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We modeled strong-field ionization of metal nanoparticles by intense infrared laser pulses, ac-
counting for and distinguishing in photoelectron (PE) momentum distributions the effects of PE
correlation, PE - residual-charge interactions, PE rescattering and recombination, and transient
laser-induced plasmonic fields. Our numerical results for 5, 30, and 70 nm diameter gold nanospheres
and peak laser-pulse intensities of 8.0x 102 and 1.2x10"3 W/cm2 show how PE velocity-map-images
are distinctly shaped by PE Coulomb repulsion, residual-charge accumulations, and plasmonic near
fields. In contrast to gaseous atomic targets and dielectric NPs, we find very large PE cut-off energies,
for both directly emitted and rescattered PEs, that exceed the incident laser-pulse ponderomotive

energy by two orders of magnitude.

PACS numbers: 73.20.Mf, 78.20.Bh, 78.47.J-

I. INTRODUCTION

Exposed to intense laser light, atoms are excited or ion-
ized. At sufficiently high light intensities, multi-photon
or tunnel ionization occurs [I], and emitted PEs can gain
a significant amount of energy while propagating in the
oscillating laser electric field. For gaseous atomic tar-
gets, PEs that are directly emitted and do not return
to the residual atom gain up to 2U,(ly) in kinetic en-
ergy 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 10U, (Iy) [2-
5]. The ponderomotive energy U,(Iy) = In/(4w?) is the
cycle-averaged quiver energy of a free electron in a laser
field of frequency w and intensity Ij.

Strong-field PE emission and rescattering from
solids [6HI2] and isolated nanostructures, such as clus-
ters [I3HIT], nanotips [I8-23], and isolated dielectric
nanoparticles (NPs) [24H26], was extensively studied
through the past decade. Analogous to gaseous atoms,
strong-field ionization leading to high PE energies from
NPs can be thought of as occurring in distinct sequen-
tial steps [27]: electron emission from the NP surface,
PE propagation in the continuum, and PE rescatter-
ing towards and interaction with the NP [I7, 26]. In
comparison with gaseous atomic targets, each of these
steps is significantly more intricate for clusters, nanotips,
and NPs (both dielectric and metal), due to their more
complex electronic and morphological structure and the
emission of a much larger number of PEs, emphasizing
the effects of PEs correlation, residual charges, and PE -
nanoplasmonic-fields interactions.

To simulate the PEs dynamics during the multi-
ple ionization of dielectric NPs, a quasi-classical mean-
field Monte-Carlo (M3C) model was developed em-
ploying classical Mie theory [28, 29]. This model
was applied to investigate PE angular distributions
and laser-carrier-envelope-phase-controlled PE rescatter-
ing from 50 - 550 nm SiOy nanospheres [30], con-
trolled near-field-enhanced electron acceleration from

dielectric nanospheres [24], attosecond streaking spec-
troscopy of electron scattering in dielectric nanoparti-
cles [26], and ultrafast metallization of isolated dielec-
tric and semiconducting nanoparticles [3I]. In this nu-
merical model, electrons are liberated via tunnel ioniza-
tion from randomly chosen surface atoms, based on Am-
mosov—Delone-Krainov (ADK) atomic tunnel-ionization
rates [32]. PEs are assumed to be launched at the clas-
sical tunnel exit with zero initial velocities. Their sub-
sequent motion in the electric fields of the incident laser
pulse and induced plasmonic response is propagated clas-
sically. Electronic correlation and PE - residual-charge
interactions during the propagation are accounted for at
the mean-field level. Cutoff energies for directly emit-
ted and rescattered PEs from dielectric NPs were found
to be 2n?U,(Iy) and 107m*Uy(Iy), respectively [24]. In
comparison to atomic targets they are enhanced by the
square of the plasmonic near-field enhancement factor 7.
Experimentally, strong-field photoemission from isolated
dielectric SiO2 NPs by intense 25 fs 780 nm linearly po-
larized laser pulses was recently measured for different
NP sizes and laser intensities by Powell et al. [33].

Metal NPs have been extensively investigated during
the past two decades, owing to their remarkable opti-
cal properties [34, B5]. These are largely related to in-
cident light in the infrared (IR) to the visible frequency
range enforcing the collective motion of conduction elec-
trons. This light-driven excitation of localized surface-
charge plasmons (LSP), controls the NPs’ light absorp-
tion, reflection, and skin depths [36]. It also results in a
local (near the NP surface) nanoplasmonic field that can
dramatically amplify the incident-laser electric field near
the NPs plasmon resonance frequency [37, [38]. The LSP
resonance frequency can be tuned from IR to visible fre-
quencies by synthesizing metal NPs’ with specific shapes,
sizes, compositions, and dielectric environments [35] [39]
40]. The tunable enhanced light absorption and scat-
tering are key to powerful diagnostic methods, such as
surface-enhanced Raman spectroscopy [41], femtosecond
scanning tunneling microscopy and spectroscopy [19],
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Figure 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 z-direction, and intersects a beam of metal NPs. Vg, Vg, and Vi are the respective voltages
on the PE repeller, extractor, and ground plates, needed to guide PEs to the multi-channel-plate (MCP) phosphorus detector.
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 Eine, the induced plasmonic polarization ﬁpl, and

— —

the emission (Pem;) and recombination (Pr..) dipoles with their corresponding charge distributions.

time-resolved nanoplasmonic-field microscopy [38, 42~
[44], biomedical and chemical sensing [45] [46], and bio-
imaging, where plasmonic NPs are used as markers [47].
In addition, the controllable electro-optical properties
of metal NPs are enabling promising applications, in-
cluding the in wvivo optoporation of targeted retinal
ganglion cells with functionalized Au NPs [48], mul-
tichromatic switchable nano-pixels [49], nanoplasmon-
ically enhanced photocatalysis [50], plasmon-enhanced
light harvesting [5I, [52], tumor detection and treat-
ment [53}[54], ultrafast electro-optical switching [55], and
thermo-plasmonics [56]. We recently proposed classi-
cal [57] and quantum-mechanical [58] schemes for the
spatiotemporal imaging of induced plasmonic-field distri-
butions near the surface of Au, Ag, and Cu NPs, based
on nm spatially resolved attosecond PE streaking spec-

troscopy [57].

In the present work, we extend the numerical modeling
of atomic strong-field ionization to metal NPs (Fig. [I).
We describe the release of PE from the NP surface by
intense short laser pulses based on Fowler-Nordheim tun-
neling rates [59] and subsequently sample over classi-
cal PE trajectories. We include and numerically eval-
uate for 5, 30 and 70 nm diameter gold nanospheres the
effects of electronic repulsion, PE attraction by resid-
ual 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 differ-
ent model assumptions than strong-field emission from
dielectric (insulator) targets. Our approach thus dif-
fers from the M3C model [30] with regard to the de-
scription of the NPs’ nanoplasmonic response and our
implementation of adjusted Fowler-Nordheim tunneling
rates [60]. Based on the simulated strong-field-driven
PE current density and PE-emission- and recombination-
induced dipole moments, we account for electronic exci-
tations in the NP in terms of the electron temperature
within a two-temperature model [6I]. We allow for mul-
tiple electron-electron interactions while classically prop-
agating a large number of PE trajectories, rather than
resorting to a mean-field description.

We organised this paper as follows. We continue
with a description of our numerical model in Sec. [T}
in which we proceed by explaining our modeling of the
(A) nanoplasmonic field induced by the incident laser
pulse (Sec. [TA]), (B) effect of emitted and recombined
PEs on the NPs evolving dipole moment (Sec. [IB)),
(C) strong-field ionization and laser-driven current of re-
leased PEs (Sec. [IC), and (D) Monte Carlo sampling



of PE trajectories (Sec. [[ID). In Sec. we discuss our
numerical results for the strong-field ionization of gold
nanospheres, distinguishing the influences of the tran-
sient laser-induced plasmonic field, residual charges, PE
correlation, and PE rescattering and recombination in
simulated velocity-map-images (VMIs) (Sec. [[ITA]). Sec-
tion [[ITB] covers different aspects of the photoemission
dynamics, such as the accumulation of residual charges,
the evolution of the number of propagated and recom-
bined PEs, and the changing ratio of direct versus rescat-
tered PE trajectories. In Secs.[[ITC]and [[IID]we discuss
the effects of NP size and laser intensity on PE momen-
tum distributions (PEMDs) and cutoff energies, before
representing our conclusions in Sec. [[V] Unless indicated
otherwise, we use atomic units throughout this work.

II. 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,

- (t—x/c)?

Eine(7yt) = v/Iopexp | —2In2 = Q)
X exp [—iw(t — x/c) +ip] é,,

where 7 is the pulse length at full-width-half-intensity
maximum (FWHIM), w the pulse’s central frequency, Iy
the peak laser intensity, ¢ the carrier-envelope phase,
and c the speed of light in vacuum (Fig. [I). In the as-
sumed typical experimental setup, the laser pulse inter-
sects a stream of isolated single NPs that are injected
by aerodynamic lens focusing [26, [30, 62 [63]. During
the laser-NP interaction, LSPs are excited and induce an
inhomogeneous plasmonic field near the NP surface. At
the same time, and most significantly at the LSP res-
onance frequency [64], 65], 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. [2). Suf-
ficiently high laser intensities generate multiply ionized
NPs [30, 33]. As shown in the sketch of the experimental
setup in Fig.[I] a fraction of the emitted PEs is guided to
the detector and allows the recording of their projected
momentum distributions as VMIs.

A. Induced plasmonic field

The incident laser pulse induces a transient dipole
in the NP. In electric dipole approximation the corre-
sponding plasmonic induced dipole moment P, (t) =

(A7) L apsic (w) Eine(7, ) generates the induced plas-
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Figure 2: (Color online) Schematic of the conduction-band
occupancy and effective strong-field-modified potential at the
NP surface. Emitted and rescattered PEs are indicated by
short black and blue horizontal arrows, respectively, together
with corresponding positive residual charges in the NP. The
effective surface potential results from the superposition of an
assumed rectangular surface-potential step and the potential
of the total local electric-field radial component Ff forms a
triangular potential barrier on the negative side of NP sur-
face. This assumption is improved upon by the barrier-shape

correction (solid blue line, see Sec. [IIC1})

monic electric field [66]

. eikr

{k2 [ér X ﬁpl(t)} X &
”

_ -' 1 ik (2)
+ [3er [er Bu®)] = Pu®)] (5 - r)} ,
where k = 27 /X = w/c is the central wave number of the
incident pulse. apze(w) is the complex NP polarizability.
We calculate apzie(w) within Mie theory [28], following
Ref. [67], which restricts the applicability of Eq. to
size parameters S = ka 3 0.6 for nanospheres of radius
a [43]. Since Ej,.(7,t) and Py(t) are aligned along the
é, direction, Eq. can be rewritten as

ikr
Ey(7t) = Ppl(t)% {[3(1 = ikr) — k*r*] sinfcos b é,

+ [K*r?sin® 0 + (1 — ikr)(3cos® 0 — 1)] .},
3)
where 0 is the polar angle and é, and é, are the usual
unit vectors in cylindrical coordinates.

For small size parameters S (strictly speaking, for
S — 0), the dependence of the complex NP polar-
izability apzie(w) on the dielectric function e(w) given
in [67, 68] simplifies to the Clausius Mossotti relation
prie(w) ~ 4radle(w) — 1]/[e(w) + 2] [68]. Consequently,
the vector sum of the incident and plasmonic electric
fields on the NP surface reduces to
n n 3Einc t ~ ~
Einc(7,t) + Ep (7, t) ~ e(w)+(; [(e(w) — 1) cosbé, + é.].

(4)



Using e(w) = —22.46 + ¢1.39 for bulk gold at A =
780 nm [69], the component of the electric field in é,
direction can be neglected. This results in the radial
field

= . 3P, (t) cosb .
Eine(T,t) + Ep (7, t) = %er. (5)

B. Generalized plasmon dipole moment

Since strong-field ionization of metal NPs by intense
fields can lead to a large number of emitted and recom-
bining PEs, the distribution of localized surfaces charges
continuously varies while the NP is exposed to the plas-
monically enhanced laser pulse intensity. This changes
the effective dipole moment of the NP. We account for
this change by modifying }31,[ (t) for spherical NPs of ra-
dius a. During each laser half cycle the incident laser
light augments the density of conductions electrons and
holes on opposing hemispheres. The net effect of this
periodic charge separation is quantified by the induced
dipole moment ﬁpl (t) and the local charge density at any
position 75 = (a, 0, ¢) on the NP’s surface,

1= S R
Opl = i Einc("nsv t) + Epl(rsa t)] “Er (6)
= 3eq Py (t) cos 0/a®, (7)

where the second, approximate, equation follows from
Eq. . Thus, o, is approximately proportional to cos 6.

We assume surface-charge redistributions induced by
the laser electric field and PEs to occur instantaneously.
This assumption is supported by an estimate of the
charge equilibration time based on the continuity equa-
tion —dp/dt = V - (kE) ~ kV - E, relating the
charge density p to the electric field E and conduc-
tivity « [70]. Applying Gauss’ law then leads to the
differential equation dp/d0t = —kp/(epe) with solution
p(t) = poexp(—t/T;). Inserting material constants for
gold, k = 35.2 x 10° Siemens/m [71] and the dielec-
tric constant € = 22.5 [69], yields the relaxation time
T, = €o¢/k = 5.6 as. This time is smaller than the time
intervals dt = T/48 = 54.2 as, where T = 27/w is the
laser optical cycle, after which we update in our numeri-
cal propagation of PE trajectories (cf., Sec. below)
electric fields, charge distributions, and numbers of emit-
ted and recombined photoelectrons.

Based on the approximately dipolar electric-field re-
sponse in Eq. , we expect a mostly dipolar distribu-
tion of emitted and recombining electrons. In addition
to the directly laser-driven induced plasmonic charge re-
distribution o,;, PE emission and rescattering (discussed
in Secs. and below) modify the NP surface-
charge density, decreasing o,,; by

Nemsi (tcycv t)

Cemi = — . cos 6 (8)
t t
Orec & —% cosd, (9)

respectively. The accumulated number of emitted PEs

is,
Nemi (tcya t) = [/
t

where the outer brackets denote rounding to the nearest
integer value. The incremental change in the number of
emitted electrons, dnen;(t), is given by Eq. below.
teyc denotes the initial time of the considered half cycle,

t
dnemi] 5 (10)

starting at Einc(tcyc) = 0. Similarly, nrec(teye,t) is the
number of recombined PE 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 ignorble, since
our numerical applications indicate large negative resid-
ual charge distributions, leading to dominant rescattering
from the NP (Secs. and [I1I] below). We calculate
Nyec(teye, t) in each half cycle numerically by tracking all
PE trajectories.

The negative space charge provided by outgoing PEs
on the negative side and incoming PEs on the positive
side of the NP surface triggers a collective electronic
response that modifies the NP’s surface-charge density.
This plasmonic response can be thought of as the built-
up of image charges during each laser half cycle. The
net image charge may be large if PEs are emitted or are
approaching the NP surface in spatial and temporal prox-
imity. One one might thus ask to what extend this affects
the surface-charge density. To estimate the image-charge
effect on the surface-charge density, we calculated the
image-charge surface densities induced by PE emission
and recombination during each laser half cycle by adding
on contributions from small time intervals [t — 2dt : t]
and [t — dt,t + dt]

img _ Memi(t — 2dt, 1)

Agemi ~ T cos (11)
. eclt — dt,t + dt

Acims ( + )cos 0, (12)
rec a2

respectively.  Our numerical tests show that these
changes of the surface-charge density can be neglected
in comparison to gem; and gpec.

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, respec-
tively. Integration over the corresponding hemispheres
of the NP surface results in the time-dependent polariza-
tions

ﬁemi(t) - /dS 7:’so—emi
(13)
p;"ec(t) = /dSFerec~

These are antiparallel to ﬁpl(t) and thus reduce the plas-
monic field Epl (7,t), as illustrated in the inset in Fig. .
Taking the effects of intra-cycle PE emission and recom-
bination on the induced NP polarization into account, we



introduce the generalized induced dipole polarization

( )+Pemz( )+13'rec(t)
= 2 l(t) - %a [nemi (tcym t) + n'r‘ec(tcyca )] g

]

c(t)
nc( )
(14)

and replace ﬁpl(t) in Eq. (2) by ﬁg(t) in our calculations.
The above equation shows that intra-cycle PE emission
and recombination reduce the plasmonic field strength,
especially for larger NPs. Therefore, any physical pro-
cess that increases the number of emitted or recombined
PEs tends to weaken the effective nanoplasmonic field re-
lated to the (generalized) dipole moment Pg(t), depend-
ing on the characteristics of both, the incident laser-pulse
(wavelength, peak intensity, pulse-amplitude and polar-
ization profile) and NP properties (composition, shape,
and size). For example, for incident laser-pulse frequen-
cies close to the LSP resonance, we expect the nanoplas-
monic field eglhancement to increase Nem; and Ny.e. and
to decrease Pg(t).

C. Strong-field ionization

We describe strong-field ionization from metal NPs
within a semi-classical approach including: (1) PE emis-
sion 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.

1. Photoelectron emission

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

2m ™
dnemi(t) = th/ d¢/ df asin Jo(Fo,t) |, (15)
0 0

is given by the radial PE current density at time ¢ at the
position 75 = (a, 8, ¢) [59],

Tt = [ B 9@ fen® Won FY) b
kT, Vo —&r
= d T L) 1 1
53 /0 e W(e, FF)In Jrel’p( ko, )

(16)
in terms of the number of states per unit momen-
tum volume within the Sommerfeld theory of metals
g(p) = (47®)~1 [71], the Fermi-Dirac distribution func-
tion frp(p) = [exp((e —er)/kpT.) +1]71, and the tun-
neling ionization rate W(e,, F.f). € = &, + €tan is the
conduction-electron energy, ep the Fermi energy, kp the
Boltzmann constant, and T is absolute electron temper-
ature. €, = pg /2 and e¢a,, are the electron kinetic energies

in radial and tangential direction with respect to the NP
surface, respectively. Fif = |F(7,,t) - é| designates the
magnitude of the radial component of the total electric
field at the NP surface,

F(7u,t) = Eine(Far t) + Epi(7a,t) 4 Fres(7s, ). (17)

The number of residual charges at time ¢ is equal to
the number of propagated PEs, which is the difference of
all emitted PES 1 (to, t) [calculated from Eq. (I5)] and
all recombined PES n;.¢.(to, t) (calculated numerically by
tracking all trajectories). The initial time ¢y is chosen
before the onset of the laser pulse. In addition to the
external-field-induced dipolar surface-charge redistribu-
tions discussed in Sec. [[IB] above, the accumulation of
residual charges generates a monopole contribution to
the net induced electric field at any point 7 = (a, 6, ¢)
on the NP surface,

o emsi t at
Fres(Fsvt) = [n ( 0 )

- nrec(th t)]Fs
7P |
Based on Egs. ) and (| ., we self-consistently calcu-
late Frey (7, t) and F(7,,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 [59]
and later modified by Murphy and Good [72],

(18)

W(e,, )4 Y Er L0 ) (‘;? —er)
0
4+/2 3
X exp —3F—+1/(f) (Vo —er)2|, (19)

allowing for a parametric dependence on time of the
outward pointing radial field component Ff. ¢ is the
work function and V) = ep + ¢ the electronic poten-
tial at the bottom of the conduction band relative to
the continuum threshold. The numerically calculated
barrier-shape-correction factor v(f) accounts for the low-
ering of the surface-potential barrier due to the attrac-
tive PE self-image interaction and significantly increases
the PE emission rate [72]. An analytical approximation,
valid for sufficiently small scaled electric field strengths
[ = Ff/(Vo - €T) , was derived by Forbes [73] as
v(f) = 1— f+ :fIn(f). This approximation is exact
for f = 0,1 and has an absolute error below 0.0025 for
0 < f <1 [60]. For the numerical applications presented
in this study 0 < f < 1.15. Strong electric fields at the
NP surface and high electron temperatures can excite
electrons above the potential barrier. In these cases f is
larger than one, and we assume electron emission by over-
the-barrier transitions to occur by setting the ionization
probability equal to one.

2. Electron temperature

Before being exposed to the laser pulse, the electron
temperature T, and lattice temperature T; of the NP are



in equilibrium and typically between 100 and 300 K. Ef-
fects of these initial temperatures on PE emission from
metal NPs are ignorable within the accuracy of current
strong-field experiments, due to strong electronic heat-
ing by the laser pulse and short laser-pulse duration on
the time scale of lattice heating. To account for elec-
tronic heating by the incident laser pulse, we calculate
T. in Eq. by adapting the two-temperature model
originally proposed by Anisimov et al. [6I]. According
to this model, Te, T}, and the energy Q =~ capsline(t)/V
absorbed per unit time and volume by a NP of volume
V = (4/3)ma® [74] are related by the coupled diffusion
equations [75]

CeaaTe =V (KevTe) *G(Te *Tl) +Q
or (20)
Cla—tl =V - (K,VT) +G(T. —T)).

Oabs = kIm [apge(w)] is the absorption cross sections [76]
and I;,.(t) the instantaneous incident laser intensity.
C. ="Te, C;, K., K;, and G are the heat capacities of
electrons and lattice, thermal conductivities of electrons
and lattice, and electron-phonon coupling constant, re-
spectively. We refer to the electronic heat capacity of an
ideal Fermi gas that increases linearly in T, with propor-
tionality factor v (heat-capacity constant) [71].

For laser-pulse lengths 7 much shorter than than typi-
cal electron-gas equilibration times (which are of the or-
der of picoseconds [77]), we may neglect electron-lattice
couplings. For ultrashort laser pulses, energy transfer
from the electron gas to the NP lattice is thus irrele-
vant during the laser-NP interaction and T, strongly in-
creases due to laser heating, while the lattice tempera-
ture remains constant. In addition, with regard to the
small NP size, we assume the electron thermal conduc-
tion term V- (K,VT,) can be neglected in Egs. (20, such
that T, is spatially homogeneous. Under these assump-

tion Egs. simplify to

dTe _ Uabs]inc(t>
dt — (4/3)ma3 (21)
Te(t0> = T‘l

yTe

and can be solved numerically to yield T.(¢). Knowing
T.(t), we solve Eqgs. , , and numerically to
find the number of emitted PEs and generalized induced
dipole moment Pg(t) at any time.

D. Sampling over photoelectron trajectories

Based on the radial current density of electrons re-
leased at the NP surface by tunneling ionization , we
sample over classical PE trajectories, including the effects
of PE repulsion, PE - residual-charge interactions, as well
as PE correlation, rescattering, and recombination.

1. Photoelectron trajectories

Starting at initial phase-space points {(7;0,7i0)}, we
propagate Newton’s equations of motion for np.(t) =
Nemi(to, t) — Nrec(to, t) PEs. We thus track the correlated
PE motion outside the NP (for » > a) by numerically
solving 6 np,,(t) coupled ordinary differential equations

dv; S S L = .
dtZ = —F(ri,t) + Feo(77,75) + Fimg(73)
Y (22)
dr; _,
a0

where i = 1...np(t). Coulomb interactions between
PEs are given by the electric fields

. 1 Npro(t) 7
ran =1 Bk
J#i

and PE - image-charge interactions for a charged-
insulated conduction sphere by [66]

S, 7 a® 2r? — a2

We include image-charge effects on the tunneling of PEs
in terms of the barrier-shape correction function v(f).
However, our numerical tests revealed no visible influence
of image-charge - PE interactions on (observable) PE mo-
mentum distributions. We attribute this insensitivity to
emitted and recombining PEs spending a very short time
near the NP surface, while ﬁimg(r_{) is relatively strong,
such that, on average, image-charge interactions are weak
in comparison to other PE interactions.

We numerically integrate the classical equations of mo-
tion by using a 4*" order Runge-Kutta algorithm,
starting PE trajectories at times ¢, with zero initial
velocities at positions 7 9. We update np.o(t) in each
time interval dt = T/48 = 54.2 as. For this value of dt
we obtain converged PE momentum distributions. The
start positions are chosen at the tunnel exit for tunnel-
ing ionization and at the NP surface for over-the-barrier
ionization. We terminate the classical propagation ei-
ther when a PE recombines at the NP surface or when
the PE velocity becomes constant within a preset very
small tolerance interval. Typical propagation times in
our numerical applications are of the order of 1 ps.

2. Photoelectron rescattering and recombination

During the laser-NP interaction, emitted PEs can be
driven back to collide with the NP by the laser pulse. De-
pending on the direction of the total electric field (7, t)
at the surface, we distinguish two cases: (i) PEs that are

—

driven by F' (7, t) to the NP surface on the positive hemi-
sphere of the induced dipolar NP charge distribution we
assume to either rescatter, if their energies e (relative to



the valence-band bottom) exceed the surface-potential
step Vp, or to recombine into bound conduction band
states, if ¢ < Vj. In contrast, we assume (ii) PE that are
driven to the NP surface on the negative hemisphere to
always rescatter.

In our numerical applications in Sec. [[Tl] we distinguish
and compare specular and diffusive PE rescattering at
the NP surface. In either case we conserve the PE ki-
netic energy. For diffusive rescattering we uniformly ran-
domize the polar and azimuthal scattering angles rela-
tive to the surface normal at the impact site 75 on the
NP surface, thereby modeling rescattering in all acces-
sible directions with equal probability. Our numerical
results predict that a considerable number of PEs can-
not escape against the attractive Coulomb force of the
residual charges. These PEs may undergo several rescat-
tering cycles and are assumed to recombine with the NP

(cf., Sec. [III B).

8. Monte Carlo sampling

We include PE trajectories by Monte Carlo sampling
over their initial phase-space points {(;,0,%;0)} in each
time interval [¢t,¢ 4+ dt]. This sampling is carried out
based on the separable model-probability-density func-
tion (PDF) p(70,75,0,t) = Ppos(Ti,0st)pver(Vi0,t) that
lends relative weights to the trajectories. Assuming
zero initial velocities ¢ ¢ for all PEs at the tunnel exit
and in spherical coordinates, the phase-space PDF re-
duces to the velocity-independent function ppes(7i0,t) =
Ppos (a'a ¢i,07 ei,Ov t) We introduce Ppos (a7 ¢i,07 ei,Oa t) phe'
nomenologically as being proportional to the radial prob-
ability current density J,.(7s,t) at the NP surface ,

Ppos (@, Gi0,0i,0,t) o< Jr(a, di0,050,1). (25)

Based on Egs. and (19)), Fowler and Nordheim [59]
and Forbes [78] evaluated the radial probability current
density for PE emission near the Fermi level at room
temperature as

4

J, x F2exp | — 26
. p[ F (26)
In the weak-field limit (small FF), PE emission is
negligible.  Conversely, large radial field components
FF are approximately proportional to the plasmoni-

—

cally enhanced laser electric field |(E;nc(a, ¢i0,6i0,t) +
Epl(a, $i.0,0i0,t)) - €| on the NP surface.

For a conducting sphere, tunneling ionization is solely
driven by the_'radial component 0£ the electric field at
the surface, [Einc(a, ¢io,0i0,t) + Epi(a, ¢io,0i0,1)] - ér,
which is approximately proportional to cos#; ¢ for small
size parameters S (cf., Sec. [[LA). We are thus led to
sample over the initial polar angle of the PE with the
PDF

4
Ppos(Ti0) ~ —cos?0; o, (27)
Vs

over the intervals [0 : /2] or [r/2 : 7], depending on the
direction of the electric field in the relevant laser half cy-
cle, and pick the azimuthal PE start angle ¢; o randomly
and uniformly in the interval [0 : 27] [79]. Our numeri-
cal calculations show that the probability of having two
electron-trajectory-start positions coincide is extremely
small and statistically irrelevant. In order to avoid the
rare and physically irrelevant occurrence of numerical in-
stabilities due to the Coulomb singularity of the repulsive
PE interaction, we impose a lower limit on the separa-
tion of PE-trajectory-start positions. In each time inter-
val dt = T'/48 = 54.2 as, we request PEs to start their
motion from the NP surface with an initial separation of
at least 4.86 a.u.. This distance corresponds to the free
electron density of gold, 8.7 x 1073/ (a.u.)® |71].

In a typical experimental setup, gaseous target are ex-
posed 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 2’ from the Gaussian intensity profile,

Io(',2") = I <w12’2,)>2 exp (;Z;) . (28)

where 7/ is the radial distance from the central symme-
try axis of the laser beam, 2’ the axial distance from
the beam’s focus, wy the waist radius, and w(z’) =
wor/1 + (2'/zr)?, with the Rayleigh range zg = mw2/\.
In our numerical applications for a given nominal peak
intensity Iy, we find converged PEMD by adding the PE
yields from up to 5000 randomly sampled peak laser in-
tensities Io(r’,2’). The number of intensities required
for convergence depends on the NP size and is larger for
smaller NPs.

III. NUMERICAL RESULTS:
PHOTOELECTRON MOMENTUM
DISTRIBUTIONS

A. Influence of the nanoplasmonic field,
rescattering, PE residual-charge interactions, and
PE correlation

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 . Stronger incident and plas-
monic fields increase the number of propagating PEs
and PE yield, while PE recombination and the accumu-
lation 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. . In order to track the effects of different elec-
tronic interactions on the propagation and rescattering
of released PEs, we leave the modeling of the tunnel-
ing release of electrons at the NP surface unchanged (for
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Figure 3: (Color online) PE VMIs 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 x 10'> W/cm? 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 (Emc and Epl) are included. Column

two adds PE interactions with residual positive charges (ﬁras). The VMIs in column three include Einc, Epl, and repulsive PE

—

Coulomb interactions (Fe_.). Simulations including all PE interaction are shown in column four. 7 gives integrated PE yields

normalized to the integrated yield from the VMI in graph (1).

identical laser-pulse parameters), assuming for all cal-
culated VMIs identical tunnel-ionization rates . The
comparison of simulations in which we selectively include
and exclude specific PE interactions during the PE prop-
agation and rescattering only, allows us to quantify their
specific effects on PEMDs.

Figure shows simulated PE VMIs for gold
nanospheres with 30 nm diameter for the experimental
setup depicted in Fig. [l The VMIs are projections of the
PEMD on the z-z plane of the MCP detector and show
the projected PE yields as functions of the PE asymp-
totic velocities, v, and v,, along the laser propagation
and laser polarization directions. The incident Gaussian
laser pulses have a pulse length of 7 = 25 fs FWHIM (10
cycles), central frequency w = 384.4 THz (correspond-

ing the wavelength A = 780 nm), and peak intensity of
Ip = 8.0 x 102 W/cm?. We represent the electronic
structure of the NPs in terms of the surface-potential
step Vo = er + ¢ with the work function ¢ = 5.1 eV
and Fermi energy ep = 8.0 €V for bulk gold [80], initial
electron and lattice temperatures T (o) = 300 K, and
heat-capacity constant v = 66.J/(m>K?) [T1].

The first, second, and third row in Fig. 3] include sim-
ulation results obtained under the assumption of no PE
reflection at the NP surface, specular reflection, and dif-
fuse reflection, respectively, as described in Sec.
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 VMIs for
which the effects of the electric fields of residual charges



(ﬁres) and PE-PE Coulomb interactions (ﬁe,e) are ne-
glected during the PE propagation. In the second col-
umn ﬁe,e is switched off, while ﬁres and 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. (1) and display the normalized in-
tegrated yield factor 7 in each graph. We calculate this
factor as the v,- and v,-integrated yields from the VMIs
in Figs. (a) - k) divided by the integrated yield of
Fig. B[1). We choose Fig. [[1) as a reference since it dis-
plays our most realistic and accurate simulation results.
The comparison of the VMIs in Fig. 3 allows us to assess
the influence of the following PE interactions on VMIs:

1. Rescattering

The VMISs in the first row of Fig. [3] calculated without
allowing for PE rescattering, overemphasize PE recom-
bination. 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 rescat-
tering (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 7 in Fig. b).
It remains relevant for simulations that include all PE
interactions, shown in column four, where the suppres-
sion of rescattering and ensuing enhanced recombination
reduces the relative yield to 62 % 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 rescattering still occurs for the simulation in
rows two and three, but is much less likely, due to the ab-
sence 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.

2. Plasmonic-field interactions

The simulated VMIs in first column of Fig. [3|are calcu-
lated under the assumption that released electrons solely
interact with the incident laser and induced plasmonic
field while propagating to the detector. These PE distri-
butions are aligned with the laser-polarization direction
and have a dipole-like appearance, owing the dipole char-
acter transferred from the induced plasmonic field and
tunneling ionization.

Since Fig. a) excludes rescattering, its comparison
with Figs. [3(e) and [J[i) reveals that directly emitted
PEs dominate the low-energy part of the photoemission
spectra. Rescattered electrons, in contrast, can gain ad-
ditional energy from the laser and induced plasmonic
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 10U,(Ip) [2H5] and significantly
larger energies for dielectric NPs (SiO2) [24, [30} [33]. By
comparing the yield factors 7 in the first column, we find
that approximately 94% of the detected PEs are directly
emitted, while 6% have rescattered at the NP surface at
least once.

3. Residual-charge interactions

The second column of Fig. [3] displays the effects of PE
residual-charge interactions on VMIs. These simulation
results are obtained by solving Newton’s equations
for the propagation of released electrons under the influ-
ence of the electric fields of the incident laser, Eim 1)
induced plasmonic dipole, Epl and residual charges

ﬁres . PE correlation ﬁe_e (23)) 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 rescatter off the NP. Therefore, resid-
ual charge-interactions tend to decrease the net PE yield
and cutoff energy. This is clearly demonstrated by hold-
ing the VMIs and relative PE yields n in the second col-
umn against the results shown in the first column. This
comparison also reveals that the strong PE - residual-
charge attraction practically eliminates direct PE emis-
sion [Fig.[3(b)]. Without being rescattered, directly emit-
ted PEs cannot accumulate enough energy in the laser
and plasmonic fields to overcome the residual-charge at-
traction.

Allowing for specular PE reflection in Fig. f) and
diffuse rescattering in Fig. 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 ﬁ,.es preserves the dipolar PE distribution for spec-
ular rescattering in Fig. f), the dipole-like character of
the VMI disappears for diffuse rescattering in Fig. (J)
The significantly larger total yield n for diffuse rescatter-
ing, 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 turn-
ing 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. e)

and i)]7 consistent with F..; promoting rescattering.

4. Photoelectron correlation

In the third column of Fig. [3] we investigate the ef-
fects of PE correlation on VMIs. This column shows
results obtained by solving Newton’s equations for
the motion of released electrons underﬁthe influence of
the electric fields of the incident laser, F;,. , induced



plasmonic dipole, Epl , and PE repulsion FA@*E .
In this column, the electric field of the residual charges

ﬁres is neglected.

The addition of F,_, introduces Coulomb energy into
the system of released electrons, accelerating a large frac-
tion of PEs to significantly higher final (detectable) ki-
netic energies. Correspondingly ﬁe_e decreases the num-
ber of rescattering and recombination events (compare
column three with columns one and two of Fig. [3). This
results in distinctly larger PE cutoff energies as compared
to VMIs calculated without including PE correlation in
columns one and two of Fig. B] The larger cutoff en-
ergy is solely related to strong PE correlation and not
to rescattering, since adding F,_, almost eliminates the
effect of PE rescattering. This is seen in the lack of
contrast between the VMIs and PE detection yields n
in column three. In opposition to the results excluding
F._. in columns one and two, disallowing rescattering in
Fig. 3(c) reduces the 1ntegrated yield 1 by only 9% and
10%, as compared to specular and diffuse rescattering
in Fig. (g) and k), respectively. Thus, in comparison
with the VMIs in column two, the inclusion of PE corre-
lation in column three strongly enhances direct emission
(to, respectively, 91% and 90%) to the detriment of PE
rescattering. The slightly larger yield for diffuse, as com-
pared 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. |3 l(c in comparison with
Fig. l(a ) indicates that PE Coulomb repulsion dominates
PE interactions with the incident laser and induced plas-
monic fields in shaping the VMIs.

Apart from the increased cutoff energy, the Coulomb
repulsion between PEs changes the shape of the elon-
gated and dipole-like PEMDs shown without including
FE e in column one and two of Fig. |3 Fe . renders
the highest-energy part of the PE spectrum approxi-
mately isotropic, regardless of rescattering and recom-
bination events and leads to dominantly transverse PE
emission. The enhanced transverse PE emission is visi-
ble as a horizontal structure confined by transverse PE
velocities |v,| < 2 a.u. and longitudinal velocities |v,| be-
low approximately 0.5 a.u.. We interpret this structure
as due to the absence of the attractive residual-charge in-
teractions and dominant direct emission in the simulated
VMIs shown in the third column of Fig. This hor-
izontal structure is consistent with the rapid release of
electrons near the poles of the NP (along the laser polar-
ization 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.

10
5. All interactions effect

Simulated VMIs and relative PE ylelds n 1nclud1ng all

PE interactions, i.e., Fj,. . Ey 7 and

ﬁms are shown in the fourth column of Flg. As
expected, and easily seen in comparison with the VMIs
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 VMIs in columns one and four
of Fig. reveals that the combined effect of ﬁe_e and

Fi.cs considerably increases the final energy of directly
emitted electrons, while decreasing the direct-emission
yield from about 94% to less than 62%. Directly emitted
PEs are slower than rescattered PEs. As as a result,
on average, directly emitted PEs move closer to the NP.
They are thus (i) more likely to recombine with the NP,
reducing the direct PE yield in the fourth column of Fig.
and (ii) experience a stronger Coulomb repulsion, leading
to higher acceleration and larger final kinetic energies.
Due to strong PE correlation, direct photoemission from
metal NPs can reach cutoff energies exceeding 100 U, (1)
which is about 75% the cutoff energy of rescattered PEs
[cf., Fig. B|(d) and Fig. B|1)].

To summarize the influence of different PE interac-
tions, 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 PE cor-
relation and diffuse rescattering. The inclusion of PE cor-
relation and diffuse rescattering removes the dipolar char-
acter of the VMIs and results in more isotropic PEMDs.
For metal NPs, attractive residual-charge interactions are
thus much less influential than PE correlation in shaping
PEMDs and determining PE cutoff energies. In addition,
we note that PE correlation significantly contributes to
the high-energy part of the PE spectra, even for direct
emission, resulting in cutoff energies way above the con-
ventional 2 Up(Ip) limit of atomic targets [3] and even the
21n2Up(Ip) cutoff energy of dielectric NPs [24]. The in-
crease 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 and dielectric
NPs.

B. Photoemission dynamics

The VMIs in Fig. [3] are the end results of the in-
tertwined evolution of electron emission, recombination,
and competing electronic and laser-electron interactions.
To examine the dynamics of these interactions, we show
in Fig. [ the incremental change per laser half cycle j
of the numbers of emitted, ne,,;, and recombined, N,
PEs as a function of time [cf., Eq. and subsequent
text]. These numbers are extracted in half-laser-cycle
intervals during the laser-NP interaction from simula-
tions for the same combinations of PE interactions dis-



tinguished in the four columns of Fig. [3] Electron num-
bers shown in Figs. [f{a) and [f[a) are calculated without
allowing for PE rescattering (corresponding to the first
row of VMIs in Fig. |3) and including diffuse rescattering
(corresponding to the third row in Fig. . Correspond-
ing electron-number evolutions for simulations including
specular rescattering are in close agreement with the re-
sults in Figs. b) and b) and not displayed. According
to Eq. the incremental changes of these PE numbers
during a given half cycle j are

Angmi,j =N (tcyc,ja tcycyjfl) (29)
An;fec,j = nfec(tcycﬁjﬂ tCyC’jfl)ﬂ K= plv res,e —e. (30)

The superscripts refer to calculations in which only PE
interactions with the laser and induced plasmonic electric
fields are included [k = pl, corresponding to the VMIs in
the first column in Fig. [3] and to simulations that add
either PE - residual-charge interactions [x = res, corre-
sponding to the second column in Fig. [3] or PE Coulomb
repulsion [k = e — e, corresponding to the third column
Fig. [3]. Full simulations including all PE interactions
are given the superscript £ = all and correspond to the
fourth column of Fig. [3] All electron numbers are shown
as colored markers that are connected by solid and dot-
ted lines to guide the eye. The numbers of propagated
PEs for the same set of simulations as in Fig. [d are shown
in Fig. [

The PE dynamics is governed by alternating (Emc
and Epl), attractive (ﬁms), and repulsive (F‘;_e) elec-
tric fields. The influence of the oscillating and repulsive
forces on Nemi(t), Nrec(t), and n,.0(t) is small, while the
attractive interaction ﬁres has a significant impact on
them. Residual-charge interactions ﬁms tend to increase
the number of recombined PEs n,..(t). This increases
the net electric field F' on the surface by reducing the
residual charge and thus increases nem;i(t). As expected,
this is most clearly displayed in simulations, in which oth-
erwise rescattered PEs are assumed to recombine, shown
in Figs. [4(a) and [5(a).

After the laser pulse has passed the NP (i.e., after
~ 7 = 25 fs) strong attractive residual-charge interac-
tions prevents a fraction of low-energy PEs to escape
the NP. These trapped electrons typically either repeat-
edly 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 notice-
ably 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 tra-
jectories for a sufficiently long time, to guarantee con-
verged PEMDs. The right side of Fig. [5] shows the num-
bers of propagated PEs ny,,,(t) that have converged to
the numbers of detected electrons after a propagation
time of 1 ps.
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C. Influence of the nanoparticle size and laser
intensity

Figure 6] shows PE VMIs and their integrated yields as
a function of the PE kinetic energy for gold nanospheres
with diameters of with 5, 30, and 70 nm. The first and
second row compare corresponding simulated VMIs for
laser peak intensities of Iy = 8.0 x10*2 W/em? and 1.5 I,
respectively. Their corresponding integrated yields in
the third row are individually normalized to their max-
ima. The PEMDs in Figs. [6{a)- [6[f) are slightly elon-
gated along the laser-polarization direction, with PE cut-
off energies that increase with NP size. As discussed in
Sec. [[IT'A] above, isotropic PEMDs are promoted by PE
correlation and diffuse PE rescattering from the surface,
while incident laser and induced plasmonic-field interac-
tions tend to imprint a dipolar shape. The simulated
VMIs 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 fol-
lowing subsection.

D. Angle-integrated photoelectron yields and
cutoff energies

Integration of the VMI-projected PEMDs y(v,,v,) in
Figs. [6[a){6](f) over the PE detection angles ¢ in the VMI
plane results in the PE yields

V(Err) = [ dbu(v/2Erg cos6, \/BErg coss) (31)

as a function of the PE energy in the VMI plane, Epg =
(v2 +v2)/2. The yields Y (Epg) shown in Figs. [6]g)16]1)
are normalized individually to their maxima.

We define the PE cutoff energy F.yio¢f by integrating
over the yield given by Eq. as the PE energy up to
which 99% of the total PE yield have accumulated,

Ecuto
Jo " dEppY (EpE)

1" dEppY (Epp)

PE cutoffs energies are shown as black dashed circles
in Figs. [6(a) - [6(f) and as circular and square mark-
ers in Fig. [7] They increase with the NP size and
slightly decrease with the selected peak laser intensities.
The red-yellow circles and black-blue solid squares in
Fig. [7] denote cutoff energies for peak laser intensities of
Ip = 8.0 x 102 W/cm? and 1.5y, respectively, in units
of the incident laser ponderomotive energies U, (ly) and
Up(1.51y). The intensity-dependent change of Eeyioff
becomes more pronounced for larger NP diameters.
Based on the discussion of the different PE interactions
and their influence on PEMDs in the preceding subsec-
tions, we investigated two plausible causes for the numer-
ically predicted increase of the PE yield and cutoff energy
with the NP size. First, as the NP size increases, a larger
surface area becomes available from where more electrons

= 99%. (32)
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(a) No rescattering
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Figure 4: (Color online) Calculated numbers of emitted, Ang,,; ;, and recombined, Any,. ;, electrons in each laser half cycle
j during the laser - NP interaction for 30 nm diameter gold nanospheres, corresponding to the VMIs in the (a) first and (b)
third row of Fig. Subscripts refer to emitted and recombined electrons. Supercripts distinguish simulations including only
the laser and induced plasmonic electric fields [k = pl, corresponding to the VMI in Figs. [3[a) and [3[i)] and to simulations
adding either PE - residual-charge interactions [k = res, cf., Figs. b) and J)] or PE Coulomb repulsion [k = e — e, cf,,
Figs. B[c) and Bk)]. 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 7 = 25 fs, A = 780 nm, and Iy = 8.0 x 10'> W /cm?, respectively.

are emitted, increasing the PE yield. We directly at-
tribute the increase in yield to this effect, and relate the
increase of the cutoff energy indirectly to the NP size,
as the increased PE yield entails more Coulomb energy
between PEs upon their release from the NP surface. In
addition, we note that even though for larger NPs, multi-
ple rescattering tends to occur more likely, our numerical
tests, allowing for no more than one rescattering events
per PE, showed no visible change in the simulated VMI
images and corresponding cutoff energies. We thus at-
tribute single rescattering to the numerically predicted
cutoff-energy increase with size, allowing the PE to gain
a significant amount of kinetic energy from the incident
laser pulse.

The second cause for our numerically observed increase
of the PE yield and cutoff energy with the NP size is
the lowering and narrowing of the surface-potential bar-
rier, due to the more significant nanoplasmonic field en-
hancement near larger NPs [38] 43, 44, 57] promoting
strong-field tunneling ionization. This not only tends to
augment the measured PE yield. Since PEs gain more
energy in a more strongly enhanced field, it also entails
higher cutoff energies for larger NP sizes.

As discussed in Sec.[[ITA] the effects of residual-charge

interactions and PE correlation oppose each other. While
attractive residual-charge - PE interactions reduce both
PE yield and cutoff energy, PE Coulomb repulsion in-
creases them. Our numerical results indicate that PE
Coulomb repulsion dominates over residual-charge - PE
interactions with regard to the cutoff energy, resulting
in a net cutoff-energy increase. With regard to the PE
yield, the situation is reversed. Here the residual-charge
- PE interaction dominates over PE correlation. Since
the number of emitted PE increases with the NP size, we
find larger cutoff energies for larger NPs.

For gaseous atomic targets [2H5] and dielectric
NPs [24], the cutoff energy is proportional to the pon-
deromotive energy Up. In contrast, our results for metal
NPs in Fig. @ start to increasingly deviate from the lin-
ear scaling in U, as the NP size increases. Although at
the higher intensity, 1.5 Iy, the induced plasmonic field
and PE Coulomb repulsion are stronger, our numerically
calculated VMIs indicate that the increasing accumula-
tion of residual charges on the NP becomes the determin-
ing factor. This reduces the scaled cutoff energy at the
larger considered intensity. This reduction is more pro-
nounced for larger NPs, due to stronger plasmonic field
enhancement.
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Figure 5: (Color online) As Fig. El 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.

We note that our modeling does not include electron-
impact ionization. While we expect electron-impact ion-
ization to increase the yield in the low-energy part of the
PE spectrum, it is not likely to change the PE cutoff en-
ergy, simply because the energy initially transferred in
the plasmonically enhanced incident field to one electron
is shared by two (or more) electrons. This expectation is
confirmed by the favorable comparison of our calculated
with unpublished measured cutoff energies [63]. We ex-
pect the of effect electron-impact ionization on the PE
yield to be rather limited, due to the simultaneous addi-
tion of positive residual charges. A detailed comparison
of our model calculations with recently measured data
will be published separately.

IV. SUMMARY AND CONCLUSIONS

We modeled strong-field ionization from metal NPs
and numerically simulated PEMDs as experimentally ac-
cessible by VMI spectrometry. Our simulations scrutinize
a complex dynamical interplay of PE emission, propa-
gation, 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, im-
printed on PEMDs by the incident laser and induced
plasmonic fields, is mostly erased by PE correlations and
diffusive PE rescattering at the NP surface to yield al-
most isotropical VMIs. While for gaseous atomic tar-
gets, nanotips [I8-23], and dielectric NPs [24H26] directly
emitted PEs acquire no more than about 20% of the cut-
off energy for rescattered PEs [10U, () atomic targets
and 1072U,(Iy) for nanotip and dielectric NPs|, we have
shown that direct photoemission from 30 nm metal NPs
results in cutoff energies of 100U,(Iy) and further in-
creases 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 depen-
dent. This leads to a nonlinear intensity-dependence of
the PE yield and cutoff energy scaling with U,(Iy), con-
trary to the known linear intensity scaling for gaseous
atomic targets.
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