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Abstract

Electron-positron plasmas are present in the vicinity of astrophysical objects, e.g. neutron stars.
This is one of the reasons that contribute to general interest to investigate the behavior of these
plasmas, which highly contrast regular laboratory ion-electron plasmas due to the symmetry of the
species’ mass. The laboratory production of electron-positron plasmas in enough amount to observe
collective phenomena is a challenge in modern physics. One way to generate electron-positron pairs is
to collide an intense laser pulse with a relativistic electron beam. This setup allows for the production of
high-energy photons via nonlinear Compton scattering, which afterward decay into electron-positron pairs
via nonlinear Breit-Wheeler pair creation. A setback in these experiments currently is that the number
of generated positrons is very low, and background signals can interfere with the data collection (e.g.
from bremsstrahlung photons decaying into pairs). In this work, a scheme utilizing a two-colored laser
pulse is presented to achieve spatial separation of the produced pairs during the laser-beam interaction,
and separate them from the original electron beam. A theoretical model is introduced to predict when
charge momentum separation occurs in a plane wave as a function of the parameters of the two-colored
pulse (most importantly, the laser phase) and Particle-in-Cell simulations demonstrate the effect leads
to measurable observables for future experiments. Simulations with a finite spot size laser show the
physical separation of the charges and the current produced by their motion, which can be controlled by
varying the relative phase of the two laser modes.

Keywords: Plasma Physics; Pair Creation; Quantum Electrodynamics; Particle-in-Cell Codes; High-
Intensity Lasers; Two-Colored Pulses

1. Introduction

With the recent developments in high-intensity
laser facilities, it is possible to reach regimes where
Quantum Electrodynamics (QED) effects become
relevant in the interaction of a laser with a rela-
tivistic electron beam. These facilities, which can
reach multi PW powers, are able to deliver intensi-
ties on the order of 1023 − 1024 W/cm2 [1–3]. Plas-
mas composed of electrons and positrons created
by QED processes are theorized to occur in the
vicinity of very massive and compact objects, such
as neutron stars. [4, 5] This turns our attention
to trying to replicate at least some of the physics
of these plasmas in a laboratory setup, using in-
tense electric fields to replicate the regime where
QED processes allow for the creation of a large
number of positrons. Some of the schemes pro-
posed for production of these plasmas include pro-
duction in electron-laser scattering experiments [6,
7], where the high intensity electromagnetic field
is provided by a focused laser, and which I focus
on during this study; and the Bethe-Heitler pro-
cess [8, 9], which is similar to electron-laser scat-

tering, but uses the electric field of a nucleus of an
atom with high atomic number. Trapping and ac-
cumulating positrons emitted from β+ decay [10] is
also a possibility, but with an added concern due to
the annihilation of the positrons with electrons from
normal matter. The predominant QED processes
when using electron-laser scattering are: radia-
tion reaction, which, given the very high acceler-
ations felt by electrons and positrons in the oscilla-
tory laser fields, results in a significant decrease of
particle energy due to the radiated electromagnetic
energy; nonlinear Compton scattering [11], where
an electron or positron emits a high energy pho-
ton in the presence of an intense laser field, losing
some of its own energy in the process; and nonlin-
ear Breit-Wheeler pair creation [12], where an en-
ergetic photon, also in the presence of the strong
laser fields, decays into an electron-positron pair.
The sequential and repeated occurrence of these
processes can result in a QED cascade. One of the
current experimental goals in strong-field plasma
QED is to cascade a sufficient number of particles
to produce a pair plasma where collective phenom-
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ena are observable. Using an electron-laser colli-
sion for pair production has the setbacks that the
peak intensity of a high intensity laser pulse is quite
difficult to determine with precision [13], and that
detecting the produced pairs is also a challenge,
since the initial beam has electrons which can mix
with the signal, which should (and sometimes can)
be avoided [14]. There may also be some other
QED processes producing leptons which turn the
distinction of pairs produced via nonlinear Breit-
Wheeler process more difficult, like pairs produced
via Bethe-Heitler process occurring in the back-
ground, or by the direct trident process, where an
electron immediately releases an electron-positron
pair. [15]

In this thesis, I introduce a new scheme using a
two-colored laser pulse for generating a bulk elec-
tric current during pair creation, which provides a
macroscopic signature without the need for a high-
density plasma. An analogous setup has been
used to show that this current exists in the case
of a two-colored laser ionizing atoms [16]. The
reason why this system shows this behavior is be-
cause the probability of ionizing an atom grows as
the intensity of the electric field grows, which fa-
vors particle birth in some phases of the pulse.
For the pair creation case, the system also has
a higher probability of generating pairs if the elec-
tric field is stronger, therefore, a net current should
be possible to observe, similarly to the ionization
case. However, unlike the ionization case, in a pair
plasma, both species have the same mass, there-
fore, a drift can easily be imparted to both electrons
and positrons in opposite directions. This sepa-
ration of charges would allow us to see a macro-
scopic signature of pair plasma-laser interaction,
without needing to generate a high-density plasma,
as in other studies of pair plasma group behavior
[17]. It may also allow for an easier detection of the
pairs, since species propagate dominantly in oppo-
site transverse directions.

Here I propose a scheme which utilizes a laser
pulse and its second harmonic with an offset in
phase, to obtain phase control over the direction
of the emitted pairs. In Section 2, a theoretical
approach is deduced to predict when charge sep-
aration occurs to pairs born via nonlinear Breit-
Wheeler process in a two-colored laser pulse and
show that the net separation of the charges is
dependent on the phase difference between the
pulses, just like the case for ionization in electron-
ion plasmas [16], not only obtaining a macroscopic
effect of the dynamics of an electron-positron
plasma without the need to generate a dense
plasma, but also creating an electron and positron
beam with opposite asymptotic angles. The setup
used to demonstrate this effect is sketched in fig-

ure 1. A relativistic electron beam (in blue) is sent
to collide head-on against a laser pulse with two
frequencies (represented by the red ellipsoid with
another blue one inside it, however, this happens
only for representation purposes, and not actually
to represent that one pulse has a larger spot size
than the other). In gray is represented the path the
gaussian laser pulses follow as time evolves. First,
when the electrons reach the vicinity of the laser
pulse, some hard photons are emitted towards the
center of the pulse due to nonlinear Compton scat-
tering. Then, these photons decay into pairs ac-
cording to the nonlinear Breit-Wheeler pair cre-
ation. The pairs then proceed to either drift in op-
posite directions or not according to the phase off-
set between the two laser waves.

The predictions made in Section 2 are sup-
ported by Particle-in-Cell (PIC) simulations run in
the framework of OSIRIS [18] with an added Monte
Carlo module for the QED processes [19, 20]. In
Section 3 OSIRIS simulations for finite sized laser
pulses show the effect of phase control in the
movement of the leptons, and the overall charge
separation and symmetric transverse motion of the
electrons and positrons after the interaction.

2. Analytical Study of Electron-Seeded Pair Gener-
ation in Two-colored Pulses - Ideal Description
(Plane Wave)

We consider, as shown in the setup in figure 1,
that a relativistic electron beam collides with a two-
colored laser pulse. In the present study, the high-
intensity laser is composed by the sum of two
waves, where the second is the second harmonic
of the first. An expression for the electric field E
is, therefore, for linearly polarized waves (assum-
ing propagation along the z axis and polarization
in the x axis)

E = E1 cos (ϕ)ex + E2 cos (2ϕ+ θ)ex , (1)

where E1 and E2 are the amplitudes of the 1st and
2nd harmonic fields, respectively, ϕ is the phase of
the wave given by ϕ = ω0t − k0z with ω0 the an-
gular frequency and k0 = ω0/c the wavenumber of
the first harmonic with c the speed of light in vac-
uum, θ is an offset phase between both harmon-
ics and e⃗x is a unit vector pointing in the x direc-
tion. In this section, we consider both harmonics
as plane waves, however, in the next section, sim-
ulations are performed with pulses with finite size
and duration.

Since the motion of the electrons and positrons
is relativistic, Newton’s 2nd law must be solved for
the relativistic motion of these particles under the
Lorentz force. A correct description would require
the addition of a radiation reaction force. However,
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Figure 1: Schematic for a charge separation setup. a) an electron beam and two-colored laser pulse are sent in a head-on
collision, b) the electrons emit photons due to nonlinear Compton scattering, c) for a phase offset θ of π/2 between the two colors
of the pulse, the electrons and positrons tend to drift in opposite directions, d) for θ = 0, this isn’t observed, and each particle is
equally likely to drift in any direction.

in this section, for simplicity, only the case of neg-
ligible radiation damping is discussed. Despite af-
fecting the motion of the particles, the qualitative
presence of a net current in the transverse direc-
tion shouldn’t be altered, since radiation damping
acts similarly to a drag force and wouldn’t be able
to swap the direction of drift of a particle. The equa-
tions of motion are then written as

dγβx

dt
=

qEx

mc
(1− βz) , (2a)

dγβy

dt
= 0 , (2b)

dγβz

dt
=

qEx

mc
βx , (2c)

dγ

dt
=

qEx

mc
βx , (2d)

with β = v/c with v the velocity of the particle, γ
the Lorentz factor, m is the mass of the particle and
q the charge of the particle. From the equations we
have the conservation of two quantities

γ(1− βz) = const , (3a)

γβx +
qAx

mc
= const , (3b)

(3c)

with A being the vector potential satisfying E =
−∂A/∂t and here given by

A = −E1

ω0
sin (ϕ)ex − E2

2ω0
sin (2ϕ+ θ)ex . (4)

This alongside with the definition of Lorentz fac-
tor γ = (1 − β2)−1/2 allows us to calculate the fi-
nal velocity of a particle born somewhere along the
pulse. This analysis is also valid for a pulse whose
envelope varies very slowly in time, in comparison
with the temporal variation associated to the oscil-
lating fields. With this in mind, assuming pairs are
born moving only in the z direction (the angle of
emission will depend on 1/γ, which for highly rela-
tivistic particles, allows us to neglect it) with velocity
v0z = β0zc, the final drift velocity in the x direction
is given by

vdrift =
q

|q|
2γ0(1− β0z)a1(sinϕ0 + E2

2E1
sin (2ϕ0 + θ))c

1 + γ2
0(1− β0z)2 + a21(sinϕ0 + E2

2E1
sin (2ϕ0 + θ))2

,

(5)
where ϕ0 is the phase at which the particle is born
and a1 = eE1/mcω0. This velocity describes how
fast the electrons and positrons drift in the polar-
ization direction after they leave the pulse. It is im-
portant to highlight that vdrift has an opposite sign
for positrons and electrons, which means that they
drift at the same rate in opposite directions. The
opposite-sign drift velocity could ultimately result in
a spatial separation of the charges.

The electrons of the beam emit some photons
via nonlinear Compton scattering, which then de-
cay into pairs via nonlinear Breit-Wheeler pair cre-
ation, as illustrated in figure 1. These processes
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are governed by two quantum parameters η and χ,
which are given by

η =

√
|(Fµνpµ)2|
Esme

(6a)

χ =

√
|(Fµνℏkµ)2|
Esme

, (6b)

where Fµν is the electromagnetic tensor, pµ is the
momentum 4-vector, ℏ is the reduced Planck con-
stant, Es = m2

ec
3/eℏ is the Schwinger field [21]

and kµ is the wave 4-vector of the photon. Since
the particles are highly relativistic, conservation of
momentum dictates that in the photon emission,
the particles emit the photons in the direction of
motion. Also, the photons decay into an electron-
positron pair, partitioning their momentum in two
parts.

For a head-on collision along the z-axis, for the
case of an electron or positron with Lorentz factor
γ, the momentum four-vector is pµ = (γc, 0, 0, γvz)
with vz < 0. For the case of a photon with angular
frequency ω, analogously, kµ = (ω/c, 0, 0,−ω/c).
With these 4-vectors, equations 6 can be simplified
to

η = 2
|E|
Es

γ , (7a)

χ = 2
|E|
Es

ℏω
mc2

. (7b)

where |E| is the instantaneous total electric field.
The electric field is modeled in equation 1.

Therefore we can replace its expression to deter-
mine how η and χ depend on ϕ

η = 2γ
|E1 cos (ϕ) + E2 cos (2ϕ+ θ)|

Es
, (8a)

χ = 2
ℏω
mc2

|E1 cos (ϕ) + E2 cos (2ϕ+ θ)|
Es

. (8b)

Since we have an expression for χ, η and vdrift
of the pairs being born, we can estimate the total
current being produced by averaging the drift ve-
locity of each particle with the Breit-Wheeler pair
creation rate, which will determine in which phases
it is most likely for a photon to decay into a pair,
and ultimately give rise to an asymmetry in the drift
of the species, turning the production of an accu-
mulated current Iacum possible, and given by

Iacum =
2q

c

∫ 2π

0

∫ χ−ηmin

ηmin

vdrift
dNnBW

dtdη
dηdϕ0 ,

(9)

with dNnBW /dtdη the Breit-Wheeler pair creation
rate[11] and ηmin is obtained setting γ to 1 in equa-
tion 8a. This quantity accounts not only for the
fact that some phases produce a higher drift ve-
locity, but also that there are some phases where
pair creation is more likely, giving therefore an es-
timate of the current dependency on ϕ0. It is
worth mentioning that equation 9 has no informa-
tion on the spectrum of photons, and assumes a
mono-energetic photon bunch decaying into pairs.
This is an approximation that should bear good
results when considering the critical photon fre-
quency ωcrit, which corresponds to the character-
istic energy carried by each photon, and defined
according to the condition

∫ ωcrit

0

ω
dN

dE
dω =

1

2

∫ ωcutoff

0

ω
dN

dE
dω , (10)

with dN/dE the energy distribution of the photon
spectrum and ωcutoff the maximum frequency that
a photon can have (assuming it removes all the ki-
netic energy from a lepton). This quantity can be
calculated numerically assuming we know the pho-
ton distribution.

In order to see if Iacum has the correct depen-
dency in θ and E2/E1, equation 5 is benchmarked
with quasi-1D simulations of plane waves collid-
ing against a photon bunch with a quantum syn-
chrothron energy distribution and constant density.
The output if the simulations is then compared with
the prediction of equation 5 of a mono-energetic
photon bunch generating leptons with half their en-
ergy in figure 2.

It is possible to see that Iacum correctly predicts
the behavior of the system in the plane wave ap-
proximation, specially considering values close to
the critical frequency (which in this case was of
1.25 GeV). It is best to have a phase difference
of ±π/2 (in agreement with Ref. [16] for ioniza-
tion) and fields with similar amplitude to maximize
the transverse momentum, and consequently, the
produced current from the electron-positron pairs.
It should be noted that this conclusion is derived
from phase-considerations in an idealized plane
wave description. In the next chapter, I investigate
diffraction-limited laser pulses, finite transversely
and in time, and considering radiation reaction.
This allows investigating if the momentum results
in an observable transverse species separation in
a realistic setup.

3. Phase Control and Charge Separation with a Fi-
nite Gaussian Laser Pulse, Including QED Radia-
tion Reaction

OSIRIS is used to simulate a head-on collision be-
tween a two-colored laser pulse and an electron
beam. For this study, I am using 2D PIC-QED sim-
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(a) Comparison for E2 = E1.
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(b) Comparison for θ = π/2.
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Figure 2: Comparison between the dependency in a) θ and b)
E2/E1 of the produced current from theoretical predictions of
various photon energies (in color) and simulations (black dots).

ulations. For the electron beam, I consider a mono-
energetic beam with a gaussian density profile with
the same standard deviation in all directions. The
two-colored laser pulse is initialized by overlapping
both laser frequencies using the same spot sizes.
Since the pair production is linear with the number
of electrons in the beam, one can extrapolate the
total number of pairs or current generated for other
electron beam charges. The laser focuses exactly
when its center encounters the center of the elec-
tron beam. For this study, I ran 3 simulations for
different values of θ, and for E2/E1 = 1. The simu-
lation parameters can be found in table 1.

In order to visualize the charge separation of
the electrons and positrons produced in the inter-
action, I present in figure 3 the their distributions
for θ = 0 and θ = π/2 after ≈ 98 fs from the be-
ginning of the simulation time. In the case where
θ = 0, the electrons and positrons drift both in pos-
itive and negative x2 direction, so despite having
the drift of the particles, no charge separation is
produced. However, for θ = π/2 this is no longer
true. Electrons have a preferential drift along the
positive x2 direction while positrons show a pref-
erential drift along the negative x2 direction. Due
to radiation reaction, it is also observed that parti-
cles lose a large amount of their energy and begin
co-propagating with the laser pulse (represented in

Variable Value

ω0 ≈ 1.9 x1015 Hz
a1 300

E2/E1 1
θ π/2, π/4, 0

Laser duration ≈ 64 fs
Spot Size (both harmonics) ≈ 12.8 µm

Number of cells 8640 x 1800
Box size ≈ 70 x 80 µm

∆t ≈ 2.6 as
Particles per cell 2 x 2

e− beam peak density ≈ 10 pC/µm3

e− beam energy γ ≈ 5 GeV
e− beam standard deviation ≈ 3.2 µm

e− beam total charge ≈ 32 pC
Table 1: Simulation parameters for the simulations with finite
spot size. Only θ was varied.

purple).
The result of figure 3 achieves the main objec-

tive of this thesis: By controlling the phase offset
θ between the two components of a two-colored
laser pulse, it is possible to generate a current in
the transverse direction and control the species
separation among the generated electron-positron
pairs. The fact that the laser eventually defocuses
and liberates the particles that are co-moving with
it ensures that, given enough time (which is com-
putationally non-viable to simulate in the present
runs) the product of the scattering will be two
beams, one consisting mostly of electrons and an-
other one of positrons, moving at opposite angles
with relation to the optical axis.

Because both species get separated and move
in opposite directions, θ = π/2 is an ideal setup
to maximize the produced current also in the finite-
pulse scenario. A plot of the produced current both
with θ = 0 and θ = π/2 is shown in figure 4. Here
it is seen that the current deposited for θ = 0 is
barely distinguishable from noise, except in the re-
gion where particles are still oscillating under the
influence of the pulse (where the current is pro-
duced by that oscillation, and not an overall drift).
Meanwhile, for θ = π/2 there are two large concen-
trations of current, both in the same direction but
in opposite sides of the optical axis, due to both
species moving in opposite directions and having
opposite charges. A study is performed to under-
stand where the net current is more intense and
how it changes for the simulated values of θ. I de-
fine I2T as being the total current in a slice of con-
stant x2, i.e

I2T =

∫ x1max

x1min

J2dx1 . (11)

This allows for the visualization of how close the
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(a) Electron charge density for θ = 0. (b) Positron charge density for θ = 0.

(c) Electron charge density for θ = π/2. (d) Positron charge density for θ = π/2.

Figure 3: Charge density for electrons (in blue) and positrons (in red) for simulations with finite spot size with θ = 0 (figures a)
and b)) and θ = π/2 (figures c) and d)).

maximum current is to the optical axis while ne-
glecting the current produced by the particles os-
cillating in the laser fields (since that contribution
averages to 0 in the integral), therefore I present a
plot for this total current in figure 5a. From this plot,
it is visible that the maximum of the current occurs
around 30 µm and 50 µm, and that θ = π/2 has
a higher peak current than θ = π/4, which agrees
with the results from the previous section. Since
the spot size of the laser is around 12.8 µm and the
optical axis is located at x2 = 40 µm, I can con-
clude that most of the particles that contribute to
the net current are nearly outside the most intense
laser region. It is also visible that this plot is not
perfectly symmetrical around the optical axis and
that there is a small current for the case of θ = 0.
This small current changes sign around the optical
axis and corresponds to a contribution of the pon-
deromotive force that the electrons in the beam feel
when crossing the pulse. If I subtract this contribu-
tion to the remaining plots, symmetry around the
optical axis is now observed in the currents pro-
duced as seen in figure 5b.

Finally, I investigate the impact that θ has on the
number of pairs present in the simulation. A table
with the ratio of the number of created pairs and ini-

tial electrons in the beam is found in table 2. From
here, it is visible that the variation of θ keeps the
variation in the number of pairs in the order of 2%
and therefore don’t contribute significantly to the in-
crease of current observed.

θ Npairs/Ne−
0 6.0

π/4 6.1
π/2 6.1

Table 2: Ratio between number of pairs and initial number of
electron for the values of θ simulated.

4. Conclusions
This thesis deals with phase control of species sep-
aration in Breit-Wheeler electron-positron beams.
The pairs are generated from a head-on collision
of electrons with a two-colored laser pulse. The
two-colored laser can be experimentally obtained
by overlapping a laser beam with its second har-
monic.

I have derived an analytical model for the sep-
aration of electron-positron pairs born amidst a
two-colored laser pulse. The theoretical analy-
sis reveals that spatial separation of electrons and
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(a) Transverse current density for θ = 0.

(b) Transverse current density for θ = π/2.

Figure 4: Transverse electric current generated by the move-
ment of the produced pairs for a) θ = 0 and b) θ = π/2.

positrons is directly related to the phase difference
θ of the two laser modes, and by varying θ we can
obtain a full separation or no separation at all. The
phase scan can be used as a direct experimental
signature of this effect.

The model assumes a transversely infinite plane
wave for the laser beam. According to the analyt-
ical calculations, the optimal distribution of energy
between the two harmonics is when the peak value
of the electric field is comparable in each mode.

To confirm the validity of the theoretical descrip-
tion in non-ideal conditions, the same setup was
studied with particle-in-cell simulations. The first
verification was obtained using a plane wave with
a finite envelope. This showed the same para-
metric dependencies as the model predicted. We
then proceeded to full-scale, two-dimensional sim-
ulations, featuring a finite spot size, two-colored
Gaussian laser pulse. Simulations of a head-on
collision between a relativistic electron beam and
this laser pulse were performed to further investi-
gate the process of charge separation and show
that the process could have macroscopic observ-
able for laboratory experiments. We confirm that
the maximum current generated by the particles
being born via Breit-Wheeler pair creation in this

(a) Plot of I2T for θ = 0, θ = π/4 and θ = π/2.
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(b) Plot of I2T subtracting the contribution of θ = 0.
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Figure 5: Plots of I2T vs. x2 for θ = 0, θ = π/4 and θ = π/2.
A moving average with 20 points has been done to smooth the
plot.

setup occurs for phase differences of θ = ±π/2
and comparable values of the electric fields of each
harmonic, just like the analytical estimates predict.
This means that the effect is local, and the laser
pulse transverse structure is not required to ob-
serve this process. For a single-mode laser (e.g.
E1 = 0 or E2 = 0), the species separation is fully
suppressed.

If the laser spot size is very small (of the order
of the laser wavelength), it may happen that the
ponderomotive force accelerates the charge sep-
aration once the leptons are first launched in op-
posite directions, and this could be a subject of
a future investigation. Further work would include
upgrading the theoretical model for it to predict the
value of the obtained current density, instead of just
identifying the optimal parameters where it is max-
imized. Computing the asymptotic angle of lepton
escape in each direction would also be of interest
to guide the detector design for experiments. A de-
tailed study of emitted radiation from this system
could reveal an additional experimental signature,
analogously to the THz radiation emitted by a sim-
ilar setup of two-colored laser ionization.
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Original Contributions

The work which has lead to the completion of this
thesis has led to contributions in the following peer
reviewed papers:

- B. Barbosa et al, to be submitted to MRE (2022)
: Analytical description and simulation confirmation
of phase control of of charge separation in Breit-
Wheeler pairs using two-color pulses;

- B. Martinez, B. Barbosa, M. Vranic, submitted,
ArXiv https://arxiv.org/abs/2207.08728 : Calcula-
tions of low-energy pairs which are later used for
plasma channel acceleration ;

- D. Ramsey et al, submitted (B. Barbosa in the
Acknowledgments) : Enthusiastic discussions.
The work was presented at:

- PULSE Division Student Meeting, LLE,
Rochester, June 2022;

- GoLP EPP Meeting, IST, November 2022.
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