
Phase Space Manipulation with 
Chicanes
Advanced External Injection Schemes for Novel Accelerators at ARES

Frank Mayet 
Beschleuniger Betriebsseminar 2020 
12.02.2020



| Phase Space Manipulation with Chicanes | Beschleuniger Betriebsseminar 2020 | Frank Mayet, 12.02.2020 2

Phase Space Manipulation with Chicanes

• The ARES linac is ideally suited for external injection into novel accelerators 

• Design parameters: Sub-fs bunches with 10 fs rms arrival time jitter (cf. e.g. PhD thesis, J. Zhu, 2017) 

• Two external injection experiments planned 

• Laser-driven grating-type dielectric laser acceleration structures (2 µm period) 

• Setup being implemented at ARES as we speak (thanks to all involved technical groups!) 

• Laser-driven plasma acceleration (~100 µm period) 

• Challenges (Longitudinal Phase Space) 

• Short enough bunches from ARES with                   (1 - 10s of fs) 

• Synchronisation of drive laser and electron bunch arrival time (also 1 - 10s of fs !!) 

Motivation – External Injection into Novel Accelerators at SINBAD/ARES

�� < ⇡/4
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Phase Space Manipulation with Chicanes

• Period of the structure and accelerating field: 2 µm 

• In order not to induce too much energy spread („net energy gain“) 
      Single digit fs rms bunch length and laser/electron timing jitter 

• Concept: Drive both the energy modulation of a long bunch and the 
DLA  interaction with the same laser

Phase Synchronous Acceleration of Microbunch Trains in DLA Structures

Acceleration of Relativistic Electrons
in Microstructured Dielectrics

Accelerator on a Chip @ SINBAD

Frank Mayet for UHH and DESY ARD

General Idea

Irradiation of a dielectric structure with laser light 
with the goal to excite electromagnetic fields 
inside the structure, which are usable for particle 
acceleration. 

The dielectric needs to be microstructured 
according to the laser wavelength.

Structure images by Peralta, E. A. et al. Demonstration of electron acceleration in a laser-driven dielectric microstructure. Nature 503, 91–94 (2013) and the ACHIP Collaboration

Dual Layer Grating

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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Structures

Pillars

Why Dielectrics? Typical Parameters

• Very high damage threshold allows for 
accelerating gradients of 100‘s of MV/m

• Dielectric material like SiO2 or Si is easy to 
process (industry!) – small structure sizes are 
no problem even on the nanoscale

• Grating/pillar period equal to the laser 
wavelength of 800 nm

• Channel width of 400 nm
• Length of the structures: 500 um

How it works

z

x

• Linearly polarized (x-direction) laser 
field from bellow, electrons travel in 
x-direction

• Dielectric structure acts as a phase 
reset mask

• Resulting field pattern allows for net 
acceleration in the near-field

• If the grating period is matched to 
the laser wavelength, relativistic 
electrons are phase synchronous

t1 t2 t3 t4 t5

The color scale shows the x-component of the laser field

Challenges ACHIP @ SINBAD

• Small scale – Short Wavelengths
• Ultra-short bunches of a few fs (SINBAD ✔ ︎)
• Laser to electron synchronisation < 10 fs  

(SINBAD+UHH ✔)
• Small spot size - 400 nm channel! 

• Alignment
• Structure geometry/errors

• ACHIP benefits greatly from SINBAD being a 
dedicated ARD facility

• The ARES linac provides ideal electron bunch 
parameters to test and improve future staging 
concepts for the pursued stand-alone 
accelerator on a chip

Dual Grating Dual Pillar Structure
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F. Mayet et al., A Concept For Phase-Synchronous Acceleration Of Microbunch Trains In 
DLA Structures At SINBAD, Proc. IPAC’17, Copenhagen, Denmark, WEPVA006, (2017)

F. Mayet et al., Simulations and plans for possible DLA experiments at SINBAD, 
Nuclear Inst. and Methods in Physics Research, A (2018)Sketch: C. Lechner
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Phase Space Manipulation with Chicanes

• Period of the structure and accelerating field: 2 µm 

• In order not to induce too much energy spread („net energy gain“) 
      Single digit fs rms bunch length and laser/electron timing jitter 

• Concept: Drive both the energy modulation of a long bunch and the 
DLA  interaction with the same laser

Phase Synchronous Acceleration of Microbunch Trains in DLA Structures

Acceleration of Relativistic Electrons
in Microstructured Dielectrics

Accelerator on a Chip @ SINBAD

Frank Mayet for UHH and DESY ARD

General Idea

Irradiation of a dielectric structure with laser light 
with the goal to excite electromagnetic fields 
inside the structure, which are usable for particle 
acceleration. 

The dielectric needs to be microstructured 
according to the laser wavelength.

Structure images by Peralta, E. A. et al. Demonstration of electron acceleration in a laser-driven dielectric microstructure. Nature 503, 91–94 (2013) and the ACHIP Collaboration

Dual Layer Grating

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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Structures

Pillars

Why Dielectrics? Typical Parameters

• Very high damage threshold allows for 
accelerating gradients of 100‘s of MV/m

• Dielectric material like SiO2 or Si is easy to 
process (industry!) – small structure sizes are 
no problem even on the nanoscale

• Grating/pillar period equal to the laser 
wavelength of 800 nm

• Channel width of 400 nm
• Length of the structures: 500 um

How it works

z

x

• Linearly polarized (x-direction) laser 
field from bellow, electrons travel in 
x-direction

• Dielectric structure acts as a phase 
reset mask

• Resulting field pattern allows for net 
acceleration in the near-field

• If the grating period is matched to 
the laser wavelength, relativistic 
electrons are phase synchronous

t1 t2 t3 t4 t5

The color scale shows the x-component of the laser field

Challenges ACHIP @ SINBAD

• Small scale – Short Wavelengths
• Ultra-short bunches of a few fs (SINBAD ✔ ︎)
• Laser to electron synchronisation < 10 fs  

(SINBAD+UHH ✔)
• Small spot size - 400 nm channel! 

• Alignment
• Structure geometry/errors

• ACHIP benefits greatly from SINBAD being a 
dedicated ARD facility

• The ARES linac provides ideal electron bunch 
parameters to test and improve future staging 
concepts for the pursued stand-alone 
accelerator on a chip

Dual Grating Dual Pillar Structure

Beam splitter

Magnetic chicane DLAModulator

Injection

Beam from Linac

2 micron laser beam
Delay

Longitudinal
phase space

Energy modulation Density modulation

Undulator + Laser Beam

F. Mayet et al., A Concept For Phase-Synchronous Acceleration Of Microbunch Trains In 
DLA Structures At SINBAD, Proc. IPAC’17, Copenhagen, Denmark, WEPVA006, (2017)

F. Mayet et al., Simulations and plans for possible DLA experiments at SINBAD, 
Nuclear Inst. and Methods in Physics Research, A (2018)Sketch: C. Lechner

• Remaining jitter sources 

• Mean energy stability from the linac  
(R56!!, needs to be < 1e-3, which is expected at ARES) 

• Phase stability between the two laser arms  
(decisive contribution!)
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Phase Space Manipulation with Chicanes

• Experiment planned to be conducted in second half of 2020 
• Phase 2 of the DLA Experiments @ ARES

Phase Synchronous Acceleration of Microbunch Trains in DLA Structures

S-Band RF Gun

S-Band Travelling 
Wave Structure 1

S-Band Travelling 
Wave Structure 2

Solenoids

Gun 
Solenoids

Quadrupole

Undulator

PM Chicane

Experimental 
Chamber

Dipole 
Spectrometer

Dipole 
Spectrometer

5 MeV 150 MeV (on-crest)
100 MeV (compressed)

0 m 13.5 m 17.5 m 24 m

Purpose-built fixed 
gap undulator

XFEL-type phase 
shifter delivers 
enough R56

Experimental Area 1

Thanks a lot to M. Trunk from the LUX team 
for helping with the design of the undulator!
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Phase Space Manipulation with Chicanes
Phase Synchronous Acceleration of Microbunch Trains in DLA Structures

Experimental Chamber
6D Positioning System (SmarPod) with: 
   Multiple DLA Samples 
   YAG Screen 
   CTR-based Microbunching Diagnostic

XFEL Phase Shifter

ACHIP Undulator

2 µm Laser Beamline
MDI Screen Station

Laser/Electron Overlap  
Diagnostic Cross 

Beam Paths For Microbunching 
and DLA Interaction  

(Split from same Laser)

Laser Modulator  
Coupling Chamber

Quad Triplet (FF)

To Spectrometer…

50-100 MeV e-Beam
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Phase Space Manipulation with Chicanes
Phase Synchronous Acceleration of Microbunch Trains in DLA Structures

Start to End Simulation with ASTRA – ~50 MeV Beam @ DLA

• 70 Microbunches á ~10 fC
• Microbunch length: 352 ± 43 as FWHM
• Spacing: 2.0500 ± 0.0078 µm
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Phase Space Manipulation with Chicanes
Phase Synchronous Acceleration of Microbunch Trains in DLA Structures

Start to End Simulation with ASTRA – ~50 MeV Beam @ DLA

• 70 Microbunches á ~10 fC
• Microbunch length: 352 ± 43 as FWHM
• Spacing: 2.0500 ± 0.0078 µm

• Significant shot-to-shot stability improvement expected, 
leading to sub-10 fs synchronisation 

• Short micro bunches enable net energy gain

Timing Stability Simulation (5000 Runs) 
Taking all jitter sources into account

Double horn of the pre-modulated beam 
clearly shifted in the mean spectrum!

No lock  
No Microbunching Phase lock
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No lock

Unbunched 
electronsBoth acc. and dec. !! Both acc. and dec. !!
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Phase Space Manipulation with Chicanes

• Period of the accelerating field: ~100 µm, field amplitude: ~10 GV/m, timing stability requirement ~0.1 fs 

• Concept: Add an additional plasma stage before the main LWFA in which the beam energy is linearly correlated to its relative arrival 
time w.r.t. the drive laser pulse. Then, the path length differences in a classical chicane are used to compensate the timing differences 

•        Longer acc. period and plasma-based version of the DLA scheme shown before        same remaining stability requirements!! 

External Injection with sub-fs Timing Jitter into a Plasma-based Accelerator

A. Ferran Pousa, et al. External injection into a laser-driven plasma accelerator 
with sub-femtosecond timing jitter. In: J. Phys.: Conf. Ser. 874.1 (2017)

Linear wake with 
wavelength >> bunch length 
operated off-crest
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Phase Space Manipulation with Chicanes

• One of the main challenges of plasma accelerators: Energy spread 

• Without sophisticated mitigation schemes: Typically on the order of 1 - 10%, but FELs, for example, need < 0.1% 

A Multi-Stage Plasma-Acceleration Concept for Ultra-Low Energy Spread Beams

Measured energy spread 
laser-driven plasma 
accelerators (2004-2017)

1 %

10 %

0.01 %

Plot: A. Ferran Pousa



| Phase Space Manipulation with Chicanes | Beschleuniger Betriebsseminar 2020 | Frank Mayet, 12.02.2020 11

Phase Space Manipulation with Chicanes

• One of the main challenges of plasma accelerators: Energy spread 

• Without sophisticated mitigation schemes: Typically on the order of 1 - 10%, but FELs, for example, need < 0.1% 

A Multi-Stage Plasma-Acceleration Concept for Ultra-Low Energy Spread Beams

A. Ferran Pousa, et al. Compact Multistage Plasma-Based Accelerator Design 
for Correlated Energy Spread Compensation. In: Phys. Rev. Lett. 123 (2019) 

8.2. Working principle 115

Plasma mirror
(laser 1 removal)

Plasma mirror
(coupling of laser 2)

Laser 1
Electron beam

Laser 2

Δz

Δγ

Δz

Δγ

Δz

Δγ

Figure 8.1.: Schematic view of a possible implementation of the energy chirp compens-
ation concept. An externally-injected beam is accelerated in a first LWFA,
where it acquires a strong negative chirp. The beam is then captured by an
active plasma lens and transported through a chicane, where its energy chirp
is inverted. By injecting it again in a second LWFA, the beam is further accel-
erated while the initial energy chirp is compensated for. Image adapted from
[Fer+19].

position x̄ in the plasma wake, the longitudinal energy chirp can be generally expressed
at any time as c(t) = hDxDg(t)i /

⌦
Dx2↵ ḡ(t), where Dg(t) = g(t)� ḡ(t) and Dx = x � x̄.

A simple expression for the chirp evolution within a plasma stage can then be obtained
if a constant E0

z is assumed. This yields

c(t) =
⇣

c0ḡ0 �
e

mc
E0

zt
⌘

ḡ(t)�1 , (8.1)

which tends asymptotically to c = E0
z/Ez and where c0 and ḡ0 are the initial bunch chirp

and energy at the beginning of the plasma. If the bunch length is sz =
p
hDx2i, the

correlated energy spread induced by this chirp can be simply written as scorr
g (t)/ḡ(t) =

c(t)sz. In a two-stage accelerator as in Figure 8.1, the accumulated chirp after a first
plasma stage of length Lp,1 for an initially unchirped bunch (c0 = 0) is given by c1 =

�(e/mc2)E0
z,1Lp,1/ḡ1. Therefore, if the longitudinal phase space of the bunch is inverted

at this point in order to obtain a chirp c1,inv = �(sz,1/sz,2)c1, the correlated energy
spread could be compensated for in a second plasma stage if the field slope E0

z,2 and
length Lp,2 fulfill the condition

E0
z,2Lp,2 =

mc2

e
c1,invḡ1 =

sz,1

sz,2
E0

z,1Lp,1 . (8.2)

Thus, if the chirp inversion is symmetric, i.e, if sz,1 = sz,2, using two identical plasma
stages (Ez,2 = Ez,1 and Lp,2 = Lp,1) would be the simplest setup. Other combinations of
accelerating stages with different densities and length could, however, also be possible.

1st plasma stage imprints a 
strong negative chirp onto the 
externally injected bunch

2nd plasma stage accelerates the 
beam and compensates the initial 
chirp caused by the 1st stage

A classical 4 dipole chicane 
inverts the longitudinal phase 
space based on its R56

Sketch: A. Ferran Pousa
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Phase Space Manipulation with Chicanes

• Potential implementation of a 1 GeV accelerator for ATHENA_e

A Multi-Stage Plasma-Acceleration Concept for Ultra-Low Energy Spread Beams

Sketch: A. Ferran Pousa
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Phase Space Manipulation with Chicanes

• Potential implementation of a 1 GeV accelerator for ATHENA_e

A Multi-Stage Plasma-Acceleration Concept for Ultra-Low Energy Spread Beams

Sketch: A. Ferran Pousa

8.6. Sensitivity and tolerance studies 141

Table 8.6.: Comparison of the beam parameters at the beginning and at the end of the
1 GeV beamline. The high peak current and short FWHM length in the final
beam are a direct consequence of the density peaks developed due to longit-
udinal space-charge. The slice parameters correspond to the weighted average
of the values computed for 0.1 µm-long slices.

Parameter Units Initial value Final value

Q pC 11.3 11.3
hgi MeV 102 981
sd 10�3 3.01 5.27
Ipeak kA 1 2.41
tFWHM fs 10.7 1.1
st fs 3.26 3.32
bx | by cm 18.0 | 18.0 18.3 | 15.1
ax | ay - 5.00 | 5.00 -4.89 | -3.79
en,x | en,y µm 0.30 | 0.30 0.63 | 0.61
en,x,sl | en,y,sl µm 0.30 | 0.30 0.43 | 0.42
sd,sl 10�3 3.00 1.39

top current profile of the bunch. Thus, future work could focus on optimizing the bunch
shape to prevent this issue and on simulating fully-realistic beam distributions, such as
done before in Section 8.4.

8.6. Sensitivity and tolerance studies

The proof-of-principle simulations and conceptual beamlines studied so far have shown
that this multistage scheme can perform well with a variety of implementations. How-
ever, all of the cases studied so far have been ideal setups without any kind of imperfec-
tions, something which can never be fully achieved in reality. Therefore, determining the
sensitivity and tolerances of the scheme to any variations with resect to the ideal case is
of key importance for assessing its experimental feasibility.

The need for performing tolerance studies for future plasma-based accelerator facilit-
ies is well known [CM19]. However, as pointed out in that reference, performing large
and detailed tolerance studies with currently available PIC codes is unfeasible due to
the high computational cost. Thus, there is also a need for faster numerical codes. As
a consequence, tolerance studies performed so far are mostly limited to a single para-
meter, such as transverse beam offsets, and generally only by means of analytical models
(e.g. [Lin+16; Thé+19; WR19]). More detailed studies have also been carried out for the
undulator section of a plasma-based FEL [Seg15] but not for the plasma accelerator itself.

In this section, a comprehensive study of sensitivity and tolerances of the MCC concept
is presented. This study, in which imperfections in the parameters of the electron beam,

Parameters approach FEL quality!

Start to end simulation using FBPIC + ASTRA 
Simulation incl. space charge 

CSR effects excluded based on pre-study
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Phase Space Manipulation with Chicanes

• Potential implementation of a 1 GeV accelerator for ATHENA_e

A Multi-Stage Plasma-Acceleration Concept for Ultra-Low Energy Spread Beams8.6. Sensitivity and tolerance studies 141

Table 8.6.: Comparison of the beam parameters at the beginning and at the end of the
1 GeV beamline. The high peak current and short FWHM length in the final
beam are a direct consequence of the density peaks developed due to longit-
udinal space-charge. The slice parameters correspond to the weighted average
of the values computed for 0.1 µm-long slices.

Parameter Units Initial value Final value

Q pC 11.3 11.3
hgi MeV 102 981
sd 10�3 3.01 5.27
Ipeak kA 1 2.41
tFWHM fs 10.7 1.1
st fs 3.26 3.32
bx | by cm 18.0 | 18.0 18.3 | 15.1
ax | ay - 5.00 | 5.00 -4.89 | -3.79
en,x | en,y µm 0.30 | 0.30 0.63 | 0.61
en,x,sl | en,y,sl µm 0.30 | 0.30 0.43 | 0.42
sd,sl 10�3 3.00 1.39

top current profile of the bunch. Thus, future work could focus on optimizing the bunch
shape to prevent this issue and on simulating fully-realistic beam distributions, such as
done before in Section 8.4.

8.6. Sensitivity and tolerance studies

The proof-of-principle simulations and conceptual beamlines studied so far have shown
that this multistage scheme can perform well with a variety of implementations. How-
ever, all of the cases studied so far have been ideal setups without any kind of imperfec-
tions, something which can never be fully achieved in reality. Therefore, determining the
sensitivity and tolerances of the scheme to any variations with resect to the ideal case is
of key importance for assessing its experimental feasibility.

The need for performing tolerance studies for future plasma-based accelerator facilit-
ies is well known [CM19]. However, as pointed out in that reference, performing large
and detailed tolerance studies with currently available PIC codes is unfeasible due to
the high computational cost. Thus, there is also a need for faster numerical codes. As
a consequence, tolerance studies performed so far are mostly limited to a single para-
meter, such as transverse beam offsets, and generally only by means of analytical models
(e.g. [Lin+16; Thé+19; WR19]). More detailed studies have also been carried out for the
undulator section of a plasma-based FEL [Seg15] but not for the plasma accelerator itself.

In this section, a comprehensive study of sensitivity and tolerances of the MCC concept
is presented. This study, in which imperfections in the parameters of the electron beam,

But: Wake-T stability simulations show that due to the non-linearities in the chicane a laser-to-electron timing jitter <1 fs is required.  

Next steps: A combination of this scheme and the jitter compensation scheme, or the implementation of sextupoles.

Start to end simulation using FBPIC + ASTRA 
Simulation incl. space charge 

CSR effects excluded based on pre-study
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Phase Space Manipulation with Chicanes

• Phase space manipulation with chicanes can improve the performance of external injection experiments 

• Ultra-short bunches  

• Drive-laser to electron timing stability 

• The DLA experiments at ARES are being setup 

• …will be the first benchmark for ARES (ultra-short bunches, timing, etc.) 

• Simulation studies: Towards a low energy spread plasma accelerator 

• …done by Angel Ferran Pousa as part of his Phd thesis

Summary
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