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The need and the goal of plasma-based accelerators

Burton Richter

 “Without some transformational 
developments to reduce the cost of 
the machines of the future, there is a 
danger that we will price ourselves 
out of the market.”
Burton Richter,  RAST pp. 1-8 
(2005).
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An intense electromagnetic pulse can create a weak of plasma oscillations through the

action of the nonlinear ponderomotive force. Electrons trapped in the wake can be ac-
celerated to high energy. Existing glass lasers of power density lotsW/cm shone on plas-
mas of densities 10 8 cm can yield gigaelectronvolts of electron energy per centimeter
of acceleration distance. This acceleration mechanism is demonstrated through computer
simulation. Applications to accelerators and pulsers are examined.

Collective plasma accelerators have recently
received considerable theoretical and experi-
mental investigation. Earlier Fermi' and McMil-
lan' considered cosmic-ray particle accelera-
tion by moving magnetic fields' or electromag-
netic waves. ' In terms of the realizable labora-
tory technology for collective accelerators,
present-day electron beams' yield electric fields
of -10' V/cm and power densities of 10"W/cm'.
On the other hand, the glass laser technology is
capable of delivering a power density of 10"W/
cm', and, as we shall see, an electric field of
10' V/cm. We propose a mechanism for utiliz-
ing this high-power electromagnetic radiation
from lasers to accelerate electrons to high en-
ergies in a short distance. The details of this
mechanism are examined through the use of
computer simulation. Meanwhile, there have
been a few works for particle acceleration using
lasers. Chan considered electron acceleration
of the order of 40 MeV with comoving relativistic
electron beam and laser light. Palmer' discussed
an electron accelerator with lasers going through
a hebcal magnetic field. Willi. s' proposed a pos-
itive-ion accelerator with a relativistic electron
beam modulated by laser light.
A wave packet of electromagnetic radiation

(photons) injected in an underdense plasma ex-
cites an electrostatic wake behind the photons.
The traveling electromagnetic wave packet in a
plasma has a group velocity of v,E~ = c(1-&up'/
~')'t'& c, where &op is the plasma frequency and
~ the photon frequency. The make plasma wave
(plasmon) is excited by the ponderomotive force
created by the photons with the phase velocity of

Vp = 4&p /kp = vg = C(1 —(dp /(d )

where k~ is the wave number of the plasma wave. '
Such a wake is most effectively generated if the
length of the electromagnetic wave packet is half

the wavelength of the plasma waves in the make:

I., =x /2=ac/top.
An alternative way of exciting the plasmon is to
inject two laser beams with slightly different
frequencies (with frequency difference h~ - cop)
so that the beat distance of the packet becomes
2wc/~p. The mechanism for generating the wakes
can be simply seen by the following approximate
treatment. Consider the light wave propagating
in the x direction with the electric field in the
y direction. The light wave sets the electrons
into transverse oscillations. If the intensity is
not so large that the transverse motion does not
become relativistic, then the mean oscillatory
energy is (bW~) = m(v, ')/2 =e'(Z—„)/a2mcu' where
the angular brackets denote the time average.
In picking up the transverse energy from the
light wave, the electrons must also pick up the
light wave's momentum (hp„) = (bWz, )/c. During
the time the light pulse passes an electron, it is
displaced in x a distance &x = (bv„7), where 7 is
the length of the light pulse. Once the light pulse
has passed, the space charge produced by this
displacement pulls the electron back and a plasma
oscillation is set up. The wake plasmon, which
propagates with phase velocity close to c [Eq.
(1)], can trap electrons. The trapped electrons
which execute trapping oscillations can gain a
large amount of energy when they accelerate
forward, since they largely gain in mass and
only get out of phase with this wave after a long
time.
Let us consider the electron energy gain through

this mechanism. We go to the rest frame of the
photon-induced plasmon. Since the plasma wave
has the phase velocity vp [Eq. (1)], we have P
=vp/c and y = ~/u&p. Note that this frame is also
the rest frame for the photons in the plasma;
in this frame the photons have no momentum.
The Lorentz transformations of the momentum
four-vectors for the photons and the plasmons
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Need for transformational developments Plasmas provide more compact and affordable accelerators
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There were significant achievements in the last 5 years
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trace shown in Fig. 2a(iv) evidences seeded FEL operation, following 
the prediction of ref. 58.

The fundamental mechanism leading to this redshift is illus-
trated in Fig. 3. In a seeded configuration (Fig. 3a), the first step of 
the FEL process is energy exchange between the seed and electron 
beam at the resonance wavelength. As both the seed wavelength and 
the electron-beam energy are time-dependent, the resonant con-
dition λseed(t) = λR(t) can only be met at one longitudinal position, t0  
(Fig. 3b and Methods). This local energy exchange at t0 leads to an energy 

and further density modulation of the electrons at λseed(t0) (or λR(t0)), 
expected to be followed by a coherent emission at the same wavelength. 
However, if, at the scale of one modulation period, the electrons’ energy 
varies substantially, which is the case due to the strong electron-beam 
chirp, the initial density modulation period is stretched by the disper-
sion experienced along the undulator. This leads to a lengthening 
of the coherent emission wavelength (Fig. 3c), that is, a redshift58. 
According to this model, the final seeded FEL wavelength is expected  
to behave as

~30 µm
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Fig. 1 | Experimental layout. The LPA is driven by the DRACO laser (for more 
details on the DRACO footprint, see ref. 55). The electron beam generated in the 
LPA is first characterized using a removable electron spectrometer and then sent 
through a triplet of quadrupoles (QUAPEVAs) for beam transport to the undulator 
and FEL radiation generation. ICTs, integrated current transformers. Non-labelled 
elements: dipoles, red blocks; optical lenses, blue disks; mirrors, grey circled 

black disks. a, Particle-in-cell simulation rendering of the accelerating structure 
driven by the laser pulse (red); the electron cavity sheet formed from the plasma 
medium (light blue) is in purple and the accelerated electron bunch in green. b–d, 
Electron-beam transverse distribution measured at the LPA exit (b), the undulator 
entrance (c) and the undulator exit (d).
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Fig. 2 | Spatio-spectral distributions of the radiation at the undulator exit. 
a,b, Spatio-spectral distributions for an undulator gap of 4.3 mm (Ku = 2.35) and 
an optimum delay of +0.1 ps: experimental measurements (a) and simulation (b) 
of SR only (i), seed only (ii), SR with seed (iii) and the difference between the (iii) 
and (ii) images (iv). c, On-axis spectral intensity I extracted along the red line in a 
and blue line in b with integration over ∆y = 0.3 mm and median filtering of the 
simulated profile. In a,b,c(i–iii), distributions are normalized to their maximum 

intensity and displayed in logarithmic (dB) scale. In a,b,c(iv), the distributions 
are displayed in a linear scale. Simulation parameters (electron-beam parameters 
given at the source point): Ee = 188.8 MeV, charge = 150 pC, σz = 2 µm (r.m.s.), 
normalized emittance #x, y = (1.5; 1.0) mm mrad, divergence σ

x

′

, y

′

 = (1.5; 1.0) mrad 
(r.m.s.), σe = 5% (r.m.s.), R56 = −1.8 mm, QUAPEVA 2 strength detuned by −2%, 
Eseed = 0.5 µJ, λseed = 269 nm, ∆λseed = 3.9 nm (FWHM) and ∆Tseed = 1.0 ps (FWHM).

Up to 500 MeV electron bunches
Charge <100 pC
Sub-percent relative energy spreads, sub-mm-mrad 
emittance 

M. Fuchs et al. Nature Physics 5 826 (2009)
W. Wang et al. Nature 595 516 (2021)
R. Pompili et al. Nature 605 659 (2022)
M. Labat et al. Nature Photonics 17 150 (2023)

Plasma injectors: FEL lasing 10 GeV e- acceleration stage High efficiency e- acceleration

A. Picksley et al. 133, 25500 PRL (2024)

Up to 9 GeV electron bunches

30 GeV/m

3% relative energy spread, sub-mrad divergence

1-45 pC charges

horizontal slice emittance of the tail. A flattop plasma
density 4% lower than the measured central density
[Fig. 1(c)] was found to best match the wakefield meas-
urement, suggesting that any density ramps present had an
effect small enough to justify a flat-top model. Simulations
were performed with the 3D quasistatic code HiPACE [40] in
a grid of 512 × 512 × 512 cells, 4 plasma particles per cell
in the wake region, a spatial resolution of 1.18 μm in all
dimensions, 4.2 × 106 beam particles, and a time step
of 5 ω−1

p , where ωp is the angular plasma frequency.
The simulated longitudinally averaged wakefield is con-
sistent with the sampling measurement for both the optimal
operating point and the full bunch. Repeating the optimal-
operating-point simulation without a trailing bunch clearly
shows that the unloaded wakefield would not have been
flat, and that strong beam loading was needed to flatten the
field—consistent with the high energy-transfer efficiency
observed in the measurement. Simulations indicate that
while the initial energy spread would also be preserved for
trailing bunches with a similar Gaussian current profile, the
accelerated spectrum would have longer tails compared to
the quasitrapezoidal bunches used in the experiment. The
spread in wakefield amplitude across the trailing bunch
(weighted by charge) was reduced by approximately 40%

(from 9.3% to 5.8% rms) as a result of this current-profile
shaping.
In conclusion, we have experimentally demonstrated

optimal beam loading in a plasma-wakefield accelerator.
Optimization of the combined wakefield parameter Ω
[Eq. (2)] resulted in simultaneous preservation of per-mille
energy spreads, ð42" 4Þ% energy-transfer efficiency and
full charge coupling for 100 pC bunches accelerated with
high stability (3% rms) at a gradient of 1.3 GV/m—all
in excellent agreement with simulations. This represents
a major step towards precise and application-relevant
plasma-wakefield accelerators. Reaching per-mille-level
control of the wakefield will enable energy-spread preser-
vation also for larger energy gains, which, combined with
emittance preservation, can open the door to a new
generation of free-electron lasers and particle colliders.
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FIG. 4. (a) Longitudinally averaged wakefield measured using
a tail-collimator scan, both for optimal beam loading (blue points)
and for a full bunch (gray points)—in excellent agreement with
PIC simulations (blue and gray solid lines). A simulation with no
trailing bunch (blue dotted line) indicates that the wakefield was
flattened by beam loading. The beam currents of the collimated
and the full bunch (blue and gray areas) were measured with a
TDS. (b) Snapshot showing cross sections of beam (orange) and
plasma electron density (blue) for a simulation of the optimal
operating point, on a logarithmic color scale. The simulated flat-
top plasma density is 7.2 × 1015 cm−3.
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40% energy conversion efficiency

Limited energy gain (0.1-100 GeV)

Laser driven Beam drivenLaser driven and beam driven



Jorge Vieira | HEP European Strategy Discussion | LIP, January 20, 2025

A design study is crucial for further advance in the area of HEP

Plasma-based linear collider concept

Parameter Units Needed Achieved

Bunch charge pC 833 10-100

Energy spread % 0.35 <1
Normalised emittance H/V µm/nm 0.890/19 1/1000

Emittance growth budget H/V µm/nm 0.01/1 1/1000

Effective rep rate KHz 10-100 10-3-10-2

Effective wall-plug efficiency % 11.4 10%

Global design study efforts for plasma accelerator colliders 

>10 TeV machine for new physics (US)
TeV collider for Higgs precision studies (EU)

There are many international plasma accelerator projects on-going

EuPRAXIA (light source) 
AWAKE (N. Lopes Talk),
Injectors for Circular Electron Positron Collider (China)
HALHF,  ALiVE, …

Plasma-based collider design is a community goal

Advanced LinEar collider study GROup (ALEGRO) lead by Patric Muggli (CERN, 
MPP) and Brigitte Cros (LPGP, France).
2024 workshop edition held at IST 

Objective

Demonstrate, through theory and computer simulations, that (laser-driven) plasma-
based accelerators can accelerate electrons (positrons) bunches meeting the 
requirements for HEP in terms of phase-space quality, efficiency, and luminosity.

Design study needs to be endowed and supported by 
the global HEP community.
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Portuguese plasmas for high energy physics

Plasma sources Plasma simulations Laboratory astrophysics

>10 meter long plasma sources ready 
for multi-10 GeV energy gain

Successfully used in AWAKE and 
foreseen use in ALiVE

Beam-beam physics and physics at 
interaction point

One-to-one computer models of plasma 
accelerators

Large scale simulations and access to TIER-0 
supercomputers

Experimental model of astrophysical jets

 
HiRadMat fireball experiments

CERN provides beams with relevant 
parameters for plasma astrophysics

GoLP is extremely active in plasma-based accelerators and in accelerators for astrophysics


