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Outline

●  Modify the way LPA is driven in order to use rapidly evolving, high average power 
lasers, such as thin-disk (1J@1ps@kHz achived), fibre or diode lasers. The Multi-pulse 
Laser-Wakefield Accelerators (MP-LWFA) concept.

●  Guiding trains of laser pulses and plasma wake excitation by trains of laser pulses.
     ► See next talk by Aimee Ross and talk by James Cowley on Thursday.

●  Plasma-Modulated Plasma Accelerator (P-MoPA) ► PRL 127, 184801 (2021) . 

●  kHz Plasma Accelerator Collaboration (kPAC).  

●  Thin-disk lasers to drive GeV@kHz P-MoPA are available.
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►  Modify the way LPA is driven.
The MP-LWFA concept: 
●  A train of laser pulses (red) -or a 
long, modulated pulse - will reso-
nantly excite a growing plasma wave 
(blue) if the pulses (modulations) are 
spaced by the plasma period.  

●  Convert a long laser pulse to a 
train of short laser pulses (AWAKE: 
convert a long proton bunch to a train 
of short proton bunches) and drive a 
plasma wake to accelerate electrons 
(AWAKE: 2 GeV achieved already)
P-MoPA ► PRL 127, 184801 (2021).

train of N = 10 - 100
laser pulses

growing plasma wave

electron
bunch

time between trains
t = 0.1 - 1ms

electron bunches, frep = 1 - 10 kHz

MP-LWFA

►  J. Phys. B 47, 1-14 (2014), PRL 119, 044802-6 (2017)
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The challenge
The challenge 
‣ Multi-GeV stages for collider applications will need 

¥ ne ~ 1017 cm-3 

¥ Lstage ~ 1 m ⇒ drive laser pulse must be guided  

¥ frep > 1 kHz 

¥ Operation for an indefinite period

Simon Hooker,  University of Oxford 
2nd Townhall Meeting High Gradient 

Accelerator Plasma/Laser, 21st May 2021
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Stage acceleration to ~ 8 GeV 
demonstrated

"
Capillary structure prone to laser 
damage

! Operated at ne ≈ 1017 cm-3 "
High-rep operation for extended 
periods challenging

! frep = 1 kHz demonstrated

!
Deeper channels possible with 
laser heater pulses

Current solution: the capillary discharge waveguide

References 
D. Spence and S. Hooker, Phys Rev E 63 015401 (2000) 
A. Butler et al., Phys Rev Lett 89 185003 (2002) 
N. A. Bobrova et al. Phys. Plasm. 20 020703 (2013)  
A. J. Gonsalves et al. J. Appl. Phys. 119 033302 (2016) 
A. J. Gonsalves et al. PRL 122 084801 (2019)

Low-Density Waveguides 
for multi-GeV LPAs

Alex Picksley, Simon Hooker, Aarón Alejo, Chris Arran, Alexander Boetticher, 
James Cowley, James Holloway, Oscar Jakobsson, Jakob Jonnerby, Aimee 
Ross, Rob Shalloo, Roman Walczak, Wei-Ting Wang

John Adams Institute for Accelerator Science, University of Oxford

Nicolas Bourgeois, Chris Thornton

Rutherford Appleton Laboratory

Linus Feder, George Hine, Howard Milchberg

University of Maryland

Laura Corner, Harry Jones, Lewis Reid

Cockcroft Institute, University of Liverpool

Oscar Jakobsson 
University of Oxford
JAI Fest 2021 /29"14

Periodic phase modulation

‣ Long (~ps), Joule-level drive pulse 
‣ Short (<100 fs), 10s mJ seed pulse

P-MoPA
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Periodic phase modulation

‣ Long (~ps), Joule-level drive pulse 
‣ Short (<100 fs), 10s mJ seed pulse 

‣ �n/n0 ~ 1%

‣ Plasma waveguide 

P-MoPA
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Periodic phase modulation

‣ Plasma waveguide  
‣ Photon acceleration 
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|Ê
0
(!

)| Drive beam
spectrum

5 0 5
m

|Ê
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‣ Long (~ps), Joule-level drive pulse 
‣ Short (<100 fs), 10s mJ seed pulse 

‣ 𝛿n/n0 ~ 1% vp1

vp2
vp1 > vp2

Blue shift

P-MoPA

►  Rev. Mod. Phys. 81, 
      1229 (2009)
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Pulse compressionP-MoPA
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Pulse train generation via plasma-driven spectral modulations
Dispersion compensation

Oscar Jakobsson
(Dated: February 25, 2022)

Co-propagation of a narrow-bandwidth pulse of frequency ω0 with a low-amplitude plasma wake of frequency ωp will
generate spectral sidebands at frequencies ωm = ω0 ±mωp. These sidebands will have a phase given by ψm = |m| π

2
which can be compensated for to generate a temporally modulated train of pulses. In brief, an input pulse with a
normalized vector potential

a(z, t) = b(z, t) exp [i (k0z − ω0t)] , (1)

co-propagating with a plasma wake of amplitude δn/n0 will generate a spectrally modulated, temporally smooth,
pulse described by

b(ζ, τ) ≈ |b0(ζ)| = −
∞∑

m=−∞
Jm(β) exp

[
−im

(
ωp0t− kp0z −∆ϕ+

π

2

)]
(2)

where ζ = z− vgt, Jm are Bessel functions and β = (1/2)(ω2
p0/ω0)(δn/n0)(z/vg). Hence, the phase of the mth pair of

sidebands is

ψm = θm +m(kp0z +∆ϕ)− |m| π
2

(3)

The terms linear in m correspond to a shift in time, and do not need to be compensated for, but the terms |m| do
need to be compensated for in order to generate a pulse train. Figure 1 shows an example of the modulated spectrum,
dispersion compensations and resulting pulse trains for a set of realistic parameters. A 30% increase in intensity and
a 50% wakefield amplitude is found using ideal dispersion compensation compared to ψ(2) dispersion.

Figure 1. (top) Spectrum of periodically phase-modulated ps pulse from co-propagation with wakefield of amplitude δn/n0 = 2%
for 50mm at a plasma density of n0 = 4 × 1017 cm−3. Ideal phase (Ψm = |m| π

2
) and optimal second-order phase (ΨGDD =

1
2
ψ(2)(ω − ω0)

2) for generating pulse trains is shown. (bottom) Generated pulse trains following addition of Ψm and ΨGDD

phases and resonantly driven longitudinal wakefield.

P-MoPA



AAC’22 Hyatt Regency Long Island, NY
November 6-11, 2022 

Roman Walczak
University of Oxford

The challenge
The challenge 
‣ Multi-GeV stages for collider applications will need 

¥ ne ~ 1017 cm-3 

¥ Lstage ~ 1 m ⇒ drive laser pulse must be guided  

¥ frep > 1 kHz 

¥ Operation for an indefinite period

Simon Hooker,  University of Oxford 
2nd Townhall Meeting High Gradient 

Accelerator Plasma/Laser, 21st May 2021

W0

x

η(x)

x

ne(x)

ZR =
⇡w2

0

λ

⌘ =

r
1−

⇣!p

!

⌘2

⇡ 1− 1

2

ne(r)e
2

γme✏0!2

H2 gas

channel

+V 0V

electrode

laser

plasma channel

!
Stage acceleration to ~ 8 GeV 
demonstrated

"
Capillary structure prone to laser 
damage

! Operated at ne ≈ 1017 cm-3 "
High-rep operation for extended 
periods challenging

! frep = 1 kHz demonstrated

!
Deeper channels possible with 
laser heater pulses

Current solution: the capillary discharge waveguide

References 
D. Spence and S. Hooker, Phys Rev E 63 015401 (2000) 
A. Butler et al., Phys Rev Lett 89 185003 (2002) 
N. A. Bobrova et al. Phys. Plasm. 20 020703 (2013)  
A. J. Gonsalves et al. J. Appl. Phys. 119 033302 (2016) 
A. J. Gonsalves et al. PRL 122 084801 (2019)

Low-Density Waveguides 
for multi-GeV LPAs

Alex Picksley, Simon Hooker, Aarón Alejo, Chris Arran, Alexander Boetticher, 
James Cowley, James Holloway, Oscar Jakobsson, Jakob Jonnerby, Aimee 
Ross, Rob Shalloo, Roman Walczak, Wei-Ting Wang

John Adams Institute for Accelerator Science, University of Oxford

Nicolas Bourgeois, Chris Thornton

Rutherford Appleton Laboratory

Linus Feder, George Hine, Howard Milchberg

University of Maryland

Laura Corner, Harry Jones, Lewis Reid

Cockcroft Institute, University of Liverpool

Oscar Jakobsson 
University of Oxford
JAI Fest 2021 /29"24

Resonant laser wakeÞeld acceleration

‣ Full scheme: Spectral-to-temporal modulation of a ps-duration pulse using low-
energy seed pulse.

P-MoPA



AAC’22 Hyatt Regency Long Island, NY
November 6-11, 2022 

Roman Walczak
University of Oxford

► Driver:
  ● λ0 = 1.03 μm, 
  ● 600 mJ,     FWHM 1 ps,     w0 = 30 μm,    bi-Gaussian envelope. 

► Seed:
  ● λ0 = 1.03 μm, 
  ● 50 mJ,     FWHM 40 fs,      w0 = 30 μm,    bi-Gaussian envelope 
  ● 1.7 ps in front of the driver.

► Plasma:
  ● electron-proton plasma; electron density on axis = 2.5x1017 cm-3 ,  
      λp = 66 μm,    Tp = 220 fs,   
  ● plasma channel α = 10, wM = 30 μm.plasma channel

ne(ρ) = ne(0) +
1

πreW 2
M

[
ρ

WM

]α

1

► PIC code EPOCH 2D v 4.17.10 on ARCHER and ARCHER2

Parameters

Parameters 
called PRL 
parameters



AAC’22 Hyatt Regency Long Island, NY
November 6-11, 2022 

Roman Walczak
University of Oxford

The plasma parameters of the modulator and accelerator
stages were identical. For radii r < r0 ¼ 1.2wM, the elec-
tron density was nchðrÞ ¼ ne0 þ ð1=πrew2

MÞðr=wMÞα,
where ne0 ≡ neð0Þ ¼ 2.5 × 1017 cm−3, and wM ¼ 30 μm
is approximately the spot size of the lowest-order channel
mode. For r > 1.2wM, neðrÞ ¼ neðr0Þ for Δr ¼ 10 μm,
before decreasing linearly to zero in the same distance. The
parameter α ¼ 10, and hence the channels were steep sided,
with finite losses.
The drive and seed pulses were focused to a spot size

w0 ¼ wM ¼ 30 μm at the entrance to the modulator chan-
nel. Figure 2(a) shows that the seed pulse drives a plasma
wave of amplitude δn=ne0 ≈ 2% on axis, which generates
sidebands on the drive pulse at ω0 þmωp0, although its
temporal profile remains smooth. Figures 2(b),2(c) show,
after the modulator, the on-axis electric field (b) and
temporal intensity profile (c) of the drive pulse, before
and after the application of a quadratic spectral phase with a
group delay dispersion (GDD) of ψ ð2Þ ¼ −1480 fs2. This
value of the GDD was determined numerically to produce
the highest-intensity pulse train, and is in excellent agree-

ment with the value ψ ð2Þ
opt ¼ �1485 fs2 predicted by the 1D

model [57]. It is evident that the dispersion converts the
phase modulated, but temporally smooth, drive pulse into a
train of short pulses separated by Tp0 ¼ 220 fs. The use of
seed and drive pulses of different wavelengths is explored
in Ref. [57].
Figure 2(d) shows the drive pulse train, and the plasma

wake, after 50 mm propagation in the accelerator stage. The
pulse train resonantly excites a strong plasma wave with
δn=ne ≈ 15% over the whole length of the accelerator. The
spectrum of the driver is further modulated by this plasma

wave, leading to the formation of additional sidebands
through EM cascading [56]; it is also redshifted, the shift
increasing towards the back of the pulse train, where the
wake amplitude is higher.
The results of the PIC simulation can be compared with

the 1D model of the modulator stage [57]. Figure 3(a)
shows, as a function of the length Lmod of the modulator,
the relative energies in the central, redshifted, and blue-
shifted bands of the drive pulse. It can be seen that the
analytic model and PIC simulations are in close agreement.
The main difference is that leakage in the plasma channel,
which is not included in the 1D model, attenuates the drive
pulse in the PIC simulation. Figures 3(b),3(c) show (b) the
properties of the pulse train which would be produced if the
drive pulse at that point was compressed by introducing a
GDD optimized to yield the highest-intensity pulse train;
and (c) the peak accelerating field produced by injecting
these trains into the accelerator stage. Examples of the
pulse trains generated for three values of Lmod are shown in
the insets of Fig. 3(c). Again, very good agreement is
obtained. The peak pulse intensity is seen to grow approx-
imately linearly with Lmod; this is expected from the 1D
model, since the spectral bandwidth increases as Lmod, and
hence the duration of each compressed pulse will vary as
L−1
mod. It can be seen that trains of pulses as short as 15 fs can

be generated. Although the peak intensities of the pulses
increase linearly with Lmod, the peak accelerating field does
not increase significantly for Lmod ≳ 100 mm. This is
expected since for single, short (τdrive ≪ Tp0) drive pulses
the wake amplitude depends only on the energy of the pulse
[61], and for resonant pulse trains the wake amplitude
depends only on the total energy of the train. The excellent
agreement between the 1D analytic model and the PIC

FIG. 2. Particle-in-cell simulations. (a) PIC simulations of the modulator stage, with results shown for the end of the modulator
(z ¼ 120 mm). The top panel shows the on-axis spectral intensity of the drive pulse, plotted against a frequency scale
m ¼ ðω − ω0Þ=ωp0. The middle panel shows the longitudinal intensity profiles of the seed and driver pulses and the relative
amplitude of the plasma wave on axis (y ¼ 0). The bottom panel shows, for z ¼ 120 mm, a 2D plot of the electron density relative to the
channel profile δnch=nch ¼ ðne − nchÞ=nch. The shading of the longitudinal profiles indicates the local effective frequency −dϕ=dt,
where ϕ is the temporal phase, using the same color scale as the top panel. (b) The modulus of the on-axis electric field of the drive pulse
together with the red- and blueshifted components before and after application of a quadratic spectral phase ψ ð2Þ ¼ −1480 fs2. (c) The
corresponding 2D intensity profiles. (d) The same plots as in (a) but at a distance z ¼ 50 mm into the accelerator stage.

PHYSICAL REVIEW LETTERS 127, 184801 (2021)

184801-3

► After 12 cm 
propagation in the 
modulator.  
  

PIC; the modulator
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channel profile δnch=nch ¼ ðne − nchÞ=nch. The shading of the longitudinal profiles indicates the local effective frequency −dϕ=dt,
where ϕ is the temporal phase, using the same color scale as the top panel. (b) The modulus of the on-axis electric field of the drive pulse
together with the red- and blueshifted components before and after application of a quadratic spectral phase ψ ð2Þ ¼ −1480 fs2. (c) The
corresponding 2D intensity profiles. (d) The same plots as in (a) but at a distance z ¼ 50 mm into the accelerator stage.
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The plasma parameters of the modulator and accelerator
stages were identical. For radii r < r0 ¼ 1.2wM, the elec-
tron density was nchðrÞ ¼ ne0 þ ð1=πrew2

MÞðr=wMÞα,
where ne0 ≡ neð0Þ ¼ 2.5 × 1017 cm−3, and wM ¼ 30 μm
is approximately the spot size of the lowest-order channel
mode. For r > 1.2wM, neðrÞ ¼ neðr0Þ for Δr ¼ 10 μm,
before decreasing linearly to zero in the same distance. The
parameter α ¼ 10, and hence the channels were steep sided,
with finite losses.
The drive and seed pulses were focused to a spot size

w0 ¼ wM ¼ 30 μm at the entrance to the modulator chan-
nel. Figure 2(a) shows that the seed pulse drives a plasma
wave of amplitude δn=ne0 ≈ 2% on axis, which generates
sidebands on the drive pulse at ω0 þmωp0, although its
temporal profile remains smooth. Figures 2(b),2(c) show,
after the modulator, the on-axis electric field (b) and
temporal intensity profile (c) of the drive pulse, before
and after the application of a quadratic spectral phase with a
group delay dispersion (GDD) of ψ ð2Þ ¼ −1480 fs2. This
value of the GDD was determined numerically to produce
the highest-intensity pulse train, and is in excellent agree-

ment with the value ψ ð2Þ
opt ¼ �1485 fs2 predicted by the 1D

model [57]. It is evident that the dispersion converts the
phase modulated, but temporally smooth, drive pulse into a
train of short pulses separated by Tp0 ¼ 220 fs. The use of
seed and drive pulses of different wavelengths is explored
in Ref. [57].
Figure 2(d) shows the drive pulse train, and the plasma

wake, after 50 mm propagation in the accelerator stage. The
pulse train resonantly excites a strong plasma wave with
δn=ne ≈ 15% over the whole length of the accelerator. The
spectrum of the driver is further modulated by this plasma

wave, leading to the formation of additional sidebands
through EM cascading [56]; it is also redshifted, the shift
increasing towards the back of the pulse train, where the
wake amplitude is higher.
The results of the PIC simulation can be compared with

the 1D model of the modulator stage [57]. Figure 3(a)
shows, as a function of the length Lmod of the modulator,
the relative energies in the central, redshifted, and blue-
shifted bands of the drive pulse. It can be seen that the
analytic model and PIC simulations are in close agreement.
The main difference is that leakage in the plasma channel,
which is not included in the 1D model, attenuates the drive
pulse in the PIC simulation. Figures 3(b),3(c) show (b) the
properties of the pulse train which would be produced if the
drive pulse at that point was compressed by introducing a
GDD optimized to yield the highest-intensity pulse train;
and (c) the peak accelerating field produced by injecting
these trains into the accelerator stage. Examples of the
pulse trains generated for three values of Lmod are shown in
the insets of Fig. 3(c). Again, very good agreement is
obtained. The peak pulse intensity is seen to grow approx-
imately linearly with Lmod; this is expected from the 1D
model, since the spectral bandwidth increases as Lmod, and
hence the duration of each compressed pulse will vary as
L−1
mod. It can be seen that trains of pulses as short as 15 fs can

be generated. Although the peak intensities of the pulses
increase linearly with Lmod, the peak accelerating field does
not increase significantly for Lmod ≳ 100 mm. This is
expected since for single, short (τdrive ≪ Tp0) drive pulses
the wake amplitude depends only on the energy of the pulse
[61], and for resonant pulse trains the wake amplitude
depends only on the total energy of the train. The excellent
agreement between the 1D analytic model and the PIC

FIG. 2. Particle-in-cell simulations. (a) PIC simulations of the modulator stage, with results shown for the end of the modulator
(z ¼ 120 mm). The top panel shows the on-axis spectral intensity of the drive pulse, plotted against a frequency scale
m ¼ ðω − ω0Þ=ωp0. The middle panel shows the longitudinal intensity profiles of the seed and driver pulses and the relative
amplitude of the plasma wave on axis (y ¼ 0). The bottom panel shows, for z ¼ 120 mm, a 2D plot of the electron density relative to the
channel profile δnch=nch ¼ ðne − nchÞ=nch. The shading of the longitudinal profiles indicates the local effective frequency −dϕ=dt,
where ϕ is the temporal phase, using the same color scale as the top panel. (b) The modulus of the on-axis electric field of the drive pulse
together with the red- and blueshifted components before and after application of a quadratic spectral phase ψ ð2Þ ¼ −1480 fs2. (c) The
corresponding 2D intensity profiles. (d) The same plots as in (a) but at a distance z ¼ 50 mm into the accelerator stage.
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simulations demonstrates that, at least for this parameter
range, the former captures the key physics involved in the
operation of the modulator stage.
The analytic model and PIC simulation presented above

demonstrate that plasma modulation can be used to convert
a high-energy, long drive pulse to a train of short pulses
suitable for resonant excitation of a large amplitude plasma
wave. We emphasize that processes by which the drive
pulse is modulated are linear, and can therefore be well
controlled. Nevertheless it is important to avoid instabilities
developing in either the modulator or accelerator stages. In
this work the growth of instabilities, such as forward
Raman scattering [62,63], was suppressed by operating
in a favorable parameter regime, and by employing a
plasma channel with small, but finite losses. These losses
damp higher-order waveguide modes excited by the inter-
action between the drive pulse and the seed-driven plasma
wave, preventing modulation of the temporal profile of the
drive pulse, which would be susceptible to instability-
driven growth [64].
In Fig. 4 we demonstrate that the scheme can be scaled to

higher drive pulse energies, and hence higher acceleration
gradients, whilst ensuring that the modulator operates in a
well-controlled, linear regime. For these simulations the

parameters of the accelerator stage, and the axial density of
the modulator stage, were the same as in Fig. 2. However,
the matched spot size of the modulator was increased to
50 μm in order to allow the seed and drive pulse energies to
be increased to 140 mJ and 1.7 J while keeping their peak
intensities the same as in Fig. 2. Figure 4(a) shows clearly
that a quasilinear wakefield, with an amplitude consider-
ably larger than that of Fig. 2, can be driven over the entire
length of the 100 mm acceleration stage.
To demonstrate particle acceleration, a 1 pC electron

bunch of energy 35 MeV, 5 fs root-mean-square duration,
and 4 μm transverse width was injected into the focusing
phase of the wakefield, at the position of peak acceleration.
Figure 4(c) shows the evolution with z of the normalized
energy spectrum Q̂eðWe; zÞ of this bunch, where We is the
electron energy. It can be seen that the bunch maintains a
relatively narrow energy spectrum up to z ≈ 50 mm, at
which point the mean energy is ∼500 MeV. At larger z,
dephasing causes the energy spectrum to broaden. The
mean electron energy at the end of the accelerator stage is
0.65 GeV. The laser-plasma energy transfer in the accel-
erator stage is found [57] to be 9%.
The results of Fig. 4 show clearly that the concept

described in this Letter can be scaled to generate higher
particle energies without introducing unwanted instabilities
in either modulator or acceleration stages. Our results serve
to demonstrate the operation of this scheme, but further
work will be required to fully explore its potential. For
example, it is likely that the energy transfer efficiency could
be increased, and the properties of the accelerated bunch
improved, by optimizing the parameters of the drive laser

FIG. 3. Comparison of the results of the 1D analytic model
(dashed lines) and PIC simulations (solid lines), plotted as a
function of the length of the modulator stage. (a) The relative
transmitted energies of the drive pulse (black), and of its
components in the central band (i.e., jω − ω0j < ωp=2, green),
and in the blueshifted (i.e., jω − ω0j > ωp=2, blue) and redshifted
(jω − ω0j < −ωp=2, red) sidebands. (b) The peak intensity
(blue), and FWHM duration (orange), of the most intense pulse
in the train generated by applying a quadratic spectral phase,
optimized to yield the highest-intensity pulse train, on the drive
pulse emerging from the modulator stage. (c) The peak accel-
erating electric field produced by injecting into the accelerator
stage the pulse trains which would be generated by compressing
the drive pulse at that point in the modulator.

FIG. 4. Performance of a scaled accelerator with seed and drive
pulse energies increased to 140 mJ and 1.7 J, respectively. (a) The
on-axis longitudinal profiles of the laser intensity and the relative
electron density δn=n0 at z ¼ 2 (top) and z ¼ 100 mm (bottom)
in the acceleration stage. The color scale shows the local laser
wavelength. (b) Evolution of the normalized spectral intensity of
the drive laser with propagation distance z in the acceleration
stage. (c) Evolution of the normalized energy spectrum
Q̂eðWe; zÞ of the injected electron bunch with z.
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simulations demonstrates that, at least for this parameter
range, the former captures the key physics involved in the
operation of the modulator stage.
The analytic model and PIC simulation presented above

demonstrate that plasma modulation can be used to convert
a high-energy, long drive pulse to a train of short pulses
suitable for resonant excitation of a large amplitude plasma
wave. We emphasize that processes by which the drive
pulse is modulated are linear, and can therefore be well
controlled. Nevertheless it is important to avoid instabilities
developing in either the modulator or accelerator stages. In
this work the growth of instabilities, such as forward
Raman scattering [62,63], was suppressed by operating
in a favorable parameter regime, and by employing a
plasma channel with small, but finite losses. These losses
damp higher-order waveguide modes excited by the inter-
action between the drive pulse and the seed-driven plasma
wave, preventing modulation of the temporal profile of the
drive pulse, which would be susceptible to instability-
driven growth [64].
In Fig. 4 we demonstrate that the scheme can be scaled to

higher drive pulse energies, and hence higher acceleration
gradients, whilst ensuring that the modulator operates in a
well-controlled, linear regime. For these simulations the

parameters of the accelerator stage, and the axial density of
the modulator stage, were the same as in Fig. 2. However,
the matched spot size of the modulator was increased to
50 μm in order to allow the seed and drive pulse energies to
be increased to 140 mJ and 1.7 J while keeping their peak
intensities the same as in Fig. 2. Figure 4(a) shows clearly
that a quasilinear wakefield, with an amplitude consider-
ably larger than that of Fig. 2, can be driven over the entire
length of the 100 mm acceleration stage.
To demonstrate particle acceleration, a 1 pC electron

bunch of energy 35 MeV, 5 fs root-mean-square duration,
and 4 μm transverse width was injected into the focusing
phase of the wakefield, at the position of peak acceleration.
Figure 4(c) shows the evolution with z of the normalized
energy spectrum Q̂eðWe; zÞ of this bunch, where We is the
electron energy. It can be seen that the bunch maintains a
relatively narrow energy spectrum up to z ≈ 50 mm, at
which point the mean energy is ∼500 MeV. At larger z,
dephasing causes the energy spectrum to broaden. The
mean electron energy at the end of the accelerator stage is
0.65 GeV. The laser-plasma energy transfer in the accel-
erator stage is found [57] to be 9%.
The results of Fig. 4 show clearly that the concept

described in this Letter can be scaled to generate higher
particle energies without introducing unwanted instabilities
in either modulator or acceleration stages. Our results serve
to demonstrate the operation of this scheme, but further
work will be required to fully explore its potential. For
example, it is likely that the energy transfer efficiency could
be increased, and the properties of the accelerated bunch
improved, by optimizing the parameters of the drive laser

FIG. 3. Comparison of the results of the 1D analytic model
(dashed lines) and PIC simulations (solid lines), plotted as a
function of the length of the modulator stage. (a) The relative
transmitted energies of the drive pulse (black), and of its
components in the central band (i.e., jω − ω0j < ωp=2, green),
and in the blueshifted (i.e., jω − ω0j > ωp=2, blue) and redshifted
(jω − ω0j < −ωp=2, red) sidebands. (b) The peak intensity
(blue), and FWHM duration (orange), of the most intense pulse
in the train generated by applying a quadratic spectral phase,
optimized to yield the highest-intensity pulse train, on the drive
pulse emerging from the modulator stage. (c) The peak accel-
erating electric field produced by injecting into the accelerator
stage the pulse trains which would be generated by compressing
the drive pulse at that point in the modulator.

FIG. 4. Performance of a scaled accelerator with seed and drive
pulse energies increased to 140 mJ and 1.7 J, respectively. (a) The
on-axis longitudinal profiles of the laser intensity and the relative
electron density δn=n0 at z ¼ 2 (top) and z ¼ 100 mm (bottom)
in the acceleration stage. The color scale shows the local laser
wavelength. (b) Evolution of the normalized spectral intensity of
the drive laser with propagation distance z in the acceleration
stage. (c) Evolution of the normalized energy spectrum
Q̂eðWe; zÞ of the injected electron bunch with z.
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► Three 
parametrs 
have been 
changed:
● wM= 50 µm 
in the modu-
lator.

Keeping a0 
fixed:
●  Driver 1.7 J.
●  Seed 140 
mJ.

► 1 pC electron bunch inserted “by hand”: 35 MeV, 5 fs RMS duration 
     and 4 µm transverse width. 

PIC; higher energy accelerator
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Different channel profiles

Parabolic, wM= 50 µm ► 

Parabolic, wM= 30 µm ► 

Square, wM= 30 µm ► 

WarpX 2D
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1.2 J, 1 ps ► 

PRL parameters except:

1.2 J, 2 ps ► 

1.2 J, 4 ps ► 
Horizontal scale 
is changing!

Modulator limit

WarpX 2D

► Plasma Phys 2, 2196 (1990)
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P-MoPA constraints

► Extra focusing in the accelerator wmod/wacc = 1.5
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P-MoPA constraints

► Extra focusing in the accelerator wmod/wacc = 1.5
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Electron injection

● ReMPI scheme       ► Phys. Rev. Accel. Beams 22, 111302, (2019)

● 2PII scheme           ► Phys. Rev. Lett. 73, 155004, (2013)

● Transverse HOFI channel   ►  plasma density gradient, CALA scheme,       
                                ► arXiv:2206.00507v1 [physics.acc-ph]  

► Optical internal electron injection

► External electron injection: RF plus THz-driven compression

● Sub-10 fs electron bunch duration and sub-10 fs synchronization with high 
intensity laser pulse, >10 pC charge,     
                                ► Nature Phot, 14, 755-759 (2020)
                                ► Phys. Rev. Lett, 124, 054801 and 054802 (2020)
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kPAC

                          ► kHz Plasma Accelerator Collaboration (kPAC)
                                CLF, LMU, TRUMPF and Oxford
To study P-MoPA physics at CALA, get funding to develop GeV@kHz accelerator. 
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29 |
Pictures: TRUMPF / Martin Stollberg

Tom Metzger | TRUMPF Scientific Lasers | NRL Visit

Laser Lightning Rod (LLR):

Pulse energy: 0.72J
Pulse duration: <1ps
Rep. rate: 1kHz
Av. power: 0.72kW

TRUMPF Scientific Lasers
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TRUMPF Scientific Lasers

Nonlinear Compression of a Dira 1000-5

36 Tom Metzger | TRUMPF Scientific Lasers | NRL Visit

Status June 2022: 180mJ @ <45fs

      See also
► CSU: 1.1 J, 4.5 ps, 
1 kHz, cryogenic 
temp. Opt. Lett. 45, 
6615-6618 (2020).
and
► Developments of 
coherent combina-
tion of fibre lasers
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GeV@kHz
  Ready to go

Summary
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