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Figure 4: a) Lateral escape of e+, b) Cutoff energy of e+e- flow, (theory and simulations).

Figure 1: a) Setup: electron-laser scattering at 90 degrees produces an e+e- flow; b) Parallel momentum 
as a function of time for interaction with a plane wave and a focused laser: a0=600, g0=100.

Pair production and acceleration 
with intense long laser pulses
M. Vranic1,2*, O. Klimo1,2, G. Korn1, S. Weber1

1Institute of Physics of the ASCR, ELI-Beamlines, Na Slovance 2, 18221 Prague, Czech Republic 
2GoLP/Instituto de Plasmas e Fusão Nuclear, Instituto Superior Técnico, Universidade de Lisboa, Lisbon, Portugal
3FNSPE, Czech Technical University in Prague, 11519, Prague, Czech Republic 

*marija.vranic@eli-beams.eu
marija.vranic@tecnico.ulisboa.pt

golpgolp

Motivation & setup

To study the self-consistent dynamics of electron-positron plasmas in the lab, one needs to 
create flows with approximately equal number of electrons and positrons. Here we propose a 
configuration that allows to both create and accelerate an electron-positron beam. 

How to obtain multi-GeV e+e- flows: 
๏  LWFA electrons collide with the laser at 90 deg; pairs are produced in the peak field region
๏  e+e- beam is accelerated by the laser in vacuum
๏  laser defocuses leaving some particles accelerated.

Figure 2: Correction to the plane wave acceleration 
energy as a function of the Rayleigh range. 

Theoretical model for energy cutoff

To estimate the effect of the defocusing on the maximum attainable particle energy, we have 
performed a series of test particle simulations for particles born exactly in the center of the 
laser.  We found that the energy correction due to defocusing depends on the ratio of the 
Rayleigh range and plane wave acceleration length.

plane wave

Figure 3: a) Positron 2D momentum space in the plane of initial e- propagation; b) Spectra of e+ and e-; 
c)  3D momentum space for a0=600;  d) Spatial distribution of e+ and e-. 

2D QED-PIC simulations Energy cutoff prediction agrees with 3D OSIRIS sim.

Conclusions
With the new generation of lasers, we can generate and accelerate e+e- beams
๏Vacuum laser acceleration is possible due to the pulse defocusing.
๏We can compute the expected beam energy cutoff analytically.
๏By applying an appropriate aperture,  one can collect a neutral e+e- flow.

For a 1 GeV initial e- beam, and w0=3 um, we can make nearly as many pairs as initial e- for a0=1000.
๏Longer laser duration yields a higher number of pairs. 
๏A 150 fs laser to be available at ELI Beamlines is less sensitive with respect to temporal synchronisation than 30 fs lasers. 
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Figure 5: a) Number of pairs generated divided by the number of initial electrons; b) Effect of pulse 
duration and non-perfect spatiotemporal synchronisation on the number of generated e+e- pairs. 
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Figure 4: a) Lateral escape of e+, b) Cutoff energy of e+e- flow, (theory and simulations).

Figure 1: a) Setup: electron-laser scattering at 90 degrees produces an e+e- flow; b) Parallel momentum 
as a function of time for interaction with a plane wave and a focused laser: a0=600, g0=100.
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create flows with approximately equal number of electrons and positrons. Here we propose a 
configuration that allows to both create and accelerate an electron-positron beam. 

How to obtain multi-GeV e+e- flows: 
๏  LWFA electrons collide with the laser at 90 deg; pairs are produced in the peak field region
๏  e+e- beam is accelerated by the laser in vacuum
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Figure 2: Correction to the plane wave acceleration 
energy as a function of the Rayleigh range. 

Theoretical model for energy cutoff

To estimate the effect of the defocusing on the maximum attainable particle energy, we have 
performed a series of test particle simulations for particles born exactly in the center of the 
laser.  We found that the energy correction due to defocusing depends on the ratio of the 
Rayleigh range and plane wave acceleration length.
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Figure 3: a) Positron 2D momentum space in the plane of initial e- propagation; b) Spectra of e+ and e-; 
c)  3D momentum space for a0=600;  d) Spatial distribution of e+ and e-. 

2D QED-PIC simulations Energy cutoff prediction agrees with 3D OSIRIS sim.

Conclusions
With the new generation of lasers, we can generate and accelerate e+e- beams
๏Vacuum laser acceleration is possible due to the pulse defocusing.
๏We can compute the expected beam energy cutoff analytically.
๏By applying an appropriate aperture,  one can collect a neutral e+e- flow.

For a 1 GeV initial e- beam, and w0=3 um, we can make nearly as many pairs as initial e- for a0=1000.
๏Longer laser duration yields a higher number of pairs. 
๏A 150 fs laser to be available at ELI Beamlines is less sensitive with respect to temporal synchronisation than 30 fs lasers. 
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Figure 5: a) Number of pairs generated divided by the number of initial electrons; b) Effect of pulse 
duration and non-perfect spatiotemporal synchronisation on the number of generated e+e- pairs. 
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Direct laser acceleration in varying plasma density profiles

Varying plasma

 density profile

Laser pulse

Electrons

x

y
z

Laser propagation distance Lacc

FIG. 1. Interaction setup: a relativistic Gaussian linearly polarized laser pulse propagates through a varying

density underdense plasma. The direct laser acceleration of electrons occurs in the self-created plasma

channel. Within the ion channel, tens of percent of the laser energy can be transferred through the interaction

into multi-GeV electrons and collimated X-ray radiation.

electrons. This can be also advantageous for seeding pair cascades49–51 in the future. Even though

the direct laser acceleration has been mostly studied for setups when the laser pulse interacts with

the constant density targets, it can be the dominant absorption mechanism in situations when the

density changes as the laser pulse propagates.

For example, the DLA is relevant in the scenario when the laser pulse interacts with the ex-

panding corona of the imploded capsule in a fast ignition setup52–54. As the intense laser pulse

propagates through the ablated plasma, its density increases up to the critical density and heats

the electrons. The understanding of the process of high-intensity laser absorption will enable bet-

ter control of suprathermal electrons coming from the interaction in the corona and consequently

more efficient ignition of the core.

Furthermore, it has been shown that the efficiency of ion acceleration through the TNSA mech-

anism increases with the presence of preplasma55,56. It happens due to the enhanced laser ab-

sorption into hot electron population via DLA during the laser propagation through the preplasma

and via stochastic heating57–60 in the field of the standing wave after the laser reflection from the

3

R. Babjak et al, 
New J. Phys. (2024)
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4.0 Open-access model  

· 40+ research groups worldwide are 

using OSIRIS 

· 400+ publications in leading scientific 

journals 

· Large developer and user community 

· Detailed documentation and sample 

inputs files available 

· Support for education and training 

Using OSIRIS 4.0 

· The code can be used freely by research 

institutions after signing an MoU 

· Open-source version at:

Open-source version available

Ricardo Fonseca: ricardo.fonseca@tecnico.ulisboa.pt

https://osiris-code.github.io/

OSIRIS framework 

· Massively Parallel, Fully Relativistic  

Particle-in-Cell Code  

· Support for advanced CPU / GPU architectures 

· Extended physics/simulation models 

· AI/ML surrogate models and data-driven discovery
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Positron creation and acceleration

Radiation generation

Electron acceleration
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Introducing electron acceleration with DLA



 Why accelerating electrons? And why with DLA? 

Electron acceleration

Credits: National Cancer Institute

Medicine Industry

Credits: Institute of Scientific Instruments 
Czech Academy of Sciences

Environment

Science & emerging technologies

M. Callen et al, Fuel Process. Technol. (2007)

M. Vranic et al, New J. Phys. (2016)

• Radiation sources 

• Particle sources

• Material science

• Safety of nuclear 
devices

S. Procureur et al, Sci. Adv. (2023)
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 Direct laser acceleration produces high-charge electron beams

New J. Phys. 23 (2021) 023031 A E Hussein et al

Figure 3. (a) Experimental spectra of escaped electrons for different peak plasma densities. (b) Shot-to-shot variation in
measured electron spectrum over five shots obtained at an estimated peak plasma density of n0 = 0.055ncrit. (c) Total electron
spectrum collected outside of the plasma at a probe 5 µm from the end of the simulation box, representing the beam exiting the
plasma. (d) Comparison between experimental and simulated average electron energies at the probe, showing good qualitative
agreement (the left axis corresponds to experimental data).

4. Results and analysis

4.1. Electron acceleration
Experimental electron energy spectra from five different plasma densities are shown in figure 3(a).
Significant acceleration of electron beams with a Maxwellian distribution extending to (505 ± 75) MeV is
observed at a plasma density of 0.028 ncrit, indicating the existence of an optimal density for the generation
of energetic electron beams. The electron spectra are shown to be reproducible at nominally identical
experimental conditions (n0 = 0.055 ncrit) with the average over five shots plotted in figure 3(b), where the
shaded region represents the standard deviation. In 2D PIC simulations, the escaping electron beam for
electron energies >10 MeV was diagnosed outside of the plasma, as the electrons passed through the probe
at x = 1295 µm (figure 3(c)), for comparison with the experimentally measured beam. While the existence
of an optimal density in the simulations is not as dramatic as that observed in experiments, an optimal
density for electron acceleration is also observed in simulations, with the highest energy beams produced at
0.02ncrit.

The average electron energy, evaluated from (10–300) MeV, is plotted for both simulations and
experiments in figure 3(d). According to reference [47], the total error in the plasma density calculation
using AFR is about ±15%. Experiments produced electron beams with a maximum average energy of
(44 ± 3) MeV at 0.028 ncrit. For 0.055 ncrit, the electron spectrum is averaged over data from the five
repeated shots of figure 3(b), yielding an average energy of (33 ± 3) MeV, where the quoted error reflects
the standard deviation from five repeated experiments. The average electron energy appears to plateau for
the highest densities in the experiments, however this trend is not reproduced in simulations, potentially
owing to the underestimation of self-focusing and filamentation effects in 2D.

4.2. Beam divergence, pointing and total charge
A stack of RCF positioned along the laser axis of the ps pulse provided information about the pointing,
divergence and charge of the resultant electron beam (see figure 1(b)). Scans of the final layer of MD-v2-55
film at the rear of the stack are shown from three different densities in figures 4(a)–(c), in which the raw
RCF signal was converted to dose, following reference [50]. The assumed center of the electron beam is
indicated by ellipses in figures 4(a)–(c). Similar behavior has previously been attributed to
space-charge-induced ion motion that can seed hosing-type instabilities [51]. Here, no such hosing is

5

A. Hussein et al., New J. Phys (2021)

Charge > 100 nC

J. Shaw et al., Sci. Rep (2021)

Charge ~ 0.7 Cμ

100s MeVs with micro-Couloumb charge obtained so far (micrometer-level source size)
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< 1021 cm−3< 1019 cm−3

Laser wakefield acceleration

10-1000x more electrons than LWFA, and 100x higher density

LWFA DLA

Total Charge 10s - 100s of pC 10s - 100s of nC

Beam Density

Energy Distribution Quasi-Monoenergetic - 1s GeV Maxwellian - 100s MeV

Beam Length 10s fs 10s - 100s fs

W.Lu et al., Phys. Rev. Acc. Beams (2007) R. Babjak et al., Phys. Rev. Lett. (2024)

Can we accelerate these beams to multi-GeV?  

Direct laser acceleration

Marija Vranic | Direct Laser Acceleration | Lisbon, July 15, 2025 | 8
 



 

Introducing the physics of DLA



Basic idea behind the DLA mechanism
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Electrons perform coupled oscillations in laser and channel fields

M. Vranic et al., PPCF 60, 034002 (2018) 
M. Jirka et al. NJP 22, 083058 (2020)

Relativistic electron
direction of motion

Transverse Lorentz force due to 
the channel fields

Transverse Lorentz force due to 
the channel fields

The electrons perform betatron 
oscillations within the channel

Laser propagation direction

TL
T�

When laser co-propagates with electrons

Regions where the work of the 
laser field is “constructive” on e-.

At extreme intensities, radiation reaction helps electron injection and helps achieving the resonance



Electron motion in laser + channel field can become resonant

Direct laser acceleration in plasma 
channels: energetic leptons 

1GoLP/Instituto de Plasmas e Fusão Nuclear, Instituto Superior Técnico, University of Lisbon, Portugal
2IOP at Czech Academy of Sciences; Czech Technical University, Prague, Czech Republic
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• Direct laser acceleration provides high-charge electon beams.
• Using extreme laser intensities can increase total charge and energy. 
• These beams are not monoenergetic, but they can be used for radiation 

generation or seeding of QED cascades.

Motivation

Conserved quantity in the particle motion with no losses

Maximum acceleration Radiation reaction helps achieveing resonance 

Conclusions

We can accelerate particles to > 10 GeV energies with DLA in mm-plasma channels
• We can predict the cutoff energy as a function of the acceleration distance, density and channel radius. 
• This scheme provides lots of charge, and can be used for QED cascade seeding and radiation generation. 
• Radiation reaction helps inject particles (radiative trapping) and makes it easier to achieve resonant motion. 

For more details please check
• M. Jirka et al, New J. Phys. 22, 083058 (2020)
• B. Martinez et al, EPS HIFI satellite meeting poster on positron acceleration through DLA 
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Figure 1: Momenta evolution of
electron with initial position (1) y = 28 c/ω0
and (2) y = 0 c/ω0 (a0 = 100,ωp/ω0= 0.5)

• Integral of motion derived from
Hamiltonian for a particle in such a field
configuration 5,6

Analytical theory for a plane wave

DLA is very sensitive to the initial conditions

What is limiting the maximum possible energy?

RR helps achieving the betatron resonance

• Prepulse creates a plasma channel in an underdense plasma
• Inside the channel, quasistatic fields are created
• Transverse electric field created by the charge separation
• Azimuthal magnetic field created by the electron current

How to accelerate electrons within a plasma channel?

Direct laser acceleration (DLA) in the plasma channel by ultra-intense lasers 1−4

Formation of a plasma channel

• An electron propagating in the plasma channel undergoes betatron oscillations
• If the frequency of betatron oscillations is close to the Doppler-shifted laser
frequency experienced by the moving electron, then the laser energy can be
efficiently coupled to the electron - betatron resonance

• Particle initially at rest at x = 0 c/ω0 having
different radial distance y = 0 - Rmax = 100c/ω0
• Cylindrically symmetric plasma channel of
density np = 0.01 − 1.0nc, length 520 µm
• Laser: λ =1 µm, plane wave, Gaussian
FWHM 150 fs, polarized along y
• Radiation reaction modeled as a continuous
process (Landau-Lifshitz)
• Nelgected: mobile ions, self-focusing,
dissipation of laser energy

Test particle configuration

Conclusions
• Betatron resonance is sensitive to the initial conditions: initial particle position and
background plasma density
• Radiation reaction affects acceleration process: lowers the maximum energy gain
but allows more particles to achieve the betatron resonance
• Multi-GeV electrons expected in a single-stage acceleration within a 0.5 mm long
channel using near-future lasers (10 PW, 150 fs).
• It will be possible to optimise the channel and laser parameters for obtaining
higher energies or higher particle counts.
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What are the optimal channel parameters for efficient electron acceleration?
How radiation reaction affects the process of electron acceleration?

• Efficient electron energy gain possible
when betatron resonance is achieved
(no decellerating work)

• Betatron resonance1:

• Achieving the betatron resonance
depends on:
• Electron initial position
• Plasma density
• Laser intensity

Figure 2: Maximum electron energy:
theory vs. test particle runs (radiation
reaction neglected)

1) Reduces the maximum energy
• Lower maximum energy due to photon
emission

2) More particles can achieve the betatron
resonance

• RR affects the evolution of phase-matching
process between the particle and the field

• This leads to softening the conditions
required for achieving the parametric
resonance

Integral of motion is not conserved in the RR case

Figure 3: Maximum energy in a parameter study
of 104 test cases varying the background density
and the initial position R0

• Assumed
• RR due to the channel field
• Radiated energy = gained energy
in one resonant cycle

• The value of the initial integral of
motion I0 drops after one betatron
resonant cycle to I:

Figure 4: Reduction of I due to RR in one betatron cycle: theory vs. data points (a0 = 500)

1) Resonance condition (no RR)

2) Limit due to RR

3) Acceleration distance

Figure 5: Comparison of results from
single particle code with 2D OSIRIS runs
(black, parabolic density profile, peak
ωp=2ω0 at R0, focus w0 = 1.6 μm, 150 fs)

Direct laser acceleration

• From resonant condition derive maximum
and average energy per cycle 7,8

• Energy gain limited by the acceleration
distance

What does RR change?• Radial elecric field and asimuthal magnetic field 
provide a restoring force that guides the electrons (if 
they propagate in the same direction as the laser).

• Both, Bc and Ec contribute to the electron guiding. 
The value of the sum |Bc|+|Ec| is what matters.

Basic facts about DLA
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celerated electrons, it can strongly enhance acceleration
of some electrons [46].

Obtaining a precise description of DLA is a challenge
even without considering radiation reaction. By ex-
tending the mathematical tools previously developed for
classical relativistic DLA at moderate laser intensities
(a0 . 10) [18], this paper aims to pave the path for a
quantitative description of DLA including radiation re-
action. In particular, we explore how RR changes the
onset of betatron resonance and provide analytical pre-
dictions for the final electron energy. We discuss dif-
ferent aspects that a↵ect or limit the acceleration, and
find the promising parameter ranges and scaling laws to
guide future experiments. The laws are verified with a
comprehensive numerical study, involving test particles
in ideal conditions, as well as full-scale self-consistent 2D
particle-in-cell simulations. The setup considered in this
work is a pre-formed plasma channel irradiated by an in-
tense laser pulse that accelerates plasma electrons which
are initially at rest (somewhere within the channel or at
the channel walls). Our findings show that a fraction
of particles that can achieve the betatron resonance is
greatly increased by RR, which allows for high charge
content in the accelerated electron beam. We quantify
which are the necessary initial conditions and expected
asymptotic energies for those particles.

This manuscript is organized as follows. In section I,
we provide the analytical description of electron dynam-
ics within a plasma channel in the presence of an intense
laser field. We consider cases with and without radiation
reaction in a simplified field configuration. In section
II, test particle simulations are presented, the obtained
data are compared with the analytical predictions, and
the validity of used approximations is verified. Section
III features 2D Particle-In-Cell (PIC) simulations with
a pre-formed plasma channel, while the summary of the
work is given in section IV.

I. ELECTRON DYNAMICS IN A PLASMA
CHANNEL WITH A LASER FIELD

In this section, we analyze the acceleration of a sin-
gle electron in a symmetric plasma channel irradiated
by an ultra-intense linearly polarized laser. Using DLA
scheme, the electron can be e�ciently accelerated only if
it achieves the betatron resonance. Whether this con-
dition is fullfilled depends on initial conditions of the
electron (e.g. distance from the axis, initial momentum,
etc.) and the background plasma density. In addition,
as the electron performs betatron oscillations in a strong
electromagnetic background field, it loses its energy by
emitting photons which, in turn, alters its dynamics [38].
All these e↵ects have an impact on achieving the beta-
tron resonance, and thus on the overall dynamics of the
electrons within the plasma channel.

We first introduce our configuration and an analytical
description of a particle performing the coupled oscilla-
tions. This motion has an invariant I that can be used
to obtain the resonance condition. The next step is to
estimate how much energy particles can gain over a cer-
tain acceleration distance, still without radiation reac-
tion. We show later on that the principal e↵ect of radia-
tion reaction is to limit to the maximum energy achiev-
able on a resonant trajectory. More specifically, radiation
reaction breaks the invariant I and it is possible to quan-
tify this change over a resonant cycle. A decrease in I
results in a gradual change of the resonant condition over
time, which allows the electron to become resonant even
if its initial conditions were far from optimal.

Integral of motion in simplified electromagnetic
configuration

A rigorous analytical description of our setup requires
a few simplifications. Similarly as in previous works, in
this section we consider the laser to be a plane wave, and
the channel fields to be a linear function of the distance
from the propagation axis x [18, 19, 27]. Consequently,
the channel fields are radially symmetric with respect
to the x-axis. The electron can be placed initially at
di↵erent radial positions inside the plasma channel or
on channel walls (see figure 1). We consider electrons
starting at rest, and in the (x, y) plane (the plane defined
by the laser polarisation and propagation direction). The
laser propagates in positive x direction and the fields are
given by EL = E0 sin� ŷ, BL = B0 sin� ẑ, where E0

and B0 are the amplitudes of the electric and magnetic
field and � is the phase of the wave. The phase velocity
of the laser is assumed to be equal to the speed of light
c, which is justified by the low plasma density and high
laser intensity (this is verified in section II).
The electromagnetic field experienced by the electron

is the combination of the laser field and the fields emerg-
ing due to the displacement of plasma electrons in the
channel (channel fields) [7]. These self-generated quasi-
static channel fields are the radial electric field and the
azimuthal magnetic field
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where r = y ŷ+ z ẑ is perpendicular to the channel axis
and v = v x̂ is the velocity of the flow. The numerical
factor f depends on the fraction of electrons within the
plasma channel and takes values between 0  f  1
[21, 29]. The transversely expelled electrons generate
the radial electric field, while electrons accelerated for-
ward within the channel form a current that generates
the azimuthal magnetic field. Usually, the higher the
background plasma density, the lower the value of f [44].
In other words, the channel fields are linearly dependent
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I. CONCLUSIONS WITH NO RR - COMING FROM
THE PARTICLE HAMILTONIAN

This document is a follow-up to the Martin’s calcu-
lations for Betatron resonance without RR. There is an
integral of motion
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The consequences of this and assuming that px �
py � mc are that if we define the betatron oscillation
phase as  , we can express the following:
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Assuming resonance between betatron oscillations and
the oscillations in the laser field we get an estimate for �
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One can take an average over the fast oscillating compo-
nent < cos4  >= 3/8 or simply look at the maximum
possible value.

Where, we have
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and the resonant oscillation frequency is
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II. WHAT DOES THE RR CHANGE?

Let us first assume that the radiation reaction has a
small e↵ect. The e↵ect has to enter the Eq (4) by a↵ect-
ing the integral of motion. Indeed, if a particle emits a
photon in a specific location R, and the emission is in the
direction of motion (we assume the particle is relativis-
tic), we get

dI = d
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� � px

mc

⌘
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�mc

◆
(7)

One can notice that the integral can be reduced in an
event of photon emission but it cannot be increased. The
RR is expected to reduce not just the instantaneous �,
but also a maximum attainable �⇤.
I will from now on stop writing m and c for brevity.
A general form of the leading order term for radiation

loss can be taken from the Landau-Lifshitz equation. If
we assume B only in z-direction and belonging to the
laser, E = ECH + EL is always in y-direction, while the
particle has pz = 0, we can simplify to the following:
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where ↵RR is the damping constant. Replacing all from
the above into Eq(8), we get
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Here we have two situations: either the laser field will

dominate the radiation loss, or the channel field will.
These two situation will depend on the initial distance
of the particle from the axis. If the particle starts very
close to the axis, the channel field will be quite low. If
the particle starts with a large R, the channel field can
be quite high. We will first deal with the second case.

A. Radiation reaction dominated by the channel field
(when a0I0/� ⌧ E0, CH)

We shall first remind ourselves that the  is the phase
of the betatron oscilations, and therefore R = R0 sin ,

Resonant condition
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Figure 15. Results from PIC for ωp = 0.27ω0, R0 = 81c/ω0 and a0 = 600. (a) Trajectory, (c) transverse and (e) longitudinal
momenta of 48 randomly selected electrons with energy above 104mec2 at t = 2501ω−1

0 . Panels (b), (d), (f) and (h) show the
time evolution of the electrons in py-energy phase-space. Panel (d) highlights the trajectory of one efficiently accelerated electron.
This trajectory is overlaid with the py-energy phase-space (blue scale) and analytical estimates for the connection between py and
energy when betatron phase is cosψ " 1 (the point of local maximum for py) in panels (f) t = 2501ω−1

0 and (h) t = 4000ω−1
0 .

The outer solid line is associated with the highest initial integral of motion in the system, while the inner lines show the expected
values after one (dotted line) and two (solid line) resonant cycles according to equation (24). Panel (g) shows time evolution of
the transverse electric field along the x-axis inside a simulation window moving at the speed of light. The figure represents a
magnified portion of space slightly over three wavelengths long, such that phase velocity can be measured directly.

dependent on the distance from the axis. The amplitude of the focussing field is of the same order as Ex,
with a difference that the Ex average is close to zero on scales larger than a laser wavelength. The
color-coded lineouts in panel (h) confirm that the channel field can be regarded as a linear function of the
distance from the axis up to approximately R0/2, where the slope is defined by the effective plasma density.
For a flat density plasma slab, the effective density is the background plasma density np. For a channel with
a parabolic density gradient like ours, the average plasma density for the region around the channel axis
between −R0/2 and R0/2 can be calculated analytically and directly applied to equations presented in
section 1. The channel field predicted by equation (1) using the effective plasma density neff

p " 0.4nc is
illustrated by the black dashed line in panel (h) which is in agreement with the value extracted from the PIC
simulation.

3.3. Particle motion
For the same simulation parameters, figure 15 shows randomly selected trajectories among particles that
achieved energies ξ > 104mec2 at t = 2501ω−1

0 (the same time shown in figure 14). The trajectories are
color-coded in energy, showing the configuration space along with the evolution of transverse and
longitudinal momenta vs the longitudinal x-position.

Laser–electron dephasing depends on the velocity of the particle along the laser propagation direction
βx and phase velocity of the laser. One can measure the phase velocity in PIC simulations from the temporal
evolution of the electric field along the channel axis, shown in panel (g). The phase velocity is not constant,
owing to the 2D laser dynamics. The measured average phase velocity is 1.000 75c, on the same order as the
analytical prediction in section 2 that gives the value 1.000 66c for our neff

p " 0.4nc and a0 = 600. The βx

depends on the ratio py/px ∼ 0.1 (cf figure 15), which confirms that for resonant particles the transverse
electron motion has about an order of magnitude stronger effect on dephasing than superluminosity (and
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cases,thechannelradiuswasy=48c/!0.
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e
,(15)

andthechannelfield(electricfieldproducedbythe
plasmaofdensityne)

EC=4⇡neeR0.(16)

Atfirstwewillassumethattheelectronwhichisac-
celeratedbythelaserfieldELlosesitsenergyduetothe
motioninthebackgroundchannelfieldEC.Weassume
thatforthecharacteristictime⌧1holds

ĖL=
EL
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.(17)

Thecharacteristictime⌧1iscalculatedfromtheinitial
betatronfrequency[26]
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p
2
,(18)
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A. Radiation reaction dominated by the channel field
(when EL/� ⌧ ECH)

We shall first remind ourselves that the  is the phase
of the betatron oscilations, and therefore R = R0 sin ,
which if R0 is given in OSIRIS units normalized to the
laser frequency !0, gives the channel field

ECH =
!2

p

!2
0

R0 sin (10)

and

E2
CH

= I
!2

p

!2
0

sin2  (11)

One can then approximate that due to the radiation
reaction in the channel field we lose this much energy on
average (still assuming 2I ⌧ � by construction, i.e. the
transverse momentum is smaller than the longitudinal
momentum):

d�

dt
' �↵RR �2E2

CH
(12)

For resonant motion, one can also estimate the work
the laser can perform on a particle - we have to bear in
mind again that the E is parallel to y-axis, and since we
know py, we can estimate:

dW

dt
= a0

s
2I

�
cos sin� (13)

where � is the phase in the laser field. The average work
in the best case scenario is:

< dW >

dt
= a0

s
2I

�

1

2
(14)

For the maximum possible �, this work should be equal
to the radiation loss, and the particle stays with the same
energy. This gives an estimate for the maximum �:

�5/2 ' a0

↵RR

!2
0

!2
p

1p
2I

(15)

We see that higher integral means lower final � in
this case (makes sense because of a stronger field expe-
rienced). But, the ratio of the laser and the plasma fre-
quency is also important. Lower plasma density allows
higher final energies. But, the resonance is not accom-
plished for arbitrarily low frequency ration, the minimum
value is around !p/!0 ⇡ 0.2. To obtain a curve for the
highest attainable �, we therefore use this value.

B. Integral of motion for the case when the channel field
dominates

If we assume that ECH � EL/� and we remain under
an assumption that py ⌧ px, then our integral of motion
is reducing at a rate:

dI

dt
= �↵RR �I cos2  4I
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We shall consider how much the integral I reduces
during one resonant cycle TL = T0�/(I cos2  ) where
T0 = 2⇡ in normalized units. We shall replace the elec-
tron Lorentz factor with Eq. (4):
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where < 16 cos8  sin2  >= 7/16. This gives
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(18)

The prediction against the data is shown in Fig. 1.

C. When does the channel field dominate?
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where αRR = 2e4/(3m2
e c3) is the damping constant [38]. RR sets a limit on the maximum electron energy

attainable in the interaction with an ultra-intense laser pulse. The limit is reached when all the energy an
electron can gain during one betatron cycle is radiated out during the same time interval. As a result, the
particle energy is equal before and after such a cycle. In other words, no further acceleration is possible. For
a relativistic particle that satisfies the condition E0 ! E∗

Cγ/I, we can estimate the maximum energy by
equating dγ/dt from equations (10) and (19) which leads to

γRR ≈
(

e2a0ω0

αRRmω2
p

√
2I

)2/5

. (20)

Equation (20) represents the acceleration limit when the channel field is the dominant cause of RR and can
be applied to quasi-resonant particles. The result can be simplified to

γRR ≈ 1.484 × 103

(
λ0[µm]

ω2
0

ω2
p

a0√
2I

)2/5

. (21)

1.5. Radiation reaction-induced reduction of I
When electrons lose energy due to radiation emission, the integral of motion I defined in equation (4) is
not conserved anymore. We can make a quantitative estimate of how I changes during one resonant
betatron cycle. Radiation losses change the instantaneous energy and momentum of the particles, which
also reduces the integral of motion I. For relativistic particles, we can assume that most of the radiation is
emitted in the direction of motion (this emission is contained within a cone that has an opening angle
θ ∼ 1/γ). According to this assumption, the momentum and energy are reduced proportionally:
dγ/γ ' dp/p ' dpx/px. The integral of motion therefore decreases through the reduction of γ − px/(mec),
in the following way:

dI = dγ − dpx

mec
' dγ

(
1 − px

γmec

)
, (22)

where we used the proportionality mentioned above to express dpx as a function of dγ. Using equation (22)
we can derive that the integral of motion is reducing at a rate

dI
dt

=
dγ
dt

I cos2 ψ

γ
, (23)

where dγ/dt is given by equation (19).
We can estimate how much I decreases during one resonant betatron cycle. We first perform a change

of variables dt = γ∗/(I cos2 ψ)dψ, and use equation (8) to remove direct γ dependence. If we assume a
limit where the channel field dominates, using

∫ 2π
0 cos8 ψ sin2 ψ dψ = 7π/128 we get I decreases to

I = I0

[
1 + 3.2 × 10−8ω

2
0

ω2
p

I4
0

λ0[µm]

]−1/4

. (24)

In the other limit, where the laser field dominates, we have
∫ 2π

0 cos6 ψdψ = 5π/8, which gives

I = I0

[
1 + 2.3 × 10−8 a2

0
I0

λ0[µm]

]−1

. (25)

Both equations (24) and (25) predict an asymptotic value that particles with a large initial value of I0 would
tend to after a resonant cycle. If the predicted asymptotic I is much smaller for one of the limits (RR due to
the laser or due to the channel fields), it means that this limit represents the dominant contribution to the
RR. As it turns out, the I limit predicted by equation (24) is frequently lower than the one predicted by
equation (25). An example for a0 = 500 is given in figure 4. The figure illustrates that even one resonant
betatron cycle can be enough to reduce the integral of motion very close to the value where the RR is not
very strong anymore and cannot make a significant change during the subsequent cycles. Inserting the
asymptotic value of I into equation (21) will give us the maximum electron energy allowed due to the RR.

For predictions of the maximum energy in the system, one should compare equations (9), (13) and (21),
using the lowest energy predicted among the three as a final result. One should consider the I0 for
equation (13), because it applies to acceleration from the beginning of the interaction, while equations (9)
and (21) should be considered with the value of I reduced by RR.
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The acceleration saturates when the radiated energy within an oscillation cycle equals the 
constructive work of the field for the same cycle!

Lower limit also due to the 
RR, but indirectly through I

Integral of motion  is 
no longer perserved - it 
reduces with time due 

to the RR

I

Direct laser acceleration in plasma 
channels: energetic leptons 
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• Direct laser acceleration provides high-charge electon beams.
• Using extreme laser intensities can increase total charge and energy. 
• These beams are not monoenergetic, but they can be used for radiation 

generation or seeding of QED cascades.

Motivation

Conserved quantity in the particle motion with no losses

Maximum acceleration Radiation reaction helps achieveing resonance 

Conclusions

We can accelerate particles to > 10 GeV energies with DLA in mm-plasma channels
• We can predict the cutoff energy as a function of the acceleration distance, density and channel radius. 
• This scheme provides lots of charge, and can be used for QED cascade seeding and radiation generation. 
• Radiation reaction helps inject particles (radiative trapping) and makes it easier to achieve resonant motion. 

For more details please check
• M. Jirka et al, New J. Phys. 22, 083058 (2020)
• B. Martinez et al, EPS HIFI satellite meeting poster on positron acceleration through DLA 
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Figure 1: Momenta evolution of
electron with initial position (1) y = 28 c/ω0
and (2) y = 0 c/ω0 (a0 = 100,ωp/ω0= 0.5)

• Integral of motion derived from
Hamiltonian for a particle in such a field
configuration 5,6

Analytical theory for a plane wave

DLA is very sensitive to the initial conditions

What is limiting the maximum possible energy?

RR helps achieving the betatron resonance

• Prepulse creates a plasma channel in an underdense plasma
• Inside the channel, quasistatic fields are created
• Transverse electric field created by the charge separation
• Azimuthal magnetic field created by the electron current

How to accelerate electrons within a plasma channel?

Direct laser acceleration (DLA) in the plasma channel by ultra-intense lasers 1−4

Formation of a plasma channel

• An electron propagating in the plasma channel undergoes betatron oscillations
• If the frequency of betatron oscillations is close to the Doppler-shifted laser
frequency experienced by the moving electron, then the laser energy can be
efficiently coupled to the electron - betatron resonance

• Particle initially at rest at x = 0 c/ω0 having
different radial distance y = 0 - Rmax = 100c/ω0
• Cylindrically symmetric plasma channel of
density np = 0.01 − 1.0nc, length 520 µm
• Laser: λ =1 µm, plane wave, Gaussian
FWHM 150 fs, polarized along y
• Radiation reaction modeled as a continuous
process (Landau-Lifshitz)
• Nelgected: mobile ions, self-focusing,
dissipation of laser energy

Test particle configuration

Conclusions
• Betatron resonance is sensitive to the initial conditions: initial particle position and
background plasma density
• Radiation reaction affects acceleration process: lowers the maximum energy gain
but allows more particles to achieve the betatron resonance
• Multi-GeV electrons expected in a single-stage acceleration within a 0.5 mm long
channel using near-future lasers (10 PW, 150 fs).
• It will be possible to optimise the channel and laser parameters for obtaining
higher energies or higher particle counts.
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What are the optimal channel parameters for efficient electron acceleration?
How radiation reaction affects the process of electron acceleration?

• Efficient electron energy gain possible
when betatron resonance is achieved
(no decellerating work)

• Betatron resonance1:

• Achieving the betatron resonance
depends on:
• Electron initial position
• Plasma density
• Laser intensity

Figure 2: Maximum electron energy:
theory vs. test particle runs (radiation
reaction neglected)

1) Reduces the maximum energy
• Lower maximum energy due to photon
emission

2) More particles can achieve the betatron
resonance

• RR affects the evolution of phase-matching
process between the particle and the field

• This leads to softening the conditions
required for achieving the parametric
resonance

Integral of motion is not conserved in the RR case

Figure 3: Maximum energy in a parameter study
of 104 test cases varying the background density
and the initial position R0

• Assumed
• RR due to the channel field
• Radiated energy = gained energy
in one resonant cycle

• The value of the initial integral of
motion I0 drops after one betatron
resonant cycle to I:

Figure 4: Reduction of I due to RR in one betatron cycle: theory vs. data points (a0 = 500)

1) Resonance condition (no RR)

2) Limit due to RR

3) Acceleration distance

Figure 5: Comparison of results from
single particle code with 2D OSIRIS runs
(black, parabolic density profile, peak
ωp=2ω0 at R0, focus w0 = 1.6 μm, 150 fs)

Direct laser acceleration

• From resonant condition derive maximum
and average energy per cycle 7,8

• Energy gain limited by the acceleration
distance

What does RR change?• Radial elecric field and asimuthal magnetic field 
provide a restoring force that guides the electrons (if 
they propagate in the same direction as the laser).

• Both, Bc and Ec contribute to the electron guiding. 
The value of the sum |Bc|+|Ec| is what matters.

Basic facts about DLA

2

celerated electrons, it can strongly enhance acceleration
of some electrons [46].

Obtaining a precise description of DLA is a challenge
even without considering radiation reaction. By ex-
tending the mathematical tools previously developed for
classical relativistic DLA at moderate laser intensities
(a0 . 10) [18], this paper aims to pave the path for a
quantitative description of DLA including radiation re-
action. In particular, we explore how RR changes the
onset of betatron resonance and provide analytical pre-
dictions for the final electron energy. We discuss dif-
ferent aspects that a↵ect or limit the acceleration, and
find the promising parameter ranges and scaling laws to
guide future experiments. The laws are verified with a
comprehensive numerical study, involving test particles
in ideal conditions, as well as full-scale self-consistent 2D
particle-in-cell simulations. The setup considered in this
work is a pre-formed plasma channel irradiated by an in-
tense laser pulse that accelerates plasma electrons which
are initially at rest (somewhere within the channel or at
the channel walls). Our findings show that a fraction
of particles that can achieve the betatron resonance is
greatly increased by RR, which allows for high charge
content in the accelerated electron beam. We quantify
which are the necessary initial conditions and expected
asymptotic energies for those particles.

This manuscript is organized as follows. In section I,
we provide the analytical description of electron dynam-
ics within a plasma channel in the presence of an intense
laser field. We consider cases with and without radiation
reaction in a simplified field configuration. In section
II, test particle simulations are presented, the obtained
data are compared with the analytical predictions, and
the validity of used approximations is verified. Section
III features 2D Particle-In-Cell (PIC) simulations with
a pre-formed plasma channel, while the summary of the
work is given in section IV.

I. ELECTRON DYNAMICS IN A PLASMA
CHANNEL WITH A LASER FIELD

In this section, we analyze the acceleration of a sin-
gle electron in a symmetric plasma channel irradiated
by an ultra-intense linearly polarized laser. Using DLA
scheme, the electron can be e�ciently accelerated only if
it achieves the betatron resonance. Whether this con-
dition is fullfilled depends on initial conditions of the
electron (e.g. distance from the axis, initial momentum,
etc.) and the background plasma density. In addition,
as the electron performs betatron oscillations in a strong
electromagnetic background field, it loses its energy by
emitting photons which, in turn, alters its dynamics [38].
All these e↵ects have an impact on achieving the beta-
tron resonance, and thus on the overall dynamics of the
electrons within the plasma channel.

We first introduce our configuration and an analytical
description of a particle performing the coupled oscilla-
tions. This motion has an invariant I that can be used
to obtain the resonance condition. The next step is to
estimate how much energy particles can gain over a cer-
tain acceleration distance, still without radiation reac-
tion. We show later on that the principal e↵ect of radia-
tion reaction is to limit to the maximum energy achiev-
able on a resonant trajectory. More specifically, radiation
reaction breaks the invariant I and it is possible to quan-
tify this change over a resonant cycle. A decrease in I
results in a gradual change of the resonant condition over
time, which allows the electron to become resonant even
if its initial conditions were far from optimal.

Integral of motion in simplified electromagnetic
configuration

A rigorous analytical description of our setup requires
a few simplifications. Similarly as in previous works, in
this section we consider the laser to be a plane wave, and
the channel fields to be a linear function of the distance
from the propagation axis x [18, 19, 27]. Consequently,
the channel fields are radially symmetric with respect
to the x-axis. The electron can be placed initially at
di↵erent radial positions inside the plasma channel or
on channel walls (see figure 1). We consider electrons
starting at rest, and in the (x, y) plane (the plane defined
by the laser polarisation and propagation direction). The
laser propagates in positive x direction and the fields are
given by EL = E0 sin� ŷ, BL = B0 sin� ẑ, where E0

and B0 are the amplitudes of the electric and magnetic
field and � is the phase of the wave. The phase velocity
of the laser is assumed to be equal to the speed of light
c, which is justified by the low plasma density and high
laser intensity (this is verified in section II).
The electromagnetic field experienced by the electron

is the combination of the laser field and the fields emerg-
ing due to the displacement of plasma electrons in the
channel (channel fields) [7]. These self-generated quasi-
static channel fields are the radial electric field and the
azimuthal magnetic field

EC = f
me!2

p

2e
r, BC = (1� f)

me!2
p

2ec
r⇥ v, (1)

where r = y ŷ+ z ẑ is perpendicular to the channel axis
and v = v x̂ is the velocity of the flow. The numerical
factor f depends on the fraction of electrons within the
plasma channel and takes values between 0  f  1
[21, 29]. The transversely expelled electrons generate
the radial electric field, while electrons accelerated for-
ward within the channel form a current that generates
the azimuthal magnetic field. Usually, the higher the
background plasma density, the lower the value of f [44].
In other words, the channel fields are linearly dependent
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c, which is justified by the low plasma density and high
laser intensity (this is verified in section II).
The electromagnetic field experienced by the electron

is the combination of the laser field and the fields emerg-
ing due to the displacement of plasma electrons in the
channel (channel fields) [7]. These self-generated quasi-
static channel fields are the radial electric field and the
azimuthal magnetic field

EC = f
me!2

p

2e
r, BC = (1� f)

me!2
p

2ec
r⇥ v, (1)

where r = y ŷ+ z ẑ is perpendicular to the channel axis
and v = v x̂ is the velocity of the flow. The numerical
factor f depends on the fraction of electrons within the
plasma channel and takes values between 0  f  1
[21, 29]. The transversely expelled electrons generate
the radial electric field, while electrons accelerated for-
ward within the channel form a current that generates
the azimuthal magnetic field. Usually, the higher the
background plasma density, the lower the value of f [44].
In other words, the channel fields are linearly dependent

Relativistic electron
direction of motion

Transverse Lorentz force 
due to the channel fields

The electrons perform betatron 
oscillations within the channel

Transverse Lorentz force 
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I. CONCLUSIONS WITH NO RR - COMING FROM
THE PARTICLE HAMILTONIAN

This document is a follow-up to the Martin’s calcu-
lations for Betatron resonance without RR. There is an
integral of motion

I = � � px
mc

+
!2
p
R2

4c2
= I0 (1)

The consequences of this and assuming that px �
py � mc are that if we define the betatron oscillation
phase as  , we can express the following:

py
�

'

s
2I

�
cos (2)

and

1� px
�mc

' I

�
cos2  (3)

Assuming resonance between betatron oscillations and
the oscillations in the laser field we get an estimate for �

�⇤ ' 2I2
✓
!0

!p

◆2

cos4  (4)

One can take an average over the fast oscillating compo-
nent < cos4  >= 3/8 or simply look at the maximum
possible value.

Where, we have

I0 = 1 +
!2
p
R2

0

4c2
(5)

and the resonant oscillation frequency is

!osc = !0
I

�
cos2  (6)

a)Electronic mail: marija.vranic@ist.utl.pt

II. WHAT DOES THE RR CHANGE?

Let us first assume that the radiation reaction has a
small e↵ect. The e↵ect has to enter the Eq (4) by a↵ect-
ing the integral of motion. Indeed, if a particle emits a
photon in a specific location R, and the emission is in the
direction of motion (we assume the particle is relativis-
tic), we get

dI = d
⇣
� � px

mc

⌘
= d�

✓
1� px

�mc

◆
(7)

One can notice that the integral can be reduced in an
event of photon emission but it cannot be increased. The
RR is expected to reduce not just the instantaneous �,
but also a maximum attainable �⇤.
I will from now on stop writing m and c for brevity.
A general form of the leading order term for radiation

loss can be taken from the Landau-Lifshitz equation. If
we assume B only in z-direction and belonging to the
laser, E = ECH + EL is always in y-direction, while the
particle has pz = 0, we can simplify to the following:

d�

dt
' �↵RR �

2

"
E2

 
1�

p2
y

�2

!
+B2 p2

x
+ p2

y

�2
� 2EB

px
�

#

(8)
where ↵RR is the damping constant. Replacing all from
the above into Eq(8), we get

d�

dt
' �↵RR �

2

"✓
EL

I

�
cos2  � ECH

◆2

� E2
CH

2I

�
cos2  

#

(9)
Here we have two situations: either the laser field will

dominate the radiation loss, or the channel field will.
These two situation will depend on the initial distance
of the particle from the axis. If the particle starts very
close to the axis, the channel field will be quite low. If
the particle starts with a large R, the channel field can
be quite high. We will first deal with the second case.

A. Radiation reaction dominated by the channel field
(when a0I0/� ⌧ E0, CH)

We shall first remind ourselves that the  is the phase
of the betatron oscilations, and therefore R = R0 sin ,

Resonant condition

TL
T�

⌧
dW

dt

�

max

' a0

s
2I

�

1

2
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' 2a0p

I
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Figure 15. Results from PIC for ωp = 0.27ω0, R0 = 81c/ω0 and a0 = 600. (a) Trajectory, (c) transverse and (e) longitudinal
momenta of 48 randomly selected electrons with energy above 104mec2 at t = 2501ω−1

0 . Panels (b), (d), (f) and (h) show the
time evolution of the electrons in py-energy phase-space. Panel (d) highlights the trajectory of one efficiently accelerated electron.
This trajectory is overlaid with the py-energy phase-space (blue scale) and analytical estimates for the connection between py and
energy when betatron phase is cosψ " 1 (the point of local maximum for py) in panels (f) t = 2501ω−1

0 and (h) t = 4000ω−1
0 .

The outer solid line is associated with the highest initial integral of motion in the system, while the inner lines show the expected
values after one (dotted line) and two (solid line) resonant cycles according to equation (24). Panel (g) shows time evolution of
the transverse electric field along the x-axis inside a simulation window moving at the speed of light. The figure represents a
magnified portion of space slightly over three wavelengths long, such that phase velocity can be measured directly.

dependent on the distance from the axis. The amplitude of the focussing field is of the same order as Ex,
with a difference that the Ex average is close to zero on scales larger than a laser wavelength. The
color-coded lineouts in panel (h) confirm that the channel field can be regarded as a linear function of the
distance from the axis up to approximately R0/2, where the slope is defined by the effective plasma density.
For a flat density plasma slab, the effective density is the background plasma density np. For a channel with
a parabolic density gradient like ours, the average plasma density for the region around the channel axis
between −R0/2 and R0/2 can be calculated analytically and directly applied to equations presented in
section 1. The channel field predicted by equation (1) using the effective plasma density neff

p " 0.4nc is
illustrated by the black dashed line in panel (h) which is in agreement with the value extracted from the PIC
simulation.

3.3. Particle motion
For the same simulation parameters, figure 15 shows randomly selected trajectories among particles that
achieved energies ξ > 104mec2 at t = 2501ω−1

0 (the same time shown in figure 14). The trajectories are
color-coded in energy, showing the configuration space along with the evolution of transverse and
longitudinal momenta vs the longitudinal x-position.

Laser–electron dephasing depends on the velocity of the particle along the laser propagation direction
βx and phase velocity of the laser. One can measure the phase velocity in PIC simulations from the temporal
evolution of the electric field along the channel axis, shown in panel (g). The phase velocity is not constant,
owing to the 2D laser dynamics. The measured average phase velocity is 1.000 75c, on the same order as the
analytical prediction in section 2 that gives the value 1.000 66c for our neff

p " 0.4nc and a0 = 600. The βx

depends on the ratio py/px ∼ 0.1 (cf figure 15), which confirms that for resonant particles the transverse
electron motion has about an order of magnitude stronger effect on dephasing than superluminosity (and
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FIG.3.Themaximumvalueofrelativistic�factoroftheelectronasafunctionofnormalizedplasmafrequency!p/!0,initial
radialdistanceyfromthechannelaxisanda0.Intheseruns,radiationreactionisneglected.

FIG.4.Summaryofsixparameterstudieswith10
4
testcases

varyingthebackgrounddensityandinitialelectronposition
whenradiationreactionisneglected.Orangemarkersdenote
resultsfrom2DPICsimulationswiththefollowingparame-
ters:(circle)a0=100,!p=

p
0.02!0;(triangle)a0=100,

!p=
p
0.5!0;(diamond)a0=600,!p=0.5!0.Inallthree

cases,thechannelradiuswasy=48c/!0.

Duringthemotionwithinthechannel,theelectroncan

experiencethefieldofthelaser

EL=
mec!0a0

e
,(15)

andthechannelfield(electricfieldproducedbythe
plasmaofdensityne)

EC=4⇡neeR0.(16)

Atfirstwewillassumethattheelectronwhichisac-
celeratedbythelaserfieldELlosesitsenergyduetothe
motioninthebackgroundchannelfieldEC.Weassume
thatforthecharacteristictime⌧1holds

ĖL=
EL

⌧1
.(17)

Thecharacteristictime⌧1iscalculatedfromtheinitial
betatronfrequency[26]

!�0=
!p
p
2
,(18)

as

⌧1=
2⇡

p
2

!p
.(19)
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A. Radiation reaction dominated by the channel field
(when EL/� ⌧ ECH)

We shall first remind ourselves that the  is the phase
of the betatron oscilations, and therefore R = R0 sin ,
which if R0 is given in OSIRIS units normalized to the
laser frequency !0, gives the channel field

ECH =
!2

p

!2
0

R0 sin (10)

and

E2
CH

= I
!2

p

!2
0

sin2  (11)

One can then approximate that due to the radiation
reaction in the channel field we lose this much energy on
average (still assuming 2I ⌧ � by construction, i.e. the
transverse momentum is smaller than the longitudinal
momentum):

d�

dt
' �↵RR �2E2

CH
(12)

For resonant motion, one can also estimate the work
the laser can perform on a particle - we have to bear in
mind again that the E is parallel to y-axis, and since we
know py, we can estimate:

dW

dt
= a0

s
2I

�
cos sin� (13)

where � is the phase in the laser field. The average work
in the best case scenario is:

< dW >

dt
= a0

s
2I

�

1

2
(14)

For the maximum possible �, this work should be equal
to the radiation loss, and the particle stays with the same
energy. This gives an estimate for the maximum �:

�5/2 ' a0

↵RR

!2
0

!2
p

1p
2I

(15)

We see that higher integral means lower final � in
this case (makes sense because of a stronger field expe-
rienced). But, the ratio of the laser and the plasma fre-
quency is also important. Lower plasma density allows
higher final energies. But, the resonance is not accom-
plished for arbitrarily low frequency ration, the minimum
value is around !p/!0 ⇡ 0.2. To obtain a curve for the
highest attainable �, we therefore use this value.

B. Integral of motion for the case when the channel field
dominates

If we assume that ECH � EL/� and we remain under
an assumption that py ⌧ px, then our integral of motion
is reducing at a rate:

dI

dt
= �↵RR �I cos2  4I

✓
!p

!0

◆2

sin2  (16)

We shall consider how much the integral I reduces
during one resonant cycle TL = T0�/(I cos2  ) where
T0 = 2⇡ in normalized units. We shall replace the elec-
tron Lorentz factor with Eq. (4):

Z
dI

I5
= �↵RR 2⇡

✓
!0

!p

◆2

16 cos8  sin2  (17)

where < 16 cos8  sin2  >= 7/16. This gives

✓
I

I0
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1 + ↵RR 2⇡

✓
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4
I4
0

!�1

(18)

The prediction against the data is shown in Fig. 1.

C. When does the channel field dominate?
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where αRR = 2e4/(3m2
e c3) is the damping constant [38]. RR sets a limit on the maximum electron energy

attainable in the interaction with an ultra-intense laser pulse. The limit is reached when all the energy an
electron can gain during one betatron cycle is radiated out during the same time interval. As a result, the
particle energy is equal before and after such a cycle. In other words, no further acceleration is possible. For
a relativistic particle that satisfies the condition E0 ! E∗

Cγ/I, we can estimate the maximum energy by
equating dγ/dt from equations (10) and (19) which leads to

γRR ≈
(

e2a0ω0

αRRmω2
p

√
2I

)2/5

. (20)

Equation (20) represents the acceleration limit when the channel field is the dominant cause of RR and can
be applied to quasi-resonant particles. The result can be simplified to

γRR ≈ 1.484 × 103

(
λ0[µm]

ω2
0

ω2
p

a0√
2I

)2/5

. (21)

1.5. Radiation reaction-induced reduction of I
When electrons lose energy due to radiation emission, the integral of motion I defined in equation (4) is
not conserved anymore. We can make a quantitative estimate of how I changes during one resonant
betatron cycle. Radiation losses change the instantaneous energy and momentum of the particles, which
also reduces the integral of motion I. For relativistic particles, we can assume that most of the radiation is
emitted in the direction of motion (this emission is contained within a cone that has an opening angle
θ ∼ 1/γ). According to this assumption, the momentum and energy are reduced proportionally:
dγ/γ ' dp/p ' dpx/px. The integral of motion therefore decreases through the reduction of γ − px/(mec),
in the following way:

dI = dγ − dpx

mec
' dγ

(
1 − px

γmec

)
, (22)

where we used the proportionality mentioned above to express dpx as a function of dγ. Using equation (22)
we can derive that the integral of motion is reducing at a rate

dI
dt

=
dγ
dt

I cos2 ψ

γ
, (23)

where dγ/dt is given by equation (19).
We can estimate how much I decreases during one resonant betatron cycle. We first perform a change

of variables dt = γ∗/(I cos2 ψ)dψ, and use equation (8) to remove direct γ dependence. If we assume a
limit where the channel field dominates, using

∫ 2π
0 cos8 ψ sin2 ψ dψ = 7π/128 we get I decreases to

I = I0

[
1 + 3.2 × 10−8ω

2
0

ω2
p

I4
0

λ0[µm]

]−1/4

. (24)

In the other limit, where the laser field dominates, we have
∫ 2π

0 cos6 ψdψ = 5π/8, which gives

I = I0

[
1 + 2.3 × 10−8 a2

0
I0

λ0[µm]

]−1

. (25)

Both equations (24) and (25) predict an asymptotic value that particles with a large initial value of I0 would
tend to after a resonant cycle. If the predicted asymptotic I is much smaller for one of the limits (RR due to
the laser or due to the channel fields), it means that this limit represents the dominant contribution to the
RR. As it turns out, the I limit predicted by equation (24) is frequently lower than the one predicted by
equation (25). An example for a0 = 500 is given in figure 4. The figure illustrates that even one resonant
betatron cycle can be enough to reduce the integral of motion very close to the value where the RR is not
very strong anymore and cannot make a significant change during the subsequent cycles. Inserting the
asymptotic value of I into equation (21) will give us the maximum electron energy allowed due to the RR.

For predictions of the maximum energy in the system, one should compare equations (9), (13) and (21),
using the lowest energy predicted among the three as a final result. One should consider the I0 for
equation (13), because it applies to acceleration from the beginning of the interaction, while equations (9)
and (21) should be considered with the value of I reduced by RR.
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The acceleration saturates when the radiated energy within an oscillation cycle equals the 
constructive work of the field for the same cycle!

Lower limit also due to the 
RR, but indirectly through I

Integral of motion  is 
no longer perserved - it 
reduces with time due 

to the RR

I

Direct laser acceleration in plasma 
channels: energetic leptons 
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• Direct laser acceleration provides high-charge electon beams.
• Using extreme laser intensities can increase total charge and energy. 
• These beams are not monoenergetic, but they can be used for radiation 

generation or seeding of QED cascades.

Motivation

Conserved quantity in the particle motion with no losses

Maximum acceleration Radiation reaction helps achieveing resonance 

Conclusions

We can accelerate particles to > 10 GeV energies with DLA in mm-plasma channels
• We can predict the cutoff energy as a function of the acceleration distance, density and channel radius. 
• This scheme provides lots of charge, and can be used for QED cascade seeding and radiation generation. 
• Radiation reaction helps inject particles (radiative trapping) and makes it easier to achieve resonant motion. 

For more details please check
• M. Jirka et al, New J. Phys. 22, 083058 (2020)
• B. Martinez et al, EPS HIFI satellite meeting poster on positron acceleration through DLA 
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Figure 1: Momenta evolution of
electron with initial position (1) y = 28 c/ω0
and (2) y = 0 c/ω0 (a0 = 100,ωp/ω0= 0.5)

• Integral of motion derived from
Hamiltonian for a particle in such a field
configuration 5,6

Analytical theory for a plane wave

DLA is very sensitive to the initial conditions

What is limiting the maximum possible energy?

RR helps achieving the betatron resonance

• Prepulse creates a plasma channel in an underdense plasma
• Inside the channel, quasistatic fields are created
• Transverse electric field created by the charge separation
• Azimuthal magnetic field created by the electron current

How to accelerate electrons within a plasma channel?

Direct laser acceleration (DLA) in the plasma channel by ultra-intense lasers 1−4

Formation of a plasma channel

• An electron propagating in the plasma channel undergoes betatron oscillations
• If the frequency of betatron oscillations is close to the Doppler-shifted laser
frequency experienced by the moving electron, then the laser energy can be
efficiently coupled to the electron - betatron resonance

• Particle initially at rest at x = 0 c/ω0 having
different radial distance y = 0 - Rmax = 100c/ω0
• Cylindrically symmetric plasma channel of
density np = 0.01 − 1.0nc, length 520 µm
• Laser: λ =1 µm, plane wave, Gaussian
FWHM 150 fs, polarized along y
• Radiation reaction modeled as a continuous
process (Landau-Lifshitz)
• Nelgected: mobile ions, self-focusing,
dissipation of laser energy

Test particle configuration

Conclusions
• Betatron resonance is sensitive to the initial conditions: initial particle position and
background plasma density
• Radiation reaction affects acceleration process: lowers the maximum energy gain
but allows more particles to achieve the betatron resonance
• Multi-GeV electrons expected in a single-stage acceleration within a 0.5 mm long
channel using near-future lasers (10 PW, 150 fs).
• It will be possible to optimise the channel and laser parameters for obtaining
higher energies or higher particle counts.
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What are the optimal channel parameters for efficient electron acceleration?
How radiation reaction affects the process of electron acceleration?

• Efficient electron energy gain possible
when betatron resonance is achieved
(no decellerating work)

• Betatron resonance1:

• Achieving the betatron resonance
depends on:
• Electron initial position
• Plasma density
• Laser intensity

Figure 2: Maximum electron energy:
theory vs. test particle runs (radiation
reaction neglected)

1) Reduces the maximum energy
• Lower maximum energy due to photon
emission

2) More particles can achieve the betatron
resonance

• RR affects the evolution of phase-matching
process between the particle and the field

• This leads to softening the conditions
required for achieving the parametric
resonance

Integral of motion is not conserved in the RR case

Figure 3: Maximum energy in a parameter study
of 104 test cases varying the background density
and the initial position R0

• Assumed
• RR due to the channel field
• Radiated energy = gained energy
in one resonant cycle

• The value of the initial integral of
motion I0 drops after one betatron
resonant cycle to I:

Figure 4: Reduction of I due to RR in one betatron cycle: theory vs. data points (a0 = 500)

1) Resonance condition (no RR)

2) Limit due to RR

3) Acceleration distance

Figure 5: Comparison of results from
single particle code with 2D OSIRIS runs
(black, parabolic density profile, peak
ωp=2ω0 at R0, focus w0 = 1.6 μm, 150 fs)

Direct laser acceleration

• From resonant condition derive maximum
and average energy per cycle 7,8

• Energy gain limited by the acceleration
distance

What does RR change?• Radial elecric field and asimuthal magnetic field 
provide a restoring force that guides the electrons (if 
they propagate in the same direction as the laser).

• Both, Bc and Ec contribute to the electron guiding. 
The value of the sum |Bc|+|Ec| is what matters.
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celerated electrons, it can strongly enhance acceleration
of some electrons [46].

Obtaining a precise description of DLA is a challenge
even without considering radiation reaction. By ex-
tending the mathematical tools previously developed for
classical relativistic DLA at moderate laser intensities
(a0 . 10) [18], this paper aims to pave the path for a
quantitative description of DLA including radiation re-
action. In particular, we explore how RR changes the
onset of betatron resonance and provide analytical pre-
dictions for the final electron energy. We discuss dif-
ferent aspects that a↵ect or limit the acceleration, and
find the promising parameter ranges and scaling laws to
guide future experiments. The laws are verified with a
comprehensive numerical study, involving test particles
in ideal conditions, as well as full-scale self-consistent 2D
particle-in-cell simulations. The setup considered in this
work is a pre-formed plasma channel irradiated by an in-
tense laser pulse that accelerates plasma electrons which
are initially at rest (somewhere within the channel or at
the channel walls). Our findings show that a fraction
of particles that can achieve the betatron resonance is
greatly increased by RR, which allows for high charge
content in the accelerated electron beam. We quantify
which are the necessary initial conditions and expected
asymptotic energies for those particles.

This manuscript is organized as follows. In section I,
we provide the analytical description of electron dynam-
ics within a plasma channel in the presence of an intense
laser field. We consider cases with and without radiation
reaction in a simplified field configuration. In section
II, test particle simulations are presented, the obtained
data are compared with the analytical predictions, and
the validity of used approximations is verified. Section
III features 2D Particle-In-Cell (PIC) simulations with
a pre-formed plasma channel, while the summary of the
work is given in section IV.

I. ELECTRON DYNAMICS IN A PLASMA
CHANNEL WITH A LASER FIELD

In this section, we analyze the acceleration of a sin-
gle electron in a symmetric plasma channel irradiated
by an ultra-intense linearly polarized laser. Using DLA
scheme, the electron can be e�ciently accelerated only if
it achieves the betatron resonance. Whether this con-
dition is fullfilled depends on initial conditions of the
electron (e.g. distance from the axis, initial momentum,
etc.) and the background plasma density. In addition,
as the electron performs betatron oscillations in a strong
electromagnetic background field, it loses its energy by
emitting photons which, in turn, alters its dynamics [38].
All these e↵ects have an impact on achieving the beta-
tron resonance, and thus on the overall dynamics of the
electrons within the plasma channel.

We first introduce our configuration and an analytical
description of a particle performing the coupled oscilla-
tions. This motion has an invariant I that can be used
to obtain the resonance condition. The next step is to
estimate how much energy particles can gain over a cer-
tain acceleration distance, still without radiation reac-
tion. We show later on that the principal e↵ect of radia-
tion reaction is to limit to the maximum energy achiev-
able on a resonant trajectory. More specifically, radiation
reaction breaks the invariant I and it is possible to quan-
tify this change over a resonant cycle. A decrease in I
results in a gradual change of the resonant condition over
time, which allows the electron to become resonant even
if its initial conditions were far from optimal.

Integral of motion in simplified electromagnetic
configuration

A rigorous analytical description of our setup requires
a few simplifications. Similarly as in previous works, in
this section we consider the laser to be a plane wave, and
the channel fields to be a linear function of the distance
from the propagation axis x [18, 19, 27]. Consequently,
the channel fields are radially symmetric with respect
to the x-axis. The electron can be placed initially at
di↵erent radial positions inside the plasma channel or
on channel walls (see figure 1). We consider electrons
starting at rest, and in the (x, y) plane (the plane defined
by the laser polarisation and propagation direction). The
laser propagates in positive x direction and the fields are
given by EL = E0 sin� ŷ, BL = B0 sin� ẑ, where E0

and B0 are the amplitudes of the electric and magnetic
field and � is the phase of the wave. The phase velocity
of the laser is assumed to be equal to the speed of light
c, which is justified by the low plasma density and high
laser intensity (this is verified in section II).
The electromagnetic field experienced by the electron

is the combination of the laser field and the fields emerg-
ing due to the displacement of plasma electrons in the
channel (channel fields) [7]. These self-generated quasi-
static channel fields are the radial electric field and the
azimuthal magnetic field
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where r = y ŷ+ z ẑ is perpendicular to the channel axis
and v = v x̂ is the velocity of the flow. The numerical
factor f depends on the fraction of electrons within the
plasma channel and takes values between 0  f  1
[21, 29]. The transversely expelled electrons generate
the radial electric field, while electrons accelerated for-
ward within the channel form a current that generates
the azimuthal magnetic field. Usually, the higher the
background plasma density, the lower the value of f [44].
In other words, the channel fields are linearly dependent
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and B0 are the amplitudes of the electric and magnetic
field and � is the phase of the wave. The phase velocity
of the laser is assumed to be equal to the speed of light
c, which is justified by the low plasma density and high
laser intensity (this is verified in section II).
The electromagnetic field experienced by the electron

is the combination of the laser field and the fields emerg-
ing due to the displacement of plasma electrons in the
channel (channel fields) [7]. These self-generated quasi-
static channel fields are the radial electric field and the
azimuthal magnetic field

EC = f
me!2

p

2e
r, BC = (1� f)

me!2
p

2ec
r⇥ v, (1)
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I. CONCLUSIONS WITH NO RR - COMING FROM
THE PARTICLE HAMILTONIAN

This document is a follow-up to the Martin’s calcu-
lations for Betatron resonance without RR. There is an
integral of motion

I = � � px
mc

+
!2
p
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4c2
= I0 (1)

The consequences of this and assuming that px �
py � mc are that if we define the betatron oscillation
phase as  , we can express the following:
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Assuming resonance between betatron oscillations and
the oscillations in the laser field we get an estimate for �

�⇤ ' 2I2
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One can take an average over the fast oscillating compo-
nent < cos4  >= 3/8 or simply look at the maximum
possible value.

Where, we have
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p
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4c2
(5)

and the resonant oscillation frequency is

!osc = !0
I

�
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II. WHAT DOES THE RR CHANGE?

Let us first assume that the radiation reaction has a
small e↵ect. The e↵ect has to enter the Eq (4) by a↵ect-
ing the integral of motion. Indeed, if a particle emits a
photon in a specific location R, and the emission is in the
direction of motion (we assume the particle is relativis-
tic), we get

dI = d
⇣
� � px

mc

⌘
= d�

✓
1� px

�mc

◆
(7)

One can notice that the integral can be reduced in an
event of photon emission but it cannot be increased. The
RR is expected to reduce not just the instantaneous �,
but also a maximum attainable �⇤.
I will from now on stop writing m and c for brevity.
A general form of the leading order term for radiation

loss can be taken from the Landau-Lifshitz equation. If
we assume B only in z-direction and belonging to the
laser, E = ECH + EL is always in y-direction, while the
particle has pz = 0, we can simplify to the following:
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where ↵RR is the damping constant. Replacing all from
the above into Eq(8), we get
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Here we have two situations: either the laser field will

dominate the radiation loss, or the channel field will.
These two situation will depend on the initial distance
of the particle from the axis. If the particle starts very
close to the axis, the channel field will be quite low. If
the particle starts with a large R, the channel field can
be quite high. We will first deal with the second case.

A. Radiation reaction dominated by the channel field
(when a0I0/� ⌧ E0, CH)

We shall first remind ourselves that the  is the phase
of the betatron oscilations, and therefore R = R0 sin ,

Resonant condition
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Figure 15. Results from PIC for ωp = 0.27ω0, R0 = 81c/ω0 and a0 = 600. (a) Trajectory, (c) transverse and (e) longitudinal
momenta of 48 randomly selected electrons with energy above 104mec2 at t = 2501ω−1

0 . Panels (b), (d), (f) and (h) show the
time evolution of the electrons in py-energy phase-space. Panel (d) highlights the trajectory of one efficiently accelerated electron.
This trajectory is overlaid with the py-energy phase-space (blue scale) and analytical estimates for the connection between py and
energy when betatron phase is cosψ " 1 (the point of local maximum for py) in panels (f) t = 2501ω−1

0 and (h) t = 4000ω−1
0 .

The outer solid line is associated with the highest initial integral of motion in the system, while the inner lines show the expected
values after one (dotted line) and two (solid line) resonant cycles according to equation (24). Panel (g) shows time evolution of
the transverse electric field along the x-axis inside a simulation window moving at the speed of light. The figure represents a
magnified portion of space slightly over three wavelengths long, such that phase velocity can be measured directly.

dependent on the distance from the axis. The amplitude of the focussing field is of the same order as Ex,
with a difference that the Ex average is close to zero on scales larger than a laser wavelength. The
color-coded lineouts in panel (h) confirm that the channel field can be regarded as a linear function of the
distance from the axis up to approximately R0/2, where the slope is defined by the effective plasma density.
For a flat density plasma slab, the effective density is the background plasma density np. For a channel with
a parabolic density gradient like ours, the average plasma density for the region around the channel axis
between −R0/2 and R0/2 can be calculated analytically and directly applied to equations presented in
section 1. The channel field predicted by equation (1) using the effective plasma density neff

p " 0.4nc is
illustrated by the black dashed line in panel (h) which is in agreement with the value extracted from the PIC
simulation.

3.3. Particle motion
For the same simulation parameters, figure 15 shows randomly selected trajectories among particles that
achieved energies ξ > 104mec2 at t = 2501ω−1

0 (the same time shown in figure 14). The trajectories are
color-coded in energy, showing the configuration space along with the evolution of transverse and
longitudinal momenta vs the longitudinal x-position.

Laser–electron dephasing depends on the velocity of the particle along the laser propagation direction
βx and phase velocity of the laser. One can measure the phase velocity in PIC simulations from the temporal
evolution of the electric field along the channel axis, shown in panel (g). The phase velocity is not constant,
owing to the 2D laser dynamics. The measured average phase velocity is 1.000 75c, on the same order as the
analytical prediction in section 2 that gives the value 1.000 66c for our neff

p " 0.4nc and a0 = 600. The βx

depends on the ratio py/px ∼ 0.1 (cf figure 15), which confirms that for resonant particles the transverse
electron motion has about an order of magnitude stronger effect on dephasing than superluminosity (and
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FIG.3.Themaximumvalueofrelativistic�factoroftheelectronasafunctionofnormalizedplasmafrequency!p/!0,initial
radialdistanceyfromthechannelaxisanda0.Intheseruns,radiationreactionisneglected.

FIG.4.Summaryofsixparameterstudieswith10
4
testcases

varyingthebackgrounddensityandinitialelectronposition
whenradiationreactionisneglected.Orangemarkersdenote
resultsfrom2DPICsimulationswiththefollowingparame-
ters:(circle)a0=100,!p=

p
0.02!0;(triangle)a0=100,

!p=
p
0.5!0;(diamond)a0=600,!p=0.5!0.Inallthree

cases,thechannelradiuswasy=48c/!0.

Duringthemotionwithinthechannel,theelectroncan

experiencethefieldofthelaser
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e
,(15)

andthechannelfield(electricfieldproducedbythe
plasmaofdensityne)

EC=4⇡neeR0.(16)

Atfirstwewillassumethattheelectronwhichisac-
celeratedbythelaserfieldELlosesitsenergyduetothe
motioninthebackgroundchannelfieldEC.Weassume
thatforthecharacteristictime⌧1holds
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Thecharacteristictime⌧1iscalculatedfromtheinitial
betatronfrequency[26]
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A. Radiation reaction dominated by the channel field
(when EL/� ⌧ ECH)

We shall first remind ourselves that the  is the phase
of the betatron oscilations, and therefore R = R0 sin ,
which if R0 is given in OSIRIS units normalized to the
laser frequency !0, gives the channel field

ECH =
!2

p

!2
0

R0 sin (10)

and

E2
CH

= I
!2

p

!2
0

sin2  (11)

One can then approximate that due to the radiation
reaction in the channel field we lose this much energy on
average (still assuming 2I ⌧ � by construction, i.e. the
transverse momentum is smaller than the longitudinal
momentum):

d�

dt
' �↵RR �2E2

CH
(12)

For resonant motion, one can also estimate the work
the laser can perform on a particle - we have to bear in
mind again that the E is parallel to y-axis, and since we
know py, we can estimate:

dW

dt
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s
2I

�
cos sin� (13)

where � is the phase in the laser field. The average work
in the best case scenario is:

< dW >
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2
(14)

For the maximum possible �, this work should be equal
to the radiation loss, and the particle stays with the same
energy. This gives an estimate for the maximum �:
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(15)

We see that higher integral means lower final � in
this case (makes sense because of a stronger field expe-
rienced). But, the ratio of the laser and the plasma fre-
quency is also important. Lower plasma density allows
higher final energies. But, the resonance is not accom-
plished for arbitrarily low frequency ration, the minimum
value is around !p/!0 ⇡ 0.2. To obtain a curve for the
highest attainable �, we therefore use this value.

B. Integral of motion for the case when the channel field
dominates

If we assume that ECH � EL/� and we remain under
an assumption that py ⌧ px, then our integral of motion
is reducing at a rate:
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dt
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We shall consider how much the integral I reduces
during one resonant cycle TL = T0�/(I cos2  ) where
T0 = 2⇡ in normalized units. We shall replace the elec-
tron Lorentz factor with Eq. (4):
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The prediction against the data is shown in Fig. 1.

C. When does the channel field dominate?
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where αRR = 2e4/(3m2
e c3) is the damping constant [38]. RR sets a limit on the maximum electron energy

attainable in the interaction with an ultra-intense laser pulse. The limit is reached when all the energy an
electron can gain during one betatron cycle is radiated out during the same time interval. As a result, the
particle energy is equal before and after such a cycle. In other words, no further acceleration is possible. For
a relativistic particle that satisfies the condition E0 ! E∗

Cγ/I, we can estimate the maximum energy by
equating dγ/dt from equations (10) and (19) which leads to

γRR ≈
(

e2a0ω0

αRRmω2
p

√
2I

)2/5

. (20)

Equation (20) represents the acceleration limit when the channel field is the dominant cause of RR and can
be applied to quasi-resonant particles. The result can be simplified to

γRR ≈ 1.484 × 103

(
λ0[µm]

ω2
0

ω2
p

a0√
2I

)2/5

. (21)

1.5. Radiation reaction-induced reduction of I
When electrons lose energy due to radiation emission, the integral of motion I defined in equation (4) is
not conserved anymore. We can make a quantitative estimate of how I changes during one resonant
betatron cycle. Radiation losses change the instantaneous energy and momentum of the particles, which
also reduces the integral of motion I. For relativistic particles, we can assume that most of the radiation is
emitted in the direction of motion (this emission is contained within a cone that has an opening angle
θ ∼ 1/γ). According to this assumption, the momentum and energy are reduced proportionally:
dγ/γ ' dp/p ' dpx/px. The integral of motion therefore decreases through the reduction of γ − px/(mec),
in the following way:

dI = dγ − dpx

mec
' dγ

(
1 − px

γmec

)
, (22)

where we used the proportionality mentioned above to express dpx as a function of dγ. Using equation (22)
we can derive that the integral of motion is reducing at a rate

dI
dt

=
dγ
dt

I cos2 ψ

γ
, (23)

where dγ/dt is given by equation (19).
We can estimate how much I decreases during one resonant betatron cycle. We first perform a change

of variables dt = γ∗/(I cos2 ψ)dψ, and use equation (8) to remove direct γ dependence. If we assume a
limit where the channel field dominates, using

∫ 2π
0 cos8 ψ sin2 ψ dψ = 7π/128 we get I decreases to
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[
1 + 3.2 × 10−8ω
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. (24)

In the other limit, where the laser field dominates, we have
∫ 2π

0 cos6 ψdψ = 5π/8, which gives

I = I0

[
1 + 2.3 × 10−8 a2

0
I0

λ0[µm]

]−1

. (25)

Both equations (24) and (25) predict an asymptotic value that particles with a large initial value of I0 would
tend to after a resonant cycle. If the predicted asymptotic I is much smaller for one of the limits (RR due to
the laser or due to the channel fields), it means that this limit represents the dominant contribution to the
RR. As it turns out, the I limit predicted by equation (24) is frequently lower than the one predicted by
equation (25). An example for a0 = 500 is given in figure 4. The figure illustrates that even one resonant
betatron cycle can be enough to reduce the integral of motion very close to the value where the RR is not
very strong anymore and cannot make a significant change during the subsequent cycles. Inserting the
asymptotic value of I into equation (21) will give us the maximum electron energy allowed due to the RR.

For predictions of the maximum energy in the system, one should compare equations (9), (13) and (21),
using the lowest energy predicted among the three as a final result. One should consider the I0 for
equation (13), because it applies to acceleration from the beginning of the interaction, while equations (9)
and (21) should be considered with the value of I reduced by RR.
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The acceleration saturates when the radiated energy within an oscillation cycle equals the 
constructive work of the field for the same cycle!

Lower limit also due to the 
RR, but indirectly through I

Integral of motion  is 
no longer perserved - it 
reduces with time due 

to the RR

I
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• Direct laser acceleration provides high-charge electon beams.
• Using extreme laser intensities can increase total charge and energy. 
• These beams are not monoenergetic, but they can be used for radiation 

generation or seeding of QED cascades.

Motivation

Conserved quantity in the particle motion with no losses

Maximum acceleration Radiation reaction helps achieveing resonance 

Conclusions

We can accelerate particles to > 10 GeV energies with DLA in mm-plasma channels
• We can predict the cutoff energy as a function of the acceleration distance, density and channel radius. 
• This scheme provides lots of charge, and can be used for QED cascade seeding and radiation generation. 
• Radiation reaction helps inject particles (radiative trapping) and makes it easier to achieve resonant motion. 

For more details please check
• M. Jirka et al, New J. Phys. 22, 083058 (2020)
• B. Martinez et al, EPS HIFI satellite meeting poster on positron acceleration through DLA 
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Figure 1: Momenta evolution of
electron with initial position (1) y = 28 c/ω0
and (2) y = 0 c/ω0 (a0 = 100,ωp/ω0= 0.5)

• Integral of motion derived from
Hamiltonian for a particle in such a field
configuration 5,6

Analytical theory for a plane wave

DLA is very sensitive to the initial conditions

What is limiting the maximum possible energy?

RR helps achieving the betatron resonance

• Prepulse creates a plasma channel in an underdense plasma
• Inside the channel, quasistatic fields are created
• Transverse electric field created by the charge separation
• Azimuthal magnetic field created by the electron current

How to accelerate electrons within a plasma channel?

Direct laser acceleration (DLA) in the plasma channel by ultra-intense lasers 1−4

Formation of a plasma channel

• An electron propagating in the plasma channel undergoes betatron oscillations
• If the frequency of betatron oscillations is close to the Doppler-shifted laser
frequency experienced by the moving electron, then the laser energy can be
efficiently coupled to the electron - betatron resonance

• Particle initially at rest at x = 0 c/ω0 having
different radial distance y = 0 - Rmax = 100c/ω0
• Cylindrically symmetric plasma channel of
density np = 0.01 − 1.0nc, length 520 µm
• Laser: λ =1 µm, plane wave, Gaussian
FWHM 150 fs, polarized along y
• Radiation reaction modeled as a continuous
process (Landau-Lifshitz)
• Nelgected: mobile ions, self-focusing,
dissipation of laser energy

Test particle configuration

Conclusions
• Betatron resonance is sensitive to the initial conditions: initial particle position and
background plasma density
• Radiation reaction affects acceleration process: lowers the maximum energy gain
but allows more particles to achieve the betatron resonance
• Multi-GeV electrons expected in a single-stage acceleration within a 0.5 mm long
channel using near-future lasers (10 PW, 150 fs).
• It will be possible to optimise the channel and laser parameters for obtaining
higher energies or higher particle counts.
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What are the optimal channel parameters for efficient electron acceleration?
How radiation reaction affects the process of electron acceleration?

• Efficient electron energy gain possible
when betatron resonance is achieved
(no decellerating work)

• Betatron resonance1:

• Achieving the betatron resonance
depends on:
• Electron initial position
• Plasma density
• Laser intensity

Figure 2: Maximum electron energy:
theory vs. test particle runs (radiation
reaction neglected)

1) Reduces the maximum energy
• Lower maximum energy due to photon
emission

2) More particles can achieve the betatron
resonance

• RR affects the evolution of phase-matching
process between the particle and the field

• This leads to softening the conditions
required for achieving the parametric
resonance

Integral of motion is not conserved in the RR case

Figure 3: Maximum energy in a parameter study
of 104 test cases varying the background density
and the initial position R0

• Assumed
• RR due to the channel field
• Radiated energy = gained energy
in one resonant cycle

• The value of the initial integral of
motion I0 drops after one betatron
resonant cycle to I:

Figure 4: Reduction of I due to RR in one betatron cycle: theory vs. data points (a0 = 500)

1) Resonance condition (no RR)

2) Limit due to RR

3) Acceleration distance

Figure 5: Comparison of results from
single particle code with 2D OSIRIS runs
(black, parabolic density profile, peak
ωp=2ω0 at R0, focus w0 = 1.6 μm, 150 fs)

Direct laser acceleration

• From resonant condition derive maximum
and average energy per cycle 7,8

• Energy gain limited by the acceleration
distance

What does RR change?• Radial elecric field and asimuthal magnetic field 
provide a restoring force that guides the electrons (if 
they propagate in the same direction as the laser).

• Both, Bc and Ec contribute to the electron guiding. 
The value of the sum |Bc|+|Ec| is what matters.

Basic facts about DLA

2

celerated electrons, it can strongly enhance acceleration
of some electrons [46].

Obtaining a precise description of DLA is a challenge
even without considering radiation reaction. By ex-
tending the mathematical tools previously developed for
classical relativistic DLA at moderate laser intensities
(a0 . 10) [18], this paper aims to pave the path for a
quantitative description of DLA including radiation re-
action. In particular, we explore how RR changes the
onset of betatron resonance and provide analytical pre-
dictions for the final electron energy. We discuss dif-
ferent aspects that a↵ect or limit the acceleration, and
find the promising parameter ranges and scaling laws to
guide future experiments. The laws are verified with a
comprehensive numerical study, involving test particles
in ideal conditions, as well as full-scale self-consistent 2D
particle-in-cell simulations. The setup considered in this
work is a pre-formed plasma channel irradiated by an in-
tense laser pulse that accelerates plasma electrons which
are initially at rest (somewhere within the channel or at
the channel walls). Our findings show that a fraction
of particles that can achieve the betatron resonance is
greatly increased by RR, which allows for high charge
content in the accelerated electron beam. We quantify
which are the necessary initial conditions and expected
asymptotic energies for those particles.

This manuscript is organized as follows. In section I,
we provide the analytical description of electron dynam-
ics within a plasma channel in the presence of an intense
laser field. We consider cases with and without radiation
reaction in a simplified field configuration. In section
II, test particle simulations are presented, the obtained
data are compared with the analytical predictions, and
the validity of used approximations is verified. Section
III features 2D Particle-In-Cell (PIC) simulations with
a pre-formed plasma channel, while the summary of the
work is given in section IV.

I. ELECTRON DYNAMICS IN A PLASMA
CHANNEL WITH A LASER FIELD

In this section, we analyze the acceleration of a sin-
gle electron in a symmetric plasma channel irradiated
by an ultra-intense linearly polarized laser. Using DLA
scheme, the electron can be e�ciently accelerated only if
it achieves the betatron resonance. Whether this con-
dition is fullfilled depends on initial conditions of the
electron (e.g. distance from the axis, initial momentum,
etc.) and the background plasma density. In addition,
as the electron performs betatron oscillations in a strong
electromagnetic background field, it loses its energy by
emitting photons which, in turn, alters its dynamics [38].
All these e↵ects have an impact on achieving the beta-
tron resonance, and thus on the overall dynamics of the
electrons within the plasma channel.

We first introduce our configuration and an analytical
description of a particle performing the coupled oscilla-
tions. This motion has an invariant I that can be used
to obtain the resonance condition. The next step is to
estimate how much energy particles can gain over a cer-
tain acceleration distance, still without radiation reac-
tion. We show later on that the principal e↵ect of radia-
tion reaction is to limit to the maximum energy achiev-
able on a resonant trajectory. More specifically, radiation
reaction breaks the invariant I and it is possible to quan-
tify this change over a resonant cycle. A decrease in I
results in a gradual change of the resonant condition over
time, which allows the electron to become resonant even
if its initial conditions were far from optimal.

Integral of motion in simplified electromagnetic
configuration

A rigorous analytical description of our setup requires
a few simplifications. Similarly as in previous works, in
this section we consider the laser to be a plane wave, and
the channel fields to be a linear function of the distance
from the propagation axis x [18, 19, 27]. Consequently,
the channel fields are radially symmetric with respect
to the x-axis. The electron can be placed initially at
di↵erent radial positions inside the plasma channel or
on channel walls (see figure 1). We consider electrons
starting at rest, and in the (x, y) plane (the plane defined
by the laser polarisation and propagation direction). The
laser propagates in positive x direction and the fields are
given by EL = E0 sin� ŷ, BL = B0 sin� ẑ, where E0

and B0 are the amplitudes of the electric and magnetic
field and � is the phase of the wave. The phase velocity
of the laser is assumed to be equal to the speed of light
c, which is justified by the low plasma density and high
laser intensity (this is verified in section II).
The electromagnetic field experienced by the electron

is the combination of the laser field and the fields emerg-
ing due to the displacement of plasma electrons in the
channel (channel fields) [7]. These self-generated quasi-
static channel fields are the radial electric field and the
azimuthal magnetic field

EC = f
me!2

p

2e
r, BC = (1� f)

me!2
p

2ec
r⇥ v, (1)

where r = y ŷ+ z ẑ is perpendicular to the channel axis
and v = v x̂ is the velocity of the flow. The numerical
factor f depends on the fraction of electrons within the
plasma channel and takes values between 0  f  1
[21, 29]. The transversely expelled electrons generate
the radial electric field, while electrons accelerated for-
ward within the channel form a current that generates
the azimuthal magnetic field. Usually, the higher the
background plasma density, the lower the value of f [44].
In other words, the channel fields are linearly dependent
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and v = v x̂ is the velocity of the flow. The numerical
factor f depends on the fraction of electrons within the
plasma channel and takes values between 0  f  1
[21, 29]. The transversely expelled electrons generate
the radial electric field, while electrons accelerated for-
ward within the channel form a current that generates
the azimuthal magnetic field. Usually, the higher the
background plasma density, the lower the value of f [44].
In other words, the channel fields are linearly dependent
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I. CONCLUSIONS WITH NO RR - COMING FROM
THE PARTICLE HAMILTONIAN

This document is a follow-up to the Martin’s calcu-
lations for Betatron resonance without RR. There is an
integral of motion

I = � � px
mc

+
!2
p
R2

4c2
= I0 (1)

The consequences of this and assuming that px �
py � mc are that if we define the betatron oscillation
phase as  , we can express the following:

py
�

'

s
2I

�
cos (2)

and

1� px
�mc

' I

�
cos2  (3)

Assuming resonance between betatron oscillations and
the oscillations in the laser field we get an estimate for �

�⇤ ' 2I2
✓
!0

!p

◆2

cos4  (4)

One can take an average over the fast oscillating compo-
nent < cos4  >= 3/8 or simply look at the maximum
possible value.

Where, we have

I0 = 1 +
!2
p
R2

0

4c2
(5)

and the resonant oscillation frequency is

!osc = !0
I

�
cos2  (6)

a)Electronic mail: marija.vranic@ist.utl.pt

II. WHAT DOES THE RR CHANGE?

Let us first assume that the radiation reaction has a
small e↵ect. The e↵ect has to enter the Eq (4) by a↵ect-
ing the integral of motion. Indeed, if a particle emits a
photon in a specific location R, and the emission is in the
direction of motion (we assume the particle is relativis-
tic), we get

dI = d
⇣
� � px

mc

⌘
= d�

✓
1� px

�mc

◆
(7)

One can notice that the integral can be reduced in an
event of photon emission but it cannot be increased. The
RR is expected to reduce not just the instantaneous �,
but also a maximum attainable �⇤.
I will from now on stop writing m and c for brevity.
A general form of the leading order term for radiation

loss can be taken from the Landau-Lifshitz equation. If
we assume B only in z-direction and belonging to the
laser, E = ECH + EL is always in y-direction, while the
particle has pz = 0, we can simplify to the following:

d�

dt
' �↵RR �

2

"
E2

 
1�

p2
y

�2

!
+B2 p2

x
+ p2

y

�2
� 2EB

px
�

#

(8)
where ↵RR is the damping constant. Replacing all from
the above into Eq(8), we get

d�

dt
' �↵RR �

2

"✓
EL

I

�
cos2  � ECH

◆2

� E2
CH

2I

�
cos2  

#

(9)
Here we have two situations: either the laser field will

dominate the radiation loss, or the channel field will.
These two situation will depend on the initial distance
of the particle from the axis. If the particle starts very
close to the axis, the channel field will be quite low. If
the particle starts with a large R, the channel field can
be quite high. We will first deal with the second case.

A. Radiation reaction dominated by the channel field
(when a0I0/� ⌧ E0, CH)

We shall first remind ourselves that the  is the phase
of the betatron oscilations, and therefore R = R0 sin ,

Resonant condition

TL
T�

⌧
dW

dt

�

max
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s
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Figure 15. Results from PIC for ωp = 0.27ω0, R0 = 81c/ω0 and a0 = 600. (a) Trajectory, (c) transverse and (e) longitudinal
momenta of 48 randomly selected electrons with energy above 104mec2 at t = 2501ω−1

0 . Panels (b), (d), (f) and (h) show the
time evolution of the electrons in py-energy phase-space. Panel (d) highlights the trajectory of one efficiently accelerated electron.
This trajectory is overlaid with the py-energy phase-space (blue scale) and analytical estimates for the connection between py and
energy when betatron phase is cosψ " 1 (the point of local maximum for py) in panels (f) t = 2501ω−1

0 and (h) t = 4000ω−1
0 .

The outer solid line is associated with the highest initial integral of motion in the system, while the inner lines show the expected
values after one (dotted line) and two (solid line) resonant cycles according to equation (24). Panel (g) shows time evolution of
the transverse electric field along the x-axis inside a simulation window moving at the speed of light. The figure represents a
magnified portion of space slightly over three wavelengths long, such that phase velocity can be measured directly.

dependent on the distance from the axis. The amplitude of the focussing field is of the same order as Ex,
with a difference that the Ex average is close to zero on scales larger than a laser wavelength. The
color-coded lineouts in panel (h) confirm that the channel field can be regarded as a linear function of the
distance from the axis up to approximately R0/2, where the slope is defined by the effective plasma density.
For a flat density plasma slab, the effective density is the background plasma density np. For a channel with
a parabolic density gradient like ours, the average plasma density for the region around the channel axis
between −R0/2 and R0/2 can be calculated analytically and directly applied to equations presented in
section 1. The channel field predicted by equation (1) using the effective plasma density neff

p " 0.4nc is
illustrated by the black dashed line in panel (h) which is in agreement with the value extracted from the PIC
simulation.

3.3. Particle motion
For the same simulation parameters, figure 15 shows randomly selected trajectories among particles that
achieved energies ξ > 104mec2 at t = 2501ω−1

0 (the same time shown in figure 14). The trajectories are
color-coded in energy, showing the configuration space along with the evolution of transverse and
longitudinal momenta vs the longitudinal x-position.

Laser–electron dephasing depends on the velocity of the particle along the laser propagation direction
βx and phase velocity of the laser. One can measure the phase velocity in PIC simulations from the temporal
evolution of the electric field along the channel axis, shown in panel (g). The phase velocity is not constant,
owing to the 2D laser dynamics. The measured average phase velocity is 1.000 75c, on the same order as the
analytical prediction in section 2 that gives the value 1.000 66c for our neff

p " 0.4nc and a0 = 600. The βx

depends on the ratio py/px ∼ 0.1 (cf figure 15), which confirms that for resonant particles the transverse
electron motion has about an order of magnitude stronger effect on dephasing than superluminosity (and
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FIG.3.Themaximumvalueofrelativistic�factoroftheelectronasafunctionofnormalizedplasmafrequency!p/!0,initial
radialdistanceyfromthechannelaxisanda0.Intheseruns,radiationreactionisneglected.

FIG.4.Summaryofsixparameterstudieswith10
4
testcases

varyingthebackgrounddensityandinitialelectronposition
whenradiationreactionisneglected.Orangemarkersdenote
resultsfrom2DPICsimulationswiththefollowingparame-
ters:(circle)a0=100,!p=

p
0.02!0;(triangle)a0=100,

!p=
p
0.5!0;(diamond)a0=600,!p=0.5!0.Inallthree

cases,thechannelradiuswasy=48c/!0.

Duringthemotionwithinthechannel,theelectroncan

experiencethefieldofthelaser

EL=
mec!0a0

e
,(15)

andthechannelfield(electricfieldproducedbythe
plasmaofdensityne)

EC=4⇡neeR0.(16)

Atfirstwewillassumethattheelectronwhichisac-
celeratedbythelaserfieldELlosesitsenergyduetothe
motioninthebackgroundchannelfieldEC.Weassume
thatforthecharacteristictime⌧1holds

ĖL=
EL

⌧1
.(17)

Thecharacteristictime⌧1iscalculatedfromtheinitial
betatronfrequency[26]

!�0=
!p
p
2
,(18)
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⌧1=
2⇡

p
2

!p
.(19)
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A. Radiation reaction dominated by the channel field
(when EL/� ⌧ ECH)

We shall first remind ourselves that the  is the phase
of the betatron oscilations, and therefore R = R0 sin ,
which if R0 is given in OSIRIS units normalized to the
laser frequency !0, gives the channel field

ECH =
!2

p

!2
0

R0 sin (10)

and

E2
CH

= I
!2

p

!2
0

sin2  (11)

One can then approximate that due to the radiation
reaction in the channel field we lose this much energy on
average (still assuming 2I ⌧ � by construction, i.e. the
transverse momentum is smaller than the longitudinal
momentum):

d�

dt
' �↵RR �2E2

CH
(12)

For resonant motion, one can also estimate the work
the laser can perform on a particle - we have to bear in
mind again that the E is parallel to y-axis, and since we
know py, we can estimate:

dW

dt
= a0

s
2I

�
cos sin� (13)

where � is the phase in the laser field. The average work
in the best case scenario is:

< dW >

dt
= a0

s
2I

�

1

2
(14)

For the maximum possible �, this work should be equal
to the radiation loss, and the particle stays with the same
energy. This gives an estimate for the maximum �:

�5/2 ' a0

↵RR

!2
0

!2
p

1p
2I

(15)

We see that higher integral means lower final � in
this case (makes sense because of a stronger field expe-
rienced). But, the ratio of the laser and the plasma fre-
quency is also important. Lower plasma density allows
higher final energies. But, the resonance is not accom-
plished for arbitrarily low frequency ration, the minimum
value is around !p/!0 ⇡ 0.2. To obtain a curve for the
highest attainable �, we therefore use this value.

B. Integral of motion for the case when the channel field
dominates

If we assume that ECH � EL/� and we remain under
an assumption that py ⌧ px, then our integral of motion
is reducing at a rate:

dI

dt
= �↵RR �I cos2  4I

✓
!p

!0

◆2

sin2  (16)

We shall consider how much the integral I reduces
during one resonant cycle TL = T0�/(I cos2  ) where
T0 = 2⇡ in normalized units. We shall replace the elec-
tron Lorentz factor with Eq. (4):

Z
dI

I5
= �↵RR 2⇡

✓
!0

!p

◆2

16 cos8  sin2  (17)

where < 16 cos8  sin2  >= 7/16. This gives

✓
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1 + ↵RR 2⇡
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4
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!�1

(18)

The prediction against the data is shown in Fig. 1.

C. When does the channel field dominate?
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where αRR = 2e4/(3m2
e c3) is the damping constant [38]. RR sets a limit on the maximum electron energy

attainable in the interaction with an ultra-intense laser pulse. The limit is reached when all the energy an
electron can gain during one betatron cycle is radiated out during the same time interval. As a result, the
particle energy is equal before and after such a cycle. In other words, no further acceleration is possible. For
a relativistic particle that satisfies the condition E0 ! E∗

Cγ/I, we can estimate the maximum energy by
equating dγ/dt from equations (10) and (19) which leads to

γRR ≈
(

e2a0ω0

αRRmω2
p

√
2I

)2/5

. (20)

Equation (20) represents the acceleration limit when the channel field is the dominant cause of RR and can
be applied to quasi-resonant particles. The result can be simplified to

γRR ≈ 1.484 × 103

(
λ0[µm]

ω2
0

ω2
p

a0√
2I

)2/5

. (21)

1.5. Radiation reaction-induced reduction of I
When electrons lose energy due to radiation emission, the integral of motion I defined in equation (4) is
not conserved anymore. We can make a quantitative estimate of how I changes during one resonant
betatron cycle. Radiation losses change the instantaneous energy and momentum of the particles, which
also reduces the integral of motion I. For relativistic particles, we can assume that most of the radiation is
emitted in the direction of motion (this emission is contained within a cone that has an opening angle
θ ∼ 1/γ). According to this assumption, the momentum and energy are reduced proportionally:
dγ/γ ' dp/p ' dpx/px. The integral of motion therefore decreases through the reduction of γ − px/(mec),
in the following way:

dI = dγ − dpx

mec
' dγ

(
1 − px

γmec

)
, (22)

where we used the proportionality mentioned above to express dpx as a function of dγ. Using equation (22)
we can derive that the integral of motion is reducing at a rate

dI
dt

=
dγ
dt

I cos2 ψ

γ
, (23)

where dγ/dt is given by equation (19).
We can estimate how much I decreases during one resonant betatron cycle. We first perform a change

of variables dt = γ∗/(I cos2 ψ)dψ, and use equation (8) to remove direct γ dependence. If we assume a
limit where the channel field dominates, using

∫ 2π
0 cos8 ψ sin2 ψ dψ = 7π/128 we get I decreases to

I = I0

[
1 + 3.2 × 10−8ω

2
0

ω2
p

I4
0

λ0[µm]

]−1/4

. (24)

In the other limit, where the laser field dominates, we have
∫ 2π

0 cos6 ψdψ = 5π/8, which gives

I = I0

[
1 + 2.3 × 10−8 a2

0
I0

λ0[µm]

]−1

. (25)

Both equations (24) and (25) predict an asymptotic value that particles with a large initial value of I0 would
tend to after a resonant cycle. If the predicted asymptotic I is much smaller for one of the limits (RR due to
the laser or due to the channel fields), it means that this limit represents the dominant contribution to the
RR. As it turns out, the I limit predicted by equation (24) is frequently lower than the one predicted by
equation (25). An example for a0 = 500 is given in figure 4. The figure illustrates that even one resonant
betatron cycle can be enough to reduce the integral of motion very close to the value where the RR is not
very strong anymore and cannot make a significant change during the subsequent cycles. Inserting the
asymptotic value of I into equation (21) will give us the maximum electron energy allowed due to the RR.

For predictions of the maximum energy in the system, one should compare equations (9), (13) and (21),
using the lowest energy predicted among the three as a final result. One should consider the I0 for
equation (13), because it applies to acceleration from the beginning of the interaction, while equations (9)
and (21) should be considered with the value of I reduced by RR.

7

The acceleration saturates when the radiated energy within an oscillation cycle equals the 
constructive work of the field for the same cycle!

Lower limit also due to the 
RR, but indirectly through I

Integral of motion  is 
no longer perserved - it 
reduces with time due 

to the RR

I

Transverse phase space

R. Babjak et al, Phys. Rev. Lett. (2024)

py

y
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Off-resonance there is usually no net acceleration, because each 
electron experiences acceleration when  followed by 

deceleration when 
py ↿⇂ Ey

py ⇈ Ey

A. Arefiev et al., Phys. Plasmas (2014)
V. Khudik et al., Phys. Plasmas  (2016)
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Transition into resonance and acceleration afterwards

I = γ −
px

mec
+

ω2
p y2

4c2

γmax ≃ 2I2 ( ω0

ωp )
2

ωβ =
ωp

2γ Betatron frequency Integral of motion

y0 = 19c/ω0

ωp/ω0 = 0.15

Initial
conditions
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What are the optimal laser conditions for DLA?
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 Optimal focusing is key for successful acceleration  

Too narrow Optimal Too wide

ymax ymaxymax

a0 = 100 a0 = 70 a0 = 40

Laser pulse envelope

y y y

W0 ≈ ymax(a0, ωp)a0 = 0.85 I[1018 W/cm2] λ2[μm]
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Optimal focus as a function of the laser power (in uniform plasma)

4

with the propagation distance until saturation and the fastest
energy gain is associated with the highest a0. This is con-
sistent with the previously derived rate for the energy gain
over time dg/dt ⇠ a0wp/

p
I [34]. The energy increase stops

at gmax as defined by Eq. (1). This has important implica-
tions for the experiment: there is an optimal acceleration dis-
tance, which should be matched with the channel length. The
most energetic electrons oscillate with ymax around the chan-
nel axis, which is visible in fig. 3 (c) that shows the two-
dimensional electron histogram in energy and instantaneous
distance from the axes at the same time as the energy spec-
tra in panel (a). The figure demonstrates that a higher a0 al-
lows for the resonant acceleration of electrons further from
the axis even though the laser width is the same for simula-
tions in panel (c). This is exactly what we expect from the Eq.
(2). The maximum energy at the maximum achieved trans-
verse oscillation distance also follows the theoretical predic-
tion. The highest energies are not located on-axis even though
this is the region with the highest intensity because the elec-
trons initially closer to the channel axis have a lower energy
limit (a higher laser intensity may help getting to that energy
faster, though). Note that the high-energy electrons close to
the y = 0 in fig. 3 (c) are in fact electrons with a high y0
mid-oscillation. Such a dependence of maximum energies on
the oscillation amplitude consequently results in the forking
structure of the phasespace, which is one of the experimental
signatures of the DLA [21]. Fig. 3 (d) we demonstrates that
a wider laser pulse (W0 = 15 µm) results in higher electron
energies. This is clear in direct comparison with panel (c),
where the laser pulse with W0 = 8 µm was not wide enough
to allow the resonance at ymax. Both maximum transverse dis-
tance and maximum achieved energy increased significantly
for the simulation with the wider pulse (all other parameters
were kept the same).

The laser pulse is optimally focused when the laser waist
and the channel width are matched to the oscillation distance
ymax, where the electron peak energy is matched with the max-
imum that can be achieved with the corresponding laser inten-
sity. An optimal focal width for a given laser system can be
estimated analytically. We take that the betatron oscillations
amplitude should not exceed y ⇠ W0/1.2, where the ampli-
tude of the electric field is half of the maximum for a Gaus-
sian pulse (the laser intensity is divided by 4). The optimal
focus is then achieved if the maximum amplitude of betatron
oscillations given by the laser width is equal to maximum res-
onant distance ymax expressed by the Eq. (2). The channel
width should be adjusted for stable laser guiding keeping the
spotsize at the optimal value.

Optimal focusing can be prescribed as a function of the
laser power given by P [PW]' 2.2⇥10�5a2

0W2
0[µm]/l 2[µm].

The optimal value of the laser waist W0 for a given laser power
P and the plasma frequency wp satisfies the following equa-
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FIG. 4. (a) Optimal focusing of the laser as a function of total power.
By choosing optimal focus at the given density, the maximum energy
is achieved if the stable propagation of the laser pulse is ensured
for long enough. (b) The value of electron energy that should be
achieved at ideal focusing of the laser pulse according to values in
(a). (c) The value of laser a0 resulting from the optimal focusing. (d)
The acceleration length needed to achieve the maximum predicted
energies.
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Equation (3) allows to find an optimal spotsize for any given
laser system, with specific solutions summarized in Fig. 4
(a) for 1PW, 5PW and 10 PW optical lasers (considering
l = 1 µm, and ecr = 0.2). The obtained value of optimal spot-
size defines the maximum oscillation amplitude which allows
predicting the maximum achievable energy shown in fig. 4
(b). At higher density regions, these predictions are corrected
due to radiation reaction limit. The corresponding peak a0 in
the case of optimal focus is shown in fig. 4 (c). The calcula-
tions reveal optimal parameters and the energy the electrons
can gain over a typical acceleration length Lacc. The max-
imum energy gain is higher for lower plasma densities, but
they require a longer acceleration distance as shown in fig.
4 (d). We used eq. (13) from [34] to estimate the accelera-
tion length required to obtain the associated maximum energy
Lacc/l ' E[MeV]

p
I (w0/wp)/(1.3a0).

We note that the theoretical predictions presented above ne-
glect effects such as strong self-focusing as well as the nonlin-
ear effects after the injection of many electrons that can alter
the background field structure (i.e. beam loading). Further-
more, the value of ecr influences the value of optimal laser
width and consequent electron energies. For the solution in
fig. 4, ecr = 0.2 was used consistently with the previously dis-
cussed scalings, which was also measured in PIC simulations
to be close to 0.2 for our conditions. However, the value of ecr

can slightly vary depending on the shape of a preformed chan-
nel, injection from channel walls or electron pre-acceleration
by the stochastic motion resulting from instabilities present
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with the propagation distance until saturation and the fastest
energy gain is associated with the highest a0. This is con-
sistent with the previously derived rate for the energy gain
over time dg/dt ⇠ a0wp/

p
I [34]. The energy increase stops

at gmax as defined by Eq. (1). This has important implica-
tions for the experiment: there is an optimal acceleration dis-
tance, which should be matched with the channel length. The
most energetic electrons oscillate with ymax around the chan-
nel axis, which is visible in fig. 3 (c) that shows the two-
dimensional electron histogram in energy and instantaneous
distance from the axes at the same time as the energy spec-
tra in panel (a). The figure demonstrates that a higher a0 al-
lows for the resonant acceleration of electrons further from
the axis even though the laser width is the same for simula-
tions in panel (c). This is exactly what we expect from the Eq.
(2). The maximum energy at the maximum achieved trans-
verse oscillation distance also follows the theoretical predic-
tion. The highest energies are not located on-axis even though
this is the region with the highest intensity because the elec-
trons initially closer to the channel axis have a lower energy
limit (a higher laser intensity may help getting to that energy
faster, though). Note that the high-energy electrons close to
the y = 0 in fig. 3 (c) are in fact electrons with a high y0
mid-oscillation. Such a dependence of maximum energies on
the oscillation amplitude consequently results in the forking
structure of the phasespace, which is one of the experimental
signatures of the DLA [21]. Fig. 3 (d) we demonstrates that
a wider laser pulse (W0 = 15 µm) results in higher electron
energies. This is clear in direct comparison with panel (c),
where the laser pulse with W0 = 8 µm was not wide enough
to allow the resonance at ymax. Both maximum transverse dis-
tance and maximum achieved energy increased significantly
for the simulation with the wider pulse (all other parameters
were kept the same).

The laser pulse is optimally focused when the laser waist
and the channel width are matched to the oscillation distance
ymax, where the electron peak energy is matched with the max-
imum that can be achieved with the corresponding laser inten-
sity. An optimal focal width for a given laser system can be
estimated analytically. We take that the betatron oscillations
amplitude should not exceed y ⇠ W0/1.2, where the ampli-
tude of the electric field is half of the maximum for a Gaus-
sian pulse (the laser intensity is divided by 4). The optimal
focus is then achieved if the maximum amplitude of betatron
oscillations given by the laser width is equal to maximum res-
onant distance ymax expressed by the Eq. (2). The channel
width should be adjusted for stable laser guiding keeping the
spotsize at the optimal value.

Optimal focusing can be prescribed as a function of the
laser power given by P [PW]' 2.2⇥10�5a2
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The optimal value of the laser waist W0 for a given laser power
P and the plasma frequency wp satisfies the following equa-
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is achieved if the stable propagation of the laser pulse is ensured
for long enough. (b) The value of electron energy that should be
achieved at ideal focusing of the laser pulse according to values in
(a). (c) The value of laser a0 resulting from the optimal focusing. (d)
The acceleration length needed to achieve the maximum predicted
energies.
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Equation (3) allows to find an optimal spotsize for any given
laser system, with specific solutions summarized in Fig. 4
(a) for 1PW, 5PW and 10 PW optical lasers (considering
l = 1 µm, and ecr = 0.2). The obtained value of optimal spot-
size defines the maximum oscillation amplitude which allows
predicting the maximum achievable energy shown in fig. 4
(b). At higher density regions, these predictions are corrected
due to radiation reaction limit. The corresponding peak a0 in
the case of optimal focus is shown in fig. 4 (c). The calcula-
tions reveal optimal parameters and the energy the electrons
can gain over a typical acceleration length Lacc. The max-
imum energy gain is higher for lower plasma densities, but
they require a longer acceleration distance as shown in fig.
4 (d). We used eq. (13) from [34] to estimate the accelera-
tion length required to obtain the associated maximum energy
Lacc/l ' E[MeV]

p
I (w0/wp)/(1.3a0).

We note that the theoretical predictions presented above ne-
glect effects such as strong self-focusing as well as the nonlin-
ear effects after the injection of many electrons that can alter
the background field structure (i.e. beam loading). Further-
more, the value of ecr influences the value of optimal laser
width and consequent electron energies. For the solution in
fig. 4, ecr = 0.2 was used consistently with the previously dis-
cussed scalings, which was also measured in PIC simulations
to be close to 0.2 for our conditions. However, the value of ecr

can slightly vary depending on the shape of a preformed chan-
nel, injection from channel walls or electron pre-acceleration
by the stochastic motion resulting from instabilities present

 Tight focusing is not the best!

Optimal spotsizes are far from tight 
focusing regime.

Low densities can give higher energies, 
but require a long acceleration 
distance.

Laser guiding may be easier for 
middle-densities ~ 0.01 nc.  
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Radiation reaction establishes the asymptotic energy limit
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Radiation reaction establishes the asymptotic energy limit

When total constructive work = total radiated energy in one oscillation

M. Jirka et. al., NJP, 22 083058 (2020)
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Figure 1. Simulation setup: an intense laser pulse accelerates an electron in a cylindrically symmetric plasma channel.

direction and the fields are given by EL = E0 sin φ ŷ, BL = B0 sin φ ẑ, where E0 and B0 are the amplitudes
of the electric and magnetic field and φ is the phase of the wave. The phase velocity of the laser is assumed
to be equal to the speed of light c, which is justified by the low plasma density and high laser intensity (this
is verified in section 2).

The electromagnetic field experienced by the electron is the combination of the laser field and the fields
emerging due to the displacement of plasma electrons in the channel (channel fields) [7]. These
self-generated quasi-static channel fields are the radial electric field and the azimuthal magnetic field

EC = f
meω2

p

2e
r, BC = (1 − f )

meω2
p

2ec
r × v, (1)

where r = yŷ + zẑ is perpendicular to the channel axis and v = vx̂ is the velocity of the flow. The numerical
factor f depends on the fraction of electrons within the plasma channel and takes values between 0 ! f ! 1
[17–19, 21, 26, 29]. The transversely expelled electrons generate the radial electric field, while electrons
accelerated forward within the channel form a current that generates the azimuthal magnetic field. Usually,
the higher the background plasma density, the lower the value of f [44]. In other words, the channel fields
are linearly dependent on a radial distance from the channel axis, but the electric field EC and the magnetic
field BC do not necessarily have the same magnitude. The total electromagnetic field experienced by the
electron is then given by

E = EL + EC, B = BL + BC. (2)

The field structure defined in equation (2) induces electron oscillations due to the laser field as well as
betatron oscillations at the same time. The background plasma density np affects the electron motion since
the magnitude of the self-generated channel fields is proportional to the plasma frequency:
ω2

p = 4πe2np/me. We, therefore, expect DLA to be sensitive to the initial conditions of the electron, the
intensity of the laser pulse and the density within the plasma channel.

Without RR, the electron motion in the channel is only governed by the Lorentz force:

dp
dt

= −e

(
E +

p
γmec

× B
)

, (3)

where γ =
√

1 + (|p|/mec)2 is the relativistic Lorentz factor and p is the electron momentum. For particles
propagating in the positive x-direction, both EC and BC contribute in a similar manner: they provide a
restoring force that pushes electrons towards the channel axis. In fact, the value of the numerical factor f
from equation (1) is not important because the restoring force is actually proportional to |EC| + |BC|.

From the Hamiltonian of the electron, one obtains an integral of motion I. For a particle that is initially
in the (x, y) plane with z = 0, the integral of motion can be written as [18]

I = γ − px

mec
+

ω2
py2

4c2
, (4)

where px is the component of the electron momentum in the direction of wave propagation. For a better
intuitive understanding, it is useful to note that the first two terms of the integral of motion are the same as
for the particle interacting with a plane wave in vacuum, while the third term accounts for the transverse
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Direct laser acceleration (DLA) can accelerate electrons to   
~10 GeVs. Could positrons be accelerated as well? 
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Figure 15. Results from PIC for ωp = 0.27ω0, R0 = 81c/ω0 and a0 = 600. (a) Trajectory, (c) transverse and (e) longitudinal
momenta of 48 randomly selected electrons with energy above 104mec2 at t = 2501ω−1

0 . Panels (b), (d), (f) and (h) show the
time evolution of the electrons in py-energy phase-space. Panel (d) highlights the trajectory of one efficiently accelerated electron.
This trajectory is overlaid with the py-energy phase-space (blue scale) and analytical estimates for the connection between py and
energy when betatron phase is cosψ " 1 (the point of local maximum for py) in panels (f) t = 2501ω−1

0 and (h) t = 4000ω−1
0 .

The outer solid line is associated with the highest initial integral of motion in the system, while the inner lines show the expected
values after one (dotted line) and two (solid line) resonant cycles according to equation (24). Panel (g) shows time evolution of
the transverse electric field along the x-axis inside a simulation window moving at the speed of light. The figure represents a
magnified portion of space slightly over three wavelengths long, such that phase velocity can be measured directly.

dependent on the distance from the axis. The amplitude of the focussing field is of the same order as Ex,
with a difference that the Ex average is close to zero on scales larger than a laser wavelength. The
color-coded lineouts in panel (h) confirm that the channel field can be regarded as a linear function of the
distance from the axis up to approximately R0/2, where the slope is defined by the effective plasma density.
For a flat density plasma slab, the effective density is the background plasma density np. For a channel with
a parabolic density gradient like ours, the average plasma density for the region around the channel axis
between −R0/2 and R0/2 can be calculated analytically and directly applied to equations presented in
section 1. The channel field predicted by equation (1) using the effective plasma density neff

p " 0.4nc is
illustrated by the black dashed line in panel (h) which is in agreement with the value extracted from the PIC
simulation.

3.3. Particle motion
For the same simulation parameters, figure 15 shows randomly selected trajectories among particles that
achieved energies ξ > 104mec2 at t = 2501ω−1

0 (the same time shown in figure 14). The trajectories are
color-coded in energy, showing the configuration space along with the evolution of transverse and
longitudinal momenta vs the longitudinal x-position.

Laser–electron dephasing depends on the velocity of the particle along the laser propagation direction
βx and phase velocity of the laser. One can measure the phase velocity in PIC simulations from the temporal
evolution of the electric field along the channel axis, shown in panel (g). The phase velocity is not constant,
owing to the 2D laser dynamics. The measured average phase velocity is 1.000 75c, on the same order as the
analytical prediction in section 2 that gives the value 1.000 66c for our neff

p " 0.4nc and a0 = 600. The βx

depends on the ratio py/px ∼ 0.1 (cf figure 15), which confirms that for resonant particles the transverse
electron motion has about an order of magnitude stronger effect on dephasing than superluminosity (and
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The energy is limited to the value when maximum constructive work = total loss to radiation over one resonant oscillation



Maximum energies achieved in experiments (and simulations) 

4

with the propagation distance until saturation and the fastest
energy gain is associated with the highest a0. This is con-
sistent with the previously derived rate for the energy gain
over time dg/dt ⇠ a0wp/

p
I [34]. The energy increase stops

at gmax as defined by Eq. (1). This has important implica-
tions for the experiment: there is an optimal acceleration dis-
tance, which should be matched with the channel length. The
most energetic electrons oscillate with ymax around the chan-
nel axis, which is visible in fig. 3 (c) that shows the two-
dimensional electron histogram in energy and instantaneous
distance from the axes at the same time as the energy spec-
tra in panel (a). The figure demonstrates that a higher a0 al-
lows for the resonant acceleration of electrons further from
the axis even though the laser width is the same for simula-
tions in panel (c). This is exactly what we expect from the Eq.
(2). The maximum energy at the maximum achieved trans-
verse oscillation distance also follows the theoretical predic-
tion. The highest energies are not located on-axis even though
this is the region with the highest intensity because the elec-
trons initially closer to the channel axis have a lower energy
limit (a higher laser intensity may help getting to that energy
faster, though). Note that the high-energy electrons close to
the y = 0 in fig. 3 (c) are in fact electrons with a high y0
mid-oscillation. Such a dependence of maximum energies on
the oscillation amplitude consequently results in the forking
structure of the phasespace, which is one of the experimental
signatures of the DLA [21]. Fig. 3 (d) we demonstrates that
a wider laser pulse (W0 = 15 µm) results in higher electron
energies. This is clear in direct comparison with panel (c),
where the laser pulse with W0 = 8 µm was not wide enough
to allow the resonance at ymax. Both maximum transverse dis-
tance and maximum achieved energy increased significantly
for the simulation with the wider pulse (all other parameters
were kept the same).

The laser pulse is optimally focused when the laser waist
and the channel width are matched to the oscillation distance
ymax, where the electron peak energy is matched with the max-
imum that can be achieved with the corresponding laser inten-
sity. An optimal focal width for a given laser system can be
estimated analytically. We take that the betatron oscillations
amplitude should not exceed y ⇠ W0/1.2, where the ampli-
tude of the electric field is half of the maximum for a Gaus-
sian pulse (the laser intensity is divided by 4). The optimal
focus is then achieved if the maximum amplitude of betatron
oscillations given by the laser width is equal to maximum res-
onant distance ymax expressed by the Eq. (2). The channel
width should be adjusted for stable laser guiding keeping the
spotsize at the optimal value.

Optimal focusing can be prescribed as a function of the
laser power given by P [PW]' 2.2⇥10�5a2

0W2
0[µm]/l 2[µm].

The optimal value of the laser waist W0 for a given laser power
P and the plasma frequency wp satisfies the following equa-

FIG. 4. (a) Optimal focusing of the laser as a function of total power.
By choosing optimal focus at the given density, the maximum energy
is achieved if the stable propagation of the laser pulse is ensured
for long enough. (b) The value of electron energy that should be
achieved at ideal focusing of the laser pulse according to values in
(a). (c) The value of laser a0 resulting from the optimal focusing. (d)
The acceleration length needed to achieve the maximum predicted
energies.
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(3)
Equation (3) allows to find an optimal spotsize for any given
laser system, with specific solutions summarized in Fig. 4
(a) for 1PW, 5PW and 10 PW optical lasers (considering
l = 1 µm, and ecr = 0.2). The obtained value of optimal spot-
size defines the maximum oscillation amplitude which allows
predicting the maximum achievable energy shown in fig. 4
(b). At higher density regions, these predictions are corrected
due to radiation reaction limit. The corresponding peak a0 in
the case of optimal focus is shown in fig. 4 (c). The calcula-
tions reveal optimal parameters and the energy the electrons
can gain over a typical acceleration length Lacc. The max-
imum energy gain is higher for lower plasma densities, but
they require a longer acceleration distance as shown in fig.
4 (d). We used eq. (13) from [34] to estimate the accelera-
tion length required to obtain the associated maximum energy
Lacc/l ' E[MeV]

p
I (w0/wp)/(1.3a0).

We note that the theoretical predictions presented above ne-
glect effects such as strong self-focusing as well as the nonlin-
ear effects after the injection of many electrons that can alter
the background field structure (i.e. beam loading). Further-
more, the value of ecr influences the value of optimal laser
width and consequent electron energies. For the solution in
fig. 4, ecr = 0.2 was used consistently with the previously dis-
cussed scalings, which was also measured in PIC simulations
to be close to 0.2 for our conditions. However, the value of ecr

can slightly vary depending on the shape of a preformed chan-
nel, injection from channel walls or electron pre-acceleration
by the stochastic motion resulting from instabilities present

R. Babjak et al, Phys. Rev. Lett. (2024)
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with the propagation distance until saturation and the fastest
energy gain is associated with the highest a0. This is con-
sistent with the previously derived rate for the energy gain
over time dg/dt ⇠ a0wp/

p
I [34]. The energy increase stops

at gmax as defined by Eq. (1). This has important implica-
tions for the experiment: there is an optimal acceleration dis-
tance, which should be matched with the channel length. The
most energetic electrons oscillate with ymax around the chan-
nel axis, which is visible in fig. 3 (c) that shows the two-
dimensional electron histogram in energy and instantaneous
distance from the axes at the same time as the energy spec-
tra in panel (a). The figure demonstrates that a higher a0 al-
lows for the resonant acceleration of electrons further from
the axis even though the laser width is the same for simula-
tions in panel (c). This is exactly what we expect from the Eq.
(2). The maximum energy at the maximum achieved trans-
verse oscillation distance also follows the theoretical predic-
tion. The highest energies are not located on-axis even though
this is the region with the highest intensity because the elec-
trons initially closer to the channel axis have a lower energy
limit (a higher laser intensity may help getting to that energy
faster, though). Note that the high-energy electrons close to
the y = 0 in fig. 3 (c) are in fact electrons with a high y0
mid-oscillation. Such a dependence of maximum energies on
the oscillation amplitude consequently results in the forking
structure of the phasespace, which is one of the experimental
signatures of the DLA [21]. Fig. 3 (d) we demonstrates that
a wider laser pulse (W0 = 15 µm) results in higher electron
energies. This is clear in direct comparison with panel (c),
where the laser pulse with W0 = 8 µm was not wide enough
to allow the resonance at ymax. Both maximum transverse dis-
tance and maximum achieved energy increased significantly
for the simulation with the wider pulse (all other parameters
were kept the same).

The laser pulse is optimally focused when the laser waist
and the channel width are matched to the oscillation distance
ymax, where the electron peak energy is matched with the max-
imum that can be achieved with the corresponding laser inten-
sity. An optimal focal width for a given laser system can be
estimated analytically. We take that the betatron oscillations
amplitude should not exceed y ⇠ W0/1.2, where the ampli-
tude of the electric field is half of the maximum for a Gaus-
sian pulse (the laser intensity is divided by 4). The optimal
focus is then achieved if the maximum amplitude of betatron
oscillations given by the laser width is equal to maximum res-
onant distance ymax expressed by the Eq. (2). The channel
width should be adjusted for stable laser guiding keeping the
spotsize at the optimal value.

Optimal focusing can be prescribed as a function of the
laser power given by P [PW]' 2.2⇥10�5a2
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FIG. 4. (a) Optimal focusing of the laser as a function of total power.
By choosing optimal focus at the given density, the maximum energy
is achieved if the stable propagation of the laser pulse is ensured
for long enough. (b) The value of electron energy that should be
achieved at ideal focusing of the laser pulse according to values in
(a). (c) The value of laser a0 resulting from the optimal focusing. (d)
The acceleration length needed to achieve the maximum predicted
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(3)
Equation (3) allows to find an optimal spotsize for any given
laser system, with specific solutions summarized in Fig. 4
(a) for 1PW, 5PW and 10 PW optical lasers (considering
l = 1 µm, and ecr = 0.2). The obtained value of optimal spot-
size defines the maximum oscillation amplitude which allows
predicting the maximum achievable energy shown in fig. 4
(b). At higher density regions, these predictions are corrected
due to radiation reaction limit. The corresponding peak a0 in
the case of optimal focus is shown in fig. 4 (c). The calcula-
tions reveal optimal parameters and the energy the electrons
can gain over a typical acceleration length Lacc. The max-
imum energy gain is higher for lower plasma densities, but
they require a longer acceleration distance as shown in fig.
4 (d). We used eq. (13) from [34] to estimate the accelera-
tion length required to obtain the associated maximum energy
Lacc/l ' E[MeV]

p
I (w0/wp)/(1.3a0).

We note that the theoretical predictions presented above ne-
glect effects such as strong self-focusing as well as the nonlin-
ear effects after the injection of many electrons that can alter
the background field structure (i.e. beam loading). Further-
more, the value of ecr influences the value of optimal laser
width and consequent electron energies. For the solution in
fig. 4, ecr = 0.2 was used consistently with the previously dis-
cussed scalings, which was also measured in PIC simulations
to be close to 0.2 for our conditions. However, the value of ecr

can slightly vary depending on the shape of a preformed chan-
nel, injection from channel walls or electron pre-acceleration
by the stochastic motion resulting from instabilities present
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with the propagation distance until saturation and the fastest
energy gain is associated with the highest a0. This is con-
sistent with the previously derived rate for the energy gain
over time dg/dt ⇠ a0wp/

p
I [34]. The energy increase stops

at gmax as defined by Eq. (1). This has important implica-
tions for the experiment: there is an optimal acceleration dis-
tance, which should be matched with the channel length. The
most energetic electrons oscillate with ymax around the chan-
nel axis, which is visible in fig. 3 (c) that shows the two-
dimensional electron histogram in energy and instantaneous
distance from the axes at the same time as the energy spec-
tra in panel (a). The figure demonstrates that a higher a0 al-
lows for the resonant acceleration of electrons further from
the axis even though the laser width is the same for simula-
tions in panel (c). This is exactly what we expect from the Eq.
(2). The maximum energy at the maximum achieved trans-
verse oscillation distance also follows the theoretical predic-
tion. The highest energies are not located on-axis even though
this is the region with the highest intensity because the elec-
trons initially closer to the channel axis have a lower energy
limit (a higher laser intensity may help getting to that energy
faster, though). Note that the high-energy electrons close to
the y = 0 in fig. 3 (c) are in fact electrons with a high y0
mid-oscillation. Such a dependence of maximum energies on
the oscillation amplitude consequently results in the forking
structure of the phasespace, which is one of the experimental
signatures of the DLA [21]. Fig. 3 (d) we demonstrates that
a wider laser pulse (W0 = 15 µm) results in higher electron
energies. This is clear in direct comparison with panel (c),
where the laser pulse with W0 = 8 µm was not wide enough
to allow the resonance at ymax. Both maximum transverse dis-
tance and maximum achieved energy increased significantly
for the simulation with the wider pulse (all other parameters
were kept the same).

The laser pulse is optimally focused when the laser waist
and the channel width are matched to the oscillation distance
ymax, where the electron peak energy is matched with the max-
imum that can be achieved with the corresponding laser inten-
sity. An optimal focal width for a given laser system can be
estimated analytically. We take that the betatron oscillations
amplitude should not exceed y ⇠ W0/1.2, where the ampli-
tude of the electric field is half of the maximum for a Gaus-
sian pulse (the laser intensity is divided by 4). The optimal
focus is then achieved if the maximum amplitude of betatron
oscillations given by the laser width is equal to maximum res-
onant distance ymax expressed by the Eq. (2). The channel
width should be adjusted for stable laser guiding keeping the
spotsize at the optimal value.

Optimal focusing can be prescribed as a function of the
laser power given by P [PW]' 2.2⇥10�5a2

0W2
0[µm]/l 2[µm].

The optimal value of the laser waist W0 for a given laser power
P and the plasma frequency wp satisfies the following equa-

FIG. 4. (a) Optimal focusing of the laser as a function of total power.
By choosing optimal focus at the given density, the maximum energy
is achieved if the stable propagation of the laser pulse is ensured
for long enough. (b) The value of electron energy that should be
achieved at ideal focusing of the laser pulse according to values in
(a). (c) The value of laser a0 resulting from the optimal focusing. (d)
The acceleration length needed to achieve the maximum predicted
energies.
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Equation (3) allows to find an optimal spotsize for any given
laser system, with specific solutions summarized in Fig. 4
(a) for 1PW, 5PW and 10 PW optical lasers (considering
l = 1 µm, and ecr = 0.2). The obtained value of optimal spot-
size defines the maximum oscillation amplitude which allows
predicting the maximum achievable energy shown in fig. 4
(b). At higher density regions, these predictions are corrected
due to radiation reaction limit. The corresponding peak a0 in
the case of optimal focus is shown in fig. 4 (c). The calcula-
tions reveal optimal parameters and the energy the electrons
can gain over a typical acceleration length Lacc. The max-
imum energy gain is higher for lower plasma densities, but
they require a longer acceleration distance as shown in fig.
4 (d). We used eq. (13) from [34] to estimate the accelera-
tion length required to obtain the associated maximum energy
Lacc/l ' E[MeV]

p
I (w0/wp)/(1.3a0).

We note that the theoretical predictions presented above ne-
glect effects such as strong self-focusing as well as the nonlin-
ear effects after the injection of many electrons that can alter
the background field structure (i.e. beam loading). Further-
more, the value of ecr influences the value of optimal laser
width and consequent electron energies. For the solution in
fig. 4, ecr = 0.2 was used consistently with the previously dis-
cussed scalings, which was also measured in PIC simulations
to be close to 0.2 for our conditions. However, the value of ecr

can slightly vary depending on the shape of a preformed chan-
nel, injection from channel walls or electron pre-acceleration
by the stochastic motion resulting from instabilities present

= 0.6
= 0.2

 Multi-factor optimisation is required

It is not easy to obtain maximum 
allowed energy even in simulations!

Understanding all the important 
factors (and having the optimisation 
strategy), it will get easier to plan the 
experiments. 
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What happens when we have a varying density profile?

Different conserved quantity

I = γ −
px

mec
+

y2ω2
p

4c2

γmax = 2I2 ( ω0

ωp )
2

Constant 
density

Varying 
density

Both  and  are changing as electron 
propagates

I ωp

dγ
dt

∼ a0

I

ωp

ω0

What is different in terms of maximum energy?

To extend the energy scaling law we need to know 
the evolution of  I

R. Babjak et al, arXiv: 2406.10702 (2024)

This change affects the maximum 
allowed energy!
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The theory can be extended to varying density plasma profiles

R. Babjak et al, New J. Phys. (2024)

Direct laser acceleration in varying plasma density profiles

Varying plasma

 density profile

Laser pulse

Electrons

x

y
z

Laser propagation distance Lacc

FIG. 1. Interaction setup: a relativistic Gaussian linearly polarized laser pulse propagates through a varying

density underdense plasma. The direct laser acceleration of electrons occurs in the self-created plasma

channel. Within the ion channel, tens of percent of the laser energy can be transferred through the interaction

into multi-GeV electrons and collimated X-ray radiation.

electrons. This can be also advantageous for seeding pair cascades49–51 in the future. Even though

the direct laser acceleration has been mostly studied for setups when the laser pulse interacts with

the constant density targets, it can be the dominant absorption mechanism in situations when the

density changes as the laser pulse propagates.

For example, the DLA is relevant in the scenario when the laser pulse interacts with the ex-

panding corona of the imploded capsule in a fast ignition setup52–54. As the intense laser pulse

propagates through the ablated plasma, its density increases up to the critical density and heats

the electrons. The understanding of the process of high-intensity laser absorption will enable bet-

ter control of suprathermal electrons coming from the interaction in the corona and consequently

more efficient ignition of the core.

Furthermore, it has been shown that the efficiency of ion acceleration through the TNSA mech-

anism increases with the presence of preplasma55,56. It happens due to the enhanced laser ab-

sorption into hot electron population via DLA during the laser propagation through the preplasma

and via stochastic heating57–60 in the field of the standing wave after the laser reflection from the

3

 Analytical energy estimate vs. PIC
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The density where the resonance is achieved defines max. energy
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 Analytical energy estimate vs. PIC
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Tailoring the plasma profile can shorten the acceleration distance

R. Babjak et al, New J. Phys. (2024)

5 GeV in 1 mm instead of 2!

New J. Phys. 22 (2020) 083058 M Jirka et al

Figure 15. Results from PIC for ωp = 0.27ω0, R0 = 81c/ω0 and a0 = 600. (a) Trajectory, (c) transverse and (e) longitudinal
momenta of 48 randomly selected electrons with energy above 104mec2 at t = 2501ω−1

0 . Panels (b), (d), (f) and (h) show the
time evolution of the electrons in py-energy phase-space. Panel (d) highlights the trajectory of one efficiently accelerated electron.
This trajectory is overlaid with the py-energy phase-space (blue scale) and analytical estimates for the connection between py and
energy when betatron phase is cosψ " 1 (the point of local maximum for py) in panels (f) t = 2501ω−1

0 and (h) t = 4000ω−1
0 .

The outer solid line is associated with the highest initial integral of motion in the system, while the inner lines show the expected
values after one (dotted line) and two (solid line) resonant cycles according to equation (24). Panel (g) shows time evolution of
the transverse electric field along the x-axis inside a simulation window moving at the speed of light. The figure represents a
magnified portion of space slightly over three wavelengths long, such that phase velocity can be measured directly.

dependent on the distance from the axis. The amplitude of the focussing field is of the same order as Ex,
with a difference that the Ex average is close to zero on scales larger than a laser wavelength. The
color-coded lineouts in panel (h) confirm that the channel field can be regarded as a linear function of the
distance from the axis up to approximately R0/2, where the slope is defined by the effective plasma density.
For a flat density plasma slab, the effective density is the background plasma density np. For a channel with
a parabolic density gradient like ours, the average plasma density for the region around the channel axis
between −R0/2 and R0/2 can be calculated analytically and directly applied to equations presented in
section 1. The channel field predicted by equation (1) using the effective plasma density neff

p " 0.4nc is
illustrated by the black dashed line in panel (h) which is in agreement with the value extracted from the PIC
simulation.

3.3. Particle motion
For the same simulation parameters, figure 15 shows randomly selected trajectories among particles that
achieved energies ξ > 104mec2 at t = 2501ω−1

0 (the same time shown in figure 14). The trajectories are
color-coded in energy, showing the configuration space along with the evolution of transverse and
longitudinal momenta vs the longitudinal x-position.

Laser–electron dephasing depends on the velocity of the particle along the laser propagation direction
βx and phase velocity of the laser. One can measure the phase velocity in PIC simulations from the temporal
evolution of the electric field along the channel axis, shown in panel (g). The phase velocity is not constant,
owing to the 2D laser dynamics. The measured average phase velocity is 1.000 75c, on the same order as the
analytical prediction in section 2 that gives the value 1.000 66c for our neff

p " 0.4nc and a0 = 600. The βx

depends on the ratio py/px ∼ 0.1 (cf figure 15), which confirms that for resonant particles the transverse
electron motion has about an order of magnitude stronger effect on dephasing than superluminosity (and

16

Limited by work of E = radiation losses

M. Jirka et al, New J. Phys. (2020)

Or allow acceleration beyond the radiation reaction limit
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 Why positrons? And why with DLA?

Positron creation and acceleration

particle collider, it is imperative to demonstrate that the antimatter
counterpart of the electron, the positron, can also be accelerated in a
PWFA at high gradient and with high-energy efficiency.
The longitudinal component of the electric field Ez associatedwith a

wake produced by the passage of either an intense ultra-relativistic
electron or positron bunch through a plasma can, in principle, be used
to accelerate positrons. In both cases, a dense (nb.np), tightly focused
(kpsr, 1), short (kpsz, 1), ultra-relativistic (c? 1) drive bunch
(electron or positron) can be used to excite a nonlinear (non-sinus-
oidal) wake in a plasma. Here nb, np, kp, sr, sz and c are the bunch
density, the plasma density, the wavenumber of the plasma wave, the
root-mean-square (r.m.s.) focused transverse spot size, the r.m.s. lon-
gitudinal size and the Lorentz factor of the bunch, respectively.
However, the nonlinear wakes produced by the two types of drivers
are qualitatively different1. With an electron driver, a region devoid of
plasma electrons, called an ion cavity, is formed as these electrons are
blown out by the transverse electric field of the bunch11,12. Within this
ion cavity, the transverse force is defocusing for positrons and so pre-
vents positron acceleration. To avoid this problem, the use of a hollow
plasma channel to produce wakes without a focusing force13–15, or the
use of Laguerre–Gaussian laser pulses to drive doughnut-shaped wakes
with a strong focusing force for positrons16, have been suggested.
In contrast to the electron-driven wake, when an otherwise similar

positron bunch is used, plasma electrons that are radially located
within a few plasma skin depths (k!1

p , it the penetration depth of a
low-frequency electromagnetic wave in a plasma) from the bunch are
attracted inward (rather than being expelled) by the transverse electric
field of the bunch17–19. As the plasma electrons flow in, positrons
experience a negative or decelerating Ez, losing energy as they do work
on the plasma electrons. Once most plasma electrons have crossed the
propagation axis, Ez abruptly switches sign from negative to positive
and becomes accelerating for positrons. If there are no positrons to
sample the accelerating field, the wake is said to be unloaded because
no energy is extracted from it. This is shown in Fig. 1a, taken from a
simulation using the three-dimensional particle-in-cell code
QuickPIC20,21. In this case, plasma electrons flow outward after they
cross the propagation axis, which leads to the formation of a cavity in
which the ion density exceeds the electron density. When a sufficient
number of positrons are sampling the accelerating field, a large num-
ber of electrons crossing the axis remain close to the axis (see Fig. 1b).
Consequently the longitudinal and the transverse fields are both
strongly altered, that is, loaded. Owing to the presence of the plasma
electrons on axis, the accelerated positrons are guided along the length
of the plasma. These positrons can extract a substantial fraction of the
wake’s energy and alter the shape of the Ez field, which becomes more
uniform and produces a narrow-energy-spread peak in the accelerated
part of the positron spectrum. This process occurs in the positron-
driven wake without the need for a distinct trailing bunch22. In other
words, the front of a single positron bunch can excite a wake in a
plasma while the rear of the same bunch loads and extracts energy
from this wake (as in Fig. 1b). This regime is referred to as the self-
loaded plasma wakefield.
The formation of an accelerated narrow-energy-spread positron

bunch was discovered in an experiment conducted at the SLAC’s
Facility for Advanced Accelerator Experimental Tests23 (FACET),
using its 20.35-GeV positron beam (see Methods). A single bunch
containing approximately 1.43 1010 positrons and having an r.m.s.
bunch length in the range 30–50mm was focused to an r.m.s. trans-
verse spot size of less than 100mm at the entrance of a lithium plasma
(vacuum beam density nb < 0.2–13 1016 cm23). The plasma is pro-
duced by laser ionization of a 1.15-m-long lithium vapour column of
uniform density that has 15-cm-long density up- and down-ramps on
either end24,25 (see Methods). The electron density of the plasma was
set to np5 83 1016 cm23 by controlling the pressure and the temper-
ature of the lithium vapour. After the interaction with the plasma, an
imaging spectrometer consisting of a quadrupole magnet doublet, a

strong dipole magnet and a Cherenkov detector26 was used to char-
acterize the energy spectrum of the positron beam (see Methods). The
quadrupole magnet doublet was set up to image where the positron
beamexits the plasma into the plane of the detector for a given positron
energy: the energy set-point Eimage. To record both the decelerated and
the acceleratedparts of the positron spectrum,Eimage of the quadrupole
magnet doublet was varied in increments of 2.5GeV from 10.35GeV
to 27.85GeV.
Figure 2a and b show the accelerated part of the final energy spec-

trum of the positron bunch after its passage through the plasma, where
Eimage is set to 22.85GeV and 25.35GeV, respectively. The accelerated
positrons in Fig. 2a and b have peaks at 24.756 0.27GeV and
26.116 0.35GeV. These two examples show that the accelerated posi-
trons have a narrow energy peak, albeit on top of a broader ‘shoulder’.
The spectral peaks are fitted by an asymmetric Gaussian function. The
r.m.s. energy spreads associated with the fit of the peaks (red dashed
lines) are 1.8% and 2.2% r.m.s., respectively, while the full width at
half-maximum (FWHM) energy spreads associated with the experi-
mental spectra (black solid lines) are 4.0% and 6.1%, respectively.
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Figure 2 | Experimental positron energy spectra. a, b, Two examples of the
accelerated portion of the spectrum of the positrons after the interaction with
the plasmawith Eimage at 22.85GeV (a) and 25.35GeV (b). c, An example of the
decelerated portion of the positron spectrum with Eimage at 12.85GeV. In all
panels, the density of charge per unit energy and length of the dispersed
positron beamprofile is shown in colour, and the spectral charge density dQ/dE
is represented by the black solid line (right scale). Asymmetric Gaussian fits to
the peaks in a and b are shown as red dashed lines. Particles that do not
participate in the interaction appear to be saturated at the initial beam energy,
20.35GeV.
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scarcity of facilities capable of providing positron beams with these demanding characteristics. To date, only 
FACET-II27 at SLAC could be in principle suited in the future for proof-of-principle experiments in this area.

In order to enable experimental studies of positron acceleration in a wake!eld, it is thus necessary !rst to 
provide positron witness beams with high spatial and spectral quality at the GeV level. To achieve this goal, it 
would be desirable to avoid storage rings, so that the intrinsic femtosecond-scale duration of laser-driven posi-
trons could be preserved. Laser-driven generation of ultra-relativistic positron beams is thus currently being 
actively studied, with several landmark results already reported, including maximum positron energies in the 
region of 100s of  MeV28–30, the generation of high-density and quasi-neutral electron-positron  beams31, and 
!rst experimental observation of pair-plasma  dynamics32. However, to e"ectively enable plasma acceleration of 
positrons in the laboratory, it is necessary to produce beams that simultaneously have %-level energy spreads, 
femtosecond-scale duration, and micron-scale normalised  emittance5,7. To date, properties of this kind have 
only been predicted  numerically29,33,34.

Here, we experimentally demonstrate that positron beams of this kind can be generated with a 150 TW laser. 
Crucially, we demonstrate that the obtained positron beams are of su$cient quality to be energy-selected, with 
our results showing the isolation of positron beamlets containing ≥ 105 positrons in a 5% bandwidth at energies 
exceeding 500 MeV. %ese beams present femtosecond-scale duration and micron-scale normalised emittance, 
and are thus of su$cient spectral and spatial quality to act as a witness beam in a positron wake!eld accelerator, 
as we demonstrate with proof-of-principle particle-in-cell simulations. Favourable scalings in the beam spec-
tral and spatial characteristics already indicate that even higher quality can be achieved with laser systems of 
higher peak  power33,34. %ese results represent a fundamental stepping-stone towards enabling widespread and 
systematic experimental studies of plasma-based positron acceleration.

�������
������������������
%e experiment was performed using the Gemini laser at the Central Laser  Facility35 (setup sketched in Fig. 1). 
%e laser pulses contained a mean and rms variation of 7.9± 0.5 J in a FWHM pulse length of 48± 7 fs (peak 
power P0 = 156± 9 TW) and a central wavelength of 800 nm. %e pulses were focused with an f/40 o"-axis 
parabola into a gas jet from a 15 mm exit diameter nozzle, to generate high-energy electron beams via laser 
wake!eld acceleration (LWFA) at a repetition rate of 1 shot every 20 seconds, as limited by the laser system. %e 
gas was a mixture of 2% nitrogen and 98% helium and had an electron density of ne = (1.5± 0.2) × 1018 cm−3 , 
as measured via optical interferometry. %e laser focal spot, measured in vacuum, was (37± 3) × (52± 4) µm in 
the transverse x and y directions respectively ( 1/e2 radius), giving a peak intensity I0 = (3.1± 0.3) × 1018 Wcm−2.

%e residual laser exiting the LWFA was removed by re&ection from a self-generated plasma mirror on the 
surface of a 125 µm polyimide tape which was replenished a'er every shot. %e tape target was kept for all the 
experimental data shown here and was used to protect objects in the beam path (e.g. the converter described 
below) from laser damage and to prevent debris in the vacuum chamber. A movable lead converter target (placed 
at a distance zD = 50 mm from the LWFA exit plane of the gas jet) was used to generate electron-positron beams 
through a two-step bremsstrahlung-induced Bethe-Heitler  process36. %e converter was a 45-degree wedge, such 
that translating it perpendicularly to the electron beam axis allowed the e"ective converter thickness to be varied 
continuously over the range 1 ≥ L ≥ 25 mm.

A shielding lead wall with an on-axis 10 mm diameter aperture was placed to allow only particles emitted 
from the converter within a 12.6 mrad half-angle to propagate to the detectors. A permanent magnetic dipole 
(Dipole 1 in Fig. 1, with integrated strength of Bxz = 0.3 Tm) was placed behind the lead wall to sweep electrons 
and positrons onto the primary scintillator screens (LP1 and LE1, both Kodak LANEX) either side of the central 
axis, allowing observation of particles with kinetic energy E ≥ 200 MeV. Due to experimental limitations, the 
two screens were placed at slightly di"erent distances from the dipole and angles from the main axis: 134 cm 
and 41.1◦ for the positron side of the spectrometer (LP1 in Fig. 1) and 137 cm and 45.4◦ for the electron side 
of the spectrometer (LE1 in Fig. 1). A second scintillator screen (LE2) was placed 1 m behind the !rst in order 
to increase the measurement accuracy of the high energy electrons (more details in the “Methods” section). 
A second identical magnetic dipole (Dipole 2 in Fig. 1) with a 25 mm wide lead slit placed at its entrance was 
positioned in the dispersed positron beam, in a dog-leg con!guration. %e slit performed energy selection on the 
dispersed positron beam, which was then collimated onto an additional scintillator screen (LP2) by the magnet.

A 5.0 mm thick tungsten mask composed of horizontal slits with a period of 1100 µm (550 µm gaps) was 
placed into the beam axis 290 mm behind the rear face of the converter (see Fig. 1) to perform energy-resolved 

Plasma 
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Positrons
Dipole 2

LE1

Lead wall
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LE2
Laser

Top View

Converter
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Laser Emittance 
grid

Lead wall
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Tape drive

Figure 1.  Illustration of the experimental setup. showing the electron plasma accelerator, the converter, the 
emittance mask, scintillators for electrons (LE1 and LE2) and positrons (LP1 and LP2). Electron (red) and 
positron (blue) trajectories are also shown to guide the eye.
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grid pattern with a Gaussian distribution with an rms width of σs = σxM . !e value σs was found by iterative 
deconvolution, and then divided by the source plane magni"cation, M, to yield the source size (rms) σx =

√

〈x2〉.
!e geometric emittance of a particle beam is de"ned as ε =

√

〈x2〉〈x′2〉 − 〈xx′〉 , where 〈xx′〉 is the angle-
position correlation term. In the dri# space between the LWFA and the converter, the primary electron beam 
develops a strong correlation term. However, the relatively large scattering angles in the converter dominate so 
that, at the exit of the converter, the positron beam is largely uncorrelated. Monte-Carlo simulations (discussed 
in the following) indicate that the small level of remaining correlation implies that the positron beam is equiva-
lent to an uncorrelated beam originating from 100 to 200 µm inside the rear surface of the converter. !erefore, 
the correlation term was neglected and the geometric emittance was calculated as the product of the measured 
divergence and source size, i.e. ε = σxσθ.

!e electron and positron beam properties were measured as functions of energy for converter lengths 
L = 1.0, 2.0, 4.0, 8.0 mm (0.2, 0.4, 0.7 and 1.4 radiation lengths) and are plotted in Fig. 5. !e number of observed 
electrons was seen to decrease with converter thickness (Fig. 5a), while the number of positrons was maximised 
for L = 4.0 mm. As the converter thicknesses are less than or on the order of the radiation length of the mate-
rial, electrons scattered from the primary electron beam dominate the yield of the measured electron–positron 
beams. Converter thicknesses of 4–5 radiation lengths would be required to obtain close to 50%  positrons31,32, 
but at a cost of a lower yield and a higher emittance. !e electron and positron source size (Fig. 5b) was observed 
to weakly decrease with energy, from 140±10 µm at 300 MeV down to 110±10 µm at 600 MeV, with %uctuations 
between 200 and 300 MeV due to the systematic uncertainties described before. !e electron and positron rms 
divergence (Fig. 5c) was approximately constant at σθ = 5.3± 0.3 mrad, as it was limited by the aperture in the 
lead wall. Due to the "xed beam divergence, the measured emittance trends were largely determined by the 
variation in source size. !e positron geometric emittance exhibited a gradual linear decrease as a function of 
energy with values of ε = 640 nm at E = 200 MeV and ε = 480 nm at E = 600 MeV for a 1.0 mm converter. As 
numerically predicted  previously29, the positron geometric emittance (Fig. 5d) was consistently lower than that 
of the scattered electrons. !e results had an rms variation of ≈ 43% in the spectrum and ≈ 20% in emittance, 
due to the shot-to-shot variation in the primary electron beam induced by %uctuations in the laser performance.

Figure 3.  Narrow energy spread positron beams. Typical single-shot positron spectra measured a#er energy 
selection for di&erent positions of the energy selection slit. Raw data has been background-subtracted and 
smoothed with a 10 MeV Gaussian "lter, with the shaded region representing the local rms scatter of the data. 
!e central energy and FWHM bandwidth of each spectrum is indicated in the "gure legend.

Figure 4.  Raw images of energy-resolved beam pro"les with the emittance mask. Example modulated (a) 
positron and (b) electron spatial charge density as a function of position on the screens ( xp, yp, xe , xe ) for 
a single shot with a converter thickness of 8.0 mm and the emittance mask in the beam-line. !e positions 
corresponding to the given particle energies in MeV are shown as vertical red dashed lines. !e slight di&erence 
between the electron and positron raw data is due to the slightly di&erent position of the scintillator screens 
(discussed in the text).

S. Corde et al, Nature 524, 442 (2015)

A. Doche et al, Sci. Rep. 7 14180 (2017)
We can accelerate them in plasma

We can post-select the desired 
energy range

• Generate enough e+
• Injection & synchronization
• Acceleration & guiding

Challenges
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How do we create positrons, inject and guide them?
Can we control where they go?



 Scattering an intense laser with an electron beam - Schwinger 
field can be attained in the electron rest frame
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traps…) and the in-house know-how for massively parallel simulations of plasmas, efficiently scalable to top 
supercomputers of today [29].  

A number of experimental facilities worldwide have shown interest in this area of research, by putting it on their 
scientific agenda. The most important centres are listed in Fig. 1. Many configurations which combine electron, 
photon and laser beams will allow to probe a wide range of interaction regimes related to SPARCLE.  

 
Figure 1: (Up) Generation of electron-positron pairs in a laser-electron collision. This simulation is from the design study I 
performed for the L4 laser beamline pertaining to Extreme Light Infrastructure pillar ELI Beamlines in Prague. The picture 
was selected for the official poster for the 45th European Physical Society Conference on Plasma Physics, held in July 2018. 
(Down) A list of facilities whose science programme is aligned with the goals of SPARCLE and which are interested to 
perform related experiments.  

 
a.2: Main objectives 

The objectives of SPARCLE are directed towards obtaining energetic particles and photons using extremely 
intense laser technology interacting with plasmas. An outstanding challenge is to create and accelerate 
positrons, which requires a paradigm shift compared to the well-established schemes for electron acceleration. 
Another challenge, creating and accelerating electron-positron-photon beams may be even harder as 
electrons and positrons are oppositely charged, which means that a field cannot be accelerating for both at the 
same time. One has to exploit unusual and judicious configurations where the opposite charge particles do not 
experience locally identical conditions, but the time-averaged interaction with the field allows all accelerated 
particles to propagate in the same direction. Direct laser acceleration (DLA) is a potential scheme that can 
provide this, when the particles are injected in a favourable laser phase to gain energy. How to control this 
injection is by itself a big research question. The most promising direction, to overcome the predicament of 
trying to overlap the two beams, is to create particles themselves in the region of strong field [30]. An electron-
positron-photon beam would naturally be generated in the right location within the laser field to allow 
acceleration. To obtain high charge, we need to study the different configurations to obtain abundant number 
of pairs with lasers, which amounts to the study of seeding for QED cascades. The results coming from this 
research can benefit another goal of SPARCLE: to generate enough electron-positron pairs to constitute a 
pair plasma. Finally, all these processes involve high-energy leptons immersed in a strong field, which naturally 
emit flashes of very energetic photons. The frequency range depends on the energy of the leptons and the 
strength of the background field, but we can expect a large fraction of emission to be in the hard X-ray or 
gamma-ray range. Other radiation properties also change according to the interaction geometry and the source 
size, which opens an extraordinary opportunity to construct tunable radiation sources in laboratory. Plasma 
based radiation sources hold an astounding potential for applications [11], and a related goal of SPARCLE is to 
evaluate the relevant properties of emitted radiation for every configuration we study while pursuing other 
goals. Due to the importance of its findings, this goal itself could warrant a separate ERC proposal. Instead, it 
represents the contingency plan of SPARCLE to profit from all simulations performed while pursuing other 

 First QED processes                            
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Scattering at 90 degrees - e+e- can be accelerated in vacuum

• Electrons collide with the laser;  pairs are 
produced in the highest field region

• E+e- beam is accelerated by the laser in vacuum

• Laser defocuses leaving some particles pre-
accelerated due to vaccuum acceleration

• Can separate e+e- from the original electrons; 
gives potential to obtain neutral lepton beams Time =   688.00 [ 1 / ω p ]

positron

1
2

3
electrons
positrons

  M. Vranic et. al., Sci. Rep. 8, 4702 (2018)

The acceleration distance is 
limited to the Rayleigh range
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 Pairs can also be accelerated within a plasma channel

B. Martinez et al, Phys. Rev. A (2023)

Positron spectra

Energy peak around 1 GeV

Charge of ∼ 0.1 pC
This can be modelled in 
Quasi-3D geometry**

2 GeV e-, charge ~ 10 pC
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 Radiation reaction is vital for injection of positrons

D. Maslarova et al, Phys. Plasmas (2023)

Without RR, there is no deflection after 200 fs, and no injection in the plasma channel
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χ ∼ 0.1 − 5

W0 ∼ 3.2 μm

Large initial transverse momenta 
lead to escape: No injection!

Quantum RR

RR reduces transverse momentum and 
makes injection possible.
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Significant electron beam loading is necessary to guide e+

How are positrons guided?

Large central beam loading 
( )

e−

800 nC

Positron 
focusing fields

Large  density in channel walls
+ ion motion1,3,4 + radiation reaction1,2

e−

B. Martinez et al, Phys. Rev. AB (2023) + P. Valenta Phys. Rev. R. (2024)
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Direct laser acceleration of positrons takes place in the channel

Consistent simulation of positron creation and acceleration

Laser pulse (red/blue) 
 duration

Peak amplitude 

Photon beam 

Synchrotron energy profile
Transverse periodic boundary condition

Plasma channel (gray) 
Transverse density profile is parabolic

150 fs
5 × 1023 W/cm2

After ~ 400 µm of propagation 

 positrons with a  peaked spectrum
Emittance   
∼ 105 ∼ 1 GeV

ϵrms = 0.5 mm . mrad
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Positron creation Positron deflection Positron acceleration

B. Martinez et al, Phys. Rev. AB (2023) 



Positrons can also be created by Bethe-Heitler and accelerated 

B. Martinez et al, Phys. Rev. E (2025)
L. Inigo-Gamiz et al, PPCF (2025)

2

Figure 1. Setup for Direct Laser Acceleration (DLA) of Bethe-Heitler positrons. The 10PW ELI-Beamlines laser first
interacts with a thin Aluminum foil in the Relativistically Self-Induced Transparency regime and creates positrons. In the
second step, it co-propagates, along with some of the positrons, in a preformed plasma channel. A dense electron filament is
progressively built up at the center of the channel via the interplay of the two laser field components. This enables to guide
positrons over a millimeter distance while they gain energy directly in the strong laser field, with an average accelerating
gradient on the order of a few TeV/m.

the laser field itself which amplitude is on the order of
' 10 TV/m, a thousand times larger than in a typical
plasma wakefield. In the transverse direction, they are
confined by the self-generated plasma fields. With their
opposite charge, positrons are transversely expelled by
the same fields and therefore cannot be accelerated.
Recent but yet unexplored developments suggest that
positron guiding can be achieved in DLA either using
two counter-propagating lasers in a channel [57], or by
forming a dense electron filament on the laser axis [60].

In the setup we introduce in Fig. 1, a high-power laser
as will be soon available at ELI-Beamlines (10 PW) in-
teracts with a thin aluminum foil (250 nm). The pulse
intensity is high enough (⇠ 1022 W.cm�2) to induce
gamma-ray production via nonlinear Inverse Compton
scattering [76] and positron creation through the Bethe-
Heitler process [77] in the plasma. Due to its ultra-fast
heating and expansion, the target becomes transparent
to the laser in the so-called Relativistically-Self-Induced
Transparency regime [78]. After this interaction, the
laser and some of the positrons travel together in a
preformed plasma channel placed on the laser prop-
agation axis. During the first part of laser propaga-
tion in the channel, the self-generated plasma fields are
established to be defocusing for positrons [79, 80], so
a significant fraction is lost. In the meantime, elec-
trons are injected from the walls of the channel to its
center by the interplay of the two components of the
laser field, as sketched in Fig. 1. The amount of elec-
trons loaded increases as the laser propagates further in
the channel, progressively damping the transverse force
expelling positrons. When the charge density of elec-
trons loaded becomes larger than the background ion
charge density, the transverse force acting on positrons
changes sign and they can be guided. They perform low-

frequency betatron oscillations in the loaded fields of the
plasma channel, but are also subject to high-frequency
oscillations in the laser field. The oscillatory motion of
a given positron can be resonantly amplified when the
two frequencies match in its co-moving frame. From
this resonance, there is a large energy transfer from the
laser to the positron and it gains energy. This accel-
eration process generalizes to positrons the established
mechanism of Direct Laser Acceleration for electrons.

In the first section of this article, we derive estimates
describing the process of electron injection and how
it scales with the initial plasma and laser conditions.
Leveraging this result, we present a scaling law for Di-
rect Laser Acceleration of positrons, including a reso-
nance condition. The second section is dedicated to
Quasi-3D PIC simulations of positron acceleration. We
validate the trend predicted by our estimate for elec-
tron beam loading, as well as our assumption of injec-
tion from the walls of the channel. The acceleration
process of positrons is detailed from individual trajec-
tories and a characteristic feature of DLA known as a
forking structure is observed in their simulated spec-
trum [73, 81, 82]. Finally, we discuss a possible path to
increase the conversion efficiency from laser energy to
positrons and how DLA of positrons compares to other
approaches. We conclude with an assessment of exper-
imental feasibility and potential applications.

I. THEORETICAL MODEL OF POSITRON
ACCELERATION

In this section, we introduce a theoretical model to
describe Direct Laser Acceleration of positrons in a
plasma channel. Our main result is to derive a scal-

Multi-GeV beam 
with e+e- and -raysγ

e+ creation in a foil

electrons
positrons
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~10x better e+ retention for a 
target in the middle of the plasma



 Contents

Positron creation and acceleration

Radiation generation

Electron acceleration
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What does the radiation look like?



 Why consider DLA-based radiation sources?

Radiation generation

High energy density

Compactness

High brightness

Versatility

Small source size

Broad wavelength range
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Accelerated electrons emit in the background channel field

Electric fields acting on electrons

Despite lower field amplitude, background 
channel field is a dominant source of 
radiation emitted by accelerated electrons 
and defines radiation properties such as 
critical frequency, yield and collimation

Background ion 
channel 

Laser
While electrons are accelerated by the laser, they perform betatron 
oscillations transversely to the laser propagation direction. Radiation 
is emitted in well collimated in the forward direction.

R. Babjak et al., arXiv:2502.06744 (submitted) Marija Vranic | Direct Laser Acceleration | Lisbon, July 15, 2025 | 38
 



Radiation properties can be experimentally controlled

Laser intensity controls spectrum

Higher laser intensity can lead to high 
energy of accelerated electrons, which 
results in higher frequency of emitted 
radiation ( )Ec ∼ γ2

Background plasma density ne

Ec [eV] ≃
2.1

λ[μm] ( a0

εcr )
3

Background density also increases 
frequency of emitted radiation, but lower 
density results in more collimated radiation

Θ = ( neεcr

nca0 )
1/3

0.2 nc0.05 nc0.01 nc

R. Babjak et al., arXiv:2502.06744 (submitted) Marija Vranic | Direct Laser Acceleration | Lisbon, July 15, 2025 | 39
 



Comparison with other sources
Comparable brilliance with betatron sources, orders of magnitude higher energy

Figure adjusted from Y. Shou et al., Nat. Photonics (2023) 

Number of photons:  / 0.1% BW
Divergence : ~ 10 mrad
Source size: < 10 
Source duration: tens of fs

107 − 109

μm

Brilliance as high as in betatron sources, for 10-1000x higher photon energy

R. Babjak et al, to be submitted (2024) Marija Vranic | Direct Laser Acceleration | Lisbon, July 15, 2025 | 40
 



Comparison with other sources
Comparable brilliance with betatron sources, orders of magnitude higher energy

1 GeV

5 PW

100 MeV

1 PW
10 PW

Figure adjusted from Y. Shou et al., Nat. Photonics (2023) 

High electron energies ensure low 
divergence of e lectrons and 
consequently photons.

High number of accelerated 
electrons (> 100 nC) ensures that 
more photons are radiated.

High brilliance made possible

Number of photons:  / 0.1% BW
Divergence : ~ 10 mrad
Source size: < 10 
Source duration: tens of fs

107 − 109

μm

Brilliance as high as in betatron sources, for 10-1000x higher photon energy

R. Babjak et al, to be submitted (2024) Marija Vranic | Direct Laser Acceleration | Lisbon, July 15, 2025 | 41
 



Direct laser acceleration in varying plasma density profiles

Varying plasma

 density profile

Laser pulse

Electrons

x

y
z

Laser propagation distance Lacc

FIG. 1. Interaction setup: a relativistic Gaussian linearly polarized laser pulse propagates through a varying

density underdense plasma. The direct laser acceleration of electrons occurs in the self-created plasma

channel. Within the ion channel, tens of percent of the laser energy can be transferred through the interaction

into multi-GeV electrons and collimated X-ray radiation.

electrons. This can be also advantageous for seeding pair cascades49–51 in the future. Even though

the direct laser acceleration has been mostly studied for setups when the laser pulse interacts with

the constant density targets, it can be the dominant absorption mechanism in situations when the

density changes as the laser pulse propagates.

For example, the DLA is relevant in the scenario when the laser pulse interacts with the ex-

panding corona of the imploded capsule in a fast ignition setup52–54. As the intense laser pulse

propagates through the ablated plasma, its density increases up to the critical density and heats

the electrons. The understanding of the process of high-intensity laser absorption will enable bet-

ter control of suprathermal electrons coming from the interaction in the corona and consequently

more efficient ignition of the core.

Furthermore, it has been shown that the efficiency of ion acceleration through the TNSA mech-

anism increases with the presence of preplasma55,56. It happens due to the enhanced laser ab-

sorption into hot electron population via DLA during the laser propagation through the preplasma

and via stochastic heating57–60 in the field of the standing wave after the laser reflection from the

3

 

Direct laser acceleration can provide high-charge (> 100 nC), 
broadband multi-GeV electron beams.

We can optimize the acceleration for a given plasma density. Density 
tailoring allows to reduce acceleration distance and mitigate RR limit. 

Thank you!

Direct laser acceleration process can provide high-brilliance gamma-ray 
beams. 

Positrons can be created and accelerated by DLA in a single stage with 
the same laser (e.g. ELI L4).

Using DLA + BH can give additional radiation, pairs and muons. Also, 
DLA beams can be used for seeding QED cascades. 
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Next steps: 


