
Marija Vranic | Probing strong-field QED in electron-photon interactions | DESY, Hamburg,  Aug 22, 2018 

INSTITUTO DE PLASMAS 

E FUSÃO NUCLEAR

Quantum radiation reaction, e+e- pair production 
and acceleration in laser-electron beam 

scattering configurations

M. Vranic

GoLP / Instituto de Plasmas e Fusão Nuclear
Instituto Superior Técnico, Lisbon, Portugal

golpgolp
epp.tecnico.ulisboa.pt || golp.tecnico.ulisboa.pt



Marija Vranic | Probing strong-field QED in electron-photon interactions | DESY, Hamburg,  Aug 22, 2018 

Work in collaboration with:

T. Grismayer, R. A. Fonseca, L. O. Silva (IST)

O. Klimo, G. Korn, S. Weber (ELI Beamlines)

Simulation results obtained at Supermuc (PRACE), Eclipse cluster (ELI) and 
Salomon cluster (IT4I)

Acknowledgments

INPAIRS

Supported by the 
Seventh Framework 
Programme of the 
European Union



Marija Vranic | Probing strong-field QED in electron-photon interactions | DESY, Hamburg,  Aug 22, 2018 

SLAC E-144 experiment, BW process*

Setup

* D.L. Burke et. al., Phys. Rev. Lett.. 79, 1626-1629 (1997)
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Several points at low values of h seen in Fig. 4,
while statistically consistent with reactions (4) and (2),
indicate a possible residual background of about 2 3
1023 positronsylaser shot due to showers of lost beam
electrons. If we restrict the data to events with h .
0.216 we find 69 6 9 positrons, and the agreement of
their momentum spectrum with the model calculation is
improved, as shown in Fig. 3(d).
The observed positron rate is shown in Fig. 5 after

being normalized to the number of Compton scatters,
where the latter is inferred from the measured rate in
the EC37 monitor. This procedure minimizes the effect
of the uncertainty in the laser focal volume and in
the e-laser overlap. The simulation indicates that the
variation of the positron rate over a spatial offset of
625 mm, or a temporal offset of 65 ps between the
electron and laser beams, is 0.88 6 0.07 of the variation
in the Compton scattering rate. The solid curve in Fig. 5
shows the prediction based on the numerical integration
of the two-step Breit-Wheeler process, (4) followed by
(2), multiplied by the cluster-finding efficiency (0.93) and
the overlap correction factor (0.88). The data are in good
agreement with the simulation, both in magnitude of the
observed rate and in its dependence on h.
Although we have demonstrated a signal of positron

production associated with the scattering of laser light, we
cannot immediately distinguish positrons from reaction
(2) from those originating in the trident process (3).
A complete theory of reaction (3) does not exist at
present so we performed a simulation based on a two-step
model in which the beam electron emits a virtual photon
according to the Weizsäcker-Williams approximation, and

FIG. 5. Dependence of the positron rate on the laser field-
strength parameter h when the rate is normalized to the number
of Compton scatters inferred from the EC37 monitor. The solid
line is the prediction based on the numerical integration of
the two-step Breit-Wheeler process, (4) followed by (2). The
dashed line represents the simulation for the one-step trident
process (3).

the virtual photon combines with laser photons to yield
electron-positron pairs according to the theory of the
multiphoton Breit-Wheeler process (2). The results of
this simulation indicate that for the present experiment
the trident process is negligible, as shown in Fig. 5 by the
dashed line.
These results, as well as those of Ref. [15], confirm

the validity of the formalism of strong-field QED and
show that the observed rates for the multiphoton reactions
(2) and (4) are in agreement with the predicted values.
Furthermore, these results are the first observation of
inelastic photon-photon scattering with real photons.
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Laser: 1.6 ps, 1 um, I = 1018 W/cm2

Electron energy: 46.6 GeV 

~ 100 positrons
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L4 will deliver 1.5 kJ in 150 fs (can get a0~1000), in the same chamber as L3 (30 J, 30 fs)

We expect a 10 PW beam at ELI
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OSIRIS 4.0

osiris framework
· Massivelly Parallel, Fully Relativistic  

Particle-in-Cell (PIC) Code 
· Visualization and Data Analysis 

Infrastructure
· Developed by the osiris.consortium

⇒  UCLA + IST

Ricardo Fonseca
ricardo.fonseca@tecnico.ulisboa.pt
Frank Tsung
tsung@physics.ucla.edu

http://epp.tecnico.ulisboa.pt/  
http://plasmasim.physics.ucla.edu/

code features

· Scalability to ~ 1.6 M cores
· SIMD hardware optimized
· Parallel I/O
· Dynamic Load Balancing
· Particle merging

· GPGPU support
· Xeon Phi support
· QED Module

O i ir ss
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3.0

O i ir ss
3.0
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QED loop in OSIRIS

PARTICLES

GRID

Integration of equations of motion: 
moving particles

Integration of field equations: 
updating fields

Deposition:                            
calculating current on grid

Interpolation:                            
evaluating force on particles

�B
�t

= �c⇤⇥E⇥E
⇥t

= c⇤⇥B� 4�j

Fp � up � xp

(E,B)i � Ji

(E,B)i � Fp
(x,u)p � ji�t

Emission of photons

Probability of pair creation

➡ new particles

Probabilistic
dp

dt
= FL +

dP�

dtd�

Particle
Merging

E.N Nerush et al. PRL (2011), C. P. Ridgers et al. , PRL. (2012)
N.V. Elkina et al. PRSTAB (2011),  A. Gonoskov et al., PRE (2015)
T. Grismayer et al., POP (2016), T. Grismayer et al., PRE (2017)

O i ir ss
3.0O i ir ss
3.0

O i ir ss
3.0

We can take into account the collective effects of laser - plasma interaction



Marija Vranic | Probing strong-field QED in electron-photon interactions | DESY, Hamburg,  Aug 22, 2018 

Quantum RR in laser-electron scattering
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Standard deviation of energy vs. time 

Diffusion 
dominates

Drift 
dominates

Fokker-Planck equation for the evolution of e- distribution function
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* M. Vranic et al., NJP 18, 073035 (2016)

dEF = 67 mc2

Quantum radiation reaction in head-on laser-electron beam interaction 13

in Eq. (14) are of the same order, which renders the equation unintegrable. However,

we can estimate an upper boundary for �

F

by assuming that at the central point of the

laser (at the point of peak intensity) the electron beam is close to the balance between

the drift and di↵usion, i.e. �

2
M

⇡ (2.4/�[µm]) ⇥ 10�6
�

3
M

a0, where �

M

is the average

Lorentz factor of the electron beam in the central laser point. As �

M

is easy to calculate

(see [20, 25, 52, 53, 54]), we can retrieve an explicit expression for �

M

as a function of

laser intensity and duration, and initial electron energy. Beyond this point, the energy

spread slowly decreases, and the final electron energy spread �

F

is smaller than �

M

.

This yields

�

2
F

. 1.455⇥ 10�4
p

I22
�

3
0

(1 + 6.12⇥ 10�5
�0 I22 ⌧0[fs])

3 , (17)

where I22 = I [1022 W/cm2] and a0 = 0.855
p

I[1018 W/cm2]�[µm] for linear polarisation

and a0 = 0.855
p

I[1018 W/cm2]�[µm]/
p

2 for circular polarisation. It is worth noting

that the result presented in Eq. (17) does not depend on the laser polarisation, but

solely on intensity and duration.

Figure 6 a), b) shows the estimate given by Eq. (17) compared with the simulation

results. Even though the lasers in our simulations are not Gaussian, we obtain a

satisfactory agreement for the same ⌧fwhm. Panels c) and d) show the predictions for the

final energy spread according to Eq. (17) for electron beams starting at di↵erent initial

energies after interacting with a 30 fs and a 100 fs laser of 2 ⇥ 1021 W/cm2 intensity.

These laser durations are to be available in the near-future laser facilities such as ELI

[1], so there is a possibility to verify this model in the next few years.

4. Electron beam divergence

In addition to the electron energy spread, we can also evaluate the impact of the laser

interaction on the electron beam divergence. We define the weighted average of the

deflection angle from the main propagation direction as

tan ✓ =

P
N

i=1 q

i

⇣
p?
pk

⌘

iP
N

i=1 q

i

, (18)

where N is the total number of simulation particles, q

i

is the charge weight of the i-

th particle, and (p?/pk)i

is the ratio of the transverse to the longitudinal momentum

with respect to the direction of laser propagation. For small angles, tan ✓ ' ✓, and the

average divergence shown in Fig. 7 is determined with this approximation (the error is

less than 1 mrad).

Figure 7 shows the evolution of the electron bunch divergence as time progresses.

Classically, the radiation reaction leads to momentum phasespace contraction

proportionally in transverse and longitudinal direction. According to the analytical

solution for trajectory of a relativistic electron in an intense plane wave [30], on average,

all momentum components and electron energy are reduced by a same factor due to

radiation reaction. The angle between the particle momentum and the laser propagation

Final energy spread Divergence

Expected value for final energy spread
emerges from stochastic diffusion

dE0 = 200 mc2
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E+e- beam from laser - e- scattering at 90o

1. LWFA electrons collide with the laser;  
pairs are produced in the highest field 
region 

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

3. Laser defocuses leaving some particles 
accelerated Time =   688.00 [ 1 / ω p ]

positron

1
2

3
electrons
positrons

Pair creation and acceleration 
are decoupled!

* M. Vranic et. al., Sci. Rep. 8, 4702 (2018)
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Quantum effects are strongest for the case of 
counter-propagation

* M. Vranic et al., PRL 113, 1348001(2014)
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Suppl. Fig. 1. Benchmark beam interaction with the laser. Transverse momentum space vs.
longitudinal position during the electron beam-laser interaction a) without RR and b) with RR. The axis
for p2 is the same as for p3 and is omitted for better visibility. Transverse momentum space p2�p3 without
RR c) before, d) during and e) after the interaction. Transverse momentum space p2 � p3 witho RR f)
before, g) during and h) after the interaction

LIMITATIONS OF THE COMPUTATIONAL METHOD

Standard particle-in-cell method does not take into account short-range Coulomb collisions, while
long-range interaction is correctly accounted for. There are techniques to include binary collisions in
the algorithm, and OSIRIS has this option, but in most cases it is not necessary to include it because
the level of plasma collisionality is low. We have estimated the role of electron-electron collisions
and electron-ion collisions for the parameters in our simulations. The background plasma electron
collisions can be neglected because of the low density, while the background ions are immobile
in this timescale. What needs to be verified is the role of electron-electron collisions within the
accelerating beam that is the densest part of the simulation, and the potential influence of the ion
column on the accelerating beam (the accelerating bubble is void of background plasma electrons).
For a typical electron bunch (density ⇠ 0.1ncr, energy ⇠ 1 GeV and radius ⇠ µm), the total
electric force on one electron due to the self-fields of the whole bunch has the order F ⇠ 3⇥ 10�16

N [4]. In a time scale relevant for our simulations, this force could cause a displacement of about
10 pm, which is negligible compared with the scale of particle dynamics that is on the order of µm.
The interactions with the ion column can lead to emittance growth, but for the same conditions
this can also be neglected [5].

When using Landau&Lifshitz (or any other semi-classical treatment for radiation reaction), one
needs to ensure that the pair production does not play a role and that the energy loss of the electron
in a single Compton scattering is small compared with its total energy. Otherwise, the electron
energy cannot be considered a smooth function and semi-classical models assume continuous energy
loss. The regime of the interaction depends on the laser intensity, duration, the electron energy

26 QED radiation reaction and cascades

[60]:

W =
aE2

p

2

•

Â
n=1

n�2 exp
✓
�pnm2

eE

◆
. (2.2)

According to Bohr [67] it is impossible to produce a field strong enough to impart
on an electron energy of mc2 over the Compton length. This hypothesis has not been
confirmed or rejected yet because the existing fields in the laboratory are orders of
magnitude smaller than Es. Nevertheless, we can observe the nonlinear quantum
effects in weaker fields E ⌧ Es by using ultra relativistic particles with momentum
p ⇠ mcEs/E in carefully chosen direction such that the field in the particle rest frame
approaches the value of Es. Regardless of the field form in laboratory frame, in the rest
frame of a relativistic particle the background electromagnetic field can be represented
as a field of a plane wave to a certain approximation. This motivated a lot of research
in understanding the interaction of plane waves and particles performed by Ritus and
Nikishov and others ( [68] and references therein ).

The probabilities of various processes in an electromagnetic plane wave are based
on Volkov [69] states where the quantum-transition probability is evaluated taking
into account the interaction between the particle and the background wave exactly.
The interaction of photons emitted with the particles is then accounted for by pertur-
bation theory. The total probability of a process by a single particle is relativistically
invariant and depends on two invariant parameters:

a0 =
eE

mcw0
, c =

q
(p

µ

Fµn)2

Es mc
(2.3)

The parameter a0 is known to us as normalised vector potential, and represents the
work performed by the field over one wavelength divided by electron rest energy mc2;
it can also be presented as the ratio of the field work over the Compton length to the
energy of the field quantum h̄w. The average kinetic momentum ( or quasi-momentum
) of a particle in a plane wave is given by

qµ = pµ +
a2

0 m2c4

2 (k · p)
kµ (2.4)

where pµ is particle 4-momentum outside of the wave, m is the particle mass kµ is the
wave 4-vector and k · p stands for the scalar product kµ p

µ

. In the presence of a field
like this, the conservation laws apply to the quasi-momentum instead of the initial 4-
momentum of the particles. As a consequence of modified 4-momentum, the effective
mass of the particle in a background plane wave becomes

m2
⇤ = m2(1 + a2

0). (2.5)

At a0 � 1, the probabilities of the processes in a plane wave reduce to the ones in
constant electric and magnetic fields where ~E ? ~B and E = B. These probabilities

3.1 Introduction 51

depend on the parameter c, and also on the field invariants f = F2
µn

/E2
s and g =

F⇤
µn

F
µn

/E2
s . If the conditions:

f , g ⌧ 1; f , g ⌧ c

2 (3.6)

are satisfied, the QED probabilities can be considered a function of c only and the
contribution of the invariants f , g can be neglected. The first condition in (3.6) is
trivially satisfied because all the fields we can achieve are orders of magnitude smaller
than the Es, while the second condition depends on the particle energy and is more
easily satisfied for relativistic particles [124].

The interaction of an electron with the field of an intense electromagnetic wave
leads to effects that have a nonlinear dependence on the photon number density if
a0 & 1, and to nonlinear quantum effects if c & 1. The simplest example of such a
process is the photon emission by an electron which has a classical limit.

Many different QED processes can occur in the presence of strong field. However,
in this work, we are interested in studying the processes with highest probability in
QED cascades [133]. These are photon emission by particles in a strong electromag-
netic field and the Breit-Wheeler pair production by energetic photons in the presence
of the strong field. Other possible processes such as the trident process [134] or spon-
taneous pair production in vacuum (described by Eq. (3.2)) have substantially lower
probability rates and therefore will not be considered here.

The c parameter determines if classical or QED interactions dominate the physics
and was defined by Eq. (3.3) for electrons, but this definition can be extended to pho-
tons by using the wave 4-vector kµ instead of particle 4-momentum pµ:

c

g

=

q
(h̄k

µ

Fµn)2

Es mc
. (3.7)

For electrons, we can also express ce as a function of 3-vectors and the background
electric and magnetic field vectors:

ce =
1
Es

s✓
g

~E +
~p

mc
⇥ ~B

◆2
�

✓
~p

mc
· ~E

◆2
. (3.8)

The differential probability rate of photon emission by nonlinear Compton scatter-
ing is then given [135–137] by

d2P
dt dc

g

=
amc2

p
3ph̄gce

✓
1 � x +

1
1 � x

◆
K2/3(c̃) �

Z •

c̃

dxK1/3(x)

�
(3.9)

where c̃ = 2x/(3ce(1 � x)) and x = c

g

/ce. This gives a total radiated power of

Prad = �
Z

de

g

e

g

d2P
dt de

g

= � ee

ce

Z
dc

g

c

g

d2P
dt dc

g

(3.10)

� ⇡ 2 �0a0 ⇥ 2⇥ 10�6

� ⇡ a0
2�0

⇥ 2⇥ 10�6

� ⇡ �0a0 ⇥ 2⇥ 10�6
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similar as in [66], but our example has more significant radiation reaction.

The condition (2.34) is satisfied in most physical scenarios of interest. In particular,
for laser pulses, the inequality (2.34) is satisfied if a0g � 1, which is true in all the
scenarios where radiation reaction is significant. The authors in [87] have confirmed
this by comparing the contribution of the particle spin and the contribution of radia-
tion reaction force arising from d~B/dt and d~E/dt in the plane wave scenario. In this
comparison, the spin gives a bigger contribution. In the classical regime that we are
addressing here, the spin contribution is negligible, and so are the contributions of
d~B/dt and d~E/dt.

Therefore, any of the proposed models can be used to describe the classical radia-
tion reaction dominated regime.

2.3.3 TESTING THE ROLE OF CLASSICAL RADIATION REACTION WITH THE
DYNAMICS OF ELECTRONS IN INTENSE LASER PULSES

In order to examine the role of classical radiation reaction in scenarios with intense
laser pulses and to determine the conditions where such models should be used we
consider the dynamics of a single electron interacting with a laser pulse. This is one of
the main scenarios where radiation reaction can be explored [109,110] and of very high
relevance for future laser facilities [77,82,84,87,90,111]. We stress that all the radiation
reaction models considered give the same electron trajectories in a laser pulse. The
results presented in this and Section 2.3.4 are obtained with the LLR model.

The laser pulse normalised vector potential is written as [112]:

~A(x, t) = a0 f (t) cos f~ey (2.35)

where the temporal envelope f (t) is a slowly varying function relative to the laser cy-
cle (d f /dt ⌧ w0 f ). We choose a polynomial function 10x3 � 15x4 + 6x5 in the domain
[0,1] to define the envelope rise. The relativistically invariant normalised vector po-
tential a0 can be related to the wave intensity through a0 = 0.8

p
I[1018 W/cm2]l[µm].

In the field of a linearly polarized laser pulse, a charged particle undergoes quiver
motion. Without the radiation reaction force, the total particle energy remains un-
changed after the interaction with the laser pulse due to the canonical momentum
conservation. With radiation reaction, the total energy can suffer a big loss.

If we consider a circularly polarized laser pulse instead, the situation is similar. In
Fig. 2.9 this is illustrated for a linearly and circularly polarized laser with identical
temporal envelopes and the same intensities (aLP

0 = 100, aCP
0 = 100/

p
2, l0 = 1µm).

The initial normalised momentum of the particle is p0 = 100, opposite to the laser
propagation direction. The total energy that the particle loses while interacting with
the laser is about 30% and is the same for the linearly and the circularly polarized case.

Counter-propagation

Co-propagation

Interaction at 90 deg.

But, the interaction at 90 degrees has only a factor of two lower electron chi
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Laser defocusing allows for net acceleration

Electron trajectories in plane wave vs. defocusing laser at a0=600

g0 = 100
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Initial e+e- energy plays a vital role in the final 
acceleration - the lower the better

Longitudinal momentum vs. position (90o incidence, a0=600)*
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We can estimate the maximum energy as a 
function of the spot size and the laser intensity

Test particle 
simulations:   

particles born with the 
most favourable initial 
phase exactly in the 
laser focus!

Extending the plane wave estimate for focused pulses*
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conditions, one can estimate the maximum attainable energy to be

E
max

=
2a2

0

�

0

. (2)

The maximum possible energy E
max

is inversely proportional to the initial
Lorentz factor �

0

because it a↵ects the phase slippage between the particle
and the wave during forward acceleration. Within the same wave, a particle
with a lower initial energy has a potential to obtain a higher final energy. How-
ever, the actual acceleration achieved also depends on the initial and the final
phase within the wave. One obtains E

max

just for the most favourable case,
for which the interaction stops exactly when I(�) = 4 (c.f. [39]). This is an
idealistic view, as the interaction in realistic conditions does not have a sharp,
but a gradual shutdown. The value E

max

can, however, serve as an estimate for
a beam energy cuto↵. After a certain time of interaction t

acc

, the e

+

e

� beam
is expected to have a continous spectrum with all particles in the energy range
0 < E < E

max

. Here, t
acc

is the time required for a particle in best conditions
for acceleration to reach the maximum energy E

max

.
Following the analysis from the previous section, we will assume the lowest

available initial energy �

0

in the system corresponds to the electron quantum
parameter �e = 0.1. Using the simplified �e definition for interaction at normal
incidence, we can relate the lowest �

0

with the laser intensity:

�

0

= 5⇥ 104/a
0

. (3)

The maximum attainable energy then depends only on the available laser inten-
sity: E

max

= 4⇥10�5

a

3

0

. A natural conclusion follows: the more intense the laser
is, the more energetic e

+

e

� one can obtain. However, as we mentioned before,
the acceleration is not immediate. The acceleration length required to reach the
maximum energy in the field of a plane wave is given by l

pwa

= 3⇡a2
0

/(4�2

0

). For
example, if we have a laser at I = 1023 W/cm2 and �

0

= 1 µm, a maximum
attainable energy would be E

max

= 5.7 ⇥ 104 mc

2. But, 80 µm of propagation
would be required to obtain that energy. It is clear that even the most powerful
laser facilities currently under construction [16] will not be able to provide such
a long acceleration distance. The intensity on the order of 1023 W/cm2 will be
achieved by focusing the laser to a tiny spotW

0

, which will result in a quick laser
defocusing characterized by the Rayleigh length RL = ⇡W

2

0

/�

0

. For example, a
laser focused to a spotsize of W

0

= 3 µm, has the Reyleigh range RL = 28 µm,
which is much smaller than the required acceleration distance l

pwa

= 80 µm.
The particles will not spend enough time in the vicinity of the peak of the laser
field to reach E

max

= 5.7⇥ 104 mc

2.
However, if we know the focusing parameters of the laser beam, we can

estimate the correction to the expected energy cuto↵ for the e+e� beam. To this
end, we have studied test particle motion in 3D, with the focused laser pulse field
defined as in Ref. [40]. The detailed analysis presented in Supplemental Material
[39] shows that there are several cases to consider. If l

pwa

⌧ RL, the acceleration
is completed before the laser defocuses significantly. We therefore assume that
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General 3D cutoff (e+e- 
born anywhere)

But, 80 µm of propagation would be required to obtain that energy. It is clear
that even the most powerful laser facilities currently under construction [16]
will not be able to provide such a long acceleration distance. The intensity on
the order of 1023 W/cm2 will be achieved by focusing the laser to a tiny waist
W

0

, which will result in a quick laser defocusing characterized by the Rayleigh
length RL = ⇡W

2

0

/�

0

. For example, a laser focused to a spotsize of W
0

= 3 µm,
has the Rayleigh range RL = 28 µm, which is much smaller than the required
acceleration distance l

pwa

= 80 µm. The particles will not spend enough time
in the vicinity of the peak of the laser field to reach E

max

= 5.7⇥ 104 mc

2.
However, if we know the focusing parameters of the laser beam, we can

estimate the correction to the expected energy cuto↵ for the e+e� beam. To this
end, we have studied test particle motion in 3D, with the focused laser pulse field
defined as in Ref. [44]. The detailed analysis presented in Supplemental Material
[43] shows that there are several cases to consider. If l

pwa

⌧ RL, the acceleration
is completed before the laser defocuses significantly. We therefore assume that
for RL > 10 l

pwa

, the cuto↵ energy of the beam is unaltered: E
cuto↵

= E
max

. If
l

pwa

& RL, then the field intensity varies during the acceleration time and the
realistic energy cuto↵, in this case, is lower than the theoretical maximum E

max

.
If RL < l

pwa

, one can approximate the decrease in cuto↵ energy as (c.f. Suppl.
material [43]):

E
cuto↵

= E
max

⇥ 0.5
q

2RL/lpwa

, (4)

where the ratio between the Rayleigh length and the acceleartion distance is
given by RL/lpwa

= (8⇡/3)(�
0

/a

0

)2(W
0

/�

0

)2. It follows from here that for
arbitrarily low initial Lorentz factor �

0

, the maximum attainable energy given
by Eq. (4) depends only on the laser parameters and for a laser with �

0

= 1 µm
can be expressed as:

E
cuto↵

[MeV] ' 2a
0

W

0

[µm]. (5)

We reach the conclusion that the particle acceleration has two possible limits.
One is a plane wave acceleration limit dependent on the laser intensity and initial
Lorentz factor given by Eq. (2), and the other one that depends only on the
laser parameters given by Eq. (5). Depending on the energy of the particles
born within the laser field, the lowest of the two limits determines the actual
cuto↵.

4 QED-PIC simulations of particle generation

and acceleration. E↵ect of 3D geometry and

long propagation distance on acceleration of

self-created e+e� beam.

The ideas presented in the previous section can be confirmed by full-scale QED-
PIC simulations, that model the e+e� pair creation and subsequent acceleration
beyond the Rayleigh length. We have performed a set of simulations in 2D

7

indicates that the ratio E/E
max

is a function of RL/lpwa

and for RL/lpwa

< 1
this can be approximated as:

E
E
max

= 0.5

s
RL

l

pwa

(7)

For RL/lpwa

> 10, we consider the condition RL � l

pwa

satisfied and E ' E
max

.
For l

pwa

< RL < 10l
pwa

, Eq. (7) is not a good estimate, due to its value being
on the same order of E

max

. For RL < l

pwa

< 10 RL, the maximum energy takes
values between E

max

/2 and E
max

.
Equation (7) shows the defocusing correction for the maximum energy of

a particle born in the very centre of the laser field. We can assume that for
an arbitrary particle born anywhere in the laser field (with the same �

0

), the
e↵ective interaction length cannot be more than twice the value for the particle
born in the centre. As the e↵ective interaction length is proportional to RL, we
should not expect to obtain particles with energies higher than

E
E
max

= 0.5

s
2RL

l

pwa

. (8)

Full-scale 3D simulations in the main manuscript are in very good agreement
with the predictions for the cuto↵ of the particle energy spectrum given by Eq.
(8).
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Analytical cutoff agrees with 3D QED PIC
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But, 80 µm of propagation would be required to obtain that energy. It is clear
that even the most powerful laser facilities currently under construction [16]
will not be able to provide such a long acceleration distance. The intensity on
the order of 1023 W/cm2 will be achieved by focusing the laser to a tiny waist
W

0

, which will result in a quick laser defocusing characterized by the Rayleigh
length RL = ⇡W

2
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. For example, a laser focused to a spotsize of W
0

= 3 µm,
has the Rayleigh range RL = 28 µm, which is much smaller than the required
acceleration distance l

pwa

= 80 µm. The particles will not spend enough time
in the vicinity of the peak of the laser field to reach E

max

= 5.7⇥ 104 mc

2.
However, if we know the focusing parameters of the laser beam, we can

estimate the correction to the expected energy cuto↵ for the e+e� beam. To this
end, we have studied test particle motion in 3D, with the focused laser pulse field
defined as in Ref. [44]. The detailed analysis presented in Supplemental Material
[43] shows that there are several cases to consider. If l

pwa

⌧ RL, the acceleration
is completed before the laser defocuses significantly. We therefore assume that
for RL > 10 l

pwa

, the cuto↵ energy of the beam is unaltered: E
cuto↵

= E
max

. If
l

pwa

& RL, then the field intensity varies during the acceleration time and the
realistic energy cuto↵, in this case, is lower than the theoretical maximum E

max

.
If RL < l

pwa

, one can approximate the decrease in cuto↵ energy as (c.f. Suppl.
material [43]):
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We reach the conclusion that the particle acceleration has two possible limits.
One is a plane wave acceleration limit dependent on the laser intensity and initial
Lorentz factor given by Eq. (2), and the other one that depends only on the
laser parameters given by Eq. (5). Depending on the energy of the particles
born within the laser field, the lowest of the two limits determines the actual
cuto↵.

4 QED-PIC simulations of particle generation

and acceleration. E↵ect of 3D geometry and

long propagation distance on acceleration of

self-created e+e� beam.

The ideas presented in the previous section can be confirmed by full-scale QED-
PIC simulations, that model the e+e� pair creation and subsequent acceleration
beyond the Rayleigh length. We have performed a set of simulations in 2D

7

For particles born in the 
centre of the focus

The cutoff for a0=1000 with a spotsize W0=3 um becomes ~ 7 GeV

* M. Vranic et. al., Sci. Rep. 8, 4702 (2018)
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At energies > 2 GeV, we obtain the same number  
of e- and e+ in the spectrum

E+e- spectra at 50 um distance from focal plane for W0=3.2 um

~ 10 GeV e+e- beam can be obtained with a0=1000
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Low divergence for the final e+e- beam
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Low divergence for the final e+e- beam
~ 30 mrad beam divergence on detector for laser a0=600
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Figure 3: (a) Electron and positron spectra for 150 fs lasers at several intensities.
The number of electrons and positrons in the beam with the energy above 2 GeV
is approximately equal. (b) Electron and positron density integrated over the
main laser propragation direction for a

0

= 1000. Pairs are spatially separated
from the initial electron beam that cannot penetrate into the highest intensity
region. The e + e� bunch and the e

� beam continue propagating away from
one another.

(see Fig. 3a). Above 2 GeV, the spectrum has an equal number of positrons
and electrons. The di↵erences between the electron and positron spectra in the
low-energy section are due to the initial electron beam (the spectrum contains
all the particles in the simulation box). The electrons from the initial beam can
continue propagating forward, having lost a portion of their energy to photons
(as depicted in Fig. 1). Another option is that the electrons lose enough energy
to get reflected by the laser field backwards, or get trapped and accelerated
forward the same way as the pairs. In our case, for intensities a

0

> 600, most
electrons lose energy so rapidly that they never get to interact with the peak of
the field - they get reflected sooner. The result is a spatial separation between
the pairs that were created in the peak field and the initial electrons. One can
therefore collect a neutral electron-positron beam on the detector by applying
an appropriate aperture. This can be confirmed in Fig. 3b, where the e

+

e

�

bunch has already separated spatially from the electron beam (the two density
peaks propagate away from one another).

A natural question to arise is whether the newly-created particles are acceler-
ated the same way when they are allowed to move in all three spatial directions.
As it is known, the electromagnetic fields decay di↵erently in 2D and 3D geom-
etry, and it is vital to perform 3D simulations to assess the viability of future
experiments. In addition, full 3D field structure could a↵ect particle trapping
and the e↵ective interaction time.

Unfortunately, it is not possible to perform full-scale 3D QED simulations
for a su�ciently long propagation distance to obtain a satisfactory estimate of
the e

+

e

� properties far away from the laser focus. But, to add fidelity to our
previous conclusions, we can make use of the fact that the pair generation is
temporally decoupled with the acceleration process. This is not strictly true
for the entire beam, but on the level of individual particles, it is a reasonable

9

Initial e- and new pairs do not “mix”:       
possible to collect a beam with       

50% e+ and 50% e-. 
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Initial e- and new pairs 
do not “mix”: possible to 
collect a beam with 50% 

e+ and 50% e-.
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Charge in the e+e- beam can be comparable to
the charge of the initial e- beam

If you start with a 2 GeV e- beam, you can get a pair per e- at a0=600

a0 = 600 -> a pair per 17 % of e-

For long laser pulses the total number of pairs is higher and less sensitive with respect to 
spatio-temporal synchronisation

85 % for a0 = 1000 and 1 GeV e-
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* M. Vranic et. al., Sci. Rep. 8, 4702 (2018)
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We can predict the electron energy spread and divergence as a 
function of a0, pulse duration and initial e- energy. 

Conclusions

Laser-electron scattering at 90o can produce pairs and 
accelerate them to multi-GeV energies.

Vacuum acceleration is possible due to the laser defocusing.

Energy cutoff can be predicted as a function of the spot size 
and the laser intensity.

Quasi neutrality - equal number of e+ and e- for particles 
with energies > 2 GeV.
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What kind of developments are necessary? 

where ES ¼ m2c3=e!h and with ~u ¼ ~p=mc. It should be
emphasised that radiation reaction in intense fields modifies
the orbits of particles43 and can lead to anomalous radiative
trapping44 which we omit in our following analysis but
which is self-consistently included in our simulations.

Setup 1 (lp-lp) consists of two linearly polarised lasers
where the phase and polarisation are defined by

~a6 ¼ ð0;6a0 sinðk0x7x0tÞ; 0Þ; (2)

where the indices “þ” and “%,” respectively, denote a wave
propagating in the positive and in the negative x direction.
a0 ¼ eE0=mx0c is the Lorentz-invariant parameter, related

to the intensity I by a0 ¼ 0:85ðIk2
0=1018 W cm%2Þ1=2, and E0

is the peak electric field strength. This results in a standing
wave where Ey ¼ 2a0 cosðk0xÞ sinðx0tÞ;Bz ¼ %2a0 sinðk0xÞ
cosðx0tÞ and where the fields amplitude are expressed in
units of mx0c=e. The dynamics of the particles is determined
by the electric or magnetic field depending on the phase
within the temporal cycle.35,43 The electric field accelerates
the pairs in the y direction, while the magnetic field Bz can
rotate them and produce px ensuring a perpendicular momen-

tum component to both ~E and ~B. The rise in px gradually
increases ve until a photon is radiated. The most probable
locations to create pairs or hard photons are precisely k0=4
and 3k0=4.43 For a particle born at rest, ve oscillates approxi-
matively twice per laser period with a maximum on the order

of 2a2
0=aS, where aS ¼ mc2=!hx0 is the normalised Schwinger

field.7 The cascade develops mostly around the bunching loca-
tions and is characterised by a growth rate that possesses an
oscillating component at 2x0.

Setup 2 (cw-cp) is formed by a clockwise and a counter-
clockwise polarised laser

~a6 ¼ ð0; a0 cosðx0t6k0xÞ;6a0 sinðx0t6k0xÞÞ; (3)

where a0 ’ 0:6ðIk2
0=1018 W cm%2Þ1=2. The components Ey

and Bz are anew the same but Ez ¼ 2a0 sinðk0xÞ sinðx0tÞ;
By ¼ %2a0 cosðk0xÞ cosðx0tÞ. This setup consists of a rotat-

ing field structure, and the dynamics of the particles has been
already studied.18,22,31 The advantage lies in the direction of
the fields that is constantly changing, and the particles are

not required to move in x to enter a region where ~E and ~B
are perpendicular to their momentum. The particle accelera-
tion is stronger in the regions of high electric field, so the
highest electron momenta are obtained where the electric

field is maximum. This then leads to higher ve, and the cas-
cade develops in the region of strong electric field (precisely
in the node B¼ 018) producing a plasma wheel as shown in
Fig. 1. At this particular position, the parameter ve can reach

a maximal value of 2a2
0=aS.31

From the description of the two configurations, the setup
1 can produce the highest values of ve (ve > 2a2

0=aS) but
only for particles born in a specific phase of the standing
wave. The majority of the particles are sloshing back and
forth between the electric and magnetic zone which results
in lower average ve in comparison with setup 2. The effi-
ciency of the cascade setups can be more accurately assessed
by calculating its growth rate C.

B. Theoretical models

1. Circular polarization

The case of a uniform rotating electric field constitutes a
good approximation of the standing wave field produced in
the setup 2.18 The advantage of this setup is that the cascade
develops mostly in one spot x ¼ p=2, which allows us to
assume a time-dependent field. It has been shown41 that the
equation governing the time evolution of the number of pairs
growing in the cascade is

dnp

dt
¼ 2

ðt

0

dt0
ð

dvcnp t0ð Þ d2P

dt0dvc
Wpe%Wp t%t0ð Þ; (4)

where the pairs follow a fluid-like behaviour which can be
described through an average energy !c and an average quan-
tum parameter ve . The differential probability rate for photon

emission d2P=dt0dvc depends thus on !c; !ve, and vc. The pho-

ton decay rate (or the pair emission probability rate) can be
considered as constant which permits us to write Wp ¼ Wp

ðvc; !cÞ with !c ¼ !cvc=!ve. Eq. (4) can be solved using the

Laplace transform, and calculating the growth rate corre-
sponds to solving the zeros

s% 2

ðve

0

dvc

d2P

dt0dvc
Wp

sþWp
¼ 0: (5)

In the limit !ve & 1, the pair creation probability can be

approximated by11,27 Wp ’ ð3p=50Þða=scÞe%8=3vcvc=!c and

d2P=dtdvc ’
ffiffiffiffiffiffiffiffiffiffi
2=3p

p
ða=scÞe%d=ðd1=2!ve!c) with d ¼ 2vc=ð3!ve

ð!ve % vcÞÞ; sc ¼ !h=mc2 and a ¼ e2=!hc. We start from an

FIG. 1. Side view and front view of the
development of a QED cascade in 3D.
The magnitude of the electric field result-
ing from the beating of the two laser
pulses is represented by the coloured bar.
The curved lines with arrows represent
the electric field lines. The electrons,
positrons, and photons are, respectively,
displayed in red, green, and yellow. The
particles shown only represent a small
fraction of the particles of the simulation.

056706-3 Grismayer et al. Phys. Plasmas 23, 056706 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  194.210.158.24 On: Mon, 23 May
2016 14:56:00

3

- 50 - 50

- 50

- 50

- 50 50  50  50

 50

 50

 0

 0

 0

 0  0

 0.01  0.1  11000 1200 1400 1600
# of electrons [arb. u.]E [ mc2 ]

p2 [ mc ] p2 [ mc ]p2 [ mc ]

p 3 [
 m

c 
]

p 3 [
 m

c 
]

p 3 [
 m

c 
]

p 3 [
 m

c 
]

p 2 
- 60

60

0

- 60

60

0

p2 

x1 [ c / ωp ]
0 15050 100

 a)

 b)

 c) d)  e)

 f)  g) h)

Suppl. Fig. 1. Benchmark beam interaction with the laser. Transverse momentum space vs.
longitudinal position during the electron beam-laser interaction a) without RR and b) with RR. The axis
for p2 is the same as for p3 and is omitted for better visibility. Transverse momentum space p2�p3 without
RR c) before, d) during and e) after the interaction. Transverse momentum space p2 � p3 witho RR f)
before, g) during and h) after the interaction

LIMITATIONS OF THE COMPUTATIONAL METHOD

Standard particle-in-cell method does not take into account short-range Coulomb collisions, while
long-range interaction is correctly accounted for. There are techniques to include binary collisions in
the algorithm, and OSIRIS has this option, but in most cases it is not necessary to include it because
the level of plasma collisionality is low. We have estimated the role of electron-electron collisions
and electron-ion collisions for the parameters in our simulations. The background plasma electron
collisions can be neglected because of the low density, while the background ions are immobile
in this timescale. What needs to be verified is the role of electron-electron collisions within the
accelerating beam that is the densest part of the simulation, and the potential influence of the ion
column on the accelerating beam (the accelerating bubble is void of background plasma electrons).
For a typical electron bunch (density ⇠ 0.1ncr, energy ⇠ 1 GeV and radius ⇠ µm), the total
electric force on one electron due to the self-fields of the whole bunch has the order F ⇠ 3⇥ 10�16

N [4]. In a time scale relevant for our simulations, this force could cause a displacement of about
10 pm, which is negligible compared with the scale of particle dynamics that is on the order of µm.
The interactions with the ion column can lead to emittance growth, but for the same conditions
this can also be neglected [5].

When using Landau&Lifshitz (or any other semi-classical treatment for radiation reaction), one
needs to ensure that the pair production does not play a role and that the energy loss of the electron
in a single Compton scattering is small compared with its total energy. Otherwise, the electron
energy cannot be considered a smooth function and semi-classical models assume continuous energy
loss. The regime of the interaction depends on the laser intensity, duration, the electron energy

M. Vranic et al., PRL (2014);  M. Vranic et al., CPC (2016); M. Vranic et al, PPCF (2018)

Adding classical radiation reaction     

‣ Modelling electron beam slowdown in scattering configurations

‣ Modeling other configurations where only a fraction of electrons may be 
subject to RR but where this can alter qualitative behaviour

Adding quantum processes 

‣ Modelling the onset of QED, RR from quantum perspective

‣ Modelling e+e- pair production

‣ QED cascades, nonlinear regimes where many particles are created and 
collective plasma dynamics can alter the background fields

Adding performance improvements (particle merging, advanced 
load balancing schemes) 

‣ Essential for all the projects with strong QED effects

M. Vranic et al, NJP (2016);  T. Grismayer et al,  POP (2016); T. Grismayer et al, PRE (2017); 
J. L. Martins et al, PPCF (2016); M. Vranic et al, PPCF (2017); M. Vranic et al, SciRep (2018); 

M. Vranic et al., CPC (2015)
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What kind of developments are necessary? 

where ES ¼ m2c3=e!h and with ~u ¼ ~p=mc. It should be
emphasised that radiation reaction in intense fields modifies
the orbits of particles43 and can lead to anomalous radiative
trapping44 which we omit in our following analysis but
which is self-consistently included in our simulations.

Setup 1 (lp-lp) consists of two linearly polarised lasers
where the phase and polarisation are defined by

~a6 ¼ ð0;6a0 sinðk0x7x0tÞ; 0Þ; (2)

where the indices “þ” and “%,” respectively, denote a wave
propagating in the positive and in the negative x direction.
a0 ¼ eE0=mx0c is the Lorentz-invariant parameter, related

to the intensity I by a0 ¼ 0:85ðIk2
0=1018 W cm%2Þ1=2, and E0

is the peak electric field strength. This results in a standing
wave where Ey ¼ 2a0 cosðk0xÞ sinðx0tÞ;Bz ¼ %2a0 sinðk0xÞ
cosðx0tÞ and where the fields amplitude are expressed in
units of mx0c=e. The dynamics of the particles is determined
by the electric or magnetic field depending on the phase
within the temporal cycle.35,43 The electric field accelerates
the pairs in the y direction, while the magnetic field Bz can
rotate them and produce px ensuring a perpendicular momen-

tum component to both ~E and ~B. The rise in px gradually
increases ve until a photon is radiated. The most probable
locations to create pairs or hard photons are precisely k0=4
and 3k0=4.43 For a particle born at rest, ve oscillates approxi-
matively twice per laser period with a maximum on the order

of 2a2
0=aS, where aS ¼ mc2=!hx0 is the normalised Schwinger

field.7 The cascade develops mostly around the bunching loca-
tions and is characterised by a growth rate that possesses an
oscillating component at 2x0.

Setup 2 (cw-cp) is formed by a clockwise and a counter-
clockwise polarised laser

~a6 ¼ ð0; a0 cosðx0t6k0xÞ;6a0 sinðx0t6k0xÞÞ; (3)

where a0 ’ 0:6ðIk2
0=1018 W cm%2Þ1=2. The components Ey

and Bz are anew the same but Ez ¼ 2a0 sinðk0xÞ sinðx0tÞ;
By ¼ %2a0 cosðk0xÞ cosðx0tÞ. This setup consists of a rotat-

ing field structure, and the dynamics of the particles has been
already studied.18,22,31 The advantage lies in the direction of
the fields that is constantly changing, and the particles are

not required to move in x to enter a region where ~E and ~B
are perpendicular to their momentum. The particle accelera-
tion is stronger in the regions of high electric field, so the
highest electron momenta are obtained where the electric

field is maximum. This then leads to higher ve, and the cas-
cade develops in the region of strong electric field (precisely
in the node B¼ 018) producing a plasma wheel as shown in
Fig. 1. At this particular position, the parameter ve can reach

a maximal value of 2a2
0=aS.31

From the description of the two configurations, the setup
1 can produce the highest values of ve (ve > 2a2

0=aS) but
only for particles born in a specific phase of the standing
wave. The majority of the particles are sloshing back and
forth between the electric and magnetic zone which results
in lower average ve in comparison with setup 2. The effi-
ciency of the cascade setups can be more accurately assessed
by calculating its growth rate C.

B. Theoretical models

1. Circular polarization

The case of a uniform rotating electric field constitutes a
good approximation of the standing wave field produced in
the setup 2.18 The advantage of this setup is that the cascade
develops mostly in one spot x ¼ p=2, which allows us to
assume a time-dependent field. It has been shown41 that the
equation governing the time evolution of the number of pairs
growing in the cascade is

dnp

dt
¼ 2

ðt

0

dt0
ð

dvcnp t0ð Þ d2P

dt0dvc
Wpe%Wp t%t0ð Þ; (4)

where the pairs follow a fluid-like behaviour which can be
described through an average energy !c and an average quan-
tum parameter ve . The differential probability rate for photon

emission d2P=dt0dvc depends thus on !c; !ve, and vc. The pho-

ton decay rate (or the pair emission probability rate) can be
considered as constant which permits us to write Wp ¼ Wp

ðvc; !cÞ with !c ¼ !cvc=!ve. Eq. (4) can be solved using the

Laplace transform, and calculating the growth rate corre-
sponds to solving the zeros

s% 2

ðve

0

dvc

d2P

dt0dvc
Wp

sþWp
¼ 0: (5)

In the limit !ve & 1, the pair creation probability can be

approximated by11,27 Wp ’ ð3p=50Þða=scÞe%8=3vcvc=!c and

d2P=dtdvc ’
ffiffiffiffiffiffiffiffiffiffi
2=3p

p
ða=scÞe%d=ðd1=2!ve!c) with d ¼ 2vc=ð3!ve

ð!ve % vcÞÞ; sc ¼ !h=mc2 and a ¼ e2=!hc. We start from an

FIG. 1. Side view and front view of the
development of a QED cascade in 3D.
The magnitude of the electric field result-
ing from the beating of the two laser
pulses is represented by the coloured bar.
The curved lines with arrows represent
the electric field lines. The electrons,
positrons, and photons are, respectively,
displayed in red, green, and yellow. The
particles shown only represent a small
fraction of the particles of the simulation.
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LIMITATIONS OF THE COMPUTATIONAL METHOD

Standard particle-in-cell method does not take into account short-range Coulomb collisions, while
long-range interaction is correctly accounted for. There are techniques to include binary collisions in
the algorithm, and OSIRIS has this option, but in most cases it is not necessary to include it because
the level of plasma collisionality is low. We have estimated the role of electron-electron collisions
and electron-ion collisions for the parameters in our simulations. The background plasma electron
collisions can be neglected because of the low density, while the background ions are immobile
in this timescale. What needs to be verified is the role of electron-electron collisions within the
accelerating beam that is the densest part of the simulation, and the potential influence of the ion
column on the accelerating beam (the accelerating bubble is void of background plasma electrons).
For a typical electron bunch (density ⇠ 0.1ncr, energy ⇠ 1 GeV and radius ⇠ µm), the total
electric force on one electron due to the self-fields of the whole bunch has the order F ⇠ 3⇥ 10�16

N [4]. In a time scale relevant for our simulations, this force could cause a displacement of about
10 pm, which is negligible compared with the scale of particle dynamics that is on the order of µm.
The interactions with the ion column can lead to emittance growth, but for the same conditions
this can also be neglected [5].

When using Landau&Lifshitz (or any other semi-classical treatment for radiation reaction), one
needs to ensure that the pair production does not play a role and that the energy loss of the electron
in a single Compton scattering is small compared with its total energy. Otherwise, the electron
energy cannot be considered a smooth function and semi-classical models assume continuous energy
loss. The regime of the interaction depends on the laser intensity, duration, the electron energy

M. Vranic et al., PRL (2014);  M. Vranic et al., CPC (2016); M. Vranic et al, PPCF (2018)

Adding classical radiation reaction     

‣ Modelling electron beam slowdown in scattering configurations

‣ Modeling other configurations where only a fraction of electrons may be 
subject to RR but where this can alter qualitative behaviour

Adding quantum processes 

‣ Modelling the onset of QED, RR from quantum perspective

‣ Modelling e+e- pair production

‣ QED cascades, nonlinear regimes where many particles are created and 
collective plasma dynamics can alter the background fields

Adding performance improvements (particle merging, advanced 
load balancing schemes) 

‣ Essential for all the projects with strong QED effects
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where ES ¼ m2c3=e!h and with ~u ¼ ~p=mc. It should be
emphasised that radiation reaction in intense fields modifies
the orbits of particles43 and can lead to anomalous radiative
trapping44 which we omit in our following analysis but
which is self-consistently included in our simulations.

Setup 1 (lp-lp) consists of two linearly polarised lasers
where the phase and polarisation are defined by

~a6 ¼ ð0;6a0 sinðk0x7x0tÞ; 0Þ; (2)

where the indices “þ” and “%,” respectively, denote a wave
propagating in the positive and in the negative x direction.
a0 ¼ eE0=mx0c is the Lorentz-invariant parameter, related

to the intensity I by a0 ¼ 0:85ðIk2
0=1018 W cm%2Þ1=2, and E0

is the peak electric field strength. This results in a standing
wave where Ey ¼ 2a0 cosðk0xÞ sinðx0tÞ;Bz ¼ %2a0 sinðk0xÞ
cosðx0tÞ and where the fields amplitude are expressed in
units of mx0c=e. The dynamics of the particles is determined
by the electric or magnetic field depending on the phase
within the temporal cycle.35,43 The electric field accelerates
the pairs in the y direction, while the magnetic field Bz can
rotate them and produce px ensuring a perpendicular momen-

tum component to both ~E and ~B. The rise in px gradually
increases ve until a photon is radiated. The most probable
locations to create pairs or hard photons are precisely k0=4
and 3k0=4.43 For a particle born at rest, ve oscillates approxi-
matively twice per laser period with a maximum on the order

of 2a2
0=aS, where aS ¼ mc2=!hx0 is the normalised Schwinger

field.7 The cascade develops mostly around the bunching loca-
tions and is characterised by a growth rate that possesses an
oscillating component at 2x0.

Setup 2 (cw-cp) is formed by a clockwise and a counter-
clockwise polarised laser

~a6 ¼ ð0; a0 cosðx0t6k0xÞ;6a0 sinðx0t6k0xÞÞ; (3)

where a0 ’ 0:6ðIk2
0=1018 W cm%2Þ1=2. The components Ey

and Bz are anew the same but Ez ¼ 2a0 sinðk0xÞ sinðx0tÞ;
By ¼ %2a0 cosðk0xÞ cosðx0tÞ. This setup consists of a rotat-

ing field structure, and the dynamics of the particles has been
already studied.18,22,31 The advantage lies in the direction of
the fields that is constantly changing, and the particles are

not required to move in x to enter a region where ~E and ~B
are perpendicular to their momentum. The particle accelera-
tion is stronger in the regions of high electric field, so the
highest electron momenta are obtained where the electric

field is maximum. This then leads to higher ve, and the cas-
cade develops in the region of strong electric field (precisely
in the node B¼ 018) producing a plasma wheel as shown in
Fig. 1. At this particular position, the parameter ve can reach

a maximal value of 2a2
0=aS.31

From the description of the two configurations, the setup
1 can produce the highest values of ve (ve > 2a2

0=aS) but
only for particles born in a specific phase of the standing
wave. The majority of the particles are sloshing back and
forth between the electric and magnetic zone which results
in lower average ve in comparison with setup 2. The effi-
ciency of the cascade setups can be more accurately assessed
by calculating its growth rate C.

B. Theoretical models

1. Circular polarization

The case of a uniform rotating electric field constitutes a
good approximation of the standing wave field produced in
the setup 2.18 The advantage of this setup is that the cascade
develops mostly in one spot x ¼ p=2, which allows us to
assume a time-dependent field. It has been shown41 that the
equation governing the time evolution of the number of pairs
growing in the cascade is

dnp

dt
¼ 2

ðt

0

dt0
ð

dvcnp t0ð Þ d2P

dt0dvc
Wpe%Wp t%t0ð Þ; (4)

where the pairs follow a fluid-like behaviour which can be
described through an average energy !c and an average quan-
tum parameter ve . The differential probability rate for photon

emission d2P=dt0dvc depends thus on !c; !ve, and vc. The pho-

ton decay rate (or the pair emission probability rate) can be
considered as constant which permits us to write Wp ¼ Wp

ðvc; !cÞ with !c ¼ !cvc=!ve. Eq. (4) can be solved using the

Laplace transform, and calculating the growth rate corre-
sponds to solving the zeros

s% 2

ðve

0

dvc

d2P

dt0dvc
Wp

sþWp
¼ 0: (5)

In the limit !ve & 1, the pair creation probability can be

approximated by11,27 Wp ’ ð3p=50Þða=scÞe%8=3vcvc=!c and

d2P=dtdvc ’
ffiffiffiffiffiffiffiffiffiffi
2=3p

p
ða=scÞe%d=ðd1=2!ve!c) with d ¼ 2vc=ð3!ve

ð!ve % vcÞÞ; sc ¼ !h=mc2 and a ¼ e2=!hc. We start from an

FIG. 1. Side view and front view of the
development of a QED cascade in 3D.
The magnitude of the electric field result-
ing from the beating of the two laser
pulses is represented by the coloured bar.
The curved lines with arrows represent
the electric field lines. The electrons,
positrons, and photons are, respectively,
displayed in red, green, and yellow. The
particles shown only represent a small
fraction of the particles of the simulation.
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Suppl. Fig. 1. Benchmark beam interaction with the laser. Transverse momentum space vs.
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LIMITATIONS OF THE COMPUTATIONAL METHOD

Standard particle-in-cell method does not take into account short-range Coulomb collisions, while
long-range interaction is correctly accounted for. There are techniques to include binary collisions in
the algorithm, and OSIRIS has this option, but in most cases it is not necessary to include it because
the level of plasma collisionality is low. We have estimated the role of electron-electron collisions
and electron-ion collisions for the parameters in our simulations. The background plasma electron
collisions can be neglected because of the low density, while the background ions are immobile
in this timescale. What needs to be verified is the role of electron-electron collisions within the
accelerating beam that is the densest part of the simulation, and the potential influence of the ion
column on the accelerating beam (the accelerating bubble is void of background plasma electrons).
For a typical electron bunch (density ⇠ 0.1ncr, energy ⇠ 1 GeV and radius ⇠ µm), the total
electric force on one electron due to the self-fields of the whole bunch has the order F ⇠ 3⇥ 10�16

N [4]. In a time scale relevant for our simulations, this force could cause a displacement of about
10 pm, which is negligible compared with the scale of particle dynamics that is on the order of µm.
The interactions with the ion column can lead to emittance growth, but for the same conditions
this can also be neglected [5].

When using Landau&Lifshitz (or any other semi-classical treatment for radiation reaction), one
needs to ensure that the pair production does not play a role and that the energy loss of the electron
in a single Compton scattering is small compared with its total energy. Otherwise, the electron
energy cannot be considered a smooth function and semi-classical models assume continuous energy
loss. The regime of the interaction depends on the laser intensity, duration, the electron energy
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Adding classical radiation reaction     

‣ Modelling electron beam slowdown in scattering configurations

‣ Modeling other configurations where only a fraction of electrons may be 
subject to RR but where this can alter qualitative behaviour

Adding quantum processes 

‣ Modelling the onset of QED, RR from quantum perspective

‣ Modelling e+e- pair production

‣ QED cascades, nonlinear regimes where many particles are created and 
collective plasma dynamics can alter the background fields

Adding performance improvements (particle merging, advanced 
load balancing schemes) 

‣ Essential for all the projects with strong QED effects
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