
Laser accelerator on a chip 
in Lund ?



Why particle accelerators matter
Discovery Science
Particle accelerators are essential tools of discovery for particle and 
nuclear physics and for sciences that use x-rays and neutrons.

Medicine
Tens of millions of patients receive accelerator-based diagnoses and 
therapy each year in hospitals and clinics around the world.

Industry
Worldwide, hundreds of industrial processes use particle accelerators 
– from the manufacturing of computer chips to the cross-linking of 
plastic for shrink wrap and beyond.

Security
Particle accelerators play an important role in ensuring security, 
including cargo inspection and materials characterization.



Linear particle accelerator
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Need for new acceleration techniques

Maximum electric field = few 10 MV/m (breakdown)

R > Rmin (synchrotron radiation)

Increased energy → Longer accelerator → Higher cost

LHC at CERN European XFEL

PLASMAS DIELECTRICSHigher E-fields in:



Laser wakefield accelerator

Laser drives a wake wave in plasma

Electrons can ‘surf’ the wake field

Accelerated electron pulse has duration of few fs

3D PIC simulation with CALDER-Circ

Wave in wake of boat



Advanced accelerator concepts

“Towards a Proposal for an Advanced Linear Collider”, Alegro Collaboration, 2017

Experimental results achieved in acceleration of e-

Energy Gain ∆E/E Length Acc. field Reference

PWFA
42 GeV 100 % 80 cm 53 GV/m Blumenfeld, Nature 445, 741-744 (2007)

1.6 GeV 0.7 % 36 cm 4.4 GV/m Litos, Nature 515, 92 (2014)

LWFA
7.8 GeV 100 % 20 cm 39 GV/m Gonsalves, Phys Rev Lett 122, 084801 (2019)

4.2 GeV 3 % 9 cm 47 GV/m Leemans, Phys. Rev. Lett. 113, 245002 (2014)

SWFA 30 MeV 0.7 % 9 cm 320 MV/m O’Shea, Nat. Comm. 7, 12763 (2016)

DLA 24 keV 100 % 35 µm 690 MV/m Wooton, Optics Letters 41, 2696 (2016)

Medium
Driver Dielectric Plasma

Laser pulse Dielectric Laser Accelerator
DLA

Laser Wakefield Accelerator
LWFA

Particle Bunch Structure Wakefield Accelerator
SWFA

Plasma Wakefield Accelerator
PWFA



Acceleration at a dielectric structure



Proposed topologies
3D photonic crystal 

structure
Hollow-core photonic 

bandgap fiber Phase-reset grating

For a review and an extensive list of references, see 
“Dielectric laser accelerators”, R J England et al, Rev Mod Phys 86, 1337 (2014)



DLA demonstration at SLAC
than an 800-nm gap structure but requires tighter tolerances on the
electron beam.
TheNIRpulses, 1.246 0.12 ps long, from a regeneratively amplified

Ti:sapphire mode-locked laser are focused to an r.m.s. spot size of
30mm3 300mm at the interaction point. We use a motorized four-
axis stage for precise alignment of the structure with the electron beam.
Once aligned, the electron beam leaving the structure goes through a
point-to-point focusing spectrometer magnet, which disperses the
outgoing electron beam in energy onto a Kodak Lanex phosphor
screen that is imaged by an intensified CCD (charge-coupled device)
camera. According to particle tracking simulations, 2.2% of the 60-
MeV beam is transmitted through the vacuum channel of the 400-nm
gap structure (see Methods). A segment of the spectrometer screen
focusing on this transmitted distribution is shown in Fig. 2a. The
horizontal axis represents beam energy, and the entire image spans
240 keV. The central pixel location of the 60-MeV beam is taken as the
reference point, corresponding to zero energy deviation (DE).
The spectrometer image in Fig. 2a is a median filtered average of a

dozen shots. The least-squares fit to the distribution of electrons scat-
tered by the fused silica substrate and the grating teeth has been removed
from this image to emphasize the transmitted distribution (seeMethods).
A similarly averaged set of laser-on spectrometer images within 0.5 ps
of the optimal timing overlap for laser pulses with energy 93mJ per
pulse is shown in Fig. 2b. The white contour in both Fig. 2a and Fig. 2b
denotes the location where the spectral charge density is 4.5% of the
maximum density (at the peak of the scattered distribution). In the
presence of a laser field, there exists a higher charge density on either
side of the original peak at DE5 0. The white contour shows a sizable
fraction of electrons with maximum energy that is ,60 keV higher
than in the laser-off case.
The laser-induced energymodulation is readily apparent in the energy

spectra (Fig. 2c). Using the fits to these spectra, a maximum energy
shift of 53.1 keV is calculated fromthe abscissa of thehalf-width at half-
maximum (HWHM) point in the high-energy tail. We use an analy-
tical interaction model (see Methods and Extended Data Fig. 3) to
calculate an accelerating gradient from this measurement. Figure 2c
shows the input electron beam distribution used in the model (blue
curve), which is a fit to themeasured spectrum in the absence of a laser
field (light blue crosses). The calculated energymodulation (red curve)
agrees with our measurement (pink crosses), and gives a correspond-
ing accelerating gradient of 151.2MeVm21 for this example. Particle
tracking simulations (black dots; seeMethods) at this gradient level give
an independent confirmation of the observed modulated spectrum.
To determine themaximum gradient at a given laser power level, we

measure the energymodulation as the laser pulse is temporally scanned

across the electron beam, forming a cross-correlation signal. A sample
measurement at a laser pulse energy of 91.86 1.3mJ over a laser delay
of 6 ps is shown Fig. 3a. The orange circles (laser-off data) show no
variation correlated with laser delay, as expected, and have an r.m.s.
deviation of 4.5 keV, which is taken as the noise floor level of the mea-
surement. The blue circles (laser-on data) show the expected sech2 dis-
tributionwith a full-width at half-maximum(FWHM)of 1.896 0.09 ps,
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Figure 1 | DLA structure and experimental set-up. a, Scanning electron
microscope image of the longitudinal cross-section of a DLA structure
fabricated as depicted in Extended Data Fig. 1a. Scale bar, 2 mm.
b, Experimental set-up. Inset, a diagram of the DLA structure indicating the

field polarization direction and the effective periodic phase reset, depicted as
alternating red (acceleration) and black (deceleration) arrows. A snapshot of
the simulated fields in the structure shows the corresponding spatial
modulation in the vacuum channel. See text for details.
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Figure 2 | Demonstration of energymodulation. a, Image of the transmitted
electron beam on the spectrometer screen, with the laser off. b, As a but when
the laser field is present. c, Energy spectra from a and b showing energy
modulation. A fit (blue curve) to the measured laser-off spectrum (light blue
crosses) is used as input for the simulations. The calculated energy modulation
(red curve) and particle tracking simulations (black dots) agree with our
measured spectrum (pink crosses). Images of the entire spectrometer screen are
shown in Extended Data Fig. 2.
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than an 800-nm gap structure but requires tighter tolerances on the
electron beam.
TheNIRpulses, 1.246 0.12 ps long, from a regeneratively amplified

Ti:sapphire mode-locked laser are focused to an r.m.s. spot size of
30mm3 300mm at the interaction point. We use a motorized four-
axis stage for precise alignment of the structure with the electron beam.
Once aligned, the electron beam leaving the structure goes through a
point-to-point focusing spectrometer magnet, which disperses the
outgoing electron beam in energy onto a Kodak Lanex phosphor
screen that is imaged by an intensified CCD (charge-coupled device)
camera. According to particle tracking simulations, 2.2% of the 60-
MeV beam is transmitted through the vacuum channel of the 400-nm
gap structure (see Methods). A segment of the spectrometer screen
focusing on this transmitted distribution is shown in Fig. 2a. The
horizontal axis represents beam energy, and the entire image spans
240 keV. The central pixel location of the 60-MeV beam is taken as the
reference point, corresponding to zero energy deviation (DE).
The spectrometer image in Fig. 2a is a median filtered average of a

dozen shots. The least-squares fit to the distribution of electrons scat-
tered by the fused silica substrate and the grating teeth has been removed
from this image to emphasize the transmitted distribution (seeMethods).
A similarly averaged set of laser-on spectrometer images within 0.5 ps
of the optimal timing overlap for laser pulses with energy 93mJ per
pulse is shown in Fig. 2b. The white contour in both Fig. 2a and Fig. 2b
denotes the location where the spectral charge density is 4.5% of the
maximum density (at the peak of the scattered distribution). In the
presence of a laser field, there exists a higher charge density on either
side of the original peak at DE5 0. The white contour shows a sizable
fraction of electrons with maximum energy that is ,60 keV higher
than in the laser-off case.
The laser-induced energymodulation is readily apparent in the energy

spectra (Fig. 2c). Using the fits to these spectra, a maximum energy
shift of 53.1 keV is calculated fromthe abscissa of thehalf-width at half-
maximum (HWHM) point in the high-energy tail. We use an analy-
tical interaction model (see Methods and Extended Data Fig. 3) to
calculate an accelerating gradient from this measurement. Figure 2c
shows the input electron beam distribution used in the model (blue
curve), which is a fit to themeasured spectrum in the absence of a laser
field (light blue crosses). The calculated energymodulation (red curve)
agrees with our measurement (pink crosses), and gives a correspond-
ing accelerating gradient of 151.2MeVm21 for this example. Particle
tracking simulations (black dots; seeMethods) at this gradient level give
an independent confirmation of the observed modulated spectrum.
To determine themaximum gradient at a given laser power level, we

measure the energymodulation as the laser pulse is temporally scanned

across the electron beam, forming a cross-correlation signal. A sample
measurement at a laser pulse energy of 91.86 1.3mJ over a laser delay
of 6 ps is shown Fig. 3a. The orange circles (laser-off data) show no
variation correlated with laser delay, as expected, and have an r.m.s.
deviation of 4.5 keV, which is taken as the noise floor level of the mea-
surement. The blue circles (laser-on data) show the expected sech2 dis-
tributionwith a full-width at half-maximum(FWHM)of 1.896 0.09 ps,
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Figure 1 | DLA structure and experimental set-up. a, Scanning electron
microscope image of the longitudinal cross-section of a DLA structure
fabricated as depicted in Extended Data Fig. 1a. Scale bar, 2 mm.
b, Experimental set-up. Inset, a diagram of the DLA structure indicating the

field polarization direction and the effective periodic phase reset, depicted as
alternating red (acceleration) and black (deceleration) arrows. A snapshot of
the simulated fields in the structure shows the corresponding spatial
modulation in the vacuum channel. See text for details.

–100 –50 0 50 100

0

0.05

0.1

0.15

0.2

Energy deviation, ΔE (keV) 

C
ha

rg
e 

de
ns

ity
 (a

rb
itr

ar
y 

un
its

) Laser off
Spectrum !t
Laser on
Model
Simulation

P
os

iti
on

 (m
m

)
P

os
iti

on
 (m

m
) 15

12

  

15

12

  

0         0.2        0.4       0.6        0.8         1
Charge density (arbitrary units)

a

b

c

Accelerated
  electrons

Laser off 

Laser on

Energy gain
9

9

Figure 2 | Demonstration of energymodulation. a, Image of the transmitted
electron beam on the spectrometer screen, with the laser off. b, As a but when
the laser field is present. c, Energy spectra from a and b showing energy
modulation. A fit (blue curve) to the measured laser-off spectrum (light blue
crosses) is used as input for the simulations. The calculated energy modulation
(red curve) and particle tracking simulations (black dots) agree with our
measured spectrum (pink crosses). Images of the entire spectrometer screen are
shown in Extended Data Fig. 2.
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Dual-sided grating structure >250 MeV/m

Peralta et al., Nature 503, 91-94 (2013)

60 MeV



Dual pillar gratings

Distributed 
Bragg reflector

Yousefi et al., Opt Lett 44, 1520 (2019)

Finally, the whole structure is simulated to include edge effects.
The electron beam parameters are chosen to reproduce the beam
used in the experiments with energies of 28.4 and 28.1 keV and
a geometric emittance of 300 pm rad. We assume a Gaussian
beam with a FWHM circular spot size of 20 nm at the entrance
of the accelerator structure.

Figures 1(a) and 1(b) show the structures fabricated from 1 to
5 ohm-cm phosphorus-doped Sih100i. Their patterns are writ-
ten via electron beam lithography using a RAITH 150TWO.
The written patterns are etched via cryogenic reactive ion etching
using a Plasma lab 100 Oxford Instruments to directionally etch
silicon to a depth of !3.0" 0.1# μm [21]. The structures are
!12.0" 0.1# μm long with a period of !630" 5# nm, a pillar
diameter of !320" 5# nm, and an acceleration channel aperture
of !200" 5# nm. The DBR consists of four layers of silicon
with a thickness of !145" 5# nm equivalent to λ∕4n, with n
being the refractive index of silicon at the incident wavelength
of λ $ 2 μm. The layers are separated by vacuum layers with a
distance of !530" 5# nm, which is approximately equal to a
quarter of the designed incident wavelength. We fabricated
two sets of structures one with and one without a DBR to de-
termine the DBR effect on the acceleration. The relative differ-
ence between geometrical dimensions of the fabricated structures

is 0.8%. Such a similarity is crucial to exclusively study the DBR
effect on the electron dynamics. A 1930 nm laser pulse with a
pulse duration of 650 fs is incident on the pillars with an incident
angle of approximately 5° to the zy plane, exciting the optical
near-fields. The alignment apertures are etched in front of the
structures for easier alignment of the electron beam in the accel-
erating channel between the pillars.

Since the geometrical parameters of the fabricated structures
deviate about 6% from the ideal simulated parameters, limited by
the fabrication precision, we performed 2D-FDTD simulations
for the structures with the fabricated geometrical parameters. The
simulations are performed on the whole structures. Figures 1(c)
and 1(d) show the simulated longitudinal electric field (Ez) pro-
file normalized by the incident electric field (E ) for dual pillars
without and with a DBR, respectively. A Gaussian laser beam
with a central wavelength of 1930 nm and a pulse duration
of 650 fs is chosen, in accordance with the values used in the
experiment. It is evident from the field profiles that adding a
DBR enhances the longitudinal electric field. The inset plots
show the cross-sectional slice of the normalized longitudinal elec-
tric field at the dashed line. As they indicate, the field amplitude
inside the accelerating channel is doubled when the DBR is
added. This occurs as the phase shift between the incident field
and the reflected field from the DBR is zero, Δφ $ 0, which
leads to a constructive interference of the two fields.

Our experimental setup is depicted in Fig. 2. We employ a
Phillips XL30 scanning electron microscope (SEM) equipped
with a standard Schottky emitter. A Ti:sapphire regenerative
amplifier with a repetition rate of 1 kHz, combined with an

Fig. 1. Silicon dual pillar gratings (a) without a DBR and (b) with a
DBR. More details of the structures are shown in the insets. The struc-
tures are !12.0" 0.1# μm long (in the z direction) and !3.0"
0.1# μm tall (in the x direction). The apertures are for easier alignment
of the electron beam in the channel between the pillars. The red and
blue arrows indicate the directions of the laser beam and the electron
beam, respectively. The laser pulse is polarized parallel to the z direc-
tion, and it is incident on the structure with an angle of ∼5° to the zy
plane. The electron pulses are spatially and temporally superimposed
with the incident laser pulses. (c) 2D-FDTD simulation of an Ez∕E
electric field profile for dual pillar grating without a DBR and (d) with
a DBR, illuminated by a 1930 nm, 650 fs Gaussian laser beam. The
inset plots show the cross-sectional slice of the Ez∕E profile at the
dashed line. The normalized longitudinal field amplitude is doubled
when the DBR is added as the phase shift between the incident field,
and the reflected field from the DBR is zero (Δφ $ 0).

Fig. 2. Experimental setup. The electron pulses are emitted from a
UV laser-triggered Schottky emitter installed inside a SEM column. The
emitted electrons traverse a dual pillar grating with a DBR illuminated
by 1930 nm, 650 fs drive laser pulses polarized in the z direction. After
the electron pulse has interacted with the excited near-fields between the
pillars, it enters a magnetic spectrometer for energy analysis.

Letter Vol. 44, No. 6 / 15 March 2019 / Optics Letters 1521

FDTD field 
simulation

200 MV/m
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Table 1. Laser Damage Fluence and Acceleration
Gradient of Three Groups of Pillars

Damage Fluence

Range [mJ/cm
2
]

Acceleration

Gradient

[MeV/m]

Gap

[nm]

Length

[µm]

Unannealed
silicon pillars [15]

5.3–10.0 133 ± 8 400 15

Annealed only
pillars

9.5–10.2 N/A 400 15

Annealed and
nitride coating

12.7 178 ± 1.8 320 15

Fig. 4. SEM of annealed (top) and unannealed (bottom) silicon pil-
lars after LIDT test. (a), (b) SEM and simulation of field distribution of
the annealed pillars, respectively. (c), (d) Unannealed silicon pillars.

groups. Figure 4 is the SEM of the first two groups after damage
tests.

The pillars in Fig. 4(a) are annealed at 950�C for 15 min,
while those in Fig. 4(c) are not annealed. The laser illuminates
the pillars from the bottom (single-side illumination; see Fig. 4).
Figures 4(b) and 4(d) are the simulated field distributions
of single-side illumination. In Fig. 4(a), the position of the
damage sites agrees with the corresponding field hotspots
[Fig. 4(b)]. This is not the case in the unannealed pillars
[Fig. 4(c)]. Hydrogen annealing also decreases the observed
range of the DLA LIDT. Damage fluences range from 5.3 to
10.0 mJ/cm2 for unannealed silicon pillars, whereas annealed
pillars damage at fluences from 9.5 to 10.2 mJ/cm2.

Hydrogen annealing reduces RIE-induced surface roundness
in the 10–20 nm range (RMS) to the 0.2–0.3 nm range (RMS)
[8,9]. The “scalloping” characteristic of deep RIE is also signifi-
cantly smoothed by hydrogen annealing [see Figs. 1 and 3(b)].
Without hydrogen annealing, damage to the mesa occurs at
fluences similar to or smaller than the LIDT of the pillars.

The laser-induced damage on the mesa appears in periodic,
grating-like patterns (periodicity is comparable to the laser
wavelength in the material) before annealing [16,17]. After
annealing, the scalloped sidewalls are smoothed and no laser-
induced ripples appear at the damage fluence of the pillars. The
radius of the scalloped edges is reduced from 500 nm to less than
100 nm, and the mesa LIDT increases beyond the LIDT of the

Fig. 5. SEM of the pillars (a) before and (b), (c) after acceleration
experiment.

pillars. As a result, the position and value of the maximum field
on the pillar surface are determined by the pillar shape and not
by random variations in surface roughness. This decreases the
variation of the damage fluence and the variation of the posi-
tion of onset of damage, while the maximum damage fluence
remains unchanged. Since DLA performance degrades rapidly if
a single pillar is damaged, the DLA benefits from the reduction
in surface perturbations caused by hydrogen annealing.

Figure 5 shows the SEM of the third group (annealed and
nitride coated) before and after damage. The measured damage
fluence is 12.7 mJ/cm2. Compared with the first two groups,
the nitride coating improves the damage fluence by 27%. When
adding a thin film of low-stress nitride, which is transparent at
2 µm, most of the power is still absorbed by the silicon. Due to
the multi-photon absorption, a highly excited electron–hole
plasma is generated in the silicon within the first 100 fs [18]. We
hypothesize that these electrons migrate to the silicon nitride
layer with energies that exceed the bandgap of the low-stress
(silicon-rich) nitride layer, 2.1–2.3 eV [19], leading to free-
carrier absorption in the nitride layer [20]. The amount of
power absorbed by the silicon is decreased, which increases the
overall LIDT of the pillars. This suggests that a high-LIDT and
low-bandgap coating material is preferred. We have previously
explored thin-film ALD coatings of hafnium oxide (bandgap
5.6–5.8 eV [21]), gallium oxide (4.5 eV [22]), aluminum oxide
(6.2–6.8 eV [23]), and LPCVD coating of stoichiometric
silicon nitride (3.3 eV [19]) on DLAs, and performed LIDT
measurements. We measure so that the LIDT of these coated
samples is the same as the uncoated DLA within experimen-
tal error. We hypothesize that the reason these other coatings
provide no benefit to LIDT is that their bandgap is larger than
the excited carrier energy and very little free-carrier absorption
occurs in the coating layer.

The measured LIDT of a silicon wafer with 2µm, 300 fs laser
pulses is 160 mJ/cm2. The LIDT of the same low-stress nitride
coating as used on the pillar coating on a plane silicon wafer is
192 mJ/cm2. The damage fluence increases 15.0%. The LIDTs
of pillars without and with nitride coating are 10.0 mJ/cm2

and 12.7 mJ/cm2, respectively, which means that the LIDT
improvement is due to the combination of both pillar structures
and nitride coating.

Electron acceleration tests use the first and third groups of
pillars. The acceleration experiment utilizes a custom-built
100 keV scanning transmission electron microscope as the test
setup [2,5,15].The electrons go through the channel of the

Before laser irradiation After laser irradiation

“Surface treatments of dielectric laser accelerators for increased laser-induced 
damage threshold”, Optics Letters 45, 391 (2020)

Surface treatment increases damage threshold



On-chip integrated laser accelerator

OPTICS

On-chip integrated laser-driven particle accelerator
Neil V. Sapra1*, Ki Youl Yang1, Dries Vercruysse1, Kenneth J. Leedle1, Dylan S. Black1, R. Joel England2,
Logan Su1, Rahul Trivedi1, Yu Miao1, Olav Solgaard1, Robert L. Byer1, Jelena Vučković1

Particle accelerators represent an indispensable tool in science and industry. However, the size and cost
of conventional radio-frequency accelerators limit the utility and reach of this technology. Dielectric
laser accelerators (DLAs) provide a compact and cost-effective solution to this problem by driving
accelerator nanostructures with visible or near-infrared pulsed lasers, resulting in a 104 reduction of
scale. Current implementations of DLAs rely on free-space lasers directly incident on the accelerating
structures, limiting the scalability and integrability of this technology. We present an experimental
demonstration of a waveguide-integrated DLA that was designed using a photonic inverse-design
approach. By comparing the measured electron energy spectra with particle-tracking simulations, we
infer a maximum energy gain of 0.915 kilo–electron volts over 30 micrometers, corresponding to an
acceleration gradient of 30.5 mega–electron volts per meter. On-chip acceleration provides the
possibility for a completely integrated mega–electron volt-scale DLA.

D
ielectric laser accelerators (DLAs) have
emerged as a promising alternative
to conventional radio-frequency accel-
erators because of the large damage
threshold of dielectric materials (1, 2);

the commercial availability of powerful, near-
infrared femtosecond pulsed lasers; and the
low-cost, high-yield nanofabrication processes
that produce them. Together, these advan-
tages allow DLAs to make an impact in the
development of applications requiringmega–
electron volt energy beams of nanoampere
currents, such as tabletop free-electron lasers,
targeted cancer therapies, and compact imag-
ing sources (3–7).

DLAs are designed by choosing an appro-
priate pitch and depth of a periodic structure
such that the near fields are phase matched
to electrons of a specific velocity (8, 9). These
structures, together with focusing elements,
integrated electron sources, and microbunch-
ing structures, form the building blocks to
achieve mega–electron volt-scale energy gain
through cascaded stages of acceleration (10–13).
Previous demonstrations of DLAs have relied
on free-space lasers directly incident on the
accelerating structure, often pillars or gratings
made of fused silica or silicon (14–20). How-
ever, free-space excitation requires bulky optics;
therefore, integration with photonic circuits

would enable increased scalability, robustness,
and impact of this technology.
Integration with photonic waveguides rep-

resents a design challenge because of dif-
ficulties in accounting for scattering and
reflections of the waveguide mode from sub-
wavelength features. Although tuning the geo-
metric parameters and location of a few etched
holes in the waveguide is possible (21), this
requires brute-force optimization of only a
small subset of the design space. Instead, we
used an inverse-design approach to develop
a waveguide-integrated DLA on a 500-nm
device layer silicon-on-insulator (SOI) plat-
form, which allows for expansion of the de-
sign space (22). This on-chip accelerator is
demonstrated by coupling light from a pulsed
laser through a broadband grating coupler
and exciting a waveguide mode that acts as
the source for the accelerator (Fig. 1A).
To meet the phase-matching condition, the

periodicity of the accelerating structure, L, is
set by L = bl, where b = v/c is the ratio of the
velocities of the incident electrons to the speed
of light and l is the center wavelength of the
pump laser (23). To match experimental pa-
rameters, we designed for a center pump
wavelength of 2 mm and an input electron
velocity of v = 0.5c, resulting in an accelera-
tor period of L = 1 mm. Fig. 1B captures the
geometry of the optimization problem. Using

RESEARCH
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Fig. 1. Inverse design of on-chip particle accelerator.
(A) Schematic (not to scale) depicting components
of the on-chip accelerator. An inverse-designed
grating couples light from a normally incident
free-space beam into the fundamental mode of
a slab waveguide (inset 1). The excited waveguide
mode then acts as the excitation source for the
accelerating structure. The accelerator structure,
also created through inverse design, produces
near fields that are phase matched to an input
electron beam with initial energy of 83.4 keV. Inset 2
depicts the phase-matched fields and electron
at half an optical cycle (t/2) apart. (B) Geometry
of the optimization problem. We designed on a 500-nm
silicon (gray), 3-mm buried oxide layer (light-blue)
SOI material stack. Periodic boundary conditions
(green) are applied in the z-direction, with a period
of L = 1 mm, and perfectly matched layers were used
in the remaining directions (orange). We optimized
the device over a 3-mm design region (yellow) with
an input source of the fundamental TE0 mode. During
the optimization, a 250-nm channel for the electron
beam to travel in is maintained. (C) SEM image of
the final accelerator design obtained from the
inverse-design method. A frame from a time-domain
simulation of the accelerating fields, Ez, is overlaid.

1E. L. Ginzton Laboratory, Stanford University, Stanford, CA, USA.
2SLAC National Accelerator Laboratory, Menlo Park, CA, USA.
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On-chip integrated laser accelerator
at which the difference between the laser-on
spectra F(e) and the laser-off spectra f(e) was
<0.01: F(x) – f(x) ≤ 0.01. For the spectra shown
in Fig. 4A, centered at e0 = 83.4 keV, this cor-
responds to a value of x =84.31 keV. The dotted
red curve depicts simulated performance of the

accelerator based on a commercial particle-
tracking code to propagate a distribution of
particles consistent with experimental param-
eters through the 3D electromagnetic field
map of Fig. 1C, providing agreement with the
experimental spectrum (31). Because of the

spread in energy and phase of the input elec-
tron spectrum, the maximal energy gain is a
quantity not directly measurable from the
laser-on spectrum. Instead, we could obtain
this value from the particle-tracking simula-
tions (31). From these simulations, we inferred
amaximal energy gain of 0.915 keV over 30 mm,
providing a gradient of 30.5 MeV/m and a
structure factor (ratio of acceleration gradient
to incident field) of 0.09.
To determine the operating wavelength of

our accelerator, the average power of the inci-
dent laser pulses on the grating coupler were
fixed to be 2.75mW (321MV/mpeak field) and
the wavelength was swept (Fig. 4B). A peak
was observed in the energy spectrum width,
Dx = x – e0, at 1.94 mm. Moreover, the ratio
of laser-on to laser-off counts at the center
energy, referred to as “peak depletion,” was
optimal at 1.94 mm, consistentwith an increase
in the number of modulated electrons at this
wavelength. The greatest broadening of the
energy spectra and dip in peak depletion sug-
gested an operating wavelength of 1.94 mm.
This wavelengthwas blue-shifted from the sim-
ulated operating value of 1.964 mm. Because of
the cavity-like nature of this accelerator, we
attribute this spectral shift and flattening of
the gradient spectrum to fabrication imper-
fections. Additionally, as a consequence of
the blue shift, the L = bl design condition
was no longer satisfied exactly and so some
dephasing was to be expected, contributing
to the diminished structure factor. Fixing the
wavelength to 1.94 mm (Fig. 4C), we conducted
a sweep of the input power from 0.5 to 5 mW
(137 to 433MV/mpeak fields). Aswe increased
the power, the measured values of the spectral
width, Dx, compared favorably with those
obtained from the simulated particle-tracking
spectra indicated by the dashed curve in
Fig. 4C (31).
Although nonlinear dephasing has been

observed in other DLA experiments (34, 35),
the short waveguide distances (50 mm) in this
experiment weremuch smaller than the hun-
dreds ofmicrometers of propagation distance
required to introduce nonlinear dephasing
(36). Additionally, coupling into higher-order
modes of the slab waveguide, specifically the
TE2waveguidemode, can result in dephasing.
However, with 95% of the total power in the
TE0 mode and only 3.8% of power expected
to couple into TE2, this negative contribu-
tion would be minimal (31). Although not
catastrophic to operation of the accelera-
tor, postexperiment SEM imaging revealed
laser-induced damage at the input grating
coupler. Additional characterization iden-
tified this damage to occur after 3 to 4mWof
input power. System-level analysis of an SOI
integrated accelerator such as the one pre-
sented here predicts acceleration gradients
of 45.3 MeV/m (36). This suggests that work
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Fig. 3. Fabricated
single-stage accelerator.
SEM image of a single-
stage accelerator of
30 periods fabricated on
a 500-nm SOI stack.
The accelerator sits
on a 25-mm-tall mesa
structure to provide
clearance for the input
electron beam.

Fig. 4. Experimental verification of accelerator. (A) Electron energy spectrum (log-scale) without laser
incident (blue curve) and with laser incident (3.0 mW, 335 MV/m peak field, at l = 1.94 mm; red curve)
on the grating coupler. Simulated spectrum is based on particle-tracking simulations shown in the dotted red
curve. On the spectra, e0 denotes the center energy of the distribution and x provides an energy spectral
width metric that marks the energy at which the difference between the laser-on and laser-off spectra
is below 0.01. (B) Energy spectral width broadening, Dx = x – e0, (blue, left axis), and peak depletion
(green, right axis) for a fixed power at 2.75 mW, 321 MV/m peak field, as a function of varying the wavelength
of the pump laser. (C) Measured energy spectral width, Dx, at a fixed wavelength of 1.94 mm as a
function of input power, with simulation from the tracking code superimposed as a dashed curve.
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incident (blue curve) and with laser incident (3.0 mW, 335 MV/m peak field, at l = 1.94 mm; red curve)
on the grating coupler. Simulated spectrum is based on particle-tracking simulations shown in the dotted red
curve. On the spectra, e0 denotes the center energy of the distribution and x provides an energy spectral
width metric that marks the energy at which the difference between the laser-on and laser-off spectra
is below 0.01. (B) Energy spectral width broadening, Dx = x – e0, (blue, left axis), and peak depletion
(green, right axis) for a fixed power at 2.75 mW, 321 MV/m peak field, as a function of varying the wavelength
of the pump laser. (C) Measured energy spectral width, Dx, at a fixed wavelength of 1.94 mm as a
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Attosecond electron pulses

building blocks available, and with the demonstration of
two concatenated structures [24], the concept of a particle
accelerator on a photonic chip is now within reach.
Importantly, acceleration of electrons in infinitely long
structures with negligible electron loss has recently been
demonstrated numerically based on alternating phase focus-
ing [27]. In this Letter, we show that by carefully controlling

the phase space dynamics of a pulsed electron beam,
suboptical cycle bunching and attosecond bunch generation
can be achieved [28]. For this, we imprint an energy
modulation periodic with the driving optical period of
6.45 fs on each 400 fs-long electron pulse in a first nearfield
interaction section called the modulator [Fig. 1(a)]. This
nearfield can be described by the following formula [29]:

Eðx; zÞ ¼ c

2

664

− 1
βγ2 ½Cs sinhðkxxÞ þ Cc coshðkxxÞ& cosðkzz − ωtÞ

0
1
βγ ½Cs coshðkxxÞ þ Cc sinhðkxxÞ& sinðkzz − ωtÞ

3

775 ð1Þ

where Cc ¼ 0 and Cs is proportional to the field amplitude,
x is the transverse coordinate, and z is the electron
propagation direction.
After this, the energy-modulated electron pulse prop-

agates freely to the second nearfield interaction section
called the analyzer [structure and field is identical to the
modulator field shape in Eq. (1)]. During this drift, the
energy modulation develops into a density modulation,

probed in the analyzer section and diagnosed with the a
dipole magnet electron spectrometer. We obtain feature-
rich electron spectrograms, which show the electron
energy versus the time delay (up to an offset) between
modulator and analyzer laser pulses. By comparing these
spectrograms to numerically obtained ones, we can clearly
show the suboptical cycle, attosecond electron pulse
duration.

(b)

(c)(d) (e)

(a)

FIG. 1. Sketch of the experimental setup with modulator and analyzer structure and sketches of the electron phase space behavior.
(a) Laser-emitted electrons are focused into the center of the channel of the first dielectric laser acceleration structure, comprised of two
rows of pillars, the modulator. An SEM image of modulator and analyzer structure can be seen in the background of this sketch. After the
electrons have propagated through the analyzer structure, their energy is measured with a magnetic deflection spectrometer. (b) Sketch
of the evolution of the electron pulse duration. At the source, the electron pulse duration resembles that of the triggering UV laser pulse
(∼100 fs). During propagation through the electron column, trajectory effects increase the electron pulse duration to roughly 400 fs at
the modulator. The pulsed laser beam acting on each arriving electron pulse modulates the energy of the electrons. During subsequent
propagation, the energy modulation leads to a density modulation. At the temporal focus, the minimum electron pulse duration of each
bunchlet is reached. The position of the temporal focus depends on the amplitude of the energy modulation in the modulator. Here
microbunching at the position of the analyzer is shown. (c) Sketch of the phase space evolution during the electron drift. The vertical axis
denotes the energy of the electrons plotted over one cycle (−π ' ' ' π ≡ 6.45 fs). The faster higher energy electrons catch up with the
slower electrons, forming the microbunched pulse train. (d) Example spectrogram of the electrons after interaction in the modulator only
(laser intensity of 3 × 1011 Wcm−2). The red curve shows the homogeneous broadening inside the red region. (e) Example spectrogram
with modulator and analyzer structure illuminated (1.5 × 1010 Wcm−2 in the modulator, 2.5 × 1010 Wcm−2 in the analyzer). The
periodicity with the optical period of 6.45 fs and suboptical cycle duration features are clearly visible.
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Concept for an all-optical accelerator

simulation of the acceleration efficiency, that is, the ratio
between the maximum acceleration gradient and the laser
peak field Ep. From this we infer that electrons with
! ¼ 0:3 (25 keV) passing the grating surface at 50 nm
become accelerated with 350 MeV=m, assuming synchro-
nicity with the first spatial harmonic. Exploiting the third
spatial harmonic like in this Letter reduces the achievable
acceleration gradient by a factor of 3 to 110 MeV=m [24].
Furthermore, the acceleration efficiency increases steeply
for relativistic electrons. Therefore, we expect that electrons
with ! ¼ 0:95 (1.1 MeV) experience an acceleration gra-
dient as large as 1:7 GeV=m for synchronicity with the
first spatial harmonic.

The intriguing feature of nonrelativistic DLA structures
is the intercompatibility with their relativistic counterparts.
Thus, with the demonstrations of both relativistic [14]
and nonrelativistic dielectric laser acceleration, operating
with identical laser sources at the first and third spatial
harmonic, respectively, an all-optical dielectric-based
linear accelerator can now be seriously considered.
Corroborating this, we note that based on double grating
structures all components of a conventional accelerator,
such as deflecting, focusing, and bunching structures, can
be realized [15,16].

A schematic of the envisioned DLA design is shown in
Fig. 4. Due to their micron-scale size, DLA structures
require and support electron beams with normalized emit-
tance values in the nanometer range [25]. Therefore, a
nonrelativistic DLA section in combination with an ultra-
low emittance electron source, such as a laser-triggered
needle cathode with an intrinsic emittance of"50 nm [19],
is crucial for the injection of high-quality electron beams
into the relativistic section of the DLA. A common laser
source, amplified in various sections, can be used to drive

the electron gun, the nonrelativistic and the relativistic DLA.
Here, fast progress in fiber laser technology, especially
phase-coherent splitting and amplification, may play an
important role, similar to what has been proposed for
laser-plasma-based acceleration schemes [26]. This greatly
facilitates the synchronization and optical phase stability
between the different acceleration stages, which is essential
for proper functioning. The nonrelativistic part (up to
"1 MeV) may consist of subsections of tapered dielectric
gratings in which an adaptively increasing grating period
accounts for the change in electron velocity. For this part,
either single or double grating structuresmay be used.While
single gratings offer a simpler setup, the evanescent nature
of the acceleration can lead to beam distortion. Double
grating structures have the advantage of larger efficiency
and a symmetric profile of the accelerating fields [15].
Exploiting different spatial harmonics allows us to over-
come fabrication limitations on the grating period by
starting, for example, with 30 keV electrons at the point of
injection. After using the third spatial harmonic to accelerate
up to"50 keV, one may switch to the more efficient second
harmonic and at "400 keV to the first harmonic to accel-
erate further.
Because the electron beam quality is directly related to

the brightness and the shortest achievable wavelength in
x-ray free electron lasers (FELs), DLAs may find applica-
tion in future low-cost, compact, high brilliance sources of
hard x rays, with the potential to open experiments in
biology, medicine, and materials science to a broad com-
munity of users [27]. Despite the low bunch charge (" fC)
supported by DLAs, successful FEL operation appears
feasible [28]; source development is needed, as in other
FEL approaches [19,29,30]. Moreover, the realization of
accelerating, deflecting, focusing and bunching elements
for nonrelativistic electrons could lead to a new generation
of electron optics with applications in ultrafast electron
diffraction experiments and time-resolved electron micros-
copy. The next experimental steps will comprise the imple-
mentation of concatenated, symmetric double-grating
structures to demonstrate acceleration to several times
the initial beam energy, as well as the combination with a
laser-triggered electron source.
We gratefully acknowledge R. Graf for support of laser

system operation, A. Apolonski and F. Krausz for loan of
the long-cavity oscillator, J. Hoffrogge for work on the
electron column, H. Ramadas and R. Davies for simulation
work, P. Altpeter for titanium coating, and the Stanford
DARPA AXiS Collaboration for discussions. This work
has been funded by the Max Planck Society and Munich-
Centre for Advanced Photonics.
Note added.—Recently, we became aware [31] of a

proposed innovative scheme combining plasma-based ac-
celeration with the periodic field reversal at grating struc-
tures, which may lead to scalable accelerators with a
sustained acceleration gradient up to TeV=m.
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FIG. 4 (color online). Sketch of an envisioned layout of an
all-optical linear accelerator with electron gun (A), nonrelativ-
istic (B), and relativistic sections (C), all driven by a common,
for ease of operation fiber-based, laser source. The nonrelativ-
istic section consists of grating structures with a tapered grating
period to assure synchronicity with the accelerating electrons
using the third (B1), second (B2), and first (B3) spatial harmonic.
Inside the nonrelativistic section, the channel width can increase
because of the increasing decay constant ! of the accelerating
fields. Not to scale.
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Laser accelerator on a chip in Lund ?

Can the electron source be integrated with the accelerating structure?

Can the laser also be integrated on the chip?

Can one build structures for significant energy gain (MeV)?

Can one achieve small energy spread (%)?
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