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In dielectric laser-driven accelerators (DLA), careful tuning of drive-laser wavelength and structure
periodicity is typically required in order to hit the resonant condition and match the phase velocity of the
accelerating wave to the electron beam velocity. By aggressively detuning (up to 30 mrad) the angle of
incidence of the drive laser on a double grating DLA structure, we show that it is possible to recover
resonant phase matching and maximize the energy modulation of an externally injected 6 MeV beam in an
800 nm period structure driven using a 780 nm laser. These results show that it is possible to power DLA
structures away from their design working point, and excite accelerating fields in the gap with phase
profiles that change by a relatively large amount period-to-period. This flexibility is a key feature of DLAs
and a critical element in the realization of phase modulation–based ponderomotive focusing to demonstrate
MeV energy gain and large capture in a single DLA stage.
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I. INTRODUCTION

Dielectric laser accelerators (DLA) hold the promise to
shrink the size of relativistic particle accelerators by four
orders of magnitude due to their micron-size characteristic
scales, while at the same time increasing the accelerating
gradient by more than one order of magnitude [1–4].
Unique advantages of DLAs compared to other laser
accelerators include the use of modest laser powers and
the possibility for very high-efficiency acceleration [5–9].
Modern nanofabrication techniques enable on-chip manu-
facturing for extreme miniaturization of the devices [10],
opening interesting prospects for a variety of applications
including linear colliders, radiation generation, and medical
use [11,12].
One important characteristic of DLAs is the temporal

format of the output beams which are microbunched on the
scale of the laser wavelength [13,14]. While optically
microbunched beams have been demonstrated in various
setups ranging from high-energy particle accelerator beam-
lines [15,16] to electron microscope columns [17], DLAs
offer unique advantages toward solving the problem of
coupling infrared and visible light to moderately relativistic

electrons. In fact, at higher energies (>50 MeV), free-
electron laser interaction is very effective in microbunching
the electrons at the attosecond scale [15,18]. At lower
energies (<200 keV), small nanostructures can be used to
simply couple the light to the electrons [19]. In the
intermediate energy range (1–10 MeV), uniquely useful
for ultrafast electron diffraction and scattering applications
[20], the demonstration of attosecond bunch trains is still
far from having been realized.
One of the challenges in DLA is the relatively small size

of the stable accelerating region in the longitudinal phase
space. Essentially, only particles of a given energy can
interact with the electromagnetic field in a DLA structure.
This resonant condition is met when the particle longi-
tudinal velocity is equal to the phase velocity of the wave in
the structure so that phase-synchronous acceleration can
occur. The relevant parameter setting the resonant energy
bandwidth of the accelerator (i.e., the maximum energy
deviation from the resonant condition for which there can
still be significant DLA interaction) is the normalized wave
amplitude α ¼ e0E0=mec2k where k ¼ ω=c is the laser
free-space wavenumber. The relative energy acceptance
(i.e., energy bandwidth over resonant energy) is propor-
tional to the square root of this quantity, which is typically
very small (10−5) for DLA, especially compared to α ≈ 1 in
conventional rf accelerators. Consequently, one has to
carefully design DLA structures to be resonant (and to
efficiently interact) with the target energy electron beam.
As an example, in order to excite waves phase-synchronous
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with 6 MeVelectrons, an 800 nm period structure needs to
be driven by an 803 nm laser. If the laser is detuned to
804 nm, the dephasing length (the length of the region over
which the accelerating wave and the electrons remain
synchronous so that effective interaction can take place)
reduces to < 300 μm, strongly limiting the achievable
energy gain.
At the same time, there are a variety of instances where it

might be convenient to drive a DLA structure using a laser
source at a different frequency than the design value, or,
equivalently, an input e-beam energy different than
originally planned. This is also relevant in setups where
the spectrum of the drive laser might not be perfectly
monochromatic or is not precisely centered around the
design wavelength. In some instances, in order to control
the transverse dynamics, a quickly varying phase profile
might be added to the laser (therefore broadening the
incoming spectrum), as recently proposed [21]. From the
fabrication point of view, manufacturing limitations often
constrain the physical dimensions of the DLA features to
nonoptimized (typically larger) sizes so that driving a
structure with a different laser wavelength might even
yield improvements in the diffraction efficiency. All these
cases indicate that the possibility to compensate in situ for
structure mismatch could be an important factor in large
scale DLA development.
In this paper, we demonstrate the flexibility for double

grating DLA structures [22,23] to be driven using a laser
system of wavelength shorter than the structure periodicity.
If illuminated at normal incidence, the phase velocity in
these structures would be larger than c and not suitable for
particle acceleration, but by varying the incident angle from
the normal by as much as 30 mrad, resonance with
relativistic electrons is recovered and the energy modula-
tion maximized. These results provide an experimental
validation of the wide acceptance bandwidth of DLA
structures, confirming that is possible to have large phase
shifts in adjacent periods of the DLA [24,25]. The latter is a
critical aspect for the next generation DLA experiments
where long interaction regions and detailed control of the
dynamics using external drive laser phase manipulation
will be implemented [26,27].
The paper is organized as follows. In experimental setup

section, the experimental setup is discussed. A sophisti-
cated analysis procedure is developed to extract from the
measured energy spectra the important parameters for the
interaction, such as the accelerated charge and the induced
energy modulation. We then report on measurements of the
energy modulation experienced by the particles as a
function of the relative laser-electron timing, and of the
incident laser power to establish the spatiotemporal overlap
and characterize the structure response. Finally, we present
the measurements of energy modulation as a function of the
incidence angle. The significance of these results is dis-
cussed before drawing general conclusions.

II. EXPERIMENTAL SETUP

The experiment was performed at the UCLA Pegasus
advanced rf photoinjector beamline [28,29]. The laser drive
for this experiment is a (up to 30 mJ per pulse) Ti:Sapphire
laser with 10 Hz repetition rate, a center wavelength λl of
780 nm, and a pulse length of 100 fs FWHM. The laser
pulse is split to be used both to drive the copper photo-
cathode in the SLAC/UCLA/BNL rf gun after a third-
harmonic generation stage and to power the DLA structure.
The 1–2 pC electron beam generated in the gun is then
focused by the gun solenoid into linac to accelerate up to
6 MeV. A series of quadrupole lenses arranged in a triplet
configuration is used to focus the electrons into the DLA
gap. A diagnostic section comprised of two quadrupoles
and a spectrometer dipole is used to monitor the beam
energy distribution after the DLA interaction. The DLA-
driver laser arm delivers up to 1 mJ of energy to the DLA
sample. The 12 m long transport contains a series of lenses
to adjust the spot size at the interaction, a half-waveplate
polarizing beam splitter combo for intensity control, a
translation stage for timing alignment, and the vacuum
window as described in Fig. 1.
The system parameters are reported in Table I. The DLA

structure for this experiment is made by separate gratings
with period λg ¼ 800 nm etched on two SiO2 wafers,
which are subsequently bonded together [1,22]. The
structure employed here was used previously at UCLA
to demonstrate record acceleration gradients [3] and energy
gains [26].
Details of the sample area geometry are shown in Fig. 2.

A featured collimator is placed after the sample to filter
electrons which do not pass through the 800 nm sample
gap. The top of the collimator part is manufactured with a
crenel-like shape that facilitates the initial alignment phase
in the experiment. When the electron beam is over focused
the features of the collimator create a shadow map that
allows identification of the reference features on the
sample. To refine the alignment, two relatively large
(250 μm× 500 μm) alignment channels etched in the
SiO2 DLA substrate enable final tuning of the sample
pitch and yaw angles to within 0.5 mrad. Because the beam
size is approximately 50 μm rms, and the gap in the sample
is only 800 nm with an angular acceptance of 0.8 mrad,
careful sample alignment is imperative to ensure that
enough electrons are propagated to the spectrometer.
Less than 0.1% of the electrons incident on the DLA are
transmitted, corresponding to up to 5000 E per shot. The
collimator helps to distinguish the transmitted electrons
from the electrons passing around the sample. Gating the
ICCD camera looking at the yttrium aluminum garnet
(YAG) spectrometer screen allows to further remove the
dark current background.
The final spectrometer screen (YAG in Fig. 1) is energy-

calibrated by measuring the change in beam position at the
screen when changing the spectrometer dipole current. This
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yields a 0.9 keV=pixel calibration, under the assumption of
a linear relation between dipole current and magnetic field.
As an independent check, we also calculate the dispersion
function at the screen to be 31.6 cm using the dipole radius
of curvature, the bending angle and the screen location.
Taking into account the spatial calibration of the camera
(41 μm=pixel), we obtain a 0.78 keV=pixel calibration,
indicating a slight saturation of the dipole. This latter (more
conservative) value is used to convert spread in pixel into
energy modulation in the rest of the paper. The point spread
function of the screen and optical system allow to resolve a
minimum line-width of three pixels corresponding to
2.34 keV.
The temporal synchronization of the laser and electron

pulses is initially established by focusing the laser on a
standard transmission electron microscopy (TEM) copper
grid mounted at a 45° angle next to the DLA structure with

a fluence of 1 J=cm2, acquired by removing the cylindrical
lens from the transport. The fields of the electron cloud
liberated at the copper surface by the laser are sampled by
the passing relativistic e-beam and temporal overlap can be
detected by observing their effect on the beam profile on a

TABLE I. List of parameters for the DLA experiment. Laser
spot size varied; parameters given for drive laser intensity scan.

Parameter Value

Beam energy 6 MeV
Beam energy spread (FWHM) 23.5 keV
Beam charge 1–2 pC
Beam rms size at DLA 50 μm
Bunch length 0.25 ps
Laser pulse duration (FWHM) 100 fs
Laser spot size at DLA (FWHM) 1.5 mm × 345 μm
Laser energy 1 mJ
DLA length 500 μm
DLA vacuum gap 800 nm

FIG. 2. (a) Schematic of the double grating DLA concept. A
laser pulse is illuminating at angle θ with respect to the y axis the
500 μm long DLA structure. The electrons travel along z in an
800 nm tall gap. (b) Overhead view of the sample holder used in
the experiments. The sample holder serves multiple functions,
accessed via translation in x and y. A standard TEM copper grid
(circled in white) is used to establish electron laser synchroniza-
tion [30]. A phosphor screen (i) is mounted at 45° to check spatial
overlap with the laser using an overhead camera. Outlined in red,
narrow alignment channels in the DLA structure can be used to
fine-tune the beam location. After insertion of the DLA sample, a
signature of where the electron beam hits the sample (from the
radiation emitted by the nontransmitted electrons passing in the
fused silica) can also be picked up by this camera enabling a final
“live” spatial alignment in grating structure, outlined in green
(three grating sections). Downstream of the DLA, a featured
collimator (ii) piece provides a large reference for the position of
the sample holder.

FIG. 1. Schematic of the Pegasus beamline for DLA acceleration. A 1–2 pC beam generated by a modified SLAC/UCLA/BNL rf
photogun [28] is accelerated by the linear accelerator cavity (LINAC) which is tuned to reduce the energy spread to below 30 keV full
width half max. The gun solenoid and a quadrupole (quad) lens triplet are used to focus the beam through the central vacuum chamber,
where the DLA sample is located. After the chamber, a quad doublet is used to refocus the electrons onto a YAG screen located on the
high-resolution dipole spectrometer. This final screen is viewed with an intensified camera. The optical system for the drive laser
includes two achromatic lenses and a cylindrical lens to shape the intensity distribution at the DLA. A half wave plate (HWP) and
polarising beam splitter (PBS) combination allow intensity control. In addition, there is a translation stage for timing alignment and
tunable mirrors (M1, M2) for angle of incidence control.
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downstream YAG screen. A translation stage on the optical
table allows us to scan the relative time-of-arrival with a
clearly discernible effect lasting about 3 picoseconds [30].
The angle of incidence of the laser on the sample can be

tuned via two mirrors outside of the vacuum box. Figure 3
shows a visual of this system. The laser is initially set to
θ ¼ 30 mrad angle of incidence onto the DLA sample by
using a green alignment laser to observe the back reflection
from the fused silica. This 30 mrad angle phase-matches
ultrarelativistic electrons and laser fields in the structure, as
calculated in Sec. IV. An iris directly before the box is then
used to mark this initial position. An optical ray tracing
transport calculation yields the relationship between posi-
tion offset at the iris and angular offset at the sample. If the
position of the laser on the sample is kept constant (as

monitored by the overhead camera), a 5 mm offset at the iris
corresponds to a 20.7 mrad change to the angle of
incidence. In order to tune the incidence angle, we first
tilt mirror M1 to the desired position on the reference iris,
and then mirror M2 is tilted back to keep the position on the
sample fixed.

III. ANALYSIS OF SPECTROMETER IMAGES TO
RETRIEVE MAXIMUM ENERGY MODULATION

The laser-on spectrometer images are analyzed to extract
the induced energy modulation by the DLA process. Two
sample images and the retrieved energy spectra with and
without laser are shown in Fig. 4. For monoenergetic
electrons injected at random phases into the DLA, the
cumulative distribution function of the energy deviation
(ΔE) after the accelerator can be written as

f0ðΔEÞ ¼
1

π

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δξ2 − ΔE2

p ; ð1Þ

a so-called arcsin distribution sharply peaked at ΔE ¼
�Δξ which represents the max energy modulation of a
particle in the structure and is proportional to the laser field
amplitude and the length of the interaction.
In absence of any interaction, at the spectrometer the

beam shows an intrinsic beam energy spectrum (which
depends on the photoemission process as well as the gun
and linac settings and the spectrometer resolution) with
functional dependence gðΔEÞ. In our case, g is obtained by
fitting the observed energy lineout without any laser
modulation to a Lorentzian distribution

gðΔEÞ ¼ 1

π

Γ
2

ðΔEÞ2 þ ðΓ
2
Þ2 ; ð2Þ

FIG. 3. (a) Schematic of the optical system delivering the laser
to the DLA. Two achromatic lenses are used to obtain a small
round spot size (FWHM ¼ 230 μm) at the DLA plane. A
cylindrical lens is then added to the transport in order to expand
the laser beam along the acceleration axis. The angle of incidence
is controlled by two mirrors, M1 and M2, before the reference
iris, also shown. The displacement of the laser on that iris is
converted to an angular offset, θ, at the DLA grating. (b) Reverse
ray-tracing with three example trajectories at 25, 30, and 35 mrad
incidence angles. The dotted lines indicate the two achromatic
lenses, and the solid vertical line is the iris position. (c) Three
photos of the reference iris at different incidence angles are
overlaid. There is a linear relationship between the angle of
incidence at the sample θ and the displacement at the iris.

FIG. 4. Two sample ICCD spectrometer images (bottom) with
their corresponding lineouts (top) are shown. On the left, the
unmodulated beam has a Lorenzian shape with a FWHM of
23.5 keV. A modulated spectra is shown in the right column.
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having width Γ ¼ 23.5 keV. This value is the result of the
convolution of the resolution of the spectrometer, the finite
point spread function of the screen and the optical system
used to image it on the CCD camera, the betatron spot size
on the screen (i.e., due to the transverse emittance) and the
beam energy spread. Based on the dispersion estimate
discussed in the paper, the main contributions to this
admittedly large value are due to the point spread function
of the 500 μm thick YAG screen and the finite beam
horizontal emittance.
When the drive laser is turned on, the observed lineout

becomes the convolution of these distributions

fðΔEÞ ¼ f0ðΔEÞ⊛gðΔEÞ: ð3Þ

A numerical deconvolution can be performed to retrieve f0,
but due to the noise in the measurement, the peak induced
energy modulation Δξ is not always immediately extract-
able from the deconvolved profile.
So far we assumed that all electrons see the same field

amplitude in the DLA structure. Even though in general the
setup is arranged to maximize the number of electrons
sampling the peak of the accelerating wave, in practice this
is limited by finite transverse sizes of the beams in the
interaction. In what follows we present an analysis that
takes into account the influence of the transverse sizes of
the electron and laser beams, σe and σl, respectively, on the
energy modulation measurement.

The analysis starts by including the effect of the spatial
distributions of the laser and electron beams on the final
energy profile. Assuming ballistic trajectories so that
electrons have constant horizontal offset x when passing
through the DLA structure, the amplitude of the energy
modulation in the DLA is proportional to the field

amplitude and can be written as Δξe
− x2

2σ2
l where the laser

field is assumed to have a Gaussian transverse distribution
of width σl. The total modulation function f1ðΔEÞ is given
by an integral over the different electric fields experienced
by the particles weighted by the electron transverse dis-
tribution function

f1ðΔE; σe; σlÞ ¼
1

π

Z 1ffiffiffiffi
2π

p
σe
e
− x2

2σ2effiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔξe−1

2
ð xσlÞ

2Þ2 − ΔE2

q dx: ð4Þ

which can be considered a two-dimensional generalization
of f0. The final modulation distribution is obtained
convolving as before f1 with the initial gðΔEÞ to allow
a quantitative comparison with the measured electron
spectra. In Fig. 5, we show two representative cases where
the peak energy modulationΔξ is, respectively, comparable
and much larger than the spectrometer energy resolution.
When the laser beam is much wider than the electron beam
(spot size ratio σe=σl ¼ 0.2), the induced modulation
functions f1 are similar to the one-dimensional case f0.
However, for beams of comparable size, the characteristic

FIG. 5. Simulation of the energy profiles at the spectrometer (yellow lines) when the finite electron and laser spatial distributions are
taken into account. The f traces are obtained by convolving the intrinsic energy distribution function g (red dashed) with the induced
energy modulation f1 (blue dotted). The top traces correspond to a small σe=σl ratio and a nearly one-dimensional interaction. For a
relatively small Δξ (left column), the DLA interaction only broadens slightly the initial energy spectrum (shown in red). When the DLA
peak energy modulation Δξ is much larger than the spectrometer intrinsic resolution (right column), the characteristic double peak
electron distribution is obtained. The larger σe=σl ratio case is shown in the bottom row. In this case, which is the more typical case in our
experimental setup, the electron beam experiences a wide range of laser intensities and the final energy profile is significantly different
than the one-dimensional case.
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double-horn shape in the energy profile disappears and a
smoother profile obtained.
These simulated distributions can be directly compared

to the experimental output using any number of statistical
tools to retrieve the relative transverse size, σe=σl, and the
magnitude of the maximum modulation Δξ. Here, we use
the root mean square error (RMSE) as a figure of merit for
the difference between the simulated and observed spectra.
All the simulated and measured energy profiles are nor-
malized to 1, and the tails of the experimental spectra are
set to zero to eliminate the edge effects of image noise. An
example of a fit is shown in Fig. 6. This process can then be
repeated for each experimental spectrum to identify the
interaction parameters. We observe that the transverse size
of the e-beam and the laser might vary from day to day but
are consistent in each run day. In order to take this into
account, we perform a global fit to retrieve the ratio σe=σl
which minimizes the total RMSE for each day’s data set.
For example, the analysis of the RMSE for the laser
intensity scan data set is formed by 27 experimental
lineouts indicating σe=σl ¼ 1.3 during that particular
run, which is then used to extract Δξ, as in Fig. 6.

IV. MEASUREMENTS AND DISCUSSION

MeasuringΔξ as a function of the relative time-of-arrival
of the laser and the electron beam on the DLA structure, we
obtain the curve shown in Fig. 7. Strong DLA interaction
with an energy modulation up to 25 keV is observed for a
2.7 ps time window, in agreement with the convolution of
the 0.25 ps electron bunch duration and time-of-flight of the
electrons through the DLA grating.
In a second measurement scan reported in Fig. 8, we

study how the peak induced energy modulation, Δξ, is

dependent on the drive laser intensity in order to character-
ize the double grating DLA and extract the structure factor,
κ, defined as the ratio between the peak gradient and the
incident electric field. The laser energy incident on the
DLA is controlled by a half waveplate and polarizing beam
splitter placed in the transport line before the vacuum
window.
The peak accelerating gradient is plotted on the right y

axis in Fig. 8. The values are obtained from the measured
peak energy modulation Δξ divided by the effective length,

FIG. 6. Example of peak energy modulation fit for the
measured energy lineout (blue points), as seen in the spectrometer
image on the right of Fig. 4. In this case, the fit yields a spot size
ratio σe=σL ¼ 1.3, and a peak energy modulation Δξ ¼ 26 keV.
To give an idea of the sensitivity of the fit, we show what the
curve would look like for a different energy modulation Δξ ¼
1 keV for which the RMSE with the data is more than doubled.

FIG. 7. DLA peak energy modulation vs relative time of arrival
of laser and e-beam at the DLA. The solid circles represent the
mean of the three highest modulations at each delay. The black
curve is a supergaussian fit which is used to extract the 2.7 ps
FWHM for the temporal window of the interaction.

FIG. 8. Observed gradient vs incident electric field. The solid
circles are the average of the five peak modulations for each laser
energy setpoint in the scan. The pink dashed curve shows the
predicted energy modulation at the phase-matching condition. A
small change in the angle of incidence on the structure (10 mrad
offset) yields the black line which more closely matches the
measured behavior. The saturation point is reached at 6 GV=m,
with a corresponding peak acceleration gradient of 0.65 GeV=m.
Damage threshold and available laser energy limited us in
probing the structure at higher fields.
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Leff of the interaction. In our case, with no pulse front tilt
applied and a side-illumination geometry, Leff can be
estimated as the laser amplitude (not intensity) pulse length
i.e., Leff ¼

ffiffiffi
2

p
cτl, where τl ¼ 100 fs.

In order to better understand the data, we use the ballistic
approximation to calculate the peak energy gain of an
optimally phased particle in the DLA as [3]

Δξ ¼ qκ

����
Z

L=ð2cÞ

−L=ð2cÞ
E0ðtÞeiΔϕPMðzðtÞ;θ;tÞþiΔϕNLðI0;tÞcdt

����; ð5Þ

where E0ðtÞ is the laser pulse field amplitude and L is the
structure length. The integration is performed along the
particle trajectory inside the DLA structure. The two
complex exponential phase terms ΔϕPM and ΔϕNL refer
to the contributions due to phase matching and nonlinear
effects, respectively. Some care is required to retrieve the
correct structure factor when these effects cannot be
neglected.
High-field amplitudes in the d ¼ 500 μm thick grating

substrate are responsible for a Kerr-effect induced phase
shift ΔϕNL ≈ n2klId, with n2 ¼ 2.25 × 10−16 cm2=W. In
order to compare to the maximum energy modulation data
Δξ plotted in Fig. 8, we can integrate Eq. (5) for an on axis
phase-velocity matched particle and obtain the pink dashed
curve which does not quite reproduce the observed
behavior.
The difference can be explained looking into the addi-

tional phase term ΔϕPM which takes into account the phase
velocity mismatch between the electrons and the accelerat-
ing wave inside the DLA. We can identify different
contributions to ΔϕPM from the effects of pitch, yaw,
and the grating-laser combination itself. In fact, in the
following, dephasing due to yaw is assumed negligible,
since the structure is relatively short and the propagation
axis of the e-beam is aligned to the long laser axis. In
practice, this angle cannot be used to tune dephasing in our
setup, since any misalignment in yaw would move the laser
off of the grating structure, thus effectively shortening the
interaction length.
We separate the remaining contributions below as

ΔϕPMðz; t; θÞ ¼ Δϕðz; tÞ þ ΔϕIAðz; θÞ; ð6Þ
where Δϕ ¼ kgz − ωlt is the travelling wave phase and z
refers to electron position. If the driving laser wavelength is
not matched to the grating period, the effective interaction
will be strongly reduced due to the rapidly oscillating
integrand in Eq. (5). The last term ΔϕIA is due to the effect
of an oblique incidence of the laser onto the structure and
can be written as

ΔϕIAðz; θÞ ¼
ωln
c

z sinðθ0Þ ¼
ωl

c
z sinðθÞ; ð7Þ

where θ0 is the angle inside the substrate and n sin θ0 ¼
sin θ due to Snell’s refraction law. Positive θ corresponds to

the laser wave vector,  k, having a positive z component, as
seen in Fig. 3.
For an electron beam moving with velocity v ¼ βc, we

can write the phase change after a grating period as

ΔϕPM

�
λg;

λg
βc

; θ

�
¼ 2π

�
λg
λl

�
sinðθÞ − 1

β

�
þ 1

�
; ð8Þ

where we have set z ¼ βct and t ¼ λg=c.
The phase matching condition is calculated by setting

ΔϕPM ¼ constant and can be written as

kg −
ωl

cβ
þ ωl

c
sinðθÞ ¼ 0; ð9Þ

from which it is clear that the illumination angle can be
used to compensate for a mismatch in the travelling wave
phase, Δϕ. For λg ¼ 800 nm and λl ¼ 780 nm, the reso-
nant condition is satisfied by θ ¼ 29 mrad for 6 MeV
electrons.
The nonlinear phase due to the laser pulse propagation in

the grating substrate and the phase mismatch term jointly
combine to determine the phase profile experienced by the
particles in the DLA. The black curve in Fig. 8 is the
prediction for an on axis particle, calculated via Eq. (5) for
an incident angle 10 mrad away from the phase-matching
condition. The comparison of experimental data and the
predicted curve is optimal for a structure factor of κ ¼ 0.18.
Saturation occurs at an incident field of 6 GV=m and a
peak gradient of 0.65 GeV=m in agreement with previous
findings [3]. These measurements indicate that at high-
incident intensities in the nonlinear regime, moving away
from the phase-matching illumination angle results in
partial compensation of the Kerr-induced dephasing,
thereby raising the incident field at which saturation occurs
and switching the concavity of the curve.
Finally in Fig. 9, we plot for a fixed laser intensity the

observed peak energy modulation as a function of the angle
of incidence θ of the laser onto the structure. In this plot, we
overlay the prediction for the energy modulation vs θ in
black, calculated via Eq. (5). The width of this curve is
inversely proportional to the effective interaction length,
Leff ¼

ffiffiffi
2

p
cτl, and further corroborates τl ¼ 100 fs, as used

in the gradient calculations of Fig. 8. The addition of the
nonlinear phase ΔϕNLðI0; tÞ to the integrand of Eq. (5) has
the effect of broadening the angular acceptance of the
grating due to the partial compensation of the nonlinear
Kerr phase shift and the dephasing due to the illumina-
tion angle.
In order to frame these results in the longer term plan for

DLA development, it is important to calculate in the grating
reference frame the phase advance between adjacent
periods by setting z ¼ λg in Eq. (9).
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ΔϕIAðλg; θÞ ¼ 2π
λg
λl
sinðθÞ: ð10Þ

This quantity is relevant for future planned experiments
to modulate the incident laser phase, increasing the
interaction length to the cm scale by taking advantage of
ponderomotive focusing effects. In the various schemes put
forward [21,27], the predicted maximum phase advance per
period is 6.5 mrad; in this experiment, we demonstrated
that the double-grating DLA accelerator still works effi-
ciently for phase shifts of over 200 mrad per period, as seen
is Fig. 10. This result demonstrates a flexibility in grating
parameter choices, showing that it is possible to accelerate

electrons by DLA provided that the driving phase is
controlled to ensure resonant interaction. This flexibility
could enable the use of structures that are not purposely
fabricated for specific DLA setups. It also allows for
relaxed tolerances in the structure dimensions, as shaping
the excitation pulse can correct for errors.

V. CONCLUSION

In this paper, we present first experimental results of
acceleration in a DLA structure driven by a laser-wave-
length mismatched with the grating period. The angle of
incidence is used to compensate for the mismatch and
recover resonant interaction with 6 MeV electrons.
These results highlight the interplay between nonlinear

effects and angle-of-incidence phase velocity mismatch in
determining the induced energy modulation. Detailed
control of the laser phase experienced by the electrons
in the structure is critical to maximize the interaction length
and induced energy modulation.
The results provide an important validation for the wide

phase acceptance of double grating DLA structures. Such
structures will be exploited in future experiments where the
driving phase will be rapidly varied to ponderomotively
focus the e-beam inside the DLA, thereby increasing the
interaction length.

ACKNOWLEDGMENTS

This work has been supported by the ACHIP grant from
the Gordon and Betty Moore Foundation (GBMF4744) and
by U.S. Department of Energy Grant No. DE-AC02-
76SF00515. This material is based upon work supported
by the National Science Foundation Graduate Research
Fellowship Program under Grant No. DGE-1650604. Any
opinions, findings, and conclusions or recommendations
expressed in this material are those of the author(s) and do
not necessarily reflect the views of the National Science
Foundation.

[1] E. Peralta et al., Demonstration of electron acceleration in a
laser-driven dielectric microstructure, Nature (London)
503, 91 (2013).

[2] J. Breuer and P. Hommelhoff, Laser-Based Acceleration of
Nonrelativistic Electrons at a Dielectric Structure, Phys.
Rev. Lett. 111, 134803 (2013).

[3] D. Cesar, S. Custodio, J. Maxson, P. Musumeci, X. Shen,
E. Threlkeld, R. J. England, A. Hanuka, I. V. Makasyuk,
E. A. Peralta, K. P. Wootton, and Z. Wu, High-field non-
linear optical response and phase control in a dielectric
laser accelerator, Commun. Phys. 1, 46 (2018).

[4] K. J. Leedle, D. S. Black, Y. Miao, K. E. Urbanek, A.
Ceballos, H. Deng, J. S. Harris, O. Solgaard, and R. L.
Byer, Phase-dependent laser acceleration of electrons with
symmetrically driven silicon dual pillar gratings, Opt. Lett.
43, 2181 (2018).

FIG. 10. Plot of the phase advance within the grating structure
due to the angular offset of the incident laser. The observation of
DLA acceleration signal up to 30 mrad incidence angle, corre-
sponding to a phase advance of 194 mrad=period, confirms the
large acceptance bandwidth of the double grating structure.

FIG. 9. Peak energy modulation as a function of incident angle,
with constant incident intensity. The simulated modulation curve
in black matches the observed behavior and was obtained
assuming an incident laser of 1 mJ and structure factor 0.18,
as fit by the gradient scan. The blue dots denote the mean of the
top five modulations at each angle.

CRISP, ODY, MUSUMECI, and ENGLAND PHYS. REV. ACCEL. BEAMS 24, 121305 (2021)

121305-8

https://doi.org/10.1038/nature12664
https://doi.org/10.1038/nature12664
https://doi.org/10.1103/PhysRevLett.111.134803
https://doi.org/10.1103/PhysRevLett.111.134803
https://doi.org/10.1038/s42005-018-0047-y
https://doi.org/10.1364/OL.43.002181
https://doi.org/10.1364/OL.43.002181


[5] R. Siemann, Energy efficiency of laser driven, structure
based accelerators, Phys. Rev. STAccel. Beams 7, 061303
(2004).

[6] R. J. England et al., Dielectric laser accelerators, Rev. Mod.
Phys. 86, 1337 (2014).

[7] A. Hanuka and L. Schächter, Optimized operation of
dielectric laser accelerators: Multibunch, Phys. Rev. Accel.
Beams 21, 064402 (2018).

[8] A. Hanuka and L. Schächter, Optimized operation of
dielectric laser accelerators: Single bunch, Phys. Rev.
Accel. Beams 21, 054001 (2018).

[9] A. Hanuka and L. Schchter, Operation regimes of a
dielectric laser accelerator, Nucl. Instrum. Methods Phys.
Res., Sect. A 888, 147 (2018).

[10] N. V. Sapra, K. Y. Yang, D. Vercruysse, K. J. Leedle, D. S.
Black, R. J. England, L. Su, R. Trivedi, Y. Miao, O.
Solgaard, R. L. Byer, and J. Vučković, On-chip integrated
laser-driven particle accelerator, Science 367, 79 (2020).

[11] K. P. Wootton, J. McNeur, and K. J. Leedle, Dielectric laser
accelerators: Designs, experiments, and applications, Rev.
Accel. Sci. Techol. 09, 105 (2016).

[12] L. Schächter, Energy recovery in an optical linear collider,
Phys. Rev. E 70, 016504 (2004).

[13] D. S. Black, U. Niedermayer, Y. Miao, Z. Zhao, O.
Solgaard, R. L. Byer, and K. J. Leedle, Net Acceleration
and Direct Measurement of Attosecond Electron Pulses in
a Silicon Dielectric Laser Accelerator, Phys. Rev. Lett. 123,
264802 (2019).

[14] N. Schönenberger, A. Mittelbach, P. Yousefi, J. McNeur,
U. Niedermayer, and P. Hommelhoff, Generation and
Characterization of Attosecond Microbunched Electron
Pulse Trains via Dielectric Laser Acceleration, Phys.
Rev. Lett. 123, 264803 (2019).

[15] C. M. S. Sears, E. Colby, R. Ischebeck, C. McGuinness, J.
Nelson, R. Noble, R. H. Siemann, J. Spencer, D. Walz, T.
Plettner, and R. L. Byer, Production and characterization of
attosecond electron bunch trains, Phys. Rev. ST Accel.
Beams 11, 061301 (2008).

[16] N. Sudar et al., Demonstration of Cascaded Modulator-
Chicane Microbunching of a Relativistic Electron Beam,
Phys. Rev. Lett. 120, 114802 (2018).

[17] A. Feist, N. Bach, N. Rubiano da Silva, T. Danz, M. Mller,
K. E.Priebe, T.Domrse, J. G.Gatzmann,S.Rost, J. Schauss,
S. Strauch, R. Bormann, M. Sivis, S. Schfer, and C. Ropers,
Ultrafast transmission electron microscopy using a laser-
driven field emitter: Femtosecond resolution with a high
coherence electron beam, Ultramicroscopy 176, 63 (2017).

[18] J. Duris et al., Tunable isolated attosecond X-ray pulses
with gigawatt peak power from a free-electron laser, Nat.
Photonics 14, 30 (2020).

[19] C. Kealhofer, W. Schneider, D. Ehberger, A. Ryabov, F.
Krausz, and P. Baum, All-optical control and metrology of
electron pulses, Science 352, 429 (2016).

[20] P. W. Hawkes and J. C. Spence, Springer Handbook of
Microscopy ( Springer Nature, New York, 2019).

[21] D. Cesar, P. Musumeci, and J. England, All optical control
of beam dynamics in a DLA, in 2018 IEEE Advanced
Accelerator Concepts Workshop (AAC) (IEEE, Brecken-
ridge, 2018), pp. 1–5.

[22] E. A. Peralta, E. Colby, R. J. England, C. McGuinness, B.
Montazeri, K. Soong, Z. Wu, and R. L. Byer, Design,
fabrication, and testing of a fused-silica dual-layer grating
structure for direct laser acceleration of electrons, AIP
Conf. Proc. 1507169 (2012).

[23] Y.Wei, G. Xia, J. Smith, and C.Welsch, Dual-gratings with
a Bragg reflector for dielectric laser-driven accelerators,
Phys. Plasmas 24, 073115 (2017).

[24] B. Naranjo, A. Valloni, S. Putterman, and J. Rosenzweig,
Stable Charged-Particle Acceleration and Focusing in a
Laser Accelerator Using Spatial Harmonics, Phys. Rev.
Lett. 109, 164803 (2012).

[25] U. Niedermayer, T. Egenolf, O. Boine-Frankenheim, and
P. Hommelhoff, Alternating-Phase Focusing for Dielectric-
Laser Acceleration, Phys. Rev. Lett. 121, 214801
(2018).

[26] D. Cesar, J. Maxson, X. Shen, K. P. Wootton, S. Tan, R. J.
England, and P. Musumeci, Enhanced energy gain in a
dielectric laser accelerator using a tilted pulse front laser,
Opt. Express 26, 29216 (2018).

[27] A. Ody, S. Crisp, P. Musumeci, D. Cesar, and R. England,
Shard: A beam dynamics simulation code for dielectric
laser accelerators based on spatial harmonic field expan-
sion, Nucl. Instrum. Methods Phys. Res., Sect. A 1013,
165635 (2021).

[28] D. Alesini et al., New technology based on clamping for
high gradient radio frequency photogun, Phys. Rev. ST
Accel. Beams 18, 092001 (2015).

[29] J. Maxson, D. Cesar, G. Calmasini, A. Ody, P. Musumeci,
and D. Alesini, Direct Measurement of sub-10 fs Relativ-
istic Electron Beams with Ultralow Emittance, Phys. Rev.
Lett. 118, 154802 (2017).

[30] C. M. Scoby, R. Li, and P. Musumeci, Effect of an ultrafast
laser induced plasma on a relativistic electron beam to
determine temporal overlap in pumpprobe experiments,
Ultramicroscopy 127, 14 (2013).

RESONANT PHASE MATCHING BY … PHYS. REV. ACCEL. BEAMS 24, 121305 (2021)

121305-9

https://doi.org/10.1103/PhysRevSTAB.7.061303
https://doi.org/10.1103/PhysRevSTAB.7.061303
https://doi.org/10.1103/RevModPhys.86.1337
https://doi.org/10.1103/RevModPhys.86.1337
https://doi.org/10.1103/PhysRevAccelBeams.21.064402
https://doi.org/10.1103/PhysRevAccelBeams.21.064402
https://doi.org/10.1103/PhysRevAccelBeams.21.054001
https://doi.org/10.1103/PhysRevAccelBeams.21.054001
https://doi.org/10.1016/j.nima.2018.01.060
https://doi.org/10.1016/j.nima.2018.01.060
https://doi.org/10.1126/science.aay5734
https://doi.org/10.1142/S179362681630005X
https://doi.org/10.1142/S179362681630005X
https://doi.org/10.1103/PhysRevE.70.016504
https://doi.org/10.1103/PhysRevLett.123.264802
https://doi.org/10.1103/PhysRevLett.123.264802
https://doi.org/10.1103/PhysRevLett.123.264803
https://doi.org/10.1103/PhysRevLett.123.264803
https://doi.org/10.1103/PhysRevSTAB.11.061301
https://doi.org/10.1103/PhysRevSTAB.11.061301
https://doi.org/10.1103/PhysRevLett.120.114802
https://doi.org/10.1016/j.ultramic.2016.12.005
https://doi.org/10.1038/s41566-019-0549-5
https://doi.org/10.1038/s41566-019-0549-5
https://doi.org/10.1126/science.aae0003
https://doi.org/10.1063/1.4773690
https://doi.org/10.1063/1.4773690
https://doi.org/10.1063/1.4993206
https://doi.org/10.1103/PhysRevLett.109.164803
https://doi.org/10.1103/PhysRevLett.109.164803
https://doi.org/10.1103/PhysRevLett.121.214801
https://doi.org/10.1103/PhysRevLett.121.214801
https://doi.org/10.1364/OE.26.029216
https://doi.org/10.1016/j.nima.2021.165635
https://doi.org/10.1016/j.nima.2021.165635
https://doi.org/10.1103/PhysRevSTAB.18.092001
https://doi.org/10.1103/PhysRevSTAB.18.092001
https://doi.org/10.1103/PhysRevLett.118.154802
https://doi.org/10.1103/PhysRevLett.118.154802
https://doi.org/10.1016/j.ultramic.2012.07.015

