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Acceleration gradient determines the size (& cost) of any accelerator
‣ Electrical breakdown limits RF accelerators 

to a gradient of  ….≲ 100 MV/m

3

Diamond 
Length: 150 m 
Energy: 3 GeV 
Cost: £370M

CERN LHC 
Length: 27 km 
Energy: 7 TeV 
Cost: £2G

European XFEL 
Length: 3.4 km 
Energy: 17.5 GeV 
Cost: €1.25G

Copyright European XFEL
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‣ … plasma-based accelerators can reach 
gradients of ∼ 100 GV/m
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Outline
‣ Some key concepts for laser-plasma accelerators

‣ Progress in laser-driven plasma accelerators

‣ Increasing the particle energy: plasma channels

‣ Status & challenges

‣ Increasing the repetition-rate: Plasma-modulated plasma accelerators

‣ Summary
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Some key concepts for laser-driven 
plasma accelerators
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Plasma accelerators: basic concepts

6

plasma
electrons

plasma
electrons

driver

electric
fields

E E

plasma
wave‣ An intense laser pulse, or a particle bunch, 

expels electrons from its location to form a 
trailing plasma wakefield (a Langmuir wave).

‣ Force responsible:
๏ Particle driver: Coulomb 
๏ Laser driver: ponderomotive force

‣ The wakefield moves at speed of laser pulse 
(close to speed of light)

‣ Electric fields within wakefield can accelerate 
charged particles
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Plasma accelerators: basic concepts
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‣ Laser & plasma wave propagate at group 
velocity of laser

‣ Plasma oscillates at plasma frequency 

๏ Plasma wavelength 

‣ Wake amplitude greatest when 

‣ Electric fields up to order of wave-breaking 
field 

ωp

λp ≈
2πc
ωp

ωpτ ≈ 1

Ewb

plasma
electrons

plasma
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driver

electric
fields

E E

plasma
wave

Comment
Laser intensity 1018 W cm-2 1 J, 50 fs, 25 μm
Plasma density 1018 cm-3 i.e. 100 mbar
Accel. field 100 GV m-1 103 to 104 > RF machine
Plasma period 100 fs Need short laser pulses, get short electron bunches 

bunches!Plasma wavelength 30  μm
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Normalized vector potential
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‣ Can write eqn motion as:

‣ Hence define normalized vector potential as:

‣ Note,  is peak value of  in laser pulsea0 ⃗a

Electron motion relativistic when a0 ≈ 1
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For linear poln:

a20 ⇡ 0.73⇥ 10�18(�[µm])2I0[W cm�2]

‣ Eqn of motion of single electron:

Further reading 
E. Esarey et al. Rev. Mod. Phys. 81 1229 (2009)
P. Gibbon, “Short Pulse Laser Interactions with Matter: An Introduction”
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Ponderomotive force

‣ For non-relativistic case (ignore  term) write , eqn motion is:⃗v × ⃗B
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“There are few topics in laser-plasma interactions that have caused such persistent 
arguments as the curiously named ponderomotive force.” 
Paul Gibbon, “Short Pulse Laser Interactions with Matter: An Introduction”

‣ Hence the time-average kinetic energy (the “quiver energy”) is

‣ The ponderomotive force is the derivative of this energy:
<latexit sha1_base64="aTTnIqGHjZnpCMrgzDsHLeQEg1s="></latexit>
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Operating regimes

๏
๏ Sinusoidal wakefield

๏ Period = 

a0 < 1

λp

10

E
E

Linear regime

๏ Electron density becomes “spiky”
๏ Electric field adopts “sawtooth” 

profile and can exceed Ewb
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๏
๏ Plasma wavelength increases since

a0 ≫ 1

Nonlinear regime
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Laser-driven plasma accelerators are limited by the “three Ds”
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‣ Dephasing
๏ Electrons move from accelerating to decelerating 

phase in the dephasing distance Ld

‣ Depletion
๏ Driving laser loses energy in the pump depletion 
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1016 1017 1018 1019
0.001

0.01

0.1

1.

10.

100.

ne / cm-3

L d
/m

1016 1017 1018 1019
0.001

0.01

0.1

1.

10.

100.

ne / cm-3

L p
d
/m a0 = 0.5

a0 = 2

a0 = 4

electron laser

v < cv = c



Simon Hooker
RAL PPD seminar
30th September 2026

Particle energy gain
‣ In 1D electron energy gain is given by,

‣ If  is given by  or .Lacc Ldephasing Ldeplete

<latexit sha1_base64="FBAHgxVKvQ7urnlxW6ZFlX/k4Ek="></latexit>
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Progress in plasma accelerators 
1979 - 2004
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In the beginning …

14
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Progress linked to advances in laser technology
Plasma beat-wave

‣ Combine 2 long pulses with freqs 
๏ Wake amplitudes of 28% 
๏ ΔW = 38 MeV (external injection)

‣ Wakefield saturates due to relativistic 
increase in electron mass (Rosenbluth-
Liu limit)
๏ Rosenbluth & Liu, Phys. Rev. Lett. 29 

701 (1972)

ω1, ω2
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VOLUME 70, NUMBER 1 PH YSICAL REVIEW LETTERS 4 JANUARY 1993

Ultrahigh-Gradient Acceleration of Injected Electrons by
Laser-Excited Relativistic Electron Plasma Waves

C. E. Clayton, K. A. Marsh, A. Dyson, M. Everett, A. Lal, W. P. Leemans, ' R. Williams, and C. Joshi
Department of Electrical Engineering, University of California, Los AngelesC, alifornia 90024

(Received 14 September 1992)
High-gradient acceleration of externally injected 2. 1-MeV electrons by a laser beat wave driven rela-

tivistic plasma wave has been demonstrated for the first time. Electrons with energies up to the detec-
tion limit of 9.1 MeV were detected when such a plasma wave was resonantly excited using a two-
frequency laser. This implies a gradient of 0.7 GeV/m, corresponding to a plasma-wave amplitude of
more than 8%. The electron signal was below detection threshold without injection or when the laser
was operated on a single freqoency.

PACS numbers: 52.35.Mw, 52.40.Nk, 52.75.Di

Recently there has been a resurgence of interest in col-
lective particle acceleration techniques using waves in
plasmas because of their potential for ultrahigh —GeV/
m gradient acceleration of particles [1]. In one such
scheme, known as the plasma beat wave accelerator [2],
two copropagating laser beams with frequencies and wave
numbers cubi, k ~ and co2, k2 resonantly drive a plasma wave
with frequency co~ =co2—mi and wave number kz =k2—ki. The phase velocity vt, =to~/k~ of this relativistic
plasma wave is nearly the speed of light c if m i= co2 » co&. The longitudinal electric field associated
with such a wave is given by eno V/cm, where e is the
density modulation ni/no and no is the plasma electron
density in cm . Thus for n i/no =0.1 and 10'
(np& 10' cm, accelerating fields of =0.3 &E (3
GeV/m are possible. Experiments around the world have
reported beat excitation of relativistic plasma waves using
CO2 [3,4] and Nd:glass lasers [5]. However, no con-
clusive demonstration of acceleration of externally inject-
ed electrons has been reported. If practical, such an ac-
celerator could have an impact on future high-energy
linear colliders, compact sources of tunable x rays for ma-
terials and biological studies, and medical applications.
In this Letter, we demonstrate for the first time such
ultrahigh-gradient acceleration of externally injected
electrons by laser beat wave excited relativistic electron
plasma ~aves.
The experimental setup is shown schematically in Fig.

1. The CO2 laser system [6] produced a two-frequency
laser beam with 60~10 J at wavelength ki =10.59 pm
and 10~5 J at F2=10.29 pm. The resonant density is
thus np=8. 6x10' cm . The laser pulse had an ap-
proximately linear rise time of 150 ps and 300 ps
FWHM. It was focused with an f/11.5 oA'-axis parabolic
mirror to a nearly diAraction-limited spot size of 300 pm
diameter, resulting in peak normalized quiver velocities
ai 2=eEi 2/mtoi 2c =0.17 and 0.07, respectively. Here
Ei 2 are the electric fields of the two laser beams. The
vacuum chamber contained a static fill of hydrogen gas
with fill pressure in the range 110-200 m Torr. The plas-
ma, produced by tunnel ionization of the gas [71, was im-

Pole piece for
imaging electron
spectrometer

CCD
camera

2 v
trajectory

Aperture

.1 Me
PQ Plastic

l::;:;:'] Magnet

Probe
beam

Thomson
scattered

11 Collinear pump beams
and electron probe beam

Vacuum
chamber

To Backscatter
Diagnostics

FIG. 1. Schematic of the experimental arrangement.

aged onto a charge-coupled-device (CCD) camera. The
images show the plasma existing over more than 20 mm
along the laser beam with a fully ionized core emitting
uniform brightness of visible radiation that is about 10
mm in length. The full length at half the peak intensity
of the focused beam (twice the Rayleigh length zR) was
measured to be = 16 mm. The laser has sufficient inten-
sity to fully ionize the hydrogen at best focus by around
25 ps into the rising edge of the pulse and fully ionize
over more than 12 mm on either side of best focus by the
peak of the pulse [7].
The source of electrons for injection was a 9.3-6Hz rf

linac producing a train of 20-ps-long micropulses separat-
ed by 110 ps within a 5-ns macropulse envelope [8]. The
average macropulse current where the plasma wave and
the electrons overlap was 15 mA and the spot size of the
f/10-focused electrons was = 250 pm FWHM. These
electrons had an injection energy of 2. 1 MeV with an en-
ergy spread of 5% F%'HM. The laser and the electron
macropulse were synchronized to ~ 100 ps. A one-
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apparent resonant pressure of 165 mTorr. Thus the corre-
lation between the plasma brightness and the Thomson
scattered power from the RPW [13] and that between the
plasma brightness and the total number of accelerated
electrons, apparent in Fig. 1(b), suggest that the factor
of 2 increase between curves 2 and 3 is due to the presence
of a RPW. From these observations, we can infer that, for
a two-wavelength LP an effective length of the RPW
(integrated over time) is probably !30 mm. We note
that the apparent resonant pressure of 165 mTorr in
Fig. 1(b) is !15% higher than the theoretical resonant
pressure of 143 mTorr calculated for the given pair of CO2
lines [3].

To study its evolution in time, the RPW was probed
collinearly by a 10 ps (FWHM) electron bunch. CO2 laser
pulses and electron bunches were synchronized with a
total uncertainty of 20 ps [13]. By analyzing signals on
SBDs placed at 22 and 27 MeVas a function of the relative
time between the laser pulse and the electron bunch, the
temporal dynamics of the longitudinal electric field of the
RPW (integrated along the electron trajectory) was mea-
sured. The results of these measurements at the resonant
pressure are shown in Fig. 2(a) along with pulse profiles
for both the SP and LP. For the SPs, the signal on the
22 MeV SBD peaked when electrons were injected at the
maximum of the CO2 laser pulse, whereas the 27 MeV
SBD did not show any signal. When the LPs were used,
the number of 22 MeVelectrons increased by a factor of 4
and 27 MeV electrons were detected. However, this en-
hanced acceleration occurs not at the peak of the CO2
laser pulse but after an additional time delay approxi-
mately 250 ps from the start of the pulse, as can be seen in
Fig. 2(a). This time delay is consistent with the !ti.

Numerous accelerated electron spectra when the PBWA
was driven by a SP revealed that the maximum energy
gain Wmax did not exceed 10 MeV (signal observed on the

22 MeV detector). The diameter of the laser beam was
larger than the plasma wavelength of 340 !m. Thus using
the one dimensional formalism for Wmax " 0:96"n0:5e L,
the wave amplitude " can be estimated. For a length L "
10 mm and observed Wmax " 10 MeV, "! 0:1, which is
in good agreement with the value obtained from the
Thomson scattering measurements [15].

The electron spectrum for LPs, as shown in Fig. 2(b),
extended up to 50 MeV. Continuous electron energy spread
was obtained because both transverse and longitudinal
sizes of the e beam were larger than the spot size and the
wavelength of the RPW. The total number of accelerated
electrons in the case of LPs was 3# 106 or $1% of the
injected number of particles. The flatness of the spectrum
from 22 to 50 MeV is believed to be due to the small
observation angle (a f=75 cone). As a result we detected
only electrons with an emittance of about 10 mm mrad,
which is comparable with the emittance of the injected
e beam.

From the experimental data we conclude the following:
The plasma beat wave length-amplitude product is 3.8
times larger for the LPs in comparison with the SPs,
consistent with the observed increase in the effective
length of RPW deduced earlier in connection with
Fig. 1(a) and the energy gain for injected electrons in
Fig. 2(b). Figure 1(a) also shows that for LPs the plasma
length increased downstream from the backfill focus. In
the experiment the apparent resonant pressure in Fig. 1(b)
is too high for resonant excitation of a RPW. Therefore for
the RPW to exist the initial plasma density somewhere
must be depressed. The transverse ponderomotive force of
the laser field can bring the density down to the resonant
density on a hydrodynamic time scale !ti. Note that we
observe the enhancement in the energy gained by injected
electrons in Fig. 2(a) on the same time scale. For LPs only
this ponderomotively induced on-axis density depression
!ne % 15% can guide a laser beam at the backfill focus,
compensate for IID, feed energy to the downstream re-
gion causing further ionization and increase in the RPW
length. Using the channel guiding condition [9], !ne "
&r0!w2

ch'(1, where wch is the radius of a parabolic channel
and r0 is the classical electron radius, we obtain wch "
282 !m that is close to the backfill focus spot size and
therefore the laser beam can be guided. Hence, after the
250-ps delay the plasma density in the channel is close to
optimal for resonant driving of the RPW and channel-
enhanced acceleration of electrons. Since ionization, re-
fraction, channel formation, and excitation of the RPW
are all complex and coupled phenomena, we used the 2D
ponderomotive guiding center PIC code TURBOWAVE [18]
to gain insight into this dynamics.

The SP and LP regimes were analyzed by taking a laser
pulse with an 80-ps rise time and a constant intensity of
4# 1014 W=cm2 lasting for 80 and 320 ps, respectively.
The initial gas pressure was set to be 10% above the
theoretical value of the resonant pressure. Contour plots
of laser intensity and ion density distributions for two

FIG. 2 (color online). (a) Time dependence of the number of
electrons with energy 22 MeV (diamonds) obtained using a
short laser pulse (SP) and 27 MeV (squares) obtained with a
long pulse (LP) and the schematic pulse profiles for a SP (dotted
line) and a LP (dashed line). (b) Combined spectra of electrons
accelerated by a LP driven PBWA recorded using two magnet
settings: the low-energy side (12–27 MeV) at 0.4 T and the
high-energy side (27–50 MeV) at 0.7 T. The black arrows
indicate the saturation of the detector’s amplifier.

P H Y S I C A L R E V I E W L E T T E R S week ending
5 MARCH 2004VOLUME 92, NUMBER 9

095004-3 095004-3

C.E. Clayton et al. Phys Rev. 
Lett. 70 37 (1993)

Tochitsky et al. Phys Rev. Lett. 92 
095004 (2004)
Laser: 200 J, 400 ps (CO2)
Plasma: ne ~ 9 × 1015 cm-3

Injected electrons: 12 MeV
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Chirped-pulse amplification allows the generation of short laser pulses with high energies
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compressor

amplifiers

short

input pulse

stretched

and chirped pulse

amplified

chirped pulse

amplified

short pulse

stretcher

BELLA 1 PW Ti:sapphire laser at 
LBNL
E = 40 J, τ = 33 fs, 1 Hz

2018 Nobel Prize in Physics awarded to Donna Strickland and Gérard 
Mourou for their method of generating high-intensity, ultra-short 

optical pulses
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laser pulse

spherical “cavity”

self-injected
electrons

R

High-intensity ultrafast lasers: The bubble regime
‣ For short, high-intensity pulses ponderomotive force 

can expel all electrons from region behind laser 
pulse. Requires

๏

๏

a0 > 2

cτ < w0 ≈ R ≈
λp

π
a0
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‣ Approx spherical cavity (“bubble”) of radius R 
formed
๏ Linear focusing field: preserves emittance

‣ Laser pulse relativistically guided over many 

‣ Electrons self-injected
zR

Further reading 
A. Pukhov & J. Meyer-ter-Vehn Appl. Phys. B 74 355 (2002) 
W. Lu et al. PRSTAB 10 061301 (2007)
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Dream beams!

18

action length (see Fig. 4). In contrast, at higher densities the
dephasing distance is shorter than the interaction distance, and so
a quasi-maxwellian distribution of electrons emerges from the
plasma (Fig. 2d).

This acceleration mechanism described is supported by particle-
in-cell simulations of the interaction, performed using the code
OSIRIS25 on an eight G5 node “Applecluster” at Imperial College
London. The simulations were performed over the range of our
experimental parameters, and in 2D3V (two spatial but three
momentum and field dimensions.) As previously noted14, 2D3V
simulations can underestimate the maximum electron energies,

owing to reductions in the degrees of freedom for self-focusing and
plasma wave growth. However, they do accurately describe the
phenomenology of the interaction.
As in the experiments, the simulations show that for plasma

densities for which the plasma wavelength is greater than the pulse
length (lp $ ct), a plasma wave is generated, but there is no wave-
breaking. At these low densities the forced laser wakefield mecha-
nism14 is ineffective. But at densities slightly above this threshold, a
noticeable change occurs in the interaction. The generation of the
plasma wave causes self-focusing of the laser pulse away from its
leading edge, owing to the radial density profile of the plasma wave.
It is noted that for short pulses relativistic self-focusing is ineffective
for the front of the pulse26. The laser pulse becomes shaped like a
cone, tapered towards the rear, with a length close to lp. This causes
a feedback mechanism, where the increasing laser intensity towards
the back causes the plasma wave amplitude to grow, which can
further focus the laser pulse. As the plasma wave reaches large
amplitude the longitudinal motion of the electrons in the wave
becomes relativistic, which leads to a lengthening of the plasma
wavelength.
Crucially, as the laser pulse length is now less than the plasma

wavelength, plasma electrons can stream into the plasma wave
transversely behind the laser pulse, where previously they were
excluded by the laser’s ponderomotive force. Because the waveform
is non-sinusoidal, a large number of electrons can be injected into a
particular phase of the plasma wave and experience an accelerating
force. This transverse breaking of the wave reduces the electric field
strength of the plasma wave, thus preventing further injection and
so ensuring an electron bunch localized in position and time. The
transverse injection of electrons can explain why the plasma wave
can break at amplitudes significantly less (E < E0) than the one-
dimensional cold wave-breaking limit, Ewb ¼

ffiffiffi
2

p
ðgp 2 1Þ1=2E0,

where gp is the Lorentz factor associated with the plasma wave
(gp < q0/qpe) (ref. 24).
All of the electrons in this bunch then experience very similar

acceleration as is demonstrated in Fig. 5, until they begin to outrun
the steepened accelerating front of the plasma wave. If the length of

Figure 3Measured electron spectrum at a density of 2 £ 1019 cm23. Laser parameters:

E ¼ 500mJ, t ¼ 40 fs, I < 2.5 £ 1018W cm22. The energy spread is ^3%. The

energy of this monoenergetic beam fluctuated by,30%, owing to variations in the laser

parameters.

Figure 5 Evolution of the energy spectrum of the electrons (integrated over the two-

dimensional simulation box) during a 1mm interaction at a plasma density of

n e ¼ 2.1 £ 1019 cm23. The simulation space was 1,536 £ 1,024 cells (16 cells per l)

with 4 electrons per cell. At the time indicated by the arrow (1) the pulse is self-focused

and some relativistic electrons have appeared, but at quite low energies. The laser pulse

front begins to steepen owing to the forced wakefield mechanism14 and this causes the

wakefield amplitude to grow. At time (2), the plasma wavelength begins to increase

relativistically, and at this point transverse wave-breaking takes place. This bunch

experiences a uniform acceleration to high energy. At later time (3), further plasma

oscillations, behind the initial one, also break transversely, resulting in multiple bunches

of accelerated electrons. As they travel further, these electron bunches begin to

dephase with respect to the plasma wave causing energy spread, just before they leave

the plasma (4).

Figure 4 Plot of dephasing length and cold wave-breaking amplitude versus plasma
density. Simulations show that the dephasing length in a nonlinear plasma wave remains

close to the linear value, L d < 2pcq 2/q pe
3 , owing to competition between the

nonlinearly increasing plasma wavelength, and the decrease in laser pulse group velocity

due to photon deceleration. The dephasing lengths (circles) and wave-breaking

amplitudes (squares) corresponding to the spectra shown in Fig. 2 are indicated; those in

the red shaded region correspond to the spectra that exhibited monoenergetic features,

and those in the blue shaded region correspond to the spectra that exhibited maxwellian

energy distributions. The green line indicates the interaction length observed using

transverse imaging diagnostics.
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Mangles et al. Nature 431 535 (2004)
E = 0.5 J, τ = 40fs, a0 ≈ 1
ne = 2 × 1019 cm-3

Faure et al. Nature 431 541 (2004)
E = 1 J, τ = 33fs, a0 ≈ 1.2
ne = 6 × 1018 cm-3

Geddes et al. Nature 431 538 (2004)
E = 0.5 J, τ = 55 fs, a0 ≈ 2.3
ne = 2 × 1019 cm-3

high-charge electron beams with small energy spread at high energy,
a unique feature that has not been observed in previous laser plasma
acceleration experiments. To obtain the beam charge, the spec-
trometer phosphor screen has been calibrated against an integrating
current transformer (ICT) and against radionuclide activation
measurements9, both of which are consistent. For the data shown
in Fig. 3, the ^2% energy spread of the peak centred at 86MeV is
essentially limited by the spectrometer resolution, so that the beam
may in fact have narrower energy spread. The divergence of the
bunch at 86MeV was half that of the integrated beam observed on
the phosphor before the magnet, consistent with previous exper-
iments that have shown that higher-energy electrons were more
collimated2. The bunch shows a contrast ratio greater than 10:1
above a broad distribution of charge extending on either side. Space
charge effects should be minimal for this relativistic beam, so
assuming ballistic propagation from a source the size of the laser
spot in the channel (8.5 mm at entrance, 24 mm at exit), an upper
limit for the emittance can be obtained. Femtosecond bunches have
hence been produced25 containing 2 £ 109 electrons with geometric
and normalized r.m.s. emittances e x below 0.05–0.01pmmmrad
and below 1–2pmmmrad r.m.s., respectively. The peak current is
of the order of 10 kAwith emittance comparable to the best state of
the art RF facilities11. Bunches with energy up to 150MeV have been
observed on separate shots (see below).
Two-dimensional simulations using the particle in cell (PIC)

code VORPAL26 with parameters close to the experiment indicate
that the high-quality electron bunches observedmay be formed by a
combination of pulse evolution, beam loading, and dephasing. As
the drive laser pulse propagates through the plasma it self modu-
lates, driving an intense plasmawake that traps electrons. The initial
bunch of trapped electrons induces a secondary wake which inter-
feres with the primary wake, reducing its amplitude27. If the drive
laser pulse energy is just above the threshold for trapping, this beam
loading effect suppresses further injection, creating an electron
bunch isolated in phase space. The trapped electrons are then
accelerated until they outrun (dephase from) the wake, at which
point they are concentrated in phase and energy, forming a high-
quality bunch with low energy spread (Fig. 4). Matching accelerator
length and dephasing length to obtain high-quality bunches with
the parameters (jet length and ZR) of this experiment required
maintaining the intensity of the laser over many ZR using a guiding

channel. This dephasing condition can alternatively be met by a
short plasma at high density (see below) or by using a larger laser
spot size to extend ZR, but these alternatives are less efficient since
high density lowers peak energy while large spot size requires many
times greater laser power. Fluid28 and other PIC29 simulations have
also observed that longer acceleration length results in narrow
energy spread. Only one accelerating period of the plasma wave
contributes to the high-energy beam due to beam loading in these
simulations, so that the bunch length is less than a plasma period; for
the experimental parameters the bunch length is near 10 fs FWHM.

The quality of optical guiding as well as the pointing, quality and
charge of the electron beams at high energy fluctuated from shot to
shot, probably caused by laser pointing jitter that changes the
overlap between the wake drive pulse and the channel formation
pulses (and hence guide quality and incoupling) as well as laser
power fluctuations. Beams with 3 £ 109 electrons have been
observed at similar energies (78 ^ 3MeV FWHM), and electrons
were observed up to the limit of our 558 high-resolution spec-
trometer (92MeV). Using a separate phosphor screen placed after
the magnet at a 58 angle to the beam, we observed bunches at
energies up to 150MeV, but this diagnostic does not allow the fine
resolution required to resolve energy spread. Structure in the energy
spectrum has been seen for electrons with energy as low as 15MeV.
Below 15MeV there is an essentially continuous distribution, and
total beam charge was 1.7 £ 1010 electrons as measured by the ICT,
subtending f/8. Using a bend magnet, the low-energy contribution
can be separated, leaving a high-energy, high-quality beam with a
few times 109 electrons. Consistent control of guiding and electron
injection16,17 in order to stabilize these beams are among the next
challenges for laser accelerators.

To provide a baseline for evaluating the effects of guiding, the
accelerator was operated with the same gas jet and laser but without
the guiding channel. As seen in Fig. 2c and d, the laser pulse
diffracted strongly, limiting the acceleration length. The electron
beam had a total charge of 1.5 £ 1010 electrons, as measured by the
ICT, with divergence near 50mrad FWHM. The electron energy
spectrum is described by a two-temperature Boltzmann distri-
bution characterized by a 2.6MeV temperature below 10MeV and
an 8MeV temperature above 10MeV. Structure in the energy
spectrum did occur occasionally in the tail of the distribution
above 15MeV containing ,2% of the charge, consistent with a
beam accelerated over a short distance and with previous exper-

Figure 3 Single-shot electron beam spectrum and divergence of the channel-guided

accelerator, showing a bunch containing 2 £ 109 electrons in a narrow distribution at

86 ^ 1.8MeV and 3mrad divergence FWHM with contrast .10:1 above background.

This distribution is qualitatively different from the exponential distribution obtained in past

(unchannelled) laser acceleration experiments. The magnetic spectrometer consists of a

slit 82 cm from the gas jet, a bend of 558 in a dipole magnet to provide dispersion, and a

phosphor screen (LANEX Fast backed by an aluminium foil to reject laser light) imaged by

a CCD camera. Single-shot energy range is^15% about a central value selectable from 1

to 80MeV, and resolution is dE/E ¼ ^2%. The vertical beam size is obtained in the

undispersed direction, allowing the simultaneous determination of (vertical) divergence

and energy. Since electron beams observed on the phosphor before the magnet were

typically round in shape, this vertical divergence measurement is representative.

Figure 4 Particle in cell simulations, here displaying the phase space of the electrons,

show an energy distribution similar to that in the experiments. A high-quality electron

bunch is formed when the acceleration length is matched to the dephasing length, and

when the laser strength is such that beam loading is sufficiently strong to turn off injection

after the initial bunch of electrons is loaded. The peak energy observed in the simulations

is 200MeV, close to the experimental result.
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Increasing the particle energy: 
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De-focusing
‣ Diffraction limits Lacc ≈ zR

20

z / zR
0 1 2-1-2

λ/πw0

√2 w0

w0
√2 w0

<latexit sha1_base64="3h5KW5S0K3V/JfNIIl8cC4VosQQ=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhMVVKhwoJUwcJYEH2IJkSO47RWHSeyHVAVZWXhV1gYQIiVP2Djb3DbDNBypCsdnXOvfe/xE0alsqxvY2FxaXlltbRWXt/Y3No2d3bbMk4FJi0cs1h0fSQJo5y0FFWMdBNBUOQz0vGHF2O/c0+EpDG/UaOEuBHqcxpSjJSWPBPeetfwDDqhQDhzEgofPOuulmcO028EKC97ZsWqWhPAeWIXpAIKND3zywlinEaEK8yQlD3bSpSbIaEoZiQvO6kkCcJD1Cc9TTmKiHSzySU5PNRKAMNY6OIKTtTfExmKpBxFvu6MkBrIWW8s/uf1UhWeuhnlSaoIx9OPwpRBFcNxLDCggmDFRpogLKjeFeIB0qEoHd44BHv25HnSrlXterV+dVxpnBdxlMA+OABHwAYnoAEuQRO0AAaP4Bm8gjfjyXgx3o2PaeuCUczsgT8wPn8AsVSZGA==</latexit>

ZR =
⇡w2

0

�

<latexit sha1_base64="H1jHU1gzcGnJokQeKp0e7FE0PyM="></latexit>

Example :

w0 = 10µm; � = 1µm

) ZR = 0.3mm

�W / Ewb ⇥min(Ld, Lpd)

/
p
ne

1

n3/2
e

/ 1

ne

‣ IF defocusing can be overcome, particle energy 
gain:

‣ Factor 10 increase in energy requires factor 10 
decrease in density and factor 30 increase in 

‣ Reaching GeV-scale energies requires the 
driving laser pules to be guided over several cm

Lacc
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Gradient refractive index guiding

‣ A structure with a radially-decreasing refractive index  will act as a waveguideη

21
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Relativistic self-focusing
‣ Refractive index of plasma:

22
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‣ Relativistic self-focusing: transverse intensity profile forms 
GRIN structure

‣ Critical power for self-focusing given by,
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Plasma channels

‣ Alternatively, we can shape the plasma:

23
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‣ Gaussian beam of spot size  is matched to lowest-order mode of a parabolic plasma channel of 
form,
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Gas-filled capillary discharge waveguide
‣ Pulsed discharge creates plasma in H2-

filled capillary

๏ ~300 A peak
๏ ~ 200 ns half-period

‣ Heat conduction to wall forms channel

‣ Used by Oxford-LBNL collaboration to 
generate 1 GeV beam for first time in 
33 mm long channel

24

gas
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HVHV

elecrode

25 mm

Further reading 
Spence et al. Phys. Rev. E 63 015401(R) (2001)
Bobrova et al Phys. Rev, E 65 016407 (2002)
Butler et al. Phys. Rev. Lett. 89 185003 (2002)
Leemans et al. Nat. Phys. 2 696 (2006)
Gonsalves et al. Phys. Rev. Lett. 98 025002 (2007)
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Optically generated plasma channels
‣ Channels formed by hydrodynamic expansion of 

collisionally-heated plasma column pioneered by 
Milchberg et al.
๏ Free-standing & “indestructible”

๏ Requires high density ( ) for efficient 
heating

‣ Extensively studied by the Milchberg group:
๏ Original concept: 

Durfee & Milchberg, Phys. Rev. Lett. 71 2409 (1993)
Clark & Milchberg, Phys. Rev. Lett. 78, 2373–2376 (1997).

๏ Mode properties:
T. R. Clark & H. M. Milchberg, Phys Rev E 61 1954 (2000).

๏ Clustered gases:
V. Kumarappan et al. PRL 94 205004 (2005)

≳ 1018 cm−3
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Hydrodynamic optical-field-ionized (HOFI) plasma channels
‣ Optical field ionization occurs when laser field 

comparable to field binding valance electrons

‣ Final energy of electrons depends on laser 
polarization
๏ Linear : “cold” electrons
๏ Circular: “hot” electrons

‣ Electron energies independent of density

‣ OFI could generate lower density channels 
( )

Lemos et al., Phys. of Plas. 20 063102 (2013) 
Lemos et al., Phys. of Plas. 20 103109 (2013)
Hooker et al., Advanced Accelerators Concepts 
Workshop (2016)
R. Shalloo, D.Phil thesis, Oxford (2018)
Shalloo et al. Phys. Rev. E 97 053203 (2018)
Shalloo et al. Phys. Rev. Accel. Beam 22 41302 (2019)

≲ 1017 cm−3
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HOFI plasma channels
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R.J. Shalloo et al. Phys Rev Accel. Beam 22 41302 (2019)
A. Picksley et al. Phys Rev E 102 053201 (2020)

Astra-Gemini TA2 expts 2018 
Channel-forming pulse 
τ:	 45 fs 
Poln: 	Circular 
Axicon:	5.6o (base)

Guided pulse 
τ:	 45 fs 
Poln:	Linear 
zR: 	 1.1 mm 
I0:	 4 × 1017 W cm-2

‣ Energy transmission 
observed to increase with 
intensity of guided beam

‣ Transverse interferometry 
after guided pulse shows 
formation of very deep, 
low loss channels
๏ Lattn ≫ 1 m

channel-forming
beam

drive
pulse

conditioning
pulse

axicon

holed mirror

gas cell

to
interferometer

probe
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HOFIplasma channels
‣ Channel formed by two-stage process

๏ Expansion  weak channel

๏ Ionization of gas collar  deep, low loss ( ) 
channels

Morozov et al.  Phys. of Plas. 25, 053110 (2018).
Picksley et al. Phys. Rev. E 102, 053201 (2020)
Feder et al. Phys. Rev. Res. 2 043173 (2020)
Miao et al. Phys. Rev. Accel. Beams 27 081302 (2024)

→
→ Lattn ≫ 1 m
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Guiding over 100 mm

29

Deformable 
Mirror

Astra-Gemini TA3 expts 2019 
Channel-forming pulse 
τ:	 45 fs 
Poln: 	Circular 
Axicon:	5.6o (base) 
Iax:	 6 × 1015 Wcm-2

Guided pulse 
τ:	 40 fs 
Poln:	Linear 
w0: 	 38 µm 
I0:	 6 × 1017 W cm-2

100 mm long channel

Picksley et al. Phys Rev Accel Beam 23 81303 (2020)

ne(0) ≈ 2 × 1017 cm−3
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HOFI channels are becoming the channel of choice!
‣ Demonstration of kHz capability

๏ Operation at 0.4 kHz over 6.5 hours with no change in guiding 
properties

Alejo et al. Phys. Rev. Acc. Beams 25 011301 (2022)

‣ Generation of metre-scale channels
Shrock et al.,Phys Plasmas 29, 073101 (2022).
Miao et al., Rev. Sci. Instrum. 96, 043003 (2025).
Tripathi et al., Opt. Lett. 50, 3441 (2025).

‣ Electron acceleration in HOFI channels
Miao et al., Phys Rev X 12, 031038 (2022).
Oubrerie et al. Light Sci. Appl. 11, 180 (2022).
Picksley et al., Phys. Rev. Lett. 131, 245001 (2023).
Picksley et al., Phys. Rev. Lett. 133, 255001 (2024).
Shrock et al., Phys. Rev. Lett. 133, 045002 (2024).
Rockafellow et al.Phys. Plasmas 32, 053102 (2025).
Lahaye et al., Phys. Rev. Accel. Beams 28, 091301 (2025).
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Picksley et al., Phys. Rev. Lett. 133, 255001 (2024).
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HOFI channels are becoming the channel of choice!

31

๏ “…[HOFI channels] are advantageous since 
their structure is immune to damage…”

๏ “… HOFI waveguides offer the ability to 
generate plasma channels with relatively small 
matched spot sizes at low plasma densities, 
consistent with the required multi-GeV 
acceleration.”

The Plasma Injector
for PETRA IV.
Enabling Plasma Accelerators for Next-generation Light Sources
Conceptual Design Report

Deutsches Elektronen-Synchrotron DESY
A Research Centre of the Helmholtz Association
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GeV-scale beams are “routine” & are starting to drive applications
‣ 100 eV radiation from undulators

๏ Fuchs et al. Nat. Phys. 5 826 (2009)

‣ 10 - 150 keV radiation from betatron motion
๏ Kneip et al. Nat. Phys. 6 980 (2010)
๏ Cippiccia et al. Nat. Phys. 7 861 (2011)

‣ 1 - 100s MeV from Thomson / Compton scattering
๏ Powers et al. Nat. Photon. 8 28 (2013)
๏ Khrennikov et al. Phys. Rev. Lett. 114 195003 (2015)

‣ FEL gain demonstrated!
๏ 27 nm : Wang et al Nature 595 516 (2021)
๏ 800 nm: Pompili et al. Nature 605 659 (2022)

33

Drive beam

Dual-gas jet

Scattering beam

X-ray

Ross filters
CsI

Electron
beamLanex

B-field

plasma wave 
with strong focusing force

x-ray radiation

electron trajectory 
inside the plasma wave

‣ First user facilities being planned & developed
๏ EPAC, Harwell : under construction, first expts in 2026 
๏ EuPRAXIA : laser- and beam-driven FELs being developed at 2 

sites.

https://www.harwellcampus.com/facilities/extreme-photonics-applications-centre-epac/
https://www.eupraxia-facility.org/
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Challenges … and possible solutions

34

Reduce bunch 
energy spread

ΔE/E ∼ 0.2 − 0.4 % RMS

Reduce bunch 
emittance

ϵn ∼ 0.2π mm mrad

Increase 
reproducibility*

∼ 1% − 10 %

Increase pulse 
repetition rate
frep ≲ 10 Hz

Increase wall-
plug efficiency

ηlaser−electron ∼ 3 %

Control electron 
injection Feedback & ML Novel laser 

technology
Novel wake 
approaches

Accelerate 
positrons!

๏ Parameters from
M. Fuchs et al., “Snowmass whitepaper AF6: Plasma-based particle sources,” arXiv:2203.08379v2

๏ * My estimate
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Increasing stability: 24 hour beam generation
‣ DESY LUX beamline

๏ 1 Hz rep. rate
๏ 24 hour operation demonstrated
๏ Laser spectrum, energy, beam profile 

monitored at each stage of beam line

‣ Large data set allowed correlations to be 
determined
๏ Correlations measured over 2 hours could 

predict electron energy for next 6 hours

35

Laser parameters
EL = 2.4 J
τ = 42 fs

Electron parameters
E = 368 MeV
ΔE = 54 MeV rms
Q = 25 pC
Δθ = 1.8 mrad rms
σθx

= 0.8 mrad rms
σθy

= 0.7 mrad rms<latexit sha1_base64="RfgF82lQYmE1AhqYooJv16XIm98="></latexit>
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A.R. Maier et al. Phys Rev X 10, 031039 (2020).



Simon Hooker
RAL PPD seminar
30th September 2026

Increasing stability: Active energy stabilization
‣ Active energy stabilization

๏ Magnetic chicane imprints linear energy-time 
correlation

1% energy spread beams stretched by factor of ~ 
1000

๏ Dechirper cavity: 5 m long S-band RF cavity

‣ Improved energy stability
๏ Energy spread: 1.8% → 0.097%
๏ Energy jitter: 3.5% → 0.048%
๏ Fractional charge within ±1% window: 18.1% → 

99.9%

‣ Future:
๏ Extend to higher energy electron beams

Use X-band for de-chirper cavity to prevent increase 
in footprint

๏ Extend to plasma-based dechirper

36

P. Winkler et al. Nature 640, 907–910 (2025)
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A smaller, cheaper, greener, and (possibly) quicker Higgs factory in Europe

> Sidesteps the ‘positron problem’ in plasma (arising due to charge asymmetry of plasma) 
> Positrons accelerated in Cool-Copper RF (40 MV/m) and electrons in plasma (1 GV/m) 

> Luminosity (250 GeV com) — 1.2x1024 cm-2s-1 (53% in top 1%) ➞ similar to ILC (by design) 
> Cost (250 GeV com) — 3.8B CHF ➞ ~50% of the cost of CLIC and ILC 

> Also performed for 380 and 550 GeV (presented in the ESPPU submission arXiv:2503.19880v2) 
> Much targeted (plasma & RF) R&D still required (staging, repetition rate, stability, polarisation, etc.)

Facility length: ~5 km

Dual interaction points
(250 GeV c.o.m.)

RF linac
(3 GeV e–) 

Driver RF linac
(4 GeV e–, 4 MV/m, 1 GHz)

Combiner
rings

(4x & 3x)

Plasma-accelerator linac
(48 stages, 7.8 GeV per stage, 1 GV/m)

Dual beam-
delivery system
 (375 GeV e–)

Delay
loop

Helical
undulator

Positron
target

(4.8 nC)

Positron
transfer line
(3 GeV e+)

RF linac
(3 GeV e+)

e+
e–

Cool-copper RF linac
(42 GeV e+, 40 MV/m, 3 GHz) 

Damping
rings

(3 GeV)
Liquid nitrogen plants

(2.5 MW at 77°K) 

Electron
source

(1.6 nC)

Driver source
(8 nC)

Surface-to-underground
transfer line (5% slope)

Surface complex

Dual beam-
delivery system

 (42 GeV e+)

Source: Foster et al., Phys. Open 23, 100261 (2025)

https://doi.org/10.1016/j.physo.2025.100261
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Increasing repetition rate
‣ Driving laser of choice is Ti:sapphire (> 1 J, < 50 fs)

๏ High-energy systems limited to low rep rate ( )

๏ Low wall-plug efficiency

‣ But many applications require  …

frep ≲ 10 Hz

frep ≳ 1 kHz

38

BELLA Ti:sapphire laser at LBNL
E = 40 J, τ = 33 fs, 1 Hz



Increasing the repetition rate: 
Plasma-Modulated Plasma 

Accelerators
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P-MoPAs
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pulse train

growing plasma wave

identical electric fields

‣ Commercially-available Yb:YAG thin-disk lasers (TDLs) can 
generate ~ 1 J, ~ 1 ps, 1 kHz pulses:

Y. Wang et al. Opt. Lett. 45 6615 (2020)
Herkommer et al. Opt. Exp. 28 30164 (2020): 0.72 J, 0.9 ps, 1 kHz

‣ Could we drive LWFAs with these lasers?

Yb:YAG TDL at CALA, 
Munich.
E = 10 J, τ ~1ps , 10 Hz 
(currently), λ = 1030 nm

‣ TDL pulses too long to drive wake directly …
๏ … but could resonantly excite wakefield if modulate pulse at 

plasma period
๏ … but no second freq. laser available …
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P-MoPA : Plasma-modulated plasma accelerator

41
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I(ω)
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2. Compressor1. Modulator 3. AcceleratorReject seed
pulse

Drive pulse
Low-amplitude

plasma wave
Large-amplitude

plasma wave

Seed pulse

Step 1: Modulator:
๏ Co-propagate long (1 ps), high-energy “drive” pulse with 

low-amplitude wake driven by short (< 100 fs), low-
energy “seed” pulse

๏ Drive develops sidebands at ω = ω0 ± mωp

The P-MoPA concept

Step 2: Compressor:
๏ Remove spectral phase of spectrally-modulated drive

๏ Forms a train of short pulses spaced by Δt = 2π/ωp

Step 3: Accelerator:
๏ Train resonantly excites a large-amplitude wakefield

O. Jakobsson et al. Phys Rev Lett. 127 184801 (2021)
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Demonstration of Step 3
‣ Comparison with simulations

๏ Accel. gradient 3 - 10 GeV /m
๏ i.e. (0.3 - 1) GeV over the stage

42

Pulse train 
 

 
𝙴 = (𝟸 . 𝟻 ± 𝟶 . 𝟻) J
𝚠𝟶 = (𝟺𝟻 . 𝟻 ± 𝟹 . 𝟺) μm
𝚣R = (𝟽 . 𝟿 ± 𝟶 . 𝟽) mm

Channel-forming beam 
 
 

τ = 𝟾𝟶 fs
𝙴 ∼ 𝟷𝟶𝟶 mJ
θaxicon

base = 𝟹 . 𝟼∘

Astra-Gemini Laser, RAL

Ross et al. Phys. Rev. Res. 6 L022001 (2024)
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Pulse train spectra demonstrate resonant excitation
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Ross et al. Phys. Rev. Res. 6 L022001 (2024)
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Clear resonance observed for pulse trains, but not for smooth pulses
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self-modulation for 
ne ≳ 5 × 1017 cm−3

Red-shift parameter:
<latexit sha1_base64="tKtw2omUqbNlBfd4uWgVEpRC2UE="></latexit>

R =
1X

�min

S̃(�)

‣ Comparison with simulations
๏ 2D cylindrical fluid 

benchmarked against PIC
๏ Largest shifts agree well with 

calcn for perfect coupling
๏ Average shifts consistent with ~ 

0.8 J coupled into channel
๏ Accel. gradient 3 - 10 GeV /m, 

i.e. (0.3 - 1) GeV over the stage

Ross et al. Phys. Rev. Res. 6 L022001 (2024)
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P-MoPAs : Summary of progress
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Key 
Concept demonstrated
To be demonstrated
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HOFI channel HOFI channel
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2. Compressor1. Modulator 3. AcceleratorReject seed
pulse

Drive pulse
Low-amplitude

plasma wave
Large-amplitude

plasma wave

Seed pulse

Step 1: Plasma modulator 
Drive & seed pulses guided in HOFI channel
Spectrum of drive pulse modulated by wake 
driven by seed pulse

Step 2: Train generation 
Spectrally-modulated drive pulse converted 
to pulse train by dispersive system

Step 3: Accelerator 
Resonant wake excitation by pulse train 
guided in HOFI channel
Acceleration of injected electrons to 
multi-GeV energies @ kHz rep. rate

Drive laser 
✓ Industrial-class
✓Multi-joule
✓Multi kilohertz
✓Optical efficiency ~ 40%

Seed laser 
✓ Industrial-class
✓~ 100 mJ
✓Multi kilohertz

HOFI plasma channel 
✓Low loss
✓> 100 mm guiding
✓kHz rep. rate

Te
ch
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lo
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es
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Summary
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‣ Laser-plasma accelerators can produce acceleration 
gradients  that of RF accelerators

‣ GeV-scale beams “routine” & first applications are starting 
to emerge:
๏ Compact sources of bright, ultrafast, incoherent X- & gamma-

radiation
๏ Generation of FEL gain (at long wavelengths)
๏ Concepts for injectors to conventional accelerators

‣ Further advances still required for the most demanding 
applications:
๏ Reduced shot-to-shot jitter of bunch parameters
๏ Long-term reliability
๏ Increased bunch quality (energy spread, emittance, …) 
๏ Increased pulse repetition rates
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