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Extended interaction length laser-driven acceleration
in a tunable dielectric structure
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The development of long, tunable structures is critical to increasing energy gain in laser-driven dielectric
accelerators (DLAs). Here we combine pulse-front-tilt illumination with slab-geometry structures
assembled by precisely aligning off-the-shelf 4 mm long transmission gratings to achieve up to
200 keV energy modulation for 6 MeV injected electrons. The effective interaction length is longer than
1 mm, limited by the dephasing of the accelerated particles in the structure. The piezo-based independent
mounting system for the gratings allows tuning of the gap and field distribution inside the structure.
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I. INTRODUCTION

Shrinking accelerators to the optical scale could reduce
cost and increase the availability of relativistic electron
beams for scientific, industrial, and medical applications
[1]. Leveraging the high damage threshold of dielectric
materials as well as continuous progress in high power laser
and nanofabrication technologies, laser-driven structure
accelerators (or dielectric laser accelerators, DLAs) have
already demonstrated GeV/m level gradients [2], much
larger than conventional accelerators and current research
efforts are directed toward extending the interaction region.
Notably, the technical challenges to achieve this goal are
common to all advanced accelerators, including the
plasma-based schemes [3], and are related to the physical
dimensions of the accelerator (length of structure or plasma
cell), the temporal walk-off associated with the different
velocities of the drive pulse and the electron bunch (group
velocity mismatch) and the loss of phase synchronicity as
the particles gain energy (dephasing). Depletion of the
energy in the driving pulse then poses the fundamental limit
to the acceleration length.

Experimental demonstration of DLA acceleration has
been accomplished using two main structure types: pillars
and gratings. Dual pillar structures can be fabricated on
single Si wafers, easing the nm-scale fabrication tolerances.
They can then be illuminated (from the side or the top)
without propagating high intensity laser pulses inside thick
dielectric substrates [4—8]. Dual grating structures can have
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much larger aspect ratios, a built-in collimation function
which is useful to isolate the transmitted electrons, and can
be made out of fused silica and/or coated with higher
damage threshold materials [2,9—-15]. Reaching long inter-
action lengths in both of these structures has been impeded
by the constraints imposed by power delivery geometry.
The highest accelerating gradients are only accessible using
< 100 fs laser pulses, which allow for high intensities
while still remaining below the damage thresholds for most
materials. Since the laser is typically coupled orthogonally
to the direction of electron travel, the interaction length
is set by its pulse length to the tens of pm scale [16]. To
overcome this limitation, a pulse-front-tilt (PFT) configu-
ration has been employed, extending the interaction beyond
the temporal laser envelope duration [17,18], leading to the
demonstration of 315 keV energy gain over a 700 pm
interaction length [14].

Additional energy gain requires manufacturing longer
structures, stretching the state-of-the-art in nanofabrication
techniques to meet tolerances for sustaining acceleration and
preserving alignment over mesoscale (mm to cm) dimen-
sions. Some degree of postfabrication tuning would greatly
ease these challenges and allow for more flexibility in the
structure design. In addition, efficiently interacting over a
longer distance requires mitigating the loss of phase syn-
chronicity (or resonant condition) caused by the particles
gaining energy in the structure. Dephasing can be compen-
sated, as recently shown in subrelativistic experiments, by
carefully chirping the parameters of the structure along its
length. However, this limits the structure to a unique input
beam energy and a laser gradient. Resonant acceleration can
also be preserved by the so-called soft-tuning approach that
entails control of electron dynamics through software-based
manipulation of the drive laser phase and is very appealing
for its experimental flexibility [19].
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In this experiment, we demonstrate the use of independ-
ently mounted commercial transmission gratings to form a
4 mm long dual grating structure for laser-driven accel-
eration. This structure is illuminated on a single side by a
2 mJ 780 nm, 100 fs laser in a PFT configuration and fed by
the high brightness 6 MeV electron beam from the UCLA
Pegasus photoinjector. By mounting the gratings on sep-
arate piezo controls, we can adjust the gap and the relative
tooth offset to optimize the amplitude and symmetry of the
fields experienced by the electrons and maximize in situ the
energy modulation up to 200 keV. In agreement with finite-
difference time domain (FDTD) simulations and optical
characterization of the structure, a periodic slowly decaying
relation between energy gain and gap size is observed.
From the saturation of the energy gain for varying PFT
laser sizes, a DLA interaction length of > 1 mm is
observed, short of the physical dimension of the grating
but fully consistent with dephasing in an unchirped
structure. These results provide the first demonstration of
an in situ tunable grating structure and also the longest
DLA interaction to date. They represent a critical step
forward in increasing the energy gain in DLA schemes to
the MeV scale.

II. DUAL GRATING STRUCTURE

The experimental geometry is shown in Fig. 1, with a
laser incident upon two parallel transmission gratings. The
fields in the vacuum gap of an infinitely wide (no x
dependence) dual grating structure of period 1, = 27/k,
illuminated by a laser of angular frequency @ and ampli-
tude E polarized along the direction of the electrons (in
order to excite a TM wave) can be written as a sum of
Floquet modes

E,.= Ey(d,e™™ + ¢ e)elkni=en), (1)
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FIG. 1. A cartoon showing a linearly polarized laser with pulse-
front-tilt angle @ppr arriving at incident angle 0; on a structure
with periodicity 4,. We show the field distribution of the matched
mode inside the structure.

where the n,;, mode, described by longitudinal wave number,
k, = nk, has normalized phase velocity 3, = ko/k,,.

For phase-synchronous acceleration, we focus our atten-
tion on the resonant mode (usually n = 1) for which
P, = p. In order to satisfy Maxwell’s equations, the trans-

verse wave number is I', = /k2 — k3 = k,/y. The com-
plex parameters d,, and c, depend on the mode number 7,
the input laser frequency, and the structure geometry; they
are the amplitudes of the counterpropagating waves within
the structure.

In a symmetrically illuminated structure, ¢, = d,, and E,
could be described by a coshlike mode centered on the
middle of the structure gap. However, for this single-side
illumination, it is instead described by the sum of a coshlike
and sinhlike mode [20]. The structure factor, , is propor-
tional to the acceleration gradient and can be written in
terms of only the parameters ¢, and d, as k, = |d, + ¢,|.
In the upper left panel of Fig. 2, FDTD simulations show
that x decreases with increasing gap size as expected from
the evanescent nature of the fields. A weaker, but clearly
visible dependence on the relative offset between the teeth,
is also observed.

Likewise, we can define a deflection parameter, 6, which
is the magnitude of the sinh mode within the structure. This
deflection is proportional to (k, — kof)/T = 1/y and is
therefore defined as 6 = |d, — c,|/y. Figure 2(b) shows &
as a function of offset and gap for the gratings in this
experiment. From this, it is clear that the deflection force
can be minimized by changing the structure geometry,
even with defined grating parameters. Note that deflection
forces are 2 orders of magnitude smaller than the accel-
eration force, regardless of alignment. This allows the
structures to have some angular misalignment while main-
taining high throughput.

We use 4 mm square gratings etched on a 625 pm thick
fused silica substrate with a tooth height of 855 nm,
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FIG. 2. Dual grating structure parameters have a strong
dependence on offset and gap. (a) Structure factor, «, decays
significantly with an increased gap. (b) Deflection factor, &; only
at near zero deflection will electrons be transmitted. Note the
amplitude of deflection is 2 orders of magnitude weaker than the
acceleration force. (d) Measured ratio of 41 diffraction order
amplitudes from the assembled structure illuminated by a 635 nm
diode laser and corresponding FDTD simulations (c).
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65% duty cycle, and 800 nm periodicity. The increased
stiffness compared to thinner substrates is useful to avoid
bending. Early attempts at bonding two wafers over
multiple millimeters resulted in warped structures with
micron-scale gap variability, so we developed an indepen-
dent mounting system. The gratings are mounted in a cage
system with both coarse and fine controls of relative angle,
gap, and offset, shown in Fig. 3(a). The lower grating is
glued at three points to its respective mount attached to a
three-axis vacuum-compatible piezo stage.

Structures are characterized optically before beamline
insertion using a 635 nm diode laser. During assembly of
the structure, we first eliminate spatial thin film interfer-
ence fringes using course angular adjustment followed by
piezo fine-tuning to flatten the gap. At this point, a tunable
etalon effect on the reflectivity of the structure can be
verified by changing the gap by 4/2. Once the gap is flat
and small (< 6 pm), interference in the diffraction lobes
can be used to set the relative grating rotation to near zero.
Finally, the relative intensity of the first order diffraction
lobes is recorded as a function of gap and offset.
Simulations performed in LUMERICAL are compared to
these measurements to retrieve the offset and gap [21], as
shown in Fig. 2.

III. EXPERIMENTAL SETUP

The optical system makes use of a 20 mJ, 100 fs, 780 nm
laser split 9 to 1 between a frequency tripling UV path for
the photocathode and a drive line utilizing a pulse-front-tilt
(PFT) configuration incident on the DLA. The PFT setup
is similar to the one described by Cesar et al. [22] with an

additional intermediate imaging plane where a piezo-
controlled mirror can be used to adjust the angle of
incidence on the DLA without changing the spatial align-
ment with the electron beam. A 600 In/mm grating is
followed by a 300 mm focal length achromatic lens to
create the midpoint imaging plane. Two achromatic lenses
(150 mm and 300 mm focal lengths, respectively) are then
used to precisely adjust the magnification and imaging
plane location at the DLA structure. Since the DLA grating
period (800 nm) is longer than the laser wavelength
(780 nm), the phase matching condition k,— (:)_/l; +
“sin(@;) = 0 for a 6 MeV electron beam is satisfied by
an incident angle ¢; = 28.1 mrad [15] which can be first
set by careful alignment of the DLA backreflection and
then tuned in with the piezo-controlled mirror.

tan(Oppr

) — 2.08) is deter-
mined by group velocity matching the laser pulse to the

The overall magnification (M =

electrons, g = ~<oserr) 7. yielding Opgr = 44.3°. The main

sin(0;+0per)
laser PFT angle is directly measured to be 44.2 4= 0.3° over
an interaction longer than 4 mm by observing the location
of the interference fringes as a function of the relative time
of arrival of a probe reference laser pulse at the DL A plane.
Two additional cylindrical lenses are used to adjust the
transverse laser spot size in the non-PFT dimension and
control the fluence at the interaction.

A1 pC, 6 MeV, 1 ps electron bunch is generated by the
UCLA Pegasus gun and linac [23] and focused at the DLA
plane to an rms spot size of 100 pm with a normalized
emittance of 200 nm. The measurement of the trans-
mittance (approximately 1000 e-/shot with the laser off
and a gap size of 1 pm) is consistent with these beam
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(a) Schematic of the mounting system; each colored component is independently tunable. Only the piezo motor, highlighted in

ting is shown in the small inset. (b) Experimental setup (not to scale).

The UCLA Pegasus gun and linac generate 6 MeV electrons that are focused into the DLA aperture by a quadrupole triplet and then sent
to a dipole spectrometer where the beam is observed on a YAG screen, imaged by a gated intensified CCD camera (ICCD). The PFT
optics are also shown; imaging planes are denoted by stars at the initial grating, an intermediate plane where the piezo motor—controlled
mirror is installed, and at the DLA. Cylindrical lenses are used to tune the intensity. (c) Typical laser on and laser off electron energy

spectra.

05

1303-3



CRISP, ODY, ENGLAND, and MUSUMECI

PHYS. REV. ACCEL. BEAMS 27, 051303 (2024)

parameters and the structure dimensions. Note that in the
initial setup, we can take advantage of the piezo motor to
widen the gap from 1 pm to 5 pm and increase the
transmission 26-fold, allowing for the optimization of pitch
and yaw angle and e-beam spot size before decreasing the
gap size. Downstream of the DLA, the beam is then
transported to a dipole spectrometer, as shown in Fig. 3(b).

IV. RESULTS

After overlapping spatially and temporally [24] the
electron and laser beams at the DLA plane, first experi-
ments are conducted using a reference flat laser pulse by
replacing the nominal 600 In/mm PFT grating with a
mirror. In this case, the interaction length is set by the
laser pulse length and the only quantities affecting energy
modulation are the incident fluence and the structure factor.
Once a modulation signal is stably obtained in the flat pulse
case, we first replace the PFT grating with a 1200 In/mm
(Oppr ~ 62.8°) to increase the interaction region to 240 pm
and then go to the nominal grating and change the
dimension of the laser along the PFT dimension to
maximize interaction length.

In Fig. 3(c), we show a representative energy spectrum
with the highest energy modulation recorded in the experi-
ment. The asymmetry in energy gain and loss is consistent
with the angle of incidence in this particular case being
lower than the resonant angle of 28.1 mrad [14]. In general,
in order to analyze the spectra, we define the figure of merit

as FOM = W where (S()) are the observed spectra

averaged over at least five laser on (off) shots and o, is the
standard deviation of the laser off shots. To better dis-
criminate the signal at the tails of the spectrum where the
electron density is low, we require > 5 consecutive points
on the datasets to have a signal-to-noise ratio larger than
1.25. The maximal achieved energy gain was 200 keV.
Our setup allows us for the first time to study the
performances of the DLA accelerator as a function of the
gap between the gratings. In Fig. 4, we show the results of
the gap scan at constant offset as performed by controlling
the in-vacuum piezo motors. In agreement with simulation,
we observe a clear decrease in DLA acceleration as the gap
increases which can be explained by the lower structure
factor. The shaded area in the figure shows the range of
possible x depending on the teeth offset which is a
parameter that cannot be measured directly during the
experiment. A particular line corresponding to an offset
of 0 nm can be well matched to the data. In addition, while
the depletion in the zero-loss main peak is evident and
nearly constant at all gaps, the populations of accelerated
and decelerated electrons change in a periodic fashion,
causing the energy modulation signal to vanish at certain
gaps. This can be explained by considering the periodic
variation of the deflection forces when adjusting the gap
at constant offset [i.e., moving on an horizontal line in
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FIG. 4. Scan over gap size. (a) FOM vs gap between the
transmission gratings. (b) Maximum energy modulation as a
function of gap size extracted from (a). The simulated structure
factor, k, as a function of gap is also shown. The filled red region
represents the variation of x depending on the teeth offset. A
sinusoidal fit with a decaying amplitude is fit to the data.

Fig. 2(b)]. Whenever the deflection forces are the strongest,
no accelerated particles can make it through the narrow gap
and the acceleration signal is lost. A sinusoidal fit with a
decaying amplitude is overlaid to the data to take this effect
into account.

We can also study the acceleration in this uniform
dual grating structure for different interaction lengths.
Figure 5(a) shows the results where the interaction length
is controlled in two distinct ways, i.e., by (i) temporally or
(i1) spatially varying the overlap of the laser and the
electrons at the DLA. The former is accomplished by
swapping the PFT grating to create different Oppr. In the
Oppr = 62.8° case, this amounts to a 2.2x longer interaction
length than the flat pulse case, designated in the green point
in Fig. 5(a). Once the PFT angle is matched to the electron
velocity, however, the interaction is instead limited by the
spatial extent of the laser which can be controlled by
placing a slit aperture just before the PFT grating imaging
plane. Figure 5(a) shows the energy modulation increasing
up to an interaction length of 1.24 mm and subsequently
saturating.

There are a number of reasons that could contribute to
this plateau, including a slightly unmatched PFT angle, a
spatial variation in the laser phase profile, and a poor
alignment of the electron beam and laser propagation axes.
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FIG. 5. (a) Data show increasing energy modulation up to an

effective length of 1.24 mm. (b) Particle trajectories throughout a
4 mm DLA interaction. Particles are color coded according to
their initial phase. Due to dephasing, saturation of the energy gain
occurs before the full length of the structure.

051303-4



EXTENDED INTERACTION LENGTH LASER-DRIVEN ...

PHYS. REV. ACCEL. BEAMS 27, 051303 (2024)

Nevertheless, even when accounting for these factors, the
energy exchange would still be limited by the particle
dephasing along the interaction, since the gratings are not
tapered [20]. In order to understand this effect, we look at
the energy of a particle in the DLA fields as calculated by
simply integrating the field amplitude and taking into
account the dynamical evolution of the electron phase
for given PFT and incident angles. We plot particle
trajectories assuming an initial 6 MeV beam in Fig. 5(b)
for different input phases. The trajectories demonstrate that
electrons do not gain energy linearly over the full length of
the grating structure. For example, electrons that enter the
DLA at the optimal 2z phase reach their peak energy
around the center of the structure and are subsequently
decelerated by the end of the DLA. We consider this to be
the main reason leading to the plateau of the maximal
energy gain within the structure. The impact of dephasing
on the DLA longitudinal dynamics can be minimized by
increasing the input electron energy, as a stiffer beam can
resonantly interact for a longer distance in a structure of
constant periodicity. In the nonrelativistic regime, chirped
structures that taper the structure period for continuous
phase matching have been shown effective to mitigate
this effect.

V. CONCLUSION

In conclusion, we demonstrated the use of off-the-shelf
gratings to accelerate electrons over a record 1.24 mm
effective length. The use of commercial gratings to assem-
ble a tunable DL A presents an attractive pathway to large-
scale DLA development. The observed 200 keV energy
modulation yields an average acceleration gradient of
0.16 GeV/m, mainly due to the nonoptimized structure
factor of the gratings. Further improvements can also be
obtained by increasing the incident laser intensity, limited
in the experiment by the low damage threshold of the
grating antireflection coating layer.

The piezo-controlled independent mounting system
allowed for the first time for beam-based tuning of structure
parameters and the accelerator performance. In particular,
submicron accuracy in controlling the gap size over 4 mm
length was demonstrated in both optical measurement and
acceleration experiments, addressing the challenge of
aligning nanostructures on the multi-mm mesoscale, which
is a fundamental step toward increasing the energy gain for
relativistic applications of the DLA acceleration scheme.

The dephasing seen in this experiment could be miti-
gated either via structure design or by shaping the laser
pulse. For the parameters in this experiment, for example,
adding just a linear taper to the grating periodicity would
result in 99% of the energy gain compared to the ballistic
model. This method would limit the flexibility of the DLA
setup, as the tapering would be matched to the particular
electron energy and gradient. Alternatively, the PFT optical
setup used here could be modified to include a spatial light

modulator to phase match the laser field to the accelerated
electrons to mitigate the dephasing that caused saturation,
allowing for multi-mm DLA acceleration lengths and
energy gains of > 1 MeV to be fully realized.
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