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than an 800-nm gap structure but requires tighter tolerances on the
electron beam.

The NIR pulses, 1.24 6 0.12 ps long, from a regeneratively amplified
Ti:sapphire mode-locked laser are focused to an r.m.s. spot size of
30mm 3 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 (see Methods).
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 DE 5 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 energy modulation 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 from the abscissa of the half-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 the measured spectrum in the absence of a laser
field (light blue crosses). The calculated energy modulation (red curve)
agrees with our measurement (pink crosses), and gives a correspond-
ing accelerating gradient of 151.2 MeV m21 for this example. Particle
tracking simulations (black dots; see Methods) at this gradient level give
an independent confirmation of the observed modulated spectrum.

To determine the maximum gradient at a given laser power level, we
measure the energy modulation 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 91.8 6 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-
tribution with a full-width at half-maximum (FWHM) of 1.89 6 0.09 ps,

Electron 
beam

Laser pulse (λ = 800 nm)

Magnetic 
lenses

Spectrometer
magnet

Cylindrical lens

DLA device

Lanex screen

B

Intensified CCD
camera

Energy

Electrons

Scattered
electrons

Transmitted
electrons

2 μm

a b

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 energy modulation. 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.

The NIR pulses, 1.24 6 0.12 ps long, from a regeneratively amplified
Ti:sapphire mode-locked laser are focused to an r.m.s. spot size of
30mm 3 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 (see Methods).
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 DE 5 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 energy modulation 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 from the abscissa of the half-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 the measured spectrum in the absence of a laser
field (light blue crosses). The calculated energy modulation (red curve)
agrees with our measurement (pink crosses), and gives a correspond-
ing accelerating gradient of 151.2 MeV m21 for this example. Particle
tracking simulations (black dots; see Methods) at this gradient level give
an independent confirmation of the observed modulated spectrum.

To determine the maximum gradient at a given laser power level, we
measure the energy modulation 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 91.8 6 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-
tribution with a full-width at half-maximum (FWHM) of 1.89 6 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 energy modulation. 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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Accelerators on a Chip
Today: Experiments
> Building blocks for an experiment
> Experimental results
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Building Blocks for an Acceleration Experiment
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Fabrication of Structures 
Photolithography

:ASML
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Fabrication of Structures 
Electron Beam Lithography

ZStanford
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Fabrication of Structures 
Wafer Processing and Etching

8PSI
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Fabrication steps

\

] K[P&#H#3*$G&!"43)7:6&ME=&X$"TU&"((U&?=/3"B*&
N6&,WY

] J*B"34?*&1*#4#3&>=1&>"#3*1&*T@=#%1*G&<!J98:56&
X!"#$%&'(()*+,,*&-.

] .1=T4$43H&*>>*(3&#34//&2**A#&3=&+*&(=11*(3*A

] !'K&#H#3*$G&^T>=1A&42#31%$*23#&X./"#$".1=&
766Y

] V@&3=&N&$4(1=2#&*3()42B&E43)&3)*&(%11*23&
1*#4#3

N1 N2

Bunching section
Accelerating section

After developing the exposed resist
After etching

10 !m
1 !m

Substrate: Silicon

Peyman Yousefi
Laser physics institute at the university of Erlangen-Nürnberg

K/*(31=2&+*"$&/43)=B1"@)H&"3&3)*&%24?*1#43H&=>&K1/"2B*2

Corrections to be made

;

Correcting the electron dose distribution during the 
exposure to prevent blockage of the electron pathMaking the electron path wider and correcting the 

other geometries

1 !m 2 !m

1 !m

Peyman Yousefi
Laser physics institute at the university of Erlangen-Nürnberg

M)4#&@1=(*##-&E)4/*&E*//&*#3"+/4#)*A-&4#&+H&2=&$*"2#&314?4"/&
_"2H&@"1"$*3*1#&2**A&3=&+*&(=231=//*A&
."134(%/"1&()"//*2B*&>=1&3)*&#)=E2&#31%(3%1*#G&/"1B*&"#@*(3&1"34=
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Fabrication of Structures 
Free-Form Manufacturing

76Nanoscribe 

E. Simakov, et al.
AIP Conf. Proc. 1812, 060010
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Fabrication of Structures 
Free-Form Manufacturing
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Yves Bellouard, Femtoprint
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Laser Source
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Optical Parametric Amplifier
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MHz Tm:fiber Chirped Pulse Amplification

Current status: 
600 fs pulses with 4.5 !J @ 1 MHz 
300 fs pulses with 50 nJ @ 54 MHz

Laser system was re-worked and optimized for high energy and fs-pulse operation 

14Ingmar Hartl

DESY
O=1&"2&"(3%"/&"((*/*1"3=19=29"9()4@-&=2*&E=%/A&/4,*&"&/"#*1&E43)&+*33*1&*2*1BH&*>>4(4*2(H&
cd&M)%/4%$&A=@*A&>4+*1&/"#*1

• ME=9#3"B*&2=2/42*"1&>4+*1&(=$@1*##=1U

• NUN&@#&@%/#*#&(=$@1*##*A&3=&Q\&>#&E43)&77&ef&@%/#*&*2*1BHU

Nonlinear Compression of ps-Pulses @ 2 µm
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Kagomé-lattice micro-structured fiber

in collaboration with F. Kärtner

Ingmar Hartl
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Electron Source
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Ion Pump

Cathode

OAP XYZ"

Condenser

Objective

DLA Device

Ken Leedle
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Electron-Source-on-a-Chip
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W. Huang, et al. 
Sci. Rep. 5 14899 (2015) 
and CLEO 2016
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Instrumentation

7\

O"1"A"H&(%@

_4(1=()"22*/&@/"3*
0(4234//"3=1

'2#31%$*23"34=2&1*I%41*A&3=&$*"#%1*&*/*(31=2&X"2A&/"#*1Y&@1=@*134*#&">3*1&3)*&"((*/*1"34=2&
K/*(31=2&A*3*(34=2&
d&O"1"A"H&(%@&
d&_4(1=()"22*/&@/"3*&
d&0(4234//"3=1



Instrumentation 
Electron Beam Profile
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Electron Energy Measurement
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Time-Resolved Measurements 
Transverse Deflector
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Transverse-Deflector-on-a-Chip
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Infrastructure 
Structure Alignment and Vacuum Chamber
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Infrastructure 
Structure Alignment and Vacuum Chamber
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Infrastructure 
Loss Monitors and Radiation Protection
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Infrastructure 
Control System

5ZNicole Hiller, Thomas Schietinger
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Infrastructure 
Timing & Synchronization
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Infrastructure 
Water Cooling
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Putting it all Together…
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First Laser Acceleration Experiments at SLAC

N6

therefore necessary to restrict the transverse size of the
electron beam to less than half a fringe. This is done using a
tungsten slit. Electrons that do not pass through the slit are
scattered on the tungsten and do not reach the energy
spectrometer.

The net acceleration experiment builds on the hardware
for the microbunching experiment [6]. Figure 2 shows the
layout for the experiment. The laser light is split to drive
the two stages with each path having separate focusing
optics and remote controllable steering mirrors. In the arm
driving the second stage there is also a delay arm to obtain
temporal coincidence in the two laser-electron interactions
and a piezo mounted mirror for scanning the timing on the
optical scale. Inside the vacuum chamber are the undulator
for the IFEL interaction, the chicane, and the second stage
ITR accelerator.

Arguably the key technical challenge in this experiment
is the measure and control of the optical phase between the
laser-electron interaction stages. The layout is essentially a

large interferometer, with the electron beam serving to
communicate the phase between the IFEL and the second
stage accelerator. To find the phase between the IFEL and
ITR paths, a second laser path is installed that closely
follows the 800 nm drive laser. Prior to entering the main
chamber containing the accelerators, the monitor laser is
brought out and recombined with the other arm of the
interferometer. The interference pattern is observed with
a CCD and used to interpret the phase of the drive laser in
the interferometer.
Since the phase of the actual drive laser is not directly

measured during the experiments, it is important to verify
that the phase monitor system tracks the actual phase of the
drive laser. To do this, prior to beam experiments, another
CCD was temporarily placed inside the experiment cham-
ber to observe interference fringes from the IFEL and ITR
lasers. Comparisons were made between the phase of the
800 nm light to that of the phase monitor.
Each of the two interferometers were found to have a

fast uncorrelated jitter of around 13!. When the phase was
actively scanned using the piezo mirror [Fig. 3(a)], the
phase between the two monitors tracked well. Over very
long time scales, however, the phase between the two
interferometers would wander [Fig. 3(b)]. In this case the
slow drift was more than 2! during the course of an hour.
Fortunately, this is much longer than the typical data set
which are acquired in a few minutes. In addition, it was
found during postanalysis that the data itself can be used to
account for the slow drift.
Prior to net acceleration, the IFEL and ITR interactions

are first observed individually using the cross-correlation
technique described in [6]. The coarse delay between the
IFEL and ITR optical paths is adjusted so that the two
interactions occur with the same laser timing. Both the
IFEL and ITR interactions are then used together with a
fixed laser to electron delay to obtain net acceleration. The
optical phase offset between the two stages is scanned
using the piezo driven mirror producing phase correlated

piezo optical
delay mirror

coarse delay

IFEL laser path
ITR laser path
steering mirror

IFEL Chicane ITR

vertical slit

Phase Monitor
camera

polarizing
beamsplitter

halfwave
plate

e-

Electron 
Spectrometer

FIG. 2. (Color) Layout of the net acceleration experiment. The laser is split at a polarizing beamsplitting cube to drive both the ITR
acceleration and the IFEL. The ITR path includes a piezo driven mirror for varying the optical phase. Each arm is"5 m in path length.
Interferometric noise measurements indicate the optical paths are stable to within "20 nm or 2 parts per billion of the total path.

TABLE I. Experimental parameters for the net acceleration
experiment. All width values are fwhm.

Parameter Value

Ebeam energy 60 MeV
Energy spread 45 keV (typical)
Ebeam pulse length 0.5 ps (typical)
Ebeam spot size 100 "m (nominal)
Laser pulse length 0.75 ps (nominal)
Laser energy 1 mJ=pls
IFEL/ITR laser split ratio 35=65
IFEL laser spot size 500 "m
ITR laser spot size 200 "m
Undulator period 1.8 cm
Number of periods 3
Undulator strength (aw) 0.46
Chicane R56 0.06–0.22 mm
ITR crossing angle 8 mrad
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Future experiments with a stronger second stage inter-

action will be needed to further explore issues such as
charge capture. This might be provided by using photonic
band gap structures [12] to build optical scale dielectric
waveguides for guiding the laser [13]. Such a device could
sustain large accelerating gradients approaching 1 GeV=m
while at the same time requiring less pulse energy due to
the small transverse dimensions leading to good coupling
efficiency [14]. The first experiments with such devices are
currently being planned.
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Figure 3: (a) THz LINAC and source with the THz acceler-
ation chamber and accompanying power supplies, chillers
and pumps � t on a portable optical cart. (b) Image of
the electron beam from an MCP at 50 kV. (c) Compari-
son between simulated (black) and measured (red) electron
bunch at MCP, with 25 fC per bunch, a σ⊥ = 513 � m and
∆E = E = 1 : 25 keV. After the pin-hole the transverse emit-
tance is 25 nm-rad and the longitudinal emittance is 5.5 nm-
rad.

THz LINAC

A 60 kV DC photo-emission electron gun was used as the
injector for the THz-driven LINAC. Dielectric-loaded cir-
cular waveguides, described in the previous section, were
optimized for non-relativistic electron beams and used as
the acceleration structures. The accelerating waveguide is
10 mm in length, including a single tapered horn for cou-
pling the THz into the waveguide. The electron beam pro-
duced by the DC electron gun, shown in Fig. 3(a), operates
with 25 fC per bunch at a repetition rate of 1 kHz. The
photo-emission laser is a 350 fs UV pulse produced by 4th

harmonic generation from the 1 � m laser. Fig. 3(b) shows
an image of the electron beam produced by the MCP camera.
A focusing solenoid is used to collimate the beam after the
THz LINAC. The electron beam energy is determined via
energy-dependent magnetic steering with a dipole located
after the accelerator. PARMELA simulations were used to
model the DC gun, Fig. 3(c), and the THz LINAC. Align-
ment between the THz waveguide and the DC gun is pro-
vided by a pin-hole aperture in a metal plate with a diameter
of 100 � m that abuts the waveguide. The THz pulse is cou-
pled into the waveguide downstream of the accelerator and
it propagates the full length of the waveguide before being
re� ected by the pin-hole aperture, which acts as a short at
THz frequencies. After being re� ected the THz pulse co-
propagates with the electron bunch. The interaction length

Figure 4: Measured (black) and modeled (red) energy spec-
trum with THz (a) off and (b) on at a gun voltage of 59 kV.

is limited to 3 mm due to the low initial energy of the elec-
trons which results in the rapid onset of a phase-velocity
mismatch between the electron bunch and the THz pulse
once the electrons have been accelerated by the THz pulse.

The energy spectrum from the electron bunch with and
without THz is shown in Fig. 4 for an initial mean energy
of 59 keV. The electron bunch length after the pin-hole,
σz = 45 � m, is long with respect to the wavelength of
the THz pulse in the waveguide, λg = 315 � m, resulting
in both the acceleration and deceleration of particles. The
THz waveguide is sensitive to the initial energy of the elec-
tron bunch, due to the rapidly varying velocity of the elec-
trons. If the initial energy is too low, acceleration is not ob-
served. With the available THz pulse energy, a peak energy
gain of 7 keV was observed by optimizing the electron beam
voltage and timing of the THz pulse. The modeled curve in
Fig. 4(b) was � t with on on-axis gradient of 4.9 MeV/m,
indicating some loss of THz pulse energy due to misalign-
ment. At the exit of the LINAC, the modeled transverse
and longitudinal emittance are 240 nm-rad and 370 nm-rad,
respectively. This increase in emittance is due to the long
electron bunch length compared to the THz wavelength and
can be easily remedied with a shorter UV pulse length.

CONCLUSION

THz pulses generated via optical recti� cation of a 1 � m
laser were used to accelerate electrons in a simple and prac-
tical THz traveling-wave accelerating structure. A gradient
of ∼10 MeV/m with 2 � J was achieved during transmission
testing. A energy gain of 7 keV was achieved over a 3 mm in-
teraction length. Performance of these structures improves
with an increase in electron energy and gradient making
them attractive for compact accelerator applications. With
upgrades to pump laser energy and technological improve-
ments to THz sources, GeV/m gradients are achievable in
dielectric-loaded circular waveguides. The available THz
pulse energy scales with IR pump energy, with a recently re-
ported result of 0.4 mJ and ∼1% conversion efficiency [11].
Multiple stages of THz acceleration can be used to achieve
higher energy gain with additional IR pump lasers for sub-
sequent stages.

REFERENCES

[1] Dolgashev, Valery, et al., � Geometric dependence of radio-

frequency breakdown in normal conducting accelerating

WEOAB03 Proceedings of IPAC2014, Dresden, Germany

ISBN 978-3-95450-132-8

1898C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

03 Particle Sources and Alternative Acceleration Techniques

A16 Advanced Concepts

Nanni et al.
Proceedings of IPAC 2014

Experiments with low-energy electrons



• 031%(3%1*&B*=$*31HG

Circular Structures

NQFranz Kärtner

E

dielectric
metal

electron
beam

ad

Nanni et al.
Proceedings of IPAC 2014

b4*/*(314(9/42*A&E"?*B%4A*&B*=$*31H

Circular Structures: Measurements

N:

(a)

(b) (c)

Figure 3: (a) THz LINAC and source with the THz acceler-
ation chamber and accompanying power supplies, chillers
and pumps � t on a portable optical cart. (b) Image of
the electron beam from an MCP at 50 kV. (c) Compari-
son between simulated (black) and measured (red) electron
bunch at MCP, with 25 fC per bunch, a σ⊥ = 513 � m and
∆E = E = 1 : 25 keV. After the pin-hole the transverse emit-
tance is 25 nm-rad and the longitudinal emittance is 5.5 nm-
rad.

THz LINAC

A 60 kV DC photo-emission electron gun was used as the
injector for the THz-driven LINAC. Dielectric-loaded cir-
cular waveguides, described in the previous section, were
optimized for non-relativistic electron beams and used as
the acceleration structures. The accelerating waveguide is
10 mm in length, including a single tapered horn for cou-
pling the THz into the waveguide. The electron beam pro-
duced by the DC electron gun, shown in Fig. 3(a), operates
with 25 fC per bunch at a repetition rate of 1 kHz. The
photo-emission laser is a 350 fs UV pulse produced by 4th

harmonic generation from the 1 � m laser. Fig. 3(b) shows
an image of the electron beam produced by the MCP camera.
A focusing solenoid is used to collimate the beam after the
THz LINAC. The electron beam energy is determined via
energy-dependent magnetic steering with a dipole located
after the accelerator. PARMELA simulations were used to
model the DC gun, Fig. 3(c), and the THz LINAC. Align-
ment between the THz waveguide and the DC gun is pro-
vided by a pin-hole aperture in a metal plate with a diameter
of 100 � m that abuts the waveguide. The THz pulse is cou-
pled into the waveguide downstream of the accelerator and
it propagates the full length of the waveguide before being
re� ected by the pin-hole aperture, which acts as a short at
THz frequencies. After being re� ected the THz pulse co-
propagates with the electron bunch. The interaction length
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Figure 4: Measured (black) and modeled (red) energy spec-
trum with THz (a) off and (b) on at a gun voltage of 59 kV.

is limited to 3 mm due to the low initial energy of the elec-
trons which results in the rapid onset of a phase-velocity
mismatch between the electron bunch and the THz pulse
once the electrons have been accelerated by the THz pulse.

The energy spectrum from the electron bunch with and
without THz is shown in Fig. 4 for an initial mean energy
of 59 keV. The electron bunch length after the pin-hole,
σz = 45 � m, is long with respect to the wavelength of
the THz pulse in the waveguide, λg = 315 � m, resulting
in both the acceleration and deceleration of particles. The
THz waveguide is sensitive to the initial energy of the elec-
tron bunch, due to the rapidly varying velocity of the elec-
trons. If the initial energy is too low, acceleration is not ob-
served. With the available THz pulse energy, a peak energy
gain of 7 keV was observed by optimizing the electron beam
voltage and timing of the THz pulse. The modeled curve in
Fig. 4(b) was � t with on on-axis gradient of 4.9 MeV/m,
indicating some loss of THz pulse energy due to misalign-
ment. At the exit of the LINAC, the modeled transverse
and longitudinal emittance are 240 nm-rad and 370 nm-rad,
respectively. This increase in emittance is due to the long
electron bunch length compared to the THz wavelength and
can be easily remedied with a shorter UV pulse length.

CONCLUSION

THz pulses generated via optical recti� cation of a 1 � m
laser were used to accelerate electrons in a simple and prac-
tical THz traveling-wave accelerating structure. A gradient
of ∼10 MeV/m with 2 � J was achieved during transmission
testing. A energy gain of 7 keV was achieved over a 3 mm in-
teraction length. Performance of these structures improves
with an increase in electron energy and gradient making
them attractive for compact accelerator applications. With
upgrades to pump laser energy and technological improve-
ments to THz sources, GeV/m gradients are achievable in
dielectric-loaded circular waveguides. The available THz
pulse energy scales with IR pump energy, with a recently re-
ported result of 0.4 mJ and ∼1% conversion efficiency [11].
Multiple stages of THz acceleration can be used to achieve
higher energy gain with additional IR pump lasers for sub-
sequent stages.
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increased to stay in phase with the accelerating electrons.
Otherwise, without changing the grating period, dephasing
limits the distance over which electrons can be accelerated.
From our calculations we infer that this acceleration
distance is about 25 μm for acceleration gradients below
25 MeV=m for 30 keV electrons (β ¼ 0.33). Extensive
simulation results and implications are reported in [29].

III. EXPERIMENTAL SETUP

A. Overview

Two schematic overviews of the experimental setup are
shown in Fig. 2. The electron beam passes through the
interaction region where it interacts with the evanescent
field excited at the grating surface by laser pulses imping-
ing from behind. The electrons enter a retarding field
spectrometer. Accelerated electrons that pass the spectrom-
eter are deflected by a magnetic field and are detected with
a microchannel plate detector (MCP). The beam is
deflected to reduce the background signal at the detector,
as will be discussed below. A camera, placed outside the
vacuum chamber, can be used to observe the MCP counts.
We use a Titanium:sapphire long-cavity oscillator with a

repetition rate frep ¼ 2.7 MHz, a center wavelength

λ ¼ 787 nm, a pulse duration τp ¼ 110 fs, and a pulse
energy of 160 nJ (450 mW average output power) as the
laser source [30]. A typical spectrum is shown in Fig. 3.
The laser pulses are focused with an achromatic spherical
lens with focal length of 30 mm onto the grating with a
focal waist radius wl of ð9.0# 0.4Þ μm. A microscope
objective is used to monitor the laser focal spot size and
position relative to the grating and electron beam and is also
placed inside the vacuum chamber.

B. Grating

The fused silica grating [Figs. 1(d) and 1(e)] has been
manufactured using electron beam and laser lithography in
combination with reactive ion etching. With the laser
wavelength of 787 nm, a grating period of 250 nm is
needed to accelerate Ekin ¼ 27:9 keV electrons (β ¼ 0.32)
using the first spatial harmonic. Because of a lower bound
of λp ≳ 600 nm set by the manufacturer [31], we chose a
grating period of λp ¼ 750 nm and hence use the third
spatial harmonic, as depicted in Figs. 1(a–c). The grating is
located on top of a mesa (size: 2 mm × 35 μm × 20 μm)
that sits on top of the substrate (size: 3 mm×
20 mm × 1 mm). This mesa structure allows spatial access
to the grating and therefore the electron beam focus can

FIG. 2 (color online). (a) Conceptual picture of the electron acceleration detection. Electrons (blue trajectory) are emitted from an
electron column (left) and interact with the laser pulses (red line), derived from a Titanium:sapphire oscillator, at the fused silica grating.
A microscope objective is used to monitor the position of the laser focus. The electrons pass through a retarding field spectrometer,
which blocks all unaccelerated electrons (counter voltage UG), and are detected with a MCP. The trajectory entering the spectrometer is
drawn as slightly offcenter to illustrate the effect of the retarding field. A magnetic field B⃗ deflects the electrons around an x-ray beam
stop to separate them from high energy photons originating inside the electron column. A time-to-digital converter (TDC) is used to
measure the time delay Δt between a detector event and the following laser pulse. This way, a signal of accelerated electrons appears at a
fixed Δt in a histogram while background counts are distributed equally over all delays (inset). (b) Technical drawing of the
experimental setup with zoom-in of the grating and interaction region. The experiment is placed inside a vacuum chamber (base flange
size DN 350 CF) evacuated to ∼5 × 10−7 mbar. The microscope objective (xyz-degrees of freedom), the spectrometer (yz-degrees of
freedom) and the grating mount (xyz-degrees of freedom) can be positioned relatively to the electron beam with motorized translation
stages. Additionally, the grating can be fine positioned with stick-slip piezoelectric actuators (translation in z-direction and rotation in
xz-plane). The achromatic lens which is used to focus the laser pulses can be manually positioned with a compact dovetail linear stage.
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radiation source [21,22] at a metal grating of 250 μm
period, but acceleration gradients were too small (keV=m)
to compete with rf accelerators. Our proof-of-concept
experiment exploits this effect in the vicinity of a dielectric
grating structure. The difference to the originally proposed
inverse Smith-Purcell effect is that here the grating modes
are excited in transmission as opposed to reflection [20].
The dielectric grating used in our experiment is directly

compatible with the double grating structures proposed by
Plettner et al. [9,23–26]. Recently, dielectric laser accel-
eration of relativistic electrons has been observed at SLAC
[27], in parallel with our demonstration of nonrelativistic
electron acceleration at a similar structure [28]. Because of
the intercompatibility of the two experiments, an all-optical
laser-driven accelerator, including nonrelativistic and rela-
tivistic sections, seems now feasible. In this paper we
present a detailed overview of our experiment, including
setup, simulations, and results.

II. THEORY

Particle acceleration at a grating is based on the
diffraction of laser light oscillating with a frequency
f ¼ c=λ, with c the speed of light and λ the laser wave-
length. The diffracted light field is associated with evan-
escent modes, also known as spatial harmonics, in close
vicinity of the grating surface. The nth spatial harmonic is

characterized by n oscillations per grating period λp [n ¼ 3
in Figs. 1(a–c)]. Therefore, it propagates along the grating
surface with a phase velocity vph ¼ fλp=n ¼ cλp=ðnλÞ.
Hence, particles with the velocity v ¼ βc ¼ vph can surf
on and continuously interact with this synchronous mode.
This yields the synchronicity condition [25]

β ¼
λp
nλ

: (1)

By solving the wave equation ðc2∇2 − ∂2=∂t2ÞE⃗ðr⃗; tÞ ¼ 0,
it can be shown that the field strength falls off exponentially
with increasing distance from the grating surface with a
decay constant

Γ ¼ βγλ
2π

; (2)

with γ ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − β2

p
[26]. Because of the field geometry of

the synchronous mode the particle can experience accel-
eration, deceleration, or deflection, depending on its relative
position inside the field [Figs. 1(a–c)]. The effect of all other
asynchronous spatial harmonics averages to zero over time.
As nonrelativistic electrons significantly change speed

during the acceleration they may run out of phase and
eventually become decelerated again. Therefore, in future
experiments the grating period needs to be adaptively

FIG. 1 (color online). (a–c) Three consecutive snapshots in time (a quarter optical period apart) of the electric field distribution of the
third spatial harmonic (blue arrows) above a grating (light blue structure). This surface wave, excited by a linearly polarized laser from
below (red arrows), propagates synchronously with the charged particles (numbered circles) along the grating surface. Here the charged
particles are assumed to be positrons. Depending on the relative position of the positron inside the field the force can lead to either
acceleration (1), deceleration (2), or deflection (3,4), as indicated by the blue arrows and the color shading. (d) Electron microscope
image of the fused silica grating that is located on top of a mesa, 20 μm above the substrate. The closeup shows the grating with a grating
period λp ¼ 750 nm, a trench width of 325 nm, and a depth of 280 nm. (e) Top view of the mesa with a width of 25 μm.
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zmax ¼ Γ ln
!
0.03eEp

ffiffiffi
π

p
wint

ΔE

#
: (9)

For example, assuming Ep ¼ 2.85 GV=m, electrons have
to pass the grating within zmax ¼ 94 nm to gain more than
100 eV in energy.

V. EXPERIMENTAL RESULTS

In this section we discuss the experimental results
published in [28] in more detail.
In Fig. 10 we compare measurements of the accelerated

fraction as a function of the acceleration gradient for two
different laser peak electric fields of Ep ¼ 2.85 GV=m
(average power P ¼ 450 mW, peak intensity Ip ¼
2.2 × 1012 W=cm2, peak fluence Fp ¼ 0.13 J=cm2) and
Ep¼2.36GV=m (P ¼ 300 mW, Ip ¼ 1.5 × 1012 W=cm2,
Fp ¼ 0.09 J=cm2) with simulation results. We observe a
maximum measured energy gain of ΔE ¼ 280 eV. It
corresponds to a maximum acceleration gradient of
Gmax ¼ 25 MeV=m, according to Eq. (6). This is already
comparable with state-of-the-art rf linacs. The simulated
curves of the accelerated fraction assume a distance of the
electron beam center from the grating surface of z0 ¼
ð120# 10Þ nm and an electron beam waist of we ¼ 77 nm.
We deduce from our simulations that the maximum
acceleration occurs for electrons that pass the grating at
a distance of ∼50 nm due to the finite beam width. We infer

this to be the experimental limit for the minimum distance
between the electrons and the grating. We assume that
beam clipping together with residual surface charging
prevents a closer approach in the current setup.
Only the component of the laser electric field that is

parallel to the electrons’ velocity can excite the accelerating
spatial harmonic. Hence, the accelerated fraction depends
on the laser polarization angle φ between the incident laser
electric field and the electrons’ trajectory like cosðϕÞ
(Fig. 11). This measurement proves the direct acceleration
with the laser field and rules out intensity-dependent but
polarization-independent ponderomotive acceleration [45].
Its effect we estimate to a maximum of Gpond ¼
e2E2

p expð−0.5Þ=ð2mω2wlÞ ¼ 12 keV=m, with the elec-
tron mass m and the laser angular frequency ω ¼ 2πf.
The sinusoidal fit in Fig. 11 gives a limit on a possible

angular misalignment of the grating with respect to the
electron beam of φ0 ¼ ð3.2# 5.3Þ°. This angular mis-
alignment implies an offset between the experimentally
measured electron energy and the energy used in the
simulations, where we set ϕ0 ¼ 0, in the following way.
The component of the electron velocity that is parallel to
the grating vector has to satisfy the synchronicity con-
dition and therefore β cosðφ0Þ ¼ λp=ðnλÞ. However, in
the experiment we measure the total kinetic energy related
to an electron velocity β, which is a factor of 1= cos ϕ0

larger than the design velocity λp=ðnλÞ. We calculate
the resulting shift of the measured kinetic energy to
be −100þ100

−570 eV.
The measurement of the accelerated fraction as a

function of the relative distance z0 between the electron
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FIG. 10 (color online). Measurement of the accelerated fraction
as a function of energy gain (bottom axis) and acceleration
gradient (top axis) for two different laser peak electric fields
[Ep ¼ 2.85 GV=m (orange circles), Ep ¼ 2.36 GV=m (blue
squares)]. We measure a maximum energy gain of 280 eV
corresponding to a maximum acceleration gradient of
25 MeV=m. The curves represent simulation results, which were
obtained according to Eq. (8) for z0 ¼ 120 nm and we ¼ 77 nm.
The overall amplitude of the simulated values has been scaled to
fit the experimental data.
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FIG. 11 (color online). Accelerated fraction of electrons as a
function of the laser polarization angle ϕ relative to the electrons’
trajectory. ϕ ¼ 0∘ means that the laser polarization is parallel to
the electrons’ momentum, ϕ ¼ 90∘ that it is perpendicular to it
(see inset). The data agree well with the expected cosine behavior
(orange fit curve) and proves that the electrons are directly
accelerated by the light field.

DIELECTRIC LASER ACCELERATION OF … Phys. Rev. ST Accel. Beams 17, 021301 (2014)

021301-9

Breuer et al.,
PRST-AB 17, 021301 (2014)

J=3*&3)*&/=E&*>>4(4*2(H&=>&"((*/*1"34=2&=>&2=291*/"34?4#34(&*/*(31=2#l&

Acceleration Experiments with a Dielectric Structure

N\

than an 800-nm gap structure but requires tighter tolerances on the
electron beam.

The NIR pulses, 1.24 6 0.12 ps long, from a regeneratively amplified
Ti:sapphire mode-locked laser are focused to an r.m.s. spot size of
30mm 3 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 (see Methods).
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 DE 5 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 energy modulation 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 from the abscissa of the half-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 the measured spectrum in the absence of a laser
field (light blue crosses). The calculated energy modulation (red curve)
agrees with our measurement (pink crosses), and gives a correspond-
ing accelerating gradient of 151.2 MeV m21 for this example. Particle
tracking simulations (black dots; see Methods) at this gradient level give
an independent confirmation of the observed modulated spectrum.

To determine the maximum gradient at a given laser power level, we
measure the energy modulation 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 91.8 6 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-
tribution with a full-width at half-maximum (FWHM) of 1.89 6 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.

ñ100 ñ50 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 fit
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 energy modulation. 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.

The NIR pulses, 1.24 6 0.12 ps long, from a regeneratively amplified
Ti:sapphire mode-locked laser are focused to an r.m.s. spot size of
30mm 3 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 (see Methods).
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 DE 5 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 energy modulation 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 from the abscissa of the half-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 the measured spectrum in the absence of a laser
field (light blue crosses). The calculated energy modulation (red curve)
agrees with our measurement (pink crosses), and gives a correspond-
ing accelerating gradient of 151.2 MeV m21 for this example. Particle
tracking simulations (black dots; see Methods) at this gradient level give
an independent confirmation of the observed modulated spectrum.

To determine the maximum gradient at a given laser power level, we
measure the energy modulation 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 91.8 6 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-
tribution with a full-width at half-maximum (FWHM) of 1.89 6 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 energy modulation. 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.

The NIR pulses, 1.24 6 0.12 ps long, from a regeneratively amplified
Ti:sapphire mode-locked laser are focused to an r.m.s. spot size of
30mm 3 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 (see Methods).
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 DE 5 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 energy modulation 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 from the abscissa of the half-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 the measured spectrum in the absence of a laser
field (light blue crosses). The calculated energy modulation (red curve)
agrees with our measurement (pink crosses), and gives a correspond-
ing accelerating gradient of 151.2 MeV m21 for this example. Particle
tracking simulations (black dots; see Methods) at this gradient level give
an independent confirmation of the observed modulated spectrum.

To determine the maximum gradient at a given laser power level, we
measure the energy modulation 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 91.8 6 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-
tribution with a full-width at half-maximum (FWHM) of 1.89 6 0.09 ps,

Electron 
beam

Laser pulse (λ = 800 nm)

Magnetic 
lenses

Spectrometer
magnet

Cylindrical lens

DLA device

Lanex screen

B

Intensified CCD
camera

Energy

Electrons

Scattered
electrons

Transmitted
electrons

2 μm

a b

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 energy modulation. 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.

The NIR pulses, 1.24 6 0.12 ps long, from a regeneratively amplified
Ti:sapphire mode-locked laser are focused to an r.m.s. spot size of
30mm 3 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 (see Methods).
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 DE 5 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 energy modulation 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 from the abscissa of the half-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 the measured spectrum in the absence of a laser
field (light blue crosses). The calculated energy modulation (red curve)
agrees with our measurement (pink crosses), and gives a correspond-
ing accelerating gradient of 151.2 MeV m21 for this example. Particle
tracking simulations (black dots; see Methods) at this gradient level give
an independent confirmation of the observed modulated spectrum.

To determine the maximum gradient at a given laser power level, we
measure the energy modulation 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 91.8 6 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-
tribution with a full-width at half-maximum (FWHM) of 1.89 6 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 energy modulation. 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.

RESEARCH LETTER

9 2 | N A T U R E | V O L 5 0 3 | 7 N O V E M B E R 2 0 1 3

Macmillan Publishers Limited. All rights reserved©2013

K2*1BH&A*?4"34=2-&mK&

b*@*2A42B&=2&3)*41&@)"#*-&#=$*&*/*(31=2#&"1*&"((*/*1"3*A-&#=$*&"1*&A*(*/*1"3*A
L/*"1&42(1*"#*&=>&*2*1BH&#@1*"A&
X"B"42-&3)*&*/*(31=2&+%2()&4#&$%()&/=2B*1&3)"2&3)*&E"?*/*2B3)Y



Accelerated Electrons

Q6

than an 800-nm gap structure but requires tighter tolerances on the
electron beam.

The NIR pulses, 1.24 6 0.12 ps long, from a regeneratively amplified
Ti:sapphire mode-locked laser are focused to an r.m.s. spot size of
30mm 3 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 (see Methods).
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 DE 5 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 energy modulation 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 from the abscissa of the half-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 the measured spectrum in the absence of a laser
field (light blue crosses). The calculated energy modulation (red curve)
agrees with our measurement (pink crosses), and gives a correspond-
ing accelerating gradient of 151.2 MeV m21 for this example. Particle
tracking simulations (black dots; see Methods) at this gradient level give
an independent confirmation of the observed modulated spectrum.

To determine the maximum gradient at a given laser power level, we
measure the energy modulation 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 91.8 6 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-
tribution with a full-width at half-maximum (FWHM) of 1.89 6 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 energy modulation. 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.

RESEARCH LETTER

9 2 | N A T U R E | V O L 5 0 3 | 7 N O V E M B E R 2 0 1 3

Macmillan Publishers Limited. All rights reserved©2013

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

KAB"1&.*1"/3"

K/*(31=2#&B*3&"((*/*1"3*A&+H&"+=%3&:6&,*W&
X42434"/&*2*1BHG&Z6&_*WY

• f=*/&K2B/"2A

Peak gradient as a function of Laser Field

Q7

Gradients have been observed that are 10 times higher 
than the main SLAC linac! 

300 MV/m 

Gradients have been observed that are 10 times higher 
than the main SLAC linac! 

300 MV/m 

f=*/&K2B/"2A

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

<((*/*1"34=2&B1"A4*23&4#&"&/42*"1&>%2(34=2&=>&3)*&42(4A*23&>4*/A&
_"T4$%$&*2*1BH&B"42G&766&,*W

Accelerating with Double Column Structures

Q5

Figure 1 shows the silicon dual-pillar grating structures used
in this experiment. The pillars are fabricated from 5 to
10 ohm–cm phosphorus-doped silicon. The pillars are slightly
elliptical in shape, written via electron-beam lithography using
a JEOL EBX-6300, and etched to 1.2 μm tall using reactive ion
etching. The inverse Smith–Purcell evanescent-mode grating
had pillar width of 320 nm in the z dimension, 310 nm thick-
ness in the y dimension, and electron-channel gap of 205 nm.
Our coupled-mode grating was asymmetrical across the
electron-beam channel. It had pillar width of 390 nm (z dimen-
sion), the illumination side had y-dimension thickness of
340 nm, the far grating pillars had y-dimension thickness of
370 nm, and the electron-channel gap was 130 nm. The gra-
tings are 10.5 μm long and have a period Λg ! 470 nm. A
25 μm wide and 20 μm tall mesa is defined and etched around
the gratings for electron-beam clearance.

We can describe the dual-pillar grating transverse magnetic
mode as the superposition of the evanescent or periodic modes
on each side of the grating. The transverse magnetic field com-
ponents Bx for the nth "n ! 1; 2; 3;…# order grating spatial
mode can be described by [10,11]

Bx;n"y; z; t# ! "C1;ne−y∕Γ $ C2;ne$y∕Γ#einkz z−iω0t$iϕ; (1)

where C1 and C2 are the coefficients of excitation of the peri-
odic modes from each side. The gratings are designed for the
fundamental n ! 1 mode as the synchronous mode for accel-
eration, and the higher order modes have a much weaker effect.
Direction x is along the pillar height (assumed semi-infinite), y
is across the accelerator channel, and z is the electron-beam
axis. Γ ! βγλ0∕2π ! 1∕ky, for β ! v∕c electron velocity,
γ ! "1 − β2#−1∕2, laser wavelength λ0, and angular frequency
ω0. kZ ! 2π∕βλ0 is the grating fundamental wave vector.
The case where C2 ∼ 0 describes the single-grating inverse
Smith–Purcell evanescent-grating mode illustrated in Figs. 2(a)
and 2(c), for which the Lorentz force is described by

F acc !
qc
βγ

2

4
0!

−C1

γ exp"−y∕Γ#
"
cos"kzz − ω0t $ ϕ#

"C1 exp"−y∕Γ## sin"kzz − ω0t $ ϕ#

3

5: (2)

For the case where both C1 and C2 are not 0, the Lorentz
force resulting from Eq. (1) can be rewritten in hyperbolic
function form with φ ! kzz − ω0t $ ϕ,

F acc !
qc
βγ

2

4
0

1
γ "CS cosh"kyy# $ CC sinh"kyy## cos"φ#
"CS sinh"kyy# $ CC cosh"kyy## sin"φ#

3

5. (3)

For both cases, the acceleration and deflection forces are 90 deg
out of phase. For the case where Cs ! 0 and Cc ≠ 0, a uniform
accelerating cosh mode is present in the channel center. This
mode has vanishing beam deflection on axis and a phase-
dependent focusing or defocusing force toward the y ! 0 axis
[10]. For the case where Cs ≠ 0 and Cc ! 0, a uniform deflect-
ing mode is present in the channel center. In this Letter, we
demonstrate the single evanescent-mode case [Figs. 2(a) and
2(c)] and an off-center cosh-coupled mode as illustrated in
Figs. 2(b) and 2(d). Finite-difference time-domain (FDTD)
simulations of the structures are used to determine their field
profiles, including all spatial modes.

For single-sided illumination, the excitation of the near and
far grating evanescent modes is dependent on the coupling
from one side to the other. The pillar thickness (y dimension)
controls the relative phase delay of light traveling from the
incident plane to the exit plane of a single row of pillars
and, hence, the interference between the incident wave and
guided resonances in the row of pillars [14]. If there is destruc-
tive interference at the exit plane of the first row of pillars,
far-field transmission is canceled out, and a high-reflectivity
grating results. In this case, the coupling across to the far side
is low and only a single evanescent mode is measurably excited.
If the pillar thickness is slightly increased, the destructive inter-
ference is reduced, and the transmission through the first row of
pillars is increased. The transmitted traveling wave excites the
second row of pillars, and a periodic cosh-mode accelerating
field is set up in the channel. We realized this latter case ex-
perimentally using a row of thicker pillars with lower reflectivity
and a narrower electron-channel gap for more evanescent-mode
overlap. Our cosh-mode center is not in the center of the

Fig. 1. Scanning electron micrographs of the dual-pillar accelerator
structures. (a) Mesa layout with a 10.5 μm long grating on the 25 μm
wide mesa. A wall on either side of the mesa helps block stray electrons
from upstream in the electron-beam column. The electron-beam tra-
jectory and laser trajectory are superimposed. (b) Detailed inset of the
evanescent-mode pillar structure.

Fig. 2. (a) Inverse Smith–Purcell dual-pillar Ez electric-field profile.
(b) Off-center cosh-mode Ez electric-field profile that exhibits even
acceleration gradient and minimal deflection near the far side of
the channel. (c) Model’s maximum acceleration and deflection-
gradient field ratio G∕E inc of the inverse Smith–Purcell mode versus
position in the channel. (d) Model’s maximum acceleration and de-
flection field ratio versus position in the channel for the cosh mode.
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grating channel because we have unequal excitation of the peri-
odic modes from each side.

Figure 3 shows the experimental setup. We use a custom
100 keV scanning electron microscope (SEM) setup described
previously as our test platform [3]. A 2.2 mrad full-angle elec-
tron beam traverses the dual-pillar channel as it is illuminated
by the Ti:sapphire laser from one side. The continuous or direct
current (DC) electron beam from the LaB6 thermionic cathode
has less than a 3 eV starting energy spread and is normally
blocked from entering the electron spectrometer by an offset
spectrometer entrance aperture. The deflection gradient of
the laser accelerator deflects some electrons through the spec-
trometer, where their energy is analyzed on a CMOS direct-
detector camera. A knife edge in the dispersion plane blocks
scattered electrons from hitting the detector that do not gain
energy. Using two stages of spatial and spectral filtering of the
deflection and acceleration gradients, respectively, produces a
high signal-to-noise ratio with a DC electron beam. The opti-
mal electron-beam probe location was approximately 250 nm
from the top of the pillars for best acceleration performance.
Due to the different electron energies, the electron-beam 1∕e2
diameter was slightly different for each experiment described in
this Letter (82 nm for the evanescent mode and 110 nm for the
cosh mode). The electron-beam transmission was approxi-
mately 99% for the evanescent mode and 84% for the cosh
mode. The electron spectrometer is calibrated by moving
the sample and entrance aperture out of the way and increasing
the cathode potential to measure spectral position versus energy
with about 20 eV precision. The electron deflection is
determined using a first-order-transfer matrix model of the
spectrometer with about 100 eV precision [3]. The electron-
beam current was approximately 80 pA, resulting in up to
1000 accelerated electrons per second, or one per 76,000 laser
pulses. The electron spectra are integrated for 200 s for each
measurement to improve the signal-to-noise ratio.

The tunable Coherent MIRA 900 Ti:sapphire laser is
coupled to our structures using an f ! 15.3 or f !
18.4 mm aspheric lens for the evanescent- or cosh-mode ex-
periments, respectively, so that roughly the same average power
could be used for each experiment without damage. The illu-
mination angle at 5.0" 0.5 deg off the mesa floor was
selected to effectively drive the structures and allow the adjacent
grating to block the Fresnel reflection off the mesa floor to
prevent interference.

The first set of dual-pillar grating results targeted the maxi-
mum acceleration gradient with an inverse Smith–Purcell evan-
escent mode. The grating period Λg ! 470 nm corresponds to
the first spatial harmonic at an electron velocity β ! v∕c !
0.52 at U 0 ! 86.5 keV and laser wavelength of 907 nm.
Due to the small 1.2 μm height of the grating and the close
proximity to adjacent gratings, we were unable to measure
the reflectance experimentally. The FDTD simulations predict
a reflectivity of 0.95. Our laser parameters for this experiment
were 907 nm, 250 mW average power, 76 MHz repetition rate,
τp ! 130 fs FWHM pulse length, and w0 ! 3.2" 0.3 μm
focused-spot waist radius in the center of the 10.5 μm long
grating. The resulting peak fluence was 20.5" 4 mJ∕cm2,
and the focus peak laser field was 1.05" 0.1 GV∕m. The gra-
dient is calculated by the longitudinal or transverse energy
gain over the effective interaction length Gacc ! ΔU∕Lint. The
effective interaction length is [9]

Lint !
ffiffiffi
π

p
"

1

w2
0

#
2 ln$2%
$βcτp%2

#
−1∕2

! 5.6" 0.5 μm: (4)

We model the electron beam as a 41 nm waist-radius
Gaussian beam centered 105 nm from the illuminated grating
that interacts with an exponentially decaying grating field with
decay constant Γ ! 87 nm based on our FDTD simulations.
We then numerically calculate the electron-charge density as a
function of acceleration and deflection and compare it with the
experimental results. The model agrees well with the observed
spectral data in Fig. 4(b).

We next targeted a cosh-grating mode that produced a more
uniform accelerating gradient across the channel and, hence, a
pronounced “shoulder” at ∼1 keV in the electron-counts ver-
sus energy-gain plot [Fig. 4(d)]. This is consistent with the
shoulder seen in [1] using an SiO2 dual grating at relativistic
energies. A shoulder was not observed for deflection, consistent
with this being a mostly cosh-accelerating mode. The electron
beam samples all optical phases and fills most of the accelerator
channel, and the acceleration shoulder results from the cosh
mode’s low differential dGacc∕dy at y ∼ 90 nm and
dGacc∕dφ at φ ∼ 0. The shoulder peak is truncated due to

Fig. 3. Experimental schematic. A 2.2 mrad full-angle 96.3 keV
electron beam from a custom SEM passes through the dual-pillar
structures and is nominally blocked by a spectrometer entrance aper-
ture. The drive laser illuminates the structures at a 5° angle relative to
the wafer and accelerates and deflects electrons through the spectrom-
eter, where their energy is analyzed on a CMOS detector.

Fig. 4. (a) Typical inverse Smith–Purcell evanescent-mode raw-
energy gain and deflection image and (b) corresponding electron
counts per 200 s interval versus energy gain. (c) Typical cosh-mode
raw-energy gain and deflection image and (d) corresponding electron
counts per 200 s interval versus energy gain. Note the distinct shoulder
around 1 keV energy gain in contrast to the inverse Smith–Purcell
mode. The results from our numerical models are superimposed on
both (b) and (d).
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grating channel because we have unequal excitation of the peri-
odic modes from each side.

Figure 3 shows the experimental setup. We use a custom
100 keV scanning electron microscope (SEM) setup described
previously as our test platform [3]. A 2.2 mrad full-angle elec-
tron beam traverses the dual-pillar channel as it is illuminated
by the Ti:sapphire laser from one side. The continuous or direct
current (DC) electron beam from the LaB6 thermionic cathode
has less than a 3 eV starting energy spread and is normally
blocked from entering the electron spectrometer by an offset
spectrometer entrance aperture. The deflection gradient of
the laser accelerator deflects some electrons through the spec-
trometer, where their energy is analyzed on a CMOS direct-
detector camera. A knife edge in the dispersion plane blocks
scattered electrons from hitting the detector that do not gain
energy. Using two stages of spatial and spectral filtering of the
deflection and acceleration gradients, respectively, produces a
high signal-to-noise ratio with a DC electron beam. The opti-
mal electron-beam probe location was approximately 250 nm
from the top of the pillars for best acceleration performance.
Due to the different electron energies, the electron-beam 1∕e2
diameter was slightly different for each experiment described in
this Letter (82 nm for the evanescent mode and 110 nm for the
cosh mode). The electron-beam transmission was approxi-
mately 99% for the evanescent mode and 84% for the cosh
mode. The electron spectrometer is calibrated by moving
the sample and entrance aperture out of the way and increasing
the cathode potential to measure spectral position versus energy
with about 20 eV precision. The electron deflection is
determined using a first-order-transfer matrix model of the
spectrometer with about 100 eV precision [3]. The electron-
beam current was approximately 80 pA, resulting in up to
1000 accelerated electrons per second, or one per 76,000 laser
pulses. The electron spectra are integrated for 200 s for each
measurement to improve the signal-to-noise ratio.

The tunable Coherent MIRA 900 Ti:sapphire laser is
coupled to our structures using an f ! 15.3 or f !
18.4 mm aspheric lens for the evanescent- or cosh-mode ex-
periments, respectively, so that roughly the same average power
could be used for each experiment without damage. The illu-
mination angle at 5.0" 0.5 deg off the mesa floor was
selected to effectively drive the structures and allow the adjacent
grating to block the Fresnel reflection off the mesa floor to
prevent interference.

The first set of dual-pillar grating results targeted the maxi-
mum acceleration gradient with an inverse Smith–Purcell evan-
escent mode. The grating period Λg ! 470 nm corresponds to
the first spatial harmonic at an electron velocity β ! v∕c !
0.52 at U 0 ! 86.5 keV and laser wavelength of 907 nm.
Due to the small 1.2 μm height of the grating and the close
proximity to adjacent gratings, we were unable to measure
the reflectance experimentally. The FDTD simulations predict
a reflectivity of 0.95. Our laser parameters for this experiment
were 907 nm, 250 mW average power, 76 MHz repetition rate,
τp ! 130 fs FWHM pulse length, and w0 ! 3.2" 0.3 μm
focused-spot waist radius in the center of the 10.5 μm long
grating. The resulting peak fluence was 20.5" 4 mJ∕cm2,
and the focus peak laser field was 1.05" 0.1 GV∕m. The gra-
dient is calculated by the longitudinal or transverse energy
gain over the effective interaction length Gacc ! ΔU∕Lint. The
effective interaction length is [9]

Lint !
ffiffiffi
π

p
"

1

w2
0

#
2 ln$2%
$βcτp%2

#
−1∕2

! 5.6" 0.5 μm: (4)

We model the electron beam as a 41 nm waist-radius
Gaussian beam centered 105 nm from the illuminated grating
that interacts with an exponentially decaying grating field with
decay constant Γ ! 87 nm based on our FDTD simulations.
We then numerically calculate the electron-charge density as a
function of acceleration and deflection and compare it with the
experimental results. The model agrees well with the observed
spectral data in Fig. 4(b).

We next targeted a cosh-grating mode that produced a more
uniform accelerating gradient across the channel and, hence, a
pronounced “shoulder” at ∼1 keV in the electron-counts ver-
sus energy-gain plot [Fig. 4(d)]. This is consistent with the
shoulder seen in [1] using an SiO2 dual grating at relativistic
energies. A shoulder was not observed for deflection, consistent
with this being a mostly cosh-accelerating mode. The electron
beam samples all optical phases and fills most of the accelerator
channel, and the acceleration shoulder results from the cosh
mode’s low differential dGacc∕dy at y ∼ 90 nm and
dGacc∕dφ at φ ∼ 0. The shoulder peak is truncated due to

Fig. 3. Experimental schematic. A 2.2 mrad full-angle 96.3 keV
electron beam from a custom SEM passes through the dual-pillar
structures and is nominally blocked by a spectrometer entrance aper-
ture. The drive laser illuminates the structures at a 5° angle relative to
the wafer and accelerates and deflects electrons through the spectrom-
eter, where their energy is analyzed on a CMOS detector.

Fig. 4. (a) Typical inverse Smith–Purcell evanescent-mode raw-
energy gain and deflection image and (b) corresponding electron
counts per 200 s interval versus energy gain. (c) Typical cosh-mode
raw-energy gain and deflection image and (d) corresponding electron
counts per 200 s interval versus energy gain. Note the distinct shoulder
around 1 keV energy gain in contrast to the inverse Smith–Purcell
mode. The results from our numerical models are superimposed on
both (b) and (d).
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the minimum deflection requirement reducing the available
optical phase range for detection. The grating period
Λg ! 470 nm corresponds to the first spatial harmonic at
an electron velocity β ! v∕c ! 0.54 at U 0 ! 96.3 keV and
laser wavelength of 870 nm. The FDTD simulations predict
a reflectivity of 0.65. Laser parameters for this experiment were
870 nm, 250 mW average power, 76MHz repetition rate, τp !
80 fs FWHM laser-pulse length, and w0 ! 4.8" 0.5 μm
focused-spot waist radius. We centered the laser spot 1.5 μm
from the end of the dual-pillar grating for a 5.4" 0.5 μm ef-
fective interaction length using Eq. (4). The peak drive laser
fluence was 9.2" 2 mJ∕cm2, and the peak laser field was
904" 90 MV∕m. We model the electron beam as a 55 nm
waist-radius Gaussian beam centered 90 nm from the illumi-
nation side interacting with the off-center cosh mode depicted
in Figs. 2(b) and 2(d).

Figure 5(a) shows the expected linear dependence of the ac-
celerating and deflecting gradients for the evanescent mode on
the incident drive laser field. Figure 5(b) shows the cosh-mode
maximum acceleration and the acceleration shoulder versus in-
cident field. The deflection for the cosh mode was very close to
the acceleration-shoulder and is not shown for clarity. The ac-
celeration and deflection of both experiments observe a cosine
dependence on the incident laser polarization, as expected.

We observe maximum energy gains of 2.05" 0.02 and
1.95" 0.02 keV for the evanescent- and cosh-mode gratings,
respectively, corresponding to acceleration gradients of
370" 40 and 376" 40 MeV∕m. Our experimental maxi-
mum acceleration field ratios Gacc∕E inc were determined to
be 0.35" 0.04 and 0.42" 0.04 for the evanescent- and
cosh-grating modes, respectively. The shoulder on the cosh-
mode experiment extended to approximately 1.05" 0.05 keV
energy gain, corresponding to a gradient of up to
196" 20 MeV∕m. This corresponded to a field ratio of
0.22" 0.02. The cosh mode’s peak energy gains were from
electrons passing close to the illumination side just like in
the evanescent-mode case. Away from the illumination side
of the channel, the cosh-mode gradient levels off, resulting
in the flat shoulder observed.

The maximum transverse energy gains observed were
1.43" 0.1 and 1.22" 0.1 keV for the evanescent- and
cosh-mode gratings, respectively, corresponding to deflection
gradients of 255" 25 and 223" 22 MeV∕m, respectively.
The corresponding field ratios were 0.24" 0.02 and
0.25" 0.02, respectively. The maximum deflection gradients

for both gratings were observed by the electrons grazing the
illuminated side of the grating.

Symmetrically illuminated double-grating structures would
allow better control of the acceleration, deflection, and skew of
the dielectric laser accelerator and allow higher damage-limited
acceleration gradients. Future experiments with femtosecond
photocathode electron sources and mid-infrared drive lasers
would allow full characterization of the attosecond electron
bunches produced in these accelerator systems.

In summary, we have demonstrated 370 MeV/m accelera-
tion and deflection of sub-100 keV electrons with silicon dual-
pillar accelerator structures in two modes. We have demon-
strated an evanescent inverse Smith–Purcell accelerator and a
single side driven cosh-mode accelerator structure that produ-
ces more uniform acceleration. The dual-pillar architecture is
an intrinsically monolithic platform that lends itself well to
large-scale integration with waveguides and fiber-optic-laser
systems. Single stage DLAs could be used for optical-streak
cameras or attosecond manipulation of electrons for ultrafast
electron diffraction and microscopy experiments. Cascaded
multistage DLA devices could be used for compact laser-driven
free-electron lasers, radiation-therapy devices, or high-energy
physics experiments.
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period. In the case of a simple nano-grating [12], the longi-
tudinal field component of the synchronous spatial harmonics
decays exponentially with the distance from the grating surface,
and it can be approximated in the electron’s rest frame as

Ez!y" # Ez0 exp!−Γy" cos!ωt0" × expf−$ve!t − t0"∕w%2g

× expf−2 ln 2$!t − t0"∕τ%2g; (1)

where E0 is the accelerating mode amplitude at the grating sur-
face, y is the transverse distance from the structure surface, ω is
the laser angular frequency, t0 is electron arrival time with
respect to the laser pulse, w is laser spot size, τ is laser pulse
duration, Γ # βγλ∕!2π" is the transverse decay constant, and
γ # !1 − β2"−1∕2 is the Lorentz factor (for details see [17]). In
our experiment with sub-relativistic electrons (Ek0 # 28.4 keV)
and near-infrared laser pulses (λ ≅ 2 μm), Γ ≅ 100 nm.

Whether the electron is accelerated or decelerated depends
on its arrival time t0 with respect to the phase of the laser field
[factor cos!ωt0" in (1)]. The strength of the interaction is then
given by the temporal overlap of the transmitted electron with
the laser pulse envelope.

The experimental setup for characterization of the spatial
resolution of the proposed technique is shown in Fig. 1(a). A
Hitachi S-Series scanning electron microscope column (SEM)
is used as a DC electron source with an energy tunable in the
range of Ek0 # 3 ñ 30 keV and a spectral width of 3 eV. The
electron energy is set to match the synchronicity condition in
each experiment. An electron beam with a current of IDC #
3& 1 pA is focused to a transverse radius (1∕e2) of we # 70&
20 nm and traverses the nanostructure. No damage of the

nanostructure caused by the interaction with the electron beam
was observed during the experiments. The silicon nano-grating
[SEM detail in Fig. 1(b)] is fabricated by electron beam lithog-
raphy (JEOL JBX-6300) and subsequent reactive ion etching.
The grating period is chosen as 620 nm; the grating depth is
450 nm; and the trench/tooth width ratio is 55% to optimize
the excitation efficiency of the acceleration mode by the inci-
dent laser pulse. Structures with four different widths in the
x-direction are fabricated, namely, wx # 250 (sample S1),
500 (S2), 750 (S3), and 1000 nm (S4). The SEM image of
the structures in the x-z plane is shown in Fig. 1(c). The accel-
erating fields are excited by near-infrared femtosecond laser
pulses generated by 1 MHz repetition rate thulium- and/or
thulium-holmium-doped fiber laser systems delivering pulses
at wavelengths of λ # 1.93 and 2.05 μm, respectively. The
pulse durations are τ # 600& 50 fs (thulium) and 390&
30 fs (thulium-holmium). A laser beam with polarization along
the electron propagation direction (z-axis) is focused onto the
nanostructure along the −y direction with a 1∕e2 radius of
w # 7& 1 μm. The peak electric field is limited by the laser
damage threshold of silicon to 1.2 GV/m corresponding to the
peak intensity of 190 GW∕cm2. After interaction with the
synchronized fields, electrons are spectrally filtered by a retard-
ing field spectrometer, where a retardation voltage Us is ap-
plied. Only electrons with an energy gain ΔEk > !eU s − Ek0"
are transmitted through the spectrometer and detected by a mi-
crochannel plate detector (MCP). The temporal delay between
each MCP count and the next laser pulse detected by an ava-
lanche photodiode is measured by a time-to-digital convertor
unit (TDC) and plotted in a histogram. Here the accelerated
electron signal (which has to be temporally synchronized with
the laser pulse) appears as a peak (for details see [18]). The
acquisition time in the presented measurements was limited
by the DC electron source to ∼30 s per 1 pixel. However, with
a laser triggered electron source working at MHz repetition rate
and a single electron per bunch, the single measurement acquis-
ition time can be decreased below 1 s.

In the proof-of-principle DLA experiment with sub-
relativistic electrons [12], a rectangular grating was used. Its
width in the x-direction (perpendicular to both laser and elec-
tron beams) was much larger than both the laser and electron
beam dimensions. Therefore, the accelerating fields were effec-
tively independent of x. To achieve high spatial resolution also
in the x-direction, the width of the grating wx is limited to
sub-wavelength dimensions (wx # 250 ñ 1000 nm) here. The
resulting accelerating field is thus a rapidly decaying function
with the distance from the surface of the nanostructure in both
the x- and y-directions. Transverse spatial resolution is cha-
racterized by 2D scanning with the structure in the x- and
y-directions with respect to the electron beam focus. The laser
focal position remains fixed during the scan, but since the focal
dimensions (width w and Rayleigh length of laser beam) are
much larger than both the electron beam focal width we and
the scanned range, the incoming laser field can be treated as a
spatially infinite plane wave in the x-direction.

In Figs. 2(a) and 2(b) we show the comparison of 2D scans
with the electron energy gains ΔEk > 30 eV and ΔEk > 500 eV.
The measured accelerated electron current distribution corre-
sponds to the convolution of the device spatial response func-
tion given by the shape of the accelerating fields with the initial
transverse electron beam density distribution. The FWHMof the

Fig. 1. (a) Experimental setup used for characterization of the spatial
properties of the optical near-fields which are excited by the femtosecond
laser pulse (red) at the silicon nanostructure (gray). The structure is scan-
ned by a precise 2D xy stage across the focused electron beam (black).
After the interaction, electrons are filtered by a retarding field spectrom-
eter and detected by a MCP. The time delay between each MCP count
and a fast photodiode signal is measured by a TDC. The accelerated
electron signal appears at a specific time delay. (b) SEM image of struc-
ture S2 (wx # 500 nm). (c) SEM images of all four structures S1-S4
used in this Letter. Their widths are wx # 250, 500, 750, and 1000 nm.
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response function is wres !
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2
meas − w2

e
p

, where wmeas is
FWHM of the measured distribution obtained from the 2D
Gaussian fit. The resolutions in the x- and y-directions differ,
namely, wresx ! 600 nm, wresy ! 490 nm at ΔEk > 30 eV
and wresx ! 340 nm, wresy ! 450 nm at ΔEk > 500 eV.
The spatial resolution is improved by only detecting electrons
with larger energy gains. This is the consequence of the spatial
decay of the accelerating field. The highest energy gain is obtained
only by electrons transmitted in the closest proximity of the nano-
structure. However, by improving the resolution, the accelerated
current decreases due to the narrowing of the real- and phase-
space volume occupied by detected electrons.

Our experimental results are compared to numerical results
shown in Figs. 2(c) and 2(d). The accelerating fields are calcu-
lated using a finite-difference time-domain (FDTD) technique
with a commercial software [19]. The amplitude of the accel-
erating mode is obtained from the spatial Fourier transform
of the field amplitude along the trajectory of each electron
[visualized by contour lines in Figs. 2(c) and 2(d)]. The
transverse electron beam density is described as n"x; y# !
n0 expf−4 ln 2$"x − x0#2 % "y − y0#2&∕w2

e g, where n0 is the
peak density, and x0, y0 are coordinates of the beam center.
The equation of motion d

d t "γm0v⃗e# ! q"E⃗ % v⃗e × B⃗# is nu-
merically integrated for all electron arrival times to obtain
the final electron energies. Here E⃗ and B⃗ are the amplitudes
of the electric and magnetic fields of the synchronous spatial
harmonics, m0 is electron rest mass, q is electron charge, v⃗e is
electron velocity, and γ ! "1 − v⃗e :v⃗e∕c2#−1∕2 is the Lorentz factor.
We neglect the quiver motion of electrons at the laser frequency
and use only the synchronous spatial Fourier component of the
field. This approximation is valid when the maximum electron
velocity change during the interaction is small compared to its
initial velocity (<1% in our case). By integrating over all arrival
times and counting only electrons with final ΔEk above a certain
threshold, the accelerated electron current is obtained.

The theoretical accelerated current density distribution
[Figs. 2(c) and 2(d)] describes qualitatively the reduction of
the area for higher values of eU s − Ek0 (minimum energy gain).
However, it slightly differs from the experimental data. This
can be explained by two effects. The first effect is the charging
of our silicon structure. Even though the resistivity of the sub-
strate is 10 ñ 20 Ωcm, there is a charge accumulated on the sur-
face of the nanostructure which changes the accelerated electron
path. The second effect is the electron scattering off the sides of
the nanostructure. Due to the nanostructure’s length in the
electron propagation direction (100 μm), many of the electrons
are scattered at imperfections on the sidewalls. These imperfec-
tions are present due to the fabrication process. This is not the
case for electrons above the structure, where the flatness is bet-
ter, as it is given by the flatness of the silicon wafer used for
fabrication. (The RMS surface roughness is specified to 2 Å.)

We further characterize the transverse distribution of the
accelerating fields as a function of the structure width wx . The
current of accelerated electrons with ΔEk > 30 eV is measured
along the line y ! 50 nm above the structure surface for all
samples. The results are shown in Fig. 3 and compared to theo-
retical calculations. The measured widths of the distribution
agree well with theoretical values. The minimum observed
width equals 650' 50 nm.

Apart from the excellent spatial resolution, this method also
offers femtosecond temporal resolution. The accelerated elec-
tron current reflects both the oscillating laser field at the driving
laser frequency and the laser pulse envelope function [see
Eq. (1)]. The results of temporal characterization measure-
ments of near-fields excited by the thulium laser at structure
S2 are shown in Fig. 4. Here we use two spatially separated
laser pulses (with a separation distance in the z-direction of
d ! 18 μm corresponding to an electron travel time
t tr ! 190 fs) with an adjustable time delay. The first pulse in-
troduces an energy modulation to the electron beam, while the
second pulse probes this modulation in time. The accelerated
electron current is then measured as a function of time delay
between the two laser pulses (more details in [9]). Figure 4(a)
shows the phase-dependent oscillations of the measured current

Fig. 2. (a), (b) Measured accelerated electron current as a function
of nanostructure x and y coordinates with respect to the center of the
electron beam for (a) ΔEk > 30 eV and (b) ΔEk > 500 eV. Nano-
structure edges are represented by black lines. (c), (d) Calculations of
accelerated electron current corresponding to the measurements shown
in (a), (b) (color scale, see text for details) with contour lines representing
the amplitude of the longitudinal accelerating field component.

Fig. 3. Measured accelerated electron current (points) for energy gains
higher than 30 eV along the line y ! 50 nm above the structure surface
for structures S1-S4 with four different widths wx . Data are compared to
theoretical calculations (solid curves). Data are vertically shifted for clarity.
Inset: FWHM of the measured accelerated current distribution (points)
compared to calculations (curve) as a function of structure width wx .
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Planned Experiments at PSI 
Installation of a Test Chamber in SwissFEL
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Planned Experimental Setup in SwissFEL
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Dedicated Laser Room
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Ti:Sa laser (800 nm) with OPA (2 #m)
Provided  by collaboration partners
Beam transport ~ 20 m
Laser safety:

Hutch in L3.120
Hutch in accelerator tunnel
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Laser transport
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Possible Laser Accelerator Experiments at PSI
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Modeling of the Longitudinal Phase Space
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Motion control idea

A (non negligible) number of parameters to optimise
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