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History of Particle Accelerators — Livingston Plot
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than an 800-nm gap structure but requires tighter tolerances on the
electron beam.

The NIR pulses, 1.24 6 0.12 ps long, from a regeneratively amplified
Ti:sapphire mode-locked laser are focused to an r.m.s. spot size of
30mm 3 300mm at the interaction point. We use a motorized four-
axis stage for precise alignment of the structure with the electron beam.
Once aligned, the electron beam leaving the structure goes through a
point-to-point focusing spectrometer magnet, which disperses the
outgoing electron beam in energy onto a Kodak Lanex phosphor
screen that is imaged by an intensified CCD (charge-coupled device)
camera. According to particle tracking simulations, 2.2% of the 60-
MeV beam is transmitted through the vacuum channel of the 400-nm
gap structure (see Methods). A segment of the spectrometer screen
focusing on this transmitted distribution is shown in Fig. 2a. The
horizontal axis represents beam energy, and the entire image spans
240 keV. The central pixel location of the 60-MeV beam is taken as the
reference point, corresponding to zero energy deviation (DE).

The spectrometer image in Fig. 2a is a median filtered average of a
dozen shots. The least-squares fit to the distribution of electrons scat-
tered by the fused silica substrate and the grating teeth has been removed
from this image to emphasize the transmitted distribution (see Methods).
A similarly averaged set of laser-on spectrometer images within 0.5 ps
of the optimal timing overlap for laser pulses with energy 93mJ per
pulse is shown in Fig. 2b. The white contour in both Fig. 2a and Fig. 2b
denotes the location where the spectral charge density is 4.5% of the
maximum density (at the peak of the scattered distribution). In the
presence of a laser field, there exists a higher charge density on either
side of the original peak at DE 5 0. The white contour shows a sizable
fraction of electrons with maximum energy that is ,60 keV higher
than in the laser-off case.

The laser-induced energy modulation is readily apparent in the energy
spectra (Fig. 2c). Using the fits to these spectra, a maximum energy
shift of 53.1 keV is calculated from the abscissa of the half-width at half-
maximum (HWHM) point in the high-energy tail. We use an analy-
tical interaction model (see Methods and Extended Data Fig. 3) to
calculate an accelerating gradient from this measurement. Figure 2c
shows the input electron beam distribution used in the model (blue
curve), which is a fit to the measured spectrum in the absence of a laser
field (light blue crosses). The calculated energy modulation (red curve)
agrees with our measurement (pink crosses), and gives a correspond-
ing accelerating gradient of 151.2 MeV m21 for this example. Particle
tracking simulations (black dots; see Methods) at this gradient level give
an independent confirmation of the observed modulated spectrum.

To determine the maximum gradient at a given laser power level, we
measure the energy modulation as the laser pulse is temporally scanned

across the electron beam, forming a cross-correlation signal. A sample
measurement at a laser pulse energy of 91.8 6 1.3mJ over a laser delay
of 6 ps is shown Fig. 3a. The orange circles (laser-off data) show no
variation correlated with laser delay, as expected, and have an r.m.s.
deviation of 4.5 keV, which is taken as the noise floor level of the mea-
surement. The blue circles (laser-on data) show the expected sech2 dis-
tribution with a full-width at half-maximum (FWHM) of 1.89 6 0.09 ps,
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Figure 1 | DLA structure and experimental set-up. a, Scanning electron
microscope image of the longitudinal cross-section of a DLA structure
fabricated as depicted in Extended Data Fig. 1a. Scale bar, 2 mm.
b, Experimental set-up. Inset, a diagram of the DLA structure indicating the

field polarization direction and the effective periodic phase reset, depicted as
alternating red (acceleration) and black (deceleration) arrows. A snapshot of
the simulated fields in the structure shows the corresponding spatial
modulation in the vacuum channel. See text for details.
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Figure 2 | Demonstration of energy modulation. a, Image of the transmitted
electron beam on the spectrometer screen, with the laser off. b, As a but when
the laser field is present. c, Energy spectra from a and b showing energy
modulation. A fit (blue curve) to the measured laser-off spectrum (light blue
crosses) is used as input for the simulations. The calculated energy modulation
(red curve) and particle tracking simulations (black dots) agree with our
measured spectrum (pink crosses). Images of the entire spectrometer screen are
shown in Extended Data Fig. 2.
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distribution between 35 and 100 GeV after traversing the plasma. The
angle h0 at the plasma exit for this particular event was calculated to
be smaller than 100 mrad, which is negligible; therefore energy relates
directly to position. The highest electron energy is 85 6 7 GeV, indi-
cating that some electrons in the tail of the beam with an initial energy
of 41 GeV have more than doubled their initial energy. The implied
peak accelerating field of ,52 GV m21 is consistent with the fields
previously measured in a 10-cm-long plasma11, indicating that the
energy gain is scalable by extending the length of the plasma at least
up to 85 cm. With this plasma length, in a series of 800 events, 30%
showed an energy gain of more than 30 GeV. Variations in the mea-
sured energy gain were correlated to fluctuations in the peak current
of the incoming electron beam.

When the length of the lithium vapour column was extended from
85 cm to 113 cm, the maximum energy in an event with a similar
incoming current profile was measured to be 71 6 11 GeV. Less than
3% of a sample of 800 consecutive events showed an energy gain of
more than 30 GeV. There are three possible reasons for this apparent
saturation of energy gain observed in the experiment. The first is that
the energy of the particles that produced the wake has been depleted
to almost zero, such that the acceleration is terminated in the last
28 cm of the plasma. However, the minimum energy measured at

plane 1 (not shown) was 5–7 GeV, which is inconsistent with this
explanation. The second possible reason is that the electron hosing
instability is so severe that the beam breaks up16. In the data shown in
Fig. 2 there are negligible transverse deflections of the various lon-
gitudinal slices of the beam, indicating an absence of the hosing
instability. The third possibility is head erosion: the front of the beam
expands, because it is not subjected to the focusing force of the ion
column. This expansion decreases the beam density, which moves the
ionization front backward in the beam frame. Eventually the beam
electric field drops below the threshold for plasma formation, ter-
minating the acceleration process before the energy of the drive beam
is depleted (see Supplementary Movie 1).

We used simulations to explain the maximum electron energy
observed in the experiment. Figure 2b shows a comparison of the
measured energy spectrum with one derived from simulations. The
electron current distribution is extracted from the energy spectrum
of the beam measured upstream of the plasma by comparing it to a
phase space simulation using the code LiTrack17. The wakefield from
this current distribution and the propagation of the pulse through
the plasma are modelled using the three-dimensional, parallel
particle-in-cell (3D-PIC) code QuickPIC18. QuickPIC includes the
effects of field ionization and electron energy loss due to radiation19

from oscillations in the ion column.
Figure 3a and b shows the simulation output at two different

positions in the plasma. At a distance of 12.3 cm, the wake produced
by the motion of the plasma electrons resembles that produced in a
preformed plasma, because the ionization occurs near the very head
of the beam. The expelled plasma electrons return to the beam axis at
nearly the same z location. This gives rise to an extremely large spike
in the accelerating field. After 81.9 cm one can see the effect of beam
head erosion in that the ionization front now occurs further back
along the pulse. Even though the wake is formed further back, the
peak accelerating field occurs at approximately the same position
along the pulse. The transverse size of the pulse ahead of the ioniza-
tion front is so large that the local beam density has dropped below
the useful range in the colour table. However, the modified ioniza-
tion front causes some blurring of the position at which the returning
plasma electrons arrive on the axis, an effect known as phase mixing.
This not only reduces the peak accelerating field but also leads to
some defocusing of the high-energy beam electrons in this region (see
Supplementary Discussion and Supplementary Figs 1–4).

The simulated energy distribution at this point was binned equiva-
lently to the experimental data, as shown in Fig. 2b. The quantitative
agreement between the two spectra is good. In the simulation spec-
trum of Fig. 2b, electrons are accelerated to a maximum energy of
95 GeV. In the experiment, the maximum detectable energy is deter-
mined by the spot size at the detection plane, and the highest detected
energy is 85 GeV. For the present case, this corresponds to a detection
threshold of 3 3 106 electrons per GeV. The mean electron energy of
the highest energy bin containing 3 3 106 electrons per GeV in the
simulation is shown as a function of position along the plasma in
Fig. 3c. Also shown are maximum energies measured in the experi-
ment at 85 and 113 cm for similar electron current profiles. The
energy in the simulation increases approximately linearly with pro-
pagation distance up to a value of 80 GeV at about 70 cm and then
saturates at 85 GeV at 85 cm owing to the phase-mixing effect, which
leads to gradual defocusing of the highest energy electrons as men-
tioned above. As the beam propagates beyond 85 cm, the highest-
energy electrons continue to be defocused to such an extent that at
104 cm a significant number of the high-energy electrons are lost to
the simulation walls, causing the maximum observed electron energy
to drop to 60 GeV. In the experiment, electrons defocused at such
angles would not be detectable in the electron spectrometer. It should
be noted that no significant wakefield is left beyond 104 cm, because
the electron beam core containing the bulk of the particles is com-
pletely eroded away.
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Figure 2 | Energy spectrum of the electrons. a, Energy spectrum of the
electrons in the 35–100 GeV range as observed in plane 2. The dispersion
(shown on the top axis) is inversely proportional to the particle energy
(shown on the bottom axis). The head of the pulse, which is unaffected by the
plasma, is at 43 GeV. The core of the pulse, which has lost energy driving the
plasma wake, is dispersed partly out of the field of view of the camera.
Particles in the back of the bunch, which have reached energies up to 85 GeV,
are visible to the right. The pulse envelope exits the plasma with an energy-
dependent betatron phase advance, which is consistent with the observed
scalloping of the dispersed beam. b, Projection of the image in a, shown in
blue. The simulated energy spectrum is shown in red. The differences
between the measured and the simulated spectrum near 42 GeV are due to an
initial correlated energy spread of 1.5 GeV not included in the simulations.
The horizontal error bar is due to the uncertainty in estimating the
deflection angle and the spot size of the beam.
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How to Accelerate Charged Particles
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How to Accelerate Charged Particles

Assume:

• an ultrarelativistic particle 

of charge e

• moving along the z axis

• accelerated by a plane 
electromagnetic wave
that propagates at an

angle ϑ to the z axis

e-

k

ϑ

λ
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How to Accelerate Charged Particles
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How to Accelerate Charged Particles

Then:

• Position of the electron

• Electric field

• Energy gradient

e-

k

ϑ

λ

not
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Lawson-Woodward-Palmer Theorem
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Lawson Woodward Theorem

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

• The Lawson-Woodward Theorem states:

• the total acceleration

• of ultrarelativistic particles 

• by far-field electromagnetic waves 

• is zero

⇒Need near-field structures

electron

electromagnetic

wave

Woodward, J. IEE 93 (1947)

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

Palmer, Part. Accel. 11 (1980)
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Limits to the Accelerating Field
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Limits to the Accelerating Field

• Normal-conducting accelerators

• Breakdown on the surface

• Superconducting accelerators

• Critical magnetic field

http://hyperphysics.phy-astr.gsu.edu/hbase/solids/scbc.html
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Possibilities for Accelerating Structures
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Possibilities for Accelerating Structures

Structure
max.

Field (V/m)
Power SourcesPower Sources

Superconducting 5·107 solid state
electron beams: 

klystrons

Metallic 2·108 solid state
electron beams: 

klystrons or 
integrated structure

Dielectric 109 laser electron beams

Plasma ≥1011 laser electron beams

Plus: Inverse FEL, disposable structures, excited atoms, muon colliders 
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Laser as a source of electromagnetic fields

13

Lasers have followed a trajectory of exponential 
innovation. 

RF Klystron 
 

Solid-state laser 

 
1.  Smaller/less expensive than RF. 
2.  Energy efficient (near 50%). 
3.  High repetition rate (1 to 100 MHz). 
4.  Large electric fields (GV/m). 
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Laser Acceleration (1961)

14

Shortly after lasers were invented it was suggested to 
use them to accelerate particles. 

Koichi Shimoda, Applied Optics 1 (1), 33 (1961) 
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Semiconductor Industry
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Dielectric Accelerator Structures
> Using much higher frequencies: THz to optical
> Using dielectrics (e.g. SiO2)

> Advantages: higher damage threshold
⇒ Higher accelerating fields, up to ~GV/m

> Generate the electromagnetic field
> Cherenkov radiation from an  

electron beam
> Laser

> Confine the field
> Photonic band gap

16
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Acceleration Experiments with a Dielectric Structure
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than an 800-nm gap structure but requires tighter tolerances on the
electron beam.

The NIR pulses, 1.24 6 0.12 ps long, from a regeneratively amplified
Ti:sapphire mode-locked laser are focused to an r.m.s. spot size of
30mm 3 300mm at the interaction point. We use a motorized four-
axis stage for precise alignment of the structure with the electron beam.
Once aligned, the electron beam leaving the structure goes through a
point-to-point focusing spectrometer magnet, which disperses the
outgoing electron beam in energy onto a Kodak Lanex phosphor
screen that is imaged by an intensified CCD (charge-coupled device)
camera. According to particle tracking simulations, 2.2% of the 60-
MeV beam is transmitted through the vacuum channel of the 400-nm
gap structure (see Methods). A segment of the spectrometer screen
focusing on this transmitted distribution is shown in Fig. 2a. The
horizontal axis represents beam energy, and the entire image spans
240 keV. The central pixel location of the 60-MeV beam is taken as the
reference point, corresponding to zero energy deviation (DE).

The spectrometer image in Fig. 2a is a median filtered average of a
dozen shots. The least-squares fit to the distribution of electrons scat-
tered by the fused silica substrate and the grating teeth has been removed
from this image to emphasize the transmitted distribution (see Methods).
A similarly averaged set of laser-on spectrometer images within 0.5 ps
of the optimal timing overlap for laser pulses with energy 93mJ per
pulse is shown in Fig. 2b. The white contour in both Fig. 2a and Fig. 2b
denotes the location where the spectral charge density is 4.5% of the
maximum density (at the peak of the scattered distribution). In the
presence of a laser field, there exists a higher charge density on either
side of the original peak at DE 5 0. The white contour shows a sizable
fraction of electrons with maximum energy that is ,60 keV higher
than in the laser-off case.

The laser-induced energy modulation is readily apparent in the energy
spectra (Fig. 2c). Using the fits to these spectra, a maximum energy
shift of 53.1 keV is calculated from the abscissa of the half-width at half-
maximum (HWHM) point in the high-energy tail. We use an analy-
tical interaction model (see Methods and Extended Data Fig. 3) to
calculate an accelerating gradient from this measurement. Figure 2c
shows the input electron beam distribution used in the model (blue
curve), which is a fit to the measured spectrum in the absence of a laser
field (light blue crosses). The calculated energy modulation (red curve)
agrees with our measurement (pink crosses), and gives a correspond-
ing accelerating gradient of 151.2 MeV m21 for this example. Particle
tracking simulations (black dots; see Methods) at this gradient level give
an independent confirmation of the observed modulated spectrum.

To determine the maximum gradient at a given laser power level, we
measure the energy modulation as the laser pulse is temporally scanned

across the electron beam, forming a cross-correlation signal. A sample
measurement at a laser pulse energy of 91.8 6 1.3mJ over a laser delay
of 6 ps is shown Fig. 3a. The orange circles (laser-off data) show no
variation correlated with laser delay, as expected, and have an r.m.s.
deviation of 4.5 keV, which is taken as the noise floor level of the mea-
surement. The blue circles (laser-on data) show the expected sech2 dis-
tribution with a full-width at half-maximum (FWHM) of 1.89 6 0.09 ps,
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Figure 1 | DLA structure and experimental set-up. a, Scanning electron
microscope image of the longitudinal cross-section of a DLA structure
fabricated as depicted in Extended Data Fig. 1a. Scale bar, 2 mm.
b, Experimental set-up. Inset, a diagram of the DLA structure indicating the

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

The NIR pulses, 1.24 6 0.12 ps long, from a regeneratively amplified
Ti:sapphire mode-locked laser are focused to an r.m.s. spot size of
30mm 3 300mm at the interaction point. We use a motorized four-
axis stage for precise alignment of the structure with the electron beam.
Once aligned, the electron beam leaving the structure goes through a
point-to-point focusing spectrometer magnet, which disperses the
outgoing electron beam in energy onto a Kodak Lanex phosphor
screen that is imaged by an intensified CCD (charge-coupled device)
camera. According to particle tracking simulations, 2.2% of the 60-
MeV beam is transmitted through the vacuum channel of the 400-nm
gap structure (see Methods). A segment of the spectrometer screen
focusing on this transmitted distribution is shown in Fig. 2a. The
horizontal axis represents beam energy, and the entire image spans
240 keV. The central pixel location of the 60-MeV beam is taken as the
reference point, corresponding to zero energy deviation (DE).

The spectrometer image in Fig. 2a is a median filtered average of a
dozen shots. The least-squares fit to the distribution of electrons scat-
tered by the fused silica substrate and the grating teeth has been removed
from this image to emphasize the transmitted distribution (see Methods).
A similarly averaged set of laser-on spectrometer images within 0.5 ps
of the optimal timing overlap for laser pulses with energy 93mJ per
pulse is shown in Fig. 2b. The white contour in both Fig. 2a and Fig. 2b
denotes the location where the spectral charge density is 4.5% of the
maximum density (at the peak of the scattered distribution). In the
presence of a laser field, there exists a higher charge density on either
side of the original peak at DE 5 0. The white contour shows a sizable
fraction of electrons with maximum energy that is ,60 keV higher
than in the laser-off case.

The laser-induced energy modulation is readily apparent in the energy
spectra (Fig. 2c). Using the fits to these spectra, a maximum energy
shift of 53.1 keV is calculated from the abscissa of the half-width at half-
maximum (HWHM) point in the high-energy tail. We use an analy-
tical interaction model (see Methods and Extended Data Fig. 3) to
calculate an accelerating gradient from this measurement. Figure 2c
shows the input electron beam distribution used in the model (blue
curve), which is a fit to the measured spectrum in the absence of a laser
field (light blue crosses). The calculated energy modulation (red curve)
agrees with our measurement (pink crosses), and gives a correspond-
ing accelerating gradient of 151.2 MeV m21 for this example. Particle
tracking simulations (black dots; see Methods) at this gradient level give
an independent confirmation of the observed modulated spectrum.

To determine the maximum gradient at a given laser power level, we
measure the energy modulation as the laser pulse is temporally scanned

across the electron beam, forming a cross-correlation signal. A sample
measurement at a laser pulse energy of 91.8 6 1.3mJ over a laser delay
of 6 ps is shown Fig. 3a. The orange circles (laser-off data) show no
variation correlated with laser delay, as expected, and have an r.m.s.
deviation of 4.5 keV, which is taken as the noise floor level of the mea-
surement. The blue circles (laser-on data) show the expected sech2 dis-
tribution with a full-width at half-maximum (FWHM) of 1.89 6 0.09 ps,
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Figure 1 | DLA structure and experimental set-up. a, Scanning electron
microscope image of the longitudinal cross-section of a DLA structure
fabricated as depicted in Extended Data Fig. 1a. Scale bar, 2 mm.
b, Experimental set-up. Inset, a diagram of the DLA structure indicating the

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

The NIR pulses, 1.24 6 0.12 ps long, from a regeneratively amplified
Ti:sapphire mode-locked laser are focused to an r.m.s. spot size of
30mm 3 300mm at the interaction point. We use a motorized four-
axis stage for precise alignment of the structure with the electron beam.
Once aligned, the electron beam leaving the structure goes through a
point-to-point focusing spectrometer magnet, which disperses the
outgoing electron beam in energy onto a Kodak Lanex phosphor
screen that is imaged by an intensified CCD (charge-coupled device)
camera. According to particle tracking simulations, 2.2% of the 60-
MeV beam is transmitted through the vacuum channel of the 400-nm
gap structure (see Methods). A segment of the spectrometer screen
focusing on this transmitted distribution is shown in Fig. 2a. The
horizontal axis represents beam energy, and the entire image spans
240 keV. The central pixel location of the 60-MeV beam is taken as the
reference point, corresponding to zero energy deviation (DE).

The spectrometer image in Fig. 2a is a median filtered average of a
dozen shots. The least-squares fit to the distribution of electrons scat-
tered by the fused silica substrate and the grating teeth has been removed
from this image to emphasize the transmitted distribution (see Methods).
A similarly averaged set of laser-on spectrometer images within 0.5 ps
of the optimal timing overlap for laser pulses with energy 93mJ per
pulse is shown in Fig. 2b. The white contour in both Fig. 2a and Fig. 2b
denotes the location where the spectral charge density is 4.5% of the
maximum density (at the peak of the scattered distribution). In the
presence of a laser field, there exists a higher charge density on either
side of the original peak at DE 5 0. The white contour shows a sizable
fraction of electrons with maximum energy that is ,60 keV higher
than in the laser-off case.

The laser-induced energy modulation is readily apparent in the energy
spectra (Fig. 2c). Using the fits to these spectra, a maximum energy
shift of 53.1 keV is calculated from the abscissa of the half-width at half-
maximum (HWHM) point in the high-energy tail. We use an analy-
tical interaction model (see Methods and Extended Data Fig. 3) to
calculate an accelerating gradient from this measurement. Figure 2c
shows the input electron beam distribution used in the model (blue
curve), which is a fit to the measured spectrum in the absence of a laser
field (light blue crosses). The calculated energy modulation (red curve)
agrees with our measurement (pink crosses), and gives a correspond-
ing accelerating gradient of 151.2 MeV m21 for this example. Particle
tracking simulations (black dots; see Methods) at this gradient level give
an independent confirmation of the observed modulated spectrum.

To determine the maximum gradient at a given laser power level, we
measure the energy modulation as the laser pulse is temporally scanned

across the electron beam, forming a cross-correlation signal. A sample
measurement at a laser pulse energy of 91.8 6 1.3mJ over a laser delay
of 6 ps is shown Fig. 3a. The orange circles (laser-off data) show no
variation correlated with laser delay, as expected, and have an r.m.s.
deviation of 4.5 keV, which is taken as the noise floor level of the mea-
surement. The blue circles (laser-on data) show the expected sech2 dis-
tribution with a full-width at half-maximum (FWHM) of 1.89 6 0.09 ps,
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Transmitted
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a b

Figure 1 | DLA structure and experimental set-up. a, Scanning electron
microscope image of the longitudinal cross-section of a DLA structure
fabricated as depicted in Extended Data Fig. 1a. Scale bar, 2 mm.
b, Experimental set-up. Inset, a diagram of the DLA structure indicating the

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

> Joel England
19

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

300 MV/m 

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

300 MV/m 
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Dielectric Accelerators — Current Research Topics
> Achievements of recent years

> Proof-of-principle experiments demonstrating accelerating fields of GV/m
> Efficient generation of the electromagnetic fields

> Ongoing research projects
> Accelerating of high-charge bunches
> Staging of accelerating structures 
> Damage threshold of the materials (laser, electrons)

> Future research topics
> Efficient coupling of the electromagnetic fields
> Confinement by photonic band gap structures
> Acceleration of ions
> Efficiency of particle acceleration
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Efficiency of particle acceleration
> Incorporate the accelerator 

structure into the laser cavity

21

The average, effective unloaded gradient is

hG0i !
1

!!

Z !0"!!

!0
F1#!$d!: (13)

The change in the beam kinetic energy in passing
through the structure is

!Ukin ! qL
!

hG0i% q
"
cZH

"2 " k
#$

; (14)

and the effective unloaded gradient should be used in the
expression for the optimum charge

qopt !
hG0i

2#cZH="2 " k$ : (15)

The beam produces fields in the accelerating mode. One
manifestation of this is the ‘‘self-field’’ that decelerates
the source charge with gradient GF. Another is fields
radiated out of the downstream end of the accelerator
given by

Eb#!$ ! %2kq&"#!% !0$ %"!!% #!0 " !!$"'
( %2kqS#!; !0$; (16)

where " is the step function. The fields produced near the
downstream end of the accelerator arrive the earliest
when the bunch arrives at ! ! !0 "!!, and the fields
produced at the beginning propagate at the group velocity

and arrive at ! ! !0. This expression is shown to satisfy
energy conservation in Appendix A.

III. INTRACAVITY, ACTIVELY MODE-LOCKED
ACCELERATOR

A. Accelerator/laser cavity equation

The intracavity, actively mode-locked laser driven ac-
celerator is illustrated in Fig. 3. The accelerator structure
is incorporated into a laser cavity consisting of a gain
medium, amplitude modulator, and four mirrors. Three of
the four mirrors are assumed to be completely reflecting.
The fourth mirror, the one located at position 3, is a
partially reflecting beam combiner, and an external laser
beam is injected into the cavity at that mirror. Losses,
other than those associated with the beam combiner, are
included and parametrized by a loss factor #. The laser
envelope at location n is Fn#!$ where ! is measured from
the center of the pulse

The particle beam is a train of bunches of charge q
spaced at the round-trip laser period T, which includes the
dispersive effects of the gain medium. Bunches are !0
ahead of the corresponding laser pulse at location 1, and
phases are defined by taking the phase of the beam
current as zero.

This cavity is an actively mode-locked laser with
seeding in the accelerating mode from the beam induced
field and, in addition, from the external laser. An equation
for F1#!$ is developed in Appendix B by closely follow-
ing Siegman’s treatment of active mode-locked homoge-
nous lasers [7]. It is

q

z = 0 z = L

Accelerator Structure

ZC   βg   βphase = 1

Modulator

Μ  ωm

Gain Medium

αmpm   δωa    ωa 

r Eext, φext
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cTcT
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3

1

5 4

τ

τ0

FIG. 3. (Color) The intracavity, actively mode-locked laser driven accelerator. The parameters of the different elements are
discussed in the text, and the subscripts 1; . . . ; 5 refer to the locations indicated in the cavity.
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Future research will follow the directions indicated
above.
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APPENDIX A: ENERGY CONSERVATION AND
BEAM PRODUCED FIELDS

Consider the situation illustrated in Fig. 2. The input
power with an arbitrary time dependence produces an
unloaded gradient

F1!!" #
1

"

!!!!!!!!!!!!!!!!!!

ZCP1!!"
p

(A1)

at the upstream end of the structure. The output pulse
shape would be the same if there were no beam and no
losses in the structure.

The beam itself produces field in the accelerating
mode. At the exit of the structure this field is given by

Eb!!" # $qEw%!!!$ !0" $!!!$ !!0 &"!""': (A2)

This expression includes the facts that the field is propor-
tional to the beam charge q, extends from ! # !0 to ! #
!0 &"!, and is decelerating. This appendix contains a
derivation leading to the proportionality constant Ew.

The output power is given by

P2!!" #
"2

ZC
%F1!!" & Eb!!"'2: (A3)

Energy conservation applied to the beam passage is

Uin &
Z 1

$1
P1!!"d! # Uout & qGHL&

Z 1

$1
P2!!"d!;

(A4)

where Uin and Uout are the initial and final kinetic ener-
gies of the bunch and the second term on the right-hand
side is the energy in the wideband radiation. Using Eqs. (3)
and (14) results in

qL!hG0i$GF" #
Z 1

$1
Pin!!"d!$

Z 1

$1
Pout!!"d!:

(A5)

Substituting Eq. (A3) for Pout and using the expression for
GF and Eq. (A2)

qL!hG0i$ kq" # $ "2q2E2
w

ZC

"
L!1$ #g"

#gc

#

& "qEw
!!!!!!!!

Z C
p

Z !0&"!

!0

!!!!!!!!!!!!!!!

Pout!!"
p

d!: (A6)

Equating either the terms proportional to q or the terms
proportional to q2 gives

Ew # 2k; (A7)
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Rasmus Ischebeck

Plasma Wakefield Accelerators



Plasma Wakes - Theory
> Unlike electromagnetic waves  

in vacuum, plasma wakes can  
have a longitudinal electric field

> Tajima & Dawson,  
PRL, 43, 267(1979)

> Linear plasma wake:

> Limit:
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Plasma Wakes - Theory
> Above this limit: non-linear wakes, “Blow-out regime”
> Fields can be calculated only with numerical methods

> Typical wavelength: 50 µm
> Accelerating fields up to 50 GV/m
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Plasma Wakes - Reality
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Energy Doubling
> Plasma length: 85 cm
> Density: 2.7•1023 m−3

> Incoming energy: 42 GeV
> Peak energy: 85±7 GeV

26

distribution between 35 and 100 GeV after traversing the plasma. The
angle h0 at the plasma exit for this particular event was calculated to
be smaller than 100 mrad, which is negligible; therefore energy relates
directly to position. The highest electron energy is 85 6 7 GeV, indi-
cating that some electrons in the tail of the beam with an initial energy
of 41 GeV have more than doubled their initial energy. The implied
peak accelerating field of ,52 GV m21 is consistent with the fields
previously measured in a 10-cm-long plasma11, indicating that the
energy gain is scalable by extending the length of the plasma at least
up to 85 cm. With this plasma length, in a series of 800 events, 30%
showed an energy gain of more than 30 GeV. Variations in the mea-
sured energy gain were correlated to fluctuations in the peak current
of the incoming electron beam.

When the length of the lithium vapour column was extended from
85 cm to 113 cm, the maximum energy in an event with a similar
incoming current profile was measured to be 71 6 11 GeV. Less than
3% of a sample of 800 consecutive events showed an energy gain of
more than 30 GeV. There are three possible reasons for this apparent
saturation of energy gain observed in the experiment. The first is that
the energy of the particles that produced the wake has been depleted
to almost zero, such that the acceleration is terminated in the last
28 cm of the plasma. However, the minimum energy measured at

plane 1 (not shown) was 5–7 GeV, which is inconsistent with this
explanation. The second possible reason is that the electron hosing
instability is so severe that the beam breaks up16. In the data shown in
Fig. 2 there are negligible transverse deflections of the various lon-
gitudinal slices of the beam, indicating an absence of the hosing
instability. The third possibility is head erosion: the front of the beam
expands, because it is not subjected to the focusing force of the ion
column. This expansion decreases the beam density, which moves the
ionization front backward in the beam frame. Eventually the beam
electric field drops below the threshold for plasma formation, ter-
minating the acceleration process before the energy of the drive beam
is depleted (see Supplementary Movie 1).

We used simulations to explain the maximum electron energy
observed in the experiment. Figure 2b shows a comparison of the
measured energy spectrum with one derived from simulations. The
electron current distribution is extracted from the energy spectrum
of the beam measured upstream of the plasma by comparing it to a
phase space simulation using the code LiTrack17. The wakefield from
this current distribution and the propagation of the pulse through
the plasma are modelled using the three-dimensional, parallel
particle-in-cell (3D-PIC) code QuickPIC18. QuickPIC includes the
effects of field ionization and electron energy loss due to radiation19

from oscillations in the ion column.
Figure 3a and b shows the simulation output at two different

positions in the plasma. At a distance of 12.3 cm, the wake produced
by the motion of the plasma electrons resembles that produced in a
preformed plasma, because the ionization occurs near the very head
of the beam. The expelled plasma electrons return to the beam axis at
nearly the same z location. This gives rise to an extremely large spike
in the accelerating field. After 81.9 cm one can see the effect of beam
head erosion in that the ionization front now occurs further back
along the pulse. Even though the wake is formed further back, the
peak accelerating field occurs at approximately the same position
along the pulse. The transverse size of the pulse ahead of the ioniza-
tion front is so large that the local beam density has dropped below
the useful range in the colour table. However, the modified ioniza-
tion front causes some blurring of the position at which the returning
plasma electrons arrive on the axis, an effect known as phase mixing.
This not only reduces the peak accelerating field but also leads to
some defocusing of the high-energy beam electrons in this region (see
Supplementary Discussion and Supplementary Figs 1–4).

The simulated energy distribution at this point was binned equiva-
lently to the experimental data, as shown in Fig. 2b. The quantitative
agreement between the two spectra is good. In the simulation spec-
trum of Fig. 2b, electrons are accelerated to a maximum energy of
95 GeV. In the experiment, the maximum detectable energy is deter-
mined by the spot size at the detection plane, and the highest detected
energy is 85 GeV. For the present case, this corresponds to a detection
threshold of 3 3 106 electrons per GeV. The mean electron energy of
the highest energy bin containing 3 3 106 electrons per GeV in the
simulation is shown as a function of position along the plasma in
Fig. 3c. Also shown are maximum energies measured in the experi-
ment at 85 and 113 cm for similar electron current profiles. The
energy in the simulation increases approximately linearly with pro-
pagation distance up to a value of 80 GeV at about 70 cm and then
saturates at 85 GeV at 85 cm owing to the phase-mixing effect, which
leads to gradual defocusing of the highest energy electrons as men-
tioned above. As the beam propagates beyond 85 cm, the highest-
energy electrons continue to be defocused to such an extent that at
104 cm a significant number of the high-energy electrons are lost to
the simulation walls, causing the maximum observed electron energy
to drop to 60 GeV. In the experiment, electrons defocused at such
angles would not be detectable in the electron spectrometer. It should
be noted that no significant wakefield is left beyond 104 cm, because
the electron beam core containing the bulk of the particles is com-
pletely eroded away.
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Figure 2 | Energy spectrum of the electrons. a, Energy spectrum of the
electrons in the 35–100 GeV range as observed in plane 2. The dispersion
(shown on the top axis) is inversely proportional to the particle energy
(shown on the bottom axis). The head of the pulse, which is unaffected by the
plasma, is at 43 GeV. The core of the pulse, which has lost energy driving the
plasma wake, is dispersed partly out of the field of view of the camera.
Particles in the back of the bunch, which have reached energies up to 85 GeV,
are visible to the right. The pulse envelope exits the plasma with an energy-
dependent betatron phase advance, which is consistent with the observed
scalloping of the dispersed beam. b, Projection of the image in a, shown in
blue. The simulated energy spectrum is shown in red. The differences
between the measured and the simulated spectrum near 42 GeV are due to an
initial correlated energy spread of 1.5 GeV not included in the simulations.
The horizontal error bar is due to the uncertainty in estimating the
deflection angle and the spot size of the beam.

LETTERS NATURE | Vol 445 | 15 February 2007

742
Nature   ©2007 Publishing Group

Blumenfeld et al., Nature 445, 741 (2007)
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Measurement of Electromagnetic Fields

27

Malte Kaluza, private communication
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Measurement of Electromagnetic Fields
> Measurement of Plasma Wake (b/w) and Injected Electrons (color)

28

Malte Kaluza, private communication
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Staging of Two Accelerators

29

Steinke et al., Nature 530, 190 (2016)
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Drive the wake by a Proton Beam

30

Proton-driven plasma wakefield acceleration 9
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Figure 4. Design of the layout of the AWAKE experiment.

shown as well as the energy reconstructed from this spatial spread. Electron bunches of

energy 16MeV, charge 0.2 nC, and length �ze = 2.5mm are side injected after 3.9m of

plasma. Approximately 5% of electrons are trapped and accelerated to the end of the

10m plasma. This amount of charge is not high enough to observe beam loading, but

su�cient to characterize accelerating gradients. The final energy spread is ⇠ 2% r.m.s.,

which can be accurately reconstructed by the electron spectrometer, indicating that

percent level energy spread can be reached. The peak gradient seen in this simulation

is above 1GeV/m, and the average gradient witnessed by the electrons is 350MeV/m.

In addition to the electron spectrometer, several other diagnostic systems will be

used to characterize the beams and plasma so as to better understand the physics

of self-modulation and acceleration of electrons in the wake of the proton beam [30].

Examples are shown in Figure 5c) in which a proton beam passes through a metal foil,

thereby producing a cone of optical transition radiation that will be measured using a

streak camera. Additionally, transverse coherent transition radiation will be produced

and detected using electro-optical sensors; this will be the first experimental use of this

recent concept [31].

First protons to the experiment are expected at the end of 2016 and this will be

followed by an initial 3 � 4 year experimental program of four periods of two weeks of

Assmann et al, arXiv:1401.4823
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Plasma Accelerators — Current Research Topics
> Achievements of recent years

> Proof-of-principle experiments demonstrating accelerating fields of tens of GV/m
> Meter-scale plasmas that allow high energy gain
> Characterization of plasma wakes

> Ongoing research projects
> Staging of accelerating structures
> Control energy spread
> Efficiency of particle acceleration

> Future research topics
> Efficient generation of plasma wakes with proton beams
> Match electron beam into plasma with micrometer precision
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Energy Efficiency

32

High-Efficiency Acceleration of an Electron Bunch in a 
Plasma Wakefield Accelerator 

•  Electric field in plasma wake is loaded by presence of trailing bunch 
•  Allows efficient energy extraction from the plasma wake 
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This result is important for High Energy Physics applications that require 
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Applicability of Plasma Wakefield Accelerators to HEP

> Arnd Specka, Ecole Polytechnique Paris
> Roman Walczak, Uni Oxford
> Meeting Paris October 2016
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Horizon2020	Horizon2020	

EuPRAXIA	ConsorVum	 Plus	16	Associated	Partners	

The	Horizon2020	
EuPRAXIA	Project	
Towards	a	Groundbreaking	

European	Plasma	
Accelerator	
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History of Particle Accelerators — Livingston Plot

34
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