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LASER-BASED ACCELERATORS
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Shortly after lasers were invented it was suggested to 
use them to accelerate particles. 

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

▸ Shimoda, Appl. Opt. 1 (1), 33 (1961)


▸ Lohmann, IBM TN-5, 162 (1962)
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17 More About Evanescent Waves 
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arrive two ordinary plane waves, 
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ACCELERATING STRUCTURES
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‣ Peralta et al., Nature 503, 91 (2013)

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

300 MV/m 
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▸ Neil Sapra et al., Science 367 (6473), 97-83



LASERS

▸ Suitable lasers


▸ MHz repetition rate


▸ low pulse energy ~ 10 µJ


▸ high wallplug efficiency ~ 30%
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COMPARISON TO RADIO FREQUENCY ACCELERATORS
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Parameter DLA RF
Power Source Commercial IR  Laser Microwave  Klystron

Wavelength 1-10 µm 2-10 cm

Bunch Length 10-100 attosec 1-5ps

Bunch Charge 1-10 fC 0.1- 4 nC

Required Norm.  
Emittance

1-10 nm rad 0.1-1 µm rad

Rep Rate 10-200 MHz 1-1000 Hz

Confinement of  Mode Photonic Crystal  (1D, 
2D, 3D)

Metal Cavity

Material Dielectric Metal

Unloaded  Gradient 1-10 GV/m 30-100 MV/m

Power Coupling  
Method

Free-space/Silicon WG Critically-coupled  
metal WG



OTHER ADVANCED ACCELERATION CONCEPTS

▸ Terahertz accelerators


▸ Crystal accelerators and collimators


▸ Plasma from solid state material
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Giant Wake Field Acceleration
in Gas and Solid 

Corkum, RECOLLISION

Plasma Acceleration  Energy Gain
G a  n 1/2 eV/cm

1eV light   nc ~ 1021cm-3

n gas = 1018 cm-3 ,  G~ 10 9, GeV/cm  

Drive pulse X-Ray, 600zs 
+ as electron pulse 

nsolid = 1024cm3 , G~ 1012 eV/cm, TeVcm

Channeling lowers the emittance
Valid for electrons,  muons, heavy ions

Femtosecond Visible Light Driver in Gas   Tajima et Dawson 1979

Atto-zepto, X-ray Driver, Solid, Tajima et Cavenago 1987 
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Figure 4: Bunch energy spreading. a, Measured single-shot electron energy spectra with THz o↵ and THz
on, obtained using short-duration (2 ps FWHM), low energy spread (21 keV FWHM) electron bunches. Due to
timing jitter, the phase-ordering was determined from the modelled spectra. b, Modelled electron energy spectra
shown at discrete bunch injection phases over the full 2⇡ range of the THz pulse cycle. c,d, Modelled longitudinal
phase-space distribution of the electron bunch with (c) THz o↵ and (d) THz on at ⇡ injection phase.

in the unexplored relativistic energy regime and pave
the way to future acceleration and manipulation of high-
energy particles, as well as compact relativistic beam di-
agnostics.
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‣ Zhang et al., Nature Photonics 12, 336–342 (2018)

‣ Hibbert et al., Nature Photonics 14, 755–759 (2020)

Beam 
propagatio
n

Possible processes:
t multiple scattering
t channeling
t volume capture
t de-channeling
t volume reflection

@ beam steering by crystal



DLA-BASED COLLIDER CONCEPT — ALEGRO / ANAR
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STUDIES FOR A 3…30 TeV COLLIDER — ALEGRO
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Towards an Advanced Linear International Collider

ALEGRO collaboration

Abstract
This document provides additional information to support the ALEGRO pro-
posal for R&D relevant to an Advanced Linear International Collider, ALIC,
based on high gradient acceleration concepts.
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COLLISION OF BUNCH TRAINS
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▸ Joel England, Levi Schachter, work in progress



EFFICIENCY OPTIMIZATION

▸ Traveling wave structures


▸ Laser energy re-circulation


▸ Siemann, Phys. Rev. ST Accel. Beams 7, 061303 (2004) 
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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   !g   !phase = 1

Modulator

"  #m

Gain Medium

$mpm   %#a    #a 

r Eext, &ext

El

cTcT

2

3

1

5 4

'

'0

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.

PRST-AB 7 R. H. SIEMANN 061303 (2004)

061303-3 061303-3



30-YEAR ROADMAP (ANAR 2017)
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KEY ADVANTAGES

▸ Linear acceleration in a static nanostructure 
with vacuum channel


▸ Underlying technologies well-developed, 
and with considerable funding


▸ Lasers


▸ Nano-fabrication


▸ High efficiency of fiber lasers


▸ Unique bunch format with beamstrahlung 
loss ~ 1%
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PRIMARY CHALLENGES FOR A DLA COLLIDER

▸ Small beam apertures


▸ Wakes


▸ Halo


▸ Long-distance transport


▸ Need high-rep rate e+ and e– sources


▸ Current funding for this area of research is 
not directly focused on HEP applications
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RESULTS FROM THE ACHIP COLLABORATION
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DESY



ACCELERATION

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

▸ Cesar et al., Communications Physics 1(1), 46 (2018)
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850 MeV/m
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A COLLIDER IS MUCH MORE THAN ACCELERATING STRUCTURES

▸ Focusing and beam transport


▸ Longitudinal Phase Space Control


▸ Power delivery


▸ Instrumentation and feedbacks


▸ Halo control
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LASER-BASED FOCUSING

▸ Niedermayer et al., Phys. Rev. Lett. 125, 164801 (2020)
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LONGITUDINAL PHASE SPACE CONTROL

▸ Black et al., Phys. Rev. Lett. 123, 264802 (2019)

▸ Schönenberger et al., Phys. Rev. Lett. 123, 264803 (2019)

▸ Niedermayer et al., Phys. Rev. Applied 15, L021002 (2021) 
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NIEDERMAYER et al. PHYS. REV. APPLIED 15, L021002 (2021)

The DLA structures are pumped with a commercial
OPA system, driven by the same laser that drives the cath-
ode. The pulse length is 605 ± 5 fs intensity FWHM at
! = 1980 nm. The four DLA drive beams (see Fig. 1) are
focused to a 1/e2 intensity radius of 22 ± 1 µm and pro-
vide up to approximately 50 nJ each. The phase of each
branch is di!erentially controlled by piezo delay stages
with a stability better than !/10 over short time scales
(<1 s). The total averaging time per frame is limited by
larger slow drifts.

Both DLA stages are operated in the symmetric drive
configuration, i.e., zero relative phase between (a) and (b)
sides. The injection phase of the electron into the second
stage is controlled by symmetrically delaying stage (2) ver-
sus stage (1). The first stage does not produce a net energy
gain, so accurate measurement of e1 is only possible in
stage (2) and we have to assume the same power level at
stage (1). Together with the phase error (1a) versus (1b),
this is the main source of driver errors. The amplitude mea-
sured via the energy gain in stage (2) is also used in the
comparative simulations.

Two example experimental spectra are shown in Fig. 4,
where the electrons are coherently accelerated or decel-
erated depending on the stage-(2) injection phase. The
increase of the transverse spot size is small, since the cap-
tured electrons spend roughly the same time on focusing
and defocusing synchronous phases. The energy gain of
the bunch center is determined by the di!erence between
the edge of the spectrum and the injection energy, minus
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FIG. 4. Top panel: the data as recorded on the microchannel
plate (MCP) for di!erent synchronous phases in stage (2). The
speckles are electrons that are not captured but that still make it to
the MCP. Bottom panel: a comparison of the respective spectra to
simulation. The maximum energy gain of the bunch is 1.5 ± 0.1
keV with a spread of 0.88+0.0

!0.2 keV FWHM.

half the (simulated) energy spread minus half the point-
spread function. The resulting 1.5 ± 0.1 keV indicates
a slight overpower of e1 = 56 ± 5 MV/m. The energy
spreads are 0.88+0.0

!0.2 keV and 0.54+0.0
!0.2 keV FWHM at

maximum acceleration and deceleration, respectively.
The main measurement error is the spectrometer point-

spread function, which shows a broader spectrum on the
screen than in reality. This is visible in Fig. 4 in the
laser-o! curve, which exhibits a close-to-Gaussian shape
of about 0.2 keV FWHM. However, the energy spread is
still larger than predicted by the simulations after account-
ing for the spectrometer point-spread function. This excess
energy spread is caused primarily by three-dimensional
(3D) geometry e!ects such as the finite height of the pillars
and the mesa structure, leading to a possibly strong e1(x)
dependency (see Ref. [16]). Consequently, there can be
underbunching, overbunching, and deflection in the same
measurement.

A complete phase-sweep measurement is shown in
Fig. 5 with e1 = 53 ± 5 MV/m, close to the design gradi-
ent. A clear sinusoidal spectral dependence is visible, i.e.,
the energy gain can be continuously selected by the inter-
stage phase. Again, the source for the excess energy spread
is the vertical spread of e1 and, due to the lower energy
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FIG. 5. The sinusoidal spectrogram shows excellent agree-
ment with simulation, albeit with a higher energy spread, which
can be attributed to a vertical spread of e1(x) and the spectrome-
ter point-spread function. The bottom panel shows the mean and
standard deviation of the data. The energy gain of the bunch is
observable in the spectrograms (center) as 1.3 ± 0.1 keV.
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▸ Hughes et al., Phys. Rev. Applied 9, 054017 (2018)
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experiment, the algorithm terminates according to the cri-
terion described in Appendix B after around 100 iterations.
The run-timeona single-core of a standardpersonal computer
is around two minutes. Parallelizing the computation on
several cores would reduce the computation time by few
orders of magnitude.

IV. RESULTS

We have measured projections of the transverse electron
beam profile at the ACHIP chamber at SwissFEL with the
accelerator setup, wire scanner and BLM detector described
in Sec. II. All nine wire orientations are used at six different
locations along thewaist of the electronbeam.This results in a
total of 54 projections of the electron beam’s transverse phase
space. Lowering the number of projections limits the pos-
sibility to observe inhomogeneities of the charge distribution.
The distance between measurement locations is increased
along z, since the expected waist location was around
z ! 0 cm. All 54 individual profiles are shown in Fig. 5.
In each subplot, the orange dashed curve represents the
projection of the reconstructed phase space for the respective
angle ! and longitudinal position z. The reconstruc-
tion represents the average distribution over many shots
and agrees with most of the measured data points. Discre-
pancies arise due to shot-to-shot position jitter, charge

fluctuations, or density variations of the electron beam.
The effect of these error sources is discussed further in
Appendix A. The evolution of the reconstructed transverse
phase space along thewaist is depicted in Fig. 6. The expected
rotation of the transverse phase space around the waist is
clearly observed. The position of the waist is found to be at
around z ! 6.2 cm downstream of the center of the chamber.

FIG. 6. 2D histograms of the phase space reconstructed from wire scan measurements. Subplots in the same column correspond to the
same z location. The first row shows the x ! x0 and the second row shows the y ! y0 phase space. The last row depicts the corresponding
beam profile (x ! y). The 1"-ellipse of a 2D Gaussian fit is drawn in blue for each histogram.

FIG. 7. Evolution of the reconstructed beam size around the
waist. The dashed vertical lines indicate wire scan measurement
locations along z. At each of the six locations wire scans are
carried out along nine different angles. Since we expected the
waist to be around z ! 0 cm, the distance between measurements
is reduced here.

BENEDIKT HERMANN et al. PHYS. REV. ACCEL. BEAMS 24, 022802 (2021)
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▸ Yves Bellouard, EPFL



COHERENT CONTROL OF ELECTRONS WITH INTEGRATED OPTICAL MICRORESONATORS

▸ Tobias Kippenberg, EPFL, and Claus Ropers, Uni Göttingen 
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QUANTUM ACCELERATION

▸ Dahan et al., Nature Physics 16, 1123–1131(2020)
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TAKE-HOME MESSAGES

▸ DLA has compelling advantages that 
position it as a competitive LC technology


▸ DLA’s challenges are distinct from other 
concepts, but not necessarily less 
surmountable


▸ recent work on DLA shows promising results, 
nonwithstanding a relatively modest funding 


▸ Integrated photonics is a very active field of 
research, with applications in industry


Thank you to Ralph Aßmann, Yves Bellouard,  Joel England, 
Benedikt Hermann, Peter Hommelhoff, Tobias Kippenberg,  
and Niels Quack
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