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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) 
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How to Accelerate Charged Particles

Then:

• Position of the electron
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HOW TO ACCELERATE CHARGED PARTICLES
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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



HOW TO ACCELERATE CHARGED PARTICLES
Then:


▸ Position of the electron:


▸ Electric field


▸ Energy gradient:
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LAWSON WOODWARD THEOREM
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Rasmus Ischebeck – Accelerators Beyond LHC and ILC.  Uni Wuppertal, 2009-04-30


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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PLASMA WAKEFIELD ACCELERATORS
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PLASMA WAKES - THEORY

▸Unlike electromagnetic waves  
in vacuum, plasma wakes can  
have a longitudinal electric field


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


▸For a plasma with (initial) density n0


▸Linear plasma wake has a wavelength:


▸Limit:

12Rasmus Ischebeck > Advanced Accelerator Concepts

+

+

+

+

+

+ +

+
+

+

+

+
+

+
+

+

++

+

+

+

+ +
+

+

+ +

+

+
+

+
+ +

+

+
+

+
+

+

+

+

++

+
+

+

+
+

+
+

+

+
+

+
++

+

+

+ +

++

+ +

–

–

–
–

–

–

–

–

–

–

–

–

–
–

–
–

–

–
–

–

–
–

––
– – –

–

–
– –
–

–
–
–

–

–

––
–
–
– –

–

–

–

–

–
–

–
–

–

–

–

––
––

–
–
––

– –

E EE E E E

�p ⇡

s

1015
cm�3

n0
mm

<latexit sha1_base64="qn2EG27TdUn7z0IYvrVRF8e/8EM="></latexit>

E0 =
4⇡"0 cme

e
!p ⇡

r
n0

cm�3

V

cm
<latexit sha1_base64="7NOefaOIz/xMTHmdbVLKiJfDUSA="></latexit>



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 ≫ GV/m
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THE CHOICE OF THE DRIVER FOR PLASMA WAKEFIELDS

▸ The plasma wakefields can be excited by several means:


▸ Short high power laser pulses	      ! many places


▸ Short electron bunches	 	           ! SLAC, BNL, Frascati, DESY


▸ Short (and long) proton bunches	 ! CERN


▸ Each method has its advantages and disadvantages. 


▸ All must be explored to propose optimal solution for a given project (can also be 
combination of different technologies).
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DRIVE THE WAKE
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Driving Force

‣ For laser wakefield accelerators wake driven by ponderomotive force 

‣ For particle beam drivers wake driven by space charge field of drive 
bunch
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Where: 


n0 is the initial plasma density


n1 is the density of plasma electrons in the wake


nbeam is the density of the drive beam



EXPERIMENTAL 
RESULTS
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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

17Rasmus Ischebeck > Advanced Accelerator Concepts Blumenfeld et al., Nature 445, 741–744 (2007)



1% RELATIVE ENERGY SPREAD
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LOW ENERGY SPREAD IN BEAM-DRIVEN PLASMA WAKES

19Rasmus Ischebeck > Advanced Accelerator Concepts Lindstrøm et al., PRL 126, 014801 (2021)

operating point. Three important parameters were identi-
fied: (1) the plasma density, adjusted by changing the beam
arrival time after the discharge; (2) the longitudinal position
of the current-profile notch, adjusted by transverse move-
ments of the wedge-shaped notch collimator; and (3) the
width of the notch, adjusted by vertical movements of the
notch collimator. While the current profile prior to colli-
mation remained constant, the plasma density was used to
change the normalized bunch length (relative to the plasma-
cavity length), and the two notch parameters were used to
change the separation distance and charge ratio between the
two bunches. Each parameter was scanned across the full
range of values where acceleration could be observed, with
a total of 5 × 13 × 13 steps averaged over 15 shots per step;
12 675 shots in total.
At each step, three wakefield properties were calculated

from the resulting spectra to evaluate the shape of the
longitudinally averaged wakefield: the transformer ratio,
the energy-transfer efficiency, and the energy-spread-to-
gain ratio. The longitudinally averaged transformer ratio T
is calculated as the mean energy gain of the trailing bunch
normalized by the maximum energy loss within the driver
[36]; the longitudinally averaged energy-transfer efficiency
is calculated as

η ¼ −
ΔhEiaccQacc

ΔhEidecQdec
; ð1Þ

whereΔhEi denotes the mean energy change of each bunch,
Qacc is the final accelerated charge, andQdec is the average of
the initial and final decelerated charge—the best estimate of
the wake-driving charge in case of charge loss from the
driver. Finally, the energy-spread-to-gain ratio, σδ, is calcu-
lated as the full width at half maximum (FWHM) of the
accelerated spectrum normalized by the mean energy gain.
All three properties (T, η, and σδ) are dimensionless and
instantaneous representations of the wakefield, and therefore
allow the quality of the beam-loading process to be evaluated
independently of acceleration length and gradient.
Figure 1(e) shows the measurement of the three wake-

field properties. This complex parameter space has multiple
optima based on the desired objective: the highest trans-
former ratio was measured to be (1.61$ 0.01), the highest
efficiency was ð71$ 4Þ% (subject to systematic errors
discussed below), and the lowest energy-spread-to-gain
ratio was ð3.1$ 0.2Þ% FWHM, where the quoted uncer-
tainty represents the root-mean-square (rms) variation at the
optimum step. However, a useful operating point requires
all properties to be simultaneously optimized. It is therefore
helpful to define a new wakefield optimization parameter,

Ω ¼ σδ
ηT

; ð2Þ

as an overall figure of merit. Minimizing this quantity
simultaneously minimizes the energy-spread-to-gain ratio

σδ, while maximizing the energy-transfer efficiency η and
the transformer ratio T. Measurements of this optimization
parameter show a distinct minimum in the parameter space.
A careful characterization was performed at this optimal
operating point [red circle in Fig. 1(e)], where the value of
Ω was measured to be (0.077$ 0.012)—between 1 and 2
orders of magnitude lower than in previous experi-
ments [17,18].
Figure 2(a) shows spectrometer images and spectra for a

single shot at the optimal operating point: a ð490$ 10Þ pC
driver accelerates a 100 pC trailing bunch while preserving
(and slightly dechirping [37–39]) the 0.16% FWHM
initial energy spread. A small negative skewness (i.e., a
low-energy tail) is introduced in the accelerated
spectrum, caused by imperfections in the trailing-bunch
current profile compared to the ideal shape described by
Tzoufras et al. [19]. To ensure good energy resolution, the
spectrometer was configured to form a point-to-point image
for the mean energy of the trailing bunch in spectrum
measurements both with and without plasma interaction.
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FIG. 2. (a) Spectrometer images at the optimal operating point
[red circle in Fig. 1(e)], as well as the corresponding energy
spectra, for shots with and without plasma interaction. The initial
energy spread of the trailing bunch is preserved. (b) High stability
is observed across 5000 consecutive shots—the energy gain is
stable to within 3% rms. (c) In 6.4% of these shots, the energy
spread is lower than or equal to the initial energy spread (dotted
line). (d) Simultaneously, high energy-transfer efficiency is
observed, distributed between 30% and 50%.
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STABLE OPERATION
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operating point. Three important parameters were identi-
fied: (1) the plasma density, adjusted by changing the beam
arrival time after the discharge; (2) the longitudinal position
of the current-profile notch, adjusted by transverse move-
ments of the wedge-shaped notch collimator; and (3) the
width of the notch, adjusted by vertical movements of the
notch collimator. While the current profile prior to colli-
mation remained constant, the plasma density was used to
change the normalized bunch length (relative to the plasma-
cavity length), and the two notch parameters were used to
change the separation distance and charge ratio between the
two bunches. Each parameter was scanned across the full
range of values where acceleration could be observed, with
a total of 5 × 13 × 13 steps averaged over 15 shots per step;
12 675 shots in total.
At each step, three wakefield properties were calculated

from the resulting spectra to evaluate the shape of the
longitudinally averaged wakefield: the transformer ratio,
the energy-transfer efficiency, and the energy-spread-to-
gain ratio. The longitudinally averaged transformer ratio T
is calculated as the mean energy gain of the trailing bunch
normalized by the maximum energy loss within the driver
[36]; the longitudinally averaged energy-transfer efficiency
is calculated as

η ¼ −
ΔhEiaccQacc

ΔhEidecQdec
; ð1Þ

whereΔhEi denotes the mean energy change of each bunch,
Qacc is the final accelerated charge, andQdec is the average of
the initial and final decelerated charge—the best estimate of
the wake-driving charge in case of charge loss from the
driver. Finally, the energy-spread-to-gain ratio, σδ, is calcu-
lated as the full width at half maximum (FWHM) of the
accelerated spectrum normalized by the mean energy gain.
All three properties (T, η, and σδ) are dimensionless and
instantaneous representations of the wakefield, and therefore
allow the quality of the beam-loading process to be evaluated
independently of acceleration length and gradient.
Figure 1(e) shows the measurement of the three wake-

field properties. This complex parameter space has multiple
optima based on the desired objective: the highest trans-
former ratio was measured to be (1.61$ 0.01), the highest
efficiency was ð71$ 4Þ% (subject to systematic errors
discussed below), and the lowest energy-spread-to-gain
ratio was ð3.1$ 0.2Þ% FWHM, where the quoted uncer-
tainty represents the root-mean-square (rms) variation at the
optimum step. However, a useful operating point requires
all properties to be simultaneously optimized. It is therefore
helpful to define a new wakefield optimization parameter,

Ω ¼ σδ
ηT

; ð2Þ

as an overall figure of merit. Minimizing this quantity
simultaneously minimizes the energy-spread-to-gain ratio

σδ, while maximizing the energy-transfer efficiency η and
the transformer ratio T. Measurements of this optimization
parameter show a distinct minimum in the parameter space.
A careful characterization was performed at this optimal
operating point [red circle in Fig. 1(e)], where the value of
Ω was measured to be (0.077$ 0.012)—between 1 and 2
orders of magnitude lower than in previous experi-
ments [17,18].
Figure 2(a) shows spectrometer images and spectra for a

single shot at the optimal operating point: a ð490$ 10Þ pC
driver accelerates a 100 pC trailing bunch while preserving
(and slightly dechirping [37–39]) the 0.16% FWHM
initial energy spread. A small negative skewness (i.e., a
low-energy tail) is introduced in the accelerated
spectrum, caused by imperfections in the trailing-bunch
current profile compared to the ideal shape described by
Tzoufras et al. [19]. To ensure good energy resolution, the
spectrometer was configured to form a point-to-point image
for the mean energy of the trailing bunch in spectrum
measurements both with and without plasma interaction.
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FIG. 2. (a) Spectrometer images at the optimal operating point
[red circle in Fig. 1(e)], as well as the corresponding energy
spectra, for shots with and without plasma interaction. The initial
energy spread of the trailing bunch is preserved. (b) High stability
is observed across 5000 consecutive shots—the energy gain is
stable to within 3% rms. (c) In 6.4% of these shots, the energy
spread is lower than or equal to the initial energy spread (dotted
line). (d) Simultaneously, high energy-transfer efficiency is
observed, distributed between 30% and 50%.
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SELF-MODULATION OF THE PROTON BEAM
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Direct Seeded Self-Modulation Result

44

Ionizing laser off:

First milestone reached! 
• Self-modulated proton bunches present over long time scale from seed point
• Reproducibility of the self-modulated proton bunches process against bunch parameters variation 
• Phase stability essential for e- external injection

Laser 
dump

SPS
protons

10m Rb plasma
Proton 
beam 
dump

Laser
p 1st IS 2nd IS

Laser 
dump

OTR/CTR

In 2018: inject 
electrons here
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ELECTRON ACCELERATION

22Rasmus Ischebeck > Advanced Accelerator Concepts Adli et al., Nature 561, 363 (2018).

LETTERRESEARCH

central propagation axis by transverse electric fields that are present 
only when the proton bunch undergoes modulation in the plasma.

Electron bunches with a charge of 656 ± 14 pC (where the uncer-
tainty is the r.m.s.) are produced and accelerated to 18.84 ± 0.05 MeV 
(where the uncertainty is the standard error of the mean) in a radio- 
frequency structure upstream of the vapour source32. These electrons 
are then transported along a beam line before being injected into 
the vapour source. Magnets along the beam line are used to control 
the injection angle and focal point of the electrons. For the results  
presented here, the electrons enter the plasma with a small vertical 
offset with respect to the proton bunch and a 200-ps delay with respect 
to the ionizing laser pulse (Fig. 1, bottom left). The beams cross approx-
imately 2 m into the vapour source at a crossing angle of 1.2–2 mrad. 
Simulations show that electrons are captured in larger numbers and 
accelerated to higher energies when injected off-axis rather than  
collinearly with the proton bunch17. The normalized emittance of the 
witness electron beam at injection is approximately 11–14 mm mrad 
and its focal point is close to the entrance of the vapour source. The 
delay of 200 ps corresponds to approximately 25 proton microbunches 
resonantly driving the wakefield at npe = 2 × 1014 cm−3 and 50 micro-
bunches at npe = 7 × 1014 cm−3.

A magnetic electron spectrometer (Fig. 1, right) enables measurement  
of the accelerated electron bunch33. Two quadrupole magnets are located 
4.48 m and 4.98 m downstream of the exit iris of the vapour source 
and focus the witness beam vertically and horizontally, respectively,  
to more easily identify a signal. These are followed by a 1-m-long 
C-shaped electromagnetic dipole with a maximum magnetic field of 

approximately 1.4 T. A large triangular vacuum chamber sits in the cavity  
of the dipole. This chamber is designed to keep accelerated electron 
bunches under vacuum while the magnetic field of the dipole induces 
an energy-dependent horizontal deflection in the bunch. Electrons 
within a specific energy range then exit this vacuum chamber through 
a 2-mm-thick aluminium window and are incident on a 0.5-mm-thick 
gadolinium oxysulfide (Gd2O2S:Tb) scintillator screen (Fig. 1; blue, 
right) attached to the exterior surface of the vacuum chamber. The  
proton bunch is not greatly affected by the spectrometer magnets, 
owing to its high momentum, and continues to the beam dump. The 
scintillating screen is 997 mm wide and 62 mm high with semi-circular 
ends. Light emitted from the scintillator screen is transported over a 
distance of 17 m via three highly reflective optical-grade mirrors to 
an intensified charge-coupled device (CCD) camera fitted with a lens 
with a focal length of 400 mm. The camera and the final mirror of this 
optical line are housed in a dark room, which reduces ambient light 
incident on the camera to negligible values.

The energy of the accelerated electrons is inferred from their hori-
zontal position in the plane of the scintillator. The relationship between 
this position and the energy of the electron is dependent on the strength 
of the dipole, which can be varied from approximately 0.1 T to 1.4 T. 
This position–energy relationship has been simulated using the Beam 
Delivery Simulation (BDSIM) code34. The simulation tracks electrons 
of various energies through the spectrometer using measured and 
simulated magnetic-field maps for the spectrometer dipole, as well 
as the relevant distances between components. The accuracy of the  
magnetic-field maps, the precision of the distance measurements 
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Fig. 1 | Layout of the AWAKE experiment. The proton bunch and 
laser pulse propagate from left to right across the image, through a 
10-m column of rubidium (Rb) vapour. This laser pulse (green, bottom 
images) singly ionizes the rubidium to form a plasma (yellow), which 
then interacts with the proton bunch (red, bottom left image). This 
interaction modulates the long proton bunch into a series of microbunches 
(bottom right image), which drive a strong wakefield in the plasma. These 
microbunches are millimetre-scale in the longitudinal direction (ξ) and 
submillimetre-scale in the transverse (x) direction. The self-modulation 
of the proton bunch is measured in imaging stations 1 and 2 and the 
optical and coherent transition radiation (OTR, CTR) diagnostics. The 

rubidium (pink) is supplied by two flasks at each end of the vapour source. 
The density is controlled by changing the temperature in these flasks and 
a gradient may be introduced by changing their relative temperature. 
Electrons (blue), generated using a radio-frequency source, propagate a 
short distance behind the laser pulse and are injected into the wakefield by 
crossing at an angle. Some of these electrons are captured in the wakefield 
and accelerated to high energies. The accelerated electron bunches are 
focused and separated from the protons by the quadrupoles and dipole 
magnet of the spectrometer (grey, right). These electrons interact with 
a scintillating screen, creating a bright intensity spot (top right image), 
allowing them to be imaged and their energy inferred from their position.
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ENERGY SPREAD CHALLENGE

STATE OF THE ART IN PLASMA ACCELERATORS VERSUS REQUIREMENTS

ILC  
TDR Vol. 1

CLIC  
CDR Vol. 1

STATE OF THE ART FEL

Plot version A. Walker et al

STATE OF THE ART PLASMA ACCELERATORS

Efforts to handle large energy spread beams for FEL  
applications à  decompression, TGU undulator

(not discussed here)


STATE OF THE ART COLLIDER
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POSSIBLE APPLICATION IN HIGH ENERGY PHYSICS

24Wim LeemansRasmus Ischebeck > Advanced Accelerator Concepts
92nd Townhall Meeting Plasma/Laser | Wim Leemans | 21 May 2021

A laser-driven collider strawman concept
Provided the basis for the US roadmap development



OTHER APPLICATIONS
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Antonio Falone, Laser Plasma expert panel, 2nd Townhall meeting, 21/05/2021 2

EuPRAXIA 

 Conceptual Design Report (Horizon2020 grant) 
finished in 2019 and published in December 2020.

Currently in the technical design phase. 

Candidate to be included in the ESFRI 2021 
Roadmap (outcome soon).

Proposal for a distributed research facility towards the 
realization of a FEL plasma based accelerator, 
organization, current status and outlook



OTHER IDEAS
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3

Attosecond photon and e- beams from plasma accelerators

Attosecond e-beams for short bunch colliders

XFEL

• X-ray pulses with 50-100as and µJ-energy desirable for studying e- 
motion in atoms on its natural timescale. 

• HHG (XFEL) sources reach 40 (200) as length with pJ (uJ)-level energy. 

• XFELs min pulse length limited to ~ 200as by emittance ( ) 
• A plasma-driven attosecond photon source can combine the benefits of 

HHG sources & XFELs based enabling new capabilities.

Δtmin ∝ ϵ5/6

Attosecond e- beams 
allow the study of MA-
compression relevant 

for short-bunch 
colliders 

Attosecond photon beams in plasma-driven FELs

• Ultra-short bunches are being considered for  
next gen. e+/e- colliders due to reduced beamstrahlung

• Beamstrahlung effects can be “switched off” if the bunch 
length is made small enough (attosecond-level)

Parameter NPQED 
Collider

LCLS PAX

Beam Energy 
[GeV]

125 3-15 1-10

Bunch Charge 
[nC]

0.14 - 1.4 0.01-0.2 0.01 - 0.1

Peak Current 
[kA]

1700 1-5 10-700

Energy Spread 
[%]

0.1 0.01 1

RMS Bunch 
Length [µm]

0.01 - 0.1 1-100 0.003 - 0.1

RMS Spot  
Size [µm]

0.01 10 1-10

•V. Yakimenko et al. Prospect of Studying Nonperturbative QED with Beam-Beam Collisions, PRL. 122, 190404 (2019). 

•G. White and V. Yakimenko, Ultra-Short-Z Linear Collider Parameters, Workshop on Future Linear Colliders (LCWS2018), 

•HEP GARD Accelerator and Beam Physics: Community-driven strategic Roadmap Workshop, LBNL December 2019

• J. Duris et al. Nat. Photonics 14, 30–36 (2020) 

• Z. Zhang et al. New J. Phys. 22 083030 (2020)

PAX

x106

HHG

Fig.1 Comparison of state-of-the art attosecond photon sources

3

Plasma accelerators 
offers path to short, 
higher power photon 
pulses than state-of-
the-art attosecond 

HHG/XFEL sources



SIMULATIONS
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PIC simulations are expensive

Requirements for LWFA TeV collider (full PIC)
‣ 105-106 core-hours/GeV
‣ 108-109 core-hours/TeV
‣~0.01 €/core-hour
‣ >106-107 €/simulation



DIELECTRIC LASER ACCELERATORS
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DOUBLE GRATING STRUTURE
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plane	wave



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

300 MV/m 



ACCELERATING GRADIENT: 850 MeV/m
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850 MeV/m

Kerr 


saturation

Energy gain vs. incident laser field



DLA-BASED COLLIDER CONCEPT — ALEGRO / ANAR
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BEAM PARAMETERS
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TABLE 1. Strawman Parameters for DLA Linear Collider.
Parameter Units CLIC DLA 3TeV DLA 250 GeV

Center-of-Mass Energy GeV 3000 3000 250
Bunch Charge e 3.7E+09 38000 38000

Bunches per Train 312 159 159
Train Repetition Rate MHz 5.0E-5 30 60
Bunch Train Length ps 26005 1.0 1.0
Single Bunch Length µm 34.7 0.0026 0.0026

Design Wavelength µm 230609 2.0 2.0
Invariant X Emittance µm 0.66 0.0001 0.002
Invariant Y Emittance µm 0.02 0.0001 0.002

IP X Spot Size nm 45 1 2
IP Y Spot Size nm 1 1 2

Beamstrahlung Energy Loss % 36.2 1.1 0.6
Enhanced Luminosity / top 1% cm�2/s 8.6E+34 8.1E+34 1.3E+34

Beam Power MW 13.9 43.6 7.3

Wall-Plug Efficiency % 7.0 15.1 15.1
Wall-Plug Power MW 200 289 48

Gradient MV/m 100 400 400
Total Linac Length km 42.0 7.5 0.6

FIGURE 3. Images of (a) HFSS simulation geometry for high-efficiency transverse power coupling to the woodpile structure
and (b) recently prototyped SiN waveguide network for power distribution from a single laser feed.

laser pulse and the accelerated electrons between many separately fed structures would be accomplished by fabricating
the requisite phase delays into the lengths of the waveguide feeds. Prototype grating to SOI couplers have recently been
produced for 1.5 µm wavelength operation, images of which are shown in Fig. 3(b).

ADDITIONAL APPLICATIONS

Realizing the promise of DLA structures to provide low cost compact accelerators for a wide variety of uses requires
that other compatible accelerator components be developed, several of which have exciting potential for both near and
longer term applications. A dielectric laser-driven deflector was recently proposed by Plettner and Byer [5], that uses



LASER-BASED FOCUSING

35Niedermayer et al., Phys. Rev. Lett. 125, 164801 (2020)Rasmus Ischebeck > Advanced Accelerator Concepts



EFFICIENCY OPTIMIZATION

▸ Traveling wave structures


▸ Laser energy re-circulation

36Rasmus Ischebeck > Advanced Accelerator Concepts Siemann, Phys. Rev. ST Accel. Beams 7, 061303 (2004) 

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

El

cTcT

2

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.

PRST-AB 7 R. H. SIEMANN 061303 (2004)
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COHERENT CONTROL OF ELECTRONS WITH INTEGRATED OPTICAL MICRORESONATORS
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ILLUSTRATION: GHZ CAVITY CONCEPT
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DIAGNOSTICS AND INSTRUMENTATION
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QUESTIONS?

Nick Veasey


