

barrier. Due to the low number of m = 2 generated electrons reaching the vacuum, the 

normal m = 3 absorption process will completely dominate the emission process and 

results in the observed order of m = 3.01. Fig. 4.25(a) depicts exemplary electron 

trajectories for m = 2 generated electrons within the Au film.  
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Figure 4.24. Simulated electron kinetic energy spectra at the Au-vacuum interface at 

various incident laser intensities for the (a) Au layer by itself, and (b) eC/Au bilayer. The 

electrons are given an initial kinetic energy in the range of 2.8-3.4 eV, corresponding to 

an electron generated by two-photon absorption of the incident laser pulse. The eC/Au 

spectrum is broader than the Au spectrum due to the higher accelerating SP field in the 

eC layer. Note that all electron counts are normalized and there is a difference in energy 

scales between (a) and (b). 
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Figure 4.25. Exemplary trajectories of two-photon absorption generated electrons 

interacting with the Elaser = 1×106 V/cm in (a) the Au film, and (b) the eC/Au bilayer film 

calculated from the particle tracking model. Note that a green dot represents the start of 

an electron’s trajectory.  
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Figure 4.24(b) depicts the kinetic energy of m = 2 accelerated electrons at the Au-

vacuum interface at various incident laser intensities for the eC/Au bilayer. Notably, at 

the lowest electric field of 5.3×105
 V/cm, (i.e. Ilaser = 0.37 GW/cm2), 11% of the electrons 

possess enough kinetic energy to overcome the barrier. This increases to 33% at Elaser = 

8×105
 V/cm (i.e. Ilaser = 0.85 GW/cm2) and 45% at Elaser = 1×106

 V/cm (i.e. Ilaser = 1.35 

GW/cm2). Note that the model used does not take in to account the local density of states 

of the eC. As such, the percentages do not correspond directly to an absolute number of 

electrons. Evidently, approximately half of the 2PA generated electrons originating from 

the eC layer will be emitted from the sample. Given that an m = 2 absorption process has 

a higher probability of occurring than an m = 3 absorption process, it can be concluded 

that the m = 2 accelerated electrons dominate the observed current, as exhibited by the 

lowering of the emission order to m = 2.44. Exemplary trajectories of the m = 2 electrons 

generated in the eC and passing through the Au layer to the vacuum are depicted in Fig. 

4.25(b). 

4.4. Ultrafast High Current Plasmon Driven Secondary Electron Sources 

Based on the promising results of the eC/Au bilayer, it became obvious that 

introducing electrons through a method other than SP electron generation could be used 

to realize high current electron sources. This section explores the use of ultrafast 

plasmonic fields to gate continuous electron beams. By gating continuous electron beams 

it is envisioned that high current, ultrafast electron pulses can be generated without 

having to operate at high laser intensities. While the idea has been proposed in the past by 

our group [38], no experimental work has been done towards understanding the 

interaction of a free electron beam with a plasmonic field, especially in the presence of a 
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metallic film. Before an electron source can be built around this concept it is of utmost 

importance to fully understand this interaction between free electrons and the surface 

plasmon field. The following sections of this chapter explore this interaction as well as 

the interactions of a free electron beam passing above a metallic surface. The subsequent 

section details the experimental results that demonstrate the generation of a high current 

secondary electron based electron source. 

4.4.1. Experimental Setup 

Multiple experimental configurations were used to collect the data presented 

within this section. The main configuration is depicted schematically in Fig. 4.26(a) with 

the corresponding photograph in Fig. 4.26(b). Surface plasmons are excited on a 45 nm 

Au film in the Kretschmann geometry by laser pulses from the Ti:Sapphire CPA. The 

laser pulses have a pulse duration of 50 fs, a central wavelength of 780 nm, and arrive at 

a repetition rate of 1 KHz. The continuous electron beam is passed parallel to the Au 

film, along the same direction as the propagating SP wave. The electron beam current is 

measured in-situ by a Faraday cup (FC2) placed away from the prism. Experiment 

electrons are detected by a separate Faraday cup (FC1) that is placed on the angular 

translation stage so that the angular distribution of the electrons can be measured. Due to 

the placement and proximity of the electron gun to the prism, only angles between 0° and 

90° can be measured. In order to only observe electrons that have interacted with the 

plasmonic field, the output of FC1 is connected through a low-noise current amplifier to a 

lock-in amplifier that takes its reference from an optical chopper placed in the laser beam 

path. To ensure the largest possible region of interaction, the laser spot size on the Au 

film has a 4 mm diameter.  
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Figure 4.26. (a) Schematic depiction and (b) photograph of experimental setup. Surface 

plasmons are excited on a 45 nm Au film deposited on a fused-silica prism. A 300 eV 

continuous electron beam propagates parallel to the Au film. FC1 is a Faraday cup with 

5° acceptance angle mounted on an angular translation stage. FC2 is a Faraday cup for 

monitoring the continuous electron beam current. 



Chapter 4 – Experimental High Current Electron Sources 143 

 

The first important experimental consideration to be made was the use of a 

Faraday cup detector instead of the standard channeltron electron multiplier for detection 

of the electrons. Although the channeltron provides high electron gain, it also introduces 

a source of high voltage (>2 kV) in to the vacuum chamber. It was determined that even 

with electrical shielding, the introduction of the high voltage was enough to act on the 

electrons from the continuous electron beam and alter the trajectory of the electrons. For 

this reason, a Faraday cup (FC1) was used. To increase the angular resolution of FC1, an 

insulating glass slit was placed in front of FC1 to limit the acceptance angle to 5°, as 

shown in Fig. 4.10(c). 

4.4.2. Beaming of Continuous Electron Beams 

The first measurements were designed to study the angular distribution of 

electrons as a function of electron beam current, Ibeam, at a primary electron energy of 300 

eV. This energy was selected due to it being the experimentally determined peak for 

secondary electron yield from Au films [59]. Here, the incident laser intensity is fixed at 

25 GW/cm2
 as this is the maximum achievable intensity from the CPA while maintaining 

a large, 4 mm spot size, that is below the damage threshold of the Au film. Figure 4.27 

depicts the measured angular distribution. When the electron gun is off, the electron 

emission peaks in a direction perpendicular to the Au film and has a half-width-at-half-

maximum (HWHM) of ~17.5°. The peak emission current is 5.3pA at 90° with a total 

emission current of 37.2pA. Since the electron gun is off, these electrons can only be 

originating from the Au film and the laser field, exactly the same as a standard plasmonic 

emission experiments [6,19]. Once the electron gun is turned on, and even at a low Ibeam 

of 5 nA, the situation is markedly different.  
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Figure 4.27. Angular distribution of measured electrons for Electron gun off, and Ibeam of 

5 nA, 50 nA, and 500 nA. 

The first noticeable difference with the presence of the continuous electron beam 

is the significant increase in total collected current. At Ibeam = 5 nA, the total collected 

current is 248 pA, a 6.7× increase compared to when the electron gun is off. Increasing 

Ibeam to 50 and 500 nA results in total currents of 304 pA and 364 pA, respectively. In 

addition to the increase in collected current, there is a distinct beaming of the electrons to 

approximately 30° away from the Au film. At Ibeam = 5 nA, the current peaks to 22.2 pA 

at 25°. At Ibeam = 50 nA the peak shifts to 30° with 27 pA of measured current and 35° at 

25.6 pA for Ibeam = 500 nA.  

There are a few possible explanations for the observed increase in collected 

current. At first glance, one might be inclined to think that when the electron gun is on, 

the detector is merely picking up electrons directly from the continuous electron beam. 

However, this cannot be the case since the measurement is done using phase sensitive 
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detection with a lock-in amplifier and only those electrons that have interacted with either 

the laser or plasmonic field will be detected. Further, only the change in current when the 

laser beam is incident compared to when the laser beam is blocked is measured at a given 

angular position due to the physical chopping. Meaning that if an electron from the 300 

eV electron beam is not deflected away from or onto the detector when the laser pulse is 

present, it will not be registered. This is evidenced by the lack of a peak in the measured 

current at 0°.  

The next possibility to look at is how the presence of the 300 eV electron beam 

may be affecting the SP wave and thus the SP generated electrons. When the electron 

beam passes above the Au film, it will induce positive image charges in the metal, as 

depicted in Fig. 4.28. However, the presence of the positive image charges will attract the 

escaping electrons, which would in-turn reduce the total emitted current, not provide an 

up to ten-fold increase as measured. These image charges will also set up a static electric 

field within the Au film. To calculate the strength of this field, the electron beam can be 

approximated as a line charge with a charge per unit length given by: 

 beam

electron

Q I

L v
=   (4.4) 

Where Q/L is the charge per unit length, and velectron is the electron beam velocity (1×107 

m/s at 300 eV). The electric field directly beneath the electron beam can then be 

calculated as a line charge above a conducting surface: 

 
0

/
induced

Q
E

L

rπε
=   (4.5) 
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Where Einduced is the electric field induced by the electron beam, and r is the distance 

between the Au film and the electron beam. At Ibeam = 500 nA and assuming that the 

electrons are passing 1 nm above the Au film, the induced electric field strength is 

calculated to be ~106 V/m compared to the ~108 V/m of the SP electric field. As such, 

this field is much lower than the SP electric field and therefore the induced field will play 

a negligible role in the emission of electrons from the Au film.  

 

Figure 4.28. Induced charges and electric field lines from an electron beam passing 

above the Au film. The + and – indicate positive and negative charges, respectively. 

The final and most likely scenario is that the 300 eV electron beam is not 

travelling completely parallel to the Au film, (i.e. it has some angular spread), and 

therefore some of the electrons will collide with the film. The spread of the beam was 

determined by angularly sweeping FC1 and measuring the detected beam current with an 

electrometer (Keithley 619). Note that the prism was still left in place for these 

measurements. Figure 4.29 depicts the normalized angular distribution for Ibeam = 5 nA, 

50 nA, and 500 nA. Notably, within the sensitivity of the detection setup, the angular 

distribution does not change for changing Ibeam and maintains an approximately 5° spread. 

This spread indicates that a portion of the 300 eV electron beam is colliding with the Au 

film. When an energetic electron collides with a material, it may produce secondary 
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electrons (SE). Secondary electrons and their generation process are described in detail in 

Section 2.5. Briefly, secondary electrons are electrons that are freed from a material 

during a collision with a primary electron beam and, by definition, possess kinetic 

energies below 50 eV [55], and their angular distribution is a cosine distribution centered 

perpendicular to the material. Of importance for our situation is the secondary electron 

yield, or the fact that for a single primary electron it is possible to generate multiple 

secondary electrons through an avalanche process. For a 300 eV electron striking a Au 

film, the secondary electron yield is 1.14 [59]. Therefore, it is possible that our 300 eV 

electron beam is colliding with the Au film and generating secondary electrons that 

subsequently interact with the plasmonic field and are collected in the total current 

measurement.  

To ascertain where the increased current is coming from, it is beneficial to 

measure the total collected current as a function of incident laser intensity. As in previous 

experiments presented in this thesis, this will indicate the order of the emission process, 

i.e. multi-photon absorption, single-photon absorption, or tunnel ionization. Figure 4.30 

depicts the total measured current as a function of incident laser intensity with the 

electron gun off and at Ibeam = 5, 50, and 500 nA. When the electron gun is off, we 

observe a nonlinear emission order of 4.23 (Fig. 4.30(a)). This is the standard multi-

photon absorption of 1.55 eV (λ = 800 nm) photons in an Au film having a work function 

of 5.2 eV. This confirms that we are operating strictly in the multi-photon regime for 

electron generation. Notably, once the electron gun is turned on and at each value of Ibeam 

employed, the total current scales linearly with the incident intensity, Fig. 4.30(b)-(d). 
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The slope and intercept change between the three cases simply due to the increase in total 

measured current as Ibeam increases. Notably, the ratio between the slopes is the same, i.e.: 

 50 nA 500 nA

5 nA 50 nA

slope slope
1.17

slope slope
= =    (4.6) 

 

Figure 4.29. Continuous electron beam spread for Ibeam = 5 nA (black square), 50 nA (red 

circle), and 500 nA (blue triangle) indicating a constant 5° spread in the 300 eV electron 

beam. 
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Figure 4.30. Total measured current as a function of incident laser intensity for (a) 

Electron gun off, and Ibeam = (b) 5 nA, (c) 50 nA, and (d) 500 nA. 
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4.4.3. Explanations for Linear Power Scaling 

There are multiple explanations for the observed linear power scaling. The first of 

which has to do with the ponderomotive force of the plasmonic field. Typically, the 

ponderomotive force is exploited for acceleration of the generated electrons and has been 

used in the past to achieve high kinetic energies up to 2 keV [6]. However, in this 

situation, the ponderomotive force will also act in the opposite direction, i.e. towards the 

metal film, “pulling” electrons into collisions with the Au film. For low energy electrons 

such as the SP generated electrons, this will negligibly affect the total measured current 

because their energy is low enough (<30 eV) that the secondary electron yield is low 

(~0.3) and not many electrons will be generated. Full characterization of the measured 

electron kinetic energy is presented in section 4.4.6. Also, this phenomenon would be 

observed even with the electron gun off. On the contrary, for high energy electrons like 

the 300 eV electrons in our electron beam, their secondary electron yield is quite high 

(~1.14) and may produce secondary electrons that contribute to the total measured 

current. As the ponderomotive force scales linearly with laser intensity (equation (2.58)), 

it is expected that this ponderomotive “pulling” would result in a linear behaviour of the 

total measured current as a function of incident laser intensity.  

 To test this theory, particle tracking simulations were conducted. The SP fields 

are calculated via FDTD, assuming a 45 nm Au film and a 50 fs, λ = 800 nm laser pulse. 

Due to simulation constraints, the spot size is assumed to have a 5 µm diameter FWHM. 

Calculated SP electric fields are depicted in Fig. 4.31(a). A primary beam of 300 eV 

electrons is directed parallel to the direction of propagation of the SP wave and interacts 

with the SP fields. The primary electrons are placed between 0 and 50 nm above the film 
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and released at random times to simulate a continuous incoherent electron beam. The 

total number of electrons colliding with the Au film is recorded at different values of 

incident laser intensity spanning the experimental intensity range of 5-25 GW/cm2. 

Figure 4.31(b) depicts exemplary trajectories of those electrons that have collided with 

the Au film. Note that the color does not represent anything and is simply to differentiate 

each individual trajectory. For the simulation it assumed that there is a 25× electric field 

enhancement and at each intensity 5000 test electrons are used such that the entire 

interaction process is sampled. The number of electrons that collide with the Au film as a 

function of incident laser intensity is depicted in Fig. 4.32. Clearly, this does not follow a 

linear trend as would be expected by the ponderomotive force equation. This is due to the 

fact that the interaction is not a purely ponderomotive process, similar to sub-cycle 

acceleration of the nanoplasmonic electron gun in discussed in section 3.4.1. 
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Figure 4.31. (a) SP electric field profile calculated from FDTD. (b) Exemplary electron 

trajectories of electron beam electrons that collide with the Au film. The color of the 

electron trajectories does not indicate anything, it is merely added to distinguish each 

individual trajectory. 

 

Figure 4.32. Calculated number of primary beam electrons colliding with the Au film as 

a function of incident laser intensity. 
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 The other possible explanation for the linear power scaling is that of single-

photon absorption. Just as with the eC/Au bilayer in the previous section, it is possible 

that the Au-vacuum potential barrier can be lowered such that electrons can be freed by a 

single photon. However, when the electron gun is off (and based on the wavelength of the 

laser used and WF of Au), the measured current scales with the 4th power of the incident 

laser intensity indicating that the emission process is strictly in the multi-photon regime. 

As such, it is pertinent to examine the situation when the external electron beam is 

present. As previously mentioned, the 300 eV electron beam will induce some electric 

fields in the Au film with an electric field strength of ~106 V/m. Using equation (4.2), 

this field strength would only lower the barrier by 0.04 eV, which is negligible compared 

to the incident photon energy. As such, this cannot be responsible for the observed linear 

power scaling. 

 This leads to the final scenario, where internal secondary electrons are being 

excited by an incident laser photon and being freed from the Au film. When secondary 

electrons are generated within a material, they will have a spread in their kinetic energies 

depending on the number and type of collisions they undergo as they transit to the 

material surface. The kinetic energy spectrum of these “internal secondary electrons” can 

be calculated using the treatment from [81]. The internal secondary electron distribution 

is given by: 
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Where Ei is the internal secondary electron energy in the material, Ep is the primary 

(incident) electron energy, ℏ  is the reduced Planck’s constant, kp is the wavenumber of 

the primary electron, kF is the Fermi wavenumber, and 0 / FE Eµ = . Here, ,( )N sµ  is 

given by: 
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and ϵ takes the form of the Lindhard dielectric function [45,46]: 
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Here k and ω are replaced by the dimensionless variables / 2
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Where vF is the Fermi velocity. The wavenumber integration limits are given by:  
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 1/2 1/2

1,2 ( ) 2 [ ( ) ] /ek m E Eω ω= −∓ ℏ ℏ   (4.13) 

Solving equation (4.7) numerically for rs = 3 (for an Au film), the resulting kinetic energy 

spectrum of the internal secondary electrons is depicted in Fig. 4.33. Note that the energy 

here is referenced to the Fermi energy as the electrons are still residing within the 

material itself. Remarkably, 27% of the electrons below the WF (5.2 eV for the Au film) 

have energies only a single photon energy (hν = 1.55 eV) below WF. When the electron 

gun is turned on and the primary electrons are exciting SE in the Au film; it is expected 

that these generated internal secondary electrons can be freed by absorbing a single 

incident photon and contribute to the total collected current. Since, this is a single-photon 

process, the total number of freed electrons will scale linearly with the incident intensity 

and thus explains the observed linear behaviour. 

 

Figure 4.33. Internal secondary electron energy spectrum. Note that the energy presented 

here is referenced to the Fermi energy. The shaded region indicates the population of 

electrons having energy between WF-hν and WF. 
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4.4.4. Explanation of Angular Beaming 

With the linear scaling behaviour explained by single-photon absorption of 

internal secondary electrons, attention must be paid to explain the origin of the ~30° 

beaming that is observed in the angular distribution. Again, there are multiple 

possibilities for the beaming that will be explored in this section. 

 The first, and possibly most naive explanation is that the SP fields are simply 

deflecting the 300 eV electrons from the primary beam. To determine if this deflection is 

happening, particle tracking simulations were performed assuming a 300 eV electron 

beam is passing ~15 nm above the Au film. Exemplary trajectories along with the 

corresponding angular distributions are shown in Fig. 4.34 for three peak SP electric field 

strengths. At the experimental intensity of 25 GW/cm2, the peak electric field is 0.4 

V/nm. Assuming a modest 25× electric field enhancement, the 300 eV electrons 

trajectories are unaltered as shown in Fig. 4.34(a). Increasing the enhancement to 90× (35 

V/nm), the electrons exhibit some deflection between 5-10°. To reproduce the 

experimentally measured 25° deflection requires an unrealistic 175× enhancement. To 

further verify that the 300 eV electrons are not being deflected by the SP field another 

experiment was carried out. This experiment examined the angular distribution of the 300 

eV electrons. To do so, a retarding potential grid with an applied voltage of -295 V was 

added in front of FC1, along with a grounded grid in front to shield the primary 300 eV 

electrons from the retarding potential. This is depicted schematically in Fig. 4.35. It was 

determined via finite element simulations that the introduction of this potential grid does 

not affect the primary electrons within the experimental region in front of the prism. Full 

simulation results are discussed in Appendix E. The retarding potential grid acts as a high 
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pass filter, meaning only electrons with kinetic energies above 295 eV would make it to 

the detector. Figure 4.36 depicts the collected signal as a function of angle for the 

electron gun being off and an Ibeam of 5 nA. Within the error of each angular 

measurement, there are no 300 eV electrons present. Again, it is important to note that by 

using the lock-in amplifier, only electrons that have interacted with the SP field will be 

detected. Also note that the experiment was carried out at Ibeam of 50 and 500 nA which 

produced the same lack of 300 eV electrons. They are not included in Fig. 4.36 for 

clarity. 
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Figure 4.34. Exemplary trajectories of simulated deflected 300 eV electrons and their 

corresponding angular distributions for ESP = (a) 10V/nm, (b) 35 V/nm, and (c) 70 V/nm. 
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Figure 4.35. Dual grid retarding potential setup for measuring deflected 300 eV 

electrons. 

 

 

Figure 4.36. Measured angular distribution of filtered electrons indicating the absence of 

deflected 300 eV electrons. The error bars represent the standard deviation of the signal 

measured on the lock-in amplifier. 
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 Once it was confirmed that the angular beaming was not originating from simple 

electron deflection, attention was paid to the generation process of the electrons 

themselves, both the secondary electrons and the SP generated electrons. It is well known 

that when an electron beam passes above a metallic surface it can excite a SP wave [82]. 

In order to excite the SP, there must be phase-matching between the SP and the 

propagating electron beam. The phase-matching condition can be determined by 

matching the dispersion curves of surface plasmons in Au and the electron beam. Figure 

4.37 depicts the dispersion curve for Au (using permittivity data from [50]), and an 

electron beam with 300 eV kinetic energy. The dispersion relation for an electron beam 

is: 

 
2 /

electron

p e
E m

k
ω

=   (4.14) 

From Fig. 4.37, it is determined that at the low-energy that we are using (300 eV), and for 

a lossy metal (Au), the dispersion curves of the SP and the electron beam never cross. 

This indicates that the electron beam does not excite a surface plasmon on the Au film. 

The minimum energy required to excite such a surface plasmon is 15 keV. This result 

guarantees that we are not exciting a so-called “electron-beam surface plasmon” and thus 

this cannot be affecting the angular distribution of our electrons. 
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Figure 4.37. Plasmon dispersion curve for a lossy Au film and 300 eV electron beam. 

Note that the 300 eV electron line does not cross the Au curve indicating no excitation of 

surface plasmons. 

 The third possibility is that the low incidence angle of the primary electron beam 

is causing the secondary electrons to not follow their standard cosine distribution. A 

software program called CASINO [83,84] was used to perform Monte Carlo simulations 

of the secondary electron angular distribution for various grazing incidence angles. 

Figure 4.38 depicts the angular distribution for θbeam of 1°, 2°, 10°, and 90° to confirm the 

validity of the Monte Carlo simulation when compared to the standard cosine 

distribution. For grazing incidence (1° up to 10°), the angular distribution does shift 

slightly towards the direction of electron beam propagation. However, there is no peak at 
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30° as is observed in the experimental distribution. As such, it can be concluded that the 

incidence angle of our electron beam is not responsible for the angular beaming. 

 

Figure 4.38. Monte Carlo calculated angular distribution for various incident primary 

electron beam angles. 

 The final possibility and most likely scenario for the forward scattering of the 

secondary electrons is scattering from the primary electron beam. The SE will be ejected 

from the Au film with a cosine distribution and kinetic energies < 50 eV. Simultaneously, 

the 300 eV primary electrons will be passing through this cloud of SE. A portion of the 

SE will scatter from the primary electrons and become directed along the direction of 

propagation. From the calculated SE energy distribution (Fig. 2.10), 51% of the SE will 

have energies less than 5 eV. As such, only scattered SE with < 5 eV are considered for 

particle tracking simulations. 

4.4.5. Modelling of Plasmon Based High Current Secondary Electron Source 

Particle tracking simulations were performed to verify the experimental results. 

For these particle tracking simulations, secondary electrons were introduced and allowed 
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to interact with the SP fields. The electrons were given initial kinetic energies 

corresponding to the SE energy spectrum of Fig. 2.10 and spatially directed in a cosine 

angular distribution. Figure 4.39 depicts the angular distribution of the electrons once 

they have interacted with the SP field for varying SP field strengths. Note that there is 

little change in the distribution as ESP changes, and more importantly, there is no beaming 

of the SE electrons for Esp < 10 V/nm. It was determined through simulations that in 

order to achieve electron beaming to 25° requires approximately 35% of the SE electrons 

with energies below 5 eV to be directed parallel to the direction of SP propagation. 

Taking this assumption into account, the angular beaming can be reproduced at a peak 

electric field strength of 17 V/nm (~42× peak electric field enhancement) as depicted in 

Fig. 4.40. Notably, my model is able to reproduce both the 25° beaming and the increased 

background of secondary electrons that are observed experimentally. It is also important 

to note here that the background cosine-like distribution will still be detected even while 

using the lock-in amplifier due to the single-photon absorption that is responsible for the 

linear power scaling discussed previously. Clearly, when secondary electrons are excited 

in the presence of a SP wave, their yield will be increased by absorbing a single photon 

and being freed from the metal. Subsequently, these SE will be preferentially scattered 

forward along the direction of propagation of the PE and SP wave where they will be 

accelerated by the SP field and beamed to 25° from the surface. 
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Figure 4.39. Angular distribution of secondary electrons after interacting with various 

ESP field strengths. 

 

Figure 4.40. Simulated angular distribution assuming that 35% of SE are directed 

parallel to the direction of propagation. 
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4.4.6. Kinetic Energy of Surface Plasmon Driven Electrons 

The kinetic energy of the collected electrons was also measured using a retarding 

potential grid setup. FC1 was positioned perpendicular to the Au film with the small 

aperture removed to provide an acceptance angle of ~90°. Care had to be taken such that 

the voltage of the retarding potential grid did not affect the electrons from the electron 

gun as that would alter the outcome of the experiment. To shield the electrons from the 

stray voltage, a grid was placed in front of the retarding potential grid and connected to 

ground. The setup is depicted schematically in Fig. 4.41(a) with corresponding 

photograph in Fig. 4.41(b). A full analysis of the affect of the retarding potential on the 

300eV electrons is presented in Appendix E. As the retarding potential setup acts as a 

high-pass filter for electrons, the measured signal must be differentiated to produce the 

final kinetic energy spectrum. To get our spectrum, a polynomial was fit to the raw data 

and then differentiated to produce the final spectra presented in Fig. 4.42. Remarkably, 

when the electron gun is on, the kinetic energy spectra are quite similar, exhibiting a peak 

at 0 eV with a majority, ~60%, of their electrons below 10 eV, and a distinct hump 

around 20 eV. This is to be expected as the single-photon absorption of secondary 

electrons will produce a large population of low energy, <1.55 eV, electrons that can be 

subsequently accelerated within the SP field. There will also be electrons that are 

accelerated to higher kinetic energies depending on the phase of the SP field they are 

born into. Since the kinetic energy gain is independent of the number of electrons being 

excited it is expected that the shape of the kinetic energy spectrum does not change with 

Ibeam. Only the peak current measured will shift with Ibeam. 
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Figure 4.41. (a) Schematic and (b) photograph depiction of double grid retarding 

potential setup for kinetic energy measurement. 
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Figure 4.42. Measured kinetic energy spectra for electron gun off and at Ibeam = 5, 50, 

and 500 nA. Note that the red Electron gun off curve has been scaled by 5×. 

4.5. Summary 

The results of this chapter demonstrate multiple methods for increasing the 

electron current of typical SP based electron sources. Introducing a layer of eCarbon 

beneath a layer of Au acts as a reservoir of electrons, reducing the nonlinear electron 

emission order. The eC layer was also shown to not disturb the plasmonic performance of 

the eC/Au bilayer thus making this a promising candidate for the next generation of 

ultrafast SP based electron sources driven at low laser intensities. The second half of this 

chapter investigates the interaction of free electrons with strong plasmonic fields. While 

this has been greatly studied for SP generated electrons, there had been no previous 

systematic study of externally injected electrons such as the primary 300 eV or even the 

SE that are present in this experiment. It was demonstrated that the yield of these SE can 
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be greatly increased through single photon absorption of the incident laser, resulting in a 

10× increase in SP driven electron current. As such, it is envisioned that this can provide 

a platform for the next generation of truly high current SP driven electron sources. 



Chapter 5 – Solid-State Ponderomotive Devices 169 

 

Chapter 5 

 

Solid-State Ponderomotive Devices 

 

5.1. Introduction 

 Based on the knowledge gained from the previous chapters on the interaction of 

electrons with plasmonic fields in a vacuum environment, it was determined that a similar 

principle could be applied in solid-state devices. This chapter explores the integration of 

ponderomotive electron acceleration into Si-based devices. The first section details the 

design and simulation of a nanoplasmonic triode that can be monolithically integrated 

with current nanoelectronics to bridge the gap between optical and electrical signals. The 

design of a compact, solid-state CEP detector is detailed in the final section of this 

chapter. 

5.2. Ultrafast Si-based Nanoplasmonic Triode6 

As the push for increased computation speed and bandwidth continues, the limit 

achievable with traditional nanoelectronic circuits looms closer. In the short term, the 

move to photonic integrated circuits (PICs) has been heralded as the next step for 

information processing. PICs typically fall into the category of silicon photonics such that 

they can leverage the already mature complementary-metal-oxide-semiconductor 

(CMOS) fabrication technologies of modern nanoelectronics [85,86]. While PICs 

represent a significant increase in maximum theoretical speed by operating at optical 

                                                 
6 A version of this section is published as S.R. Greig and A.Y. Elezzabi, "An Ultrafast Silicon 

Nanoplasmonic Ballistic Triode," Appl. Phys. Lett. 105, 241115 (2014). 
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frequencies in the hundreds of THz, they do so at the cost of increased device footprints. 

Owing to the fact that light cannot be squeezed below the diffraction limit, the typical 

dimensions of these devices are on the order of hundreds of nanometers compared to the 

tens of nanometers and below of current and next-gen nanoelectronics [87,88]. In 

addition, trying to further shrink these dimensions results in the optical modes of the 

photonic waveguides not being tightly confined to the core and thus introducing a greater 

risk of cross talk between waveguides [89]. This leads to an overall decrease in 

integration density. It is for these reasons that nanoplasmonic circuits are being explored 

as the next step in optical computing. 

 Nanoplasmonic circuits afford all the benefits of photonic circuits, namely 

increased speed and bandwidth, while operating with dimensions below the diffraction 

limit of the operating lightwave [90]. As such, waveguide widths can be reduced 3-4 

times [89]. The SP also allows for tighter confinement leading to increased integration 

density and easier access to nonlinear optical effects for active devices [91]. They are not 

without their drawbacks though. The requisite metal layers in plasmonic waveguides 

introduce loss in the circuits that leads to significantly shorter propagation lengths (100 

μm vs. 9 cm) [92]. Thus, nanoplasmonic circuits are not ideal for long range on-chip 

signal routing. Furthermore, the best plasmonic metals are the noble metals (Ag and Au) 

which are not CMOS compatible and require different fabrication techniques compared 

to current nanoelectronics. However, by careful selection of materials and design, 

nanoplasmonic devices can be made to be fully CMOS compatible without a reduction in 

performance. 
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The major building block in electronics is the three-terminal transistor which 

permits switching or amplification of electrical signals. The principle of operation is the 

control of a current via the application of voltage. The first class of devices exhibiting 

this behavior and that marked the launch of the modern electronics era are vacuum tubes 

in a triode configuration [93]. Vacuum tube triodes utilize an evacuated glass tube with 

an electron source (cathode), an electron collector plate (anode), and a control grid [94]. 

An example of a vacuum tube triode is shown in Fig. 5.1(a). Figure 5.1(b) depicts a 

cartoon representation of the vacuum tube triode operation. By thermionic emission of 

electrons from the cathode and subsequent acceleration in the cathode-anode electric 

field, current is realized at the anode. To control this current, a negative voltage is applied 

to the grid which creates an energy barrier. Electrons with energies below the barrier 

height are rejected, reducing the overall collected current. Vacuum tube triodes still find 

niche applications in high current modulation and high-power circuits, where they offer 

far superior performance and reliability compared to semiconductor transistors. 
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Figure 5.1. (a) Dual triode 12AX7 vacuum tube. (b) Cartoon depiction of vacuum tube 

triode operation. 

The vacuum tube has largely been displaced by the metal-oxide-semiconductor 

field-effect transistor (MOSFET) due to its high operating speed, ease of fabrication, and 

large scale integration capability in a silicon based CMOS platform [95]. As such, there 

has been an ongoing push to create increasingly smaller and faster MOSFETs. An 

attempt has also been made to create a compact CMOS compatible vacuum tube 

transistor [96]. As previously mentioned, there exists a limit for the compactness and 

operational speed of CMOS circuitry. As such, nanoplasmonic devices are being 

explored to reach higher operating speeds while maintaining nanoscale device footprints 

and high integration densities [97,98]. To reach the ultimate goal of monolithic 

integration of nanoelectronics and nanoplasmonics, these structures must be made CMOS 

compatible. 
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This section presents a detailed investigation of an ultrafast CMOS compatible Si 

nanoplasmonic based triode device. The combination of high nanoscale optical field 

confinement, local nanoplasmonic field enhancement, and the extreme spatial gradient of 

the electric field act to produce an effective ponderomotive potential that accelerates and 

dictates the motion of electrons in a Si waveguide core. Through control of a voltage 

barrier, the nanoplasmonic field-driven current of the device can be modulated, allowing 

for precise control of the output current behavior, similar to that of a vacuum tube triode. 

5.2.1. Nanoplasmonic Triode Device Structure 

The design of the silicon plasmonic triode is based on nanoplasmonic waveguides 

that have been previously fabricated [73], but with materials chosen to maintain 

compatibility with CMOS fabrication. Copper is chosen for the metallic cladding due to 

its widespread use in modern CMOS processes and the fact that it can still support the 

required surface plasmon wave. Utilizing Si for the core allows for nonlinear 

photogeneration of the electrons due to two photon absorption via Si’s high χ(3) nonlinear 

coefficient. Tungsten is chosen for the grid metal for two reasons: firstly, it is widely 

used in CMOS nanoelectronics, and secondly, due to its high optical losses at λ = 1.55 

µm, it does not interfere with the plasmonic mode. As such, the high spatial asymmetry, 

enhancement, and confinement of the nanoplasmonic field remain unaffected by the W 

grid. A 3D schematic depicting the device is shown in Fig. 5.2. The nanoplasmonic triode 

has a width of w = 200 nm and a length of L = 350 nm, defining a compact footprint of 

0.07 µm2. The upper Cu has a thickness of h1 = 60 nm, the Si core has a thickness of h2 = 

30 nm (~ mean-free-path for electron in Si [73]) and the bottom Cu has a thickness of h3 

= 100 nm. The grid consists of wg = 4 nm × hg = 3 nm lines spaced sg = 4 nm apart 
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arrayed throughout the waveguide in both the x and z directions. The W grid is embedded 

in the Si core 10 nm above the lower Cu. Due to the complex structure of the 

nanoplasmonic triode, polycrystalline Si is used as the waveguide core material. 

 

 

Figure 5.2. 3D schematic of silicon nanoplasmonic triode with dimensions h1 = 60 nm, 

h2 = 30 nm, h3 = 100 nm, wg = 4 nm, hg = 3 nm, sg = 4 nm, of w = 200 nm, L = 350 nm. 

5.2.2. Simulation and Operating Principle of the Nanoplasmonic Triode 

FDTD simulations were used to calculate the electromagnetic fields within the 

nanoplasmonic triode using material data from Palik [51], and Johnson and Christy [99]. 

Operating at the telecommunications wavelength of λ = 1.55 µm, an 84 fs laser pulse is 

used to excite a surface plasmon at the upper Cu-Si interface. A depiction of the mode in 
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the waveguide is represented in Fig. 5.3. The mode is highly confined to the center of the 

Si core and possesses a high field gradient decaying from the upper Cu towards the W 

grid, a necessary criterion for the ponderomotive force.  

 

Figure 5.3. Electric field intensity distribution in the xy-plane at λ = 1.55 µm, excited by 

an 84 fs pulse. 

The surface plasmon at the upper Cu-Si interface creates a highly spatially 

inhomogeneous oscillating electric field profile with electric field strength ESP. Electrons 

are generated in the Si core via two-photon absorption of this field. As each photon in this 

process possesses 0.8 eV of energy and the bandgap of Si is 1.1 eV, the 2PA generated 

electron possesses an excess kinetic energy of 0.5 eV (2hν –Eg) with velocity, v
�

 , directed 

in a random direction. The electron is then free to interact with the ESP field. This nonlinear 

interaction between the electron and the ESP field allows for ponderomotive acceleration 

of the electron to higher kinetic energies. In the model, approximately 105 representative 

electrons are generated at random spatial and temporal positions within the Si. Each 

electron is weighted proportionate to the 2

SP
I  at its temporal and spatial generation position 
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and subsequently tracked through its interaction with the ESP field. If an electron collides 

with any surface it is no longer considered in the simulation. Since the extent of the Si 

region is approximately the mean free path of a free electron in Si, the transport of the 

electrons is calculated via the equation of motion in a ballistic regime [73]. Throughout the 

model, the electron effective mass in Si is taken to be * 310.26 2.37 10  kg
e e

m m
−= = ×  [100], 

and the two-photon coefficient is taken to be 0.68 cm/GW [101]. 

The operating principle of the nanoplasmonic triode can be explained through the 

inhomogeneity of the rapidly oscillating electric field and the ponderomotive force. Here, 

an ultrafast optical pulse is coupled directly onto the upper Cu-Si interface. The combined 

upper Cu and adjacent Si layer act like a cathode in a typical triode as the Cu layer confines 

the ESP in the Si layer where free electrons are photogenerated through 2PA. As such, the 

electron source density is proportional to 2

SP
I . The ESP field then accelerates and decelerates 

the electron during its positive and negative half-cycles, respectively, setting up a quasi-

DC force directed downwards toward the bottom electrode. The cyclic effect of the 

ponderomotive potential on the electrons’ trajectories is illustrated in Fig. 5.4 where 

electrons having more oscillations in their trajectory indicate greater interaction with the 

ponderomotive potential. This ponderomotive force from the nanoplasmonic field plays a 

similar role to a cathode-anode electric field in a typical vacuum tube triode, providing 

directional net electron flow (i.e. current). By applying a voltage between the W grid and 

the upper Cu, an effective electron energy barrier is created, analogous to the grid of a 

vacuum triode. By modulating the height of this barrier (i.e. varying the applied voltage), 

the number of electrons passing through it and thus the current can be controlled. This 

general operating principle of the nanoplasmonic triode can be applied to other 
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semiconducting materials or other operating wavelengths as long as the electron generation 

mechanism is a non-linear process and a plasmonic mode can be supported within the 

structure. Operation at λ = 1.55 µm in a Si waveguide is ideal as it affords a non-linear 

electron generation process (2PA), as well as compatibility with modern optoelectronic 

systems and fabrication technologies. 

 

Figure 5.4. Exemplary trajectories of 29 electrons interacting with a ponderomotive 

potential, a green dot represents the start of the electron’s trajectory. 

Each generated electron will experience acceleration (deceleration) based on its 

interaction with the ESP field, resulting in a gain (loss) of kinetic energy. The change in 

kinetic energy is dependent on the electric field profile the electron experiences as it 

traverses the waveguide and therefore depends on its spatial and temporal generation point. 

This allows for a broad distribution of kinetic energies as the electrons reach the W grid. It 

should be noted that the electron kinetic energies are calculated as *

2

21
k e

E m v= . Notably, 

some electrons will be accelerated to energies higher than their initial 0.5 eV, while others 

may be decelerated to <0.5 eV. The electrons that reach the W grid will either be allowed 
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through or rejected depending on their acquired kinetic energy and the voltage applied 

between the W grid and upper Cu. The energy-dependent electron transmission through 

the grid was calculated using finite element simulations for DC grid voltages, Vg, between 

0 and -1 V. At each Vg, an effective energy barrier, ϕg = qVg, will be created at the grid 

opening, thus controlling which electrons will pass through. If the electron possesses 

kinetic energy greater than ϕg, it will continue past the grid to the bottom Cu electrode and 

contribute to the final output current of the device. 

5.2.3. Nanoplasmonic Triode Performance 

The kinetic energy spectra of the electrons at the bottom Cu anode, with zero 

voltage applied to the grid, for various values of ESP are depicted in Fig. 5.5. The electron 

energy distribution is wide spread with a peak centred between 1 to 2 eV for ESP ranging 

from 1 V/nm to 3 V/nm. Each distribution also includes electrons separated from this main 

peak that were able to achieve higher kinetic energies through greater interaction with the 

ESP field. An ESP of 3 V/nm was able to accelerate the electrons to a maximum energy of 

18.78 eV over a distance of only 23 nm, while an ESP of 1 V/nm provides a maximum 

energy of 4.45 eV over the same distance. As each ESP yields a large electron energy 

distribution between 0 and 1 eV (e.g. 88% of total electrons for 1 V/nm and 23% for 3 

V/nm) a Vg of 0 to -1 V can be applied to limit the number of electrons passing through the 

grid. Fig. 5.5 also illustrates the increase in number of electrons generated and accelerated 

to higher energies as ESP increases. 
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Figure 5.5. Electron kinetic energy spectra for different ESP values at Vg = 0 calculated at 

the bottom Cu electrode. 

To fully describe the ultrafast nature of the nanoplasmonic triode the arrival times 

of the electrons at the bottom Cu electrode for various ESP need to be examined. Fig. 5.6 

shows the arrival times for three different ESP field strengths, 5×108 V/m, 1×109 V/m and 

1.5×109 V/m at Vg = 0 V. Each time response has a similar shape but as ESP increases, a 

double-peaked signature begins to arise. The first peak is dominated by the higher energy 

electrons of the increased ESP field. For an ESP field strength of 1.5×109 V/m, 67% of the 

electrons arrive within the first 75 fs and the rest arrive over the next 75 fs, demonstrating 

an effective current switching time of 150 fs. For an ESP of 5.0×108 V/m, only 61% of the 
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electrons arrive within the first 75 fs. The arrival time of electrons for higher field strengths 

is directly related to the higher energies acquired with higher field strengths as seen in Fig. 

5.5. Higher ESP leads to greater acceleration, thus higher velocities which in turn allows for 

faster operation.  

 

Figure 5.6. Electron arrival times at bottom Cu electrode for ESP field strengths of 

5.0×108 V/m, 1.0×109 V/m, and 1.5×109 V/m illustrating a current switching time of 150 

fs. 

When characterizing conventional three terminal devices the most important 

measure of performance is the current-voltage characteristic curves that demonstrate how 

the output current of a device responds to externally applied voltages. However, for the 

case of an optical device there is no applied voltage and thus it is more accurate to 
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examine the change in output current as a function of ESP field strength. Then, by varying 

ESP, the total number of photogenerated electrons can be controlled, as well as the 

distribution of kinetic energies of the electrons at the grid. When this is combined with a 

varying energy barrier at the grid, due to Vg, the output current characteristics can be 

precisely manipulated. 

Figure 5.7 depicts the nonlinear characteristic curves of the output current with 

respect to varying ESP at various Vg indicating a triode-like behaviour in a nanoplasmonic 

structure. Clearly, by increasing ESP, the current increases nonlinearly due to a greater 

number of electrons being generated via 2PA. As a more negative Vg is applied, the current 

decreases, thus allowing for both amplification and switching operations. Amplification 

can be achieved by superimposing an AC signal on Vg which will be amplified in the output 

current. Initial results showed that the device can operate at a high pulsed current output 

up to 628 mA/µm for an ESP of 1×109 V/m. From this it was determined that the operating 

point should be lowered to operate below an ESP field of 2.5×108 V/m and a Vg between 0 

and -0.75 V. Operation in this region allows for lower laser power, as well as voltage and 

current compatibility with modern MOSFETs [102]. At an ESP of 2.5×108 V/m, the 

nanoplasmonic triode device can achieve a maximum output current of 11.7 mA/µm. 

Decreasing Vg from 0 to -0.75 V the maximum output current drops to 0.2 mA/µm, 

indicating switching operation. 
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Figure 5.7. Characteristic output current curves of the Si nanoplasmonic triode. 

Descending curves represent decreasing current for increasing negative grid voltage, Vg. 

(a) High current operation with maximum output current of 628 mA/ µm for an ESP of 

1×109 V/m and Vg = 0. (b) Low current operation with maximum output current of 11.7 

mA/µm for ESP of 2.5×108 V/m and Vg = 0. 

5.3. Ultracompact Solid-State Detector for Ultrafast Metrology7 

Realizing that ponderomotive acceleration is sensitive to the CEP of few-cycle 

pulses (Chapter 3) and that ponderomotive acceleration can be applied to a Si-based 

nanoplasmonic platform, the idea for developing a solid-state CEP detector was born. 

When working with ultrashort laser pulses that are comprised of only a few cycles of the 

oscillating electric field, the CEP becomes important. The most widely used CEP 

detection method is the f-to-2f interferometric measurement, which measures the CEP 

offset between subsequent pulses within a mode-locked pulse train [103]. More recently, 

Wittmann et al [104] have developed a single shot method using photoionization of Xe 

gas to directly measure the CEP of a single laser pulse. Their device operates by using the 

                                                 
7 A version of this section is published in S. Sederberg, C.J. Firby, S.R. Greig, and A.Y. Elezzabi, 

"Integrated Nanoplasmonic Waveguides for Magnetic, Nonlinear, and Strong-Field Devices," 

Nanophotonics 6, (2017). 
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laser pulse to generate electrons within the Xe gas and then subsequently observing the 

difference in current between left and right electron detectors. Another highly sensitive 

and simple technique to measure the absolute CEP of pulses spanning the 

telecommunications to terahertz spectral regions is electro-optic sampling, whereby a 

high-frequency probe pulse is used to measure the temporal structure of a low-frequency 

waveform [105]. 

This section investigates a solid-state equivalent that utilizes a semiconductor for 

the electron generation medium. Figure 5.8(a) depicts a cartoon illustration of the device 

that consists of a 50 nm thick Au antenna embedded in the top layer of a Si substrate, 

with a 20 nm gap between the antenna point and the transmission line. The device 

operates on a similar principle to the nanoplasmonic triode previously discussed. 

Electrons are generated in the Si within the gap by 5 fs, λ = 800 nm laser pulses. These 

electrons are then subsequently accelerated towards either the left or the right electrode, 

due to the asymmetry of the electric field at the tip of the nanoantenna. Exemplary 

trajectories for two values of CEP, 
CEP

ϕ = 0 and π, are depicted in Fig. 5.9. As the 

interaction is highly dependent on the CEP of the driving laser pulse, a difference in 

current between the two electrodes is obtained for varying values of CEP. Figure 5.8(b) 

depicts this difference in output current as a function of CEP, indicating that the detected 

current follows the expected sinusoidal behavior. This device represents a compact 

method for direct measurement of the CEP of a laser pulse from low intensity oscillators. 
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Figure 5.8. (a) 3D schematic of silicon CEP detector with dimensions wgap = 20 nm, hAu 

= 50 nm, and lAu = 200 nm. (b) Output current response as a function of CEP for a 5 fs, λ 

= 800 nm laser pulse. The red line represents a sinusoidal fit. 



Chapter 5 – Solid-State Ponderomotive Devices 185 

 

 

Figure 5.9. Exemplary electron trajectories within the gap for (a) 
CEP

ϕ  = 0 and (b) 
CEP

ϕ = 

π. 

 A similar approach using wide-bandgap insulators such as quartz has been 

demonstrated by Kwon et al. [106]. The drawback to using an insulator over a 

semiconductor is that it requires the use of high laser intensities due to the generation 

process being multi-photon in nature compared to the linear absorption in the 

semiconductor. Not only does this have the issue of the reaching the laser damage 

threshold, it is also possible that the current in the insulator conduction band can lead to 

optical breakdown of the insulator. 

5.4. Summary 

This chapter demonstrates the application of the knowledge gained about vacuum 

based ponderomotive electron acceleration to compact solid-state devices. The 

nanoplasmonic triode is envisioned to help interface current nanoelectronics and 

nanoplasmonics for the next generation of high performance optical computers. The CEP 

detector can be used to replace current bulky interferometer setups to allow for 

measurement of the CEP at the exact location of the experiment. 
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Chapter 6 

 

Modulation of the High Frequency 

Conductivity of Au8 

 

Chapter 3 of this thesis explores how THz electric fields can be used to modulate 

the energy, directivity and angular spread of SP generated electrons. Here, the THz 

electric field modifies the electron’s energy and momentum after they have left the metal. 

However, as was demonstrated in Chapter 4 it is beneficial to modify the material 

parameters and influence the electrons prior to leaving the metallic film. As such, it 

would be advantageous to allow the THz electric fields to interact with the conduction 

electrons in the film, thereby modifying the metal’s dielectric properties. SP electric field 

enhancement, coupling, and photoemission is governed by a metal’s dielectric function. 

We want to employ THz electric fields to alter the metal properties such that the 

photoemission properties of the metal can be controlled in the near-infrared (λ = 800 nm) 

regime. Furthermore, by generating the THz electric fields using the same driving laser as 

the photoemission, time-synchronization and thus low timing jitter is guaranteed. 

Before the influence on photoemission can be studied it is important to understand 

how the metal dielectric function is altered in the presence of a THz electric field. To this 

end, this chapter details the investigation of THz plasmonically induced conductivity 

modulation in Au. Operating in the THz frequency regime affords a few major benefits 

                                                 
8 A version of this chapter is published as A.Y. Elezzabi, P. Maraghechi, and S.R. Greig, "Terahertz 

Plasmonic Field-Induced Conductivity Modulation in Gold," Sci. Rep. 6 (2015). 
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including the ability to access and measure the amplitude and phase of the THz electric 

field through electro-optic sampling. The THz frequency regime is also far from any SP 

or intraband resonances in the metal.  

6.1. Introduction 

The behaviour of free and bound electrons in solids is one of the most 

fundamental areas of study in condensed matter physics. Understanding many critical, 

intricate mechanisms of interaction of electrons within materials is often revealed by 

introducing an external electric field. Electrical conductivity modulation, ∆σ, by an 

electric field, serves as core for many semiconductor electronic devices [5]. Particularly, 

electric field conductivity modulation of a field effect transistor channel is the heart of 

modern day high-speed semiconductor electronics. In these classes of devices, the 

electric field varies the charge concentration in the semiconducting channel and, 

subsequently, controls the amount of electrical current passing through it. On the 

contrary, for metals, the electric field induced ∆σ is extremely low. This is due to the 

presence of a high density (ne ~ 1023 cm-3) of conduction electron screening. A small DC 

conductivity modulation of ∆σ≈ 0.1% from a 10 nm thick Au film at an electric field of 

106 V/cm, was first reported by Bonfiglioli et al. [107–109]. Subsequent experiments by 

Stadler showed a slightly higher ∆σ ≈ 2% at 3×108 V/cm [110]. In these pioneering 

experiments, the electrical conductivity, σ, was shown to vary linearly with the electric 

field-induced surface charge. 

When a metal is exposed to an electric field, conduction electrons are displaced 

within a femtosecond timescale to counteract the presence of the perturbing electric field 
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inside the conductor, thus leaving behind immobile positively charged ions (holes). The 

spatial extent (i.e. skin depth), ζ, over which this field is screened depends on the 

frequency of the applied electric field. For a DC electric field, due to the abrupt surface 

discontinuity of the normal component of the displacement field and the high density of 

conduction electrons, an infinitesimal conductivity change occurs within the first few 

atomic layers. As such, the phenomenon could only be observed at a high field E = 106-

108 V/cm, and for a metal thickness of d ≤ Λ, where Λ is the electron’s mean free path. 

At these extreme conditions, ballistic electron transport and scattering from d-level states 

dominate the electron transport [111]. Furthermore, size effects, ascribed to grain 

boundary scattering, produce noticeable deviations from the conduction bulk behavior 

[112–114]. However, for time-varying electric fields, the scenario is less restrictive. Here, 

the field screening length scale, ζ(ω) (i.e. skin depth), ranges from 10-100 nm. As 

charges accumulate within ζ(ω), the induced surface charge density, ρs, modifies the 

electronic density of states. Accordingly, the non-equilibrium surface charge 

accumulation maps itself as a local change in the metal’s surface conductivity, σs(ω). 

Owing to the large density of background electrons, the high magnitude of the 

electric field required, and the distortion of the metallic band structure due to charge 

transfer between the metal film and the supporting substrate, it remains a challenge to 

isolate the electric field-induced conduction from other dominate contributing 

backgrounds. Nonetheless, these can be overcome by exploiting THz plasmonic field 

interaction, which has provided a stimulating domain for studying conduction electron 

interaction in metals such as photonic magnetoresistance [115], spinplasmonic electron 

transport [116], metal-metal contact resistance [117], and Schottky barrier conduction 
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[118]. THz conductivity modulation has also been observed in optically pumped Au-Si 

metamaterials [119]. 

This chapter discusses the experimental observation of THz field-induced 

conductivity modulation in a metallic gold plasmonic medium using phase-controlled 

THz-pump/THz-probe time-resolved transmission spectroscopy. By virtue of the metal’s 

high THz frequency permittivity, m
ε , and plasmonic near-field enhancement, ultrafast 

intensified THz radiation transmission modulation is observed at a low THz field of 12 

V/cm. The enhanced THz radiation energy transport is attributed to the presence of 

induced surface charges and the large surface-to-volume near-field interaction region 

provided by the localized THz plasmonic field. Evidence of the coherence of the 

phenomenon is revealed via in-phase and out-of-phase THz-pump/THz-probe time-

resolved spectroscopy. These findings offer a new platform for studying charge dynamics 

in metallic surfaces and open the door to technological applications and fundamental 

studies of new photonic materials based on ultrafast all-THz plasmonic field modulation 

of metallic structures. 

6.2. Interaction of Terahertz and Metallic Particles 

The key aspects in observing such a weak phenomenon are: (i) modifying the 

electronic density of states in ζ by having a high surface-to-volume ratio to affect σs(ω), 

and (ii) ensuring that the applied field is below the breakdown strength or field emission 

threshold. To satisfy these criteria, a THz plasmonic near-field coupling to a sub-

wavelength size metallic surface is employed. By taking advantage of the large ζ≈ 90 nm 

[120], and field enhancement, an augmented Δσs(ω) signature can be realized. 
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The interaction of metals with electromagnetic radiation is dictated by the free 

conduction electrons at the surface of the metal. Consider a single spherical metallic 

particle of radius ( )
particle particle THz

R R λ<<  placed in free space of permittivity 0
ε . Within 

the framework of the quasi-static approximation, a time-varying THz field, 

0( , ) Re{ ( , }) i t
E r E r et

ωω −=
� �� �

 polarizes the particle to induce a time-varying Hertzian dipole 

moment [121]: 
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and one customarily writes the current density as: 0 0) ( ) )( , ( ,J r E rω σ ω ω=
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ɶ . 
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is the complex conductivity, and τe is electron relaxation time. Within the region ζ(ω) of 

the polarized metallic particle, the induced current density is dependent on ( )σ ωɶ and 

hence, the radiated plasmonic depolarization electric field, ( ),plE r t
� �

, from the oscillating 

dipole moment, ( ),p r t
� �

 is given by, 
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 in equation (6.4) represent the near, the 

intermediate, and the far-fields, respectively. Clearly, since ( )
( , )

,
dp r t

J r t
dt

∝

� �
� �

, the 

radiated far-field THz field strongly depends on ( )σ ωɶ . 

When the metallic surface is subjected to an additional weaker THz electric field, 

( , ) )Re{ ( , }a a i t
E r E r et

ωω −=
� �� �

, the effective conductivity, ( )effσ ωɶ , becomes the sum of 

( )σ ωɶ  and the additional conductivity due to the induced surface charge density, s
ρ , by 

the perturbing electric field, ( , )a
E tr
� �

. This effect is further enhanced in an ensemble of 

sub-λ size metallic particles where the surface electric field enhancement increases from 

3× for a single particle to 85× for the ensemble. This enhancement is due to particle 

plasmons in micro- and nano-cavities that exist between the particles. A detailed analysis 

of the surface electric field enhancement can be found in Appendix F. 

6.3. Terahertz Pump-Probe Measurements 

To measure the change in conductivity due to induced charges, a sample 

consisting of three layers of randomly distributed and closely-packed 99.99% pure Au 

microparticles having a mean diameter of ~100 µm is placed on top of a thin THz-

transparent polystyrene substrate. The choice of such plasmonic configuration combined 

with THz probe radiation has been shown to be sensitive to small changes in conductivity 

[115–118].  
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A THz pump-THz probe time-domain spectroscopy system was employed to 

measure the transmission through the ensemble of Au particles. Figure 6.1 shows a 

schematic depiction of the experimental setup. It consists of two independently 

addressable photoconductive (PC) THz emitters, Fig. 6.1(b). The PC THz emitters 

consist of 2 mm long, 10 µm wide Cr/Au (20 nm/100 nm) coplanar transmission lines 

with a 70 μm gap fabricated on a 500 μm thick GaAs substrate. Each THz emitter is 

independently biased with a 20 Vpk-pk square wave at frequency f1 (pump) and f2 (probe). 

The THz emitters are excited by 10 fs, λ = 800 nm laser pulses from a Ti:Sapphire laser 

oscillator at a repetition rate of 80 MHz. The THz time domain signal is acquired via 

electro-optic sampling in a 500 μm thick <111> ZnSe electro-optic crystal by collecting 

the THz radiation and co-linearly focusing it with an optical probe pulse (λ = 800 nm) on 

the ZnSe crystal. A balanced photodetection setup consisting of a quarter-wave plate, 

Wollaston prism and a balanced photodetector (New Focus Nirvana Detector Model 

2007) extracts the THz induced polarization modulation of the optical probe pulse, and 

lock-in detection is carried out at the bias voltage modulation frequency of the THz probe 

pulse (f2) with a lock-in amplifier. This system has been extensively characterized to 

verify that there are no non-linear effects or harmonics that would result in incorrect 

measurements [122]. Operating the system at the worst case scenario of f1 = 2×f2, this 

setup is able to achieve a signal to noise ratio of greater than 104:1. Further details of the 

experimental setup can be found in [122]. 



Chapter 6 – Modulation of the High Frequency Conductivity of Au 193 

 

 

Figure 6.1. (a) Schematic of the THz pump-THz probe time-domain spectroscopy 

system. (b) Schematic of the two THz emitters. [122] 

The Au sample is placed at the 0.8 mm diameter focal spot of the THz-PP setup 

and is excited by a THz pump pulse with an electric field ( ( )E t
�

) magnitude of 12 V/cm 

(see discussion in Appendix F for the calculation of the THz electric field strength) and 

pulse duration of 1 ps. To ensure no coupling between ( )E t
�

and the probe electric field 

pulse, ( ( )a
E t
�

), throughout the experiment, the ratio a
E E is set at 10:1. The THz field-

induced charge effect on particle plasmon formation is recorded as a function of the THz 
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pump-probe pulses relative delay time, ∆t, by lock-in detection of the time-dependent 

THz transmission of the radiated THz plasmonic field, ( )a

plE t
�

, resulting from the 

coupling of the probe ( )a
E t
�

 pulse to the ensemble. The transport of THz electromagnetic 

energy through this ensemble of particles is governed by nearest-neighbour plasmonic 

field coupling and has been studied extensively through THz radiation transmission in a 

variety of different media [115–118,120–128]. It should be noted that the THz pump and 

THz probe pulses are modulated at different frequencies, allowing for lock-in detection 

of only the radiated THz ( )a

plE t
�

probe pulse electric field. Since the degree of THz ( )a
E t
�

 

probe pulse electric field signal acquired at the modulation frequency of the THz probe 

pulse is directly proportional to ( )
eff

σ ωɶ  of the Au sample, any change in transmission 

due to THz pump pulse ( )E t
�

 can only be attributed to the induced ρs by the THz pump 

pulse electric field. 

Figure 6.2(a) depicts the time-domain electric field of the THz probe pulse 

transmitted through the Au particles at various time delays (∆t=0, 1, 2, 3, 5 and 7 ps) 

along with the case when there is no THz ( )E t
�

 pump pulse. 
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Figure 6.2. (a) In-phase (ϕ =0) time-domain reradiated THz probe electric field signals 

transmitted through the plasmonic sample at various delay times (∆t). (b) The 

corresponding spectral power plots at various delay times (∆t). 

Here, the probe electric field, ( )a
E t
�

 is set to be in-phase (ϕ =0) with ( )E t
�

. 

Interestingly, examining the transmitted THz 0( )a

pl tE ϕ=

�
waveforms, for all delays, reveals 

that their amplitudes are higher than when the THz pump pulse is turned off. The 

0( )a

pl tE ϕ=

�
 transmission enhancement is better illustrated by comparing the change in the 
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pulse’s spectral power density for each time-resolved signal. As shown in Fig. 6.2(b), the 

transmitted THz probe pulse power is lowest when there is no THz pump pulse and the 

shape of its spectral content is modified in the presence of ( )E t
�

. The transmitted THz 

probe pulse power is the highest at ∆t = 0, when the THz probe pulse interacts with the 

sample at the same time as the THz pump pulse. The spectral reshaping is an indication 

that the presence of charges induced by the THz pump pulse and their time dynamics act 

to distort the phase of the probe THz pulse. Minor spectral reshaping will also be present 

based on the size and structure of the Au particles themselves. 

While changing the relative ∆t between the pump and probe THz pulses and 

detecting 0( )a

pl tE ϕ=

�
 effectively samples the surface charge effects as a function of time, 

such time-sampling process does not permit probing 
eff

σɶ  at various phases of the time-

domain THz ( )E t
�

 field cycles since the two THz fields have the same duration and the 

electrons are induced almost instantaneously within a few femtoseconds by the THz ( )E t
�

 

field. Nonetheless, the phase-dependency of the observed phenomenon can be 

distinguished at ∆t = 0 where ( )a
E t
�

 traverses and probes, in a travelling wave fashion, 

the sample at the same instant and locations where electrons are induced by the THz 

( )E t
�

 field. To ascertain this premise, the ( )a
E t
�

probe pulse electric field polarity is 

reversed such that it is out of phase (ϕ =π) with respect to ( )E t
�

 pump pulse [122]. As 

shown in Fig. 6.3(a)-(b), similar to the ϕ =0 situation, the ( )a

pl tE πϕ=

�
waveform amplitudes 

and spectral powers are higher in the presence of ( )E t
�

 pump pulse; though, the degree of 

enhancement is less than that for 0( )a
tE ϕ=

�
. This suggests that even though, in both 



Chapter 6 – Modulation of the High Frequency Conductivity of Au 197 

 

situations, the same amount s
ρ  is induced by ( )E t

�
 (amounting to the same ( )

eff
σ ωɶ ), the 

coupling of ( )a
E t
�

 to the ensemble and the formation of the particle plasmon currents is 

sensitive to the phase dynamics of the induced ρs. 

 

Figure 6.3. (a) Out-of-phase (ϕ =π) time-domain reradiated THz probe electric field 

signals transmitted through the plasmonic sample at various delay times (∆t). (b) The 

corresponding spectral power plots at various delay times (∆t). 

To estimate the change in the conductivity, one can invoke the quasi-static 

approximation for a polarized metallic sphere. At the surface boundary between metal 
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and free space (r =Rparticle), s
ρ  can be evaluated at any point on the surface by the 

discontinuity of the normal components of the electric flux densities to obtain: 

 

 ( )0 ) 3( , cos( , )
m in particle particle s
E R E Rε ε ω ω θ ρ− =
� �
ɶ   (6.5) 

where , )(in particleE R ω
�

 is the THz electric field inside the metal surface and θ is the angle 

between the fields and normal unit vector. The relative magnitude 

)( , ( , )in particle particleE RER ω ω
� �

 is calculated to be ~0.95 within 5 nm from the surface [120]. 

For , )( particleE R ω
�

 = 12 V/cm, with a plasmonic field enhancement of ≈ 85 at Rparticle, and 

m
ε  ≈ -1.12×105 +i 7.22×105 [129], s

ρ  is estimated to be 1×10-5 C/cm2. Notably, this 

value is comparable to Stadler’s estimation of 4.8×10-5 C/cm2 [110]. Therefore, at this 

THz electric field magnitude, Δσs(ω) is estimated to be 1%. 

To further quantify the THz field induced effect on the THz probe pulse, Fig. 

6.4(a) depicts the percent change of the integrated spectral power at each ∆t, 

( ) ( )2 2

 pump off

) ( ) ( )( a a

pl pl
t THz

S t E d E dω ω ω ω
∆

∆ =  ɶ ɶ , normalized to the integrated spectral 

power in the absence of the THz pump pulse. Remarkably, for ϕ =0, at ∆t = 0, S is 

measured to be 46% higher than when the THz pump ( )E t
�

pulse is absent. The 

transmission enhancement is reduced at ∆t =2 ps to a minimum of 20% and increases 

again, for ∆t > 3ps, to reach a constant steady state value of 27%. While S at ϕ =0 and ϕ 

=π exhibits a similar trend for all ∆t, there is a notable offset of ~15% between the two 
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curves. For ϕ =π, at ∆t =0, S is greatly reduced to 34%, where at ∆t = 2 ps, it exhibits a 

minimum of 5% and for ∆t >3 ps, a steady state value of 10% is reached. 

In the absence of the ( )E t
�

 pump pulse, the free surface electrons within the ζ(ω) 

layer carry the plasmonic conduction currents from the probe ( )a
E t
�

 pulse. Here, ( )σ ωɶ  is 

constant and is determined by the background electron density ne in the metal; making 

the near-field coupling efficiency between ( )a
E t
�

and the radiated THz plasmonic field, 

( )a

plE t
�

, conductivity-dependent. However, in the presence of the pump ( )E t
�

 electric 

field, additional electrons are drawn into the ζ(ω) region at the surface to screen ( )E t
�

. 

Within a few femtoseconds, the electrons distribute themselves over the metallic surface 

in accordance with the local ( )E t
�

magnitude. This distribution is spatially nonuniform, 

being higher at the gaps between adjacent particles and at localized spots at surface 

crevices. 

When the probe 0( )a
tE ϕ=

�
 field is in-phase with the ( )E t

�
field, its induced 

electrons are displaced also in-phase with the electrons induced and driven by the pump 

( )E t
�

electric field. Collectively, the presence of additional coherently-driven electrons in 

the ζ(ω) layer makes a notable increase to ( )effσ ωɶ  (or accordingly the surface plasmon 

currents) and thus the radiated THz ( )a

plE t
�

 field. In particular, at a delay of ∆t = 0 ps, 

where the two THz fields are phase-synchronized and propagate in a travelling wave 

manner, the instantaneous-modulation of the local ( )effσ ωɶ  is sampled locally by the 

0( )a
tE ϕ=

�
 probe field pulse as enhanced surface conductance. This is evidenced as the 
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maximum contribution to the ( )a

plE t
�

 field occurs at this time where the induced 

background conductivity is coherently oscillating with the probing 0( )a
tE ϕ=

�
. However, 

when ( )a
tE ϕ π=

�
 is out of-phase with ( )E t

�
, whilst the same number of electrons are 

induced by both THz fields as in the THz pump-probe arrangement, the induced electrons 

due to ( )a
tE ϕ π=

�
 are displaced out of-phase with those induced by the ( )E t

�
 field. 

Effectively, the local conductivity in ζ(ω) is still enhanced by the additional electrons; 

however, since these are oscillating out of-phase, they introduce more damping on the 

oscillating plasmonic currents. As such the radiated ( )a

plE t
�

 far-field is expected to be 

lower than the � = 0 case. 

 Through this picture of the physical processes involved, the transmission 

enhancement of the probe pulse with the presence of the THz pump pulse can be 

described for all delays. At 0 < ∆t < 1.7 ps and for both cases when φ = 0 and φ = π, the 

( )a
E t
�

probes ( )effσ ωɶ  at various phases. This is evident by the observed similarity 

between 
0( )S t ϕ =∆  and ( )S t ϕ π=∆ . For 0ϕ =  and at ∆t = 0.7 ps, the probe 0( )a

tE ϕ=

�
 

positive field half cycle overlaps with the negative field half cycle of the pump ( )E t
�

 

creating a situation equivalent to the φ = π pump-probe configuration at ∆t = 0 where the 

sample interacts with a unipolar field that dampens the oscillating plasmonic currents. As 

evidenced from Fig. 6.4(a), 
0( 0.7 ps) ( 0 ps)S tSt ϕ ϕ π= =≈∆ = ∆ = . Since the propagation 

speed of the ( )E t
�

pump electric field pulse inside the sample is ≈0.62c [123,124] and the 

effective sample thickness is ≈ 300 µm (~λTHz), the main ( )E t
�

 pulse traverses the entire 
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sample and exits within ~1.7 ps. Thus, for delay times > 1.7 ps, the probe ( )a
E t
�

 pulse 

sojourns and samples charge distribution due to circulating plasmonic surface currents 

and reflections from the end face. These plasmonic surface currents persist for ~ 20 ps, 

during which the induced charges spread through the entire sample, as such the 

0,( 7 ps)S t ϕ π=∆ >  exhibits a steady state value. 

 

Figure 6.4. (a) Normalized integrated spectral power as a function of various delay times 

(∆t) for in-phase and out-of-phase THz probe electric field pulse. (b) Frequency-average 

group delay difference as a function of various delay times (∆t) for in-phase and out-of-

phase THz probe electric field pulse. Note that the black lines are inserted to guide the 

eye. 

Examining the time-domain ( )a

plE t
�

 pulse reveals a noticeable pulse reshaping of 

the electric field signal in the presence of ( )E t
�

. Any change associated with the 

imaginary part of the impedance of the system is contained in the phase of the transmitted 

THz pulse. The ascribed relative phase distortion, ( )ω∆Ω  (relative to ( )E t
�

 being off), 

represents the time-dependent s
ρ  induced dispersion in the plasmonic ensemble. An 

accurate parameter influenced by ( )ω∆Ω , is the frequency-average group delay 
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difference, 
( )

g

ω
τ

ω

∂
= −

∂

 ∆Ω 
∆  

 
, which quantifies the average retardation time for 

( )a

pl
E t
�

emission from the whole polarized ensemble. The exact shape of the 
gτ∆  curve 

depends on the polarity and where the charges are induced in the ensemble. As depicted 

in Fig. 6.4(b), for 
gτ∆  at ϕ = 0, the only significant 

gτ∆  (= 140 fs), occurs at 0t∆ =  

, reaffirming that the induced background ρs spatial distribution in the sample readjusts 

within ~140 fs in response to the ( )a

pl
E t
�

 oscillations. At this time delay (i.e. 0t∆ = ), a 

maximum THz field transmission is observed. At delays of 0t∆ > , 0gτ∆ ≈ , indicating 

that ρs in the ensemble relaxes to a steady state which oscillates in unison with ( , )tp r
� �

 . 

However, the situation is strikingly different for ϕ =π. While it takes a slightly longer 

time (
gτ∆ = 170 fs) for the induced background ρs to redistribute in response to the 

( )a

pl
E t
�

 oscillations at 0t∆ = and for 0t∆ > , the emission is delayed by several 

picoseconds. As ρs oscillates in opposite phase with respect to ( )a

pl
E t
�

, and at 0t∆ > , the 

THz probe field experiences regions where the conductivity varies both in time and space 

along the path traversed. Each conductivity region can be oscillating in-phase or out of 

phase with the probe field. As such, the redistribution of ρs can only reach a steady state 

when the entire ensemble oscillates collectively in unison where all the ( , )tp r
� �

 are 

coherently-coupled. However, the time to reach this state corresponds to the sojourn time 

of ( )a

pl
E t
�

 which is several picoseconds. This leads to a lower emission efficiency, as 

observed in )(S t ϕ π=∆ , in Fig. 6.4(a). 
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6.4. Summary 

The results of this chapter reveal a new THz electric field-dependent modulation 

of the conductivity of Au. This modulation opens a pathway for control of the 

photoemission process operating in the near infrared regime, much like the work 

presented in Chapter 4. As the THz electric fields will be synchronized with the SP 

photoemission, this can be utilized for all-optical THz electric field enhanced electron 

pulse generation. 
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Chapter 7 

 

Conclusion 

 

The work presented in this thesis demonstrates important steps towards the 

creation of compact, ultrafast, SP based electron sources that can generate and tailor 

electron pulses for specific time-resolved applications. Specifically, it explores ways to 

improve SP coupling, enhance photoemission, and provide means to control ultrafast 

electrons. 

Preliminary studies of SP generated electron pulse interaction with ultrafast THz 

fields revealed that both the kinetic energy and the angular directivity of the electron 

pulse can be controlled. And by carefully selecting the time delay between two THz 

pulses, kinetic energies up to 3.5 keV can be achieved. These electron pulses were found 

to be sensitive to the carrier-envelope-phase of the driving laser, making this a unique 

platform to study electron pulse generation with few-cycle laser pulses. The kinetic 

energy of the electron pulses was still broad though, indicating long pulse durations. To 

overcome this broad kinetic energy spectrum, investigations combining multiple filtering 

techniques, such as spatial and magnetic filtering, were conducted. It was determined that 

these two filtering methods, combined with a conical SP field can generate attosecond 

electron pulses with kinetic energies of ~0.5 keV in an extremely compact footprint. 

Experiments in the second half of this thesis focused on techniques to generate a 

higher number of electrons at a given laser intensity. First studies of a dielectric layer, 
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eCarbon, beneath the plasmonic Au film indicated that the nonlinear emission order can 

be controlled such that a fewer number of photons are required to free a single electron 

from the bilayer film. The next step was to use the SP field to control externally injected 

free electrons such that the current of the ultrafast electron source could be greatly 

increased. For this it was important to understand the interaction of the externally injected 

electrons and the SP field. It was determined that at modest laser intensities of 25 

GW/cm2, secondary electrons ejected from the plasmonic film could be affected. The 

number of these secondary electrons that are ejected can be significantly increased by 

single photon absorption of the incident laser, thus producing a high current ultrafast 

electron source. Furthermore, it was found that these secondary electrons are 

preferentially scattered forward by the primary electron beam and then subsequently 

beamed to ~30° from the surface. These results represent a stepping stone to ultrafast, 

high current, tuneable, SP based electron sources. 

Harnessing the understanding of the laser-electron interaction in vacuum, two 

devices were explored that exploit this interaction in a solid-state Si-based platform. The 

first device is a nanoplasmonic triode that represents the optically excited, solid-state 

analogue to the vacuum tubes of the early 20th century. The nanoplasmonic triode is 

envisioned to merge current nanoelectronics with ultrafast nanoplasmonics in a 

monolithic nanoscale chip. Exploiting the fact that ponderomotive acceleration is 

sensitive to CEP effects, a solid-state device was designed that would allow for the 

measurement of the CEP in a compact, solid-state manner. This represents a significant 

step forward for the miniaturization of CEP detectors. 
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With the understanding that altering the free electrons within a film can greatly 

affect the properties of a plasmonic system, modulation of the conductivity of an 

ensemble of Au particles using THz electric fields was demonstrated. This all-optical 

modulation of the conduction electron density in Au is the first step towards controlling 

the SP coupling and photoemission properties in the near-infrared, such that THz electric 

field enhanced photoemission can be realized. Furthermore, as an additional benefit, this 

field-driven conductivity modulation provides an all-optical platform the next generation 

of computing devices operating at THz frequencies.  

7.1. Outlook and Future Directions 

The work presented in this thesis introduces numerous methods to control and 

tailor ultrafast electron pulses for time-resolved electron microscopy, and it lays the 

groundwork for the next generation of research endeavours. This section details future 

research directions for ultrafast electron acceleration and strong-field devices. 

7.1.1. Surface Plasmon Gating of Continuous Electron Beams 

 The work presented in Chapter 4 on the beaming of secondary electrons is merely 

the beginning to a broader range of experiments for controlling continuous electron 

beams. While the work explores the interaction of free electrons and plasmonic fields, the 

ultimate goal has not yet been achieved. By utilizing a lower energy electron beam (<10 

eV), it will be possible to fully deflect the incident beam on the timescale of the SP, thus 

generating electron pulses on the order of 10’s of fs. Further, by introducing a high-pass 

energy filter, only those electrons that are accelerated by the SP field will contribute to 

the final electron pulse, resulting in even shorter duration electron pulses. A similar 

concept can also be applied on the nanoscale to route electron pulses based on the 
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incident laser intensity. This represents a possible solution for addressing/seeding 

multiple nanoscale particle accelerators or experiments. 

7.1.2. Seeding of Nanoscale Particle Accelerators 

 Due to the compact nature of the nanoplasmonic attosecond electron gun 

developed in Chapter 3, it represents a perfect source for seeding nanoscale particle 

accelerators. By having the particle accelerator directly after the spatial aperture, the 

attosecond electron pulses can be accelerated to high kinetic energies while maintaining 

their low kinetic energy spread. The combination of these two elements would allow for 

time resolved electron experiments to be carried out in an extremely compact volume 

with high spatial and temporal resolution. 

7.1.3. Pulse Shaping of Terahertz Fields for Optimal Electron Acceleration 

 The THz pulses considered in Chapter 3 are typical single-cycle pulses that one 

would achieve with a standard photoconductive antenna. While these pulses work for 

electron acceleration and angular control, it would be possible to better tailor the THz 

pulses such that the temporal acceleration profile for the electrons can be better 

controlled. This is briefly touched on in Chapter 3, when two THz pulses are used to 

effectively generate a unipolar THz pulse that provides constant acceleration and thus 

higher kinetic energy gain. The control of the THz pulses can be achieved by altering the 

properties of the femtosecond laser filament used in THz generation from an air plasma 

[130,131]. 
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7.1.4. Outlook on Strong Field Devices 

 The solid-state devices of Chapter 5 illustrate the next step for nanoscale strong 

field devices. The understanding of acceleration and control of electrons in vacuum, such 

as those ideas explored in this thesis, can and should be transferred to integrated devices. 

Nanoscale devices harnessing strong-field laser-electron interactions in semiconductors 

show promise for the next generation of optical computing devices [73]. Semiconductor 

ponderomotive electron acceleration allows for increased switching speeds by moving 

free carriers via light instead of a conventional, externally applied, electrical bias. This, in 

turn, opens up a new platform that revisits the operating principles of the original vacuum 

tubes, except operating at significantly increased speeds (terahertz), owing to the 

electrons being driven by surface plasmon fields. 

7.1.5. Outlook on Ultrafast Surface Plasmon Based Electron Pulse Generation 

 Although the majority of ultrafast electron microscopes are currently operating 

with direct laser-driven electron sources, their fastest achievable time resolution is on the 

order of 100’s of fs. SP based sources have been demonstrated to achieve sub-10 fs [3] 

and even speculated to reach sub-fs resolutions using energy filtering [2,39]. Clearly, the 

next generation of ultrafast electron sources will be SP based. Not only do they provide 

higher time resolution, but they can also be implemented in a more compact manner 

without the need for a standard TEM/SEM imaging column. By combining current SP 

nanotip based electron sources with the understanding gained from the secondary 

electron beaming presented in this thesis, compact, high brightness electron sources with 

sub-10 fs temporal resolution can be achieved. This would enable ultrafast single-shot 
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electron microscopy with atomic resolution laying the groundwork for the next 

generation of UEM and the greater understanding of fundamental physical processes. 
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Appendix A 

 

Particle Tracking Code 

 

The model discussed in Chapter 3 is implemented using MATLAB and takes 

input electromagnetic field files from a commercial FDTD software package (Lumerical 

FDTD solutions [63]). Table A.1 lists the MATLAB and Lumerical script files and a 

short description of their purpose. The overall flow of the program is depicted in the 

flowchart in Fig. A.1. 

Filename Description 

add_date.m Adds input time in seconds to current time and returns it 

as a string in the format “mmm dd HH:MM:SS.” 

allcomb.m Calculates all possible combinations of simulation 

parameters. 

calc_angles.m Calculates various parameters (including angle) for the 

electrons that did not recollide with the metal film. 

check_auto_shutoff.m Checks whether there are still active electrons in the 

simulation region, if not it ends the simulation. 

clear_results.m Deletes all old result files from the current folder. 

combine_fields_time.m Takes the output field files generated from FDTD using 

export_fields_time.lsf and combines them if necessary. 

Also finds the max fields as described below. 

controller.m Controls the local loop of the simulation, sets up the 

random number generator. 

duplicate_folder.m Duplicates all the MATLAB (*.m) files in the current 

folder to a new folder with the same base name. 

Optionally, it can copy to multiple new folders. 

electron_source.m Generates the injected electrons based on the source type 

selected in update_global_settings.m. 

electron2D.m The main 2D electron class. Each electron that is tracked 

in the simulation is an object of this class. This class 

contains the main particle tracking code. 

electron3D.m The main 3D electron class. 

find_esp.m Calculates a linear equation for the location of the metal 

film and the 1/e edge of the SP field. 
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find_max.m Finds the location in space and time of the maximum 

electric fields. 

intensity_movie.m Generates a time domain movie of the SP intensity over a 

specific range of times. 

main_controller.m The entry point to the particle tracking code. 

parse_args.m Parse input arguments to functions into a nice, useable 

structure. 

parse_seconds.m Converts time in seconds to a string of the format “00h 

00m 00s.” 

propagate.m Propagates electrons through free space with no 

electromagnetic fields. 

thz_source.m Calculates the electromagnetic fields of a 2D THz pulse. 

track_trajectories.m The main time loop for the particle tracking code. 

update_file.m Updates the file in destination folder with 'file' from the 

current directory. Two optional parameters can be 

specified to indicate a start and end for the number of 

folders to update. 

update_global_settings.m The main settings file. All of the necessary settings for the 

simulation are set in this file. 

update_local_settings.m This sets the settings for the specific set of simulation 

parameters for the current loop iteration. 

v2struct.m Converts between a group of variables and a structure, 

and vice versa. 

export_fields_time.lsf Runs the FDTD simulation and exports E & H fields from 

the time monitor. Combine_fields_time.m must be run 

after to generate field files that are useable by the 

MATLAB code. This script can handle looping to export 

E & H fields that would normally require more memory 

than is available on the local computer. 

Table A.1. Simulation files and their description. 
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Figure A.1. Flowchart outlining the steps necessary to carry out a simulation from FDTD 

to particle tracking. The filenames responsible for each appropriate step are included in 

parentheses. 
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Appendix B 

 

Vacuum Chamber Electrical Connections 

 

There are three separate electrical feedthroughs mounted on the vacuum chamber 

for making connections to the various electrical components in the chamber. This 

appendix includes the pinouts of these feedthroughs as well as the wiring diagrams for 

correctly connecting and biasing the channeltron or the electron multiplier. 

B.1. Main Electrical Feedthrough 

The main electrical feedthrough carries the connections for the electron detectors 

as well as for the retarding potential setup. The feedthrough has 6 pins and is connected 

to a ribbon cable with individual colors on the vacuum and air side. The wiring diagram 

for the channeltron is depicted in Fig. B.1. The channeltron bias box provides the 

necessary biasing for the channeltron and includes a 10 nF, 3 kV capacitor to decouple 

the signal output from the high voltage (HV) input. The 1n4148 diodes provide transient 

protection on the signal output line. The electrical connections for the electron multiplier 

are depicted in Fig. B.2. The electron multiplier bias box does not contain resistors, but a 

2 MΩ resistor can be attached from the green connector to ground to increase the gain of 

the first stage of the electron multiplier.  
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Figure B.1. Channeltron wiring diagram. The vacuum feedthrough box is connected to 

the vacuum feedthrough by a 6 pin Amphenol connector. Connections are listed with air-

side wire color on top and vacuum-side on the bottom. 
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Figure B.2. Electron multiplier wiring diagram. The vacuum feedthrough box is 

connected to the vacuum feedthrough by a 6 pin Amphenol connector. Connections are 

listed with air-side wire color on top and vacuum-side on the bottom. 

B.2. Motor Mike Feedthrough 

The second electrical feedthrough is a seven-pin screw terminal connector that 

connects to an Oriel Motor Mike motor with integral encoder in the vacuum chamber. 

The air-side connections connect to an Oriel 18009 dual Motor Mike controller which 

provides 1 µm resolution. The pinout of the Motor Mike connector is depicted in Fig. 

B.3. 

 

Figure B.3. Motor Mike connection pinout. 



 231 

 

B.3. 20-pin Multipurpose Feedthrough 

The final electrical feedthrough is a multipurpose 20-pin feedthrough that 

currently has 12 wires terminated in a ribbon cable on both the vacuum- and air-side 

connections. The pinout for the feedthrough as well as the ribbon cables is depicted in 

Fig. B.4 with the connections listed in Table B.1. 

 

Figure B.4. 20-pin electrical feedthrough pinout. Table B.1 lists the corresponding air-

feedthrough-vacuum connection list. 
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Air side 

connection 

Feedthrough pin Vacuum side connection Vacuum side color 

1 A 1 Red 

3 B 2 Red/White 

5 C 3 Orange 

7 M 4 Orange/White 

9 N 5 Yellow 

11 D 6 Yellow/White 

13 E 7 Green 

15 F 8 Green/White 

17 G 9 Blue 

19 H 10 Blue/White 

21 J 11 Purple 

23 K 12 Purple/White 

Table B.1. 20-pin feedthrough electrical connection list. 
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Appendix C 

 

Retarding Potential Analyzer Mechanical 

Design 

 

To improve the resolution of the retarding potential energy measurements and 

simplify the setup, I designed and built a contained retarding potential analyzer (RPA) 

based on the designs from [66,67]. The complete mechanical drawings are included in the 

following section 
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C.1. Mechanical Drawings 
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Appendix D 

 

Design and Simulation of Double-pass 

Cylindrical Mirror Analyzer 

 

To achieve higher energy resolution when measuring the kinetic energy of the 

generated electron pulses, I designed and built an electron spectrometer based on designs 

from [68,69].The design is a double-pass cylindrical mirror analyzer (CMA) that 

incorporates two cascaded stages to achieve a higher energy resolution as well as a 

defined image plane 6 mm from the first slit. The mechanical designs for the entire CMA 

can be found in the next section. To help with the design, I used finite element 

simulations in COMSOL Multiphysics [132] to verify the design and expected energy 

resolution. Figure D.1 depicts a side view cut-away of the CMA. The pass energy (energy 

of the electrons that are able to traverse from the input of the CMA to the detector) is 

controlled by varying the voltage applied to the outer cylinder with respect to the 

grounded inner cylinder. From simulations, and based on the dimensions of the outer and 

inner cylinders, the required voltage is given by: 

 0.58
pass

outer

E
V

q
×= −   (D.1) 

Where, Vouter is the voltage applied to the outer cylinder, and Epass is the pass energy of 

the CMA. Figure D.2 depicts the number of electrons that reach the detector as a function 

of kinetic energy for a fixed Epass = 1 eV, indicating a FWHM resolution of 0.01 eV and a 

full resolution of 0.03 eV. Figure D.3(a) depicts exemplary trajectories of electrons 
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passing from the input to the output of the CMA. Here, the electrons have a kinetic 

energy of 1 eV, and the outer cylinder is held at -0.58 V. Slightly changing the energy to 

be 1.02 eV, the electrons do not make it through the first pass of the CMA as illustrated 

in Fig. D.3(b). 

 

Figure D.1. Side view cut away of double-pass cylindrical mirror analyzer. 
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Figure D.2. Simulated number of electrons passing through the double-pass CMA as a 

function of initial kinetic energy for Epass = 1 eV. 
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Figure D.3. Exemplary trajectories of electrons traversing through the CMA with Epass = 

1 eV at a kinetic energy of (a) 1 eV, and (b) 1.02 eV. The color of the trajectory indicates 

the electron kinetic energy. 

The complete mechanical design drawings are found in the next section. 
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D.1.  Mechanical Drawings 

 

  



 244 

 

 

  



 245 

 

 

  



 246 

 

 

  



 247 

 

 

  



 248 

 

 

  



 249 

 

 

  



 250 

 

 

  



 251 

 

 

  



 252 

 

 

 



 253 

 

Appendix E 

 

Finite Element Simulations of Retarding 

Potential Setup 

 

This appendix details the simulations necessary to design the retarding potential 

setup used to measure the kinetic energy spectra for the secondary electron beaming 

results presented in Chapter 4. During the initial experiments, it was quickly determined 

that introducing any voltage into the vacuum chamber, such as the retarding potential 

grid, could alter the trajectories of the 300 eV primary electrons coming from the electron 

gun. As such, the following finite element simulations were performed with COMSOL 

Multiphysics [132] to determine the best possible experimental configuration. 

Figure E.1 depicts a schematic of the simulation setup. Here, 300 eV electrons 

traverse from right to left, just above the surface of the prism. Faraday cup FC1 is located 

normal to the prism surface for these simulations. For all of the simulations, the prism 

face and face of the electron gun is grounded, and FC1 is left floating. Figure E.2(a) 

depicts a surface map of the electrical potential within the simulation region. Clearly, due 

to the absence of any additional voltage grids, the electrical potential is zero everywhere. 

As such, the 300 eV electrons are not affected and travel from right to left, as depicted in 

Fig. E.2(b).  
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Figure E.1. Finite element simulation setup. 

 

Figure E.2. (a) Electric potential with no grids. (b) 300 eV electron trajectories in the 

absence of any retarding potential. 

Introducing a retarding potential grid alters the electrical potential, even with a 

retarding potential voltage, VRP of only -10 V (Fig. E.3(a)). Now, with a voltage gradient 
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between the retarding potential grid and the grounded prism, electrons are pushed 

towards the prism as depicted in Fig. E.3(b). 

 

Figure E.3. (a) Electric potential with retarding potential grid at VRP = -10V. (b) 

Deflected 300 eV electron trajectories due to VRP. 

In order to compensate for the retarding potential voltage, it is necessary to place 

a grounded grid in front of it. This effectively shields the 300 eV electrons from VRP and 

creates a field free region in front of the prism depicted in Fig. E.4(a). This allows the 

300 eV electrons to travel their normal path unaffected as illustrated in Fig. E.4(b). 

Shielding the VRP = -295 V that is used in Chapter 4 to monitor for deflection of 300 eV 

electrons requires a slightly larger grounded grid, as depicted in Fig. E.5. 
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Figure E.4. (a) Electric potential with retarding potential grid at VRP = -10V and 

grounded shield grid. (b) Unaffected 300 eV electron trajectories due shielding of VRP. 

 

 

Figure E.5. (a) Electric potential with retarding potential grid at VRP = -295 V and 

grounded shield grid. (b) Unaffected 300 eV electron trajectories in the experimental 

region in front of the prism. Note that a larger grounded shield grid is required to fully 

shield VRP.
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Appendix F 

 

Terahertz Electric Fields in Particle 

Ensembles 

 

This appendix includes the calculations performed to estimate the electric field 

strength of the THz pulses used for the THz pump probe experiment in Chapter 6. 

Numerical simulations are also included to determine the THz surface electric field 

enhancement in the ensemble of Au particles. 

F.1. Estimation of the Terahertz Pump Electric Field Strength 

The THz pump pulse used in these experiments is generated from a 70 µm gap 

photoconductive stripline antenna patterned on a LT-GaAs substrate biased with 20 V 

(~2.86 kV/cm) and illuminated with a 60 mW, 10 fs, λ = 800 nm optical pulse. 

The magnitude of the THz pump electric field can be estimated from the 

differential power of the optical probe beam at the input to the balanced photodetector, 

which can be obtained from the time domain signal detected by the lock-in amplifier. 

Knowing this, the THz pump electric field can be estimated via the following equation: 

 
3

41

3

8
2

2
THz

probe

P c

P n L
E

rπν

∆
=   (F.1) 

Where: 

P∆  = differential power at the photodetector (54 nW) 
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probeP  = power of the optical probe pulse (0.5 mW) 

c  = speed of light in vacuum 

ν  = frequency of optical probe pulse (375 THz) 

n  = refractive index of ZnSe electro-optic crystal (2.5295) 

41r  = electro-optic coefficient of ZnSe (2 pm/V) 

L  = thickness of ZnSe crystal (500 µm) 

With these parameters, and this equation, the THz pump electric field is estimated to be 

10 V/cm. 

Additionally, the THz electric field strength can also be estimated from the 

conversion efficiency of the photoconductive antenna. Here, the THz electric field 

strength at the focus is given by: 

 
0

2
opticalTHz

THz

rep THz f f

P

f
E

c x y

η

τ ε π
=   (F.2) 

Where: 

THz
η  = optical to THz conversion efficiency (5×10-6) 

opticalP  = average power of the optical pump pulse (60 mW) 

repf = repetition rate of the laser (80 MHz) 

THz
τ  = pulse length of the THz pump pulse (1 ps) 

0ε = permittivity of free space 
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c  = speed of light in vacuum 

fx  = full-width-at-half-maximum of the THz focal region in the x direction (510 µm) 

fy  = full-width-at-half-maximum of the THz focal region in the y direction (740 µm) 

To estimate THz
η , one can compare our geometry to that of a similar geometry with 

a known conversion efficiency [133]. The geometry employed in [133] is that of an 80 

µm gap stripline antenna patterned on LT-GaAs and biased with 100 V, leading to a bias 

electric field strength of 12.5 kV/cm. A THz pulse of 0.09 µW is produced from this 

geometry when illuminated by a 15 mW optical pulse, signifying a conversion efficiency 

of 6×10-6. As the THz power scales quadratically with both bias electric field strength 

and optical pump power [133], our bias electric field strength is 4.37× lower than [133], 

and our optical pump power is 4× higher than [133], we estimate our conversion 

efficiency to be 5×10-6. Utilizing this conversion efficiency as well as the other 

parameters for our setup [122], the estimated THz electric field strength at the focus is 

found to be 15 V/cm. 

Based on these two estimations (upper and lower limits), we arrive at a THz pump 

electric field strength of 12 V/cm. 

F.2. Calculation of Local Electric Field Enhancement 

The THz plasmon current dynamics, localized plasmonic field strength, and the 

radiated depolarization THz plasmonic field (i.e. ( , )a

pl
E r t
� �

 due to ( , )a
E r t
� �

 coupling), are 

strongly influenced by collective surface conductivity, the interparticle separation, s, and 

the THz plasmon field evanescent decay distance, ℓ. For s/ℓ > 1, the interparticle 
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interaction is governed by far-field dipolar or multipolar absorption and reradiation, 

whereas, for closely packed metallic particles s/ℓ<<1, high evanescent fields result in a 

strong near-field coupling [123]. It is evident that any changes in σ  due to electric-field 

induced charges will map itself on the radiated THz electric field. 

Using FDTD calculations, it was determined that in an ensemble of sub-λ size 

metallic particles the surface electric field enhancement increases from 3× for a single 

particle to 85× for the ensemble, as shown in Fig. F.1. Thus, the incident 12 V/cm THz 

electric field is enhanced to 1 kV/cm within the 10 nm gap between the particles. 

 

 

Figure F.1. (a) Surface electric field enhancement for a single particle excited with E(t). 

The two-headed arrow represents the polarization direction of the incident THz electric 

field and p(t) represents the induced Hertzian dipole moment. (b) Surface electric field 

enhancement for an ensemble of particles showing inter-particle THz field enhancement 

of 85 times. (c) Enlarged image showing the electric field enhancement between two 

particles. 


