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Figure 1: Schematic diagram of the P­MoPA concept (see main text for details).
excitation would require prohibitively long (≳ 10m) cells to avoid ionization.

As described below, we have already demonstrated several important aspects of the P­MoPA
approach, but other key steps remain to be demonstrated. Here we seek funding to demonstrate
all key steps in this scheme, including the first electron acceleration in a P­MoPA. It is worth
emphasizing that the Oxford and CALA teams are in a unique position to pursue this programme,
being the only groups in the world with experience of the P­MoPA and HOFI concepts and access to,
and experience of, multi­joule TDL systems.

1.2.1 P­MoPAs Our P­MoPA concept exploits the high pulse energy available from a commercial
TDL, by converting each ps pulse to a train of short fs­pulses that can resonantly excite a plasma
wave. As described in our first paper27, published in Phys. Rev. Lett., and illustrated in Fig. 1, a
P­MoPA comprises three stages:

1. The ‘modulator’. A long, high­energy (∼ 1ps, ∼ 1 J) ‘drive’ pulse from a TDL is modulated by
co­propagating it with the low amplitude plasma wave driven by a short, low­energy (≲ 100 fs,
∼ 100mJ) ‘seed’ pulse in a long (∼ 100mm) HOFI channel. This causes the drive pulse to
develop spectral sidebands at angular frequencies ω0 + mωp, where ω0 is the incident laser
frequency, and m = ±1,±2,±3, . . ..

2. The ‘compressor’. Removing the spectral phase of each side­band converts the spectrally­
modulated drive pulse to a train of short pulses spaced by the modulator plasma period Tp.

3. The ‘accelerator’. Focusing the pulse train into a second HOFI channel with the same axial
density as the modulator resonantly excites a large amplitude wakefield.

Our particle­in­cell (PIC) simulations and 3D analytic theory of the modulator and accelerator
stages27,34,35 show that P­MoPAs can operate over a broad parameter range and achieve > 1GeV
electron energy gain with joule­scale TDL drive pulses. Further, and very recently, we demonstrated
experimentally the accelerator stage of a P­MoPA, using a ‘dummy’ pulse train36 derived from a
Ti:sapphire laser pulse. The pulse train was successfully guided through 110mm long HOFI channels
and resonantly excited a wakefield of 3GVm−1 – 10GVm−1, corresponding to a stage energy gain
in the GeV range37. This is the first demonstration of resonant wakefield excitation in a pre­formed
plasma channel.

1.2.2 HOFI plasma channels GeV­scale LPAs require the drive laser pulse(s) to be guided over
several centimetres. Following pioneering work to develop the gas­filled capillary discharge wave­
guide (CDW)38, the PI developed28,39–41 an all­optical method for generating metre­scale, low density
(≲ 1018 cm−3), low­loss (Latt ∼ 20m) plasma channels. These ‘indestructible’ channels have been
operated at frep = 0.4 kHz for a period of 6.5hours with no degradation of guiding performance42.

As shown in Fig. 2, a hydrodynamic optical­field­ionized (HOFI) plasma channel is generated
by focusing a ∼ 50 fs laser pulse into hydrogen gas with an axicon lens to produce a longitudinally­
extended focus. Optical field ionization of the gas forms a hot column of plasma that drives a cylindrical
shock wave into the surrounding gas, to create a plasma channel in the axial region (i.e. the plasma
density increases with radial distance). In EPSRC­funded work (EP/V006797/1, ends Jan. 2025),
the Oxford group has shown that: (i) relativistically­intense laser pulses can be guided40 through
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Figure 2. Schematic of experimental layout for plasma-modulated plasma accelerator.

Figure 3. Image taken from Ref. [23] showing the FLASH beam dump.
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 Schematic diagram of the P-MoPA concept. Jakobson et al. PRL 127, 184801 (2021).

Layout for 600 MeV accelerator (the same footprint for 1 GeV).

Assumptions: Works 
as predicted by simula-
tions: 
charge 5 pC, 
energy spread < 1%, 
transverse emittance 1 
μm, 
commercially available 
laser systems and op-
tics.

Emerging directions:
Long term: Water window FEL @ kHz.

Mid term: Compton source: MeV to 
GeV electrons, >100 mJ @ 1030 - 515 
nm, keV X-rays to MeV gammas @ kHz. 

Short term: Narrowband (<10%) THz 
radiation source driven by a train of la-
ser pulses propagating along a plasma 
density geradient. THz pulses ps long 
with tens of μJ energy @ kHz.
Kumar et al. PRL 134, 015001 (2025). A competitor: Smart*Light phase 1: 30 MeV 

electrons, 6-12 mJ @ 400 - 800 nm, 40 keV 
X-rays @ 1 kHz.Acknowledgments: This work was supported by STFC 

UK IAA grant ST/X508123/1 and EPSRC UK grant UKRI 
1105.
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Motivation

The drivers for laser-plasma accelerators (LPA) are typically based
on Ti:Sa technology, limited to repetition rates in the lower Hz range
for high energies and to average powers of ∼100 W. In contrast,
Yb:YAG thin-disk lasers offer higher average power in the kHz repe-
tition range, combined with high electrical-to-optical efficiency. The
typically picosecond-long pulse duration of Yb:YAG forbids an effi-
cient drive of a plasma wave, however. Here, we present a three-
stage approach for converting a picosecond-class pulse of a modern
Yb:YAG thin disk laser into a train of femtosecond-class pulses, which
can then be used to resonantly drive a GeV-Scale, multi-kHz LPA.

The CALA laboratory

The CALA laboratory of the Ludwig-Maximilians-Universität
München, Germany, houses two optically synchronized, CPA
lasers based on Yb3+ doped gain media: The “Petawatt-Field-
Synthesizer” (PFS) system which aims at generating 10 J, 10 Hz,
sub-ps 1030 nm pulses and the “PFS-pro” system which aims at
500 mJ, 1 kHz, sub-ps 1030 nm pulses in one arm and 200 mJ, 1
kHz, sub-40 fs 1030 nm in a second arm.

Experiment Roadmap

Milestone 1: Modulation [in progress]
Generate a HOFI (Hydrodynamic optically-field-ionized) chan-
nel and excite a low-amplitude plasma wake with PFS-pro low-
energy seed inside this waveguide. Show spectral modulation
of the guided ∼ 1 ps driver.

Milestone 2: Compression
Generate pulse train by removing the relative spectral phase of
the driver‘s newly generated spectral side bands.

Milestone 3: Scalability
Show the scalability of the modulator in the repetition rate (from
10 Hz to 1 kHz) and the driver energy (to several joules).

Milestone 4: Acceleration
Add the accelerator stage and show an exemplary acceleration
of low-energy electrons.

Future Milestones: High-energy at kHz
Construction of a beamline to conduct acceleration experi-
ments at high energies with the kHz LPA

Experiment Progress

Figure 1. Building of the Stage 1: Modulation experiment

Figure 2. Fluoresence of the plasma channel generated with a ∼ 1ps, ∼ 1.2 J
1030 nm pulse focused by an axicon lens. Analysis of two-colour interferometric
measurements of the plasma profile in progress.
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GeV-Scale accelerators driven by plasma-modulated pulses from kHz lasers [1]

Stage 1: Modulation

A plasma wave with density amplitude δne/ne0 ∼ 2% is driven in
the ∼ 120 mm long modulator channel with on-axis plasma den-
sity of order 1017 cm−3 by a low-energy “seed” pulse (∼ 100 mJ)
with a pulse duration τ � 40fs < τp0/2 (τp0 plasma wave period).
The plasma wave then modulates a long (τ � 1ps >> τp0), high-
energy “drive” pulse and generates sidebands in its spectrum at
ω0 ± mωp0 (ω0 central driver frequency, ωp0 on-axis plasma fre-
quency) [2].

Stage 2: Compression

Dispersive optics remove
the relative spectral phase
of the driver‘s sidebands and
form a train of compressed,
femtosecond-class pulses
with temporal spacing match-
ing the plasma period τp0.

Stage 3: Acceleration

A large amplitude plasma
wave is resonantly excited
by focusing the pulse train
into the ∼ 100mm long Ac-
celerator channel with the
same on-axis density as the
Modulator. This can be used
to accelerate electrons to
>GeV energy [3].

PFS and PFS-pro systems

PFS system
10 Hz high-
energy driver

PFS-pro system
1kHz seed pulse

Fiber amplifiers
8 nJ/50 MHz

Fiber oscillator
50 MHz/4nJ, 200mW

Grating stretcher
1.75 ns

Grating stretcher
3.8 ns

Regen. amp. (Yb:YAG TD)
120 mJ/1 kHz, 1.1-2 nm

Dazzler + regen. amp
(Yb:FP glass)

100 µJ/10 Hz, 4.2 nm

Booster prototype
(Yb: YAG)

500mJ/1kHz

Booster amplifier (Yb:KYW)
140 mJ/10 Hz, 4.2 nm

Grating compressor
94% eff., 0.75-1.3 ps

Main amplifier (Yb:YAG)
140mJ/10Hz, 3.1 nm

Herriott cell
Non-linear broadening stage

96% eff., 108mJ

Grating compressor
86% eff., 7.5 J/0.7 ps

P-MoPA Experiment Chirped Mirror Compressor
12x -500 fs2, 108mJ/37 fs
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