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Acceleration of sub-relativistic electrons with
an evanescent optical wave at a planar
interface

M. KozAk,"" P. BEck,' H. DENG,? J. MCNEUR,' N. SCHONENBERGER,' C.
GAIDA,® F. STuTZKI,®> M. GEBHARDT,>* J. LIMPERT,>* A. RUEHL,® I.
HARTL,® O. SOLGAARD,? J. S. HARRIS,?® R. L. BYER,® AND P.
HomMmELHOFF "7

! Department of Physics, Friedrich-Alexander-Universitit Erlangen-Niirnberg (FAU), Staudtstrasse I,
91058 Erlangen, Germany

Department of Electrical Engineering, Stanford University, Stanford, California 94305, USA
*Institute of Applied Physics, Friedrich-Schiller-Universitit Jena, Albert-Einstein-Strasse 15, 07745,
Jena, Germany

*Helmholtz-Institute Jena, F) robelstieg 3, 07743 Jena, Germany

’Deutsches Elektronen-Synchrotron DESY, D-22607 Hamburg, Germany

SDepartment of Applied Physics, Stanford University, Stanford, California 94305, USA

"Max Planck Institute for the Science of Light, Staudtstrasse 2, 91058 Erlangen, Germany

“martin. kozak@fau.de

Abstract: We report on a theoretical and experimental study of the energy transfer between
an optical evanescent wave, propagating in vacuum along the planar boundary of a dielectric
material, and a beam of sub-relativistic electrons. The evanescent wave is excited via total
internal reflection in the dielectric by an infrared (4 = 2 pm) femtosecond laser pulse. By
matching the electron propagation velocity to the phase velocity of the evanescent wave,
energy modulation of the electron beam is achieved. A maximum energy gain of 800 eV is
observed, corresponding to the absorption of more than 1000 photons by one electron. The
maximum observed acceleration gradient is 19 £ 2 MeV/m. The striking advantage of this
scheme is that a structuring of the acceleration element’s surface is not required, enabling the
use of materials with high laser damage thresholds that are difficult to nano-structure, such as
SIC, A]203 or CaF2.
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OCIS codes: (350.4990) Particles; (320.7120) Ultrafast phenomena; (290.5850) Scattering, particles; (240.6690)
Surface waves.
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1. Introduction

The study of the interaction between photons and free charged particles began shortly after
the invention of the laser, motivated by the goal to accelerate particles with the large fields
generated by focused laser light. The aim of most novel laser-based particle acceleration
schemes is to transfer the energy from electromagnetic radiation to particle beams on short
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time and length scales. Recently, several schemes have been developed that employ different
strategies to reach efficient acceleration of particles via the interaction with light. In the laser-
wakefield acceleration scheme [1,2], high-energy femtosecond laser pulses are used to drive a
wake wave in a plasma. Particles can be trapped in such a wave and accelerated to energies of
several GeV [3-5]. Another example is the so-called inverse free-clectron laser [6,7], where
the electrons are accelerated via interaction with laser fields inside the periodic magnetic
fields of an undulator. Furthermore, laser acceleration is possible using high-intensity laser
pulses focused into a near-critical plasma [8].

The technique described in this paper falls into the family of techniques called dielectric
laser acceleration (DLA) [9-12]. DLA employs optical near-fields in the form of evanescent
waves excited at various types of periodic dielectric nanostructures. However, not only the
energy modulation but also the ultrafast control of freely propagating electrons via their
interaction with optical near-fields of short light pulses brings new applications. It has
recently led to the development of novel techniques of time-resolved electron imaging with
enhanced contrast [13—15], sub-optical-cycle manipulation of electrons [11,16,17] and
quantum coherence studies of the interaction between free electrons and optical near-fields
[18-20], opening the field of free electron quantum optics.

Due to the different dispersion relations of electrons and photons in vacuum, the efficient
(first order) interaction of electrons and photons is forbidden. In other words, energy and
momentum cannot be conserved at the same time in vacuum for photon absorption or
emission by an electron (for details see the Lawson-Woodward theorem [21]).

An efficient interaction between laser light and travelling charged particles can be
achieved by slowing down the phase velocity of electromagnetic waves via the presence of
matter and match it to the group (propagation) velocity of the particles. Without dispersion,
light waves propagate in vacuum at a phase velocity equaling the vacuum speed of light c.
However, in optical near-fields generated close to the surface of an object with a refractive
index n>1, the phase velocity can be reduced below ¢ [22]. In DLA, periodic structures are
used to enhance the interaction distance to several hundreds of micrometers [9,10]. Due to the
structural periodicity in the electron propagation direction and the side-coupling of the
excitation light, the near-fields can be described via spatial Fourier transformation as a series
of spatial harmonics propagating with different phase velocities. To attain the synchronous
interaction between electrons and the fundamental harmonic, the periodicity of the structure
has to fulfill the synchronicity condition #=A4,/4, where f = v./c is the dimensionless

electron velocity, /4, is the nanostructure period and 4 is the laser wavelength [23]. When
illuminated by pulses at visible to mid-infrared wavelengths, DLA devices need advanced
nanofabrication techniques to obtain feature sizes less than 100 nm, with stringent
requirements for the fabrication precision.

In this paper we propose and experimentally demonstrate an alternative approach using
the interaction of free electrons with an evanescent wave excited on the planar (non-
structured) surface of a dielectric material by total internal reflection. A similar idea, using
two dielectrics and two driving laser beams, was theoretically proposed in [24]. This
approach can be advantageous for the following reasons: i) simpler or no nanofabrication is
required, dramatically reducing the complexity of experiments studying electron manipulation
by light fields; ii) the laser damage threshold of bulk material with optically polished surfaces
is usually higher than the damage threshold of nanofabricated surfaces due to better heat
dissipation, the fewer lattice imperfections and impurities produced during the
nanofabrication process and the lack of field enhancement at the sub-wavelength features of
nanostructured devices; iii) the interaction length can be extended by coupling the light into
an optical waveguide; iv) material classes with high laser damage thresholds may be used that
can hardly or not at all be nano-structured, such as SiC, ALL,O; or CaF, [25]; and v) the
incident angle of the totally reflected beam can be varied to tune the phase velocity of the
evanescent wave.
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In the theory part of this paper we describe the interaction between an evanescent wave
and an electron in the classical approximation with electrons as point-like particles. The
solution of the equation of motion is derived for electrons synchronously interacting with an
evanescent wave propagating along the dielectrics” surface in the approximation of small
relative electron velocity change. In the experimental part we show the results of a proof-of-
principle experiment demonstrating the acceleration of electrons by an optical evanescent
wave generated at a non-structured surface using a sub-relativistic electron beam.

2. Theory

The geometry of the experiment is shown in Fig. 1(a) together with the longitudinal
component of the electric field £.. The TM polarized plane wave impinges with an angle of
incidence 6; on the planar interface (x-z plane) between a dielectric with refractive index n>1
and vacuum. To excite the evanescent wave via total internal reflection, §; must be larger than
the critical angle 8. = arcsin(1/n). By applying Maxwell’s equations at the boundary with an
incoming plane wave at angular frequency @ and incident electric field amplitude E;, the
electromagnetic fields on the vacuum side (transmitted wave) can be written as [26]:

aE, (nsinHiéy —iyn’sin’ 6, — 16, )x
exp[—QJn2 sin® 6, —1y+i[ansinHi —a)t+(poﬂ
C C

~ E,
B (y,z,t) =Re{—Lexp{—Q«/n2 sin’® 6, —1y+i(gznsin6’i —a)t+¢)oﬂé’x}, 1)
c c c

2ncos6,

E,(yaZ,t) =Re

a=
cos 6, —in\/n2 sin® 6, —1

where g, is the initial phase of the incident plane wave and €_,é,,¢, are unit vectors along the

Cartesian axes. From Eq. (1) we can infer the most important properties of the evanescent
wave excited at the interface: i) Its phase front is perpendicular to the interface while the
intensity front is parallel to the interface. ii) The field amplitude decays exponentially in the y

direction with a decay length TI'= / (wyn’sin® @, —1). iii) The phase velocity of the
evanescent wave v, = c/ (nsin@,) can be synchronized with the group velocity of an electron

(or any charged particle) v, = fic moving along the surface. In this case, the decay length
I'=yBA/2x is only a function of the electron velocity and the light wavelength. Further, it

matches the field decay length of the first spatial harmonic of the near-field mode of periodic
nanostructures [23]. Using high-refractive index materials, the wave can be slowed down to
~0.3¢ and therefore interact synchronously even with sub-relativistic electrons at energies of
only several tens of keV.

Because the amplitude of the electron energy modulation (hundreds of eV) is much higher
than the infrared photon energy used in the experiment (0.64 eV), the description of the
interaction falls beyond perturbation theory. It can rather be described classically by solving
the equation of motion with the Lorentz force for an individual point-like particle:

4
dt

(ym3,)=q,(E+VxB). 2)
Here m, and g, are the electron’s rest mass and charge, respectively, and £ and B are the
electric and magnetic fields from Eq. (1). This equation has an analytical solution when we
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approximate that the change of the electron’s velocity is small, Av, U v,, during the

interaction (vdlv,;). Such an approximation is valid either for the interaction over short
distances and times or for relativistic electrons with v.=c (f = 1). In this case, Eq. (2) can be
directly integrated with the fields from Eq. (1). The final electron’s kinetic energy as a
function of its initial distance from the surface y and the phase of the evanescent wave ¢ can
be written as:

E(p)=E,+qv, T E (t)dt Re{ia\/ﬂ_z -1 exp(i(p)} exp (—Q,Iﬂ‘z —lyj, 3)
b c

where E{t) describes the evolution of the incident electric field amplitude as a function of
time for a laser pulse (assuming that the envelope varies slowly as compared to the carrier
period). For DLA applications, an important quantity is the maximum acceleration factor

F,.=E.(y=0)/E, =|al{B7? 1, which describes the ratio between the longitudinal

component of electric field of the evanescent wave at the surface and the incident field
amplitude. F(p) is plotted for different dielectric materials in Fig. 1(b). For high-refractive
index materials we see that the acceleration factor can be as high as 1.8. However, F,,, is
defined here using the incident field strength inside the material. If we take into account the

factor ~/n , which results from the ratio between the field amplitude of the driving laser field
in vacuum and that in the material (coupling of the laser), we obtain F),,~1. The minimum
electron velocity for the interaction is limited to f,,;, = 1/n for the situation where the incident
plane wave is propagating inside the material along the z axis. In this case the longitudinal
component of the field vanishes and no evanescent wave is excited. The acceleration factor
also determines the maximum acceleration gradient (the kinetic energy gain per unit distance)
which can be reached as G, = dE;/ds. Its value in the approximation of small relative

velocity change is:
a| V ﬂ72 —1= qumaxF’ (4)

where E;,,, is the peak incident field amplitude. For sub-relativistic electrons interacting with
realistic peak fields below the material damage threshold (~GV/m), the approximation of the
small velocity change is valid only for interaction lengths smaller than a few micrometers.
The strong modulation of the electrons” velocity leads to a violation of the synchronicity
condition and subsequent dephasing of electrons and the evanescent wave. This effect was
already theoretically described for grating-based DLA experiments [23] where the dephasing
length was defined as the distance after which the electrons with maximum energy gain slip
over a phase difference of /2 with respect to the synchronous mode. The dephasing length
for an electron interacting with an evanescent wave can be written as [23]:

12
E E
ﬂ'ﬂcEk( "2+1J( k2+2j
myc myc

Zaeph = 206

max

Gmax = qE imax

(&)

To investigate the dephasing effect in a realistic way we performed numerical simulations
using a 4th order Runge-Kutta integration of Eq. (2). For the sub-relativistic electron beam
with = 0.32 used in our experiments, dephasing limits the maximum achievable energy gain
to ~1-3 keV depending on the applied field strength and interaction distance.
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Fig. 1. a) Total internal reflection at the surface of the dielectric, which extends from negative
y to y = 0. Electrons propagate from left to right along the surface with group velocity v, and
interact with the evanescent wave propagating with phase velocity v,;. Color bar: temporal
snapshot of the longitudinal component of the electric field of light E. calculated at the
interface between silicon (n = 3.4) and vacuum for Ay = 2 um, 6; = 60°. b) Dependence of the
maximum acceleration factor F,... = E.(y = 0)/E; on the electron velocity f = v./c for various
materials (germanium, silicon, diamond and fused silica) whose index of refraction is given in
the inset.

3. Experimental setup

To measure the energy spectrum of electrons after the interaction with the optical evanescent
wave we use the setup described in detail in [27]. A scanning electron microscope (Hitachi S-
Series) serves as a source of electrons with tunable energy in the range of 3-30 keV. The
beam is focused to a spot size of w, = 70 nm (1/e® radius, approx. Gaussian transverse spatial
mode) and sent along the surface of various dielectrics. Due to the rather low electron
velocity of f = v,/c = 0.32 used in the experiment, corresponding to an initial kinetic energy
of Ey;, = 28.4 keV, the high refractive index materials germanium (z = 4.11 [28]) and silicon
(n =3.45 [28]) are employed in this proof-of-principle experiment to match the phase velocity
of the evanescent wave to . With band gaps of 0.67 ¢V and 1.12 eV, respectively, both
materials are transparent for the laser pulses used in this study. We excite the evanescent
wave with laser pulses derived from a thulium-doped femtosecond fiber laser. The pulse
duration equals 7z, = 600 fs at a center wavelength of 4 = 1.93 pum, corresponding to a
mean photon energy of iw = 0.64 eV. The laser repetition rate is f,,, = 1 MHz. The pulses are
amplified in a rod-type thulium-doped fiber amplifier, which yields a maximum average
power of 30 W and a maximum pulse energy of £, = 30 wJ. During the experiments, we limit
the average power to 0.5 W to prevent sample damage. The laser pulses are focused onto the
DLA structures to a spot with a 1/¢® intensity radius of w, = 16 um (only one half of the
transverse laser intensity profile is used in the experiments due to clipping of the laser beam
at the edge of the sample for alignment reasons). The interaction length is further increased
due to the angle of refraction to w;,, = 23.5 um [23]. After the interaction with the optical
evanescent wave, the electrons are spectrally filtered by a retarding-field spectrometer and
detected by a microchannel-plate detector [27].

The evanescent wave is excited in two different geometries (see Fig. 2). In both cases, the
incident laser and electron beams are perpendicular with respect to each other. The nonzero
angle of incidence of the laser beam at the dielectric interface along the electron beam
trajectory is achieved by single or double refraction on planar surface. For the germanium
sample, the high value of the refractive index allows us to directly reach the total internal
reflection condition by a single refraction of the incident laser beam. For this purpose, a prism
with an opening angle of a = 60° is used. In Fig. 2(a) we plot the snapshot of the spatial
distribution of E, relative to the incident laser field amplitude E, ;,. obtained using a numerical
finite-difference time-domain modeling (FDTD) [29]. Due to the refraction angle on the first
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boundary and the high refractive index, the incident field inside the structure exciting the
evanescent wave is smaller compared to the incident field of the laser pulses in vacuum,
leading to a maximum acceleration factor of F),,,~0.5.

In the case of silicon, double refraction is necessary to reach the synchronicity condition
at the surface perpendicular to the incident laser wavevector (see Fig. 2(b)). We have
therefore fabricated a silicon microstructure with the help of electron beam lithography and
reactive ion etching that allows us to reach the required angle of incidence to match the phase
velocity of the evanescent wave to the propagating electrons” velocity. A scanning electron
microscope (SEM) image of the silicon sample with the laser beam path is shown in Fig. 2

(b).

a b

EJE

2,inc

¥ (um)

Fig. 2. a) Excitation of an optical evanescent wave by single refraction using a germanium
prism. Colorscale: electric field component E. calculated numerically using FDTD technique.
b) SEM image of the silicon microstructure which serves for the excitation of an optical
evanescent wave using two subsequent refractions of the laser beam (beam path in the ray
optics approximation indicated by the red overlay and the black arrows).

4. Results and discussion

The measured spectra of electrons accelerated by the interaction with the evanescent wave are
shown in Fig. 3. In addition, we show for comparison the results of numerical simulations.
The maximum observed energy gains for germanium (red squares) and silicon (black circles)
samples were 800 eV and 300 eV, respectively. The coupling efficiency of the incident laser
field to the evanescent wave varies due to the difference in refractive index (see Fig. 1(b)) and
also due to different coupling schemes (Fig. 2). In the case of germanium, the maximum
energy modulation is already close to the dephasing limit. The low maximum energy gain
obtained with the silicon structures indicates a poor quality of the silicon surface (see Fig.
2(b)) in comparison with the germanium surface polished to optical quality. Due to the deep
etching necessary for reaching the desired height of the silicon structures, the surface
roughness is ~100 nm, which is comparable to the spatial decay length of the evanescent
wave.
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Fig. 3. Measured accelerated electron current as a function of the minimum energy gain for Ge
(red squares) and Si (black circles). Independent numerical simulation results are shown as
dashed curves. With an initial electron kinetic of Ej;, = 28.4 keV, the maximum energy gain
equals 800 eV for germanium and 300 eV for silicon. The acceleration is stronger for
germanium because of its higher refractive index and because of the coupling geometry with
only single refraction of the driving beam.

The numerical simulation results (dashed curves in Fig. 3) are obtained using the electron
and laser beam parameters given in the experimental section above. The distance between the
center of the electron beam and the sample surface d was used as a fitting parameter. The
experimental spectrum was obtained with the electron beam as close as possible to the
surface. According to fit results, this corresponds to d = 200 nm, which is almost twice the
transverse decay length of the field I' = 105 nm. The reason why the DC electron beam
cannot reach closer to the sample surface is likely the charging of the surface by electrons
colliding with it. Despite the fact that a doped silicon is used in the experiments, the charging
of surfaces of both germanium and silicon samples appear similar as revealed from the SEM
images of the structure shortly after switching from the point mode (electron beam at a
constant position close to the surface) to the scanning mode (imaging by scanning the electron
beam along the sample) of the SEM. This leads to a repulsion force acting on the electron
beam. Also the surface roughness of the surface can play a role here. These effects limit the
maximum acceleration gradient to G, = 19 £ 2 MeV/m, which is much lower than the
theoretically expected value of G,,,. = 500 MeV/m for the electron at y = 0 on a perfectly flat
surface. This value is comparable with 25 MeV/m obtained in the proof-of-principle
experiment with sub-relativistic electrons employing the inverse Smith-Pucell effect at a
single nanograting [10]. The electron count rate in the experiment is limited by the interaction
of a continuous electron beam with the pulsed laser. The average current of interacting
electrons is given by the electron probe current (/, = 3 pA) and the laser duty-cycle (D = 6 x
107) as I, = 1,D011 e7/s. With a laser-triggered electron source, this can be many orders of
magnitude larger in the future.

To confirm experimentally that the energy modulation is caused exclusively by the
interaction with the evanescent wave, the spatial profile of the synchronous fields is
characterized by measuring the accelerated electrons” spectra as a function of the distance
from the germanium sample surface. The results are shown in Fig. 4. The measured
transverse field decay length I' = 90 + 10 nm obtained by fitting the dependence of the current
of electrons with an energy gain higher than 120 eV as a function of d (see the inset of Fig. 4).
It agrees with the theoretical value of I' = 105 nm. The other possible contributions to the
observed energy gain of the electrons are the ponderomotive interaction arising from the
gradient of the light intensity [30] at the sample edge and a longitudinal kick due to a high-
density cloud of electrons photo-emitted from the structure by the laser pulse. However, both
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effects are excluded by the observed exponential transverse decay of the accelerating field.
Moreover, the ponderomotive energy (the average kinetic energy of the electron during

quiver motion in the laser field) U, = e’E*/(4m,@’)=0.2eV is small compared to the

observed energy gain of few hundreds eV.

The short transverse decay length has further consequences for the requirements of the
electron beam transverse size and emittance. To ensure 10% relative uniformity of the
accelerating field along the transverse profile of the beam, the condition w,<10 nm has to be
fulfilled along the interaction length. However, in more advanced structures with a cosh-like
transverse spatial mode [24], the homogeneity of the field in the center of the gap allows to
increase w, approx. by a factor of 10. This small transverse acceptance of the accelerating
structure also limits the peak current of electrons that can interact with the evanescent wave
over extended distances due to Coulomb repulsion effects.
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g2 Accelerated
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°3 current
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Fig. 4. Accelerated electron current (color scale) plotted on a log scale as a function of
minimum energy gain and distance d between the electron beam center and the germanium
sample surface. Inset: Dependence of the current of electrons with energy gain higher than 120
eV on the distance d (squares) plotted on log scale. The full red line shows the exponential fit
to the data with decay length of I' = 90 + 10 nm, in fair agreement with the theoretical value of
105 nm. We conclude that the electrons are indeed accelerated with the evanescent surface
field.

The modulation of the electrons” kinetic energy can serve for temporal gating of ultrashort
sub-optical cycle electron bunches [16]. For this purpose, an energy analyzer is required to
filter the electrons that obtain an energy modulation during the interaction. The measured
energy change then serves as a monitor of the spatio-temporal overlap between electrons and
the laser pulse [11,16]. However, the transverse field component of the evanescent wave (see
Eq. (1)) leads to a deflection of electrons in the y direction parallel to the laser beam
propagation. This effect was already demonstrated for the interaction of electrons with optical
near-fields of periodic nanostructures [12,31]. Spatial separation of the deflected and non-
deflected electrons after the interaction does not require a spectrometer and only a simple
spatial mask or adjustable knife edge in front of the electron detector is required to filter the
interacting electrons [16].

Also the transverse electron momentum in the x direction perpendicular to both laser and
electron beams can be controlled by the interaction with the evanescent wave. At periodic
nanostructures, the transverse force component can be generated by tilting the structure with
respect to the electron beam direction [16,32]. For the case of our experiment where the
electrons propagate in the plane of incidence of the totally internally reflected wave (Fig. 1),
the x-component of the force vanishes. However, by tilting the plane of incidence of the laser
wave with respect to the electron beam propagation direction at an angle a, F,#0. The force
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acting on an electron can be calculated from (1) and (2) by standard rotation transformations

as:

F = qRe| ~id|[B ~1sin 0%, + (B}~ By ) 42, ~id| By ~Tcos oz, |
0 55 (o .
A=aFE exp| ——,/ —1ly+i| —znsin@ —wrt + ,
i p|: c ﬂdeﬂ Yy (C i ¢0):|

where £, = fcosa . Thus by simple modification of the experiment, the optical field-based

(6)

control over the electron momentum can be extended also to the second transverse direction.
We note that in this case the phase velocity of the evanescent wave needs to be further slowed
down in comparison with the case a = 0. The deflection of the sub-relativistic electron beam
used in this study would thus require a material with an even higher refractive index than
germanium, or an electron beam with a velocity 5>0.5.

5. Conclusions

We have theoretically and experimentally demonstrated the inelastic interaction between an
optical evanescent wave excited by total internal reflection on a planar vacuum-dielectric
interface with a beam of sub-relativistic freely propagating electrons. We have shown that an
energy gain as high as 800 eV can be reached. This is achieved by an evanescent wave with a
phase velocity that is synchronized with the electron propagation velocity by using high
refractive index materials. The observed acceleration gradient is G,,,, = 19 £ 2 MeV/m, which
is likely limited by charging of the structure and its surface quality. For optimal surface with
roughness of 1-10 nm and wide band gap dielectrics such as CaF,, values as high as G,,,,>10
GeV/m are expected due to the high laser damage threshold of these materials [25]. The
future use of this effect is not limited to evanescent waves excited by total internal reflection.
The modes coupled to optical fibers and planar waveguides decay exponentially with the
distance from the core forming an evanescent optical wave. If the cladding is replaced by
vacuum, such as in silicon-on-insulator waveguides, an electron beam can interact with an
evanescent field of a coupled mode over longer distances [33]. This would lead to a decrease
of the optical power necessary to transfer the same amount of energy to the electrons.
Furthermore, this interaction can find application in ultrafast optical gating of electron beams
as well as in free space electron quantum optics experiments.
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