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Abstract

The dielectric laser accelerator (DLAs) has attracted in-
creasing interest in the recent years due to its potential to
miniaturize the accelerator. We propose a double grating
structure powered by obliquely incident laser for subrelativis-
tic electrons. The structure enables a symmetric accelerating
mode which results in lower energy spread.

INTRODUCTION

Dielectric laser accelerator (DLA) with dielectric struc-
ture has great potential for the miniaturization of accelerator
with its high accelerating gradient enabled by the high dam-
age thresholds of dielectric materials in optical region [1,2].
Recently, by leveraging the well-developed industrial fab-
rication capabilities and the commercially available high-
power lasers, accelerating gradient of 690 MV/m has been
achieved with fused silica dual-grating DLA for relativistic
electrons [3,4], and accelerating gradient of 370 MV/m has
been obtained with silicon dual-pillar DLA for nonrelativis-
tic electrons [5, 6].

Here, we present a double grating structure for the acceler-
ation of subrelativistic electrons. The structure is a modifica-
tion from the double structure experimentally demonstrated
by Leedle et al. [6-11], but with a oblique-angle incident
laser. The oblique angle enables easier fabrication of the
grating and the double grating structure result in a rather
uniform accelerating field across the channel.

SINGLE GRATING

To understand the accelerating mode in double grating
which is the superposition of modes from each single grat-
ing, we start from the evanescent modes at single grating.
Figure 1 shows the single grating and the longitudinal elec-
tric field of the accelerating mode. The laser is incident from
above in the x direction, the electron is propagating along
z direction. For simplicity, we constraint our discussion on
the case of TM polarization in which the electric field is
perpendicular to the groove direction, which is required for
the acceleration.

At a single grating with period A, the incident plane wave
with wavelength A excites a series of spatial harmonics in
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Figure 1: Cross section of the grating discussed in this paper
and the longitudinal electric field of the accelerating mode.

its vicinity with field profiles given by:
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with 6 the incident angle, n = 0, 1, +2, ... the order num-
ber, kg = 27/ the wave number in free space, the z com-
ponent of the wave vector k;,, = kosin(6) + nk, with
k, =2n/A.

In the longitudinal direction, the phase velocity of these
harmonics could be written as v, = w/k; . The syn-
chronicity condition between the electron and spatial har-
monic with order number s results in

kz,s = kO/Bs (4)
kx,s = lkO/(ﬁs)’s) (5)
where S is the electron velocity vg normalized to the speed

of light c. We can describe the synchronicity condition with
the ratio of grating period A to laser wavelength A:

A pn
A 1-psinf

(6)
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Figure 2: Required grating period A vs incident angle 6.
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Figure 3: Simulated longitudinal electric field in optimized
SiO; single grating structure (a) and accelerating gradient
around it (b).

In Fig. 2 we show the required grating period as a function
of incident angle 6 and normalized electron velocity Ss. It is
clear that the grating period becomes larger with an oblique
incident angle, thus the difficulty in fabrication could be
relaxed, which is desirable for electron with low g8 [12].

With I'y = 1/iky s, we can rewritten the field profiles as
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The imaginary value of k, as shown in Eq. 5 indicates that
the accelerating field is evanescent and fall off exponentially
with an increasing distance from the grating surface in x di-
rection, as shown in Fig. 3. The skew profile is not desirable
for accelerator since it results in large energy spread [13].

DOUBLE GRATING

To produce a symmetric mode, we use the double grating
as shown in Fig. 4. The superposition of evanescent modes
from each grating forms the accelerating mode inside the
channel, thus a more uniform profile could be obtained.
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Figure 4: Left: Schematic of the double grating discussed
in this paper and the longitudinal electric field of the acceler-
ating mode. Right: Accelerating gradient G, and deflecting
gradient G4 across the channel.

The accelerating mode profiles can be given by

H, (x) = 2/H, Hy sinh (10)
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where H,, and H, are the amplitudes of modes at the channel
center from above and below, respectively. Eq. 10, Eq. 11
and Eq. 12 indicate that the axis of the accelerating mode
may not be located at the channel center, depending on the
amplitude of modes from single grating.

The Lorentz force experienced by the synchronous elec-
tron in the channel can be given by

2VHu Haq [Ho x 1 Hy i(wt—kz, sz—¢0)
—_— E—Osmh ﬁ+§1n(H—u) e s Po
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where ¢y is the start phase of electron in the optical cycle.
For the case where H; = H,, the accelerating electric
field in the channel is symmetric, as shown in Fig. 4. With

the accelerating gradient at channel center G, 0 = 2;1_;11 ; /’;—g,

the Lorentz force experienced by the synchronous electron in
the channel can be rewritten as Eq. 14. It can be seen that the
accelerating mode has a rather uniform electric field profile
around the axis, which is desirable for the acceleration of
electrons.

Fy =G0 sinh(x/I's) cos(wt — k; 52— d0)/ Vs
Fy| = 0 (14
F, G0 cosh(x/T) sin(wt — k; sz — ¢o)

ACCELERATION OF ELECTRONS

Here, we focus on the case where the first order spatial
harmonic is used for the acceleration. As the electron gains
energy, the relative phase of the electron with respect to
the accelerating mode changes as the electron gains energy,
known as the dephasing process, which may lead to decreas-
ing of acceleration gradient, or even deceleration. In this
case, the energy gain depends not only the accelerating ra-
tio between the maximum gradient and the electric field in
the grating material G,/Ey, but also the changing of the
relative phase of electron with respect to the optical cycle.
To estimate the energy gain, we have to study the effect of
dephasing on the acceleration, i.e., how the gradient changes
with the distance upon dephasing.

Electrons with kinetic energy of 50 keV are injected into
the channel with width d = 150 nm. The grating has a length
of 30 um, including 71 periods. In the simulation, identi-
cal accelerating efficiency G,/Ey and deflecting efficiency
G4/Eyp in Fig. 4 are used, with G, 0/Ep = 0.015 at chan-
nel center. The Gaussian laser pulse with surface-normal
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Figure 5: The energy gain AE (left), lateral displacement Ad (mid) and phase slippage A¢ (right) of electron as a function
of start phase ¢ and initial distance dj from the grating below. The white area represents those electrons which are deflected

and crash into the dielectric grating.

incidence has an average electric field

- 2me 22y
Tp
s)
where peak field £, = 6.7 GV/m, pulse duration 7, =
100 fs and waist radius w; = 10 ym. In the synchronous
frame the average electric field experienced by electrons can
be written as

z—wi/2
Eo(z,1) = E), exp [—(—1/
wi

Ey(z) = E, exp [—(W? t)z] (16)
with i
_ L 21In(2)
Wint = (W% + (ﬁsCTp)2) a7

For clarity, we use subscript s to represent the electrons
which are synchronous with the first order spatial harmonic,
and subscript e to represent instantaneous parameters for the
electrons traversing the grating. Here, we assume AS,. /B, <
1, which is true when the electron’s energy gain over one
wavelength of the incident field is well below the electron’s
rest energy moc?, i.e., G, < moc*/A ~ 496 GV/m. In a
DLA driven by an infrared laser, the general acceleration
gradient G, < 10 GV/m, so that the assumption is valid.

Since the electrons’ transverse velocity is much smaller
than the longitudinal velocity, so we can neglect the contri-
bution of the transverse velocity to the total kinetic energy
in the longitudinal motion equation. From the theorem of
kinetic energy, we obtain the longitudinal motion equation,
where ¢ = wt — k,z — ¢ represents the phase of electron in
the optical cycle

d 2
YeC . _ Re(F,) (18)
dz
d¢ ( 1 Ye )
L P (19)
dz Bs  \y2-1
The transverse motion equation can be given by
d e X
DYV _ Re(F,) (20)
dt
dx
E = Vx 20

By using % = ,Becé, equation (20) and (21) can rewritten
as

dyemovy 1
————— = — Re(F, 22
dz Boc e(Fy) (22)
dx Vyx
— = 23
dz  Bec 23)

With Eq. 18, Eq. 19, Eq. 22 and Eq. 23, we could estimate
the electron parameters at the end of grating, neglecting the
wake field and space charge effect. For one 50 keV electron
traveling through the channel, the energy gain, the lateral
displacement and the phase slippage vs. the start phase ¢
and x position are shown in Fig. 5. The cosh accelerating
field profile leads to a rather uniform energy gain around
channel center, which is useful for many applications. It
can be also seen that due to the transverse deflection, some
electrons will be deflected into the grating. The electron-
wave interaction dependence on start phase as shown in Fig. 5
determines that operation with the longitudinal focusing
leads to transverse defocusing, which is in agreement with
Earnshaw’s theorem [14]. To stably accelerate electron,
external focusing component is needed.

In Fig. 6 we show the instantaneous parameters of one
electron launched at the channel center at an initial phase
of 37/2 as a function of the longitudinal posizion z, includ-
ing the kinetic energy E, the acceleration gradient G, the

Phase ¢ (rad)
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Figure 6: Instantaneous electron parameters as a function
of z position. We show the instantaneous kinetic energy Ex
(left: red curve), the acceleration gradient G, (left: blue
curve), the average laser electric field experienced by elec-
tron Ey (right: red curve) and the phase of electron in the
optical cycle ¢ (right: blue curve). The 50 keV electrons
are launched at start phase ¢ = 37/2 at the channel center
x=0nm.
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Figure 7: Left: The normalized electron charge density after interaction. Mid: The normalized electron charge density
dependence on the positionx before (red) and after (blue) interaction. Right: The normalized electron charge density
dependence on the energy E. The electron beam density is normalized to 1.

laser electric field amplitude experienced by the electron E,
and the phase of electron in the optical cycle ¢. The lateral
displacement of the electron is zero due to the vanishing
deflection at channel center.It is shown that the dephasing
effect could be so severe that the electron is decelerated after
initial acceleration, i.e. the electron moves from the accel-
eration phase to the deceleration phase. By adjusting the
grating period according to electron energy variations, the
dephasing problem could be alleviated and a higher energy
gain could be obtained.

To study the density distribution after interaction, a sim-
plified 2D model is used in the estimation, with the laser
and electron beam assumed to be uniform along y direction.
For one electron beam traversing the channel, the charge
density after interaction are shown in Fig. 7. The temporal
envelope and the spatial envelope are taken into account,
which are identical with Eq. 15. A Gaussian electron bunch
of transverse waist radius w, = 30nm is launched at the
channel center. For simplicity, the density in electron bunch
is set to be temporally constant and the pulse duration is one
optical cycle. The electron beam energy spread and beam
divergence are neglected. It can be seen that the proportion
of electron around the channel center becomes higher after
interaction, which is the result of sinh deflecting field. There
are two distinct charge peaks at channel center, with energy
48.6 keV and 51.4 keV, respectively.

CONCLUSION

We present the study of a double grating structure for the
acceleration of 50 keV electrons. By using the obliquely
incident laser, the difficulty in fabrication of the grating
structure could be alleviated. The uniform accelerating field
around the channel center, which is formed by superposition
of the evanescent modes from the single grating at each side,
is desirable for a variety of applications, such as table-top
cancer therapy and university-scale light sources.
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