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Abstract

The goal of this bachelor thesis is to investigate the laser scattering in a pair producing
plasma with consideration of the radiation reaction. This is done for different

parameters of ag and density as well as for different polarisations.



Zusammenfassung

Ziel dieser Bachelorarbeit ist es, die Laser-Streuung in einem Paar erzeugendem
Plasma unter Beriicksichtigung der Strahlungsriickwirkung zu untersuchen. Es wurden
unterschiedliche Parameter ag und Dichten, sowie unterschiedliche Polarisationen

berticksichtigt.
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1 INTRODUCTION

1 Introduction

In recent years, there has been tremendous progress in the goal towards producing
ultra-intense laser pulse system. This quest for increasing higher laser intensities got
further boost with the Extreme Light Infrastructure (ELI) project, where first tests
produced an ultra-short laser pulse of 10 PW [I]. This opens up a whole new regime
of laser-plasma interaction which is to be investigated. This is not only exiting for the
point of view of fundamental research in physics, but it will also have a huge impact
on medical physics, laser fusion, particle accelerators and astrophysics|2, [3, 4]. From
the fundamental physics point of view, at such intensities the radiation reaction and
quantum electrodynamics (QED) effects (like for example pair production) become
significant. Investigating the radiation reaction force and pair-production from laser-
plasma interaction has recently becomes a major area of research and not only it
provides a fundamental test for the validity of QED, but it also it can lead to several

new applications as mentioned before.

One of the topics that has recently gained attention is the electromagnetic cascade
induced in the collision of two ultra-intense (;=10**W/cm?) laser pulses of linear
polarisations. In this set-up, two linear polarized laser pulse collide to form a
standing wave in the interaction region. Once an electron is injected into the focus
of the interaction region of two laser pulse, this electron can gain energy and emit
high-energy (GeV) photons. The interaction of these GeV photons with the laser
pulse can produce a copious number of electron-positron pairs via the Breit-Wheeler
process. This whole scenario is usually described as electromagnetic cascade and
it has been extensively investigated in different settings [0, 6]. Usually in these
works, the effect of the pair-plasma on the laser pulse is only discussed in terms

of the energy-depletion of the laser pulse into high-energy photons and pairs. The
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generated plasma can also cause a scattering of the laser pulse hindering the pair-
production and electromagnetic cascades. This scattering is truly a manifestation
of the plasma back-reaction on the laser pulse and it has not been studied in the

literature so-far.
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Fig. 1: Laser intensity development over time. ELI will address the ultra-relativistic
regime with ag , 100 < ag < 10* . [7]

The purpose of this thesis is to systematically study the laser pulse scattering due to
pair-production in an electron-ion plasma. Though, this configuration is not exactly
the same as in electromagnetic cascades but it is closer to it and represents a first-step
in this direction. The first part of the thesis focuses on the theoretical calculations of
the dispersion relation and the instability growth rate in an electron-ion plasma. The
instability arises because of the non-uniform rate of pair-production across the laser
wavefront. This can happen either due to fluctuations on the laser wavefront and
due to stochastic nature of the quantum radiation reaction force and pair-production,
which is usually incorporated in PIC codes via a Monte Carlo method. The last part
of this thesis is about simulations using a Particle-in-Cell (PIC) code. We employ
laser pulse with different intensities, spatiotemporal profiles and polarisations at

different plasma densities.



2 THEORETICAL PRELUDE

2 Theoretical prelude

First, we briefly discuss the radiation reaction force and pair-production by Breit-
Wheeler process in a laser field. Afterwards we proceed for calculating the scattering

of the laser pulse in a pair-producing plasma.

2.1 Radiation Reaction

The equation of motion for an electron in an external electromagnetic field considering

the Lorentz Force is given by:
mi® = —eF“Pug, (2.1)

where m is the mass of an electron, e the charge of an electron, u®* = (1, ¥) is the four
velocity of the charge, v1 = /1 — Z—;, FoB = 9vAP — 9P A® is the electromagnetic
tensor and A% is the magnetic vector potential. At high laser intensities the equation
of motion gets modified by an additional term, which describes the radiation reaction.The
radiation reaction force, or also known as Abraham—Lorentz force, is a recoil force
on an accelerating charged particle. This force is caused by the particle himself.
If the particle is accelerated, a momentum is transferred to the field, and thus
from momentum balance, a reaction force must act on the charged particle. The
radiation carries away energy, and therefore acts as a frictional force, changing the
equation of motion. This force can be described by the Lorentz-Abraham-Dirac
(LAD) equation.

mi® = —eF*Pug + mroli® + w?u®), (2.2)

2 .
where 1) = 7 is a constant. [§, 9]
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The problem with this equation is that even for no external field, the acceleration
does not vanish. This fact causes an unphysical solution.

Later other models have been introduced depending on the field strength and the
particle energy. Since the radiation loss, depending on the regimes, can occur
smoothly or in brutal steps, with diffusive and stochastic consequences. When
quantum electrodynamics (QED) effect are negligible (classical regime), the radiation
reaction can be treated as a continuous friction force acting on the particles. For this
situation the Landau-Lifshitz equation can be applied. The equation is corresponding

to the LAD up to first order of 75 and has no problem of unphysical properties[9].

OF°s
mi® = — eF*Pug — e { o ugu) — % [FC“BFMUV — FﬁVFW;u‘;uBua}}
2e37y 0 1 0
== V)| E+ - — -V)| B
e+ 09 B L (G0
2¢* 1 1 (23)
i {E X B+EB X (B x v)—l—cE(v~E)}
2¢ety? 1 21 9
_3m365v{<E+C’UXB> —C?(UE) .

2.2 Pair generation

In this ultra-relativistic regime of laser-plasma interaction, not only the radiation
reaction force but also also pair production is important. For pair production high
energy photons are needed. The actual pair production process is the Breit-Wheeler
process:

yH+nw—e +et

where 7 is a photon, w the energy and e~ /et an electron/positron.
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Fig. 2: Feynman diagrams of both processes

The nonlinear Breit-Wheeler effect occures when a high-energy photon decays into
a pair of electron-positron while interacting with a strong electromagnetic field. In
case of Breit-Wheeler the photon must first travel some distance before it produces a
pair (in average a few laser wavelengths). There is also a two step process, Trident,

which can be mentioned in case of pair production:

e — 2 4et

First part is a nonlinear Compton scattering after which we have an electron and
a photon. The second part is a nonlinear Breit-Wheeler process, where a photon
decays into an electron-positron pair. In case of low laser intensity the Trident
process dominates, but for higher intensity the Breit-Wheeler process becomes the

dominant one.[10]
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3 Laser scattering calculation

The instability of the laser pulse in a tenuous gas jet target were studied by different
groups [I1, 12]. The physical mechanism is as follows: due to uneven rate of
ionization across the laser wavefront, there is a plasma density modulation which
can scatter the laser. On scattering the density modulations get stronger causing
further scattering and thus establishing a feedback loop. The instability vanishes as
soon as the ionization is complete. Since the pair production is a stochastic event,
uneven pair-production across the laser front can also cause the laser scattering.
This can have consequences for the electromagnetic cascade proposed to be studied
experimentally once ELI lasers are operational. To describe the radiation reaction
we choose the Landau-Lifshitz equation since we consider to be in the classical
electrodynamics regime, i.e quantum effects are negligible (spin, photon recoil), and
further more A\, << X and £ << E,, [§] apply. Where ). is the Compton wavelength

and FE,,. the critical field of the quantum electrodynamics.

3.1 Equation of motion

We begin with a circular polarised laser pulse propagating in Z direction in an
electron-ion plasma. This laser is strong enough to cause pair-production which
we include in the form of a rate equation. The most common method to describe a
plasma is using the two fluid model.

Our considered plasma consists of ions and electrons. Since we assume that there
is no ionization or recombination between the electrons and ions and we assume
a collisionless plasma (collisions can be neglected since the mean free path between

particles is larger than the wavelength of the oscillations in the plasma), the continuity
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equation must be fulfilled for the phase space distribution function f(z,v,t):

df  of

0 0
S SRR — . (vf)=0. 1
U T @)t () =0 (31)
With additionally the equation of motion:
T =,
(3.2)
P (E n v X B)
c
This leads to the Vlasov equation
of of of
—= —+ = (F+-xB)=—= .
5T gt (B B) 5y =0 (3:3)

with the magnetic field B, the electric field E as well as the charge ¢ and the mass
m of the particle.
For our case, we modify the Vlasov equation by considering additionally the radiation

reaction and taking the phase space distribution p(z,t).

B 2¢? 1 ? 2
@:q<E+UX )+ e——y <E+v><B> —<UE> : (3.4)
m 3m?2cd c

C C

Here only the leading order term of the radiation reaction [2.3|is included. The other
terms of the radiation reaction are smaller by 1/ << 1 and thus can be ignored.

This leads to an equation of motion of
v
dt 3m2c5’y c

D = e (EtvxB)— 25 l(EJriva)g—(UE)Q]. (3.5)

We can rewrite this in potential form using F = —2¢2 — V¢ and B =V x A for an

pulse of the form
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1

A= iAl(:cL7 2z, t)ethormiwot 4 e (3.6)
with slow varying amplitude
8AL aAJ_
A koA, |. 3.7
ot | =< lwoAL|, B << [koAL] (3.7)

If we further more consider the transverse variation to be weak compared to the laser

wavelength, i.e. k; << kg, than the equation of motion can be rewritten as:

d A
£+U~szga—+ev¢—g(vx (V x A))
dt c ot c
2etwi v, 2 v 2 (3.8)
- 20 l(A+ 2 x (6. x A)> - (CA) ] .

Initially we can ignore the radiation reaction term (second row) and solve for p; .
Without the radiation reaction force the perpendicular component of the moment

could be written as

pL= A (3.9)

c

A purely transverse circular polarised light in plasmas is only possible when we
ignore the z-component of motion, i.e. purely transverse circular polarised light
doesn’t induce motion in z direction. Now we simplify the radiation reaction term
using the above expression for the transverse momentum. The radiation reaction
term then becomes:

2etws v 2 v 2
a2er |V <A+ e (é, x A)) — (A)

c
2ehi2 2 2

— 2% 2 PL ((U -A) e, — (U.éz) A+A) _ (UA> (3.10)
3m2c” T my c c c
2¢etw?

- 3m2c(;7|A|2pL'



3 LASER SCATTERING CALCULATION

Using [3.9] v can be written as
v = (14 A2 /m?ch)1/2. (3.11)

Now we can solve the equation of motion perturbatively using the simplified expression

for the radiation reaction force. Which results to:

0 e N 2 wo
o (p = Sa) == (3.12)

this can be solved to

4
2etw? 2¢' w3

e A
3m?2 07 14 |czw0

|A|/ CAdt+ A_7A+ CA(1 — ian]A]?),
C

(3.13)

PL= _3m2c7

where o = 2etwy/3m3c”. As we can see, the radiation reaction yields to an additional

term which has a relative minus sign, signaling the frictional nature.

3.2 Wave equation

For further analysis we must take into account the wave equation for the electromagnetic

vector potential. Starting with the Maxwell equation

10F
poir,; 198 14
V x CJ ey (3.14)

We substitute for E and B the potential form and choosing the Lorenz gauge:

1 0%A

LOA Goy_dm, 10g 3.15

2 ot? c cot ¢- ( )
Considering the Poisson equation VZ¢ = —47p and the equation of charge conservation
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% + VJ = 0 where p is the charge density, we will get:

0
V<&V¢—®U>:Q (3.16)

To get rid of the V¢ the current density J can be separated in a transverse part

J; and a longitudinal part J;. Since VJ; = 0 we obtain %qu = 4nJ; with J, =

2

—neevy = —ne-—A(1 —iay|A|?) (if we restrict ourselves to A - Vn, = 0) and where

€
mey
the electron density is n. = ng + 2ne,
1 0*A  4mne?

: 2n,.
VA~ g = e (il AP) (14 ) 4 (3.17)

where ng is the equilibrium plasma electron density and n., is the density of the pair

particles. The factor of two is due to the pair production.

%;L = R(ng + 2nep). (3.18)
Here R is the rate of pair production due to either of the previous mentioned pair
production processes. This equation is suited for both processes since the spacial
growth of the instability should be larger than the distance a photon needs to create
a pair.
For the instability analysis it is more convenient to change to the laser frame coordinates
& =ct — z, 7 = z. The variable £ measures the distance back from the head of the
pulse, as the pulse propagates in the positive z direction. This changes the derivation
according to:

g 005 9don 0

- 22 7 1
ot ocot Tomor  Cog (3.19)
o 00 oo 9 0

9 060z oo oy

(3.20)

10
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P _ LD
o~ " 9e

» 9(0 o oa\(o
9:2 7 0:\02) ~ \oy o¢) \on  o¢ (3.22)

0? 0 0 0?
on? o0& on  0¢?

(3.21)

In the new coordinates A becomes A = %A 1e%¢ 4 cc. and the derivatives change

to

0A 10A,
e 2| o

— z’k:oAL] e~ kot (3.23)

2
PA 10 [aAL —ikoALl ikt

052 20¢ | ot (3.24)
_1[0%AL 0A | 9 kot '
— [ 862 Q’Lko 85 k? A ] .

This changes the wave equation to:

2 _ 9 — —
Vit 5 “25ea, T o T ae T e

2 2 2 2
0°A| 0 0A, 0°A, 0°A, 4mne (1—ia7|A[2) (14_2716:0)14b

0?A, 0 0 47Tne 2n
2 4 9 ik — 2| 4, 1 — ian|A ( e”)A (3.2
Vidi+ 5o +25, lzke 851 e —— (1—iay|AP) W) A (326)

With A, slowly varying in 7 this leads to:

VZAJ_ + 22 |fk0
on

0
9

2
AL =—— (1—ian]AP) <1 + ”ep) AL, (3.27)
o

2 2
VIA, + 28a lz’ko _ ;J A= (1 oyt ) (1 n 2”6?) A (3.)

11
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Due to the new coordinates the rate equation changes to:

ONep

c ¢ = R(no + 2nep). (3.29)

The laser scattering leads to a vector potential of :
Al = Ag + 0A P17t 4 §A* e hLTs (3.30)

with § A, being an up-/downshifted perturbation. The density perturbation takes

the form

Bep _ e A (3.31)

To deduce the new rate of pair production linearize it to:

OR Ai5A, + Aj
9] Ao] 2[ Ao

. . SA_ |
R (|Ag+ 6A e™rs 4 5A% e ®emr]) = R (| Ag]) + e 4oce.,

(3.32)
with wi = 4mnge? /m. To further investigate we must calculate all the involved

terms. Resulting to:

|ALP = |Ao]? + (A50 AL + ApS A )e™ 71 + (A0 A% + AFdA* Je ™Lrs  (3.33)

1 2 ] 2
L L [(A50A, + A e —

T AmPcig Am2ciag

(AoBAG + AT jehins),
(3.34)
where v = (1 +a2/2)"/? and a, = eA,/mc?

5Ai a2 * * —tkj
o 4—%(5A+ + 5A_)] e~ e,
(3.35)

A A A 2 .
c S S 5A_)] elmwl
Y Yo Yo 4y

12
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ALPAL =1 o + AP (OA +0A) + [APoAJetrs
[ AP(GA% + GA") + |Ag|26 A% Je™*rm 4 cc.

The now explicitly calculated part can be inserted in [3.28 and then separate in terms
with the same phase. This can be done since the exponential function builds a basis.

If we take a look at the equilibrium part it results to:

0 0 w?
2 : _ Y 2
VLAO + 28777 |"Lk’() — aé_] AO = W(l + 27’Lp0)<1 - Mﬂao’)/())Ao, (337)
since we neglected the time and space dependence of the equilibrium density distribution
[3.37 the equilibrium field undergoes a small wave number shift due to the plasma
[11]. Upon linearising Ay as Age " the wave number shift dk becomes
E2A

5k = —L2—(1 —ivpado), (3.38)
2kg

where k2 = w2 /70c*, A = (1+2ny), a = 2¢e* /m?*c*, ¢ = rowg/3c and r. = € /mc?.
Collecting the terms involving e**+%1 results to:
0 0 , w? [6A a? ,
2 97 ik — 2 5A izklmL:lA Y+ Yo 5A 5A_ +ik x|
lVL + n <Z 0 5{)] +€ 2 o 4’78( 4+ )| e
2
+ Epony (1= ivagno) Age* — waé%A A4 + (6A4 + 6A)] eFikeos,

(3.39)
)

. o (. ihizl
[Vi — k2A (1 — zzba?ﬁo) + 2(977 (mo — agﬂ SA eFhioL —
ag

2
. w itkix ; ikix)
— (1 — 42¢7§) —cg’A—ng (6A, + 0A_) eFhers 4 k§5n+ (1 _ Wa%%) Agetikien

(3.40)

13
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3.3 Calculation of the dispersion relation and growth rate

To further calculate the dispersion relation the density perturbation is needed. Similar
instabilities derivations can also be found in the book from Kruer [I3] and Gibbon
[14]. This can be deduced using the density perturbation and upon assuming

ony ~ e ke&FillaEdk)n which then results to:

ONep

c o = R(no + 2nep), (3.41)
don., OR As6A, + As6A
c—— = Roon, + A , 3.42
o~ O B 2l 342
A OR A{0AL + AOA_
5 _ oY+ 0 4
"7 T Ry + ikec 0] 4| 2[ Aol 34

Here we see that the perturbed electron density is coupled to the perturbed laser

field through the dependence of the pair production rate on the equilibrium field.

—ike ik +6k)

Using this expression and writing 0 A+ as §A.e " corresponds to

kK:Alag]  OR w2 Aa?
2492 A, = P 1 — ia? P20 4+ 4p3) | (BAL+IA).
42k kel = o s + S aun)] G444
(3.44)
For §A_ it results to
k2Alao|  OR w2 Aag

(1 + ivpagyo) +

[k2 42k, (ke+ho )| SA_ = L (1- 4¢73)] (5AL+5A).
(3.45)

With this we've got D, 0A, = R, (JA; + 6A_) and D_0A_ = R_(6A,; + 0A_)

(Ro + ik’gC) 6|A0| 4’)/8’02

yielding to the dispersion relation

R, R_
"4 T =1 4
<D+ + D_> ; (3.46)

14
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where
Dy = K] + 2ky (ke + ko), (3.47)
k2A|a0| OR w2 Aa?
— p 1 . 2 p 0 1 :l: 4 3 . 4
Rj: 2(R0 + Zk'gc) 8|A0| ( :F Zwaoyo) + 47802 ( Z’Lp’yo (3 8)

In case of pair production the frequency gets upshifted, therefore we only retains the

upshifted components of the dispersion relation. For this case it results to

K2 4 2k (ke + ko) = — 2 (1 — iha? 1+ dir?). 4
1+ 17( e+ 0) Ro—i-ikgc( “/’ao%)‘i‘@( + “/Wo) (3 9)

The pole of this dispersion relation (D4 = 0 and since ke << ko) is k, = —k /2ko
this leads to
01 (1 — Z?ﬂ&g’m) 09

DY = Bgko + ky — Bake — %o Ro+ikec 27:0(1 + 4igg), (3.50)

where
k2Aay OR a?k2A
— 2 2 2 _ _P — 0™p ) 1
ﬁG kj_/ k070-1 2 8|A0|70-2 478 9 (3 5 )
since Di =0
1 — a2
by = folke — ko) + 22 Lo 00000) | 02 (4 gy (3.52)

21{‘0 Ro + ikéC ng

We substitute 12:7, = k,, — B¢ke in the dispersion relation and differentiating it with

respect to k¢ while keeping k.ta constant. Which gives

oyic (1 — ipadyy)

(Be = Ba) = — 2ko (Ro + ikec)?’ (3.53)
. ZRO g1 1 +Z 1— Z 2
b= \/ 2hoc(Be — ) [ vz Faggtie) (3:54)

15
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here Yadyo << 1 (I ~ 10%W/cm?) is assumed. The complex growth of the

perturbation is
I' = (k,, — Beke)n + i0k,,. (3.55)
With the involved terms written as
iR
c

o1(Be — fc) l1+z'+ (1
2]€0C \/§ 2\/§

(Be — Ba) — Bako + (1 + 4ithyd)

(ky — Beke) = T
)

(3.56)
F2

waévo] .

This results to

R oy 209078 ’
r— lco(gg — Be) — iBako + ;Z - Uj;f% = Zé(ﬂg — fBc) <(1 —pp - ; Z)wcﬁ%)] 0

ik2A E2A
e My 2
3.57)
leading to the final expression of
F:& R\ kT +ia%k§A agky A
c o2 T ok, 1T T 2o
kpAag OR k? (1+14) iR2A  K2A
P R A 2 | _ M2 M 2
J 2k 140 1 22 [( R L R s L
(3.58)

For long-term asymptote, £ > (k2 /2k2)n. From this equation we can clearly see that
the growth rate of the instability depends both on the rate of the pair-production
Ry and the variation of rate of pair-production across the laser wavefront, |[0R/0A|.
Moreover, though a finite k£, can provide a seed for the scattering, a larger value
of k; reduces the growth rate. Thus, for a laser pulse of Gaussian profile, although
the rate of pair-production can strongly vary across its wavefront, the scattering is

weaker due to a larger k, in the early phase of the instability development. Also the

16
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first term in the expression is independent of the plasma density confirming that pair-
production alone causes the scattering. However, the term with |0R/0Ay| depends
on the plasma density. Thus, there is an optimum range where the scattering is
maximum. Even though these calculations are valid only for the circularly polarised
laser pulse, we expect the results to be qualitatively similar in the linear polarisation

pulse case too.

4 PIC Simulations of the laser scattering

The code we used for the simulations is SMILEI [15], which is an open-source code
for plasma simulations. It is written in C4++ but the input file can be done in python.
A short introduction to PIC algorithm can be found in Appendix A. We consider a
scenario where an electron-ion plasma target is irradiated with a laser pulse. The
ratio between the mass of the ion m; and electron m, is set to be m;/m, = 1836
corresponding to the ratio between a proton and an electron and the ion is charged
Z; = 1. The target starts after 6 um of vacuum and is 50 um long. The value of the
plasma densities are chosen in such a way that plasma is relativistically transparent

to the laser pulse. The input values can be found summarized in table [I}

17
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The above-mentioned values are kept constant for all simulations.

between the simulations occur in the density and the laser pulse.

In this thesis following simulations are included:

simulation parameters value
mass ratio m;/m. 1836
charge ion Z; 1
Particles per cell 16

L, x Ly[ppm?] 128 x 8
Ay x Ay [nm?] 20x 10
Tsim|pm/c] 380
dt[nm/c] 6.6
length vacuum [pm)] 6
length target [um)| 50
photon threshold for RR | 2

radiation reaction model

Monte Carlo

Tab. 1: constant simulation parameters

The changes

e planar linear polarised laser puls with ag = 400 and density of 50n,.

planar linear polarised laser puls with ag = 400 and density of 100n,
planar linear polarised laser puls with ay = 400 and density of 420n,.
planar circular polarised laser puls with ag = 400 and density of 420n,
Gaussian linear polarised laser puls with ag = 420 and density of 550n,.

Gaussian circular polarised laser puls with ag = 350 and density of 507,

whereas ag = eEy/me.woc is the normalized vector potential, n. = m.w?2/4me* the

critical density of the laser pulse and wy is the laser frequency.

18



4 PIC SIMULATIONS OF THE LASER SCATTERING

In table [2] the parameters of the Gaussian puls can be found.

simulation parameters | value

focus [L./2,L,/2]
spacial waist[um] 4

time fwhm Tsim/3
duration Teim

Tab. 2: Gaussian profile

4.1 Shock formation

Before we discuss the laser scattering, we can briefly also discuss the shock formation
by different laser pulse polarisations. As mentioned before, we expect the laser
scattering to be qualitatively same for both polarisations. However, there is one
crucial difference between the two polarisation cases. It is the shock formation and
it’s worthwhile to to briefly discuss before moving to the laser scattering. In Fig[3]
and 4] we can see the shock formation in case of circular and linear polarised laser
pulses, with and without radiation reaction at different time instances. To evaluate
the shock formation we must take the number density of the plasma and divide it
by the initial density. If this value gets larger than 3 it is considered to be a shock.

The laser penetration in the target in case of RR is less in comparison with and no
RR case. This is due to the energy lost in radiations that causes the laser piston
to move slowly, consequently the shock structure is at earlier position than in no
RR case. With RR the shock seems to have more structure in the front. We can
also see filamentary structures in all the cases. These structures arise due to the
Weibel instability. This can be understood as two streams, the hot-electrons stream,
which is generated at the laser-plasma interface and the cold return plasma stream,

interacting with each other.
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for linear polarisation at t=53fs shock formation for linear polarisation no RR at t=53fs

4 t=106fs 4

'E 5.0+

6 8 10 12 14 16 18 20 4 12 14 16 18 20
X[um] X[um]

(a) including radiation reaction (b) without radiation reaction

Fig. 3: plasma density (normalized by initial density) at different times for linear
polarisation density 420n., ay = 400

In the circular polarised case the shock formation is less pronounced than in the
linear case. The linearly polarised laser has a deeper penetration in the target and
causes stronger heating of the target which helps in launching a shock with larger
width. In the case of circularly polarised light, the heating of the electrons is less
stronger than the linearly polarised case. Consequently, the shock formation occurs
but with a smaller width. This can have an impact on the laser scattering since the
analytical calculations do not take into account the shock formation. It’s expected
that at a fixed density the linearly polarised light can produce more positrons and

consequently can gets scattered strongly.
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shock formation for circular polarisation at t=53fs

=

shock formation for circular no RR polarisation at t=53fs

4 t=106fs 4

w
n/n0
ylum]

t=159fs 2

ylum]

12 14 16 18 20
X[um] X[um]

6 8 10 12 14

(a) including radiation reaction (b) without radiation reaction

Fig. 4: plasma density (normalized by initial density) at different times for circular
polarisation density 420n., ay = 400

4.2 Scattering

To further understand the development of the instability, PIC simulations with
different densities and laser pulse are carried out. These simulations evaluate the
dependency of the scattering on pair production and polarisation. To examine the
dependence of k£, on the scattering, simulations with a Gaussian pulse in time and
space were also launched. Also, the impact of the polarisations on the scattering was

analysed.

4.2.1 Pair production

In Figff] the number of created positrons over the time can be seen. It shows that
in most cases the number of positrons reaches a maximum value and decays after.
The positron production is higher at higher plasma densities. For the Gaussian laser
pulse simulations, one sees less number of positrons generated, hence one can expect

lower scattering.
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Created positrons over time

—— linear polarised with density =50
300000 —— linear polarised with density =100
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(a) all the planar wave cases e.g. for linear polarisation the densities 50,
100, 420 n. all with ag = 400 and for circular polarisation ng = 420n.
and ag = 400

Created positrons over time

—— linear polarised with Gaussian density =550
12009 — circular polarised with Gaussian density =50
1000 -]
2 g004
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(b) Gaussian laser pulse with ng = 550n, and ag = 420 for linear

polarisation and ng = 50n,. and ag = 350 for circular polarisation

Fig. 5: number of created positrons for the different settings
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4.2.2 Linear laser pulse at low plasma density

To examine the development of the laser scattering, we study the spatial spectra of
the plasma field (E,) and laser field (E,) over time. We take Fourier transforms
of the plasma field both over x and y directions. This can be seen in the Figs[f]
- These figures were generated by calculating fOL /v fOL”/ Y Ex/y(:z,y)eik'x/ Ydzdy
and displaying it at different times. The following simulation results clearly shows
the effect of the pair-production on the laser scattering with and without radiation
reaction Figs[7 and [9] Figs. [f] and [7] show the spatial growth for the different fields
in case of linear polarisation with and without radiation reaction force.

linear polarised density 50

10°

10°

Fig. 6: Spatial spectra (Fourier transformed in y direction) of the plasma field for
linear polarisation with and without RR. Both cases have an ag = 400 and a density
of n. = 50n,.

Fourier transformed of the plasma electric field in y shows the appearance of few
peaks at kg, where kg is wavevector of the incident laser pulse. One can see that
the plasma longitudinal field E, has a broad k-spectrum and shows few harmonics
at ko < 1 and ky > 1 (corresponding to the plasma wavevector k, > 1) with the

radiation reaction force. While without the radiation reaction force, one sees the
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k-spectrum is limited to kg < 1. This implies a stronger modulation of the laser
envelope but also the lack of a stronger plasma wakefield generation, in sync with
theoretical assumptions see [3.58. Hence, comparing these two figures one can see
that the radiation reaction force is causing the generation of the plasma wakefield.
One may also see that in the k-spectrum for ky < 1, shows step like structures in
both cases, and this can be connected with the combined effects of the relativistic
plasma oscillations or the pair-production.

linear polarised density 50 linear polarised density 50

linear polarised density 50 no RR linear polarised density 50 no RR

10°

2 3 4 5

(a) Fourier transformed in z direction (b) Fourier transformed in y direction

Fig. 7: Spatial spectra of the laser field for linear polarisation with and without RR.
Both cases have an ay = 400 and a density of n. = 50n...

Fig. [7]shows the Fourier transformed (in z and y directions) laser field. The line ko =
1 corresponds to the laser wavevector, the other visible line at ky ~ 0.5 corresponds
to the scattering of the laser pulse. At later time, this line approaches the ky = 0
in the case of no RR force while it stays around kg =~ 0.25 in the case of radiation
reaction force. This implies a stronger modulation of the laser pulse envelope at
A = 2)¢ wavelength suggesting the red-shifting of the carrier-envelope frequency.
Fig. [7b] shows the Fourier transformed electric field in y-direction. This is most

important result of the thesis and it shows higher scattering due to pair-production
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4 PIC SIMULATIONS OF THE LASER SCATTERING

at k < ko. This qualitatively confirms the theoretical predictions presented in the
Sec.[3l Later on we show a result where we have included the radiation reaction force

but not the pair-production, Figs. [12] - [14]

; 10°
=
L

linear polarised density 100 no RR 10°

0 1 2 3 4
k

Fig. 8: Spatial spectra (Fourier transformed in y direction) of the plasma field for
linear polarisation with and without RR. Both cases have an ay = 400 and a density
of n. = 100n,.

At higher densities, ng = 100 n, shown in Figl§] we continue to see the same trend
as before. In this case the effect of the radiation reaction is stronger than at density
ng = H0n.. The k-spectrum of the plasma field in Fig. |8| is visibly broader in case
of radiation reaction than in case of no radiation reaction force. In the case of
radiation reaction force, the plasma longitudinal electric field seem to show a peak
at the backward Raman scattering wavenumber. The step-like structures in this case
are presumably due to the pair-production. Fig. [9] shows again the laser field. Here
also the previous trends can be further seen. The scattering of the laser pulse is again
stronger in the case of pair-production compared to the no radiation reaction force
case. The k-spectrum in the case of radiation reaction force (Fourier transformed in
x) shows peaks both at ky = 1 and at ky ~ 0.5 but this time the line approaches

ko =~ 0.25 in both cases. The Fourier transformed (in y direction) laser field shows a
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visibly broader compared to the case of no radiation reaction force.

linear polarised density 100 linear polarised density 100

linear polarised density 100 no RR

t{fs]

100

2 3 4

(a) Fourier transformed in z direction (b) Fourier transformed in y direction

Fig. 9: Spatial spectra of the laser field for linear polarisation with and without RR.
Both cases have an ay = 400 and a density of n, = 100n..

4.2.3 Gaussian circular laser pulse at lower density

Here the same circularly Gaussian laser pulse was used, but for ap = 350 and density
50n.. In this case, the plasma field spectra Fig. shows absence of well-defined
harmonics at different k& as in the previous section. The Fourier transformed laser
field shown in Fig. again a secondary structure around k£ ~ 0.5 that tends
to lower k values at later times. Although the scattering is stronger than in the
previous Gaussian case, Fig. it is not as strong as in the cases with ay = 400
and ng = 420n,. as seen in Figs. [I4 and [16] or a9 = 400 and ny = 50n. in Fig.
Which again demonstrates the effect of k£, . For this case also the difference between

radiation reaction and no radiation reaction is not visibly clear.
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circular polarised gaussian density 50

109

tifs]

Fig. 10: Spatial spectra (Fourier transformed over ) of the plasma field for a circular
polarised Gaussian laser pulse with and without RR. Both cases have an ay = 350
and a density of n, = 50n,..

circular polarised gaussian density 50 circular polarised gaussian density 50
T T 107

1000 —

800 —

600 <

tifs]
tifs]

400+

200

tifs]

0 — 10° 10°

(a) Fourier transformed in x direction (b) Fourier transformed in y direction

Fig. 11: Spatial spectra of the laser field for a circular polarised Gaussian laser puls
with and without RR. Both cases have an ay = 350 and a density of n, = 50n...
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4.2.4 Linear laser pulse with RR/PP

The next simulation we considered was a planar linear polarised laser pulse with
ao = 400 propagating through a plasma with density 420n.. This was conducted to
see the changes on including the radiation reaction force but no pair-production.

The Fourier transformed of the plasma electric field in y FiglI2 shows some

linear polarised density 420

10°

Fig. 12: Spatial spectra (Fourier transformed over y) of the plasma field for linear
polarisation with and without RR and PP. All three cases have an ay = 400 and a
density of n, = 420n...

differences. The line around k =~ 1.75 seems to be stronger in case of radiation
reaction force but without including the pair production. This line is weaker without
accounting for the radiation reaction and pair-production. This line disappears on
accounting for both effects. This can be understood as follows: in the presence
of the radiation reaction this backscattering gets stronger due to the plasma layer
compression (see next figure) by the laser pulse. On accounting for the pair-production,
this layer looses its energy due to quasi-neutrality and energy being diverted to the

pair-production, and hence it gets weakened.

To verify the assumption of the redistribution of the energy, we can take a look
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Electron spectra time = 667.1 fs
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Fig. 13: Energy spectra for time 667.1 fs

at the electron and ion spectra for this cases. This can be seen in Fig[l3] For the
electrons there is no difference in the energy spectrum in both cases. In the ion energy
spectra there is a visible change. In the case of pair production, the maximum is
at a lower value than with only radiation reaction. This shift in the energy resulted
from the destruction of the plasma density compression and hence the suppression
of the double layer.

In the spatial spectra of the laser field, Fig[T4] we can’t see a visible difference in both
cases. In this case the scattering of the laser pulse occurs at kg ~ 0.7 and a second
structure appearing in all three cases at ky ~ 1 can be seen. Most of the scattering

in Fig[l4D] is restricted to k < ko and no visible change between the different cases
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linear polarised density 420 linear polarised density 420

——
linear polarised density 420 without PP

ar polarised density 420 without RR

100

2 3 4 5 4

(a) Fourier transformed in x direction (b) Fourier transformed in y direction

Fig. 14: Spatial spectra of the laser field for linear polarisation with and without RR
and PP. All three cases have an ag = 400 and a density of n, = 420n...

can be seen. Thus at higher densities, the effect due to pair-production on the laser
scattering in transverse direction is negligible though in the propagation direction

we do see a quantitative shift towards k &~ 1 of the secondary structure.

4.2.5 Circular laser pulse

Here a planar circular polarised laser pulse with ay = 400 and density 420n. was
chosen to make the difference between the polarisation dependence on the laser

scattering apparent.

The plasma field in Fig/T5 again shows similar structure as before Fig[I2] However,
the line at k ~ 1 seems to be the strongest. The Fourier transformed laser field Fig[T6|
shows the scattered line due to secondary structure appears again at approximately
~ 0.7 as in the linearly polarised case. Fourier transformed (in y-direction) laser
field shows a very minute difference between the cases of no radiation reaction and
pair-production. Although, there is slight broadening of the k-spectrum in the case

of pair-production. This suggest that pair-production indeed has some influence on
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circular polarised density 420

108

tifs]

tifs]

Fig. 15: Spatial spectra (Fourier transformed over ) of the plasma field for circular
polarisation with and without RR. Both cases have an ay = 400 and a density of
ne = 420n,.

the laser scattering even in high plasma densities case. Overall the scattering in due
to circular polarisation is less than due to linear polarisation, which is to be expected
since for given A and I the ag value in the linear case is a factor of v/2 bigger than

in the circular case.

circular polarised density 420 circular polarised density 420

1000

800 —

600 —

tfs]

tifs]

400

200+

tfs]
tfs]

100 100

(a) Fourier transformed in x direction (b) Fourier transformed in y direction

Fig. 16: Spatial spectra of the laser field for circular polarisation with and without
RR. Both cases have an ay = 400 and a density of n, = 420n...
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4.2.6 Gaussian linear laser pulse at high density

To examine the effects of a finite £, we chose a Gaussian envelope in time and space
for a linear polarised laser pulse with ay = 420 propagating through a plasma with

density 550n,. In the plasma field show in Fig[I7 one see similar behaviour as before

linear polarised gaussian density 550

tlfs]

10°

Fig. 17: Spatial spectra (Fourier transformed over ) of the plasma field for a linear
polarised Gaussian laser pulse with and without RR. Both cases have an ay = 420
and a density of n, = 550n..

and the structures at higher k seems to be weaker in the case of pair-production. In
this case, the lines at different k are integer multiples of kg, whereas in the planar
linear case, see Fig[l2] the harmonics can be found at slightly lower values. The
Fourier transformed laser field shown in Fig[I§ depicts only one stronger line at
ko = 1, corresponding to the laser pulse. Which means that for this case there
isn’t as a secondary structure formation occurring. The Fourier transformed (in y
direction) laser field field shown in Fig, shows larger scattering for a brief period
of time (between 600 and 800 fs) at smaller & ~ 0.2 number for pair-production case.
Though the scattering at larger k£ numbers is almost same. This is also expected
from the theory. The scattering is stronger when the pair-productions is higher but

the finite k£, reduces the growth of the perturbation.
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(a) Fourier transformed in x direction (b) Fourier transformed in y direction

Fig. 18: Spatial spectra of the laser field for a linear polarised Gaussian laser puls
with and without RR. Both cases have an ay = 400 and a density of n. = 550n...
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5 Conclusion

Based on the simulation results presented before one can see that scattering in
the transverse direction due to pair-production is dominant in low plasma density
regime, Fig24l At higher plasma density the scattering in transverse direction is
same with and without the radiation reaction and pair-production. This is due to
the fact that pair-production saturate at high plasma densities and consequently
the scattering shows no difference with and without the radiation reaction force and
pair-production. The scattering due to pair-production at lower density is important
since it suggests that there can be a higher scattering of the laser pulse hindering
the development of the electromagnetic cascade induced by two laser pulses. Also,
the results with Gaussian spatial profiles confirm the theoretical prediction that even
though the pair-production is sufficient the laser scattering due to pair-production is
same as without the pair-production case at early time. This is due to the finite &
that reduces the growth rate of the instability and requires longer interaction time

for instability to show its signature, see [3.58

6 Outlook

The results look promising for studying the scattering in low-plasma density regimes.
One needs to do more simulation in this regime and especially with the circular
polarised laser pulse. PIC simulations in this regime are resource demanding and
due to higher plasma density compression occurring at lower plasma densities, they
take longer time to finish, and this is the reason they have not been included in
the thesis yet. Moreover, we need to repeat these simulations for electron-positron
plasmas to see if it has an impact on the electromagnetic cascade initiated by two

counter-propagating laser pulses.
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A PIC ALGORITHM

Appendices

A PIC algorithm

PIC is a method which was developed in the 1960s. For this technique the distribution
function is represented by many discrete macro particles ("quasi particles") each
carrying a specific charge (¢;) and mass (m;). This stands in contrast to the Vlasov
equation which takes the distribution as a whole. The density is in case of a PIC

simulation assumed to be:

p(x) => q:S(zi — x)d(p — pi), (A1)

where S(x; — ) describes the form of the macro particles. The shape functions used
in SMILEI can be found in Appendix A of [15].

Using the relativistic equation of motion/Lorentz equation

Wi

Ou;
Y :Ts(Ei+7

= X By, (A.2)

where r; = g;/m (for species s) and u; = p;/ms the quasi-particle reduced momentum

as well as the fields

E; = /dq:S(:ci —z)E(x), (A.3)
B, = /de(xi —z)B(z), (A.4)

we can calculate the next time-step. To get the next time-step out of the equation

motion the leap frog algorithm is used. The new particle momentum and position is
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then calculated according to :

(n+1) (n—12) U(n+%) + v(n_%)
w T =" o A BT 4 5 : x B™
A5
$§n+1) — (TL) —|— v At,
Vi

whereas At is the duration of a time-step and n denotes the time-step. The current
density J is calculated in similar manner by using the charge conservation . With the
help of the Maxwells equations the fields can than be determined. Thus the necessary
components are computed for this time-step and the algorithm starts anew for the

next time-step.

1: Initialize(field, particles)

2: while t < t,,4, do

Calculate particles contribution to field
Solve the field

Update particle speed

Update particle position

Write plot files

Fig. 19: PIC loop [16]
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