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system. We plan to test an 8 mm long quartz-based accel-
erator cell with a variable vacuum gap. The laser beam will
be pulse-front tilted at 45! and focused with a cylindrical
lens to a 100 mm" 1 cm spot. With 1

2 mJ=pulse available
at the experiment, it will produce a fluence of
#50 mJ=cm2 and a corresponding plane-wave electric
field amplitude of #1:4 GV=m. Under optimum condi-
tions, we expect the structure to produce an average gra-
dient of #0:7 GeV=m and a corresponding maximum
energy gain of #7 MeV. These laser-focusing values are

well below the damage fluence and tighter focusing for
higher gradients will be possible in principle. The chal-
lenge for the experiment is the loss of electron beam
through the narrow, cm-long vacuum channel. Com-
parable electron beam transport conditions were encoun-
tered at the original LEAP experiment, where the electron
beam was successfully transmitted through the #5 micron
wide aperture of a few-mm long dielectric cell [29].

The proposed setup is shown in Fig. 9. The alignment
and spacing between the two gratings will be monitored
with an alignment laser illuminating a flat region of the two
quartz plates. One grating will be fixed while the other will
be controlled by a translation stage for variable gap width.

IV. CONCLUSION

The calculations presented in this article suggest that the
proposed double-grating structure could be a feasible laser
accelerator with the possibility for loaded gradients greater
than 1 GeV=m. Furthermore, the structure does not suffer
from group-velocity limitations and therefore each seg-
ment could be several mm in length. Each segment can
be powered by a single laser plane-wave and requires no
laser mode converters. Finally, the simplicity of the device
and its ease of fabrication are a strong motivation for
investigating this geometry further and to perform tests
with electron beam.
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FIG. 9. (Color) The proposed setup for beam experiments with the double-grating structure.

 

FIG. 8. Electron microscope picture of a fused silica grating
with a period of 1 !m. The hole in the center was cut to expose
the surface profile of the grating.
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than an 800-nm gap structure but requires tighter tolerances on the
electron beam.
TheNIRpulses, 1.246 0.12 ps long, from a regeneratively amplified

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

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

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

measure the energymodulation as the laser pulse is temporally scanned

across the electron beam, forming a cross-correlation signal. A sample
measurement at a laser pulse energy of 91.86 1.3mJ over a laser delay
of 6 ps is shown Fig. 3a. The orange circles (laser-off data) show no
variation correlated with laser delay, as expected, and have an r.m.s.
deviation of 4.5 keV, which is taken as the noise floor level of the mea-
surement. The blue circles (laser-on data) show the expected sech2 dis-
tributionwith a full-width at half-maximum(FWHM)of 1.896 0.09 ps,

Electron 
beam

Laser pulse (O = 800 nm)

Magnetic 
lenses

Spectrometer
magnet

Cylindrical lens

DLA device

Lanex screen

B

Intensi!ed 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 energymodulation. a, Image of the transmitted
electron beam on the spectrometer screen, with the laser off. b, As a but when
the laser field is present. c, Energy spectra from a and b showing energy
modulation. A fit (blue curve) to the measured laser-off spectrum (light blue
crosses) is used as input for the simulations. The calculated energy modulation
(red curve) and particle tracking simulations (black dots) agree with our
measured spectrum (pink crosses). Images of the entire spectrometer screen are
shown in Extended Data Fig. 2.
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TheNIRpulses, 1.246 0.12 ps long, from a regeneratively amplified

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

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

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

measure the energymodulation as the laser pulse is temporally scanned

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

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

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

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

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

measure the energymodulation as the laser pulse is temporally scanned

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

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

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

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

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

measure the energymodulation as the laser pulse is temporally scanned

across the electron beam, forming a cross-correlation signal. A sample
measurement at a laser pulse energy of 91.86 1.3mJ over a laser delay
of 6 ps is shown Fig. 3a. The orange circles (laser-off data) show no
variation correlated with laser delay, as expected, and have an r.m.s.
deviation of 4.5 keV, which is taken as the noise floor level of the mea-
surement. The blue circles (laser-on data) show the expected sech2 dis-
tributionwith a full-width at half-maximum(FWHM)of 1.896 0.09 ps,
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the simulated fields in the structure shows the corresponding spatial
modulation in the vacuum channel. See text for details.
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Figure 2 | Demonstration of energymodulation. a, Image of the transmitted
electron beam on the spectrometer screen, with the laser off. b, As a but when
the laser field is present. c, Energy spectra from a and b showing energy
modulation. A fit (blue curve) to the measured laser-off spectrum (light blue
crosses) is used as input for the simulations. The calculated energy modulation
(red curve) and particle tracking simulations (black dots) agree with our
measured spectrum (pink crosses). Images of the entire spectrometer screen are
shown in Extended Data Fig. 2.
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than an 800-nm gap structure but requires tighter tolerances on the
electron beam.
TheNIRpulses, 1.246 0.12 ps long, from a regeneratively amplified

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

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

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

measure the energymodulation as the laser pulse is temporally scanned

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

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

optics, DLA chip, and detector should be able to fit in a shoe-
box. Parts of each goal have already been demonstrated, and
the collaboration is on track to have a completed device in 2022.

The accelerator components fall into four major categories:
the electron source, an injector and buncher that accelerate
particles from subrelativistic to relativistic (MeV) energies,  on-
 chip waveguides for controlled laser delivery, and relativistic
 speed- of- light acceleration. All the elements need to operate to-
gether in a final integrated device, which means reinventing
them to be compatible with integrated Si photonics and litho-
graphic fabrication. Five years ago that task appeared to be
nearly  impossible— a prerequisite for any project worth under-
taking according to the mo!o of Edwin Land, inventor of the
Polaroid camera.

The electron source must be compact and well suited for
coupling to  micron- sized devices. Progress there has largely
exploited nanotip field-emission  sources— tiny metallic or Si
needles with tip radii on the order of tens of nanometers, from
which electrons are emi!ed by photoemission excited by an ul-
trafast laser pulse. Nanotip emission sources have led to the
development of  centimeter- scale electron guns, which are now
being integrated into compact tabletop demonstration acceler-

ators, such as the “glass box” at Stan-
ford,5 shown in figure 4a.

An important aspect of the elec-
tron sources is that because of their
tiny size, they have exceptionally high
beam  brightness— a measure of how
small and  well- collimated an electron
beam can be made. The Si tips em-
ployed are quite robust and can last
for days or weeks of continuous op-
eration. As a tradeoff for their intense

beam brightness, however, nanotip emission sources produce
on the order of a few thousand electrons per incident laser
pulse, compared with millions or billions of electrons for more
conventional sources.

The accelerator naturally divides the electron bunches from
the nanotip into smaller, optically spaced microbunches with
durations that are less than 1 fs, a fraction of a laser cycle. The
particles that successfully transition into a microbunch are
“captured.” The microbunch spacing is determined by the pe-
riod of the  accelerator— the spacing between grating  teeth—
 and is therefore intrinsic to the design.

The particles naturally form microbunches as they get cap-
tured in the potential wells in the electromagnetic wave. The
efficiency of the capture process can be enhanced by prebunch-
ing the particles. Recently, bunches with durations from 270 to
700 a!oseconds have been measured and injected into a sub-
sequent acceleration stage to perform fully  on- chip bunching
and net acceleration demonstrations.6,7

Successfully directing an electron beam through tiny accel-
erating devices is a major experimental challenge. For a sense
of scale, the hollow acceleration channel inside the chip shown
in figure 1 is just 400 nm wide and 1 mm long. Electrostatic
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FIGURE 4. SILICON NANOFABRICATION
allows for sophisticated structure designs
that can be monolithically integrated on 
a chip. (a) A  dual- pillar accelerator was 
incorporated into a 10- cm- long “glass box”
test stand that is designed to achieve 
energy gains of 0.1–1 MeV. The device 
includes an integrated miniaturized 
electron gun (lower left) and silicon 
nanotip emitters (upper left). Such devices
could enable ultracompact sources for
electron diffraction studies, as illustrated
by the diffraction pattern (upper right) 
obtained with a graphene target and a 
57 keV beam. (Schematic adapted from 
ref. 5; silicon nanotip image courtesy of 
Andrew Ceballos; glass box and diffraction
pattern images courtesy of Kenneth 
Leedle.) (b) The  dual- pillar design consists
of a colonnade of vertically standing silicon
pillars. When driven in phase, two incident
laser pulses excite a uniform accelerating
mode between the pillars, shown here 
by simulated contour plots of the axial 
electric field Ez. (Adapted from ref. 18.)
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cluding thermionic, photo, and field emission. In the case
of field emission, the surface electric field on the tip lowers
the potential barrier such that electrons can tunnel from
the cathode material, generating a beam. The high fields
and fast timescales of THz cavities provide the ideal con-
ditions to develop compact field emission and photo-field
emission sources.

Combining these e↵orts, we have developed a two cell
standing-wave electron gun at 110 GHz. The gun uses
normal conducting copper cells that have been electro-
formed around a high precision mandrel. The electron
source is a copper tip cathode located in the center of the
first cell. At 110 GHz, copper can sustain multi-GV/m
surface fields, which are su�ciently high to allow for field
emission. The field-emitted bunch charge is expected to
be 51 fC per RF cycle based on 3.9 GV/m fields on the
copper cathode. The following sections present results of
the electromagnetic and 3D particle simulations used in
the design of the gun.

Several gun structures were fabricated, cold tested, and
tuned. We detail the results of these cold tests and the
mechanical tuning procedure. This represents the first
demonstration of mechanical tuning of W-band acceler-
ator cavities. This is also the first W-band accelerator
structure made through electroforming. The use of elec-
troforming allows for the cathode tip to be fabricated in
one piece with the cells, which would not be possible with
split block machining.

II. DESIGN AND MODELING

The electron gun is designed as a two cell, standing
wave structure. In a standing wave electron gun, the
electromagnetic field is excited by an external RF source.
The electric field on-axis accelerates the beam from the
cathode. The cell length and frequency are designed such
that the phase shift between the cells gives consistent
acceleration for a given electron beam energy. This is
illustrated in the schematic in Figure 1. The mode of
operation shown is the ⇡ mode, which has a 180 degree
shift for each cell.

A schematic and model of the gun structure are shown
in Figure 2. The design values of each parameter are
summarized in Table I. A 50 µm radius copper tip serves
as the field emission source. The electromagnetic perfor-
mance of the gun cells was modeled using Ansys’s High
Frequency Structure Simulator (HFSS) [26]. The struc-
ture was designed such that the electric field is strongest
in the first cell, providing high surface fields on the tip.
For 500 kW of input power, the field on the tip was cal-
culated to be 3.9 GV/m, which is roughly 4.5 times the
highest surface field elsewhere in the structure.

Power is supplied to the cells on-axis through a circular
waveguide and mode converter. The gun was designed for
use with a 110 GHz megawatt gyrotron which has been
used to study breakdown in copper W-band cavities [27].
The output beam from this gyrotron is transported in
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FIG. 1. Simplified schematic of a two cell gun, where electrons
are accelerated from the cathode. The frequency and cell
length are chosen to give continuous acceleration for a given
operating mode. This schematic shows the ⇡ mode where
there is a 180 degree phase shift between cells.
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FIG. 2. Schematic and model of the copper tip gun. The
structure is cylindrically symmetric around the horizontal
dashed line shown. The parameters of the design are summa-
rized in Table I. The structure consists of two cells, a copper
tip (the cathode) located in the center of the first cell, and a
coupling section. Input power is coupled in on-axis through
a circular waveguide.

free space. To couple into the structure, the beam is fo-
cused onto a Gaussian horn which is followed by a mode
converter to produce the TM01 circular waveguide mode.
This circular waveguide section of the mode converter
mates with coupling section of the gun cells. Figure 3
shows the mode converter and the simulated fields of the
⇡ mode in the structure. The Gaussian horn and mode
converter performance has been established by previous
breakdown experiments [27–29]. In this case, the mode
converter wall has been modified to include a beam tun-
nel that does not a↵ect the performance.
Particle simulations of the beam dynamics were per-

formed using General Particle Tracer (GPT) [30] com-

arXiv:2203.15939
[physics.acc-ph]
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Parameter Value (mm) Description
a 0.286 Iris radius
ac 0.408 Coupling iris radius
b1 1.080 Radius of first cell
b2 1.155 Radius of second cell
bc 1.185 Radius of input circular waveguide
p1 0.51 Length of first cell
p2 0.51 Length of second cell
ri 0.1 Iris radius of curvature
tf 0.1 Tip base radius of curvature
tl 0.255 Tip length
tr 0.050 Tip radius of curvature

TABLE I. Design values of the copper tip gun.
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FIG. 3. (a) Electric field in the vacuum space of the mode
converter and gun structure on the ⇡ mode resonance. The
simulation assumes mirror symmetry across the plane shown
and uses copper surface resitivity for all external boundaries
of the vacuum space excluding ports and the beam tunnel exit.
The electric field is shown in normalized units. Power is input
from port 1 and coupled into the cells. The inset shows the
field profile in the cells including field enhancement at the tip.
(b) Log-scale plot of the electric field in the cells, showing the
field balance between the two cells. This simulation assumes
cylindrical symmetry around the dashed line.

bined with the HFSS fields and a Fowler-Nordheim-based
model of the field emission. The Fowler-Nordheim equa-
tion describes cold field emission as a function of an ap-
plied electric field E and a material-dependent work func-

tion �. The equation can be written as

jF =
1.54⇥ 10�6 ⇥ 104.52�

�0.5

E2

�
⇥

exp

✓
�6.53⇥ 109�1.5

E

◆ h
A/m2

i (2)

with E in units of V/m and � in units of eV [31, 32].
Current can be calculated for a given area Ae including
a field enhancement factor �. A simple model was devel-
oped to calculate the field-emitted bunch charge based
on the simulated surface fields in HFSS. The copper tip
was discretized using 10 points along the 50 µm radius.
The field at each point was used to represent a ring of
surface area on the tip hemisphere assuming azimuthal
symmetry. The current I of each of these rings was cal-
culated based on the corresponding area. These points
are shown in Figure 4. The resulting current versus RF
phase is shown in Figure 5. The current density is highest
at the center, which is expected based on the field distri-
bution. The field at the outermost points is low enough
such that the emitted current is e↵ectively zero. The to-
tal bunch charge emitted from the tip in one RF cycle
was calculated to be 51 fC based on 500 kW of input
power. No additional field enhancement factor was in-
cluded. In reality, surface features will lead to additional
local field enhancement. Thus, this calculation represents
a minimum expected bunch charge for a smooth surface.
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FIG. 4. (a) HFSS electric field on the tip showing the points
which were used to discretize the emission area. (b) Relative
probability of emission at those points based on the current
density calculated from the Fowler-Nordheim equation.

To represent the emission in GPT, the total bunch
charge was distributed in space and time based on the
Fowler-Nordheim calculations. The current density ver-
sus radius was normalized and used to set the probabil-
ity of the spatial distribution of the macroparticles. The
model assumed symmetry in angle and a uniform 2⇡ sr
distribution in phase space. The probability of emission
versus time was based on the emission versus phase at
the tip center. All particles were assumed to be born at
z = 0 with E0 = 0.4 eV. The cumulative distribution of
the emitted beam is shown in Figure 6.
To model the beam acceleration, the GPT simulations

used the full 3D complex electric and magnetic fields of
the gun structure calculated in HFSS for 500 kW of in-
put power. Space charge was included using a built-in 3D
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(a) (c)(b)
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FIG. 8. Photos of the fabricated gun structures. (a) Cells
with the coupling opening pointed up. The coupling iris and
inner iris are both visible. (b) Back of the structure showing
a divot for centering and alignment in the final assembly. (c)
Cell structure upright in an aluminum adapter for cold test-
ing. (d) Zoomed photo where inner features are visible. The
copper tip is visible in the center and the inner iris is also
visible.

FIG. 9. Microscope images of di↵erent gun structures. All of
the images are stacked focus images. (a) Side-by-side compar-
ison of two structures showing the di↵erent surface finishes.
(b) Image of a structure showing both irises and the input cou-
pling section. The surface finish on the outer surface which
mates with the input waveguide shows more wear-and-tear
than the cell surfaces. (c) Zoomed view of the coupling iris.
There are pits visible in the iris. These features will likely be
smoothed during high power processing. (d) The inner iris,
viewed with the same magnification as (c). (e) Close-up view
of the coupling iris edge and surface of the coupling cell.

109.61–109.90 GHz. The relative strength of the two
modes and the mode spacing also di↵ered significantly
from the design. A comparison is shown in Figure 11
with a representative measurement.

Additional modeling was performed to determine po-
tential causes of the variation and investigate the result-
ing impact on the electron beam. The frequency shifts
could not be explained by the structure being uniformly
oversized. Instead, the simulations showed that there is
a di↵erence in the fabrication error of the radii of the
two cells (b1 and b2), altering the field balance. Based
on measurements of the mandrels before electroforming,
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FIG. 10. (a) Height profile through the center of a copper
tip. The dashed lines indicate the height and the distance
corresponding to a 50 µm radius, the design value. The tip is
not a perfect hemisphere, but its overall size matches well with
the design. The height from the baseline is 255 µm, which was
the design value for the height. (b) Top-down view of a tip in
a stacked-focus image. (c) Height data displayed in 3D form.
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FIG. 11. An example measurement of the reflection signal
(S11) compared to the design. The 0 mode and ⇡ mode are
indicated. In the fabricated structures, both modes are lower
in frequency than the design. There is also a clear di↵erence
in the relative strength of the two modes and their spacing.

it is also likely that there was an error in the length of
the first cell. The full details of this study are beyond
the scope of this paper, but can be found in [33]. The
frequency shifts can be explained by deviations in these
dimensions in the range of 1–10 µm.
The operational tuning range of the gyrotron source

is 110.08–110.1 GHz. The ⇡ mode did not fall within
this range in any of the structures, making it necessary

Expected 50 fC, 360 keV electrons

https://arxiv.org/abs/2203.15939
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cluding thermionic, photo, and field emission. In the case
of field emission, the surface electric field on the tip lowers
the potential barrier such that electrons can tunnel from
the cathode material, generating a beam. The high fields
and fast timescales of THz cavities provide the ideal con-
ditions to develop compact field emission and photo-field
emission sources.

Combining these e↵orts, we have developed a two cell
standing-wave electron gun at 110 GHz. The gun uses
normal conducting copper cells that have been electro-
formed around a high precision mandrel. The electron
source is a copper tip cathode located in the center of the
first cell. At 110 GHz, copper can sustain multi-GV/m
surface fields, which are su�ciently high to allow for field
emission. The field-emitted bunch charge is expected to
be 51 fC per RF cycle based on 3.9 GV/m fields on the
copper cathode. The following sections present results of
the electromagnetic and 3D particle simulations used in
the design of the gun.

Several gun structures were fabricated, cold tested, and
tuned. We detail the results of these cold tests and the
mechanical tuning procedure. This represents the first
demonstration of mechanical tuning of W-band acceler-
ator cavities. This is also the first W-band accelerator
structure made through electroforming. The use of elec-
troforming allows for the cathode tip to be fabricated in
one piece with the cells, which would not be possible with
split block machining.

II. DESIGN AND MODELING

The electron gun is designed as a two cell, standing
wave structure. In a standing wave electron gun, the
electromagnetic field is excited by an external RF source.
The electric field on-axis accelerates the beam from the
cathode. The cell length and frequency are designed such
that the phase shift between the cells gives consistent
acceleration for a given electron beam energy. This is
illustrated in the schematic in Figure 1. The mode of
operation shown is the ⇡ mode, which has a 180 degree
shift for each cell.

A schematic and model of the gun structure are shown
in Figure 2. The design values of each parameter are
summarized in Table I. A 50 µm radius copper tip serves
as the field emission source. The electromagnetic perfor-
mance of the gun cells was modeled using Ansys’s High
Frequency Structure Simulator (HFSS) [26]. The struc-
ture was designed such that the electric field is strongest
in the first cell, providing high surface fields on the tip.
For 500 kW of input power, the field on the tip was cal-
culated to be 3.9 GV/m, which is roughly 4.5 times the
highest surface field elsewhere in the structure.

Power is supplied to the cells on-axis through a circular
waveguide and mode converter. The gun was designed for
use with a 110 GHz megawatt gyrotron which has been
used to study breakdown in copper W-band cavities [27].
The output beam from this gyrotron is transported in
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FIG. 1. Simplified schematic of a two cell gun, where electrons
are accelerated from the cathode. The frequency and cell
length are chosen to give continuous acceleration for a given
operating mode. This schematic shows the ⇡ mode where
there is a 180 degree phase shift between cells.

p1

b1

tr

ri

a

b2 bc

p2

ac
tl

tf

Tip

Coupling to circular waveguide

FIG. 2. Schematic and model of the copper tip gun. The
structure is cylindrically symmetric around the horizontal
dashed line shown. The parameters of the design are summa-
rized in Table I. The structure consists of two cells, a copper
tip (the cathode) located in the center of the first cell, and a
coupling section. Input power is coupled in on-axis through
a circular waveguide.

free space. To couple into the structure, the beam is fo-
cused onto a Gaussian horn which is followed by a mode
converter to produce the TM01 circular waveguide mode.
This circular waveguide section of the mode converter
mates with coupling section of the gun cells. Figure 3
shows the mode converter and the simulated fields of the
⇡ mode in the structure. The Gaussian horn and mode
converter performance has been established by previous
breakdown experiments [27–29]. In this case, the mode
converter wall has been modified to include a beam tun-
nel that does not a↵ect the performance.
Particle simulations of the beam dynamics were per-

formed using General Particle Tracer (GPT) [30] com-
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FIG. 8. Photos of the fabricated gun structures. (a) Cells
with the coupling opening pointed up. The coupling iris and
inner iris are both visible. (b) Back of the structure showing
a divot for centering and alignment in the final assembly. (c)
Cell structure upright in an aluminum adapter for cold test-
ing. (d) Zoomed photo where inner features are visible. The
copper tip is visible in the center and the inner iris is also
visible.

FIG. 9. Microscope images of di↵erent gun structures. All of
the images are stacked focus images. (a) Side-by-side compar-
ison of two structures showing the di↵erent surface finishes.
(b) Image of a structure showing both irises and the input cou-
pling section. The surface finish on the outer surface which
mates with the input waveguide shows more wear-and-tear
than the cell surfaces. (c) Zoomed view of the coupling iris.
There are pits visible in the iris. These features will likely be
smoothed during high power processing. (d) The inner iris,
viewed with the same magnification as (c). (e) Close-up view
of the coupling iris edge and surface of the coupling cell.

109.61–109.90 GHz. The relative strength of the two
modes and the mode spacing also di↵ered significantly
from the design. A comparison is shown in Figure 11
with a representative measurement.

Additional modeling was performed to determine po-
tential causes of the variation and investigate the result-
ing impact on the electron beam. The frequency shifts
could not be explained by the structure being uniformly
oversized. Instead, the simulations showed that there is
a di↵erence in the fabrication error of the radii of the
two cells (b1 and b2), altering the field balance. Based
on measurements of the mandrels before electroforming,

FIG. 10. (a) Height profile through the center of a copper
tip. The dashed lines indicate the height and the distance
corresponding to a 50 µm radius, the design value. The tip is
not a perfect hemisphere, but its overall size matches well with
the design. The height from the baseline is 255 µm, which was
the design value for the height. (b) Top-down view of a tip in
a stacked-focus image. (c) Height data displayed in 3D form.
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FIG. 11. An example measurement of the reflection signal
(S11) compared to the design. The 0 mode and ⇡ mode are
indicated. In the fabricated structures, both modes are lower
in frequency than the design. There is also a clear di↵erence
in the relative strength of the two modes and their spacing.

it is also likely that there was an error in the length of
the first cell. The full details of this study are beyond
the scope of this paper, but can be found in [33]. The
frequency shifts can be explained by deviations in these
dimensions in the range of 1–10 µm.
The operational tuning range of the gyrotron source

is 110.08–110.1 GHz. The ⇡ mode did not fall within
this range in any of the structures, making it necessary
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to tune the cells. Further, HFSS simulations matching
the measured spectrum had a weaker electric field in the
first cell and a stronger field in the second cell. GPT
simulations based on these fields showed that the struc-
ture would still provide acceleration with a lower max-
imum energy. The reduced field in the first cell would
also significantly lower the field on the tip, limiting the
achievable bunch charge. Several methods of tuning were
attempted to raise the frequency and correct the field bal-
ance. Active thermal tuning alone would be insu�cient
to bring the frequency within range for high power op-
eration. Instead, a combination of chemical etching and
mechanical tuning was required. Etching using HCl acid
raised the frequency of both modes in all of the structures
that were etched. This indicates there was some residual
material—potentially aluminum from the mandrel—that
a↵ected the frequency.

Following etching, several structures were mechanically
tuned using an ER collet to achieve azimuthal compres-
sion. Photos of a gun structure in the collet during tuning
are shown in Figure 12. The orientation of the struc-
ture in the collet a↵ected the degree of tuning of the two
modes. Using a careful series of small tuning steps, it was
possible to tune the 0 mode by a larger shift than the
⇡ mode. The resulting spectrum matches more closely
with the original design. Additional modeling was per-
formed to match the measured tuned result. These sim-
ulations indicate the field balance and surface field on
the tip should provide significantly better performance
than the structures as-fabricated. The measured S11 of
the final structure before and after mechanical tuning is
shown in Figure 13. The final frequency of the ⇡ mode
was 110.081 GHz. Measurements under vacuum showed
a shift to the expected value of roughly 110.114 GHz,
which was measured in multiple air to vacuum cycles.

FIG. 12. Images of a structure in the tuning collet. (a) The
‘normal’ orientation with the circular input waveguide open-
ing pointing up. (b) The ‘flipped’ orientation.

IV. SUMMARY AND FUTURE WORK

We have developed a field emission electron gun at
110 GHz. The gun will be operated at room tempera-
ture and is expected to produce 51 fC, 360 keV electron
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FIG. 13. The measured reflection S11 before and after tuning.
The 0 mode and ⇡ mode are indicated. The 0 mode was in-
tentionally tuned by a larger degree than the ⇡ mode in order
to achieve better field balance for acceleration and emission.

bunches with 500 kW of input power. The gun cells were
fabricated using electroforming, which provided a high
degree of accuracy on observable surfaces. Small devia-
tions on the order of 1–10 µm were able to be corrected
using etching and mechanical tuning.
The gun cells are part of a larger assembly which will

be used to characterize the beam during high power test-
ing. In addition to measuring the energy spread, beam
size, and field-emitted current, the high power measure-
ments will include breakdown monitoring and build on
previous W-band breakdown studies. Details on the as-
sembly and beam characterization setup can be found in
[33]. The results of the high power measurements will
be reported in a future paper. The gun is capable of
providing acceleration over a range of input powers and
thus the emission properties of the cathode will be ex-
amined at multiple operating points. The gun cells are
fully demountable from the rest of the assembly and mul-
tiple structures have been tuned within the gyrotron’s
operational range. This will provide the opportunity to
study the e�cacy of di↵erent tuning methods and pro-
vide confirmation of the e↵ects of the mode balance on
acceleration and emission.
Future work will include multiple stages of W-band

acceleration after the gun to develop a THz-driven, nor-
mal conducting linac. Other cathode materials and types
will also be explored, including the use of Diamond Field
Emitter Arrays (DFEAs) and photo-field sources [33–35].
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Parameter Value (mm) Description
a 0.286 Iris radius
ac 0.408 Coupling iris radius
b1 1.080 Radius of first cell
b2 1.155 Radius of second cell
bc 1.185 Radius of input circular waveguide
p1 0.51 Length of first cell
p2 0.51 Length of second cell
ri 0.1 Iris radius of curvature
tf 0.1 Tip base radius of curvature
tl 0.255 Tip length
tr 0.050 Tip radius of curvature

TABLE I. Design values of the copper tip gun.
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FIG. 3. (a) Electric field in the vacuum space of the mode
converter and gun structure on the ⇡ mode resonance. The
simulation assumes mirror symmetry across the plane shown
and uses copper surface resitivity for all external boundaries
of the vacuum space excluding ports and the beam tunnel exit.
The electric field is shown in normalized units. Power is input
from port 1 and coupled into the cells. The inset shows the
field profile in the cells including field enhancement at the tip.
(b) Log-scale plot of the electric field in the cells, showing the
field balance between the two cells. This simulation assumes
cylindrical symmetry around the dashed line.

bined with the HFSS fields and a Fowler-Nordheim-based
model of the field emission. The Fowler-Nordheim equa-
tion describes cold field emission as a function of an ap-
plied electric field E and a material-dependent work func-

tion �. The equation can be written as

jF =
1.54⇥ 10�6 ⇥ 104.52�

�0.5

E2

�
⇥

exp

✓
�6.53⇥ 109�1.5

E

◆ h
A/m2

i (2)

with E in units of V/m and � in units of eV [31, 32].
Current can be calculated for a given area Ae including
a field enhancement factor �. A simple model was devel-
oped to calculate the field-emitted bunch charge based
on the simulated surface fields in HFSS. The copper tip
was discretized using 10 points along the 50 µm radius.
The field at each point was used to represent a ring of
surface area on the tip hemisphere assuming azimuthal
symmetry. The current I of each of these rings was cal-
culated based on the corresponding area. These points
are shown in Figure 4. The resulting current versus RF
phase is shown in Figure 5. The current density is highest
at the center, which is expected based on the field distri-
bution. The field at the outermost points is low enough
such that the emitted current is e↵ectively zero. The to-
tal bunch charge emitted from the tip in one RF cycle
was calculated to be 51 fC based on 500 kW of input
power. No additional field enhancement factor was in-
cluded. In reality, surface features will lead to additional
local field enhancement. Thus, this calculation represents
a minimum expected bunch charge for a smooth surface.
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FIG. 4. (a) HFSS electric field on the tip showing the points
which were used to discretize the emission area. (b) Relative
probability of emission at those points based on the current
density calculated from the Fowler-Nordheim equation.

To represent the emission in GPT, the total bunch
charge was distributed in space and time based on the
Fowler-Nordheim calculations. The current density ver-
sus radius was normalized and used to set the probabil-
ity of the spatial distribution of the macroparticles. The
model assumed symmetry in angle and a uniform 2⇡ sr
distribution in phase space. The probability of emission
versus time was based on the emission versus phase at
the tip center. All particles were assumed to be born at
z = 0 with E0 = 0.4 eV. The cumulative distribution of
the emitted beam is shown in Figure 6.
To model the beam acceleration, the GPT simulations

used the full 3D complex electric and magnetic fields of
the gun structure calculated in HFSS for 500 kW of in-
put power. Space charge was included using a built-in 3D
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(a) (c)(b)

(d)

FIG. 8. Photos of the fabricated gun structures. (a) Cells
with the coupling opening pointed up. The coupling iris and
inner iris are both visible. (b) Back of the structure showing
a divot for centering and alignment in the final assembly. (c)
Cell structure upright in an aluminum adapter for cold test-
ing. (d) Zoomed photo where inner features are visible. The
copper tip is visible in the center and the inner iris is also
visible.

FIG. 9. Microscope images of di↵erent gun structures. All of
the images are stacked focus images. (a) Side-by-side compar-
ison of two structures showing the di↵erent surface finishes.
(b) Image of a structure showing both irises and the input cou-
pling section. The surface finish on the outer surface which
mates with the input waveguide shows more wear-and-tear
than the cell surfaces. (c) Zoomed view of the coupling iris.
There are pits visible in the iris. These features will likely be
smoothed during high power processing. (d) The inner iris,
viewed with the same magnification as (c). (e) Close-up view
of the coupling iris edge and surface of the coupling cell.

109.61–109.90 GHz. The relative strength of the two
modes and the mode spacing also di↵ered significantly
from the design. A comparison is shown in Figure 11
with a representative measurement.

Additional modeling was performed to determine po-
tential causes of the variation and investigate the result-
ing impact on the electron beam. The frequency shifts
could not be explained by the structure being uniformly
oversized. Instead, the simulations showed that there is
a di↵erence in the fabrication error of the radii of the
two cells (b1 and b2), altering the field balance. Based
on measurements of the mandrels before electroforming,
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FIG. 10. (a) Height profile through the center of a copper
tip. The dashed lines indicate the height and the distance
corresponding to a 50 µm radius, the design value. The tip is
not a perfect hemisphere, but its overall size matches well with
the design. The height from the baseline is 255 µm, which was
the design value for the height. (b) Top-down view of a tip in
a stacked-focus image. (c) Height data displayed in 3D form.
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FIG. 11. An example measurement of the reflection signal
(S11) compared to the design. The 0 mode and ⇡ mode are
indicated. In the fabricated structures, both modes are lower
in frequency than the design. There is also a clear di↵erence
in the relative strength of the two modes and their spacing.

it is also likely that there was an error in the length of
the first cell. The full details of this study are beyond
the scope of this paper, but can be found in [33]. The
frequency shifts can be explained by deviations in these
dimensions in the range of 1–10 µm.

The operational tuning range of the gyrotron source
is 110.08–110.1 GHz. The ⇡ mode did not fall within
this range in any of the structures, making it necessary
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inner iris are both visible. (b) Back of the structure showing
a divot for centering and alignment in the final assembly. (c)
Cell structure upright in an aluminum adapter for cold test-
ing. (d) Zoomed photo where inner features are visible. The
copper tip is visible in the center and the inner iris is also
visible.
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the images are stacked focus images. (a) Side-by-side compar-
ison of two structures showing the di↵erent surface finishes.
(b) Image of a structure showing both irises and the input cou-
pling section. The surface finish on the outer surface which
mates with the input waveguide shows more wear-and-tear
than the cell surfaces. (c) Zoomed view of the coupling iris.
There are pits visible in the iris. These features will likely be
smoothed during high power processing. (d) The inner iris,
viewed with the same magnification as (c). (e) Close-up view
of the coupling iris edge and surface of the coupling cell.

109.61–109.90 GHz. The relative strength of the two
modes and the mode spacing also di↵ered significantly
from the design. A comparison is shown in Figure 11
with a representative measurement.

Additional modeling was performed to determine po-
tential causes of the variation and investigate the result-
ing impact on the electron beam. The frequency shifts
could not be explained by the structure being uniformly
oversized. Instead, the simulations showed that there is
a di↵erence in the fabrication error of the radii of the
two cells (b1 and b2), altering the field balance. Based
on measurements of the mandrels before electroforming,

FIG. 10. (a) Height profile through the center of a copper
tip. The dashed lines indicate the height and the distance
corresponding to a 50 µm radius, the design value. The tip is
not a perfect hemisphere, but its overall size matches well with
the design. The height from the baseline is 255 µm, which was
the design value for the height. (b) Top-down view of a tip in
a stacked-focus image. (c) Height data displayed in 3D form.
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FIG. 11. An example measurement of the reflection signal
(S11) compared to the design. The 0 mode and ⇡ mode are
indicated. In the fabricated structures, both modes are lower
in frequency than the design. There is also a clear di↵erence
in the relative strength of the two modes and their spacing.

it is also likely that there was an error in the length of
the first cell. The full details of this study are beyond
the scope of this paper, but can be found in [33]. The
frequency shifts can be explained by deviations in these
dimensions in the range of 1–10 µm.
The operational tuning range of the gyrotron source

is 110.08–110.1 GHz. The ⇡ mode did not fall within
this range in any of the structures, making it necessary
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Thus, very strict tolerances were placed during the fabrication
and alignment of the two halves. We also found that the cavity fre-
quency tends to slightly increase from pre-bonding to post-bonding,
and this shift is considered prior to manufacturing the final high
power structure.

The structure was then assembled with a high-power rf window
and a dielectric lens, which focuses the Gaussian beam onto the horn
aperture. The diagnostic waveguide has its own rf window. The vac-
uum inside the structure was kept under 10!9Torr. A Faraday cup is
connected to the beam pipe to collect field-emitted currents.

Low power, two-port rf measurements of the assembled cavity
were performed using a mm-wave vector network analyzer. A
Gaussian beam launcher excites the structure as port 1 and a rectangu-
lar waveguide as port 2. Figures 1(b) and 1(c) show the results of a
measured frequency sweep of the S-parameters as well as simulation
results. Three resonances corresponding to the 0, p/2, and p modes
are seen in Figs. 1(b) and 1(c). The p mode resonance is found to be at
"110.08GHz at about 20 #C (room temperature) with a loaded Q of
about 1600. In the S21 measurement, the resonance shows up as a
shallow peak of about !41 dB, in very close agreement with the simu-
lations. This also confirms that the horn and mode converter operate
within the required bandwidth and efficiency.

The high-gradient experimental setup is shown in Fig. 2(a). The
rf source is a 110GHz megawatt gyrotron that generates 3 ls long rf
pulses with a peak power up to 1.25MW, with a repetition rate of
1Hz.43 It is operated at a TE22,6 cavity mode with a nominal voltage of
96 kV and a current of 40A. The generated rf pulses are then trans-
ported in a corrugated waveguide that couples the power into a free-
space Gaussian mode into the accelerating structure. A quasi-optical
attenuator adjusts the forward power toward the accelerating struc-
ture, and a quasi-optical ferrite isolator protects the gyrotron from
reflections. Overall, there is about 2 dB loss in the high-power rf path
that limits the input power to the accelerating structure to about
600 kW.

The 3 ls gyrotron pulses would cause excessive pulsed surface
heating in the accelerating cavity, and thus the cavity would require

shorter nanosecond-long pulses. To obtain a shorter rf pulse, we
have utilized a semiconductor laser-driven switch.44,45 A 387 lm
thick Si wafer illuminated by an intense neodymium-doped
yttrium aluminum garnet (Nd:YAG) laser pulse is used as a reflec-
tor. The Nd:YAG laser wavelength is 523 nm, the duration is 6 ns,
and the pulse energy is 230 mJ. Such a laser pulse impinging on the
wafer, which is otherwise transparent at 110 GHz, raises the con-
ductivity of Si due to the generation of charged carriers through
photoconductivity until it becomes a reflector with more than 75%
reflectivity and redirects the microwaves toward the accelera-
tor.44,45 The rf pulse length generated from this setup is about
10 ns long and is limited by the carrier recombination rate of sili-
con46,47 with the maximum rf pulse energy of about 11 mJ.

The frequency of the gyrotron rf pulses has to coincide with the
resonance frequency of the structure’s p-mode. Our gyrotron has lim-
ited frequency tuning at the peak output power. Therefore, tempera-
ture tuning of the cavity using a chiller is employed in order to match
the frequency of the p-mode to the gyrotron frequency. This way, the
accelerating gradient can be maximized at a fixed power level. In our
setup, the frequency tuning range was about 40MHz and the optimal
operating temperature for frequency matching is found to be about
9 #C.

We measured the rf waveforms for each rf pulse: the forward
power, the reflected power, and the transmitted power through the
diagnostic waveguide. These rf pulses are measured using calibrated
mm-wave Schottky diode detectors with sub-ns rise time. We mea-
sured field-emitted currents existing at the end of the beam pipe with
a Faraday cup. All waveforms are recorded using a 4 gigasample/
second oscilloscope. The frequency of the rf pulse is measured with a
heterodyne receiver.29

Prior to high-power operation, we align the structure to the high-
power beam and then calibrate the forward and transmitted power
into the structure with our initial low power measurements. An
example of an rf pulse at a peak power of 570 kW is shown in
Figs. 2(b)–2(d). We note that the measured reflected power is not cali-
brated [shown in Fig. 2(e) in arbitrary units].

FIG. 2. (a) High-gradient mm-wave accelerating cavity test setup. Example of an rf pulse coupled to the cavity at a peak power of 570 kW, (b) measured forward power into
the structure, and (c) the time dependent accelerating gradient and Faraday cup current. (d) Power transmitted through the diagnostic waveguide and (e) reflected power.
Dotted lines in (c)–(e) designate an rf breakdown event.
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Dielectric THz Acceleration : THz linac/STEAM

At radio-frequency (RF) frequencies where conventional
sources (klystrons and so on) are efficient, surface electric
field gradients in accelerating structures are limited by

RF-induced plasma breakdown1,2. Empirically, the breakdown
threshold has been found3,4 to scale as Espf1/2t! 1/4, where Es is
the surface electric field, f is the frequency of operation and t is
the pulse length indicating that higher frequencies and shorter
pulse durations are clearly beneficial. This empirical scaling is
limited by the onset of field emission due to the electric field on
material surfaces. For most common accelerating materials, this
onset is in the 10s of GVm! 1 range5,6. In addition, low
frequencies (that is, GHz) inherently require long RF pulses
because a single RF cycle is long (on the order of ns) and
traditional sources work most efficiently when operating over a
very narrow frequency spectrum (that is, long pulse length).
Practically, this results in a significant amount of average power
coupled into the structure if a high repetition rate is used.

If high accelerating gradients are desired, presently available
ultrafast near infrared (NIR) terawatt and petawatt laser
technology based on chirped pulse amplification allows for
multi-GeVm! 1 gradients7–16. However, due to the short
wavelength, infrared optical pulses prove to be difficult to use
for the direct acceleration of electrons with significant charge per
bunch, which is an important parameter. For example, the
coherent emission in a free electron laser (FEL) from an electron
bunch scales with the square of the number of electrons in the
bunch1. To prevent emittance growth and increased energy

spread, the electron bunch needs to occupy a small fraction of the
optical cycle. Even for a long-infrared wavelength of 10mm, 1! of
phase in the optical wavelength corresponds to only B28 nm.
Another practical concern would be the timing precision between
the optical cycle and the arrival of the electron bunch. For
example, 1! phase jitter, commonly required for operational
accelerators, requires o100 as timing jitter between the optical
pulse and the electron bunch, which is challenging to maintain
over extended distances. Difficulties increase further when
considering the available options for guiding the optical light to
decrease the phase velocity to match the electron beam. A guided
mode at a wavelength of 10 mm would require sub-micron
precision for aligning the electron bunch and the optical
waveguide.

Alternatively, laser plasma wakefield accelerators have demon-
strated GeVm! 1 accelerating gradients7,9,17 with 100 terawatt to
petawatt (TW–PW) low repetition rate sources with percent-level
energy spread and jitter for the electron bunch. The complexity of
these plasma wakefield accelerators is significant because the
acceleration mechanism relies on plasma bubbles, which are
easily subject to instabilities. Also, power scaling of the required
high-energy femtosecond pulse sources is challenging.

THz frequencies provide the best of both worlds18–21. On one
hand, the wavelength is long enough that we can fabricate
waveguides with conventional machining techniques, provide
accurate timing and accommodate a significant amount of charge
per bunch. At 0.3 THz, the wavelength is 1mm and 1! of phase
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Figure 1 | Terahertz-driven linear accelerator. (a) Schematic of the THz LINAC. Top right: a linearly polarized THz pulse is converted into a radially
polarized pulse by a segmented waveplate before being focused into the THz waveguide. The THz pulse is reflected at the end of the waveguide to
co-propagate with the electron bunch, which enters the waveguide through a pinhole (lower left). The electron bunch is accelerated by the longitudinal
electric field of the co-propagating THz pulse. The electron bunch exits the THz waveguide and passes through a hole in the focusing mirror (right) for the
THz pulse. (b) Photograph of the compact millimetre scale THz LINAC. (c) The time-domain waveform of the THz pulse determined with electro-optic
sampling (see Methods: Electro-optic sampling). Insert: corresponding frequency-domain spectrum. (d) The time-domain waveform of the THz pulse at
the exit of a THz waveguide 5 cm in length, including two tapers. (e) Normalized intensity of the focused THz beam.
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At radio-frequency (RF) frequencies where conventional
sources (klystrons and so on) are efficient, surface electric
field gradients in accelerating structures are limited by

RF-induced plasma breakdown1,2. Empirically, the breakdown
threshold has been found3,4 to scale as Espf1/2t! 1/4, where Es is
the surface electric field, f is the frequency of operation and t is
the pulse length indicating that higher frequencies and shorter
pulse durations are clearly beneficial. This empirical scaling is
limited by the onset of field emission due to the electric field on
material surfaces. For most common accelerating materials, this
onset is in the 10s of GVm! 1 range5,6. In addition, low
frequencies (that is, GHz) inherently require long RF pulses
because a single RF cycle is long (on the order of ns) and
traditional sources work most efficiently when operating over a
very narrow frequency spectrum (that is, long pulse length).
Practically, this results in a significant amount of average power
coupled into the structure if a high repetition rate is used.

If high accelerating gradients are desired, presently available
ultrafast near infrared (NIR) terawatt and petawatt laser
technology based on chirped pulse amplification allows for
multi-GeVm! 1 gradients7–16. However, due to the short
wavelength, infrared optical pulses prove to be difficult to use
for the direct acceleration of electrons with significant charge per
bunch, which is an important parameter. For example, the
coherent emission in a free electron laser (FEL) from an electron
bunch scales with the square of the number of electrons in the
bunch1. To prevent emittance growth and increased energy

spread, the electron bunch needs to occupy a small fraction of the
optical cycle. Even for a long-infrared wavelength of 10mm, 1! of
phase in the optical wavelength corresponds to only B28 nm.
Another practical concern would be the timing precision between
the optical cycle and the arrival of the electron bunch. For
example, 1! phase jitter, commonly required for operational
accelerators, requires o100 as timing jitter between the optical
pulse and the electron bunch, which is challenging to maintain
over extended distances. Difficulties increase further when
considering the available options for guiding the optical light to
decrease the phase velocity to match the electron beam. A guided
mode at a wavelength of 10 mm would require sub-micron
precision for aligning the electron bunch and the optical
waveguide.

Alternatively, laser plasma wakefield accelerators have demon-
strated GeVm! 1 accelerating gradients7,9,17 with 100 terawatt to
petawatt (TW–PW) low repetition rate sources with percent-level
energy spread and jitter for the electron bunch. The complexity of
these plasma wakefield accelerators is significant because the
acceleration mechanism relies on plasma bubbles, which are
easily subject to instabilities. Also, power scaling of the required
high-energy femtosecond pulse sources is challenging.

THz frequencies provide the best of both worlds18–21. On one
hand, the wavelength is long enough that we can fabricate
waveguides with conventional machining techniques, provide
accurate timing and accommodate a significant amount of charge
per bunch. At 0.3 THz, the wavelength is 1mm and 1! of phase
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Figure 1 | Terahertz-driven linear accelerator. (a) Schematic of the THz LINAC. Top right: a linearly polarized THz pulse is converted into a radially
polarized pulse by a segmented waveplate before being focused into the THz waveguide. The THz pulse is reflected at the end of the waveguide to
co-propagate with the electron bunch, which enters the waveguide through a pinhole (lower left). The electron bunch is accelerated by the longitudinal
electric field of the co-propagating THz pulse. The electron bunch exits the THz waveguide and passes through a hole in the focusing mirror (right) for the
THz pulse. (b) Photograph of the compact millimetre scale THz LINAC. (c) The time-domain waveform of the THz pulse determined with electro-optic
sampling (see Methods: Electro-optic sampling). Insert: corresponding frequency-domain spectrum. (d) The time-domain waveform of the THz pulse at
the exit of a THz waveguide 5 cm in length, including two tapers. (e) Normalized intensity of the focused THz beam.
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Dielectric THz Acceleration : THz linac/STEAM

At radio-frequency (RF) frequencies where conventional
sources (klystrons and so on) are efficient, surface electric
field gradients in accelerating structures are limited by

RF-induced plasma breakdown1,2. Empirically, the breakdown
threshold has been found3,4 to scale as Espf1/2t! 1/4, where Es is
the surface electric field, f is the frequency of operation and t is
the pulse length indicating that higher frequencies and shorter
pulse durations are clearly beneficial. This empirical scaling is
limited by the onset of field emission due to the electric field on
material surfaces. For most common accelerating materials, this
onset is in the 10s of GVm! 1 range5,6. In addition, low
frequencies (that is, GHz) inherently require long RF pulses
because a single RF cycle is long (on the order of ns) and
traditional sources work most efficiently when operating over a
very narrow frequency spectrum (that is, long pulse length).
Practically, this results in a significant amount of average power
coupled into the structure if a high repetition rate is used.

If high accelerating gradients are desired, presently available
ultrafast near infrared (NIR) terawatt and petawatt laser
technology based on chirped pulse amplification allows for
multi-GeVm! 1 gradients7–16. However, due to the short
wavelength, infrared optical pulses prove to be difficult to use
for the direct acceleration of electrons with significant charge per
bunch, which is an important parameter. For example, the
coherent emission in a free electron laser (FEL) from an electron
bunch scales with the square of the number of electrons in the
bunch1. To prevent emittance growth and increased energy

spread, the electron bunch needs to occupy a small fraction of the
optical cycle. Even for a long-infrared wavelength of 10mm, 1! of
phase in the optical wavelength corresponds to only B28 nm.
Another practical concern would be the timing precision between
the optical cycle and the arrival of the electron bunch. For
example, 1! phase jitter, commonly required for operational
accelerators, requires o100 as timing jitter between the optical
pulse and the electron bunch, which is challenging to maintain
over extended distances. Difficulties increase further when
considering the available options for guiding the optical light to
decrease the phase velocity to match the electron beam. A guided
mode at a wavelength of 10 mm would require sub-micron
precision for aligning the electron bunch and the optical
waveguide.

Alternatively, laser plasma wakefield accelerators have demon-
strated GeVm! 1 accelerating gradients7,9,17 with 100 terawatt to
petawatt (TW–PW) low repetition rate sources with percent-level
energy spread and jitter for the electron bunch. The complexity of
these plasma wakefield accelerators is significant because the
acceleration mechanism relies on plasma bubbles, which are
easily subject to instabilities. Also, power scaling of the required
high-energy femtosecond pulse sources is challenging.

THz frequencies provide the best of both worlds18–21. On one
hand, the wavelength is long enough that we can fabricate
waveguides with conventional machining techniques, provide
accurate timing and accommodate a significant amount of charge
per bunch. At 0.3 THz, the wavelength is 1mm and 1! of phase
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Figure 1 | Terahertz-driven linear accelerator. (a) Schematic of the THz LINAC. Top right: a linearly polarized THz pulse is converted into a radially
polarized pulse by a segmented waveplate before being focused into the THz waveguide. The THz pulse is reflected at the end of the waveguide to
co-propagate with the electron bunch, which enters the waveguide through a pinhole (lower left). The electron bunch is accelerated by the longitudinal
electric field of the co-propagating THz pulse. The electron bunch exits the THz waveguide and passes through a hole in the focusing mirror (right) for the
THz pulse. (b) Photograph of the compact millimetre scale THz LINAC. (c) The time-domain waveform of the THz pulse determined with electro-optic
sampling (see Methods: Electro-optic sampling). Insert: corresponding frequency-domain spectrum. (d) The time-domain waveform of the THz pulse at
the exit of a THz waveguide 5 cm in length, including two tapers. (e) Normalized intensity of the focused THz beam.
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At radio-frequency (RF) frequencies where conventional
sources (klystrons and so on) are efficient, surface electric
field gradients in accelerating structures are limited by

RF-induced plasma breakdown1,2. Empirically, the breakdown
threshold has been found3,4 to scale as Espf1/2t! 1/4, where Es is
the surface electric field, f is the frequency of operation and t is
the pulse length indicating that higher frequencies and shorter
pulse durations are clearly beneficial. This empirical scaling is
limited by the onset of field emission due to the electric field on
material surfaces. For most common accelerating materials, this
onset is in the 10s of GVm! 1 range5,6. In addition, low
frequencies (that is, GHz) inherently require long RF pulses
because a single RF cycle is long (on the order of ns) and
traditional sources work most efficiently when operating over a
very narrow frequency spectrum (that is, long pulse length).
Practically, this results in a significant amount of average power
coupled into the structure if a high repetition rate is used.

If high accelerating gradients are desired, presently available
ultrafast near infrared (NIR) terawatt and petawatt laser
technology based on chirped pulse amplification allows for
multi-GeVm! 1 gradients7–16. However, due to the short
wavelength, infrared optical pulses prove to be difficult to use
for the direct acceleration of electrons with significant charge per
bunch, which is an important parameter. For example, the
coherent emission in a free electron laser (FEL) from an electron
bunch scales with the square of the number of electrons in the
bunch1. To prevent emittance growth and increased energy

spread, the electron bunch needs to occupy a small fraction of the
optical cycle. Even for a long-infrared wavelength of 10mm, 1! of
phase in the optical wavelength corresponds to only B28 nm.
Another practical concern would be the timing precision between
the optical cycle and the arrival of the electron bunch. For
example, 1! phase jitter, commonly required for operational
accelerators, requires o100 as timing jitter between the optical
pulse and the electron bunch, which is challenging to maintain
over extended distances. Difficulties increase further when
considering the available options for guiding the optical light to
decrease the phase velocity to match the electron beam. A guided
mode at a wavelength of 10 mm would require sub-micron
precision for aligning the electron bunch and the optical
waveguide.

Alternatively, laser plasma wakefield accelerators have demon-
strated GeVm! 1 accelerating gradients7,9,17 with 100 terawatt to
petawatt (TW–PW) low repetition rate sources with percent-level
energy spread and jitter for the electron bunch. The complexity of
these plasma wakefield accelerators is significant because the
acceleration mechanism relies on plasma bubbles, which are
easily subject to instabilities. Also, power scaling of the required
high-energy femtosecond pulse sources is challenging.

THz frequencies provide the best of both worlds18–21. On one
hand, the wavelength is long enough that we can fabricate
waveguides with conventional machining techniques, provide
accurate timing and accommodate a significant amount of charge
per bunch. At 0.3 THz, the wavelength is 1mm and 1! of phase
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Figure 1 | Terahertz-driven linear accelerator. (a) Schematic of the THz LINAC. Top right: a linearly polarized THz pulse is converted into a radially
polarized pulse by a segmented waveplate before being focused into the THz waveguide. The THz pulse is reflected at the end of the waveguide to
co-propagate with the electron bunch, which enters the waveguide through a pinhole (lower left). The electron bunch is accelerated by the longitudinal
electric field of the co-propagating THz pulse. The electron bunch exits the THz waveguide and passes through a hole in the focusing mirror (right) for the
THz pulse. (b) Photograph of the compact millimetre scale THz LINAC. (c) The time-domain waveform of the THz pulse determined with electro-optic
sampling (see Methods: Electro-optic sampling). Insert: corresponding frequency-domain spectrum. (d) The time-domain waveform of the THz pulse at
the exit of a THz waveguide 5 cm in length, including two tapers. (e) Normalized intensity of the focused THz beam.
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precision corresponds to 10-fs timing jitter, which is readily
achievable22. On the other hand, the frequency is high enough
that the plasma breakdown threshold for surface electric fields
increases into the multi-GVm! 1 range6. In addition, using
optical generation techniques, we can have very short THz pulses
(r100 ps) generated by picosecond lasers readily available at high
average power and under rapid development. These short pulses
allow for a limited amount of pulsed heating and a limited
amount of average power loading at high repetition rates (on the
order of kHz and above). Both the increase in operational
frequency and reduction in pulse length will play a role in
increasing the breakdown limit.

Here we report the experimental demonstration of electron
acceleration using the axial component of an optically generated
10 mJ THz pulse centred at 0.45 THz (see Methods: THz pulse
generation) in a waveguide. The THz pulse accelerates electrons
in a circular waveguide consisting of a dielectric capillary with a
metal outer boundary. The dielectric slows the group and phase
velocity of the THz wave allowing it to accelerate low-energy
electrons. We a observe a maximum energy gain of 7 keV in
3mm. Future, THz accelerators designed for relativistic electron
beams and using more intense THz sources will be able to reach
GeVm! 1 accelerating gradients.

Results
Operation of the THz LINAC. A schematic view of the THz
accelerator is shown in Fig. 1a with a photograph of the THz

LINAC in Fig. 1b. Using 60-keV electrons, from a d.c. electron
gun, an energy gain of 7 keV is observed in a 3-mm interaction
length. The single-cycle THz pulse, see Fig. 1c–e, is produced via
optical rectification of a 1.2mJ, 1.03 mm laser pulse with a 1 kHz
repetition rate (see Methods: Pump source). The THz pulse,
whose polarization is converted from linear to radial by a
segmented waveplate (see Methods: Radially polarized THz
beam), is coupled into a waveguide with 10MVm! 1 peak
on-axis electric field (see Methods: Structure testing). A 25-fC
input electron bunch is produced with a 60-keV d.c.
photoemitting cathode excited by a 350-fs ultraviolet pulse (see
Methods: Ultraviolet photoemitter). The accelerating gradient in
the THz structures demonstrated in this work can be as high as
GeVm! 1 with a single-cycle THz pulse of 10mJ (see Methods:
THz LINAC), which can be readily produced by a 250-mJ
infrared pulse when using optimized THz generation23. Laser
systems producing such and even higher energy picosecond
pulses with up to kHz repetition rates are on the horizon24–26.

In this experiment, the THz waveguide supports a travelling
TM01 mode that is phase matched to the velocity of the electron
bunch produced by the d.c. photoinjector. It is the axial
component of the TM01 mode that accelerates the electrons as
they co-propagate down the waveguide. A travelling-wave mode
is advantageous when considering the available single-cycle THz
pulse because it does not require resonant excitation of the
structure. A dielectric-loaded circular waveguide was selected due
to the ease of fabrication in the THz band27. The inner diameter

45 50 55 60 65 70 75
Energy (keV)

45 50 55 60 65 70
0

0.2

0.4

0.6

0.8

1

Energy (keV)

C
ou

nt
s 

(a
rb

.)

Measured
Modelled

Measured
Modelled

−2 0 2

−2

−1

0

1

2

−2 0 2
0

0.2

0.4

0.6

0.8

1

Distance (mm) Distance (mm)

D
is

ta
nc

e 
(m

m
)

N
or

m
al

iz
ed

 c
ha

rg
e 

de
ns

ity

Figure 2 | Demonstration of terahertz acceleration. Transverse electron density of the electron bunch as recorded by a micro-channel plate (MCP) at
59 kV for (a) THz off and (b) THz on. The bimodal distribution is due to the presence of accelerated and decelerated electrons, which are separated
spatially by the magnetic dipole energy spectrometer. The images are recorded over a 3-s exposure at 1 kHz repetition rate. (c) Comparison between
simulated (red) and measured (black) energy spectrum of the electron bunch measured at the MCP due to the deflection of the beam by a magnetic dipole.
At 59 keV and with 25 fC per bunch, the simulation predicts a s>¼ 513mm and DE¼ 1.25 keV. The observed DE/E appears larger due to the large
transverse size of the beam. After the pinhole, the transverse emittance is 25 nm rad and the longitudinal emittance is 5.5 nm rad. (d) Comparison between
simulated (red) and measured (black) electron bunch at MCP after acceleration with THz. Decelerated electrons are present due to the long length of the
electron bunch, as well as the slippage between the THz pulse and the electron bunch. Error bars in c and d correspond to one s.d. in counts over the data
set of 10 integrated exposures.
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DTA : THz linac

At radio-frequency (RF) frequencies where conventional
sources (klystrons and so on) are efficient, surface electric
field gradients in accelerating structures are limited by

RF-induced plasma breakdown1,2. Empirically, the breakdown
threshold has been found3,4 to scale as Espf1/2t! 1/4, where Es is
the surface electric field, f is the frequency of operation and t is
the pulse length indicating that higher frequencies and shorter
pulse durations are clearly beneficial. This empirical scaling is
limited by the onset of field emission due to the electric field on
material surfaces. For most common accelerating materials, this
onset is in the 10s of GVm! 1 range5,6. In addition, low
frequencies (that is, GHz) inherently require long RF pulses
because a single RF cycle is long (on the order of ns) and
traditional sources work most efficiently when operating over a
very narrow frequency spectrum (that is, long pulse length).
Practically, this results in a significant amount of average power
coupled into the structure if a high repetition rate is used.

If high accelerating gradients are desired, presently available
ultrafast near infrared (NIR) terawatt and petawatt laser
technology based on chirped pulse amplification allows for
multi-GeVm! 1 gradients7–16. However, due to the short
wavelength, infrared optical pulses prove to be difficult to use
for the direct acceleration of electrons with significant charge per
bunch, which is an important parameter. For example, the
coherent emission in a free electron laser (FEL) from an electron
bunch scales with the square of the number of electrons in the
bunch1. To prevent emittance growth and increased energy

spread, the electron bunch needs to occupy a small fraction of the
optical cycle. Even for a long-infrared wavelength of 10mm, 1! of
phase in the optical wavelength corresponds to only B28 nm.
Another practical concern would be the timing precision between
the optical cycle and the arrival of the electron bunch. For
example, 1! phase jitter, commonly required for operational
accelerators, requires o100 as timing jitter between the optical
pulse and the electron bunch, which is challenging to maintain
over extended distances. Difficulties increase further when
considering the available options for guiding the optical light to
decrease the phase velocity to match the electron beam. A guided
mode at a wavelength of 10 mm would require sub-micron
precision for aligning the electron bunch and the optical
waveguide.

Alternatively, laser plasma wakefield accelerators have demon-
strated GeVm! 1 accelerating gradients7,9,17 with 100 terawatt to
petawatt (TW–PW) low repetition rate sources with percent-level
energy spread and jitter for the electron bunch. The complexity of
these plasma wakefield accelerators is significant because the
acceleration mechanism relies on plasma bubbles, which are
easily subject to instabilities. Also, power scaling of the required
high-energy femtosecond pulse sources is challenging.

THz frequencies provide the best of both worlds18–21. On one
hand, the wavelength is long enough that we can fabricate
waveguides with conventional machining techniques, provide
accurate timing and accommodate a significant amount of charge
per bunch. At 0.3 THz, the wavelength is 1mm and 1! of phase
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Figure 1 | Terahertz-driven linear accelerator. (a) Schematic of the THz LINAC. Top right: a linearly polarized THz pulse is converted into a radially
polarized pulse by a segmented waveplate before being focused into the THz waveguide. The THz pulse is reflected at the end of the waveguide to
co-propagate with the electron bunch, which enters the waveguide through a pinhole (lower left). The electron bunch is accelerated by the longitudinal
electric field of the co-propagating THz pulse. The electron bunch exits the THz waveguide and passes through a hole in the focusing mirror (right) for the
THz pulse. (b) Photograph of the compact millimetre scale THz LINAC. (c) The time-domain waveform of the THz pulse determined with electro-optic
sampling (see Methods: Electro-optic sampling). Insert: corresponding frequency-domain spectrum. (d) The time-domain waveform of the THz pulse at
the exit of a THz waveguide 5 cm in length, including two tapers. (e) Normalized intensity of the focused THz beam.
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At radio-frequency (RF) frequencies where conventional
sources (klystrons and so on) are efficient, surface electric
field gradients in accelerating structures are limited by

RF-induced plasma breakdown1,2. Empirically, the breakdown
threshold has been found3,4 to scale as Espf1/2t! 1/4, where Es is
the surface electric field, f is the frequency of operation and t is
the pulse length indicating that higher frequencies and shorter
pulse durations are clearly beneficial. This empirical scaling is
limited by the onset of field emission due to the electric field on
material surfaces. For most common accelerating materials, this
onset is in the 10s of GVm! 1 range5,6. In addition, low
frequencies (that is, GHz) inherently require long RF pulses
because a single RF cycle is long (on the order of ns) and
traditional sources work most efficiently when operating over a
very narrow frequency spectrum (that is, long pulse length).
Practically, this results in a significant amount of average power
coupled into the structure if a high repetition rate is used.

If high accelerating gradients are desired, presently available
ultrafast near infrared (NIR) terawatt and petawatt laser
technology based on chirped pulse amplification allows for
multi-GeVm! 1 gradients7–16. However, due to the short
wavelength, infrared optical pulses prove to be difficult to use
for the direct acceleration of electrons with significant charge per
bunch, which is an important parameter. For example, the
coherent emission in a free electron laser (FEL) from an electron
bunch scales with the square of the number of electrons in the
bunch1. To prevent emittance growth and increased energy

spread, the electron bunch needs to occupy a small fraction of the
optical cycle. Even for a long-infrared wavelength of 10mm, 1! of
phase in the optical wavelength corresponds to only B28 nm.
Another practical concern would be the timing precision between
the optical cycle and the arrival of the electron bunch. For
example, 1! phase jitter, commonly required for operational
accelerators, requires o100 as timing jitter between the optical
pulse and the electron bunch, which is challenging to maintain
over extended distances. Difficulties increase further when
considering the available options for guiding the optical light to
decrease the phase velocity to match the electron beam. A guided
mode at a wavelength of 10 mm would require sub-micron
precision for aligning the electron bunch and the optical
waveguide.

Alternatively, laser plasma wakefield accelerators have demon-
strated GeVm! 1 accelerating gradients7,9,17 with 100 terawatt to
petawatt (TW–PW) low repetition rate sources with percent-level
energy spread and jitter for the electron bunch. The complexity of
these plasma wakefield accelerators is significant because the
acceleration mechanism relies on plasma bubbles, which are
easily subject to instabilities. Also, power scaling of the required
high-energy femtosecond pulse sources is challenging.

THz frequencies provide the best of both worlds18–21. On one
hand, the wavelength is long enough that we can fabricate
waveguides with conventional machining techniques, provide
accurate timing and accommodate a significant amount of charge
per bunch. At 0.3 THz, the wavelength is 1mm and 1! of phase
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precision corresponds to 10-fs timing jitter, which is readily
achievable22. On the other hand, the frequency is high enough
that the plasma breakdown threshold for surface electric fields
increases into the multi-GVm! 1 range6. In addition, using
optical generation techniques, we can have very short THz pulses
(r100 ps) generated by picosecond lasers readily available at high
average power and under rapid development. These short pulses
allow for a limited amount of pulsed heating and a limited
amount of average power loading at high repetition rates (on the
order of kHz and above). Both the increase in operational
frequency and reduction in pulse length will play a role in
increasing the breakdown limit.

Here we report the experimental demonstration of electron
acceleration using the axial component of an optically generated
10 mJ THz pulse centred at 0.45 THz (see Methods: THz pulse
generation) in a waveguide. The THz pulse accelerates electrons
in a circular waveguide consisting of a dielectric capillary with a
metal outer boundary. The dielectric slows the group and phase
velocity of the THz wave allowing it to accelerate low-energy
electrons. We a observe a maximum energy gain of 7 keV in
3mm. Future, THz accelerators designed for relativistic electron
beams and using more intense THz sources will be able to reach
GeVm! 1 accelerating gradients.

Results
Operation of the THz LINAC. A schematic view of the THz
accelerator is shown in Fig. 1a with a photograph of the THz

LINAC in Fig. 1b. Using 60-keV electrons, from a d.c. electron
gun, an energy gain of 7 keV is observed in a 3-mm interaction
length. The single-cycle THz pulse, see Fig. 1c–e, is produced via
optical rectification of a 1.2mJ, 1.03 mm laser pulse with a 1 kHz
repetition rate (see Methods: Pump source). The THz pulse,
whose polarization is converted from linear to radial by a
segmented waveplate (see Methods: Radially polarized THz
beam), is coupled into a waveguide with 10MVm! 1 peak
on-axis electric field (see Methods: Structure testing). A 25-fC
input electron bunch is produced with a 60-keV d.c.
photoemitting cathode excited by a 350-fs ultraviolet pulse (see
Methods: Ultraviolet photoemitter). The accelerating gradient in
the THz structures demonstrated in this work can be as high as
GeVm! 1 with a single-cycle THz pulse of 10mJ (see Methods:
THz LINAC), which can be readily produced by a 250-mJ
infrared pulse when using optimized THz generation23. Laser
systems producing such and even higher energy picosecond
pulses with up to kHz repetition rates are on the horizon24–26.

In this experiment, the THz waveguide supports a travelling
TM01 mode that is phase matched to the velocity of the electron
bunch produced by the d.c. photoinjector. It is the axial
component of the TM01 mode that accelerates the electrons as
they co-propagate down the waveguide. A travelling-wave mode
is advantageous when considering the available single-cycle THz
pulse because it does not require resonant excitation of the
structure. A dielectric-loaded circular waveguide was selected due
to the ease of fabrication in the THz band27. The inner diameter
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walk-off by the generation of a narrowband THz pulse with mul-
tiple cycles, thereby increasing the pulse duration and facilitating an 
extended interaction length. The THz pulse is further manipulated 
into a quasi-TEM01 polarization state to provide the necessary cou-
pling to the longitudinal accelerating mode of the DLW structure 
for collinear acceleration, with an accelerating gradient of 2 MV m−1 
achieved using modest THz pulse energies. The gradient demon-
strated is an order of magnitude higher than recent IFEL-coupled 
acceleration experiments on relativistic electron beams20 and, unlike 
the IFEL interaction, which scales inversely with beam energy, our 
gradient is independent of electron energy and is therefore directly 
applicable for scaling to future high-energy, relativistic acceleration. 
In our experiment, the resulting peak THz-driven acceleration of 
long-duration (6 ps, full-width at half-maximum (FWHM)) elec-
tron bunches was determined from the modulation of the energy 
spectrum, which also revealed quantitatively the time–energy phase 
space of the bunch. Electron bunches with shorter duration (2 ps, 
FWHM) comparable to the period of the THz pulse are shown to 
undergo preferential acceleration or deceleration depending on 
the timing of electron bunch injection relative to the phase of the 
THz pulse. Given that the DLW structure enabled the transmission 
and acceleration of bunch charges up to 60 pC, over three orders 
of magnitude higher than in previous subrelativistic acceleration 
experiments9, our proof-of-principle results demonstrate the route 
to whole-bunch acceleration of high-charge, subpicosecond relativ-
istic particle beams.

The THz-electron-beam interaction arrangement is shown 
schematically in Fig. 1a. Relativistic 35 MeV electron bunches with 
configurable charge, bunch duration and chirp were delivered to 
the experiment by the CLARA accelerator21. Magnetic quadrupole 
triplets provided electron bunch transverse control for coupling  

into the DLW and for optimizing the energy resolution of the 
dipole spectrometer. Frequency-tunable, narrowband (100 GHz, 
FWHM) THz pulses with energy of ~2 μJ were generated through 
chirped pulse beating22,23 in a lithium niobate crystal (see Methods). 
A quasi-TEM01 mode was generated by a phase-shifter plate pro-
viding a λ/2 shear and an effective polarity inversion24,25 along 
the horizontal midline of the THz beam, which is revealed by the 
electro-optic sampling measurements in Fig. 1b. The DLW struc-
ture was a rectangular copper waveguide lined at the top and bot-
tom with 60-μm-thick fused quartz, leaving a vertical 575-μm-thick 
free-space aperture for electron-beam propagation. An integrated 
linearly tapered horn was used to couple the quasi-TEM01 mode of 
the THz beam into the accelerating longitudinal section magnetic 
(LSM11) mode26 of the DLW, which was designed for phase-velocity 
matching with the electron bunch at an operating frequency of 
0.4 THz (see Supplementary Information).

Multicycle energy modulation
The effect of THz-driven acceleration on an approximately linear 
chirped, 6 ps FWHM electron bunch is demonstrated in Fig. 2, with 
single-shot energy spectra shown for THz off (Fig. 2a) and THz on 
(Fig. 2b), following temporal overlap of the THz pulse with an elec-
tron bunch in the DLW. The difference between the energy spectra 
in Fig. 2c reveals the energy modulation shown in Fig. 2d, with up 
to 90% modulation strength, defined as the peak-to-peak amplitude 
of the modulation normalized to the amplitude of the unmodulated 
(THz off) spectrum (see Methods). The modulation arises from the 
temporally sinusoidal energy gain induced by the multicycle THz 
pulse on the initial longitudinal phase-space distribution of the 
electron bunch. With sufficiently large energy gain (and loss), it was 
possible to impose a significant change in the temporally localized 
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chirp of the bunch, resulting in a non-sinusoidal spectral density. 
This behaviour can be observed from the measured modulation in 
Fig. 2d, with the peaks occurring where the THz-induced modula-
tion flattened the local chirp to zero.

The peak THz acceleration (δETHz) was determined from com-
parison of the measured single-shot modulation with a calculation 
of a sinusoidal THz-driven modulation imposed on a model elec-
tron bunch. The spatial resolution limitation of the spectrometer, 
arising from the beam emittance and uncorrelated time-slice energy 
spread, served to reduce the observed modulation strength and was 
included in the modelling as an effective energy spread (δEeff). From 
particle tracking modelling, it was established that neither the slice 
energy spread nor emittance are subject to significant growth, either 
in our experiments or in future higher-energy accelerators (see 
Methods and Supplementary Information). Simultaneous optimiza-
tion of the peak THz acceleration, effective energy spread and chirp 
(both linear and cubic) provided the modelled modulation shown 
in Fig. 2d, with a final value of δETHz = 8.8 keV obtained. With an 
effective interaction length limited to ~4.3 mm by group-velocity 
walk-off and the THz pulse duration (see Supplementary 
Information), an average acceleration gradient of 2 MV m−1 was 
determined. The model also predicted a value of δEeff = 7.9 keV, and 
linear and cubic chirp components of 47.3 keV ps−1 and 0.4 keV ps−3, 
respectively.

To further support the above calculation of the acceleration gra-
dient, an independent and direct measurement of the phase-space 
distribution was obtained from the known THz period τ = 2.5 ps 
(0.4 THz) and the measured energy modulation period ΔE(E). The 
experimentally determined chirp of the electron beam (ΔE(E)/τ), 
shown in Fig. 2f, was obtained from 100 successive shots using the 
same electron bunch configuration from Fig. 2a–d. The quadratic 

dependence indicates the presence of a third-order chirp compo-
nent, in good agreement with the modelled chirp (solid blue line, 
Fig. 2f), obtained independently from the single-shot analysis of Fig. 
2d. The measured linear chirp (47.5 keV ps−1) was of comparable 
magnitude with the value (53 keV ps−1) predicted by beam dynamics 
simulations. However, the degree of phase-space curvature implied 
by the cubic chirp, revealed from the experimental and modelled 
data in Fig. 2f, was not expected from the space-charge-dominated 
beam dynamics of the CLARA electron gun. This direct experimen-
tal measurement of the time–energy phase-space distribution of a 
relativistic electron beam is often inaccessible, requiring RF-driven 
transverse deflecting structures and dedicated electron-beam 
optics27. These measurements therefore demonstrate the advantage 
of THz-driven accelerating structures for both manipulating and 
exploring the picosecond temporal structure of high-energy elec-
tron beams.

Relativistic phase-velocity matching
The role of the DLW structure in matching the THz phase veloc-
ity (vp) and electron bunch velocity (ve) was explored using the 
frequency-dependent interaction strength, as shown in Fig. 3. The 
DLW was designed with vp = ve = 0.9999c at 0.40 THz, and cor-
respondingly the maximum interaction (modulation strength) 
was observed at this frequency. The length-integrated interaction 
strength was modelled using the calculated DLW dispersion for a 
100 GHz (FWHM)-bandwidth THz pulse. The width of the reso-
nant frequency response was attributable to both the spectral width 
of the THz pulse and the temporal walk-off between the THz pulse 
envelope and the electron bunch. For the 7 ps (FWHM)-duration 
THz pulses used here, the group-velocity walk-off limited the effec-
tive interaction length to 4.3 mm (see Supplementary Information). 
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chirp of the bunch, resulting in a non-sinusoidal spectral density. 
This behaviour can be observed from the measured modulation in 
Fig. 2d, with the peaks occurring where the THz-induced modula-
tion flattened the local chirp to zero.

The peak THz acceleration (δETHz) was determined from com-
parison of the measured single-shot modulation with a calculation 
of a sinusoidal THz-driven modulation imposed on a model elec-
tron bunch. The spatial resolution limitation of the spectrometer, 
arising from the beam emittance and uncorrelated time-slice energy 
spread, served to reduce the observed modulation strength and was 
included in the modelling as an effective energy spread (δEeff). From 
particle tracking modelling, it was established that neither the slice 
energy spread nor emittance are subject to significant growth, either 
in our experiments or in future higher-energy accelerators (see 
Methods and Supplementary Information). Simultaneous optimiza-
tion of the peak THz acceleration, effective energy spread and chirp 
(both linear and cubic) provided the modelled modulation shown 
in Fig. 2d, with a final value of δETHz = 8.8 keV obtained. With an 
effective interaction length limited to ~4.3 mm by group-velocity 
walk-off and the THz pulse duration (see Supplementary 
Information), an average acceleration gradient of 2 MV m−1 was 
determined. The model also predicted a value of δEeff = 7.9 keV, and 
linear and cubic chirp components of 47.3 keV ps−1 and 0.4 keV ps−3, 
respectively.

To further support the above calculation of the acceleration gra-
dient, an independent and direct measurement of the phase-space 
distribution was obtained from the known THz period τ = 2.5 ps 
(0.4 THz) and the measured energy modulation period ΔE(E). The 
experimentally determined chirp of the electron beam (ΔE(E)/τ), 
shown in Fig. 2f, was obtained from 100 successive shots using the 
same electron bunch configuration from Fig. 2a–d. The quadratic 

dependence indicates the presence of a third-order chirp compo-
nent, in good agreement with the modelled chirp (solid blue line, 
Fig. 2f), obtained independently from the single-shot analysis of Fig. 
2d. The measured linear chirp (47.5 keV ps−1) was of comparable 
magnitude with the value (53 keV ps−1) predicted by beam dynamics 
simulations. However, the degree of phase-space curvature implied 
by the cubic chirp, revealed from the experimental and modelled 
data in Fig. 2f, was not expected from the space-charge-dominated 
beam dynamics of the CLARA electron gun. This direct experimen-
tal measurement of the time–energy phase-space distribution of a 
relativistic electron beam is often inaccessible, requiring RF-driven 
transverse deflecting structures and dedicated electron-beam 
optics27. These measurements therefore demonstrate the advantage 
of THz-driven accelerating structures for both manipulating and 
exploring the picosecond temporal structure of high-energy elec-
tron beams.

Relativistic phase-velocity matching
The role of the DLW structure in matching the THz phase veloc-
ity (vp) and electron bunch velocity (ve) was explored using the 
frequency-dependent interaction strength, as shown in Fig. 3. The 
DLW was designed with vp = ve = 0.9999c at 0.40 THz, and cor-
respondingly the maximum interaction (modulation strength) 
was observed at this frequency. The length-integrated interaction 
strength was modelled using the calculated DLW dispersion for a 
100 GHz (FWHM)-bandwidth THz pulse. The width of the reso-
nant frequency response was attributable to both the spectral width 
of the THz pulse and the temporal walk-off between the THz pulse 
envelope and the electron bunch. For the 7 ps (FWHM)-duration 
THz pulses used here, the group-velocity walk-off limited the effec-
tive interaction length to 4.3 mm (see Supplementary Information). 

6

6

1.6

1.4

1.2

1.0

0.8

0.6

0.6

0.4

0.4

–0.4 40

45

50

55

60

65

0.2

0.2

0

0

–0.2

–6 –6

4

4

43210

–4

–4

–4 –3 –2 –1

2

2

–2

–2

0

0
Time (ps)

Time (ps)

0 1

Tr
an

sv
er

se
 p

os
itio

n 
(m

m
)

Sp
ec

tra
l d

en
sit

y (
a.

u.
)

Sp
ec

tra
l d

en
sit

y (
a.

u.
)

Ch
irp

 (k
eV

 p
s–1

)

Intensity (a.u.)

0 1
Intensity (a.u.)

Head

TailTHz offa e

b

c

d f

THz off

THz on

THz on

Measured Measured
Modelled Modelled from d

Tr
an

sv
er

se
 p

os
itio

n 
(m

m
)

6

–6

35.2 35.4 35.6
Energy (MeV)

35.8 35.2

35.2

35.335.4

35.4

35.4 35.535.6

35.6

35.6 35.7
Energy (MeV)

En
er

gy
 (M

eV
)

Energy (MeV)
35.8

35.8

4

–4

2

–2

0

Fig. 2 | Multicycle energy modulation. a–c, Single-shot images of the long-duration (6 ps FWHM), high-energy spread (330!keV, FWHM) electron bunch 
with THz off (a) and THz on (b) and the corresponding energy density spectra (c). d, Measured modulation, extracted from the difference between the 
THz-on and THz-off spectra in c, with an optimized model indicating a THz-driven peak electron energy gain of 8.8!keV. e, Longitudinal phase-space 
calculation of the modulated electron bunch. f, Measured chirp as a function of energy obtained from 100 successive THz-on shots, shown with the 
modelled chirp, independently obtained from the modelled modulation in d.
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chirp of the bunch, resulting in a non-sinusoidal spectral density. 
This behaviour can be observed from the measured modulation in 
Fig. 2d, with the peaks occurring where the THz-induced modula-
tion flattened the local chirp to zero.

The peak THz acceleration (δETHz) was determined from com-
parison of the measured single-shot modulation with a calculation 
of a sinusoidal THz-driven modulation imposed on a model elec-
tron bunch. The spatial resolution limitation of the spectrometer, 
arising from the beam emittance and uncorrelated time-slice energy 
spread, served to reduce the observed modulation strength and was 
included in the modelling as an effective energy spread (δEeff). From 
particle tracking modelling, it was established that neither the slice 
energy spread nor emittance are subject to significant growth, either 
in our experiments or in future higher-energy accelerators (see 
Methods and Supplementary Information). Simultaneous optimiza-
tion of the peak THz acceleration, effective energy spread and chirp 
(both linear and cubic) provided the modelled modulation shown 
in Fig. 2d, with a final value of δETHz = 8.8 keV obtained. With an 
effective interaction length limited to ~4.3 mm by group-velocity 
walk-off and the THz pulse duration (see Supplementary 
Information), an average acceleration gradient of 2 MV m−1 was 
determined. The model also predicted a value of δEeff = 7.9 keV, and 
linear and cubic chirp components of 47.3 keV ps−1 and 0.4 keV ps−3, 
respectively.

To further support the above calculation of the acceleration gra-
dient, an independent and direct measurement of the phase-space 
distribution was obtained from the known THz period τ = 2.5 ps 
(0.4 THz) and the measured energy modulation period ΔE(E). The 
experimentally determined chirp of the electron beam (ΔE(E)/τ), 
shown in Fig. 2f, was obtained from 100 successive shots using the 
same electron bunch configuration from Fig. 2a–d. The quadratic 

dependence indicates the presence of a third-order chirp compo-
nent, in good agreement with the modelled chirp (solid blue line, 
Fig. 2f), obtained independently from the single-shot analysis of Fig. 
2d. The measured linear chirp (47.5 keV ps−1) was of comparable 
magnitude with the value (53 keV ps−1) predicted by beam dynamics 
simulations. However, the degree of phase-space curvature implied 
by the cubic chirp, revealed from the experimental and modelled 
data in Fig. 2f, was not expected from the space-charge-dominated 
beam dynamics of the CLARA electron gun. This direct experimen-
tal measurement of the time–energy phase-space distribution of a 
relativistic electron beam is often inaccessible, requiring RF-driven 
transverse deflecting structures and dedicated electron-beam 
optics27. These measurements therefore demonstrate the advantage 
of THz-driven accelerating structures for both manipulating and 
exploring the picosecond temporal structure of high-energy elec-
tron beams.

Relativistic phase-velocity matching
The role of the DLW structure in matching the THz phase veloc-
ity (vp) and electron bunch velocity (ve) was explored using the 
frequency-dependent interaction strength, as shown in Fig. 3. The 
DLW was designed with vp = ve = 0.9999c at 0.40 THz, and cor-
respondingly the maximum interaction (modulation strength) 
was observed at this frequency. The length-integrated interaction 
strength was modelled using the calculated DLW dispersion for a 
100 GHz (FWHM)-bandwidth THz pulse. The width of the reso-
nant frequency response was attributable to both the spectral width 
of the THz pulse and the temporal walk-off between the THz pulse 
envelope and the electron bunch. For the 7 ps (FWHM)-duration 
THz pulses used here, the group-velocity walk-off limited the effec-
tive interaction length to 4.3 mm (see Supplementary Information). 
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Fig. 2 | Multicycle energy modulation. a–c, Single-shot images of the long-duration (6 ps FWHM), high-energy spread (330!keV, FWHM) electron bunch 
with THz off (a) and THz on (b) and the corresponding energy density spectra (c). d, Measured modulation, extracted from the difference between the 
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TWAC : terahetz wave accelerating cavity

EIC pathfinder

2022-2026

TERAHERTZ WAVE 
ACCELERATING CAVITY

TERAHERTZ WAVE 
ACCELERATING CAVITY

TWAC

TWAC

Chaque champ d’application des 
accélérateurs doit faire des compromis à 
cause des limitations des technologies 
existantes

TWAC propose une nouvelle approche pour 
surpasser plusieurs limites simultanément 
tout en réduisant la taille des accélérateurs

A la fois pour la recherche et pour l’industrie 
avec l’objectif d’aller vers des 
accélérateurs « plus propres » et plus légers 
pour les applications allant des 
accélérateurs pour la recherche aux 
traitements des cancers

Technologie de rupture



Comment ?

¤ Twac propose de simplifier les infrastructures en 
remplacant les sources RF par des sources 
optiques

¤ ZITA (cannelonni paste), 
¤ la structure diélectrique pourra supporter de fort 

champ accélérateurs
¤ Dimensions millimétriques
¤ Combinée à une source de puissance THz



Fort courant crête

q La vision à long terme de TWAC est de développer un 
accélérateurs d’électrons léger et compact avec un important 
gradient de gain d’énergie avec de nombreuses applications 
pratiques, en particulier  dans le domaine de la radiothérapie

q Structure à fort gradient dans la bande THz

q Charge 10-100pC, paquets dizaine de femtoseconde de long 
à fort courant crête
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TWAC : gain d’énergie attendu
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Financement European innovation council
L’EIC soutient  les équipes de recherche pour la 
recherche et le développement de 
technologies innovantes qui sont à fort risque et 
à fort potentiel avec des collaborations 
scientifiques interdisciplinaires de pointe 
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Génération THz : rectification optique

¤ La generation des 
differences de 
fréquence au passage 
d’un cristal non linéaire
(susceptibilité optique)

Introduction 

 

 

 
Page 8  

  

of electric field [(E+E*). (E+E*)] with itself. This product has terms related to sum-

frequency generation and difference-frequency generation. For single-color laser, the 

intra-pulse difference-frequency generation is also known as optical rectification, as is 

shown in fig. 1.3. 

 

Fig. 1.3: Optical Rectification in a nonlinear crystal for generation of THz radiation. 

(a) An ultra-short broadband laser pulse is incident on the nonlinear crystal for 

broadband THz generation (b) Difference Frequency Generation (DFG) occurs 

between all combinations of higher and lower frequencies within the laser pulse 

bandwidth. The resultant THz spectrum is shown in the graph below. The figure (b) 

has been adapted from reference [40] J. A. Fulop et al., “Laser-Driven Strong-Field 

Terahertz Sources”, Adv. Optical Mater. 8 (2020). 

The ultrashort laser pulse features a broad bandwidth and when the difference 

between individual frequencies lies in the THz frequency range, a broadband THz 

spectrum is generated. For laser frequencies ωn and ωn + Ωr, the optical rectification 

will produce Ωr for all possible combinations of n and r, as can be seen in fig. 1.3 (b). 

This way a broadband, short duration laser pulse will generate short duration, broadband 

THz radiation and vice versa.  
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Génération THz : rectification optique

¤ J. Hebling@pecs est l’un
des pioniers de la 
génération THz par tilted
pulse front 
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Figure 1. Schematic drawings of different tilted-pulse-front schemes. (a)–(e) are the configurations for conventional grating (CG), nonlinear echelon
(NLES), reflective echelon (RES), multistep phase mask (MSPD), and spatio-temporal chirp (STC) schemes respectively. (b)–(d) represent the discrete
TPF schemes whereas (a) and (e) represent the continuous TPF schemes. The step numbers of the structures are labeled by m. The apex of the LN
crystal is located at x = 0. The z = 0 coordinate is defined at the location where the center of the OP starts to interact with the LN crystal.

terahertz pulses. In 2016, B.K. Ofori-Okai et.al.[12 ] demonstrated
a setup consisting of a stair-step reflective echelon (RES) struc-
ture instead of a reflective optical grating. The echelon produces a
discretely tilted pulse front, decreasing the negative effect of large
angular dispersion.[12 ] In 2017, a multistep phase mask (MSPD)
scheme was proposed by Y. Avetisyan et.al.[13 ] This scheme splits
a single input beam into many smaller time-delayed ”beamlets.”
Compared with the grating method, it decreases the negative
effects of the angular dispersion and eliminates the necessity of
the imaging optics. In the same year, Pálfalvi et.al. performed
numerical studies of a nonlinear echelon (NLES) slab,[14 ] where
a stair-step echelon-faced nonlinear crystal is used instead of a
nonlinear prism. It is expected that this scheme produces good-
quality, symmetric terahertz beams. Recently, the corresponding
experiment was demonstrated by Nugraha et.al. in 2019.[15 ] The
CG and STC schemes generate contineous TPF whereas the
RES, MSPM, and NLES schemes generate discrete TPF.
Althoughmultiple new promising TPF pumped terahertz gen-

eration setups have been proposed in the last years, theoretical
comparisons of these setups are very scarce. Such comparisons
are needed in order to guide experimentalists to choose the ap-
propriate setup for a given pump source with desired terahertz
pulses parameters. Existing theoretical studies for the discrete
TPF include analytical calculations[16 ] and numerical calculations
considering only the OR process.[17 ] In this article, a 2D+1 (x,z,t)
numerical model is used to investigate the effectiveness of the
various tilted pulse front schemes. A full 3D+1 model taking
into account both the x and y dimensions (see Figure 1) sug-
gests that the effect of y dimension is of minor importance.[18 ]

The lithium niobate (LN) is chosen due to its large second order
optical nonlinearity. The conversion efficiency and the spatial dis-
tribution of the generated terahertz electric fields are presented
for the aforementioned five schemes. With thorough discussions
of the advantages and disadvantages of each scheme, this work
gives guidance to choose the most appropriate setup for a given
terahertz experiment.

2. The Investigated Setups

The illustrations for different tilted-pulse-front schemes are
presented in Figure 1. For a fair comparison, the OP peak

Table 1. Simulation parameters.

Parameter name Value

Wavelength !0 1018 nm

Beam size "′
x 0.5 and 4mm

Grating period d 1/1500mm

Focal length f1 300mm

Phase matching angle # 64.8◦

Phase matching frequency Ω0 2$× 0.3 THz

Pulse duration (FWHM) %0 500 fs[20 ]

Temperature 300 K

Peak fluence
√
10%0(fs) mJ cm−2 [21 ]

THz absorption (300K, 0.3 THz) 7 cm−1 [22 ]

NLES scheme W, H 97, 206 µm

RES scheme W, H 150,[12 ] 229 µm

MSPM scheme W, H 97, 1000 µm

STC scheme &2 0.045 ps2

fluence, the OP beam size "′
x and the size of the beamlets

at the LN input surface (i.e., after the optical elements and
the imaging system) are set the same for all the schemes.
The OP propagates along the z′ direction and the terahertz
propagates along the z direction. The analytical forms of the
OP electric fields inside the LN crystal and the second order
nonlinear polarization can be found in Supporting Informa-
tion.
In schemes (a–c) in Figure 1, the imaging systems are chosen

such that the image of the grating (echelon) overlaps with the
tilted pulse front inside the LN crystal.[19 ] This is considered to
be the optimal imaging condition and the analytical expressions
can be found in Equations (S1)– (S3), Supporting Information.
The first lens has a fixed focal length f1 = 300 mm and the
second one, close to the LN, has a focal length f2. In scheme
(e), the TPF is achieved by applying second-order dispersion
&2 to a spatially chirped OP. Consequently, no initial angular
dispersion is induced. The simulation parameters are listed in
Table 1.

Laser Photonics Rev. 2020, 14, 2000021 2000021 (2 of 7) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Génération THz : rectification optique

¤ J. Hebling@pecs est l’un
des pioniers de la 
generation THz par tilted
front pulse

¤ Simulation et premiers 
design de la source à
Gradient attendu jusqu’à
~100 MV/m
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Diagnostic THz

Roussel et al. Light Science & Application 11, 1-14 (2022)



DTA : TWAC

Electrons

ZITA



Principe d’accélération
¤ Guide d’onde circulaire est la 

base des cavités
accélératrices

¤ Mais la vitesse de phase de 
l’onde dans un conducteur
parfait est plus grande que la 
vitesse des électrons

¤ Pour conserver le synchronisme
entre les deux, il faut ralentir
l’onde

Iris dans les structure 
standard RF

En utilisant un diélectrique



ZITA : Zita Is The Accelerator

• utilisation de 
préforme de fibre
(cm-scale)

ZITA : Premiers prototypes 
prêts pour des tests avec 
la source THz
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Diagnostic temporel

¤ ARES : nouvel accélérateur
de DESY
¤ Banc de test et benchmark 

des diag.temporal –
paquets courts

Properties Target value Status

Charge 0.05 to 200 pC 0.03 to 280 pC

Momentum 50 to 150 MeV/c 20 to 150 MeV/c

Momentum spread 10-4 10-4 (res. lim.)

Transverse emittance < 0.8 π.mm.mrad ≈ 0.07 π.mm.mrad

Duration Sub-fs to ≈ 10 fs ≈ 20 fs (res. lim.)

Arrival time stability ≤ 10 fs rms ???

From P. Craievich et al., Phys. Rev. ST Accel. 
Beams 23, 112001, 2020



Diag : Passif contre optique !
¤ Passive streaking : Beam driven 

wakefield
¤ Pas de source de puissance necessaire
¤ Auto-synchronisé

¤ Rayonnement de transition coherent
¤ auto-referencé: pas besoin de trigger 

externe
¤ Information qualitative sur la 

compression

e- bunch Wakefield structure

py(s)

Drift or Beam optics

py(s) � y(s)

Screen

[B. Gitter, CAA-TECH-NOTE, 1992]

Bettoni, S. et al. Phys. Rev. Accel. Beams 19, 021304, 2016. 
Seok, J. et al. Phys. Rev. Accel. Beams 21, 022801, 2018.
Dijkstal, P. et al. Phys. Rev. Research 4, 013017, 2022.
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La flash thérapie

Vozenin et al., ClinicalOncology 31 (2019) 407e415



Acceleration par laser et flash thérapie: un rêve pour les deux ?

¤ Compacité et le besoin de monter à 250 MeV pour la flash requière des nouvelles 
méthodes d’accélération

¤ Les deux communautés (bio et accélérateurs) doivent répondre à la question :
¤ Est-ce que les paquets courts sont adaptés à la flash (ps-fs time scale) ?



Conclusions et perspectives

¤ THz source
¤ Conception validée gradient attendu ~100 MV/m pour la v0
¤ Validation expérimentale de la source fin 2023
¤ Diagnostic par electro optic sampling

¤ ZITA
¤ Etudes théorique v0 terminée, v1 en cours
¤ Premiers prototypes réalisés
¤ Caractérisation ‘bas niveau’ en cours

¤ Diagnostic temporal
¤ Passive streaking : premier modèle validé
¤ CTR : premier tests en faisceau à venir 2023-2024

Next
• Première demonstration experimentale d’accélération : 2024
• Démonstration de la compression : 2025

Premier projet évalué (RP1) par la CE sous horizon europe!
Sélectionné pour l’Innovation radar questionnaire de l’EIC
Nonbreuses solicitations pour les rdv innovation 
Exemple de montage pour les correspondants Europe et ingénieur projet européen
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