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Abstract

In this dissertation, numerical models have been developed to investigate strong-field

photoemission and attosecond streaking spectroscopy from plasmonic nanoparticles. At-

tosecond streaking spectroscopy and strong-field photoemission are powerful methods for

investigating the electronic dynamics in gaseous atoms, that are currently being transferred

to the investigation of collective electronic (plasmonic) effects in solids and nanostructures.

First, a classical model is proposed to study plasmon excitations in metal nanoparticles

using attosecond streaking spectroscopy. In this model, by sampling over classical photo-

electron trajectories, we simulated streaked photoelectron energy spectra as a function of

the time delay between ionizing isolated attosecond extreme ultraviolet pulses and assisting

infrared or visible streaking laser pulses. Our theoretical model comprises a sequence of

four steps: XUV excitation, electron transport in the nanoparticles, escape from the surface

of the nanoparticles, and propagation to the photoelectron detector. Based on numerical

applications to gold nanospheres, we investigated streaked photoemission spectra with re-

gard to (i) the nanoparticle’s dielectric response to the electric field of the streaking laser

pulse, (ii) relative contributions of photoelectron release from different locations on and

in the nanoparticle, (iii) contributions of photoemission from the Fermi level only versus

emission from the entire occupied conduction band, and (iv) their fidelity in imaging the

spatiotemporal distribution of the induced plasmonic field near the particle’s surface.

Second, based on this model, we suggest a method for reconstructing induced plasmonic

fields with nm spatial and sub-fs temporal resolution from streaked photoemission spectra.

Applying this imaging scheme to gold nanospheres, we demonstrated the accurate spatiotem-

poral reconstruction of the plasmonic near-field distribution in comparison with the directly

calculated plasmonic field.



Finally, strong-field photoemission from metal nanoparticles was modeled. The numerical

model includes: (i) photoelectron emission on the nanoparticle surface by an intense infrared

laser pulse, (ii) photoelectron propagation outside the nanosphere in the presence of the in-

cident laser and induced plasmonic fields, and (iii) photoelectron rescattering and recombi-

nation to the nanoparticle. Based on simulated photoelectron-momentum distributions from

gold nanospheres for two different intensities, and in comparison with velocity-map-image

photoelectron spectra measured at the James R. Macdonald Laboratory, we scrutinize the

effects of induced plasmonic fields, photoelectron correlations and electron-residual charge

interactions, and photoelectron rescattering and recombination at the nanoparticle surface.
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Chapter 1

Introduction

Exposed to intense laser light, atoms, molecules, solid surfaces, or nanostructures are excited

or ionized. When the intensity of the incident laser pulse is not high enough to ionize the

target, we can see a variety of excitations such as electron transitions to higher energy levels

or collective electronic excitation such as the plasmon excitation in metal. When the intensity

of the incident laser pulse is sufficiently high, multi-photon or tunnel ionization can occur.

In this dissertation, we are investigating plasmon excitations in metal nanoparticles (NPs)

using attosecond streaked photoelectron (PE) spectroscopy and strong-field photoemission

of metal NPs using velocity-map-imaging (VMI).

1.1 Plasmon excitation

Metal NPs have been extensively investigated during the past two decades, owing to their

remarkable optical properties [1, 2]. These are largely related to incident light in the infrared

(IR) to the visible frequency range enforcing the collective motion of conduction electrons.

This light-driven excitation of localized surface-charge plasmons (LSP), controls the NPs

light absorption, reflection, and skin depths [3]. It also can exhibit nm-scale variations and

exceed the incident-field intensity near nanostructured surfaces [4–9] and isolated NPs [10, 11]

by orders of magnitude [12] at incident field frequencies near the NPs plasmon resonance [12,
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13]. The LSP resonance frequency can be tuned from IR to visible frequencies by synthesizing

metal NPs with specific shapes, sizes, compositions, and dielectric environments [2, 14,

15]. The tunable enhanced light absorption and scattering are key to powerful diagnostic

methods, such as:

• Surface-enhanced Raman spectroscopy [16]

• Femtosecond scanning tunneling microscopy and spectroscopy [17]

• Time-resolved nanoplasmonic-field microscopy [4, 11, 13, 18]

• Biomedical and chemical sensing [19, 20]

• Bio-imaging, where plasmonic NPs are used as markers [21].

In addition, the controllable electro-optical properties of metal NPs are enabling promising

applications, including:

• The in vivo optoporation of targeted retinal ganglion cells with functionalized Au NPs [22]

• Multichromatic switchable nano-pixels [23]

• Nanoplasmonically enhanced photocatalysis [24]

• Plasmon-enhanced light harvesting [25, 26]

• Tumor detection and treatment [27, 28]

• Ultrafast electro-optical switching [29]

• Thermo-plasmonics [30].

Progress in these promising applications will be facilitated by the accurate nm-sub-fs scale

spatiotemporal characterization of transient nanoplasmonic fields, calling for the design of

novel schemes for the reconstruction of plasmonic field distributions. We recently proposed

classical [31] and quantum-mechanical [32] schemes for the spatiotemporal imaging of induced

plasmonic-field distributions near the surface of Au, Ag, and Cu NPs, based on nm spatially

resolved attosecond PE streaking spectroscopy [31].
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1.2 Attosecond streaking spectroscopy

Figure 1.1: Schematic of the attosecond streaking from atomic gas target. A few-cycle
pulse of laser light, together with a synchronized sub-fs XUV burst, is focused into an atomic
gas target. The XUV pulse releases electrons by photoionization. The light electric field EL(t)
imparts a momentum change to the electrons (black arrows), which scales as the instanta-
neous value of the vector potential AL(t) at the instant of release of the probing electrons. The
momentum change is measured by an electron detector, which collects the electrons ejected
along the direction of the linearly polarized laser pulse (Figure from [33]).

Starting with the new millennium, attosecond science has made rapid progress in de-

veloping pump-probe techniques for investigating the dynamics of electronic processes at

the natural timescale of the electronic motion in matter, 1 as (1 attosecond = 10−18 sec-

onds) [34]. Attosecond streaked photoemission spectroscopy, in particular, by illuminating a

target with isolated attosecond extreme ultraviolet (XUV) pulses that are phase-coherently

synchronized to a delayed strong IR (or visible) pulse, records photoemission yields as a

function of the delay τ between the ionizing XUV and assisting streaking pulses, revealing

temporal information through relative phase shifts of delay-dependent PE yields (so-called

“streaking traces”) from different initial electronic states of the target [35, 36]. After almost
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two decades of proof-of-principle applications to relatively simple systems, such as atoms in

the gas phase [33], this field of research is now further expanding to include time-resolved in-

vestigations of electronic excitation, electron transport, and collective electronic processes in

solid matter [29, 36, 37]. In particular, the combination of attosecond ultrashort-pulse-laser

technology with recent advances in nano-science and nano-technologies holds promise for

the improved and detailed characterization, design, and fabrication of novel nanometer-scale

structures that respond to irradiation with intense electromagnetic radiation in a control-

lable way, promoting, for example, new applications of ultrafast electro-optical information

processing [29, 38]. In streaked PE spectra of NPs [11, 13, 18, 39] and nanotips [40, 41], the

nanoplasmonic response to the streaking pulse leads to a characteristic amplitude increase

and phase shift of the streaking traces, providing temporal information on the induced plas-

mon dynamics Fig. 1.2.

Figure 1.2: Schematic of attosecond streaking from NPs. A single attosecond XUV pulse
emits electrons into the field of a delayed IR streaking laser pulse. The linear color scale
represents the local electric-field-strength enhancement in the x − z plane. The size of the
target and wavelength of laser pulses are not to scale

4



1.3 Spatiotemporal imaging of plasmonic fields

The desire to understand, image, and ultimately control plasmonic excitation in solids mo-

tivates the continued improvement of imaging techniques towards the spatio-temporal reso-

lution of plasmonic field distributions [4, 36]. A very promising way to realize the detailed

mapping of induced plasmonic fields with atomic resolution in time and space is PE streaking

spectroscopy [36]. Applied to solid targets, such high-resolution photoemission studies on

extended targets address effects that are absent in isolated atoms in the gas phase. These

additional phenomena include the propagation of photo-released electrons in the solid from

their release point to the surface, subject to elastic and inelastic scattering [42, 43], the

emitted PE’s interaction with equilibrating residual surface-charge distributions [44], its in-

teraction with the spatially inhomogeneous plasmonic field [10, 11, 36, 39, 45–47], and the

finite skin depth [43] of the incident pulses of electromagnetic radiation. Motivated to study

the control of plasmonic excitations, we have developed a quantum-mechanical model to

image the plasmonic field with nm-spatial and sub-fs temporal resolution from metal NPs

and nanoshells Fig. 1.3 that is optimized for ultrashort IR streaking pulses [32].

1.4 Strong-field ionization of atoms

At sufficiently high light intensities, multi-photon or tunnel ionization occurs [48, 49], and

emitted PEs can gain a significant amount of energy while propagating in the oscillating laser

electric field. For gaseous atomic targets, PEs that are directly emitted and do not return

to the residual atom gain up to 2Up(I0) in kinetic energy in linearly polarized laser pulses,

while PEs that are driven back to the residual ion by the laser electric field and rescatter

elastically, accumulate up to 10Up(I0) [50–53]. The ponderomotive energy Up(I0) = I0/(4ω
2)

is the cycle-averaged quiver energy of a free electron in a laser field of frequency ω and

intensity I0.
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Figure 1.3: Schematic of spatially-resolved attosecond nanoplasmonic imaging. An at-
tosecond XUV pulse emits electrons into the field of a delayed IR streaking laser pulse, whose
polarization direction can be rotated by a variable angle ϕ relative to the XUV-pulse polar-
ization. The linear color scale represents the electric-field-strength enhancement for 50 nm
radius Au nanospheres in 720 nm incident IR pulses. The size of the target and wavelength
of laser pulses are not to scale.

1.5 Strong-field ionization from dielectric nanoparti-

cles

Strong-field PE emission and rescattering from solids [54–60] and isolated nanostructures,

such as clusters [61–65], nanotips [17, 66, 67], and isolated dielectric NPs [10, 39, 68], was

extensively studied throughout the past decade. Analogous to gaseous atoms, strong-field

ionization leading to high PE energies from NPs can be thought of as occurring in dis-

tinct sequential steps [69]: electron emission from the NP surface, PE propagation in the

continuum, and PE rescattering towards and interaction with the NP [65, 68]. In compari-

son with gaseous atomic targets, each of these steps is significantly more intricate for NPs,

due to their more complex electronic and morphological structure and the emission of a

larger number of PEs, emphasizing the effects of e-e interactions, residual charges, and PE
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Figure 1.4: Basic ionization processes in atoms. (a) In single-photon ionization, the atom
is ionized through the absorption of a single energetic photon. (b) If the laser intensity is
high enough, multiple photons can be absorbed simultaneously and lead to ionization even if
the energy of the individual photons is not sufficient. (c) In tunnel ionization, the laser light
in the dipole approximation can be considered a classical field that is strong enough to bend
the Coulomb potential of the atom, such that a tunnel barrier is created and the electron may
tunnel out(Figure from [49]).

- nanoplasmonic-fields interactions.

To simulate the PEs dynamics during the multiple ionization of dielectric NPs, a quasi-

classical mean-field Monte-Carlo (M3C) model was developed employing classical Mie the-

ory [70, 71]. This model was applied to investigate PE angular distributions and laser-carrier-

envelope-phase-controlled PE rescattering from 50 - 550 nm SiO2 nanospheres [72], controlled

near-field-enhanced electron acceleration from dielectric nanospheres [10], attosecond streak-

ing spectroscopy of electron scattering in dielectric NPs [68], and ultrafast metallization of

isolated dielectric and semiconducting NPs [73]. In this numerical model, electrons are

liberated via tunnel ionization from randomly chosen surface atoms, based on Ammosov-

Delone-Krainov (ADK) atomic tunnel-ionization rates [74]. PEs are assumed to be launched

at the classical tunnel exit with zero initial velocities. Their subsequent motion in the electric

fields of the incident laser pulse and induced plasmonic response is propagated classically.

Electronic correlation and PE - residual-charge interactions during the propagation are ac-

counted for at the mean-field level. Experimentally, strong-field photoemission from isolated

dielectric SiO2 NPs by intense 4 fs 720 nm and 25 fs 780 nm linearly polarized laser pulses

were recently measured for different NP sizes and laser intensities by respectively Süßmann

et al. [72] and Powell et al. [75].
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1.6 Dissertation overview

The main focus of this dissertation is the theoretical investigation of laser - metal NP inter-

actions using attosecond streaking and VMI spectroscopy.

In Chapter 2, we have developed a classical Monte-Carlo trajectory model to simulate

the single-XUV-photon emission of gold conduction electrons in the electric field of delayed

ultrashort IR (or visible) pulses. This model includes four distinct steps: (a) excitation of

the PE by the XUV pulse, (b) transport of the excited PE to the surface, (c) escape of

the PE from the surface, and (d) propagation of the released electron to the detector in

the presence of the incident and induced plasmonic fields. By carefully analyzing simulated

streaked spectra, we reconstructed the temporal information of the plasmonic excitation in

the metal NPs.

In Chapter 3, based on the theoretical model developed in Chapter 2, we propose a scheme

for the reconstruction of induced plasmonic near-fields at isolated metal NP surfaces from

streaked PE spectra. We demonstrate the reconstruction of the plasmonic near-field distri-

bution with sub-femtosecond temporal and sub-nanometer spatial resolution in comparison

with the directly calculated induced plasmonic field.

In Chapter 4, we modeled strong-field ionization from metal NPs. Our numerical model

includes: PE emission on the NP surface by an intense infrared laser pulse. PE propagation

outside the nanosphere in the presence of the incident laser and induced plasmonic fields. It

accounts for electron-electron, electron-residual charge, and image charge interactions. PE

rescattering and recombination to the NP. Based on simulated PE-momentum distributions

for 5 to 70 nm diameter gold nanospheres for two different intensities, and in comparison

with measured VMI PE spectra, we scrutinize the effects of induced plasmonic field, electron-

electron and electron-residual charge interactions, and PE rescattering and recombination.

In Chapter 5, we present summary and outlook.

Atomic units are used throughout this dissertation unless otherwise indicated.
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Chapter 2

Characterization of induced

nanoplasmonic fields in time-resolved

photoemission: a classical trajectory

approach applied to gold nanospheres

2.1 Introduction

In this chapter, we investigate the strong transient polarization of sub-infrared (IR)-wavelength-

size gold nanospheres by an intense IR or visible pulse (Fig. 2.1; in the following text we refer

to “IR” as including the visible spectral range). For linearly polarized incident IR pulses,

the induced polarization resulting from the coherent driven motion of a large number of gold

conduction electrons oscillates with the IR laser carrier frequency and generates the surface-

enhanced inhomogenous plasmonic field. The driving IR and induced field are shifted by a

phase that depends on the detuning of the IR-laser frequency from the plasmon resonance

frequency of the NPs.

We developed a classical trajectory model to probe the plasmonic response of NPs by

single-XUV-photon emission of gold conduction electrons in the electric field of delayed
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ultrashort IR (or visible) pulses. During this laser-assisted XUV photoemission process,

the streaking pulse thus has two distinct functions, as it both stimulates and probes the

dielectric plasmonic response of the nanospheres. PEs released by the XUV pulse propagate

inside the NP and are subject to elastic and inelastic collisions with electrons and nuclei

of the nanosphere. Upon reaching the surface, they may get emitted and experience the

net electric field of the streaking pulse and induced plasmonic field before possibly moving

a macroscopic distance to the time-of-flight detector that registers their momentum for a

given delay between the streaking pulse and ionizing single attosecond XUV pulse.

Figure 2.1: Illustration of attosecond streaking spectroscopy of nanospheres. PEs are
excited by an isolated XUV pulse at initial positions ~r0 with velocities ~v0. Upon leaving
the nanosphere they experience the plasmonically enhanced field of the delayed IR streaking
pulse. τ designates the time delay between the IR and XUV pulse. The size of the target and
wavelength of laser pulses are not to scale.

The described scenario is illustrated in Fig. 2.2 and can be thought of as a sequence of
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four distinct steps:

1 Excitation of the PE by the XUV pulse at time te.

2 Transport of the excited PE to the surface during the time interval ts − te.

3 Escape of the PE from the surface at time ts.

4 Propagation of the released electron to the detector during the time interval tf − ts.

Figure 2.2: Schematics of IR-streaked single-photon XUV photoemission from the occupied
CB of a nanosphere.

In our theoretical modeling of streaked photoemission from NPs we assume Gaussian

XUV pulses with central energy εctrxuv = 105 eV and full temporal width at half intensity
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maximum (FWHIM) ∆txuv = 287 as, represented by the electric field

~Exuv(~r, t) = ~Exuv,0 exp

(
−2 ln 2

(t− kxuvx/εctrxuv)2

∆t2xuv

)
× exp

[
−i(εctrxuvt− kxuvx)

]
, (2.1)

with kxuv = εxuv/c and the speed of light in vacuum c. We further assume streaking pulses

with Gaussian temporal profile,

~Einc(~r, t) = ~EIR,0 exp

(
−2 ln 2

(t+ τ − kx
ω

)2

∆t2IR

)

× exp(−i(ω(t+ τ)− kx+ π)), (2.2)

pulse length (FWHIM) ∆tIR = 2.472 fs, λctrIR = 2π/k = 2πc/ω = 720 and λctrIR = 530 nm

central wavelength, and 1012 W/cm2 peak intensity. The time delay τ between the XUV and

the IR pulses we define to be positive if the IR pulses precede the XUV pulses. Both pulses

are linearly polarized along the z axis and propagate along the positive x axis of our Cartesian

coordinate system (Fig. 2.1). Based on the small cross section for XUV photoemission from

gold NPs [76], we assume the NP to be transparent to the XUV pulses.

2.2 Theory

2.2.1 Induced plasmonic electric field

We model the CB of the nanosphere based on a spherical square-well potential with radius

a and depth V0 = εF + W , where we assume that the Fermi energy and the work function

for gold NPs are equal to the Fermi energy (εF = 5.53 eV [77]) and the work function

(W = 5.1 eV [78]) of the bulk gold (Fig. 2.2). Expressing the oscillating induced dipole
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moment of the nanosphere,

~P (t) = (2π)−1/2

∞∫
−∞

dωeiωt ~P (ω)

~P (ω) = ε0εmα(ω) ~Einc(~r, ω) (2.3)

in terms of the complex polarizability α(ω), the spectral components of the incident streaking

pulse (2.2), ~̃Einc(~r, ω), and the relative permittivity of the surrounding medium (vacuum)

εm (=1), the induced plasmonic field generated by ~P (t) is given by [79]

~Epl(~r, t) =
1

εm
[k2(r̂ × ~P (t))× r̂ e

ikr

r

+ (3r̂(r̂ · ~P (t))− ~P (t))(
1

r3
− ik

r2
)eikr], (2.4)

where r̂ is a unit vector in the direction of ~r. The dipole approximation underlying this

expression is justified by the NP radii in our numerical examples below not exceeding 50 nm

and thus being significantly smaller than the wavelength of the streaking pulse [80].

In order to explain the colors of colloidal gold particles in solution, Mie in 1908 applied

classical electrodynamics to the scattering and absorption of electromagnetic radiation by

dielectric spheres [70]. Following Mie’s approach, for radii a < 0.1λctrIR the complex polariz-

ability of the nanosphere can be written as [81]

α(ω) =
9− 0.9(ε(ω) + εm)s2 +O(s4)

3 + 9εm/(ε(ω)− εm)− (0.3ε(ω) + 3εm)s2 − i2ε3/2m s3 +O(s4)
V, (2.5)

in terms of expansions of the numerator and denominator in the dimensionless size param-

eter s = 2πa/λctrIR, the frequency-dependent dielectric function ε(ω), and the volume of the

nanosphere, V = (4/3)πa3. While a square-well potential is obviously a crude representation

of a nanosphere’ s valence electronic structure, our sampling over all occupied conduction-

band (CB) states and the XUV-pulse spectral profile (discussed below) tends to average over

details in the target’s band structure, which we thus assume to be of secondary relevance
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to the description of currently observable streaked PE spectra. For the numerical example

discussed below, the maximal value of s is smax = 0.57, justifying our neglect of terms of the

order s4 and higher.

While α(ω) is calculated for the specific (spherical) symmetry and depends on the size of

our target, we represent the dielectric function in (2.5) within the Drude-Lorentz model [82,

83] for bulk gold in closed analytical form as

ε(ω) = ε∞ −
ω2
pl

ω(ω + iγpl)
(2.6)

+
2∑
p=1

ApΩp

(
eiφp

Ωp − ω − iΓp
+

e−iφp

Ωp + ω + iΓp

)
.

The first two terms constitute the standard Drude model [77, 84] with the high-frequency-

limit dielectric function ε∞ = 1.1431, plasma frequency ωpl = 1.3202 × 1016 rad/s, and

plasmon damping constant γpl = 1.0805 × 1014 rad/s. The remaining terms in (2.6) re-

late to interband transitions which are represented by Lorentz oscillators with oscillator

strengths Ω1 = 3.8711 × 1015 rad/s and Ω2 = 4.1684 × 1015 rad/s, spectral widths Γ1 =

4.4642×1014 rad/s and Γ2 = 2.3555×1015 rad/s, amplitudes A1 = 0.26698 and A2 = 3.0834,

and phases φ1 = −1.2371 and φ2 = −1.0968. The parameters Ωp,Γp, Ap, and φp are ob-

tained in Ref. [85] by fitting experimental optical data for bulk gold. Since in our numerical

applications the streaking pulses are sufficiently long to have very small spectral widths, we

can ignore the variation of ε(ω) with ω and instead employ its value at the central frequency

2πc/λctrIR of the streaking pulse as a dielectric constant, where c designates the speed of light

in vacuum.

The enhancement of the net electric field near the nanosphere surface varies with the

degree of latitude and is largest at the poles, the poles ~rp = (0, 0,±a) being defined with

regard to the polarization direction of the IR pulses. Figure 2.3 shows the plasmonic-field

enhancement

ηpole(λ
ctr
IR) = | ~Einc + ~Epl|/| ~Einc| (2.7)

as a function of the streaking-pulse wavelength for nanospheres with radii between 5 and
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50 nm. As expected from a simple box-quantization consideration, ηpole(λ
ctr
IR) sensitively

depends on the NP size, and its maximum red-shifts as the particle size increases.
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Figure 2.3: Plasmonic-field enhancement at the poles of gold nanospheres of different radii
a as a function of the wavelength λctrIR of the incident 1012 W/cm2 peak intensity pulse.

2.2.2 Trajectory calculation

Following the 4-step sequence of PE excitation, transport, escape, and propagation to the

detector illustrated in Fig. 2.2, we numerically calculate PE trajectories for given initial

positions ~r0 and initial velocities ~v0.
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Excitation

We define our time scale by assuming the center of the XUV pulse to pass the x = 0 plane

at time zero (Fig. 2.1) and refer to the “excitation time” te = x0/c as the instant when

a conduction electron is excited and released by absorption of a single XUV photon at an

excitation point ~r0 = (x0, y0, z0) inside the NP. This time is different for different excitation

positions and equal to the propagation time of the XUV pulse between the reference plane

at x = 0 and the excitation point (Fig. 2.4). The delayed excitation is specific to our

classical modeling of the photoemission process. While it is negligible for photoemission

from atoms, the travel time of XUV light across the largest nanospheres of 50 nm radius

studied in our numerical examples below is 334 as. Accounting for delays between the XUV

excitation of conduction electrons at different locations is therefore crucial for our calculation

of attosecond time-resolved streaking spectra.

Figure 2.4: Schematics for the excitation time calculation and illustration of the “surface
effect” (blue vectors labeled with “1”) and “transport effect” (brown vectors labeled with “2”)
for two different points on the surface of the nanosphere.
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Transport to the surface

After excitation, the PE propagates inside the NP towards the surface, changing its momen-

tum and losing kinetic energy due to elastic and inelastic collisions. We will refer to this

change of the PE’s propagation direction and energy as “transport effect”. We include this

effect in both calculating individual electron trajectories and in the sampling over trajectories

(cf., Sec. 2.2.3 below).

In the numerical examples discussed in Sec. 2.3 below, released PEs propagate inside

the NP with kinetic energies between approximately 85 to 110 eV. In this energy range, the

inelastic mean free path (IMFP) λi varies insignificantly by about 1% and will be considered

as a constant value of 0.441 nm [86].

We model transport effects inside the NP on individual electron trajectories within the

Drude model for metals [77] by introducing the frictional damping force

~F (~v) = −m∗~v/τrelax (2.8)

in Newton’s equation of motion

m∗
d

dt
~v(~r, t) = ~F (~v) , r < a, (2.9)

where m∗ = 1.1 is the effective electron mass [77]. The relaxation time of bulk gold

conduction electrons is τrelax = λi/vF = 30 fs, with respect to the Fermi velocity vF =

1.40× 108 cm/s [77]. Since gold is a good conductor, the electric field inside the nanosphere

is negligible and therefore absent in (2.9). For a given initial point (~r0, ~v0) in phase space,

the position and velocity of the released electron inside the NP as a function of time then
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immediately follow from (2.9) as

~v(t) = ~v0 e
−

t− tb
τrelax



~r(t) = ~r0 + τrelax ~v0

1− e
−

t− tb
τrelax

 . (2.10)

Escape from the surface

An additional energy loss occurs as the released PE leaves the NP due to the increase of

potential energy at the particle’s surface. For the spherical square-well potential in our

model, energy conservation requires the radial and tangential velocity components of the

electron just before reaching the surface at r = a (v
(−)
sr and v

(−)
st , respectively) and just

outside the surface (v
(+)
sr and v

(+)
st , respectively) to be related according to

v(+)
sr =

√
m∗v

(−)2
sr − 2V0

v
(+)
st =

√
m∗v

(−)
st . (2.11)

The radial velocity v
(−)
sr determines whether the electron is energetically able to leave the

target and is thus of particular importance in our calculation of PE spectra. Taking into

account that electrons are released with a nonuniform distribution of initial velocities ~v0,

that follow an assumed dipole distribution around the polarization direction of the XUV

pulse, explains that the radial velocity component v
(−)
sr tends to decrease for initial positions

near the surface with increasing degree of latitude θr0 . This favors electron emission at the

poles (θr0 = 0◦ or 180◦) and suppresses emission at the equator (θr0 = 90◦). This effect

is illustrated by the blue velocity vectors that are labeled with “1” in Fig. 2.4 and will be

referred to as “surface effect”. Surface effects are thus expected to strongly suppress emission

near the equator.

Emission from the equator is also suppressed due to electron transport effects as illus-

trated by the brown velocity vectors labeled “2” in Fig. 2.4. Moving the release point ~r0
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on the surface from the pole to the equator, the propensity for long pathlengths inside the

particle increases, reducing the probability for electron emission and propagation toward the

detector. In addition to surface effects, transport effects noticeably influence PE spectra.

This is confirmed by our numerical applications and further discussed in Sec. 2.3 below.

Propagation to the detector

Assuming complete screening at the surface of the metallic nanosphere, escaping PEs are

subjected to (i) the incident IR and induced plasmonic electric field upon reaching the surface

and (ii) a reduction of their mass from the effective value m∗ to the free electron mass m = 1.

We calculate the final PE velocity ~vdetf (~r0, ~v0, τ) by numerically solving the classical equation

of motion
d

dt
~v(~r, t) = − ~Einc(~r, t)− ~Epl(~r, t) , r > a, (2.12)

using a 4th order Runge-Kutta method for a given time delay τ , initial position ~r0, and initial

momentum ~v0. Not all emitted electrons reach the detector. In the numerical examples

discussed below we count PEs as detected if their final velocity direction lies within a cone

about the positive z axis with an opening angle of θacc = 45◦.

2.2.3 Sampling trajectories

We include a large number of PE trajectories by Monte-Carlo sampling [87] over their initial

phase-space points (~r0, ~v0). This sampling is carried out based on the probability density

function (PDF) ρ(~r0, ~v0) that lends relative weights to the trajectories. Having described our

calculation of individual trajectories in the previous subsection, we now detail our modeling of

the PDF under the assumption that the initial PE position ~r0 and velocity ~v0 are independent,

allowing the separation

ρ(~r0, ~v0) = ρpos(~r0)ρvel(~v0). (2.13)
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Initial positions

For the purpose of modeling ρpos(~r0), we assume a constant electron density inside the

nanosphere. Even though the charge redistribution on the NP surface by the streaking

IR pulse creates a large plasmonic field, the number of electrons displaced by the action

of the incident IR electromagnetic wave is negligible in comparison to the total number of

free electrons in the CB. We can therefore safely suppose that the electron density remains

uniformly distributed inside the nanosphere.

Consistent with our assumption made for the calculation of individual trajectories of the

NP being transparent to the XUV pulse, we further assume that the XUV-photoemission

rate is uniform inside the NP. This amounts to neglecting the macroscopic effect of the

attenuation of the XUV pulse while (strictly speaking inconsistently) still allowing for XUV-

triggered single-photon photoemission. Under these presuppositions, the PDF for initial

positions is

ρpos(~r0) =
1

V


1 , r0 ≤ a

0 , r0 > a

. (2.14)

Initial velocities

The velocity distribution resulting from the excitation of conduction electrons in the lin-

early polarized electric field of the XUV pulse is cylindrically symmetrical about the XUV

polarization direction (z axis). Therefore, representing ~v0 in spherical coordinates, the PDF

ρvel(~v0) = ρvel(v0, θv0) is independent of the azimuthal angle φv0 . Assuming that for the

narrow range of PE kinetic energies of relevance in our numerical applications below the

initial PE angular distribution does not depend on the electron speed v0, we can separate

v0- and θv0-dependent contributions to the velocity PDF, such that

ρvel(~v0) =
1

2πv2
0 sin(θv0)

ρv(v0)ρθ(θv0). (2.15)

The angle-dependent factor ρθ(θv0) reflects the angular distribution of PEs due to single-
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photon emission. For the assumed dipolar distribution the normalized PDF in θv0 is

ρθ(θv0) =
4

π
cos2(θv0), (2.16)

which immediately follows by applying Fermi’s golden rule to single-photon electron emission

from initial zero-angular-momentum atomic states [76]. We note that, since the detector is

placed along the positive z axis, PEs with final velocities along the negative z axis are not

detected. Disregarding the very small chance of large-angle deflections of released PEs inside

the NP and in the external IR electromagnetic field, we restrict θv0 to the interval [0, π/2]

and normalize ρθ(θv0) over this interval.

We determine ρv(v0) within the free-electron-gas model for CB electrons [88] based on

the electronic density of states

ρCB(εCB) = fFD(εCB)
3

2
ε
− 3

2
F

√
εCB, (2.17)

with the Fermi-Dirac distribution function

fFD(εCB) =
1

exp((εCB − µ)/kBT ) + 1
(2.18)

and conduction-electron energy εCB. Neglecting the small change of the overall electron-

kinetic-energy distribution at room temperature relative to T = 0 K, we assume T = 0 K,

i.e.,

ρCB(εCB) =


3
2
ε
− 3

2
F

√
εCB , 0 ≤ εCB ≤ εF

0 , otherwise.

(2.19)

The squared Fourier transformation of Eq. (2.1) results in the spectral profile of the XUV

pulse, which, upon normalization over all XUV photon energies εxuv > 0, turns into the PDF

ρxuv(εxuv) = (
2

πσ2
xuv

)
1
2 exp(−(εxuv − εctrxuv)2

2σ2
xuv

), (2.20)
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with the standard deviation σxuv = 1/∆txuv = 2.7 eV corresponding to the XUV spectral

width (FWHIM) of 6.35 eV.

Since ρCB(εCB) and ρxuv(εxuv) are independent distributions, their convolution results in

the PDF for XUV-excited PEs

ρCB,xuv(ε
∗
CB) =

∞∫
0

dεCB ρCB(εCB) ρxuv(ε
∗
CB − εCB), (2.21)

where the energy of the excited CB PE is given by ε∗CB = εCB+εxuv (Fig. 2.2). The dispersion

relation v0 = (2ε∗CB/m
∗)1/2 for excited CB electrons inside the NP now leads to the PDF for

the magnitude of the PE velocity immediately after XUV excitation,

ρv(v0) =

∫
dε∗CBρCB,xuv(ε

∗
CB) δ

(
v0 −

√
2ε∗CB/m

∗
)

= m∗v0ρCB,xuv(
1

2
m∗v2

0). (2.22)

Monte-Carlo sampling

In section 2.2.2 we included transport effects in the calculation of individual PE trajectories

in terms of the IMFP λi. This results in the deceleration of the released electron inside

the NP [cf. Eq. (2.10)]. Since the deceleration and change of propagation direction inside

the NP affects the electron-detection probability, the PDF needs to take into account the

effective loss of PEs due to collisions. We incorporate the effects of the change in propagation

direction and energy loss in terms of the relative probability of escape

ρl(l) =
exp(−l(~r0, ~v0)/λi)

λi(1− exp(−2a
λi

))
(2.23)

that depends on the distance l(~r0, ~v0) the PE covers inside the NP before reaching its surface

and on λi. We thus count excited electrons that change their direction of propagation due

to collisions as lost, i.e, as either being able to escape from the NP without reaching the

detector or as not being able to escape. This implies that PEs which are released further
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away from the surface tend to have a lower probability to be emitted from the nanosphere.

Combining the transport effects as described in Eq. (2.22) with Eqs. (2.13) and (2.14)

leads to the effective phase-space PDF

ρtot(~r0, ~v0) = ρ(~r0, ~v0) ρl(l). (2.24)

The distribution of observable final PE velocities ~vf = (vf , θvf , φvf ) is obtained from ρtot and

the final asymptotic electron velocities ~vdetf (~r0, ~v0, τ) as

ρf (~vf , τ) =∫ ∫
d~r0 d~v0 ρtot(~r0, ~v0) δ

(
~vf − ~vdetf (~r0, ~v0, τ)

)
. (2.25)

From this expression we obtain the streaked photoemission spectra, i.e., the PE yield

Y (Kf , τ) = Nvf

∫ θacc/2

−θacc/2
sin θvfdθvf

∫ 2π

0

dφvfρf (~vf , τ) (2.26)

as a function of the final PE kinetic energy Kf = 1
2
v2
f and the delay τ . With the factor

N = [max
Kf ,τ

Y (Kf , τ)]−1 (2.27)

we normalize the streaked PE spectrum to its maximal yield.

2.3 Numerical results and discussion

In this section we are going to characterize the plasmonic field near the surface of the

nanosphere by examining streaked PE spectra and streaking curves. We will represent

streaked spectra as color-coded graphs of the normalized PE yield Y (Kf , τ) (2.26). We

numerically evaluate Eq. (2.26) for fixed delays by binning final PE kinetic energies result-

ing from trajectory calculations, Kdet
f = 1

2
~vdetf (~r0, ~v0, τ)2, in small equidistant kinetic energy
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intervals of width ∆Kf = 0.6 eV. For every spectrum we sample over 6,633,000 trajectories

and compose the PE yield as a histogram based on the kinetic energy bins. All spectra are

calculated for a detector acceptance angle of θacc = 45◦. In our numerical studies we found

that typically about 50% of the included trajectories contribute to the detected electron

yield. The large number of not “detected” trajectories is due to PEs failing to reach the

acceptance cone of the detector.

We will refer to streaking curves as graphs of the PE kinetic energy Kdet
f (~r0, ~v0, τ) =

1
2
~vdetf (~r0, ~v0, τ)2 resulting from a single initial point inside the NP ~r0 and from a given initial

velocity ~v0 as a function of τ . Since streaked spectra can be understood as the superposition

of streaking curves, we will discuss streaking curves with regard to the degree of spatial

resolution at which streaking spectroscopy allows the imaging of plasmonic fields.

2.3.1 Emission-position dependence

Emission-depth dependence

Figure 2.5(a) shows streaking curves Kdet
f (~r0, ~v0, τ) for a = 50 nm gold nanospheres obtained

from electron trajectories that start at the detector-facing pole ~rp(0, 0, a) for five different

radial distances r0 between 45 and 50 nm. The electrons are assumed to be emitted from

the Fermi level with emission direction θv0 = 0◦. The diagonal shift of the curves suggests

that PEs reach the detector with an increasing energy loss and time delay when r0 moves

from the surface towards the center of the nanosphere. These are expected manifestations

of the transport effect discussed in Sec. 2.2.2. PEs which are excited deeper inside the NP

require more time to reach the surface, causing an increasing time delay in the streaking

curves. The delay difference amounts to 0.85 fs between electrons that start at r0 = 50 and

45 nm. In addition, the increasing pathlength inside the nanosphere increases the chance

for PEs experiencing collisions during their transport to the surface, causing the likewise

increasing kinetic energy loss. Relative to trajectories that start at the surface (r0 = 50 nm),

the energy loss depicted in the streaking curve amounts to 6 eV if the release point is shifted

to r0 = 45 nm.
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Figure 2.5: Streaking curves and streaked spectrum from 50 nm Au nanospheres. (a)
Streaking curves for PEs emitted from the Fermi level with emission direction θv0 = 0◦ from
five release points (r0, θr0 = 0◦) located on an axis joining the detector-facing pole and center
of the nanosphere. (b) Streaking curves for the same five points and emission from the
Fermi level for randomized velocity directions θv0. (c) Simulated streaked spectrum and two
streaking curves from release points (r0 = 50, θr0 = 0◦) (white curve) and (r0 = 48, θr0 = 0◦)
(black curve). The spectrum is calculated for emission from the entire occupied CB, while
the two streaking curves are calculated for emission from the Fermi level only. The spectrum
is normalized to its maximal yield. The assumed emission direction for the two streaking
curves is θv0 = 0◦.

The streaking curves in Fig. 2.5(b) are calculated for the same five release points and

emission from the Fermi level only as in Fig. 2.5(a). However, the initial PE velocity di-

rections are selected randomly for each delay τ and weighted with the dipole distribution

(2.16). By randomizing the velocity directions, PEs acquire different path lengths inside the

NP, resulting in different escape probabilities and energy losses that explain the appearance

of small fluctuations in the streaking curves. As expected, these fluctuations become more
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pronounced as the release point is shifted towards the nanosphere center. The fact that

even after velocity-direction randomization we basically get the same streaking curves for

each initial position indicates that every radial emission point uniquely translates into a

corresponding streaking curve.

Figure 2.5(c) shows how two individual streaking curves for emission from the Fermi level

and surface of 50 nm radius gold nanospheres with emission direction θv0 = 0◦ from initial

points (r0 = 50, θr0 = 0◦) and (r0 = 48, θr0 = 0◦) contribute to the streaked spectrum. This

graph illustrates that streaked spectra contain (radial) spatial information in addition to

temporal information.

Emission-angle dependence

Figures 2.6(a) and 2.7(a) show streaking curves for four release points on the nanosphere

surface (r0 = a) at different latitudes θr0 between the detector-facing pole and equator of the

sphere for emission from the Fermi level with emission direction θv0 = 0◦. Figures 2.6 and

2.7 show results for radii of 50 and 5 nm, respectively. The striking decrease of the streaking

oscillation amplitude for increasing θr0 is due to the inhomogeneous plasmonic field being

the strongest at the pole and decreasing in strength towards the equator of the nanosphere.

The absence of streaking curves for θr0 = 90◦ in Figs. 2.6(a) and 2.7(a) is due to the released

PEs having insufficient kinetic energy to overcome the potential barrier at the nanosphere

surface (surface effect) and transport effects.

The streaking curves in Figs. 2.6(b) and 2.7(b) are calculated for the same four points and

for emission from the Fermi level as the curves in Figs. 2.6(a) and 2.7(a), respectively, but for

randomized velocity directions. As in Fig. 2.5(b) above, the fluctuations in Figs. 2.6(b) and

2.7(b) are due to velocity randomization. As θr0 increases, moving from the pole towards

the equator, the fluctuations increase due to the increasing transport path lengths l(~r0, ~v0)

and energy loss that PEs experience before reaching the surface. The fact that velocity

randomization does not change the overall shape of the streaking curves indicates that,

for emission from the surface, every emission latitude is associated with a streaking curve.
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Figure 2.6: Streaking curves and streaked spectra from 50 nm Au nanospheres. (a) Streak-
ing curves for PEs emitted from the Fermi level with emission direction θv0 = 0◦ for four
emission latitudes θr0 between the pole and equator on the nanosphere surface. (b) As (a) for
randomized velocity directions θv0. (c) Simulated streaked spectrum and two streaking curves
from release points (r0 = a, θr0 = 0◦) (white curve) and (r0 = a, θr0 = 60◦) (black curve).
The spectrum is calculated for emission from the entire occupied CB, while the two streaking
curves are calculated for emission from the Fermi level only. The spectrum is normalized to
its maximal yield. For the two streaking curves the assumed emission direction is θv0 = 0◦.

Since larger nanospheres allow for longer propagation pathlengths inside the particle, the

fluctuations for 50 nm radius spheres in Figs. 2.6(b) are more pronounced than for 5 nm

radius spheres in 2.7(b).

Figures 2.6(c) and 2.7(c) show the contribution of two individual streaking curves to the

streaked spectrum for 50 and 5 nm radii, respectively. These streaking curves are calculated

for electrons emitted from the Fermi level at release points (r0 = a, φr0 = 0◦, θr0 = 0◦)

and (r0 = a, φr0 = 0◦, θr0 = 60◦). They show that streaked spectra contain angular spatial
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Figure 2.7: As Fig. 2.6 for 5 nm Au nanospheres.

information in addition to radial spatial and temporal information.

Our study of the emission-depth and emission-angle dependence suggests that each emis-

sion point ~r0 is mapped on a corresponding streaking curve which contributes to the streaked

spectrum. Therefore, in addition to temporal characteristics we expect streaked PE spectra

to allow the distinction of local emission characteristics and the plasmonic field distribution

near the nanosphere surface with some degree of spatial resolution. If we consider streaked

spectra as the sum of all streaking curves with a weight function that depends on the path-

length l(~r0, ~v0), we can relate high electron yields to high densities of streaking curves. Delays

at which streaking curves intersect thus tend to correspond to large PE yields. This is con-

firmed by comparing the streaking curves in Figs. 2.5, 2.6, and 2.7 with the respective spectra

in Figs. 2.5(c), 2.6(c), and 2.7(c).
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2.3.2 Conduction-band, surface, and transport effects

The spectra shown in Figs. 2.6(c) and 2.7(c) are obtained for “full” simulations, including

electron emission from the entire occupied part of the CB, and after sampling over release

points (~r0, ~v0)) in the nanosphere (r0 ≤ a). In this subsection, we will investigate the effects

of restricting the release locations and initial energy of the PEs. Figure 2.8(a) is generated

by sampling over the XUV spectral energy profile, assuming that all PEs are emitted from

the Fermi level only and released from the surface (r0 = a) by the XUV pulse. Classical

simulations with the same restrictions on the initial energy and release location of the active

electron were performed earlier in Ref. [39] and are shown in Fig. 2.8(b) to be in good overall

agreement with our result.

We extended the model suggested in Ref. [39] by (i) representing the CB as a spherical

square well potential, thereby including the surface effect, (ii) sampling over the entire con-

duction bandwidth, and (iii) sampling not only over electron trajectories that initiate at the

surface, but adding PEs released inside the NP, thus including transport effects. Each of

these extensions has a noticeable impact on streaked spectra. The spectrum in Fig. 2.8(c)

shows results of our full simulation, including all of the above extensions. We generated

Fig. 2.8(d) under the same assumptions as Fig. 2.8(c), but without sampling over the con-

duction bandwidth, assuming emission from the Fermi level only.

The comparison of Figs. 2.8(c) and 2.8(d) reveals that the inclusion of initial states

from the entire occupied CB shifts the center of energy (COE) of the streaking trace to

lower energies, as expected with regard to energy conservation. This downward energy shift

amounts to ∆COE = 2.22 eV. Within the free-electron-gas model Eq. (2.19) for the gold CB,

∆COE is related to the average CB energy < εCB > according to

∆COE = εF− < εCB >=
2

5
εF . (2.28)

This allows the retrieval of the Fermi energy from our simulated streaked spectra as εF =

5
2
∆COE = 5.50 eV, in good agreement with the theoretical value, εF = 5.53 eV, of Ref. [77].
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Figure 2.8: Simulated streaked spectra for a = 5 nm radius Au nanospheres normalized
individually to their maximal yields. (a) Restricted sampling over particle surface and Fermi
level only. (b) Adapted from Ref. [39]. (c) Full simulation, including sampling over the
occupied conduction band, the XUV-pulse spectral profile, and volume of the NP. (d) As (c)
for emission from the Fermi level only (without sampling over the CB).

The superimposed circles in Figs. 2.8(a), 2.8(b), and 2.8(c) highlight two delay ranges

with high detected PE yields. These intervals coincide with particularly high densities and

intersections of streaking curves in Figs. 2.7(a) and 2.7(b). The large contrast in electron

yield seen in Figs. 2.8(a) and 2.8(b) is reduced in Figs. 2.8(c) and 2.8(d). This is due to the

reduction of the detectable electron yield as a result of the surface and transport effects we

discussed earlier.

Figure 2.9(a) shows COEs for emission from the surface and Fermi level only, for our

full simulation and for emission from the Fermi level only. These COE curves correspond
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to the spectra in Figs. 2.8(a), 2.8(c), and 2.8(d), respectively. The COE for emission from

the Fermi level only has a larger oscillation amplitude than the COE for emission from the

surface and Fermi level only. This is a result of the smaller yield of PEs that are released

close to the equator and a consequence of the surface and transport effects.
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Figure 2.9: (a) Centers of energy for the spectra in Figs. 2.8(a), 2.8(c), and 2.8(d). (b)
Energy profiles of the spectra in Figs. 2.8(c) and 2.8(d) for time delays τ1 = −933 as and
τ2 = 0 as and corresponding spectral widths (standard deviations) σ.

Since both, PE current and induced plasmonic field are the strongest at the pole and

decrease towards the equator, PEs, on average, acquire larger streaking energy shifts if

more electrons are emitted near the pole than near the equator. This is the case when

the restriction for emission from the surface only is lifted and emission from the volume is

included. The streaking amplitude for emission from the Fermi level only is therefore larger

than for emission from the surface only and Fermi level only, as the comparison of the black

dash-dotted and solid red COE curves in Fig. 2.9(a) demonstrates. Going from surface to

volume emission also induces a small shift of the COE towards lower energies, due to energy

loss during electron transport to the surface. For emission from the Fermi level only, this
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COE shift amounts to 0.3 eV. One might, in addition, expect a phase shift to be associated

with the addition of volume emission. However, we do not observe a noticeable phase shift

for the numerical examples discussed in this work. Larger phase shifts might occur in poor

conductors with smaller relaxation times τrelax.

In Fig. 2.9(b) we compare the spectral profiles of spectra for two different time delays.

As indicated by the superimposed circles in Fig. 2.8 delays τ1 = −933.3 as and τ2 = 0

correspond to high and low photoemission yields, respectively. These profiles, and thus the

corresponding temporal profiles of the PE wave packet, are different. Allowing for emission

from the entire occupied CB (full simulation) leads to a slightly larger energetic width of the

spectra. This is quantified in terms of their standard deviations σ in the legend of Fig. 2.9(b).

2.3.3 Plasmonic effects

The effects of the induced plasmonic fields on streaked electron emission are addressed in

Fig. 2.10 for nanospheres with radii of 50 nm [left column] and 5 nm [right column] and

for streaking-pulse wavelengths of 720 nm [Figs. 2.10(a)-2.10(d)] and 530 nm [Figs. 2.10(e)-

2.10(h)]. Figures 2.10(c), 2.10(d), 2.10(g), and 2.10(h) show spectra that are calculated

without including the plasmonic field ~Epl given by Eq.( 2.4). The comparison of streaked

spectra from full simulations, including the plasmonic field in Figs. 2.10(a), 2.10(b), 2.10(e)

and 2.10(f), with those that do not include ~Epl for a given nanosphere radius and streaking

wavelength reveals a significant increase of the streaking amplitudes due to the plasmonic-

field enhancement of the streaking electric field. For both wavelengths the increase in streak-

ing amplitude is larger for 50 nm radius spheres than for 5 nm radius spheres, as expected,

since the plasmonic-field enhancement for 50 nm spheres is larger (cf. Fig. 2.3).

For gaseous atomic targets and for laser- and XUV-pulse parameters realized in typical

streaking experiments, it is well known that the streaking amplitude is proportional to the

wavelength and amplitude of the incident IR field [36]. However, this proportionality does

not necessarily apply to nanospheres, as the comparison of Figs. 2.10(a) and 2.10(b) with

Figs. 2.10(e) and 2.10(f), respectively, demonstrates. Instead, for both 50 and 5 nm radius
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Figure 2.10: Streaked spectra from Au nanospheres for streaking-pulse wavelengths of (a-d)
720 nm and (e-h) 530 nm, with radii of (a,c,e,g) 50 nm and (b,d,f,h) 5 nm. The spectra are
normalized individually to their maximal yields. Results from full simulations that (a,b,e,f)

include and (c,d,g,h) do not take into account the plasmonic field ~Epl [Eq.( 2.4)].

nanospheres, the streaking amplitudes for 530 and 720 nm streaking pulses are approximately

equal. The deviation from the expected proportionality observed for gaseous atomic targets

is another manifestation of plasmonic-field enhancement and due to the streaking-wavelength

dependence of the plasmonic field amplitude near the nanosphere surface. Maximal field en-

hancement occurs near the surface-plasmon-resonance wavelengths which are 560 and 530 nm

for 50 and 5 nm Au nanospheres, respectively (Fig. 2.3). Therefore, the lack of a reduced
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streaking amplitude at 530 nm streaking wavelength is due to the increased plasmonic-field

enhancement at 530 nm. While the approximate cancelation of the expected wavelength

dependence by the wavelength-dependent plasmonic-field enhancement is coincidental for

the two streaking wavelengths we compared in Fig. 2.10, this comparison shows that, in

general, the amplitude of streaked spectra from metallic NPs sensitively depends on their

wavelength-dependent dielectric response.

Figure 2.11 shows the COEs corresponding to the spectra in Fig. 2.10. COEs including

plasmonic-field enhancement are represented by solid black curves, the ones excluding field

enhancement by dash-dotted red curves. In addition to the wavelength and size-dependent

streaking amplitudes, the COEs reveal wavelength and size-dependent phase shifts that are

induced by the plasmonic field. As shown in a previous quantum-mechanical calculation [11],

the scrutiny of COE amplitudes and phase shifts allows the quantitative retrieval of the

plasmonic-field enhancement with high accuracy. For a given wavelength, the spectra from

the larger nanosphere have larger COE amplitudes. For a given radius, the COE amplitudes

for 720 and 530 nm streaking wavelengths are almost equal, consistent with the discussion

of Fig. 2.10 above.

2.3.4 Comparison with quantum-mechanical simulations

We have developed a single-active-electron quantum-mechanical model for calculating streaked

XUV-photoemission spectra from Au nanospheres [11]. Our simulated spectra show strong

amplitude enhancements and phase shifts of the PE streaking trace that match the field

enhancement and phase shift of the plasmonically enhanced streaking field. Our quantum-

mechanical numerical model thus confirms the possibility of imaging the plasmonic field

distribution near nanostructures in streaked electron spectra predicted by our classical-

mechanics simulations

For streaked photoemission to occur, the XUV pulse length is assumed to be short com-

pared to the period of the streaking pulse. The streaking pulse intensity assumed in our

numerical applications below is too small to ionize the NP, yet causes a measurable energy

34



 85

 90

 95

 100

 105

 110

 115

P
ho

to
el

ec
tr

on
 e

ne
rg

y 
[e

V
]

Time delay [fs]

(a) 50 nm

720 nm

(b) 5 nm

720 nm

(c) 50 nm

530 nm

(d) 5 nm

530 nm

P
ho

to
el

ec
tr

on
 e

ne
rg

y 
[e

V
]

Time delay [fs]

with Epl
without Epl

(a) 50 nm

720 nm

(b) 5 nm

720 nm

(c) 50 nm

530 nm

(d) 5 nm

530 nm

 90

 100

 110

-4 -2  0  2  4

P
ho

to
el

ec
tr

on
 e

ne
rg

y 
[e

V
]

Time delay [fs]

(a) 50 nm

720 nm

(b) 5 nm

720 nm

(c) 50 nm

530 nm

(d) 5 nm

530 nm

-4 -2  0  2  4

P
ho

to
el

ec
tr

on
 e

ne
rg

y 
[e

V
]

Time delay [fs]

(a) 50 nm

720 nm

(b) 5 nm

720 nm

(c) 50 nm

530 nm

(d) 5 nm

530 nm

Figure 2.11: Center-of-energy curves for streaking wavelengths of 720 and 530 nm and
nanosphere radii of 50 and 5 nm for the streaked spectra in Fig. 2.10. Results including
and excluding nanoplasmonic field enhancement are shown as solid black and dash-dotted
red curves, respectively.

shift of the PE’s final energy εf (τ) as a function of the delay τ of the streaking relative to

the XUV pulse. This shift is due to the acceleration of the PE in the total electric field ~Etot

.

Refraction indices n(ω) ≈ 1 at XUV frequencies. The XUV-pulse vector potential (in

Coulomb gauge) is given by ~Axuv(t) =
∫∞
t
dt′ ~Exuv(t

′). XUV pulse intensities in typical

streaking experiments result in single-XUV photon photoionization [36]. To first order in

Exuv, the photoemission amplitude for this process in the velocity gauge as a function of the
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final PE momentum kf and time delay τ is [43]

Ti(~kf , τ) ∼
∫
dt

∫
d~r Ψτ∗

~kf
(~r, t) ~Axuv(~r, t) · ~p Ψi(~r, t). (2.29)

We model the initial CB state Ψi(~r, t) in (2.29) as a stationary state in a spherical square

well of radius a. The depth of the spherical square-well potential is assumed to equal the

sum of the work function W and Fermi energy εF of bulk Au. We represent the final state

as the exponentially damped “Volkov” continuum wave function [89]

Ψτ
~kf

(~r, t) =
1√
2π
f [l(~r);λi)]e

i~kf ·~re
iφτ~kf

(~r,t)
(2.30)

with the position-dependent generalized Volkov phase φτ~kf
(~r, t) =

∫∞
t
dt′ ~p 2(~r, t′)/2. The

damping function f(l;λ) = exp[−l/(2λ)] describes the fact that PEs which are excited

(“born”) by the XUV pulse at positions ~r inside the nanosphere and subsequently elastically

or inelastically scattered before leaving the NP surface are not registered by the time-of-flight

detector. f(l;λ) = exp[−l/(2λ)] depends on the energy-dependent inelastic mean free path

λi and the path length l(~r) of PEs inside the nanosphere.

For 80 to 120 eV PEs considered in this work, the IMFP changes by about 2% [86]

and is approximated by the constant value λi ≈ 4.4 Å, such that only PEs released within

approximately 1 nm beneath the surface contribute to the streaked spectra. This relaxes our

above assumption of XUV-transparent NPs to a few atomic layers. l(~r) is calculated based

on classical PE trajectories ~̃r(t′) with initial positions ~̃r(t) = ~r at time t and initial momenta

~p(~r, t) = ~kf +

∫ ∞
t

dt′ ~Etot[~̃r(t
′), t′]. (2.31)

Assuming that PEs are detected in a very small solid angle around ~kf , the photoionization

probability is obtained as a sum over occupied initial states with energies εi at and below

the Fermi energy

P (εf , τ) =
∑
i∈occ

|Ti(~kf , τ)|2. (2.32)
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We assume photoemission along the XUV polarization direction so that ~kf = (0, 0, kf ).

Figures 2.12(a) and 2.12(b) show quantum-mechanically calculated streaked photoemis-

sion spectra for radius 5 nm gold nanospheres and the two streaking wavelengths from

Ref. [11]. These two graphs are generated for the same streaking-field and XUV-pulse pa-

rameters as our corresponding classically calculated spectra in Figs. 2.10(b) and 2.10(f). The

quantum-mechanical and classical spectra are in reasonable overall agreement, but differ with

regard to the spectral distributions along the streaking traces. The quantum-mechanical re-

sults show slightly larger variations in the spectrally resolved electron yield as a function of

the time delay. The smaller delay-dependent variance in electron yield (streaking amplitude)

predicted in our classical simulation is consistent with our XUV-photon-energy-independent

modeling of the PE release process, while the quantum-mechanical calculation in Ref. [11]

is based on XUV-photon-energy-dependent photoemission amplitudes.

In order to allow for a quantitative comparison, we show in Figs. 2.12(c) and 2.12(d)

the COEs for the spectra in Figs. 2.10(b), 2.10(f), 2.12(a), and 2.12(b). Their comparison

reveals slightly larger streaking amplitudes for the quantum-mechanical calculation and a

phase shift between the classically and quantum-mechanically computed streaking traces.

The phase shift and the lower amplitude in the classical model are related to elastic and

inelastic collisions of PEs during transport to the surface.

2.4 Conclusion

We developed a classical model to study attosecond streaking spectroscopy from metallic

nanospheres [18], extending a previous classical model [39] by sampling over the entire CB

and including transport and surface effects. Our numerical results show that these exten-

sions noticeably impact streaking spectra. By varying the radius of the nanosphere, the

wavelength of the streaking pulse, and adding or relaxing restrictions to emission from the

Fermi level only and from the surface of the NP only, we scrutinized streaked photoemis-

sion spectra. In particular, we addressed (i) the influence of the NP’s dielectric response

on streaked photoemission and (ii) the fidelity with which streaked spectra allow the imag-
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Figure 2.12: (a,b) Simulated streaked spectra from 5 nm Au nanospheres individually
normalized to their maximal yields for streaking-pulse wavelengths of (a) 720 nm and (b)
530 nm according to the quantum-mechanical model of Ref. [11]. (c d) Corresponding centers
of energy for the classically simulated spectra in Figs. 2.10(b) and 2.10(f) (solid red line)
and the spectra in (a) and (b) (green dashed line).

ing of the temporal and spatial distribution of the NP’s induced plasmonic near-field. The

developed classical model is basic and versatile. It can be transferred to different geome-

tries, such as surfaces [90, 91], nanowires [92], nanotips [40], and metal and semiconductor

nanostructures [10, 93].
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Chapter 3

Spatiotemporal imaging of plasmonic

fields near nanoparticles below the

diffraction limit

3.1 Introduction

This chapter is an extension of our previous studies on photoemission from plasmonic targets

in Chapter 2, in which we investigated the retrieval of the temporal structure of plasmonic

near fields from streaked photoemission spectra with sub-fs resolution in time. In this chap-

ter, both the numerical modeling of streaked spectra and the reconstruction of plasmonic

near-fields from simulated spectra are based on the classical representation of the PE dynam-

ics. We (i) numerically investigate a novel imaging scheme that adds nm spatial resolution of

the plasmonic near field, by means of a suggested modification of the default experimental set

up for recording streaked PE spectra [36], and (ii) give a detailed mathematical description

of the underlying spatiotemporal reconstruction algorithm. The suggested plasmonic field-

retrieval algorithm is applicable for sufficiently long streaking pulses, complementing recently

suggested quantum-mechanical field-retrieval scheme that was optimized for ultrashort IR

streaking pulses [32].
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Figure 3.1: Spatiotemporal nanoplasmonic field imaging near isolated metallic nanospheres
employing streaked photoemission spectroscopy. Electrons released by isolated XUV pulses
are streaked by delayed nanoplasmonically enhanced visible or IR pulses upon leaving the
particles’ surface. τ designates the time delay between the phase-coherent streaking and
XUV pulses, Ω the variable angle between the XUV and IR electric-field linear polarization
directions. Red dots indicate points on the “x = 0 longitude”. The size of the target and
wavelength of laser pulses are not to scale.

The proposed scheme for retrieving the plasmonically enhanced streaking electric-field

distribution near metal nanospheres with high spatiotemporal resolution consists of recording

streaked spectra for variable relative linear polarization directions Ω of the attosecond XUV

and streaking pulse (Fig. 3.1). We assume both pulses to propagate along the x-axis of the

lab frame (x, yL, zL), which is centered in the nanosphere of radius a. The XUV pulse is

polarized along the zL-axis and the streaking pulse along the z-axis of the rotated (x, y, z)

reference frame. A stream of isolated spherical gold NPs is injected by an aerodynamic

lens focusing [68, 72, 94] into the laser-interaction region. The laser parameters assumed
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in our numerical examples correspond to typical parameters used in streaked photoemission

experiments with gaseous and solid targets [10, 35, 36, 40, 68, 94]. We can safely neglect

the thermal melting of the NPs due to the applied external laser pulses. Melting eventually

occurs, however, on a picosecond time scale and therefore long after the few femtoseconds

an emitted PE needs to traverse and “probe” the plasmonic near field. Recent experiments

measured streaked PE spectra from tapered Au nanowires with 0.1 TW/cm2 NIR pulses [40]

and estimated the damage threshold for Au nanowires at 10 TW/cm2 for 32 fs pulses and

5 TW/cm2 for 108 fs pulses [95].

We will show how the variation of Ω allows the reconstruction of the total electric field

distribution (sum of induced plasmonic and incident streaking field) (i) along the “x = 0

longitude” with rotated-frame coordinates (a, φ = −π/2, θ = Ω) (indicated as red dots in

Fig. 3.1)) and (ii), as a result, over the entire NP surface. Unless stated otherwise, we use

atomic units (~ = e = me = 1). To conveniently keep track of relative phases, we employ

complex-valued electric fields, their real parts representing physical fields.

3.2 Spatiotemporal attosecond streaking

We assume Gaussian XUV pulses with central energy εctrxuv = 105 eV and full temporal width

at half intensity maximum (FWHIM) ∆txuv = 287 as, given by the electric field

~Exuv(~r, t) = Exuv,0 exp

[
−2 ln 2

(t− x/c)2

∆t2xuv

]
× exp

[
−iεctrxuv(t− x/c)

]
êzL , (3.1)

and streaking pulses with a Gaussian temporal profile

~Einc(~r, t) = −EIR,0 exp

[
−2 ln 2

(t+ τ − x/c)2

∆t2IR

]
× exp [−iω(t+ τ − x/c)] êz (3.2)
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Figure 3.2: Streaked spectra from 25 nm radius Au nanospheres for different polarization
directions Ω and λ = 720 nm (a-c) with and (d) without including ~Epl. (e) Streaked reference

spectrum for Ω = 0 and λ = 900 nm including ~Epl. (f) Corresponding centers of energy.

of pulse length (FWHIM) ∆tIR = 5.9 fs, λ = 2π/k = 2πc/ω central wavelength, and 1012

W/cm2 peak intensity. c designates the speed of light in vacuum, and the coordinate unit

vectors are related as êz = sin Ω êyL + cos Ω êzL . The time delay τ between the XUV and

the streaking pulses is defined to be positive if the streaking pulse precedes the XUV pulse.

The inhomogeneous induced plasmonic field near the surface of sub-streaking-pulse-
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wavelength-sized nanospheres is given in the dipole approximation by [79]

~Epl(~r, t) = p(t)
eikr

r3

[
3(1− ikr)− k2r2

]
sin θ cos θ êρ

+ p(t)
eikr

r3

[
k2r2 sin2 θ + (1− ikr)(3 cos2 θ − 1)

]
êz, (3.3)

where êρ and êz are unit vectors in cylindrical coordinates. We used the expression for the

oscillating induced dipole moment p(t) calculated within Mie theory [70] as given in Ref. [81],

such that (3.3) is valid for size parameters 2πa/λ <≈ 0.6 (see Chapter 2). The strength of

the total electric field near the nanosphere, ~Etot = ~Einc + ~Epl, on the nanosphere surface at

time t = 0 is

Etot(a, φ, θ, τ) = ηλ(a, θ)Einc(a, φ, θ, t = 0)

× exp {−i [σλ(a, θ) + π]} . (3.4)

While Etot does not have cylindrical symmetry, due to the dependence of x = xs = a sin θ cosφ

in Einc on φ, the plasmonic-field enhancement ηλ(a, θ) and phase shift σλ(a, θ) are cylindri-

cally symmetrical [cf., Eq. (3.3)]. According to Eq. (3.4), retrieval of Etot(a, φ, θ, τ) along

the x = 0 longitude therefore allows the reconstruction of the electric-field distribution on

the entire NP surface. In the slowly-varying-amplitude approximation, the vector potential

of the incident and total electric field follow from (3.2) and (3.4) as

Ainc(a, φ, θ, τ) ' −i
ω
Einc(a, φ, θ, t = 0) (3.5)

and

Atot(a, φ, θ, τ) = ηλ(a, θ)Ainc(a, φ, θ, τ)

× exp [iσλ(a, θ)] . (3.6)

We calculated streaked spectra within a classical trajectory model, modeling photoemis-
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Figure 3.3: Plasmonic (a) field enhancements and (b) phase shifts at the pole (θ = 0)
of gold nanospheres with radii of 25 and 50 nm as a function of the incident streaking-field
wavelength λ. The peak intensity of the streaking field is 1012 W/cm2. Exact results (solid
and dashed lines) are calculated based on classical electrodynamics according to Eqs. (3.3)
and (3.4). Symbols show values retrieved from simulated streaked PE spectra. Values at the
reference wavelength of 900 nm used for the plasmonic-field retrieval are circled.

sion in four distinct steps: (i) electronic excitation by the XUV pulse followed by electron

(ii) transport to the surface, (iii) escape from the surface, and (iv) propagation outside the

nanosphere under the influence of ~Etot. The spectra were assembled based on a phenomeno-

logical probability distribution over at least six million phase-space points that serve as

initial values for Monte-Carlo sampled trajectories. A detailed description of this approach

is given in Chapter 2. We numerically simulated streaked spectra for a streaking wavelength

of λ = 720 nm and 10 relative polarizations 0 ≤ Ω ≤ π/2. Figures 3.2(a)-3.2(c) show spectra

for Ω = 0, 36 and 54◦ from 25 nm radius nanospheres. A spectrum for λ = 720 nm without
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including the plasmonic field is given in Fig. 3.2(d) for Ω = 0. The spectrum for λ = 900 nm

and Ω = 0 is taken as the reference for the plasmonic field retrieval [Fig. 3.2(e)]. The COE

of the spectra in Figs. 3.2(a)-3.2(e) are the first moments of the energy distributions in the

energy interval [70, 130] eV [Fig. 3.2(f)]. Fitting these numerically calculated COEs to the

function

εjλ(a,φ,Ω, τ) = ε0 + Cj
λ(a,Ω) exp

[
−2 ln 2

(τ − xs/c)2

∆t2IR

]
× exp

{
−i
[
ω(τ − xs/c) + βjλ(a,Ω)

]}
(3.7)

yields the peak COE amplitude Cj
λ(a,Ω) and COE phase shift βjλ(a,Ω). The COEs oscillate

about the unstreaked central photon energy ε0 = εctrxuv −W − 2εf/5, where W = 5.1 eV is

the work function [77] and εf = 5.5 eV the Fermi energy for bulk gold [77]. The superscript

j = w,w/o indicates calculations with/without ~Epl.

The simulation of streaked photoemission from atoms in strong-field approximation re-

sults in streaking amplitudes εjλ(a, φ,Ω, τ) − ε0 proportional to Ainc(a, φ, 0, τ) [36]. Guided

by this well-know proportionality, we base the plasmonic field reconstruction on the heuristic

expression

Atot(a, φ,Ω, τ)

Ainc(a, φ, 0, τ)
=
εwλ (a, φ,Ω, τ)− ε0

ε
w/o
λ (a, φ, 0, τ)− ε0

× α(a) exp [iψ(a)] , (3.8)

introducing the factor α(a) to correct the attenuation of the plasmonic COE amplitude

enhancement Cw
λ (a,Ω)/C

w/o
λ (a, 0) relative to the plasmonic electric field enhancement. This

COE enhancement correction accounts for (i) the streaking trace including contributions

from PEs emitted over the entire surface, thus including regions where the vector potential

is significantly different from Atot(a, φ,Ω, τ)/Ainc(a, φ, 0, τ), and (ii) the propagation of PEs

in the inhomogeneous plasmonic field resulting in their exposure to an effective electric field

that is weaker than the electric field at the surface. Similarly, we allow for a cumulative phase
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shift ψ(a) in order to represent (i) the spectral averaging inherent in the calculation of COEs,

(ii) scattering of PEs during their transport to the surface (step two in our photoemission

model in Chapter 2), (iii) electron escape from the surface (step three), and (iv) subsequent

PE propagation in the inhomogeneous plasmonic field (step four). Dividing (3.6) by (3.5)

and (3.7) with j = w by (3.7) with j = w/o we obtain

ηλ(a,Ω) =
Cw
λ (a,Ω)

C
w/o
λ (a, 0)

α(a) (3.9)

σλ(a,Ω) = β
w/o
λ (a, 0)− βwλ (a,Ω) + ψ(a).

Justified by our numerical results shown below, we neglect the dependence of α(a) and

ψ(a) on the streaking wavelength and Ω. Therefore, comparison with a reference streaking

spectrum taken for a streaking wavelength where the plasmonic response is either weak

or can be neglected, e.g. λref = 900 nm with polarization direction Ω = 0 [cf., Figs. 3.3

and 3.2(e)], allows us to eliminate the factors α(a) and ψ(a) in (3.9). In this chapter,

we assume λref = 900 nm and Ω = 0 for the reference spectrum. The plasmonic-field

enhancement and phase shift for the wavelength λ of interest can now be retrieved from

streaked spectra as expressed in

ηλ(a,Ω) '
a: ED−theory︷ ︸︸ ︷
ηλref (a, 0) ×

b: Simulation︷ ︸︸ ︷[
C
w/o
λref

(a, 0)

C
w/o
λ (a, 0)

]
×

c: Experiment︷ ︸︸ ︷[
Cw
λ (a,Ω)

Cw
λref

(a, 0)

]
(3.10)

σλ(a,Ω) '
a: ED−theory︷ ︸︸ ︷
σλref (a, 0) +

b: Simulation︷ ︸︸ ︷[
β
w/o
λ (a, 0)− βw/oλref

(a, 0)
]

+

c: Experiment︷ ︸︸ ︷[
βwλref (a, 0)− βwλ (a,Ω)

]
.

The retrieval process thus has three three distinct parts as indicated in the annotations

of the above equation:

a: The plasmonic enhancement and phase shift at the reference wavelength are calculated
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Figure 3.4: Results for 25 nm Au nanospheres for three XUV-IR pulse delays τ . (a-c)
Calculated exact and (d-f) retrieved total electric fields at the surface, normalized to the IR-
laser-pulse amplitude EIR,0.(g-i) Exact and retrieved total electric field versus the polar angle
θ = Ω along the x=0 longitude (φ = 0).

within classical electrodynamics (ED) [18, 70]. σλref (a, 0) may be negligible (cf. Fig. 3.3).

b: Not accessible experimentally, the COEs amplitude C
w/o
λref

(a, 0) and C
w/o
λ (a, 0) and COEs

phase shifts β
w/o
λ (a, 0) and β

w/o
λref

(a, 0) neglecting the plasmonic response are derived from

simulated spectra. Our numerical results show that these functions are size-independent

for radii a ∈ [5, 50] nm and only depend on the incident streaking-pulse wavelengths. To

facilitate the field reconstruction at different streaking wavelength, we therefore provide
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Figure 3.5: Exact and retrieved total electric near field, normalized to the IR-laser-pulse
amplitude EIR,0, versus the XUV-IR pulse delays τ for 25 nm Au nanospheres for two dif-
ferent polar angles.

linear fits, valid for the range λ ∈ [400, 900] nm, of the response-free COEs and phase

shifts, C
w/o
λ (a, 0) = µ1 + µ2 λ and β

w/o
λ (a, 0) = π/2 + κ/λ, with adjusted parameters µ1 =

−0.316, µ2 = 8.60× 10−3 nm−1, and κ = 87.82 nm.

c: These factors include COEs and phase shifts deduced from measured spectra at the

streaking wavelengths λ and λref . Cw
λ (a,Ω), and the phase shifts βwλ (a,Ω) are measured for

several polarization directions Ω.
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3.3 Spatiotemporally-resolved surface-electric-field dis-

tributions

Figure 3.3 shows retrieved plasmonic-field enhancements ηλ(a, 0) and phase shifts σλ(a, 0) for

25 and 50 nm radius nanospheres for 400 nm< λ <900 nm in fair agreement with our classical

ED calculations. Upon retrieving ηλ(a, θ = Ω) and σλ(a, θ = Ω) for 11 equally-spaced relative

polarizations Ω = 0, 9◦, 18◦, ..., 90◦ from simulated spectra for 25 nm nanospheres and 720 nm

streaking wavelength, we reconstructed the total electric fields at different delays at the NP

surface according to Eq. (3.4) with nm spatial resolution. The retrieved and exact fields

agree (Fig. 3.4).

The spatial resolution of the reconstructed plasmonic near field depends on the number of

polarization directions Ω for which spectra are recorded. Based on NΩ = 11 equally spaced

angles 0 ≤ Ω ≤ 90◦, the present application of our imaging scheme results in a spatial

resolution of the retrieved field of (1/(NΩ − 1) ∗ (π/2) ∗ a ≈ 4 nm. The best achievable

spatial resolution is limited since streaking traces produced by PEs originating from very

nearby points on the surface cannot be distinguished. Figure 3.5 shows excellent agreement

between the exact and retrieved total electric fields as functions of the time delay τ for φ = 0◦

and two polar emission angles, θ = Ω = 0◦, 60◦.

3.4 Conclusion

We propose a practicable (with current technology) spectroscopic scheme based on attosec-

ond streaking spectroscopy which, by scanning the relative linear polarization direction of

the XUV and streaking pulse, allows the imaging of plasmonic electric-field distributions

on the surface of spherical NPs with nm spatial and sub-fs temporal resolution. The im-

plementation of this method requires the extension of conventional streaking measurements

from NPs by allowing for the controlled rotation of the relative linear polarization direction

between the XUV and the IR pulses. The suggested imaging scheme has the potential to

be generalized to non-spherical NPs by enabling the rotation of the electron detector or by
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adding multiple detectors at different directions. For full spatial resolution of the electric

near-field distribution, the extension to non-spherical particles may require alignment of

the NPs. Further improvements of the suggested imaging scheme may result in a powerful

method for the scrutiny of nanoscopic plasmonically enhanced electric-field distributions and

electronic dynamics on functional NPs and nanostructured surfaces.
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Chapter 4

Strong-field ionization of plasmonic

nanoparticles

4.1 Introduction

In the present chapter, we extend the three-step-model for atomic strong-field ionization to

metal NPs (Fig. 4.1). We numerically model the release of PEs from the NP surface by

intense short laser pulses based on Fowler-Nordheim tunneling rates [96] and subsequently

sample over classical PE trajectories. We include and numerically evaluate for 5, 30 and

70 nm diameter gold nanospheres the effects of electronic repulsion, PE attraction by residual

positive charges on the NP, multiple PE recollisions with the NP surface, PE recombination

with the NP, and nanoplasmonic enhancement of the incident-laser-pulse electric field. We

note that due to the strong plasmon response and a large number of free electrons, strong-field

PE emission from metal NP requires different model assumptions than strong-field emission

from dielectric (insulator) targets. Our approach thus differs from the M3C model [72]

with regard to the description of the NPs’ nanoplasmonic response and our implementation

of adjusted Fowler-Nordheim tunneling rates [97]. Based on the simulated strong-field-

driven PE current density and PE-emission- and recombination-induced dipole moments,

we account for electronic excitations in the NP in terms of the electron temperature within
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Figure 4.1: (Color online) Schematic of the velocity-map-imaging (VMI) assembly. The
incident IR laser pulse is linearly polarized in the z-direction, propagates in the x-direction,
and intersects a beam of metal NPs. VR, VE, and VG are the respective voltages on the PE
repeller, extractor, and ground plates, needed to guide PEs to the micro-channel-plate (MCP)
with a phosphor screen behind it. . The inset shows processes and fields that occur during the
laser-NP interaction, including direct photoemission (Direct), PE rescattering (Rescat) and

recombination (rec), the incident laser electric field ~Einc, the induced plasmonic polarization
~Ppl, and the emission (~Pemi) and recombination (~Prec) dipoles with their corresponding charge
distributions.

a two-temperature model [98]. We allow for multiple electron-electron interactions while

classically propagating a large number of PE trajectories, rather than resorting to a mean-

field description.

We organised this chapter as follows. We continue with a description of our numerical

model in Sec. 4.2, in which we proceed by explaining our modeling of the (A) nanoplasmonic

field induced by the incident laser pulse (Sec. 4.2.1), (B) effect of emitted and recombined

PEs on the NPs’ evolving dipole moment (Sec. 4.2.2), (C) strong-field ionization and laser-

driven current of released PEs (Sec. 4.2.3), and (D) Monte Carlo sampling of PE trajectories

(Sec. 4.2.4). In Sec. 4.3 we discuss our numerical results for the strong-field ionization

of gold nanospheres, distinguishing the influences of the transient laser-induced plasmonic
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field, residual charges, e-e interactions, and PE rescattering and recombination in simulated

PEMDs (Sec. 4.3.1). Section 4.3.2 covers different aspects of the photoemission dynamics,

such as the accumulation of residual charges, the evolution of the number of propagated

and recombined PEs, and the changing ratio of direct versus rescattered PE trajectories. In

Secs. 4.3.3 and 4.3.4 we discuss the effects of NP size and laser intensity on photoelectron

momentum distributions (PEMDs) and cutoff energies, before representing our conclusions

in Sec. 4.4.

4.2 Theory

We investigate PE emission from metallic NPs by IR laser pulses with a Gaussian temporal

profile. We assume the laser pulse propagates along the x axis and its electric field is linearly

polarized along the z axis,

~Einc(~r, t) =
√
I0 exp

[
−2 ln 2

(t− x/c)2

τ 2

]
× exp [−iω(t− x/c) + iϕ] êz,

(4.1)

where τ is the pulse length at FWHIM, ω the pulse’s central frequency, I0 the peak laser

intensity, ϕ the carrier-envelope phase, and c the speed of light in vacuum (Fig. 4.1). The

laser pulse intersects a stream of isolated single NPs that are injected by aerodynamic lens

focusing [68, 72, 94, 99]. During the laser-NP interaction, LSPs are excited and induce an

inhomogeneous plasmonic field near the NP surface. At the same time, and most signifi-

cantly at the LSP resonance frequency [100, 101], non-equilibrium high-energy electrons are

excited in the metal NP due to strong light absorption, resulting in the population of excited

electronic states above the Fermi level (Fig. 4.2). Sufficiently high laser intensities generate

multiply ionized NPs [72, 75]. As shown in the sketch of the experimental setup in Fig. 4.1,

a fraction of the emitted PEs is guided to the detector and allows the recording of their

projected momentum distributions as VMI maps.
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Figure 4.2: Schematic of the local occupancy of CB states within a small surface element
of the metal NP. Emitted and rescattered PEs are indicated by short black and blue horizontal
arrows, respectively, together with their corresponding positive residual charges in the NP.
A triangular potential barrier is created by the total local electric field ~F on the NP surface
under the assumption of a rectangular potential well. This assumption is improved upon by
the barrier-shape correction (solid blue line).

4.2.1 Induced plasmonic field

The incident laser pulse induces a transient dipole in the NP. In the electric dipole approx-

imation, the corresponding plasmonic induced dipole moment ~Ppl(t) = ε0αMie(ω) ~Einc(~r, t)

generates the induced plasmonic electric field [79]

~Epl(~r, t) =
eikr

r

{
k2
[
êr × ~Ppl(t)

]
× êr

+
[
3êr

[
êr · ~Ppl(t)

]
− ~Ppl(t)

]
(

1

r2
− ik

r
)

}
,

(4.2)

where k = 2π/λ = ω/c is the central wave number of the incident pulse. αMie(ω) is the

complex NP polarizability. We calculate αMie(ω) within Mie theory [70], closely following

Ref. [81], which restricts the applicability of Eq. (4.2) to size parameters S = ka / 0.6 for

nanospheres of radius a [18]. Since ~Einc(~r, t) and ~Ppl(t) are aligned along the êz direction,
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Eq. (4.2) can be rewritten as

~Epl(~r, t) = Ppl(t)
eikr

r3

{[
3(1− ikr)− k2r2

]
sin θ cos θ êρ

+
[
k2r2 sin2 θ + (1− ikr)(3 cos2 θ − 1)

]
êz
}
,

(4.3)

where θ is the polar angle and êρ and êz are the usual unit vectors in cylindrical coordinates.

4.2.2 Generalized plasmon dipole moment

Since strong-field ionization of metal NPs by intense fields can lead to a large number of

emitted and recombining PEs, the distribution of localized surface charges continuously

varies while the NP is exposed to the laser pulse and changes the effective dipole moment of

the NP. We account for this change by modifying ~Ppl(t) for spherical NPs of radius a. During

each laser half cycle the incident laser light augments the density of conduction electrons

and holes on opposing hemispheres. The net effect of this periodic charge separation is

quantified by the induced dipole moment ~Ppl(t) and the local charge density at any position

~rs = (a, θ, φ) on the NP’s surface,

σpl = ε0

[
~Einc(~rs, t) + ~Epl(~rs, t)

]
· êr (4.4)

≈ 3ε0Ppl(t) cos θ/a3, (4.5)

where the second, approximate, equation follows from Eqs. (4.1) and (4.3) for size parameters

S << 1. Thus, σpl is approximately proportional to cos θ.

In addition to the directly laser-driven induced plasmonic charge redistribution σpl, PE

emission and rescattering (discussed in detail in Secs. 4.2.3 and 4.2.4 below) modify the

surface-charge density of the NPs, decreasing σpl by

σemi = −nemi(tcyc, t)
2πa2

cos θ (4.6)

σrec = −nrec(tcyc, t)
2πa2

cos θ, (4.7)
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respectively. The accumulated number of emitted PEs is

nemi(tcyc, t) =

[∫ t

tcyc

dnemi

]
, (4.8)

where the outer brackets denote rounding to the nearest integer value. The incremental

change in the number of emitted electrons, dnemi(t), is given by Eq. (4.11) below. tcyc

denotes the initial time of the considered half cycle, starting at ~Einc(tcyc) = 0. Similarly,

nrec(tcyc, t) is the number of recombined PEs on the positive side of the NP during the same

time interval. We assume recombination on the negative side of the NP dipole to be ignorable,

since our numerical applications indicate large negative residual charge distributions, leading

to dominant rescattering from the NP (Secs. 4.2.4 and 4.3 below). We calculate nrec(tcyc, t)

in each half cycle numerically by tracking all PE trajectories.

The electron density decreases on the negative side and the hole density on the positive

side of the NP dipole due to intra-cycle PE emission and recombination, respectively. Inte-

gration over the corresponding hemispheres of the NP surface results in the time-dependent

polarizations

~Pemi(t) =

∫
ds~rsσemi

~Prec(t) =

∫
ds~rsσrec.

(4.9)

These are antiparallel to ~Ppl(t) and thus reduce the plasmonic field ~Epl(~r, t), as illustrated

in the inset in Fig. (4.1). Assuming the PE emission- and recombination-induced surface-

charge densities instantaneously redistribute, following the cos θ proportionality of σpl, and

calculating ~Pemi(t) and ~Prec(t) for spherical geometry, we introduce the generalized induced

dipole moment

~PG(t) = ~Ppl(t) + ~Pemi(t) + ~Prec(t)

= ~Ppl(t)−
2

3
a [nemi(tcyc, t) + nrec(tcyc, t)]

~Einc(t)

Einc(t)
, (4.10)

thereby adding the effects of intra-cycle PE emission and recombination. The above equation
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shows that intra-cycle PE emission and recombination reduce the plasmonic field strength,

especially for larger NPs. Therefore, any physical process that increases the number of

emitted or recombined PEs tends to weaken the effective nanoplasmonic field related to the

(generalized) dipole moment ~PG(t), depending on the characteristics of both, the incident

laser-pulse (wavelength, peak intensity, pulse-amplitude and polarization profile) and NP

properties (composition, shape, and size). For example, for incident laser-pulse frequencies

close to the LSP resonance, we expect the nanoplasmonic field enhancement to increase nemi

and nrec and to decrease ~PG(t).

4.2.3 Strong-field ionization

We describe strong-field ionization from metal NPs within a semi-classical approach includ-

ing: (1) PE emission based on quantum-mechanical tunneling, (2) PE propagation to the

detector by sampling over classical trajectories, and (3) PE rescattering and recombination

at the NP surface.

Photoelectron emission

The number of PEs emitted at time t during a small time interval dt,

dnemi(t) =

[
dt

∫ 2π

0

dφ

∫ π

0

dθ a2 sin θ Jr(~rs, t)

]
, (4.11)

is given by the radial PE current density at time t at the position ~rs = (a, θ, φ) [96],

Jr(~rs, t) =

∫ ∞
−∞

d~p g(~p) fFD(~p) W (pr, F ) pr

=
kBTe
2π2

∫ V0

0

dεr W (εr, F ) ln

[
1 + exp(

εF − εr
kBTe

)

]
,

(4.12)

in terms of the number of states per unit momentum volume within the Sommerfeld theory

of metals g(~p) = (4π3)−1 [77], the Fermi-Dirac distribution function fFD(~p) = [exp((ε −

εF )/kBTe)+1]−1, and the tunneling ionization rate W (εr, F ). ε = εr+εtan is the conduction-
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electron energy, εF the Fermi energy, kB the Boltzmann constant, and Te the absolute

electron temperature. εr = p2
r/2 and εtan are the electron kinetic energies in the radial and

tangential directions with respect to the NP surface, respectively. F = |~F (~rs, t)| designates

the magnitude of the total electric field at the NP surface,

~F (~rs, t) = ~Einc(~rs, t) + ~Epl(~rs, t) + ~Fres(~rs, t). (4.13)

The number of residual charges at time t is equal to the number of propagated PEs,

which is the difference of all emitted PEs nemi(t0, t) [calculated from Eq. (4.11)] and all

recombined PEs nrec(t0, t) [calculated numerically by tracking all trajectories]. The initial

time t0 is chosen before the onset of the laser pulse. Assuming uniform redistribution of all

residual positive charges on the NP surface after each half cycle, the electric field generated

by the residual charges at any point ~rs = (a, θ, φ) on the surface of the spherical NP is equal

to

~Fres(~rs, t) =
[nemi(t0, t)− nrec(t0, t)]~rs

|~rs|3
. (4.14)

Based on Eqs. (4.8) and (4.9), we self-consistently calculate ~Fres(~rs, t) and ~F (~rs, t).

We model tunneling ionization by adapting the PE-emission rate first derived for static

electric fields and a triangular potential barrier by Fowler and Nordheim [96] and later

modified by Murphy and Good [102],

W (εr, F
+
r ) ∼= 4

√
εr (V0 − εr)

V0

× exp

[
−4
√

2

3F+
r

ν(f) (V0 − εr)
3
2

]
, (4.15)

allowing for a parametric dependence on time of the outward pointing radial field component

F+
r = Θ[~F (~rs, t) · êr]~F (~rs, t) · êr, where Θ designates the Heaviside step function. ϕ is the

work function and V0 = εF + ϕ the electronic potential at the bottom of the CB relative to

the continuum threshold. The numerically calculated barrier-shape-correction factor ν(f)

accounts for the lowering of the surface-potential barrier due to the attractive PE self-image

58



interaction and significantly increases the PE emission rate [102]. An analytical approxima-

tion, valid for sufficiently small scaled electric field strengths f = F+
r /(V0−εr)2, was derived

by Forbes [103] as ν(f) ≈ 1− f + 1
6
f ln(f). This approximation is exact for f = 0, 1 and has

an absolute error below 0.0025 for 0 < f < 1 [97].

Electron temperature

Before being exposed to the laser pulse, the electron temperature Te and lattice temperature

Tl of the NP are in equilibrium and typically between 100 and 300 K. Effects of these initial

temperatures on PE emission from metal NPs are ignorable within the accuracy of current

strong-field experiments, due to strong electronic heating by the laser pulse and short laser-

pulse duration on the time scale of lattice heating. To account for electronic heating by the

incident laser pulse, we calculate Te in Eq. (4.12) by adapting the two-temperature model

originally proposed by Anisimov et al. [98]. According to this model, Te, Tl, and the energy

Q ' σabsIinc(t)/V absorbed per unit time and volume by a NP of volume V = (4/3)πa3 [104]

are related by the coupled diffusion equations [105]

Ce
∂Te
∂t

= ∇ · (Ke∇Te)−G (Te − Tl) +Q

Cl
∂Tl
∂t

= ∇ · (Kl∇Tl) +G (Te − Tl) .
(4.16)

σabs = kIm [αMie(ω)] is the absorption cross sections [106] and Iinc(t) the instantaneous

incident laser intensity. Ce = γTe, Cl, Ke, Kl, and G are the heat capacities of electrons

and lattice, thermal conductivities of electrons and lattice, and electron-phonon coupling

constant, respectively. We refer to the electronic heat capacity of an ideal Fermi gas that

increases linearly in Te with proportionality factor γ (heat-capacity constant) [77].

For laser-pulse lengths τ much shorter than typical electron-gas equilibration times (which

are of the order of picoseconds [107]), we may neglect electron-lattice couplings. For ultra-

short laser pulses, energy transfer from the electron gas to the NP lattice is thus irrelevant

during the laser-NP interaction and Te strongly increases due to laser heating, while the

lattice temperature remains constant. In addition, with regard to the small NP size, we
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assume the electron thermal conduction term ∇ · (Ke∇Te) can be neglected in Eqs. (4.16),

such that Te is spatially homogeneous. Under these assumptions Eqs. (4.16) simplify to

γTe
dTe
dt

=
σabsIinc(t)

(4/3)πa3

Te(t0) = Tl

(4.17)

and can be solved numerically to yield Te(t). Knowing Te(t), we solve Eqs. (4.10), (4.11),

and (4.12) numerically to find the number of emitted PEs and generalized induced dipole

moment PG(t) at any time.

4.2.4 Sampling over photoelectron trajectories

Based on the radial current density of electrons released at the NP surface by tunneling ion-

ization (4.12), we sample over classical PE trajectories, including the effects of PE repulsion,

PE - residual-charge interactions, as well as e-e interactions, rescattering, and recombination.

Photoelectron trajectories

Starting at initial phase-space points {(~ri,0, ~vi,0)}, we propagate Newton’s equations of motion

for npro(t) = nemi(t0, t) − nrec(t0, t) PEs. We thus track the correlated PE motion outside

the NP (for r ≥ a) by numerically solving 6npro(t) coupled ordinary differential equations

d~vi
dt

= −~F (~ri, t) + ~Fe−e(~ri, ~rj)

d~ri
dt

= ~vi,

(4.18)

where i = 1 . . . npro(t). Coulomb interactions between PEs are given by the electric fields

~Fe−e(~ri, ~rj) =
1

2

npro(t)∑
j 6=i

~ri − ~rj
|~ri − ~rj|3

. (4.19)
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The classical equations of motion (4.18) require the self-consistent determination of npro(t)

(cf. Sec. 4.2.3 above). Due to ongoing PE emission and recombination, the number of

propagated PEs npro(t) changes during the PE propagation. We account for this change by

subdividing the propagation time into small time intervals dt, updating npro(t) at the end

of each time interval. We start each emitted electron at the point (~ri,0, ~vi,0 = 0) in phase

space and end the time propagation when the PE velocities {~vi} no longer change within

predetermined small limits. Typical propagation times in our numerical applications are of

the order of 1 ps.

Photoelectron rescattering and recombination

During the laser-NP interaction, emitted PEs can be driven back to collide with the NP by

the laser pulse. Depending on the direction of the total electric field ~F (~rs, t) at the surface,

we distinguish two cases: (i) PEs that are driven by ~F (~rs, t) to the NP surface on the positive

hemisphere of the induced dipolar NP charge distribution we assume to either rescatter, if

their energies ε (relative to the valence-band bottom) exceed the surface-potential step V0,

or to recombine into bound CB states, if ε < V0. In contrast, we assume that (ii) PEs that

are driven to the NP surface on the negative hemisphere always rescatter.

In our numerical applications in Sec. 4.3 we distinguish and compare specular and dif-

fusive PE rescattering at the NP surface. In either case we conserve the PE kinetic energy.

For diffusive rescattering we uniformly randomize the polar and azimuthal scattering angles

relative to the surface normal at the impact site ~rs on the NP surface, thereby modeling

rescattering in all accessible directions with equal probability. Our numerical results predict

that a considerable number of PEs cannot escape against the attractive Coulomb force of

the residual charges. These PEs may undergo several rescattering cycles and are assumed

to recombine with the NP (cf., Sec. 4.3.2).
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Monte Carlo sampling

We include PE trajectories by Monte Carlo sampling over their initial phase-space points

{(~ri,0, ~vi,0)} in each time interval [t, t+dt]. This sampling is carried out based on the separable

model-probability-density function (PDF) ρ(~ri,0, ~vi,0, t) = ρpos(~ri,0, t)ρvel(~vi,0, t) that lends rel-

ative weights to the trajectories. Assuming zero initial velocities ~vi,0 for all PEs at the tunnel

exit and in spherical coordinates, the phase-space PDF reduces to the velocity-independent

function ρpos(~ri,0, t) = ρpos(a, φi,0, θi,0, t). We introduce ρpos(a, φi,0, θi,0, t) phenomenologically

as being proportional to the radial probability current Jr(~rs, t) (4.12),

ρpos(a, φi,0, θi,0, t) ∝ Jr(a, φi,0, θi,0, t), (4.20)

where Jr(a, φi,0, θi,0) is approximately proportional to the plasmonically enhanced laser in-

tensity [( ~Einc(a, φi,0, θi,0, t) + ~Epl(a, φi,0, θi,0, t)) · êr]2 on the NP surface [96].

For a conducting sphere, tunneling ionization is solely driven by the radial component of

the electric field at the surface, [ ~Einc(a, φi,0, θi,0, t) + ~Epl(a, φi,0, θi,0, t)] · êr, which is approxi-

mately proportional to cos θi,0 for small size parameters S (cf., Sec. 4.2.1). We are thus led

to sample over the initial polar angle of the PE with the PDF

ρpos(~ri,0) ≈ 4

π
cos2θi,0, (4.21)

over the intervals [0 : π/2] or [π/2 : π], depending on the direction of the electric field in the

relevant laser half cycle, and pick the azimuthal PE start angle φi,0 randomly and uniformly

in the interval [0 : 2π] [87].

In a typical experimental setup, gaseous targets are exposed to a spatially varying laser

intensity. To account for the spatial intensity profile of the laser pulse, we focal-volume

average over the laser beam, randomly choosing r′ and z′ from the Gaussian intensity profile,

I0(r′, z′) = I0

(
w0

w(z′)

)2

exp

(
−2r′2

w(z′)2

)
, (4.22)
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where r′ is the radial distance from the central symmetry axis of the laser beam, z′ the axial

distance from the beam’s focus, w0 the waist radius, and w(z′) = w0

√
1 + (z′/zR)2, with

the Rayleigh range zR = πw2
0/λ. In our numerical applications for a given nominal peak

intensity I0, we find converged PEMD by adding the PE yields from up to 5000 randomly

sampled peak laser intensities I0(r′, z′). The number of intensities required for convergence

depends on the NP size and is larger for smaller NPs.

4.3 Numerical results: photoelectron momentum dis-

tributions

4.3.1 Influence of the nanoplasmonic field, rescattering, PE residual-

charge interactions, and e-e interactions

PEMDs are sensitive to all PE interactions included in our simulation with regard to both

strong-field-induced electron emission at the NP surface by tunneling and subsequent PE

propagation. The tunneling release of PEs strongly depends on the radial component of the

total electric field ~F (4.13). Stronger incident and plasmonic fields increase the number of

propagating PEs and PE yield, while PE recombination and the accumulation of positive

residual charges on the NP decrease the yield. PE self-image-charge interactions increase

the PE-emission rate by lowering the potential barrier (cf., Sec. 4.2.3). In order to track

the effects of different electronic interactions on the propagation and rescattering of released

PEs, we leave the modeling of the tunneling release of electrons at the NP surface unchanged

(for identical laser-pulse parameters), assuming for all calculated VMI maps identical tunnel-

ionization rates (4.15). The comparison of simulations in which we selectively include and

exclude specific PE interactions during the PE propagation and rescattering only, allows us

to quantify their specific effects on PEMDs.

Figure 4.3 shows simulated PE VMI maps for gold nanospheres with 30 nm diameter for

the experimental setup depicted in Fig. 4.1. The VMI maps are projections of the PEMD
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Figure 4.3: PE VMI maps simulated for 30 nm diameter gold nanospheres excluding PE
rescattering (first row) and including either specular (second row) or diffuse PE rescattering
(third row) for incident 780 nm laser pulses with a pulse length of 25 fs (FWHIM) and
8.0 × 1012 W/cm2 peak intensity. Columns one through three show simulations where only
selected PE interactions are included. In column one only the incident laser and plasmon
fields ( ~Einc and ~Epl) are included. Column two adds PE interactions with residual positive

charges (~Fres). The VMI maps in column three include ~Einc, ~Epl, and repulsive PE Coulomb

interactions (~Fe−e). Simulations including all PE interaction are shown in column four. η
gives integrated PE yields normalized to the integrated yield from the VMI map in graph
(l). The last figure in the third row (m) shows the corresponding experimental VMI map
for 30 nm diameter gold nanospheres for the same laser characteristics parameters as the
simulation ones.

on the x-z plane of the MCP detector and show the projected PE yields as functions of

the PE asymptotic velocities, vx and vz, along the laser propagation and laser polarization

directions. The incident Gaussian laser pulses have a pulse length of τ = 25 fs FWHIM (10

cycles), central frequency ω = 384.4 THz (corresponding to the wavelength λ = 780 nm),

and peak intensity of I0 = 8.0 × 1012 W/cm2. We represent the electronic structure of the

NPs in terms of the surface-potential step V0 = εF + ϕ with the work function ϕ = 5.1 eV
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and Fermi energy εF = 8.0 eV for bulk gold [78], initial electron and lattice temperatures

Te(t0) = 300 K, and heat-capacity constant γ = 66J/(m3K2) [77].

The first, second, and third row in Fig. 4.3 include simulation results obtained under the

assumption of no PE reflection at the NP surface, specular reflection, and diffuse reflection,

respectively, as described in Sec. 4.2.4. For the simulations without rescattering, PEs that

are driven back to the NP surface are assumed to recombine. The first column in this figure

shows simulated VMI maps for which the effects of the electric fields of residual charges

(~Fres) and PE-PE Coulomb interactions (~Fe−e) are neglected during the PE propagation. In

the second column ~Fe−e is switched off, while ~Fres is disregarded in the third column. In

column four all PE interactions are included. To allow for a qualitative and quantitative

comparison, we normalized the yields in all graphs to the largest yield in Fig. 4.3(l) and

display the normalized integrated yield factor η in each graph. We calculate this factor as

the vx- and vz-integrated yields from the VMI maps in Figs. 4.3(a) - 4.3(k) divided by the

integrated yield of Fig. 4.3(l). We choose Fig. 4.3(l) as a reference since it displays our most

realistic and accurate simulation results. The comparison of the VMI maps in Fig. 4.3 allows

us to assess the influence of the following PE interactions on VMI maps:

Rescattering

The VMI maps in the first row of Fig. 4.3, calculated without allowing for PE rescattering,

overemphasize PE recombination. The corresponding enhanced accumulation of positive

residual charges on the NP decreases PE yield. Indeed, the PE yields in the first row are

consistently smaller than for simulations that allow for PE rescattering (second and third

row). The reduction of the PE yield is most pronounced in the second column and easily

recognized by much smaller relative yields η in Fig. 4.3(b). It remains relevant for simulations

that include all PE interactions, shown in column four, where the suppression of rescattering

and ensuing enhanced recombination reduces the relative yield to 65% in row one. While

still clearly noticeable, this reduction in PE yield upon disabling rescattering is less visible

in simulations that exclude residual-charge interactions in column three. In this case, PE
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rescattering still occurs for the simulation in rows two and three, but is much less likely, due

to the absence of attractive PE - residual-charge interactions. At the same time, the added

PE Coulomb repulsion strongly inflates the yields in all rows of column three.

Plasmonic-field interactions

The simulated VMI maps in the first column of Fig. 4.3 are calculated under the assump-

tion that released electrons solely interact with the incident laser and induced plasmonic

field while propagating to the detector. These PE distributions are aligned with the laser-

polarization direction and have a dipole-like appearance, owing to the dipole character trans-

ferred from the induced plasmonic field and tunneling ionization.

Since Fig. 4.3(a) excludes rescattering, its comparison with Figs. 4.3(e) and 4.3(i) re-

veals that directly emitted PEs dominate the low-energy part of the photoemission spectra.

Rescattered electrons, in contrast, can gain additional energy from the laser and induced plas-

monic fields and establish the higher-energy part of the PE spectrum. Rescattering boosting

PE energies is a well-understood phenomenon in strong-field ionization. For gaseous atomic

targets, elastically rescattered PEs reach kinetic energies up to 10Up(I0) [50–53] and signifi-

cantly larger energies for dielectric NPs (SiO2) [10, 72, 75]. By comparing the yield factors η

in the first column, we find that approximately 89% of the detected PEs are directly emitted,

while 11% have rescattered at the NP surface at least once.

Residual-charge interactions

The second column of Fig. 4.3 displays the effects of PE residual-charge interactions on VMI

maps. These simulation results are obtained by solving Newton’s equations (4.18) for the

propagation of released electrons under the influence of the electric fields of the incident

laser, ~Einc (4.1), induced plasmonic dipole, ~Epl (4.3), and residual charges ~Fres (4.14). e-e

interaction ~Fe−e (4.19) is neglected.

The long-range Coulomb attraction of accumulating positive residual charges decelerates

both direct and rescattered PEs. It increases the number of PEs that recombine with or
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rescatter off the NP. Therefore, residual charge interactions tend to decrease the net PE yield

and cutoff energy. This is clearly demonstrated by comparing the VMI maps and relative PE

yields η in the second column against the results shown in the first column. This comparison

also reveals that the strong PE - residual-charge attraction practically eliminates direct PE

emission [Fig. 4.3(b)]. Without being rescattered, directly emitted PEs cannot accumulate

enough energy in the laser and plasmonic fields to overcome the residual-charge attraction.

Allowing for specular PE reflection in Fig. 4.3(f) and diffuse rescattering in Fig. 4.3(j),

some of the rescattered PEs gain enough energy from the laser pulse to beat the residual-

charge attraction and escape to the PE detector. While ~Fres preserves the dipolar PE

distribution for specular rescattering in Fig. 4.3(f), the dipole-like character of the VMI map

disappears for diffuse rescattering in Fig. 4.3(j). The significantly larger total yield η for

diffuse rescattering, as compared to specular rescattering, is consistent with PEs that are

rescattered to smaller angles than the incident angle (relative to the surface normal at the

turning point of the scattered trajectory on the NP) being more likely to escape. Note that

this effect is absent if residual-charge interactions are neglected [cf., Figs. 4.3(e) and 4.3(i)],

consistent with ~Fres promoting rescattering.

Electron-electron coulomb interactions

In the third column of Fig. 4.3, we investigate the effects of e-e interaction on VMI maps.

This column shows results obtained by solving Newton’s equations (4.18) for the motion of

released electrons under the influence of the electric fields of the incident laser, ~Einc (4.1),

induced plasmonic dipole, ~Epl (4.3), and PE repulsion ~Fe−e (4.19). In this column, the

electric field of the residual charges ~Fres (4.14) is neglected.

The addition of ~Fe−e introduces Coulomb energy into the system of released electrons,

accelerating a large fraction of PEs to significantly higher final (detectable) kinetic energies.

Correspondingly ~Fe−e decreases the number of rescattering and recombination events (com-

pare column three with columns one and two of Fig. 4.3). This results in distinctly larger

PE cutoff energies as compared to VMI maps calculated without including e-e interactions
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in columns one and two of Fig. 4.3. The larger cutoff energy is solely related to strong e-e

interactions and not to rescattering, since adding ~Fe−e almost eliminates the effect of PE

rescattering. This is seen in the lack of contrast between the VMI maps and PE detection

yields η in column three. In opposition to the results excluding ~Fe−e in columns one and

two, disallowing rescattering in Fig. 4.3(c) reduces the integrated yield η by only 5% and

7%, as compared to specular and diffuse rescattering in Fig. 4.3(g) and 4.3(k), respectively.

Thus, in comparison with the VMI maps in column two, the inclusion of e-e interactions

in column three strongly enhances direct emission (to, respectively, 95% with respect to

specular rescattering and 93% with respect to diffuse rescattering) to the detriment of PE

rescattering. The slightly larger yield for diffuse, as compared to specular rescattering, is

consistent with smaller scattering angles (relative to the local surface normal) making PE

recombination less likely. The large increase of the PE cutoff energy in Fig. 4.3(c) in compar-

ison with Fig. 4.3(a) indicates that PE Coulomb repulsion dominates PE interactions with

the incident laser and induced plasmonic fields in shaping the VMI maps.

Apart from the increased cutoff energy, the Coulomb repulsion between PEs changes the

shape of the elongated and dipole-like PEMDs shown without including ~Fe−e in column one

and two of Fig. 4.3. ~Fe−e renders the highest-energy part of the PE spectrum approximately

isotropic, regardless of rescattering and recombination events, and leads to dominantly trans-

verse PE emission. The enhanced transverse PE emission is visible as a horizontal structure

confined by transverse PE velocities |vx| < 2 a.u. and longitudinal velocities |vz| below

approximately 0.5 a.u.. We interpret this structure as due to the absence of the attractive

residual-charge interactions and dominant direct emission in the simulated VMI maps shown

in the third column of Fig. 4.3. This horizontal structure is consistent with the rapid re-

lease of electrons near the poles of the NP (along the laser polarization direction), where

strong-field tunneling ionization most likely occurs. During each laser half cycle this forms

an initially spatially compact ensemble of electrons in the x-y plane near a NP pole with a

narrow extension along the laser polarization direction (z axis) that is spread laterally by

dominant PE-PE Coulomb repulsion.
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All interactions effect

Simulated VMI maps and relative PE yields η including all PE interactions, i.e., ~Einc (4.1),

~Epl (4.3), ~Fe−e (4.19), and ~Fres (4.14), are shown in the fourth column of Fig. 4.3. As

expected, and easily seen in comparison with the VMI maps in the third column, inclusion

of the attractive residual-charge interactions decreases the PE cutoff energy and weakens the

transverse emission at lower PE energies. The comparison of the VMI maps in columns one

and four of Fig. 4.3 reveals that the combined effect of ~Fe−e and ~Fres considerably increases

the final energy of directly emitted electrons, while decreasing the direct-emission yield from

about 88% to less than 65%. This can be understood in terms of directly emitted electrons,

on average, moving slower and closer to the NP than rescattered PEs, making directly

emitted electrons more likely to recombine and more susceptible to energy gain due to e-e

interactions. Due to strong e-e interactions, direct photoemission from metal NPs can reach

cutoff energies exceeding 100 Up(I0), which is about 75% the cutoff energy of rescattered

PEs [cf., Fig. 4.3(d) and Fig. 4.3(l)].

Fig. 4.3(m) shows the experimental VMI map for 30 nm diameter gold nanospheres. By

considering the yield, cutoff energy, and the isotropic shape of PEMDs, Fig. 4.3(l) is our best

simulation result which matches very well with the experiment. We can exclude Fig. 4.3(h)

(the one with specular rescattering) because it preserves the dipole-like shape distribution

and Fig. 4.3(d) (the one with no PE rescattering) because of smaller cutoff energy and PE

yield.

To summarize the influence of different PE interactions, we first note that the linearly

polarized incident laser and induced plasmonic electric field imprint their dipole character

on the PEMDs in the absence of e-e interactions and diffuse rescattering. The inclusion

of e-e interactions and diffuse rescattering removes the dipolar character of the VMI maps

and results in more isotropic PEMDs. For metal NPs, attractive residual-charge interactions

are thus much less influential than e-e interactions in shaping PEMDs and determining PE

cutoff energies. In addition, we note that e-e interactions significantly contribute to the

high-energy part of the PE spectra, even for direct emission, resulting in cutoff energies way
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above the conventional 2UP (I0) limit for the atomic targets [51]. The increase of the PE

cutoff energies due to rescattering, and as compared to direct emission, is less pronounced

for metal NPs than for gaseous atomic targets.

4.3.2 Photoemission dynamics

The VMI maps in Fig. 4.3 are the end results of the intertwined evolution of electron emis-

sion, recombination, and competing electronic and laser-electron interactions. To examine

the dynamics of these interactions, we show in Fig. 4.4 the incremental change per laser half

cycle j of the numbers of emitted, nemi, and recombined, nrec, PEs as a function of time [cf.,

Eq. (4.8) and subsequent text]. These numbers are extracted in half-laser-cycle intervals dur-

ing the laser-NP interaction from simulations for the same combinations of PE interactions

distinguished in the four columns of Fig. 4.3. Electron numbers shown in Figs. 4.4(a) and

4.5(a) are calculated without allowing for PE rescattering (corresponding to the first row of

VMI maps in Fig. 4.3) and including diffuse rescattering (corresponding to the third row

in Fig. 4.3). Corresponding electron-number evolutions for simulations including specular

rescattering are in close agreement with the results in Figs. 4.4(b) and 4.5(b) and are not

displayed. According to Eq. (4.8) the incremental changes of these PE numbers during a

given half cycle j are

∆nκemi,j = nκemi(tcyc,j, tcyc,j−1) (4.23)

∆nκrec,j = nκrec(tcyc,j, tcyc,j−1), κ = pl, res, e− e. (4.24)

The superscripts refer to calculations in which only PE interactions with the laser and

induced plasmonic electric fields are included [κ = pl, corresponding to the VMI maps in the

first column in Fig. 4.3] and to simulations that add either PE - residual-charge interactions

[κ = res, corresponding to the second column in Fig. 4.3] or PE Coulomb repulsion [κ = e−e,

corresponding to the third column Fig. 4.3]. Full simulations including all PE interactions

are given the superscript κ = all and correspond to the fourth column of Fig. 4.3. All
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electron numbers are shown as colored markers that are connected by solid and dotted lines

to guide the eye. The numbers of propagated PEs for the same set of simulations as in

Fig. 4.4 are shown in Fig. 4.5.

Figure 4.4: Calculated numbers of emitted, ∆nκemi,j, and recombined, ∆nκrec,j, electrons in
each laser half cycle j during the laser - NP interaction for 30 nm diameter gold nanospheres,
corresponding to the VMI maps in the (a) first and (b) third row of Fig. 4.3. Subscripts
refer to emitted and recombined electrons. Supercripts distinguish simulations including only
the laser and induced plasmonic electric fields [κ = pl, corresponding to the VMI map in
Figs. 4.3(a) and 4.3(i)] and to simulations adding either PE - residual-charge interactions
[κ = res, cf., Figs. 4.3(b) and 4.3(j)] or PE Coulomb repulsion [κ = e− e, cf., Figs. 4.3(c)
and 4.3(k)]. Numbers of recombined PEs are multiplied by (-1) for clarity. The calculated
electron numbers are shown as colored markers that are connected by straight lines to guide
the eye. The laser electric field is shown as the red solid line. The laser-pulse length,
wavelength, and peak intensity are τ = 25 fs, λ = 780 nm, and I0 = 8.0 × 1012 W/cm2,
respectively.

The PE dynamics is governed by alternating ( ~Einc and ~Epl), attractive (~Fres), and re-

pulsive (~Fe−e) electric fields. The influence of the oscillating and repulsive forces on nemi(t),

nrec(t), and npro(t) is small, while the attractive interaction ~Fres has a significant impact

on them. Residual-charge interactions ~Fres tend to increase the number of recombined PEs

nrec(t). This increases the net electric field F on the surface by reducing the residual charge

and thus increases nemi(t). As expected, this is most clearly displayed in simulations, in which
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Figure 4.5: As Fig. 4.4 for the time evolution of the accumulated number of propagated
electrons, npro(t) = nemi(−20fs, t) − nrec(−20fs, t). Final converged electron numbers are
shown on the right side.

otherwise rescattered PEs are assumed to recombine, shown in Figs. 4.4(a) and 4.5(a).

After the laser pulse has passed the NP (i.e., after ≈ τ = 25 fs) strong attractive residual-

charge interactions prevents a fraction of low-energy PEs to escape the NP. These trapped

electrons typically either repeatedly rescatter or orbit the NP. They do not contribute to

the detected electron yield. Electrons on “trapped” trajectories screen the positive residual

charges and are assumed to recombine. This assumption does not noticeably change the PE

motion at large distances, where the PE interaction is dominated by the monopole term of

the NP charge distribution. Due to the long-range residual-charge interactions, we carefully

monitor the convergence of the trajectory calculations and propagate all PE trajectories for

a sufficiently long time, to guarantee converged PEMDs. The right side of Fig. 4.5 shows the

numbers of propagated PEs npro(t) that have converged to the numbers of detected electrons

after a propagation time of 1 ps.
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4.3.3 Influence of the nanoparticle size and laser intensity

Figure 4.6 shows simulated and experimental PEMDs for gold nanospheres with diameters of

with 5, 30, and 70 nm. The first and second rows compare simulated PEMDs to experimental

VMI maps for laser peak intensities of I0 = 8.0 × 1012 W/cm2 . The third and fourth

rows show the same information as the first and second rows but for higher peak intensity

1.5 I0. The PEMDs in Figs. 4.6(a)- 4.6(l) are slightly elongated along the laser-polarization

direction, with PE cutoff energies that increase with NP size. As discussed in Sec. 4.3.1

above, isotropic PEMDs are promoted by e-e interactions and diffuse PE rescattering from

the surface, while incident laser and induced plasmonic-field interactions tend to imprint a

dipolar shape. The simulated VMI maps also reveal the expected increase of the PE cutoff

energy with the laser peak intensity. We quantify this laser intensity and NP-size-dependent

effect in the following subsection.

4.3.4 Angle-integrated photoelectron yields and cutoff energies

Figure 4.7 shows simulated and experimental integrated yields as a function of the PE kinetic

energy corresponding to the PEMDs in Figs. 4.6(a)-4.6(l). Due to the detector saturation at

the center of the MCP phosphor detector, the experimental integrated yields for low energy

PEs are not accurate. To be able to compare experimental integrated yields to one another

and also to the simulated ones, we have removed the low energy part of the integrated yields

from both experiment and simulated data.

Integration of the VMI-projected PEMDs y(vx, vz) in Figs. 4.6(a)-4.6(l) over the PE

detection angles φ in the VMI map plane results in the PE yields

Y (EPE) =

∫
dφ y(

√
2EPE cosφ,

√
2EPE cosφ) (4.25)

as a function of the PE energy in the VMI map plane, EPE = (v2
x+v2

z)/2. The yields Y (EPE)

shown in Figs. 4.7(a)-4.7(f) are normalized individually to their maxima.

For the experimental PEMDs, the PE cutoff energies are taken from Jeffrey A. Powell’s
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Figure 4.6: Comparison of simulated (a-c), (g-i) and experimental (d-f), (j-l) VMI maps
for gold nanospheres with 5, 30, and 70 nm diameter and laser peak intensities of (a-f)
I0 = 8.0× 1012 W/cm2 and (g-l) 1.5 I0. The laser-pulse length and wavelength are 25 fs and
780 nm. Red dashed circles in (a-l) indicate simulated and experimental PE cutoff energies.

thesis [99]. For the simulated ones, we define the PE cutoff energy Ecutoff by integrating

over the yield given by Eq. (4.25) as the PE energy up to which 99.5% of the total PE yield

has accumulated, ∫ Ecutoff
0

dEPEY (EPE)∫∞
0

dEPEY (EPE)
= 99.5%. (4.26)

The PE cutoffs energies are shown as red dashed circles in Fig. 4.6. They increase with the NP

size and slightly decrease with the selected peak laser intensities. The red-yellow circles and
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Figure 4.7: Comparison of simulated and experimental (a-f) integrated PE yields as func-
tions of the PE kinetic energy for gold nanospheres with 5, 30, and 70 nm diameter and laser
peak intensities of (a-c) I0 = 8.0× 1012 W/cm2 and (d-f) 1.5 I0. The laser-pulse length and
wavelength are 25 fs and 780 nm.

black-blue solid squares in Fig. 4.8 denote simulated cutoff energies for peak laser intensities

of I0 = 8.0 × 1012 W/cm2 and 1.5I0, in units of the incident laser ponderomotive energies

Up(I0) and Up(1.5I0), respectively. The intensity-dependent change of Ecutoff becomes more

pronounced for larger NP diameters. To compare our simulation to experiment, we show the

calculated and experimental cutoff energies in Fig. 4.9.

Based on the discussion of the different PE interactions and their influence on PEMDs

in the preceding subsections, the increase of the PE yield and cutoff energy with NP size

can be related to two independent causes. First, as the NP size increases, a larger surface

becomes available from where more electrons are emitted. This suggests both a larger PE

yield and due to the net increase of the Coulomb energy in the set of released electrons, an
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Figure 4.8: Comparison of simulated PE cutoff energies scaled by incident-laser pondero-
motive energy Up for 5, 30, and 70 nm diameter gold nanospheres and laser peak intensities
of I0 = 8.0 × 1012 W/cm2 and 1.5 I0. The laser laser-pulse length and wavelength are the
same as in Fig. 4.7.

increase in Ecutoff . Second, due to the increase of the nanoplasmonic field enhancement with

NP size (Fig. 2.3), the surface-potential barrier narrows for increasing NP size, promoting

strong-field tunneling ionization. This tends to augment the measured PE yield, and, due

to the larger PE-Coulomb-correlation energy, leads to a higher cutoff energy.

For gaseous atomic targets, the cutoff energy is proportional to the ponderomotive energy

Up [50–53]. In contrast, our results for metal NPs in Fig. (4.8) start to increasingly deviate

from the linear scaling in Up as the NP size increases. Although at the higher intensity,

1.5 I0, the induced plasmonic field and PE Coulomb repulsion are stronger, our numerically

calculated VMI maps indicate that the increasing accumulation of residual charges on the

NP becomes the determining factor. This reduces the scaled cutoff energy at the larger
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Figure 4.9: Comparison of simulated and experimental PE cutoff energies scaled by
incident-laser ponderomotive energy Up for 5, 30, and 70 nm diameter gold nanospheres
and laser peak intensities of I0 = 8.0 × 1012 W/cm2 and 1.5 I0. The laser-pulse length and
wavelength are the same as in Fig. 4.7.

considered intensity. This reduction is more pronounced for larger NPs, due to stronger

plasmonic field enhancement.

4.4 Summary and conclusions

We modeled strong-field ionization from metal NPs and numerically simulated PEMDs as

experimentally accessible by VMI spectrometry. Our simulations scrutinize a complex dy-

namical interplay of PE emission, propagation, recombination, and rescattering. Augmented

by strong plasmonic field enhancement, a large number of PEs tunnel ionize from metal NPs

and result in high PE yields and cutoff energies. We analyzed the size and laser-intensity

dependence of PE angular distributions in light of competing contributions from various PE

interactions.

In particular, we found that the dipolar shape, imprinted on PEMDs by the incident

laser and induced plasmonic fields, is mostly erased by e-e interactions and diffusive PE
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rescattering at the NP surface to yield almost isotropical VMI maps. While for gaseous

atomic targets directly emitted PEs acquire no more than about 20% of the cutoff energy

for rescattered PEs [10Up(I0)], we have shown that direct photoemission from 30 nm metal

NPs results in cutoff energies of 100Up(I0) and further increases for larger NPs, reaching

about 75% of the cutoff energy for rescattered PEs. In addition, due to laser-intensity-

dependent PE emission, the effects of residual charges and e-e interactions are highly intensity

dependent. This leads to a nonlinear intensity dependence of the PE yield and cutoff energy

scaling with Up(I0), contrary to the known linear intensity scaling for gaseous atomic targets.
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Chapter 5

Conclusion and outlook

In this chapter, we summarize the main results and conclusions of this dissertation and

present a brief outlook and future works.

5.1 Attosecond streaking spectroscopy from plasmonic

nanoparticles

We developed a classical model to study attosecond streaking spectroscopy from metallic

nanospheres, extending a previous classical model by sampling over the entire conduction

band and including transport and surface effects. Our numerical results show that these

extensions noticeably impact streaking spectra. By varying the radius of the nanosphere,

the wavelength of the streaking pulse, and adding or relaxing restrictions to emission from the

Fermi level only and from the surface of the NP only, we scrutinized streaked photoemission

spectra. In particular, we addressed (i) the influence of the NP’s dielectric response on

streaked photoemission and (ii) the fidelity with which streaked spectra allow the imaging

of the temporal and spatial distribution of the NP’s induced plasmonic near-field. The

developed classical model is basic and versatile. It can be transferred to different geometries,

such as surfaces, nanowires, nanotips, and metal and semiconductor nanostructures.
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5.2 Imaging the plasmonic near-field from plasmonic

nanoparticles

Based on the previously developed quantum-mechanical model, we propose a (with current

technology) practicable spectroscopic scheme based on attosecond streaking spectroscopy

which, by scanning the relative linear polarization directions of the XUV and streaking pulses,

allows the imaging of plasmonic electric-field distributions on the surface of spherical NPs

with nm spatial and sub-fs temporal resolution. The implementation of this method requires

the extension of conventional streaking measurements from NPs by allowing for the controlled

rotation of the relative linear polarization direction between the XUV and the IR pulses.

The suggested imaging scheme has the potential to be generalized to non-spherical NPs by

enabling the rotation of the electron detector or by adding multiple detectors at different

directions. For full spatial resolution of the electric near-field distribution, the extension

to non-spherical particles may require alignment of the NPs. Further improvements of the

suggested imaging scheme may result in a powerful method for the scrutiny of nanoscopic

plasmonically enhanced electric-field distributions and electronic dynamics on functional NPs

and nanostructured surfaces.

5.3 Strong-field ionization of plasmonic nanoparticles

We modeled strong-field ionization of metal NPs by generalizing the three-step semi-classical

model to simulate the PEMDs taken from the VMI spectrometer. Our experimental and

numerical results show that the PE emission, propagation, recombination and rescattering

processes are significantly more complex due to the bulk properties of NP, e-e interactions,

plasmon excitation, trapped PEs, and residual charges. We account for and distinguish in PE

momentum distributions the effects of e-e interactions, PE - residual-charge interactions, and

transient laser-induced plasmonic fields. Our numerical results for 5, 30, and 70 nm diameter

gold nanospheres and peak laser-pulse intensities of 8.0 × 1012 and 1.2 × 1012 W/cm2 show

how PE velocity-map-images are distinctly shaped by PE Coulomb repulsion, residual-charge
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accumulations, and plasmonic near fields.

In particular, we found that the dipolar shape, imprinted on PEMDs by the incident

laser and induced plasmonic fields, is mostly erased by e-e interactions and diffusive PE

rescattering at the NP surface to yield almost isotropical VMI maps. While for gaseous

atomic targets directly emitted PEs acquire no more than about 20% of the cutoff energy

for rescattered PEs [10Up(I0)], we have shown that direct photoemission from 30 nm metal

NPs results in cutoff energies of 100Up(I0) with further increases for larger NPs, reaching

about 75% of the cutoff energy for rescattered PEs. In addition, due to laser-intensity-

dependent PE emission, the effects of residual charges and e-e interactions are highly intensity

dependent. This leads to a nonlinear intensity dependence of the PE yield and cutoff energy

scaling with Up(I0), contrary to the known linear intensity scaling for gaseous atomic targets.

This model can be applied to different geometries, such as surfaces, ellipsoids, nanowires,

and nanotips. By using different tunneling ionization rate models, it can solve more compli-

cated problems and be applied to different composites such as dielectric and semiconductor

nanostructures.
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[42] C. Lemell, B. Solleder, K. Tőkési, and J. Burgdörfer, Simulation of attosecond streaking

of electrons emitted from a tungsten surface, Phys. Rev. A 79, 062901 (2009), URL

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.79.062901.

[43] Q. Liao and U. Thumm, Attosecond time-resolved photoelectron dispersion and photoe-

mission time delays, Phys. Rev. Lett. 112, 023602 (2014), URL https://journals.

aps.org/prl/abstract/10.1103/PhysRevLett.112.023602.

[44] C.-H. Zhang and U. Thumm, Effect of wave-function localization on the time de-

89

https://www.nature.com/articles/nphoton.2014.48
https://www.nature.com/articles/nphoton.2014.48
https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.200400271
https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.200400271
https://link.aps.org/doi/10.1103/PhysRevB.84.121406
https://link.aps.org/doi/10.1103/PhysRevB.84.121406
https://www.nature.com/articles/ncomms11717
https://www.nature.com/articles/ncomms11717
https://ieeexplore.ieee.org/abstract/document/7738457
https://ieeexplore.ieee.org/abstract/document/7738457
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.79.062901
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.023602
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.023602


lay in photoemission from surfaces, Phys. Rev. A 84, 065403 (2011), URL https:

//journals.aps.org/pra/abstract/10.1103/PhysRevA.84.065403.

[45] F. Kelkensberg, A. Koenderink, and M. Vrakking, Attosecond streaking in a nano-

plasmonic field, New J. Phys. 14, 093034 (2012), URL https://iopscience.iop.

org/article/10.1088/1367-2630/14/9/093034/meta.

[46] A. G. Borisov, P. M. Echenique, and A. Kazansky, Attostreaking with metallic

nano-objects, New J. Phys. 14, 023036 (2012), URL https://iopscience.iop.org/

article/10.1088/1367-2630/14/2/023036/meta.

[47] J. S. Prell, L. J. Borja, D. M. Neumark, and S. R. Leone, Simulation of attosecond-

resolved imaging of the plasmon electric field in metallic nanoparticles, Ann. Phys.

(Berlin) 525, 151 (2013), URL https://onlinelibrary.wiley.com/doi/full/10.

1002/andp.201200201.

[48] L. Keldysh, Ionization in the field of a strong electromagnetic wave, Sov. Phys. JETP

20, 1307 (1965).

[49] L. Gallmann, I. Jordan, H. J. Wrner, L. Castiglioni, M. Hengsberger, J. Osterwalder,

C. A. Arrell, M. Chergui, E. Liberatore, U. Rothlisberger, et al., Photoemission and

photoionization time delays and rates, Struct. Dyn 4, 061502 (2017), URL https:

//doi.org/10.1063/1.4997175.

[50] G. G. Paulus, W. Becker, W. Nicklich, and H. Walther, Rescattering effects in above-

threshold ionization: a classical model, J. Phys. B: At., Mol. Opt. Phys. 27, L703

(1994), URL https://doi.org/10.1088/0953-4075/27/21/003.

[51] B. Walker, B. Sheehy, K. C. Kulander, and L. F. DiMauro, Elastic rescattering in the

strong field tunneling limit, Phys. Rev. Lett. 77, 5031 (1996), URL https://link.

aps.org/doi/10.1103/PhysRevLett.77.5031.

[52] W. Becker, F. Grasbon, R. Kopold, D. Milošević, G. Paulus, and H. Walther, Above-
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Broer, Nanoplasmonic electron acceleration in silver clusters studied by angular-

resolved electron spectroscopy, New J. Phys. 14, 085020 (2012), URL https://doi.

org/10.1088/1367-2630/14/8/085020.

[63] C. Varin, C. Peltz, T. Brabec, and T. Fennel, Light wave driven electron dynamics in

clusters, Ann. Phys. (Berlin) 526, 135 (2014), URL https://onlinelibrary.wiley.

com/doi/full/10.1002/andp.201490001.
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