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With the rapid development of high-power petawatt class lasers worldwide, exploring physics in the strong field
QED regime will become one of the frontiers for laser-plasma interactions research. Particle-in-cell codes, in-
cluding quantum emission processes, are powerful tools for predicting and analyzing future experiments where
the physics of relativistic plasma is strongly affected by strong-field QED processes. The spin/polarization
dependence of these quantum processes has been of recent interest. In this article, we perform a parametric
study of the interaction of two laser pulses with an ultrarelativistic electron beam. The first pulse is opti-
mized to generate high-energy photons by nonlinear Compton scattering and efficiently decelerate electron
beam through quantum radiation reaction. The second pulse is optimized to generate electron-positron pairs
by nonlinear Breit-Wheeler decay of photons with the maximum polarization dependence. This may be ex-
perimentally realized as a verification of the strong field QED framework, including the spin/polarization

rates.

I. INTRODUCTION

Strong field quantum electrodynamics (SF QED) pro-
cesses occur when electromagnetic fields exceed the quan-
tum critical field strength®. Many high-power laser fa-
cilities constructed worldwide over the last decade now
aim to reach the regime where strong field QED effects
can appear?. Even though current laser technology is
not able to reach the QED critical field strength in the
laboratory, because strong field QED effects depend on
Lorentz invariant parameters, including the electric field
in the rest frame of the particles®, such a regime is acces-
sible with lower intensity lasers when relativistic plasma
flows interact with the fields. QED theory has been well
verified at the single particle level, but the physics be-
comes more complicated when the QED processes are
coupled with relativistic plasma dynamics. These can
lead to phenomena such as bright gamma-ray emission?®
and quantum radiation reaction® 2!, electron-positron
pair showers??> 26 and avalanches?>27 39, As a result,
particle-in-cell (PIC) codes modified to include the QED
processes become a useful tool for exploring the plasma
dynamics and SF QED effects in supercritical fields.
Many state-of-the-art PIC codes have included the QED
module?34041 using the Local Constant Field Approxi-
mation (LCFA), under which the quantum processes re-
duce to probabilistic emissions of either with a rate that
only depends on a parameter x4, which corresponds to

a)Electronic mail: qgbruce@umich.edu

the rest-frame electric field experienced by a relativistic
lepton divided by the critical field.

The standard QED-PIC algorithm averages over spin
and polarization rates in their calculations. The
strong field QED processes are, however, fundamen-
tally spin and polarization-dependent??:42-57, Spin
and polarization are important quantities in parti-
cle physics research. For high-energy lepton col-
liders, collisions between spin-polarized electron and
positron beams are preferred to study possible new
physics beyond the standard model®®®°. Recent stud-
ies relevant to high-power laser facilities have shown
that the spin/polarization distinguished QED code can
more accurately simulate multi-staged processes like the
avalanche and shower-type electron-positron pair pro-
duction cascade processes??48:69  condition lepton beam
spin distributions*”°%6! and to be presented in plasma
instabilities’2. In Ref. 53, a method using two laser
pulses was proposed; polarized gamma rays are gener-
ated with a first pulse, and subsequently, a second pulse
generates electron-positron pairs, with the yield varying
with the relative polarization of the lasers because of the
polarization dependent rates.

In this article, we outline a QED module implemented
in the particle-in-cell code framework OSIRIS 4.063°65
which is modified to include spin and polarization de-
pendent rates and use it to study the parameter regime
of the two-pulse y-polarimetry configuration proposed in
[63], in particular, optimizing the yield and finding the
parametric dependence on the laser pulse characteristics.
We will briefly discuss the theoretical framework of the
code and how the code is implemented. The algorithm
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was validated in constant field configurations, and a more
rigorous benchmark to reproduce the main results of a
seeded electron-positron pair cascade?® in a rotating elec-
tric field calculated using a Boltzmann type solver®. Fi-
nally, we present the two-pulse pair production scheme,
which can be achieved in an all-optical experiment us-
ing laser wakefield accelerated electrons®®. This scheme
highlights the polarization dependency of the NBW pair
production process. We find the parameters required to
maximize the measurable difference in pair production
yield when we rotate the laser polarization of the sec-
ond pulse. By optimizing the process for the two pulses
in terms of their pulse length and field strength, sim-
ulations using our spin and polarization-resolved PIC
code demonstrated over 50% difference in pair produc-
tion yield by simply changing the polarization directions
of two linearly polarized laser pulses. We also discuss
the criteria for laser and electron beam parameters for
designing an experiment based on this scheme.

Il. BACKGROUND
A. Strong field QED processes and Plasma physics

Strong field QED involves the physics of particles expe-
riencing strong EM fields of order the QED critical field
strength E... This is the characteristic field strength
that does m.c?> work over a (reduced) Compton wave-
length: eE.,A. = mec?, or B, = 1.32 x 10'® Vm~!
One important measure of the importance of the strong
field QED effects during an interaction is the quan-
tum strength parameter for particle ¢, defined as x, =
[[Fwpyll/(mecEer) = ||[Y(E + v x B)||/Eer. When xq >
1, strong field QED effects will be substantial. From the
definition, we could find that the quantum parameter for
leptons is related to the ratio of the electric field in its
rest frame. For photons, there is no straightforward in-
terpretation. As a result, for a lepton moving close to
the speed of light with relativistic parameter v > 1, the
field strength it sees in its rest frame will be boosted by
a factor of ~ v, and so the quantum parameter will be
large, x4 > 1, even for laboratory fields that are weak
compared to Fg,.

Our study focuses on the two lowest-order pro-
cesses in strong field QED: Nonlinear Compton scat-
tering (NLC)S™70 and Nonlinear Breit Wheeler process
(NBW)%%7172 Compared with high-order quantum pro-
cesses, the probabilities of these lowest-order processes
are dominant by a factor of order a = 1/137. In most
cases, we could ignore the influence of the high-order pro-
cesses. Furthermore, we work with local constant field
approximation (LCFA) rates, which requires a weak
field approximation, i.e., that the laboratory fields are
weak compared to E... This condition means, first, that
the fields in the rest frame approximate crossed fields,
and so the rates need only to be calculated for a crossed
field configuration. Second, because the fields are weak

and therefore, for quantum processes of interest, the ini-
tial and final particles need to be energetic. The “forma-
tion length” of such processes™ is short compared to the
scales of spatiotemporal fluctuations in the fields in prac-
tice, so they can be considered to be constant, and the
emitted particles can be considered to be collinear with
the initial particle momentum. Hence, the rates only
need calculating for constant and crossed electromagnetic
field configurations. For the interaction with a laser field,
this approximation is effectively valid if the normalized
field strength ag = eEy/mecw > 1, where Ej is the peak
electric field of the laser, while the field is much smaller
than the critical field strength, E/E.. < 1. This im-
plies that two normalized Lorentz invariants during the
interaction: S = (E? — ¢B?) /E2, and P = |E-cB|/E?.
are much smaller than 17475, These approximations can
break down’%77, so it is important to consider when this
numerical LCFA framework is applicable. For example,
at the transition region where ag ~ 1, the LCFA ap-
proximation will not be valid. We need to use other
approximations like the locally monochromatic approx-
imation (LMA)™ 32 which also recently looked into the
polarization-dependent QED effect?”.

Strong field QED effects can become important in rela-
tivistic plasma dynamics. In particular, the NLC process
affects the dynamics of the charged particles through ra-
diation back-reaction when emitting an energetic photon.
The NBW process modifies the plasma density by absorb-
ing high-energy photons and generating electron-positron
pairs. When the fields are strong enough, and the rela-
tivistic plasma is energetic enough to keep these quantum
effects continuously changing the basic plasma parame-
ters, they could finally influence the plasma’s collective
behavior. The plasma dynamics can be different from
the classical situation. This coupling system is defined
in some literature as a ‘QED-plasma’®387. It naturally
appears in extreme astrophysical environments, including
neutron star atmospheres®®89, pulsar magnetospheres®®
and black hole environments®’. To produce this QED
plasma in the lab is one of the ambitions for high-energy
laser facilities. The possible rich phenomena inside this
system need to be better understood.

B. Spin and polarization-dependent QED

Most of the studies for QED plasma use a PIC code
with spin averaged QED rates®*4%4! in which the QED
processes only depend on the momentum of the particles
and the EM field they experience. Fundamentally, the
quantum emission and pair production processes are all
spin-dependent. The spin of the particles evolves both
through precession in the fields and due to radiative spin
transitions. We use a representation of the spin dynamics
where a vector representing the three components of the
classical spin-polarization vector, representing the expec-
tation over many measurements, evolves via the Thomas-
Bargmann-Michel-Telegdi (T-BMT) equations, and ra-

€€:6€:01 9202 Ateniged ¢



AlIP
Publishing

£

diative spin transitions are represented by a Monte-Carlo
sampling algorithm where point-like photon emissions re-
sult in the spin vector collapsing onto an eigenstate of the
local non-precessing (rest frame magnetic field) direction.
This model is an incomplete description of the spin dy-
namics, in general®®, but is exact when the leptons are
initially unpolarized and in fixed direction fields like a
linearly polarized laser field. Fig. 1 shows the radiation
spectrum of the Nonlinear Compton scattering (NLC)
process for an initial lepton spin state s = 1 or | and the
radiated photon Stokes parameter is £ = +1 when the
quantum parameter is x, = 1.0. The up or down arrow
indicates that the spin is either parallel or antiparallel
to the rest frame magnetic field in this case. The Stokes
parameter here will be explained in detail in Section II C.
We can see that a lepton’s initial spin state will modify
the radiation spectrum and the radiated photon’s polar-
ization state. Fig. 2 shows the generated positron energy
spectrum from the Nonlinear Breit Wheeler (NBW) pro-
cess for a photon with Stokes parameter & = 41 and
the generated positron spin state s, = 1 or |. Again,
the photon’s polarization state will influence the gener-
ated lepton’s energy spectrum and spin state. Note that
the spectra are asymmetrical for different photon polar-
ization and lepton spin states?**®, This asymmetry in
the spectra allows us to explore possible regimes for gen-
erating polarized gamma-ray and lepton bunches using
strong field QED process*>47:50,
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FIG. 1: Spin and polarization involved-NLC spectra for
lepton with initial spin state s. & is the Stokes
parameter of the radiated photon.

C. Lepton spin and photon polarization basis

The strong field QED model we discussed so far fol-
lows the local constant field approximation (LCFA). For
strong field QED processes x4 > 1, the electric and mag-
netic fields in the rest frame of a highly relativistic parti-
cle will be of order E,,, while the LCFA requires P < 1.

1072 ~

dR/ds(a/by)
=
o
L
1

=
o
|
o
1

108 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

A= (XelXy)

FIG. 2: Spin and polarization involved-NBW spectrums
for the photon with Stokes parameter ;. The
generated positron spin state is s,,.

As a result, the direction of the electric and magnetic
fields in the particle’s rest frame and the momentum vec-
tor should be close to mutually perpendicular. We may
use this inherently orthogonal system to construct a spin
and polarization basis. Here, because the PIC code uses
three-vector objects, we express these in three-vector in-
stead of four-vector form. There are three mutually or-
thogonal vectors, here: (e, B8, k), where € = Epp/|Egp|
is a unit vector in the direction of the rest frame electric
field, B = Bgrr/|Brr| is a unit vector in the direction
of the rest frame magnetic field, and k =& x B is a unit
vector that agrees with the direction of the background
field Poynting vector.

In a general field configuration, the lepton spin and
photon polarization components combining all three of
these orthogonal directions need to be accounted for®®92,
The emitted photon polarization can be in combinations
of linear and circularly polarized modes. The approxima-
tion that the laser electric field is unidirectional starts to
break down for an interaction with a tightly focused laser
pulse, where the longitudinal field components become
significant. However, for the configuration explored in
this study involving a linearly polarized laser with mod-
erate focal spot size (wg ~ 10A) colliding with electrons
/ emitted photons and assuming the electrons are ini-
tially in an unpolarized state prior to interaction with
the laser fields, the polarization of the emitted photons
is restricted to linear polarized states®®. The electron
spin only gains a component along the magnetic field di-
rection in the emission process.

1. Photon polarization basis

Using the basis vectors (g, 8, k), we can define a (linear)
polarization basis for a photon with its three-momentum
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along unit vector k with polarization vectors

Moo B (k) ampr B (k)

Especially when k=14k A =¢, Ay = B. By con-
struction, the polarization basis vectors fulfill E-A;=0
and A; - A; = 0;;. An arbitrarily polarized photon (in a
pure state) with polarization vector €; can therefore be
written as the superposition

€, = 1Ay + 2o

We characterize the photon polarization state using the
Stokes parameter & = |ci|? — |e2|?, where, in general,
&k € [-1,1]. Here, we consider that photons to be pro-
duced in an eigenstate of the polarization operator. &,
is chosen to be an integer, and &, € {—1,1}.

B field

=

A;=e=¢" Photon
FIG. 3: Photon polarization basis. A high energy
lepton with momentum in direction % emits a photon
whose momentum direction k = @. The polarization
basis vector for the photon is ¢ = Ay, # = A. When
K= 71;:, o and 7 are in the same direction as € and 8.

This choice of the polarization basis coincides with the
synchrotron radiation geometry*?(Fig. 3). An electron
gyrating inside a constant magnetic field will undergo
synchrotron radiation. The two polarization directions
o and 7 generally used in synchrotron radiation are the
same as the direction of A; and As. As a result, we refer
to the photon polarized along the A; direction, which
occurs more frequently, as a o-polarized photon. And we
refer to a photon polarized along the Ay direction as a
m-polarized photon.

2. Lepton spin basis

During a quantum event, choosing a lepton spin basis
with a direction vector ¢ that doesn’t precess in the back-
ground field both simplifies the calculation and results in
a universal rate that can be calculated in a probabilis-
tic way. The particle states are projected onto ¢ to give
a spin quantum number for the particle, S¢. This lo-
cal non-precessing spin vector during a quantum event is
along the rest-frame magnetic field of the lepton?®, i.e.,
¢ = B and we only consider this component of the spin.

Although, in general, spin precession may lead to other
components of the spin vector, notably longitudinal po-
larization, the radiative processes only increase the spin
component in the B direction and only cause the € and &
components to decay away. Hence, this simplified model
is applicable for situations including the one considered
here, where an unpolarized lepton beam interacts with
a plane electromagnetic field in which the magnetic field
in the rest frame of the particle does not rotate direction
(although it can oscillate in the negative and positive di-
rection).

1Il. CODE IMPLEMENTATION

QED PIC is typically implemented by coupling the
QED processes, such as gamma-ray photon emission
by leptons and pair production by gamma-ray photons,
through a Monte Carlo algorithm to the classical PIC
code?®. In our spin and polarization-dependent QED
PIC version of OSIRIS, we consider the influence of
spin and polarization on the rate and spectrum of the
quantum process. We also make use of the T-BMT
equations-based spin pusher in the PIC loop?? to track
the classical spin precession between the quantum pro-
cess. This includes the anomalous magnetic moment,
which arises from the loop-level contributions to the
quantum transitions®*.

The flow chart of spin and polarization-involved quan-
tum radiation process calculation is shown in Fig. 4.
The code uses the classical Lorentz pusher and T-BMT
equation-based spin pusher to update particle position,
momentum, and spin for each time step. Then, we calcu-
late the lepton’s local non-precessing basis ¢ and project
the spin vector onto the basis to obtain the lepton spin
state s = 8 - (. We also calculate the quantum parame-
ter x4 for each lepton. The particle state information s
and x4 enable us to find the probability of the quantum
radiation process. This probability is the criterion for
entering the Monte Carlo-based spin and polarization-
dependent quantum radiation module. In this module,
we first determine the final spin state of the lepton s” and
the radiated photon Stokes parameter . Then the pho-
ton’s energy is obtained based on the radiation spectrum
R="& decided by the lepton’s initial and final spin state
and the Stokes parameter of the radiated photon. Due
to the assumption of collinear emission, the direction of
the photon momentum k follows the lepton momentum
direction. We calculate the polarization basis (A1, As)
and decide the direction of photon polarization vector €y
based on &: if & = 1, € = Ay; if & = —1, €, = Ao.
Finally, we update the lepton momentum and the spin
vector 8/, which §' = '¢.

Fig. 5 is the flow chart for calculating the spin and
polarization-involved pair production process. We be-
gin with the classical photon pusher, which considers the
photon as a particle traveling with the speed of light
without any interaction in the medium. When a quan-
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\ Classical U<=N—5mnm Project particles onto the local
non-processing basis ¢
., calculate spinstates =S - ¢
(-1<s<1)

Decide the emission rate based
Classical Lorentz+T-BMT pusher: on the spin state.
Update lepton position x, Calculate four rates:
momentum u, and spin S RGMD RGL+D R(si-1),

Generate random

number r € [0,1])
emit photon
<X, R

Calculate lepton new momentum
with new spin vector S’ = s'¢.
Create photon with momentum k
and polarization vector €,

Decide final spin state and the
emitted photon polarization
state: s’ =1/ 1,§, = +1

MC Photon Emission

Find the emitted photon energy and the
back reaction from the spectrum
dRS 'k, The direction of the photon
momentum k follows lepton
momentum direction \

Nt — h o h e E—  —  —h m—h — — m— — —

Calculate the photon polarization basis

(A4, A3) and decide photon polarization

vector €,: when & = 1, €, = A1, when
Sk=—lLe=4;

FIG. 4: Spin and polarization-involved quantum radiation module flow chart.

o h b o b b e — —

( Classical Dynamics Project photons linear N

polarization vector onto local
polarization basis A, = ¢,4; +
¢/, decide the
Stokes parameter &, = ¢ — c2

based on the polarization state.
Calculate four rates: R("41),

Umnamn:mvm:vqun:&o:ﬂmnm .
R(LED, ROULED | R(LLED _

Generate random
N — . number r € [0,1]) d

emit photon
r<Xs.s, Reeelk

\ Remove photon and create
electron and positron pairs at
the position of photon with
spin S/, and momentum u,,

Decide the generated electron
and position spin state:
=T/ Lsp=1/1

MC Pair Production

Calculate the electron and positron spin Find the generated electron and positron
basis ¢, and project the spin onto the energy from the spectrum dR5Spk, The
basis to obtain the spin vecto direction of the lepton momentum u,,
/ Se = Se6, Sp = 5,6 follows photon momentum direction \

S ¢ e m— m— m— — — — — — 0 m— m—  m—  —  —  — —

FIG. 5: Spin and polarization-involved pair production module flow chart.
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tum process occurs, we calculate the polarization basis
for the photon and project the photon polarization vec-
tor onto the basis to obtain the Stokes parameter &.
The code uses the photon quantum parameter x, and
its Stokes parameter & to calculate the probability of
polarization-dependent pair production. This probabil-
ity is the criterion for entering the Monte Carlo-based
spin and polarization-dependent pair production mod-
ule. In this module, we first decide the generated elec-
tron and positron pair spin states s, and s,. Then, we
obtain the energy of the generated electron-positron pair
based on the NBW spectrum R®¢*»¢+. The generated
electron and positron pair momentum direction follows
the photon momentum direction. We calculate the spin
basis ¢ for the generated pair to obtain their spin vector
Sc/p = se/p¢. The photon that participates in the pair
production process gives all its energy to the electron-
positron pair and will be eliminated from the code.To
benchmark the code performance, we reproduce the re-
sults Ref. 29, which is a sensitive test involving the in-
terplay between the quantum emission rates and particle
kinetics. This is shown in Appendix B.

IV. TWO PULSE PAIR PRODUCTION

In the previous section, we show that the NBW process
is asymmetric for different photon polarization states.
This effect can be illustrated by an all-optical experi-
ment in which a high-energy electron beam from laser-
wakefield acceleration collides with two linearly polar-
ized laser pulses®®. The schematic plot of this setup is
shown in Fig.6 (a), which is similar to the setup used
to probe vacuum birefringence>6. In the first collision,
the linearly polarized laser pulse is designed to have a
relatively long duration, to fully slow down the electron
beam, and moderate intensity, to suppress the NBW pro-
cess. The energetic, linearly polarized gamma rays from
the first collision interact with the second laser pulse,
which is more intense than the first pulse and can gen-
erate electron-positron pairs through the NBW process.
The original electron beam, on the other hand, loses most
of its energy in the first interaction, significantly reduc-
ing its capability to create electron-positron pairs when
interacting with the second laser pulse. As a result, the
electron-positron pairs generated from the two-pulse col-
lision predominantly come from the interaction between
the linearly polarized gamma-rays and the short, intense,
second laser pulse. The relative polarization state of the
gamma photon in the second pulse interaction can be
simply controlled by the polarization direction relation-
ship between the first and second laser pulses. The differ-
ence in yield will become maximum when two laser polar-
ization directions change from parallel to perpendicular
to each other. Notice that the setup proposed in Ref. 53
uses a magnetic field to eliminate the leptons from the
gamma-ray photons, which could remove the requirement
for a long-duration first pulse. However, it will result in

the interaction points between the first and second col-
lisions being much farther away. More importantly, this
increased distance could result in the gamma-ray gener-
ated from the first collision diverging significantly before
interacting with the second pulse and, as a result, reduc-
ing the positron yield. Here, we use radiation force from
beam-laser collision to stop electrons instead of deflect-
ing the electron using magnetics. The separation between
the two collision points could be minimized to reduce the
influence of gamma-ray spreading, and the setup could
be more compact.

A. Scheme demonstration using polarization-dependent
QED PIC simulations

‘We conduct a pair of 2D simulations with our spin and
polarization-dependent QED module to demonstrate this
idea. In these two simulations, all the parameters remain
the same, including the random seed in the QED Monte
Carlo algorithm. The only thing we change is the po-
larization direction of the second laser, from parallel to
perpendicular relative to the first laser. This restriction
guarantees that the dynamics of the electron beam and
the generated gamma-ray in the first collision are the
same for both simulations, and the difference in the gen-
erated pairs can only come from the polarization effect
in the NBW process. The first laser pulse in the col-
lision has a peak ag = 30 and a duration of tfyp, =
120 fs. The second laser pulse follows right after the
first pulse, with a peak ag = 160 and a duration of
trwnm = 19 fs. Both lasers have the same wavelength
Ao = 0.8 um, and focal spot radius wg = 10\g. The elec-
tron beam in the simulations starts unpolarized with an
average energy of (E) = 1 GeV, relative energy spread
og/(E) = 10%, beam length [, = 2)¢, beam radius w, =
2\, density n. =~ 10*® cm™3 with a transversely and lon-
gitudinally Gaussian distribution, which is achievable for
current laser wakefield acceleration (LWFA) technology.
Each macro-particle in the simulations starts with zero
spin vector length to represent the initially unpolarized
spin state. In the quantum calculation, the probability
of these particles being in a spin-up or spin-down state
relative to the basis is equal. Fig. 6 (b)-(e) shows the
results of the simulations. The first collision generates
an energetic gamma-ray with a maximum linear polar-
ization degree that reaches over & = 70%, as shown in
Fig. 6 (b). Fig. 6 (c) shows the temporal evolution of
the whole interaction process. The mean energy of the
electron beam reduces to below 200 MeV in the first colli-
sion; this corresponds to a maximum quantum parameter
Xe < 0.27 when interacting with the second laser. The
energy of the electron beam is converted into high-energy
photons in the first collision. They will then collide with
the second laser and generate positrons in the second
collision. The green curve in Fig. 6 (¢) plots the number
of photons above 300 MeV, which increase in the first
collision and decrease in the second collision. The red
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curve plots the positron number, which only increases
during the second collision. The generated gamma-ray
beam has a divergence of about 5 mrad for energy larger
than 300 MeV (Fig. 6 (d)). Fig. 6 (e) shows the energy
spectrum of the positron generated from the second col-
lision. When we change the polarization direction of the
second laser pulse from parallel to perpendicular to the
first pulse, we find the difference of the positron yields

LNl
A, = NPNIL'NP ~ 50%. The total charge of the generated

positron beam is about 0.002 of the initial electron beam.
For the GeV class electron beam generated by LWFA, the
beam charge is ~ 10 pC. There will be over 10° positron
generated from the collision, which can give good statis-
tics to illustrate this effect in an actual experiment.

Two laser polarization
parallel with each other

Two laser polarization
perpendicular with each other

(b) (©

— 102 Lo 10
5 ) 0.8 —0.8 02— 4
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)
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FIG. 6: (a) Two-pulse pair production setup. (b)
Energy spectrum and averaged linear polarization
stokes parameter of the gamma-ray beam from the first
collision. (c¢) Temporal evolutions of the electron mean
energy, positron yield, and high energy photon (£ > 300
MeV) yield. (d) Angular spectrum of the gamma-ray
after the first collision. (¢) The energy spectrum of the
generated positron when the polarization direction of
the two colliding beams is parallel or perpendicular.

B. Analytic model for polarization dependent pair
production yield

To help understand the scaling of the electron-positron
pair creation, we first formulate scaled equations describ-
ing the photon emission, electron beam energy loss, and
pair creation in the second laser. For simplicity, we as-
sume the two lasers to be square pulses with infinite spot
sizes. This reduces the problem to one dimension. The
model does not include 3D effects, such as the overlap-
ping between the laser spot and the electron beam, which
could be important for estimating the positron yield. The
polarization effect induced positron yield difference A, is
less sensitive to the 3D effects and should be well cap-
tured by our simplified 1D model. We start from the
equation for the radiative energy loss?':

dry 2agc ,
. t e) s 1
it 37, Xe(H)g(xe) 1)

where g is the Gaunt factor for quantum radiation cor-
rection, g(xe) ~ [1+4.8(1+xe)In(1+1.7x.) +2.44x 2] ~2/3.
We define scaled time 7 and scaled energy I' with respect
to the initial energy ~o:
5
="t ['(1)=—. 2)
Yo
The equation for the radiation force can therefore be
rewritten as:

dr 2a ¢
i 3; XiT2g(xiT) (3)
C
Here, x1 =2 72“’32 ap170 is the quantum parameter cal-

culated using the initial energy of the electron beam ~q
and normalized intensity ag; of the first laser, x. = x1I.
The solution to this equation is

1
I'(r) =
M= + 503 [ dr'g(aT(T))

Note that when x1I' < 1, the Gaunt factor ¢g tends
to 1. In this case, equation 4 will recover the ex-
act solution for classical radiation reaction: I'(r) =
1/ (1 + 2;;1";&).

Now assume an electron beam starts with quantum
parameter y; and interacts with a square laser pulse
whose duration in the rest frame of the electron beam
at the beginning is 71 (7071 in the lab frame). It will
generate polarized gamma-rays with spectrum S(w., k),
where w,, is the energy and ¢, is the polarization state of
the gamma-ray beam; in our model & € {—1,1}. This
radiation spectrum can be obtained by integrating the
polarization-resolved NLC spectrum generated at every
time step over the total interaction time:

S(wmgk) :\/0%71 dtw (5)

4)
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The explicit form of the polarization-resolved NLC
spectrum FNpc(Xe, Wy &) is given in A2 in the appendix
A, where we assume the electron beam to stay unpolar-
ized during the interaction. Replace v and ¢ with scaled
energy and time I', 7, and we get:

I'(7) ©)

S(x1,T1,wy, &) :/ dr
0

We then calculate the number of electron-positron
pairs after the radiated photon interacts with the second
square laser pulse. The second laser pulse’s duration in
the counter-propagating electron beam'’s rest frame with
energy 7o is 2. We assume that the electron beam has
lost most of its energy after the first collision, so it won’t
create pairs in the second collision. Hence, the number of
pairs generated from the second collision only depends on
polarization-resolved NBW rate Rypw and the incoming
gamma ray spectrum S, we integrate them over the total
interaction time and also the energy of the gamma-ray
participates in the pair production process:

Npair X17T1 X2 Tz

> / dxw/ - Bnew (X, €0) S (X1, 1, Wy, k)

ekl X/ X2
(M)

Here, the explicit form of the polarization-resolved
NBW rate Rxpw (X+,&7) is given in A5 in the appendix
A. Note that & is the stokes parameter in the observa-
tion frame of the second laser, which for the polarization
direction of the second laser to be either palallel or per-
pendicular to the first laser, £ = +££;. x2 =2 “"“2 o2
is the quantum parameter calculated using the Thitial en-
ergy of the electron beam vy and normalized intensity ags
of the second laser. x, = Xz% is the quantum parameter
of the photon in the second laser field. Note that this set
of equations shows that the scaled radiation reaction and
pair creation dynamics does not explicitly depend on the
laser parameters ag; and T; and initial beam energy o
independently, but only on x;  ag;v and 7; = T;/v0,
where ¢ = 1,2, in addition to their relative polarization.

C. Designing optimal parameters.

Now we show explicitly that the polarization-resolved
electron-positron pair generation Np,i effectively only
depends on parameters xi, X2, 71, 72 and also on the
relative polarization of two lasers. Based on equation 7,
we generate the phase space plot Fig. 7 for the ratio of
the positron yield when changing the relative polarization
directions of the two colliding laser pulses from parallel
to perpendicular for different x; (from 0.05 to 1.0) and

2 (from 0.5 to 7.0). The first laser pulse duration is set
to be long enough to reduce the electron energy so that

it won’t create many pairs when interacting with the sec-
ond laser. The second laser pulse scaled time duration
T3 = T/ = 0.027 fs. The contour on the plot shows
the number of positrons generated compared with the
initial electrons. We verified our numerical calculation
results with simulations using the spin and polarization-
dependent QED code. The simulations’ parameters and
their results are collected in table I and compared with
the predictions given by the model. We find our model
well predicts the polarization effect in the positron yield.
The absolute positron yield predicted by the model is al-
ways smaller than the PIC simulation result but of the
same order of magnitude. The model provides a reason-
able estimation of the actual PIC simulation. The dis-
crepancy in positron yield probably comes from the fact
that the model does not include the impact of stochastic
in the calculation, which can underestimate the number
of high-energy photons generated from quantum radia-
tion. From the phase space plot and the table, we can
find a maximum difference of over 70% is achievable us-
ing this setup. However, there is also a trade-off between
generating more positrons and increasing the difference
in yield when we change the laser polarization direction.
We can find that the region in which most positron gen-
erated is also where the difference in yield is below 30%.
The region in which the difference is highest is where the
positron charge is less than 10~% of the initial electron
beam charge. We can also find that lower x; can result in
a higher difference in positron yield when the laser’s po-
larization direction changes. The reason for this is that
the NLC process at lower x; can generate gamma-rays
with a higher linear polarization &,. The NBW process’s
polarization response can explain why the positron yield
difference is higher when x2 is between 1 and 2.

1.7
6
1.6
L4 1.5 %=
X TQ
=
1.4
2
1.3

FIG. 7: The phase space plot for the ratio of the
positron yield when changing the polarization directions
of two colliding laser pulses from parallel to
perpendicular for different x; and yas.

‘We have shown how the difference in positron yield de-
pends on normalized parameters x1, X2, 71, T2. To design
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sim model
x1 7i[fs] x2 7 [fs] Mean energy [GeV] (N;U /Ne) (NF‘,‘ /Ne) Agim Aqodel

0.47 0.164 3.55 0.027 1
0.236 0.164 2.84 0.027
0.236 0.164 1.42 0.027
0.236 0.164 1.42 0.027
0.236 0.164 1.42 0.027
0.118 0.327 1.42 0.027
0.05 0.654 1.42 0.027

N I

0.56 0.45 23% 26%
0.15 0.11 38% 40%
0.0053 0.0034 49% 49%
0.0053 0.0034 49% 49%
0.0054 0.0034 50% 49%
8.5 x 107* 6x107* 60% 59%

2.85x 107° 2.3 x107° 1% 72%

TABLE I: Simulation parameters used to investigate the optimized parameters to maximize the measureable
difference in positron yield when we change the laser polarization direction and their results. Here the pulse
duration is defined in scaled time 7 = ¢/. We compare the positron yields, measurement by the ratio between the
number of generated positrons and initial beam charge, and the polarization effect induced difference in positron

yields A, = (NpL - N,U)/N,U in the simulations with the predictions from our model.

an actual experiment, giving some criteria for the laser
and electron beam parameters under practical units are
necessary. We start by considering the criteria for the
first laser pulse. We want the pulse duration to be long
enough to reduce the energy of the electron beam to the
level that its interaction with the second laser pulse in
the NBW pair production process becomes unimportant.
Using equation 1, we predict the minimum requirement
of the pulse duration to reduce the electron beam mean
energy below 10% of its original value for different laser
peak intensities and electron beam initial energy in Fig. 8.
The reason to choose 10% initial beam energy as the en-
ergy reduction criteria is because, as shown in Eq. 3, the
ability of radiation reaction to slow down the electron
beam at this energy level is much weaker than at the be-
ginning. The white and cyan color regions in Fig. 8 marks
the space unsuitable for the experiment; we want the
maximum quantum parameter x.(t) = 2:‘1‘;’;"2 ao(Ve)t=0
to be within the range of 0.05 and 0.5. The white region
at the bottom left corner of the plot marks the parame-
ter space for x. < 0.05, in which insufficient high-energy
photons will be generated. The cyan color region at the
upper right corner marks the parameter space x. > 0.5,
in which the NBW pair production process is substan-
tial when the electron beam interacts with the first laser
pulse. The generated pairs from the first collision, con-
tributing to the background, will reduce the difference in
the positron yield when changing the laser polarization
direction in the second collision.

In designing the parameters for the second laser, we
also need to consider the depletion of the high-energy
photons by the NBW process when the pulse duration
is too long. Suppose that all high-energy photons turn
into electron-positron pairs after the second collision. In
this case, we cannot observe a difference in positron yield
when we change the laser polarization direction. Using
equation 8 and presume the input photon beam to have
an averaged stokes parameter of the input photon beam
& =06 (Nﬁf’v‘:1 = 4N,§’C:_1), we generate Fig. 9 that
predicts the maximum laser duration we can have for
which greater than 25% difference in positron yield is
observable when changing the laser pulse polarization di-

10.00 1000
T z
£ =
2 S
g E
- =
IS 1.00 100
= 2
B 2
= =

0.10 10

500 1000 1500 2000 2500 3000
Beam energy [MeV]

FIG. 8: The minimum requirement for pulse duration of
the first laser pulse for different input beam energies
and laser intensities in the first collision. The regions on
the upper right and lower left are where x. < 0.05 and
Xe > 0.5.

rection for varying laser peak intensity and input beam
mean energy:
N} - N)
Ny
(V&= — N6o=1 (oAt _ o Rt
_ 5 kt € €
N&=! (1 - e*RE‘s:vét) +NE=T (1 e i)
(8)

A, =

In Fig. 9, we mark two regions that are not ideal for the
experiment. The upper right corner of the plot shows a
pulse duration smaller than 5 fs, which is too short to
generate with current technology. The bottom left cor-
ner marks the region in which the maximum quantum
parameter x, = 2 TZWZ’Z ap(7y)1=o is smaller than 0.5. Here,
we consider the resolution of observing the difference in
positron yield A, when we change the laser polarization
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FIG. 9: The maximum duration of the second laser
pulse for different input gamma-ray beam energies and
laser intensities in the second collision. The regions on

the lower left are where x. < 0.5. The upper right

corner is the region with laser duration is to < 5 fs.

direction, which can be estimated through the statistical
uncertainty 1/A, \/ﬁp. For a single shot measurement,
assuming A, = 0.5; having more than ~ 1000 positrons
generated will be desirable. This corresponds to a res-
olution of about 5%. A laser wakefield beam typically
contains charge on the order of several pC, which con-
tains about 107 electrons. The positron yield should be
at least 10™* of the initial electron beam charge. Ac-
cording to Fig. 7, when y2 < 0.5, the positron yield will
always be below 10~ of the initial electron beam charge.
Below this threshold, there won’t be many positrons gen-
erated during the interaction, which makes the positron
charge measurement unlikely.

The parametric study of the polarization dependence
NBW process under two pulses pair production setup
provides insight into the ideal parameters to observe a
clear signal of polarization effect in pair production yield
for an all-optical experiment. Here, we propose a set of
optimal experimental parameters. For a 1 GeV electron
beam from the laser wakefield accelerator, the laser pulse
for the first collision needs to have a moderate intensity
of 0.2—1.5x 10! [W/cm™2] and a long duration of 0.1 to
1 ps. The second laser pulse should be with an intensity
of 10 — 90 x 10! [W/cm™2] and a duration of 20 — 40 fs.
In the ideal scenario, a 40 — 60% difference in positron
yield is expected with the proposed parameter when we
change the laser polarization direction.

V. CONCLUSION

With experimental studies of the strong-field QED
regime in the laboratory likely to be realized with new fa-
cilities coming online, developing a more accurate QED
module with the effect of lepton spin and photon po-

10

larization taken into account becomes necessary. Re-
cent studies of how including spin and polarization in
the calculation will result in a considerable difference
in QED cascade simulation?>3%48 as well as polarized
gamma-ray and lepton beams generation through strong
field QED process®® 261 add to the value of develop-
ing a full spin and polarization-resolved QED module in
PIC code. This work presents our spin and polarization-
resolved quantum radiation reaction module based on
PIC code framework Osiris 4.0. The success of reproduc-
ing Ref. 29’s main results of studying the polarized seeded
cascade marks the code’s reliability in dealing with com-
plicated multi-stage QED processes. We have used this
to demonstrate a two-pulse-pair production scheme for
experimentally measuring the effect of the gamma-ray
polarization state on the NBW pair creation and find
the optimized condition for maximizing the yield of pair
production when we rotate the laser polarization direc-
tion. This was achieved through our numerical model
and parameterized through a set of normalized differen-
tial equations. The simulation result predicts a difference
in yield of over 50% by simply changing the polarization
directions of two linearly polarized laser pulses, which
should be an easily measurable signature in a real exper-
iment. We also broadly discuss the criteria for the laser
and electron beam parameters under practical units to
design an actual experiment, which is achievable in the
near future. Notice that the model we present has the
limitation that it requires the lepton beam to be initially
unpolarized and using a field with a fixed direction, like
a linearly polarized laser®®. As a result, our simplified
model applies to the situations studied in this work. In
a general field configuration, the lepton spin and photon
polarization components combining all three orthogonal
directions (e, B, k) must be considered and is currently
being implemented in the Osiris 4.0 framework.
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Appendix A: Cross section of spin and polarization-resolved
QED process

The spectrum of spin and polarization-resolved NLC
process we use in the model follows equation 38 in Ref.
48:

e}

0 {[1 + 88’ + &kss’ (1 — g)|Air(2)
D
A /\s/ + & (ﬁs +)\s’)} %ZZ)

1 s\ Ai
+ (g+ss/+§k¥> %Z)}

Fxpe(s,s' &) =

+ [)\s+1

(A1)

Here, a = €?/4r is the fine structure constant. b, =
p - k/m? is the quantum energy parameter, which p is
the momentum of the lepton before radiation, and & is
the wave vector of the colliding laser. Ai is the Airy
function, and Ai’, Ai; are it’s derivative and integral.
The argument of the Airy function z = (Xe(f\*)\))Z/S
depends on the quantum parameter of the lepton x..

A = Peut i5 the normalized light-front momentum trans-

Din
fer, W[Hicl1 under the condition of head-on collision config-
uration with the incoming particle highly relativistic, can
be approximated as A =~ w, /e, where w, is the emitted
photon energy and ¢ the lepton energy before radiation.
g=1+2/2(1- ).

For the case of the photon polarization-resolved NLC
process for unpolarized electrons, the spectrum can be

11

achieved by setting s = s = 0 in Eqn. Al and mul-
tiplying the whole equation by 2. This is equivalent to
performing an average over the initial spin and sum over
the final spin states of the lepton:

unpol

e (6r)
o
2,

Af'(2) (A2)

z

[AW) (&)

The polarized NBW pair spectrum comes from equa-
tion 59 in Ref. 48.

FxBw(Se, Sps Ek)

= ol sy sy 1 - 1AR()
k
Se s s Se Ai(2) (A3)
+ [7_ Tt <Tp_ pA)] e

~ .
+ (ﬁ + 5esp + 51«71 * gaeap> LXI}Z) }
2 Z

Here, the argument of the Airy function Z = [x,A(1 —
A)]7%/3 depends on the photon quantum parameter Y.
The quantum energy parameter by = k - £/m? is related
to the center-of-mass energy of the incident photon col-
liding with the plane-wave laser field, with k being the
momentum of the photon. A ~ ¢, /ww which €, is the
energy of the generated positron, w, is the energy of the
incident photon, g =1 — m

For the case of a polarized photon decay into an un-
polarized electron-positron pair, the spectrum can be
achieved by setting s, = s, = 0 in Eqn. A3 and mul-
tiplying the equation by 4:

Fgw (€)

al,. . i Al(Z (A4)
= ) + 25+ 60 M
k z
Finally, the rate of a polarized photon decay into an
unpolarized pair in the NBW process can be obtained by

integrating NBW spectrum Eqn. A4 over \:

Ry (&)

= _.Albﬁ [Ail(2)+(2§+§k)

k

Af ~(2) D (A5)

‘We can find that photon with polarization state £, = 1
has a higher NBW pair production rate than & = —1.

Appendix B: Benchmarking the particle-in-cell
implementation

To benchmark the code performance, we try to repro-
duce the result in the paper “Polarized QED cascades”?°
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using our spin and polarization-involved QED PIC. This
paper studies the avalanche-type cascades, which could
occur at the rotating electric fields at the magnetic nodes
for two counter-propagating circularly polarized laser
pulses. Such an avalanche-type cascade exhibits an expo-
nential growth in particle number, limited by the avail-
able (laser) field energy. The paper discusses two dif-
ferent scenarios: lepton and seeded gamma-ray cascade.
The polarized QED cascade process is complicated be-
cause the spin and polarization involved in NLC and
NBW processes are strongly coupled. The NLC process
polarized the lepton while generating linearly polarized
gamma-ray. The gamma-ray’s polarization state will in-
fluence the NBW pair production rate. At the same
time, the generated electron-positron pair is also polar-
ized, modifying lepton momentum and spin distribution.
As a result, reproducing the polarized QED cascade re-
sult can comprehensively test the performance of our spin
and polarization-involved QED module. Notice that the
paper uses notation || and L instead of ¢ and m for the
photon polarization state, which has a similar meaning.

We started by reproducing the lepton-seeded cascade
simulations. Following the conditions given in the paper
with laser parameter ap = 1000 and w = 1.55 eV, we ob-
tained the electron and positron distributions shown in
Fig. 11 using our PIC code. Comparing the result in the
paper shown in Fig. 10, we can see that our PIC code cal-
culation agrees with the calculation using the Boltzmann-
type kinetic equations. For both Figs. 10 and 11, the
spin-down distributions for the electrons and positrons
have the highest peak value inside the black dashed line
separatrix. This separatrix is the classical advection for
the leptons inside the rotation field without radiation en-
ergy loss. The spin-related distribution inside the sepa-
ratrix is dominant by the spin and polarization-resolved
NLC process, while the distribution outside the separa-
trix is dominant by the spin and polarization-resolved
NBW pair production process. Due to the difference in
the spin up-to-down and down-to-up transition rate of
the quantum radiation process, spin-down leptons have
a larger population and accumulate inside the separatrix.
The particles outside the separatrix come from the pair
production process initiated by photons generated from
the oppositely charged particles due to their distribu-
tion being in different locations in phase space. The pair
production process in this simulation generates a similar
number of spin-up and spin-down leptons. The spin-up
distribution inside the separatrix has a much lower peak
than the spin-down distribution, so the distribution out-
side the separatrix for spin-up leptons is more significant.

Fig. 12 shows the time evolution of electrons, positrons,
and photons yield during a cascade seeded with unpolar-
ized electrons calculated using our QED PIC code. Com-
pared with the result in the paper calculated using the
Boltzmann-type solver (see figure 3 in Ref. 29), our PIC
code gave a similar result. During the cascade process,
the quantum radiation process decides the spin distribu-
tion of leptons and polarization distribution of photons,

12
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FIG. 10: Snapshot of the electron (a), (¢) and positron
(b), (d) distribution functions in an up (a), (b) or down
(c), (d) spin state for ag = 10® and wt = 10 in a
rotating radial frame. Green curves are y isocontours.
Black dashed curves represent the separatrix of the
classical advection p = —2apgsin ¢, and black crosses
are the corresponding fixed points at ¢ = —qm /2.0,
p = ap. This figure is from “Polarized QED cascades”
New J. Phys. 23 053025 (2022) by D. Seipt, C. P.
Ridgers, D. Del Sorbo, and A. G. R. Thomas, which is
licensed under CC BY 4.0.
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FIG. 11: Snapshot of the electron (a), (c) and positron

(b), (d) distribution functions in an up (a), (b) or down

(¢), (d) spin state for the same conditions as the paper

calculated using Osiris spin and polarization-dependent
QED module.

while the pair production process decides the growth rate
of the leptons. Initially, we can see the number of spin-up
leptons decreases. This decrease came from the asymme-
try of the spin-flip transition rate in the quantum radia-
tion process. As the cascade process developed, the spin-
up to down and down to up transitions were balanced,
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and the spin-up and spin-down lepton reached a similar
growth rate. There is a factor of five times more spin-
down leptons than spin-up leptons. The ratio between
the photon in different polarization state also become a
constant in the exponential growth phase. A factor of
four more |-polarized photons is emitted compared to
L -polarized photons. Thus, the particles produced in
this QED cascade are highly polarized.

(a) electron (b) positron
— unpolarized
res

photon yield

(©) photon
— unpglarized

electron/positron yield

100

FIG. 12: Time evolution of electron (a), a positron (b),
and photon (c) yields during a cascade seeded by
unpolarized electrons calculated by the Osiris spin and
polarization QED module.

Finally, we use our code to reproduce the time evolu-
tion of the particle yields for QED-cascade seeded with
the polarized photon. Following the same initial con-
ditions in the paper, we calculate the time evolution of
the electron yield using our code. The result shown in
Fig. 13 is similar to the result in the paper (figure 5 in
Ref. 29). In the left plot, we find that at the early stage,
L -polarized photon-seeded cascade has almost two times
high yield of produced pairs than ||-polarized photon-
seeded cascade. As the cascade process developed, the
seeding photons were depleted, and the gamma-ray radi-
ated by the lepton dominated the pair production pro-
cess. The plot on the right shows the yield of spin-down
and spin-up electrons. We can see that the L-polarized
photon-seeded cascade generates more spin-down elec-
trons than the ||-polarized photon-seeded cascade. As
time developed, the quantum radiation effect on the lep-
ton spin distribution became dominant, and the num-
ber of the spin-down and spin-up particles for both L-
polarized photon-seeded cascade and ||-polarized photon-
seeded cascade would finally become the same.

This section shows that our QED PIC code successfully
reproduces the result in the “Polarized QED Cascades”
paper for both electrons-seeded and polarized photon-
seeded cascade simulations. There could be slight differ-
ences between our code calculation and the result in the
paper. For example, in Figs. 10 and 11, the color scales
for each subplot are different. This difference could come
from the intrinsic statistical uncertainty of the Monte
Carlo algorithm. Simulating with more particles initially
could mitigate this issue.

13

5

Y unpolarized

n', L -seed ! lseed
My Y/ a 1l

electron per seeded photon
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FIG. 13: Time evolution of the electron yield of photon
seeded cascade calculated using Osiris spin and
polarization QED module.
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basis to obtain the spin vectors: direction of the lepton momentum u,,
Se = S¢S Sp = SpS- follows photon momentum direction \
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