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We study ponderomotive electron acceleration with polarization-gated surface-plasmon-resonance
enhanced optical fields excited by two counter-incident femtosecond laser pulses. Such a
polarization-gated excitation scheme creates an intense linearly polarized high-gradient evanescent
field for electron acceleration. The maximum kinetic energy of the accelerated ultrafast electrons is
doubled with a symmetric angular distribution about the normal of the metal surface as compared
with the conventional one-pulse excitation scheme. © 2008 American Institute of Physics.

[DOL: 10.1063/1.3020711]

Ultrafast electron pulses with ultrahigh spatial and tem-
poral resolutions are significant to reveal the underlying dy-
namics in the microworld through experiments such as time-
resolved electron diffraction'™ and electron microscopy.s_8
Femtosecond electron pulses with a kinetic energy up to 200
keV can be generated by exciting the photocathode with
frequency-tripled femtosecond laser pulses and accelerated
with a dc accelerator.’ Alternatively, ultrafast electron pulses
with keV kinetic energy can be produced using surface-
plasmon-resonance (SPR) enhanced optical fields excited by
femtosecond laser %)ulses with spatially high-gradient inten-
sity distribution.”"" This provides a simple all-optical pro-
cess for synchronous generation and acceleration of ultrafast
electron pulses, which represents the potential for the devel-
opment of compact optical-pump electron-probe systems. As
the incident optical field resonates with the surface plasmon
(SP),"? it is significantly enhanced in intensity close to the
metal film and exponentially decreases away from the sur-
face as Egp(y,t)=nE/(t)exp(—ay), which leads to a highly
spatial gradient evanescent field and can be used for pon-
deromotive electron acceleration. Here, 7 is the electric field
enhancement factor, @~'(<\,) is the evanescent decay length
into the vacuum side, E; and Egp are the incident and SPR-
enhanced optical fields, respectively. However, the electron
acceleration is dramatically influenced by the elliptically po-
larized feature of the SPR-enhanced optical field, which lim-
its the effective field intensity and thus the kinetic energy of
the emitted electron pulses. Recently, it was demonstrated
that polarization of the SPR-enhanced optical field can be
controlled to be linear by using polarization-gated excitation
scheme."

In this paper, we show that the polarization-gated SPR
excitation scheme can be used to efficiently accelerate elec-
trons on the basis of ponderomotive force. In contrast with
the conventional one-pulse excitation scheme, linear polar-
ization mode can be created as the counter-propagating SPR-
enhanced optical pulses with counter-rotating elliptical polar-
izations are matched in both time and space, which increases
the effective field intensity as well. As excited by two syn-
chronized femtosecond laser pulses, the emitted electrons
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can be accelerated to a doubled maximum kinetic energy
with a symmetric angular distribution about the normal of
the metal surface.

As shown in Fig. 1, the Kretschmann configuration is
considered for the coupling of optical field and SP waves. In
order to have an intuitive picture of the polarization-gated
excitation scheme under the driving of two synchronized
p-polarized incident femtosecond laser pulses (femtosecond
pulses A and B as shown in Fig. 1), we first consider the
simplified formulae'* for the SPR-enhanced optical fields on
the vacuum side of the metal film,

Esp a(x,y,t) = BE(x,t)cos[kgp(x + L/2) — wyt — /2

F e,
Egspy a(x,y,0) = E(x,0)cosksp(x + L/2) = wyt + ¢yple™,

Esp’xiB(x,y,t) = ,BE(— x,t)cos[— ksp(x - L/Z) — wol + /2
+ pole™,

ESP,}~7B(X7)’J) = E(— X, t)COS[— ksp(.x - L/2) - wot
+ ¢0]e—ay’ (1)

where Egp () a is the x(y) component of the SPR-
enhanced optical field excited by incident laser pulse A (or
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FIG. 1. (Color online) Ponderomotive electron acceleration scheme based
on polarization-gated SPR-enhanced optical field.
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B), B is the ratio between the amplitudes of the x- and
y-components of Egp, E(x,) is the envelope function of
SPR-enhanced fields, kgp is the wave vector of the SP wave,
L is the length of the metal film, w, and ¢, are, respectively,
the carrier frequency and carrier-envelope phase of the opti-
cal pulse. By assuming that E(x,t) equals to a constant E,
and ¢,=0, the SPR-enhanced optical fields close to the sur-
face excited by these two p-polarized laser pulses are

ESP,X(X’O?I) = ESP,X?A(X?O’t) + ESP,X?B('X’O’I)
= 2BE0 Sin(kspx)cos(kspL/z - a)ot) .

Egp(x,0,1) = Esp , 4(x,0,1) + Egp, p(x,0,)
=2E, cos(kgpx)cos(kspL/2 — wyt),

ESP()C,O,[) = ZE() COS(kSPL/2 - wof)
X \e’/,Bz + (1 = B?)cos?(kgpx). (2)

This indicates a linear polarization mode rather than the in-
trinsic elliptical one, which further periodically evolves
along the surface with a period of 7/kgp. Meanwhile, it can
be derived that using polarization-gated SPR excitation
scheme the maximum enhanced intensity can be increased,
which is 2 times as large as the one excited by the one-pulse
excitation scheme for same incident total intensity. In fact,
E(x,r) is determined by the spatiotemporal profiles of the
incident pulse. Thus, for the scheme excited by two synchro-
nized femtosecond laser pulses with equal intensity, only the
mode at x=0 is absolutely linearly polarized with no
x-component of Egp, and the modes at the surface away from
x=0 evolve to be elliptically polarized.

In the following simulations, the full distribution of the
enhanced optical field close to the surface is obtained by
solving the Maxwell equations for the optical field evolution
using the finite-difference time-domain method."”” Two
p-polarized 24 fs laser pulses at 800 nm with equal intensi-
ties are steered to excite SP waves on a 50 nm silver film
deposited on a prism, which launches SPR at an incident
angle of 45°. A peak intensity enhancement factor of 80 (or
equivalent 40 relative to the sum incident intensity of the two
incident pulses) can be achieved by using the polarization-
gated scheme, which is almost doubled as compared with the
conventional one-pulse incident case with an enhancement
factor of 22 for the case considered here. The test electrons
are placed uniformly along the metal film in space and all the
temporal contributions for intensities larger than 10% of the
pulse peak are included (the electrons excited by the rest
fields are negligible for their fairly low energies and obser-
vation probabilities) in order to represent all the possible
trajectories of the accelerated electrons. The relative weight
of the emitted electron is obtained by considering the elec-
tron emission as a third-order multiphoton process,]6 ie., a
weight proportional to I*(x,y,?) is assigned to each acceler-
ated electron where I(x,y,7) stands for the intensity of the
SPR-enhanced optical field. Once an electron is ejected from
the metal film, the high-gradient evanescent optical fields
push it away from the surface and its motion is governed
by the classical Lorentz force equation, dv/dit=q/m(E
+ uov X H), where g/m is the charge-to-mass ratio and v is
the velocity of the electron. The electron is assumed to have
zero initial kinetic energy as it is librated from the metal film
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FIG. 2. (Color online) Kinetic energy spectra and angular distributions
(inset) of accelerated electrons by SPR-enhanced optical fields. The navy
and red lines stand for the results by using one-pulse excitation scheme
with a maximum E; of 0.4X10" V/m (Egp~1.87X 10" V/m), and
polarization-gated scheme with a maximum E, of 0.28 X 10'! V/m for each
incident femtosecond laser pulse (Egp~2.63% 10'"" V/m), respectively.

by the SPR-enhanced optical fields. At the same time, the
electron is considered to be absorbed if it returns to the
metal-vacuum boundary and the secondary electron emission
is ignored in our calculations. Here, the space-charge effect!’
is negligible due to the fact that it only takes several tens of
femtoseconds for the electrons to fully accelerate to their
final kinetic energy.

Figure 2 shows the kinetic energy spectra of emitted
electrons produced respectively by one-pulse excitation and
polarization-gated excitation schemes. A similar overall fea-
ture is observed for these two cases with a peak emission
probability at a certain kinetic energy. For the conventional
one-pulse excitation scheme (pulse A as shown in Fig. 1), the
peak of the emission probability is located at 208 eV with a
full width at half maximum (FWHM) of kinetic energy dis-
tribution as 150 eV; while for the polarization-gated excita-
tion scheme, the peak emission probability is shifted to 160
eV with a much broader FWHM distribution as 360 eV.
However, even the incident pulses have the same intensity in
total, the maximum kinetic energy of the emitted electron is
doubled by using the polarization-gated SPR excitation
scheme. Such a high-kinetic-energy electron emission
mainly originated from SPR-enhanced optical fields with an
increased effective enhancement factor and gated linear po-
larization. During an optical cycle, the earlier the electrons
emitted from the same point of the metal surface, the higher
the kinetic energy of the electrons can be obtained with a
lower emission probability. This results in a higher maxi-
mum kinetic energy with a lower emission probability as
shown in Fig. 2.

The angular distributions of the emitted electrons for
these two different schemes are shown in the inset of Fig. 2.
Here, all the electrons with different kinetic energies are in-
cluded. The electrons emit in an angle range spanning from
90° to 180° with a peak at 137° and an angular FWHM of
30° for the one-pulse excitation scheme, while the angular
distribution for polarization-gated scheme appears symmetri-
cally about the normal of the metal surface and spans from
0° to 180° with a favorable acceleration direction around 90°
and an angular FWHM of 50°. The symmetric angular dis-
tribution of electron emissions result from the symmetric
SPR coupling geometry as illustrated in Fig. 1. The sharp
peaks near the normal of the metal surface come from the
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FIG. 3. (Color online) Angle-resolved energy distribution of the accelerated
electrons by polarization-gated SPR-enhanced optical field, where the false
color stands for the observation probability.

polarization-gated optical fields with minimum x-component
and maximum y-component of Egp, while the broader shoul-
ders are mainly due to the periodic spatial evolution of the
polarization modes of the enhanced optical fields. Accord-
ingly, by using a particular surface morphology of the metal
film (for example, by depositing a dielectric layer on the
metal surface with a suitably wide opening or coating the
prism surface with a quite narrow metal film, where only the
perpendicularly linear polarization mode is excited), it is
possible to produce an ultrafast electron pulse with a quite
narrow emission angular distribution of several degrees in
the forward direction.

The sources of the emitted electrons with different ki-
netic energies can be seen more clearly by taking the angle-
resolved kinetic energy distribution of the accelerated elec-
trons as shown in Fig. 3, which describes the relationship of
the emission angle, kinetic energy, and emission probability.
In an optical cycle, electrons excited at different times have
different kinetic energies. Consequently, the gated optical
field with polarization perpendicular to the metal film creates
electrons with a large range of kinetic energy distribution and
an almost doubled maximum, which shows a normal emis-
sion direction. The enhanced optical fields at various posi-
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tions along the surface with different polarization modes lead
to electron emission with relatively low kinetic energies at
the corresponding angles.

In summary, we numerically demonstrate that the
polarization-gated SPR excitation scheme can be used to ef-
ficiently produce ultrafast electrons based on its improved
polarization mode and enhanced effective intensity, which
doubles the maximum kinetic energy of the accelerated elec-
trons and leads to a symmetric angular emission distribution.
Well-behaved electron pulses with particular kinetic energies
can be obtained along various emission angles.
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