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Laser-Based Accelerators
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Shortly after lasers were invented it was suggested to 
use them to accelerate particles. 

Koichi Shimoda, Applied Optics 1 (1), 33 (1961) 

Shimoda
Appl. Opt. 1 (1), 33 (1961)
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How to Accelerate Charged Particles

Assume:

• an ultrarelativistic particle 

of charge e

• moving along the z axis

• accelerated by a plane 
electromagnetic wave
that propagates at an

angle ϑ to the z axis
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k
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λ
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How to Accelerate Charged Particles

Then:

• Position of the electron

• Electric field

• Energy gradient

e-

k

ϑ

λ
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Lawson Woodward Theorem

• Every wave in far field can be written as a superposition of plane waves

• The Lawson-Woodward Theorem states:

• the total acceleration

• of ultrarelativistic particles 

• by far-field electromagnetic waves 

• is zero

⇒Need near-field structures

electron

electromagnetic

wave

Woodward, J. IEE 93 (1947)

Lawson, IEEE Trans. Nucl. Sci. 26 (1979)

Palmer, Part. Accel. 11 (1980)
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Manufacturing of Accelerating Structures
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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=∂t2ÞE⃗ ðr⃗; 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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Experiments with Non-Relativistic Electrons
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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 E kin 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=∂t2ÞE⃗ ðr⃗; 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
!
0.03eE p

ffiffiffi
π

p
wint

ΔE

#
: (9)

For example, assuming E p 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 E p ¼ 2.85 GV=m
(average power P ¼ 450 mW, peak intensity Ip ¼
2.2 × 1012 W=cm2, peak fluence F p ¼ 0.13 J=cm2) and
E p¼2.36GV=m (P ¼ 300 mW, Ip ¼ 1.5 × 1012 W=cm2,
F p 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
e2E 2

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 −100þ 100

−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
[E p ¼ 2.85 GV=m (orange circles), E p 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.
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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,
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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,
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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,
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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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Acceleration of Relativistic Electrons 
Kerr Saturation

Cesar et al., http://arxiv.org/abs/1707.02364
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Max Kellermeier: Photonic Band Gap Structures 
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• 300	nm	wire	made	with	
lithographic	methods

Simona Borrelli: Measurement of Sub-µm Beam Size 
Master’s Thesis
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• 1	µm	wide	gold	wire	
• supported	by	250	nm	Si3N4	membrane

Sub-micrometer wire scanner
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