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And here, poor fool! With all my lore,
1 stand no wiser than before.

— Goethe’s Faust (1800)
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A laser is a solution seeking a problem.

— Theodore Harold Maiman (1964)

Introduction

In the opening chapter, we introduce a very coarse review of historical milestones and some
of the most important achievements in high-power laser technology and applications. Then,
we define and put our research objectives in the context of these advancements. Finally, we
outline how the structure of this doctoral thesis is organized.

1.1 Historical overview and motivation

Relativistic optics can be defined as a regime of light-matter interaction where relativistic
effects become non-negligible [Mourou et al., 2006]. This occurs when the velocity of the
lightest component of matter, the electron, approaches the speed of light. To study such a
regime, we require large amplitude electromagnetic waves. Therefore, the journey towards
relativistic optics was intimately tied to the development of intense electromagnetic radiation,
which began with the first demonstration of the laser!, which stands for light amplification
by stimulated emission of radiation. The laser produces a coherent state of visible light,
where all waves are of the same wavelength and entirely in phase. This was achieved using a
solid-state synthetic ruby crystal [Maiman, 1960]2.

This achievement was rapidly followed by the introduction of Q-switching [McClung
and Hellwarth, 1962] and mode-locking [Hargrove et al., 1964; Mocker and Collins, 1965],
two techniques that led to the generation of ultrashort laser pulses. Q-switching requires
a variable attenuator inside the optical resonator. For a gain medium with population
inversion, a decrease of attenuation rapidly generates a burst of electromagnetic energy, a
laser pulse [McClung and Hellwarth, 1962]. In mode-locking [Hargrove et al., 1964; Mocker
and Collins, 1965], an active or passive modulator modulates the transmission of the laser
at some frequency. If the modulation frequency equals frequency spacing of the oscillator
modes, these modes® become locked in phase, and an ultrashort laser pulse is produced.
Following these developments, large-amplitude laser pulses stimulated rapid exploration

IFor a review and historical overview of laser physics, we recommend [Saleh and Teich, 1991].

2The realization of a laser was preceded by the maser [Gordon et al., 1955], which is based on the same
principle of stimulated emission of radiation, but operates in the microwave spectral range.

3Within the spectral bandwidth of the gain medium.
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of nonlinear optics in the 1960s [Franken et al., 1961; Bass et al., 1962; Armstrong et al.,
1962; Maker et al., 1964; Woodbury and Ng, 1962; Chiao et al., 1964b; Chiao et al., 1964a;
Kaiser and Garrett, 1961; Voronov and Delone, 1966], such as generation of harmonics of the
fundamental optical frequency [Franken et al., 1961].

These discoveries laid the groundwork for further advancements in laser technology and
applications. Throughout the 1970s and 1980s, the push towards increasingly shorter laser
pulses continued with the development of dye lasers and solid-state crystals. Today, amplifying
media provide gain bandwidths that produce laser pulses as short as a few femtoseconds
(1fs = 10~ s) [Mocker and Collins, 1965], with the primary representative being a solid-state
crystal of sapphire (AlyO3) doped with titanium ions (Ti*"), referred to as Ti:sapphire laser
system, which operates in the infrared range with a central wavelength of A = 0.8 pm. Ti:Sa
laser systems typically produce laser pulses with a duration of ~ 30 fs. In the 1990s, passive
mode-locking saturable absorbers were refined [Shank et al., 1982], and the introduction
of Kerr-lens mode-locking represented a significant breakthrough. Now, femtosecond laser
pulses could have been produced without an additional saturable absorber in the resonant
optical cavity [Spence et al., 1991].

Despite these advances, generating powerful femtosecond pulses proved challenging
without inducing ionization damage to the amplifying medium. The damage threshold of
amplifying media was overcome with the advent of chirped pulse amplification (CPA) in
the 1980s [Strickland and Mourou, 1985], a technique that has since become foundational
for high-power laser systems and was awarded the Nobel Prize in Physics 2018. CPA works
around the damage threshold by stretching a short pulse in time to reduce its peak power
before amplification and then compressing it back to its original duration after amplification.
This enabled the amplification of laser pulses to unprecedented energies without damaging
the amplifying medium [Strickland and Mourou, 1985; Maine and Mourou, 1988]. The
introduction of optical chirped pulse amplification (OPCPA) [Dubietis et al., 1992], which
combines CPA with optical parametric amplifiers [Giordmaine and Miller, 1965; Baumgartner
and Byer, 1979], offered additional bandwidth increase and pushed the pulse durations below
10 fs. Currently, the state-of-the-art technique for ultrashort pulse generation is the nonlinear
self-phase modulation in hollow-core fibers [Nisoli et al., 1996], which can produce few fs
laser pulses, with a recent record of peak powers over 1 terawatt (TW) [Ouillé et al., 2020;
Nagy et al., 2020]. This rapid development of laser technology led to the proliferation of
high-power lasers worldwide?.

Today, laser systems exceed the petawatt (PW) peak power threshold [Perry et al., 1999;
Haefner et al., 2017; Zeng et al., 2017; Danson et al., 2019], with a current record of 10 PW
peak power [Tanaka et al., 2020; Radier et al., 2022]. Global efforts towards making lasers
even more powerful are continuing, with plans already in place to reach the 100 PW peak
power in the future [Li et al., 2021]. Focusing a petawatt laser pulse into a diffraction-limited
focal spot with a diameter of ~ A ~ 1 ym, we obtain focused intensity of ~ 10?* W/cm?,
which corresponds to the current experimental record of focused intensity [Yoon et al., 2021].
This is five orders of magnitude above what is known as the threshold of relativistic optics,
an intensity threshold of ~ 10'® W/cm? [Mourou et al., 2006], beyond which electrons attain
relativistic velocities. Indeed, relativistic laser-plasma interactions already become significant
at the TW level [Bahk et al., 2004; Lazzarini et al., 2024] and have been studied since the
advent of CPA [Gibbon, 2005]. Yet, pushing below the femtosecond barrier at the petawatt
level proves a challenge using conventional technology of large-aperture solid-state optics.

A way towards the attosecond regime opened by pushing the nonlinear laser-matter
interaction closer to the ionization threshold, where nonlinear polarization of atoms becomes

4For an up-to-date overview of petawatt laser systems worldwide, see [Danson et al., 2019].
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dominant. Ionized noble gases enabled the generation of high harmonics of the fundamental
laser frequency [Ferray et al., 1988], the presence of which dramatically increases the available
bandwidth, with a current world record for the shortest pulse of coherent radiation being 43
as® [Gaumnitz et al., 2017]. This technique was awarded the Nobel Prize in Physics 2023
because it opened the way towards the study of attosecond physics®, where the dynamic of
individual electrons in atomic systems is studied. For example, the oscillation period of a
hydrogen electron oscillating between the 1s and 2p energy levels is approximately 400 as. Yet,
limitations remain. High-harmonic generation in gases requires laser intensities at or below
the ionization threshold of the gas medium, which is approximately ~ 10*® W /cm?. Therefore,
employing nonlinear effects for even shorter pulse generation requires laser interaction with
the final frontier of the states of matter — plasma, an electrically quasineutral medium
composed of light negatively-charged electrons and heavy positively-charged ionized atoms.

Today, nonlinear interactions in plasma continue to open the way toward even shorter and
brighter radiation sources. In plasma, the nonlinear interaction occurs due to a fundamental
limit on the oscillation velocity of electrons — the speed of light [Mourou et al., 2006]. The
oscillation velocity of electrons must be smaller than this limit, leading to laser-driven
nonlinear relativistic oscillations. The field of high-intensity laser physics is currently bursting
with activity, with many different research directions leveraging the relativistic nonlinearity.
Currently, the main research activities can be narrowed down to compact particle acceleration
and generation of coherent and incoherent high-frequency” electromagnetic, both of which
have numerous applications in medicine, industry, and fundamental science [Gibbon, 2005;
Mourou et al., 2006; Corde et al., 2013; Albert and Thomas, 2016; Attwood and Sakdinawat,
2017; Rivas et al., 2017; Faure et al., 2019; Tanaka et al., 2020; Toth et al., 2020; Chaulagain
et al., 2022].

1.2 Goals of the thesis and author’s contributions
The goals of this doctoral thesis can be defined in two parts:

1. Produce a compendium of theory and literature relevant to the author’s results and
the field of relativistic optics.

2. Present the author’s results and contributions in the field of relativistic optics, mainly
in the form of peer-reviewed publications.

This doctoral thesis has been supervised by Jaroslav Nejdl, with additional guidance provided
by Sergei Bulanov and Uddhab Chaulagain. The postgraduate studies occurred at the
Faculty of Mathematics and Physics, Charles University, and the ELI Beamlines Facility,
Extreme Light Infrastructure ERIC. The research projects I have worked on are extensively
documented in publications by me and my co-authors. I have authored or co-authored
19 publications, including 7 in peer-reviewed journals, 1 pre-print, and 11 in conference
proceedings. The central part of this doctoral thesis is based on the following four selected
publications:

51as = 10~ 18 5. An attosecond is to a second as a second is to about 31.78 billion years. To give a sense of
a scale, this is more than two times the current estimate for the age of our universe, which is approximately
13.78 billion years.

SFor an overview of attosecond physics, see [Krausz and Ivanov, 2009].

"X-rays, extreme ultraviolet radiation, broadband attosecond pulses.
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I. M. Lamaé&, K. Mima, J. Nejdl, U. Chaulagain, and S. V. Bulanov (2023). Anomalous
relativistic emission from self-modulated plasma mirrors. Physical Review Letters,
131(20), 205001

II. M. Lamad, P. Valenta, J. Nejdl, U. Chaulagain, T. M. Jeong and S. V. Bulanov (2024).
Bright coherent attosecond X-ray pulses from beam-driven relativistic mirrors. arXiv,
preprint arXiv:2403.03277. (submitted)

ITI. M. Lamac, U. Chaulagain, L. Jurkovic¢ové, J. Nejdl, and S. V. Bulanov (2021). Two-color
nonlinear resonances in betatron oscillations of laser-accelerated relativistic electrons.
Physical Review Research, 3(3), 033088.

IV. M. Lama¢, U. Chaulagain, J. Nejdl and S. V. Bulanov (2023). Generation of intense
magnetic wakes by relativistic laser pulses in plasma. Scientific Reports, 13(1), 1701.

The results obtained have also been presented at several international conferences and
workshops. The most important oral and poster contributions related to Refs. I. — IV. are
mentioned in Chapter 3.

1.3 Outline of the thesis

The remainder of this doctoral thesis is organized as follows:

Chapter 2 fulfills the first goal of this doctoral thesis. It presents an overview of the theory
of relativistic optics, where we discuss various topics relevant to the author’s main
research activities and results. Our approach is pedagogical and concise, intending
to produce a compendium of theory that builds up the key concepts and provides
a literature overview. Crucially, we do not aim for an exhaustive description of all
consequences and applications. A significant body of literature is provided in each
section to give the reader more details, contextual information, and references.

Chapter 3 fulfills the second goal of this doctoral thesis. It presents a brief commentary
on the author’s primary results, which are presented in the form of four selected
publications in Appendix B. We also discuss the author’s role and contributions.

Chapter 4 summarizes this doctoral thesis’s content, highlights the author’s key findings,
and indicates potential avenues for future research.

Appendix A includes a comprehensive list of the author’s publications up to the submission
date of this doctoral thesis, encompassing those in peer-reviewed journals and conference
proceedings, as well as pre-prints.

Appendix B features the four selected publications, Refs. I. — IV., reproduced in full with
permission.
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And, believe me, if I were again begin-
ning my studies, I should follow the
advice of Plato and start with mathe-
matics.

— Galileo Galilei (1638)

Theory of relativistic optics

This chapter serves as a theoretical primer for relativistic optics and the author’s original
results within the field. We begin by defining the relativistic regime of laser-matter interaction
and outline basic equations and key parameters. Further, we show that the relevant physics
naturally splits into two cases, and therefore, we provide each with its section. In the first
case, denoted as relativistically underdense, the laser can propagate within the interacting
medium. Here, we present key concepts related to the author’s research, such as plasma
wakefield acceleration, betatron X-ray generation, realization of relativistic mirrors, and
generation of magnetic fields relevant to laboratory astrophysics. In the second case, the
medium is relativistically overdense, and the laser is reflected upon interaction. The key
concepts presented are high-harmonic generation and laser intensity amplification, both of
which can arise from a relativistic oscillating mirror induced by the incident intense laser.

2.1 Interaction of electromagnetic field with matter

The microscopic Maxwell’s equations give the evolution of classical electromagnetic field
[Maxwell, 1865; Born and Wolf, 1959; Jackson, 1962; Zangwill, 2013]

p
E=L 1
vE-L, )
V-B=0, 2)
‘B
E--2
V x o (3)
. JE
VxB = Hoj + tofo o, (4)

where p and j are the electric charge and current densities, which act as the sources of
electromagnetic field, E is the electric field, and B is the magnetic field, ¢ is the vacuum
permittivity, and pg is the vacuum permeability. By combining Maxwell’s equations, we may
find that electromagnetic fields satisfy the wave equation, with phase velocity given by the
speed of light in vacuum c, i.e., without charges and currents, which is defined as pgepc? = 1.
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Due to the linearity of Maxwell’s equations, any electromagnetic field can be described as a
superposition of propagating electromagnetic waves [Born and Wolf, 1959; Jackson, 1962;
Zangwill, 2013].
Taking the curl of Ampere’s law (4), with the use of Gauss’ law (1), we obtain the
continuity equation
ap
ot
which is a microscopic formulation of charge conservation. In macroscopic terms, the total
charge is always conserved, and any change in total charge in a given volume is always equal
to the net current going through the boundary of that volume.
An equivalent formulation of the Maxwell’s equations can be given in terms of the
electromagnetic potentials, which are defined to satisfy

0A
E=-—= -V (6)
B=VxA, (7)

where A is the magnetic vector potential and ¢ is the electric scalar potential. The electro-
magnetic potentials are not unique. The electromagnetic fields are invariant to the following
gauge transformation: A = A’ + Vf and ¢ = ¢/ — %, where f is any differentiable scalar
function. As we will illustrate in this chapter, the fact that the scalar function f can be
chosen arbitrarily often allows us to simplify our calculations significantly.

The change of electromagnetic fields due to charge and current distributions is described
by Maxwell equations (1) — (4). In turn, the charge distribution must react to changes in
electromagnetic fields. The change in momentum p of a particle with mass m and charge ¢
is given by the Lorentz force, written as

(jl—lt):q(E—&-va), (8)

where v is the particle velocity. Multiplying Eq. (8) by v, we get the power acting on the
charged particle
d ('ymcz)

where v = 1/4/1 — (v/c)? is the Lorentz factor of the charged particle.

To understand the onset of relativistic effects in light-matter interaction, let us first focus
on the lightest component of matter, the electron. The electron has ¢ = —e and m = me,
where e is the elementary charge and m. is the electron mass. The following exposition
is an adaptation from [Gibbon, 2005], where additional information can be found. Using
vx(VxA)=V(v-A)—(v-V)A, where we note that the gradient only acts on the
field since coordinates and particle velocity are independent variables, Egs. (8) — (9) can be
rewritten in terms of the electromagnetic potentials as

%(p—eA)=eV(¢—V~A), (10)
%('y— 1)mec? = ev - <V¢>+ 2‘?) (11)

Let us now consider that the electron interacts with an electromagnetic plane wave with
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elliptical polarization propagating in the z-direction in vacuum (¢ = 0); the vector potential

is then given as
A=A (O, §cosp,A/1 — 62sin 4,0) , (12)

where ¢ = wt — kx is the phase of the wave, w is the angular frequency, k is the wave
number, Ag is the amplitude of the vector potential and ¢ is the polarization parameter,
where 6 € {+1,0} for a linear polarization and § = +1/4/2 for right-handed and left-handed
circular polarization, respectively. To further simplify the analysis, we introduce the following
normalizations,

A
a:e , P— p ) (ZS;) e¢27 ﬁ:X7 tHth $4>k177 (13)
meC meC MmeC C

which is equivalent to a system of normalized units where w = k = ¢ = e = m, = 1. Egs. (10)
— (11) can be then written in normalized units as

d(p, —a) _

a0 (14)
d(pe —7) da da\
(ﬁ—/i(m*em)—a (15)

where the second equation is identically zero since the electromagnetic wave given by Eq. (12)
depends only on the phase, ¢ = t — x, and therefore d,a = —d,a. Integrating Eqs. (14) —
(15), we get two constants of motion, a longitudinal constant v — p, = o and a transverse
constant p; —a = k, which are given by the initial conditions. Using the energy-momentum
relation v2 = 1 + |p|?, we can write the momentum components as

P, =a-+k, (16)

1+ 2 —a?
p = L u e (1)

which is a general Lorentz-covariant (choice of constants is frame-dependent) solution for the
motion of free electrons in an electromagnetic wave. Taking the time derivative of the phase!
corresponding to the longitudinal position of the particle, we get the following relationship
between the phase ¢ and the longitudinal constant of motion « [Gibbon, 2005],

do _ 00 palp | pe_ @ (18)
dt ot vy ox vy
Thus, v = p, + a. We also have
dr de dr dr
=y —=7——=a—. 19
P=7a = Vardy ~ Ydg (19)

Let us now consider the special case of an electron initially at rest, then we have

IWe use the chain rule, ¢(z(t),t) = 0t¢ + V4020 = Ot + (P /7) 0z
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K=po=0,a=2 —pwo =1, and Egs. (16) — (17) become

P, =4, (20)
_ la?

P = (21)

Egs. (20) — (21) show that magnitude of normalized vector potential |a| = e|A|/(m.c) serves
as a key parameter which identifies non-relativistic and relativistic regime of interaction. For
|a] « 1, the electrons oscillate purely in the polarization direction of the electric field vector,
and their momentum is non-relativistic, |p, | = |a] « 1. For |a| > 1, the oscillations become
relativistic, e.g., for |a] = 1 we have |p, | = m.c and the electron velocity approaches the
speed of light in vacuum, |v, |/c = 1/4/2 ~ 71%. The nonlinear longitudinal oscillations also
become dominant for |a| » 1, and the electron has significant longitudinal momentum.

For an electromagnetic wave propagating in vacuum, the critical parameter becomes the
peak amplitude of the normalized vector potential, ag = eAg/(mec), where Ag = Eg/w is the
peak amplitude of the vector potential, Ey is the peak amplitude of the oscillating electric
field and w is the angular frequency of the wave. It is helpful to express this parameter in
terms of the radiation intensity I, and wavelength \2:

/2
_ _¢ko _ 18 W 2 '
ag =~ = 0.8 (IO [10 | M) (22)

Table 1 presents the intensity required to reach ag = 1 for typical coherent light sources.
Eq. (22) makes it clear that longer wavelength sources are preferred for the study of relativistic
interactions since the required intensity is orders of magnitude smaller in comparison to short
wavelength radiation sources, such as the high harmonics from noble gases or free electron
laser, as presented in the table.

Laser system Ao Iy [1018 W/CmQ]
Nd:Glass 1 um 1.4
Ti:Sapphire 800 nm 2.2
KrF 248 nm 23
59th harmonic of Ti:Sa from neon gas 13.5 nm 104
Free electron laser 0.1 nm 1.5x108

Table 1: Intensity required to enter regime of relativistic optics (ap = 1) for various laser systems.

The global proliferation of Ti:Sapphire high-powered laser systems establishes them
as the premier instruments in relativistic optics [Perry et al., 1999; Mourou et al., 2006;
Danson et al., 2019; Tanaka et al., 2020; Li et al., 2021; Radier et al., 2022]. Therefore,
in the following sections, we consider that the laser operates within the wavelength range
Ao = 0.8 — 1 pum unless stated otherwise. The intensity corresponding to I,..; ~ 108 W /cm?
is therefore often referred to as the threshold of relativistic optics [Mourou et al., 2006]. To
create a reference point, let us consider an electron bound to an atom at a distance of Bohr
radius, r, = h?/(mee?) = 53 pm, where £ is the reduced Planck constant. The electric field

2We consider the linear polarization.

10
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Atomic
potential

-3 T T
-3 -2 -1

X/Xmax

Figure 1: The Coulombic potential in the presence of a laser field with intensity given by Eq. (27).

acting on the bound electron is then [Gibbon, 2005]

e 1 A%
E,= —— ~51x10° —, 23
dmeg 2 x m (23)
which corresponds to atomic intensity of
E? W
I, = 2% 35 x 1010 =, (24)
cm

Since I.¢; » I, we have good reasons to believe that any target of a relativistic laser pulse
becomes ionized swiftly, and the radiation interacts with ionized matter — plasma. In the
next section, we briefly describe this ionization process and show that the ionization intensity
threshold can be even much smaller than the atomic estimate given by Eq. (24).

2.1.1 Interaction with a single atom

Let us consider an electron bound in the Coulombic potential interacting with a low-frequency
incident laser, such as the relativistically interesting Ti:Sapphire laser system mentioned
before. Specifically, we assume that the laser photon energy is much smaller than the electron’s
binding energy. Then, we may approximate such a laser with a constant electric field with
strength Eo3 [Bethe and Salpeter, 1957

Ze? 1

= 2% ~ e 2
U(x) Treq ol eEox (25)

Local maximum can be found at @max = A/ Ze/(4dmegEp). If the potential energy at the local
maximum equals the ionization energy, U(Zmax) = Ujon, the Coulombic barrier is suppressed,

3This is reasonable since A\g » 7. Therefore, we have Eg cos(wt — kx) ~ Eg for © « Ao and times much
smaller than the laser period, t « ¢/Ag.

11
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and the electron will escape into the vacuum, as shown, in Fig. 1. The critical electric field
required to free the electron is given from this condition as

7T60Ui20n
Be= =8 (26)

giving us the threshold intensity required to release electrons from ions with charge number
7, assuming linear polarization, as
Ut [eV] W

Iy, = € a4 x 109 et S 27
th 2 X 72 cm? (27)

For ground state hydrogen (Z = 1), the ionization energy is given using the fine-structure
constant o = e2/(4mweghc) ~ 1/137 as Ujpp, = a/(47r,) = 1 Ry = 13.6 €V, and the critical
electric field is E. ~ E,/16, which gives I;;, ~ 1.4 x 1014 W/cm?. Eq. (27) describes the
threshold intensity required for barrier suppression ionization, which holds remarkably well
for many electron atoms interacting with intense short laser pulses. Other ionization processes
relevant at lower intensities, such as multiphoton or tunneling ionization [Keldysh, 1965;
Perelomov et al., 1966], can bring the appearance threshold even below that of Eq. (27).
Thus, our focus is reduced to the interaction of electromagnetic fields with electrons and ions
in the following sections.

2.1.2 Interaction with a single electron

Now, we understand that relativistic lasers immediately ionize their target. So, we gain
additional motivation to study the interaction of electromagnetic waves with electrons in more
detail (See also [Landau and Lifshitz, 1962; Gibbon, 2005] and references therein for more
information). Let us, therefore, return to Egs. (20) — (21), where we consider the interaction of
a free electron with an elliptically-polarized electromagnetic wave in the laboratory reference
frame.

Laboratory frame

Using the definition of laser field given by Eq. (12), we can write Egs. (20) — (21) explicitly
in terms of the wave phase ¢:

2
pe = <2 [1+ (207 1) cos2¢]. (28)

Py = o0 €os @, (29)
p. = ap\/ 1 — 2sin . (30)

Averaging the momentum components in time over the wave period, we find that the electrons
drift along the z-direction for any polarization, with drift momentum p, = i S(z)ﬂ pede = a/4,
where the overscore denotes averaging over the wave period. We know from Eq. (18) that
v(t) = a + p.(t). For a free electron in vacuum initially at rest, & = 1, we may average its
Lorentz factor to obtain )
o

¥=1+p, =1+ (31)
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2.1. Interaction of electromagnetic field with matter

a) Linear polarization c) Circular polarization
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Figure 2: Trajectory of an electron (which was initially at rest) in the field of an electromagnetic
wave with linear (a) and circular (c¢) polarization. Trajectory of the electron in the momentum space
for linear (b) and circular (d) polarization.

We note that Eq. (31) is exact for circular polarization, i.e. without averaging, Yop, free =
1+ (ap/2)%. We can also express the electron drift velocity,

P 2
P Py ag
~ 4+ a3

The electron orbits can be obtained using Eq. (19) for arbitrary polarization ¢ by direct
integration of Eqs. (28) — (30) over phase as (retrieving the dimensional electron coordinates

13



Chapter 2. Theory of relativistic optics

as wt — t and kxz — x)

kx = a4 + (62— L) sin2 (33)
z= |y 5 )sin2e|,
ky = agd sin g, (34)

kz = —ap\/1 — 62 cos p. (35)

The electron trajectories, described by the set of variables {kz /a2, ky/ag, kz/ao}, are self-
similar, as shown in Fig. 2. We see that in the longitudinal z-direction, the electron drifts
with velocity 84. Additionally, for § # +1/4/2, the electron trajectory exhibits longitudinal
oscillations with periodicity of twice the fundamental wave frequency. For circular polarization
(§ = +£1/4/2), the longitudinal oscillations disappear, and the electron drifts with velocity
B4 since the longitudinal momentum is constant p, = a2/4. The electromagnetic wave also
imparts angular momentum to the electron. Using the trajectory and momentum components
obtained above, we can calculate the component of electron angular momentum along the

drift direction as )

Ly = (rx p)s = %5«/1 — o2, (36)

Note that for linear polarization (¢ € {0, +1}), the electron gains no angular momentum in
the z-direction. Conversely, the angular momentum is maximized for circular polarization
(6 = +1/4/2). Furthermore, we note that apart from acceleration, the nonlinear dependence
of longitudinal momentum on field strength, given by Eq. (17), tells us that the laser field
can also serve as a spectrometer of laser-accelerated electrons. To show this, we again
consider the longitudinal constant of motion for electrons initially at rest with Eq. (17), i.e.,
pr =y — 1 = p? /2. Therefore, the maximum angle at which the electrons can be emitted
from the laser focus must be given simply by the maximum ratio of the transverse and
longitudinal momentum components,

pL 2__ 8

tanf = — =4 | ——

=, 37
Da y—1 —ao (37)

where the last equality is valid exactly for circular polarization, corresponding to the pitch
angle of the helical trajectory shown in Fig. 2¢, and on average for the trajectory due to linear
polarization shown in Fig. 2a, where it corresponds to the ratio of transverse momentum
amplitude to the averaged longitudinal momentum. Eq. (37) shows that the electron angular
distribution is related to the electron energy spectrum, which can be utilized for simple
spectrometry of laser-accelerated electrons [Moore et al., 1995; Meyerhofer, 1997; Malka
et al., 1997].

Boosted frame

To further analyze the laser-driven electron orbits, we perform a Lorentz transformation into
the drift reference frame moving with velocity given 84 by Eq. (32). Here, the transformed
momentum components are given as follows

Py = Ya(Pz — BaYe) = Pz — Pds (38)
Py = Dy (39)
Pl = P2, (40)
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2.1. Interaction of electromagnetic field with matter

3 a) Laboratory frame b) Boosted frame
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Figure 3: Electron trajectories in the field of an electromagnetic wave with linear polarization in
the laboratory frame (a) where the electron is initially at rest and in the boosted frame (b) moving
with drift velocity (32).

where we have used the first constant of motion, v, — p, = 1. Since the phase is Lorentz-
invariant, ¢’ = W't’' — k'z’ = wt — kxr = ¢, the momentum components can be directly written
in the boosted frame as

2
pl, = % (262 — 1) cos 2¢/, (41)
P, = agd cos ¢, (42)

Pl = apV/1—§%siny’. (43)

The averaged momentum in the boosted frame is zero, p/, = 0. Therefore we can obtain
the longitudinal constant of motion o' by averaging over Eq. (17) in the boosted frame,
o =/1+ a2 = /1 + (a}/2) = 7. Therefore, the longitudinal constant equals the electron
quiver energy in the boosted frame, o’ = 4’. Note that this Lorentz factor is exact for circular
polarization, 4/ = +/, since no longitudinal oscillations are present. After integrating Eqs. (41)
— (43), we get

K2 = a4 52— 1 in 2’ (44)
4% 2 ’
aop ¢ .
Ky = —dsiny’, (45)
K2 = —% 1—02cosy’, (46)

the frequency and wave number in the boosted frame are given as w’ = ck’ = w/v’/, where w
is the angular frequency in the laboratory frame.
Let us focus on linear polarization (6 = 1). The electron orbit in the boosted frame can
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Chapter 2. Theory of relativistic optics

be written in the following implicit form

ag

16(]43/33/)2 _ (k/y/)Q l(/}/) o (k/y/)Q] , (47)

which is the famous lemniscate of Gerono, also known as figure-eight curve, which is a special
case of a Lissajous curve. The lemniscate is drawn in Fig. 3b, where the second harmonic
content of the longitudinal oscillations is visualized.

The Maxwell equations also state that an oscillating relativistic electron must generate
its electromagnetic field. As we will show in the next section, the radiation of periodically
oscillating electrons is composed of harmonics of the fundamental oscillating frequency.

2.2 Radiation from relativistic electrons

To describe radiation emitted from relativistic electrons, we begin by rewriting Egs. (1) and
(4) in terms of the potentials given by Egs. (6)—(7), which yields* [Jackson, 1962; Born and
Wolf, 1959; Zangwill, 2013]

JA\  p
V'<V¢*’at)“ Z, (48)
1 2A 106 ,

Let us now apply the Lorenz gauge, which amounts to the requirement that V- A +0,¢/c? = 0.
This is equivalent to a choice of a scalar function f, within a gauge transformation, which
satisfies Af — 02f/c> = =V - A’ — 0,¢'/c?, where A’ and ¢ are the potentials prior to
the gauge transformation. Using the Lorenz gauge, the potential formulation of Maxwell
equations reduces to inhomogeneous wave equations

10°¢ p

Ap— =22 __ P
¢ 2 0t2 607 (50)

1 %A .
AA — 6724(%'2 = —HMol, (51)

and the particular solutions are obtained by a convolution of the source terms on the right-hand
side with the fundamental solution for the wave equation, F(r,t) = 6(t — |r|/c)/(4~|r]) [Riley
et al., 2006]. Performing the convolution in time and space, we get

1 p(r’,t—R/c) 3./
t) = d 2
R (52)
po (J(r',t—R/ec) 5,
A(r,t) = — | =———=——=d 93
rt) = 42 [ (5)
where R = |R| = |r — 1’| is the distance from the position of the charge distribution r’ to

the field observation point r, where the potentials are evaluated. We see that the charge
and current distributions are now evaluated in terms of the retarded time, t — R/c, which
corresponds to the emission time of radiation originating at position r’ and arriving at

4Using the definition of potentials given by Egs. (6)—(7), and the vector identities V - (V x A) = 0 and
V x (V¢) =0, it is easy to verify that the remaining two Maxwell equations are satisfied identically.
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2.2. Radiation from relativistic electrons

y

Figure 4: Trajectory of an electron and illustration of the vectors defining the Lienard-Wiechert
potentials (54) — (55) and the corresponding electromagnetic field (56) — (57).

position r at time ¢. This is clear from the fact that the time radiation takes to propagate
between r’ and r is simply R/c.

We may also add the solution to the homogeneous wave equation, which is determined by
initial conditions. For example, the homogeneous solution must represent the fields responsible
for the motion of the charge distribution, which in turn produces current and electromagnetic
field described by the solutions (50) — (51), which radiates away in the direction of increasing
distance R. The real electric and magnetic fields can then be obtained by differentiation
according to the definition (6) — (7).

Electromagnetic field due to a single particle with charge g propagating with arbitrary
trajectory r.(t) can be obtained by integrating Egs. (52) — (53) with the charge and current
distribution given as p(r,t) = ¢d[r —r.(¢t)] and j(r,t) = qcBd[r — r.(t)], where d(x) is
the Dirac delta function. Integrating over the delta function yields the Lienard- Wiechert
potentials (we retrieve the SI units, see, e.g., [Jackson, 1962; Lamac, 2023] for integration
details®.)

o8 = 1 | =g R} (54)
A = oo | =), o

where R = |R(t)| = |r — re(¢)] is the distance vector between the field observation point P
situated at r and the position of the charged particle at r.(¢) at time ¢, n = R/R is the
direction pointing from the particle towards the observation point P. The square brackets
[-]ret. indicate that all quantities inside the bracket are evaluated at the retarded time
t' =t —|r—r.(t')|/c. We reiterate that the retarded time has the following interpretation: it

5The only challenging part about the integration is correct change of variables. It is useful to note
the following identity, § f(¢')d[t — g(t")]dt" = §f['(9)]6(t — g)(dt'/dg)dg = [(f[t'(9)]/9[t'(9))o(t — g)dg =
I ®1/glt' ()]
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Chapter 2. Theory of relativistic optics

is the time at which radiation observed at position r and observer time t begins to propagate
towards observation point P from the position of the particle r. (') at retarded time ¢’ (see
Fig. 4). Once again, the time taken by light to propagate between r and r.(¢') is simply
|[r —r.(t')|/c. Therefore, subtracting it from the observer time ¢ gives us the time of radiation
emission, the retarded time t' =t — R(t')/c.

The electromagnetic field can be obtained from Lienard-Wiechert potentials using the
defining relations given by Egs. (6) — (7) as

E(r,t) = Bnear + Bjay = — [n_ﬁ] -1 [n x[(n_g)xm]m, (56)

dmeg | V2R3R? ),  4meoc LR3R
n(t') x E(r,t)

B(I‘,t) = f’ (57)

where k = & = L [¢/ + |r —r.(¢')|/c] =1-R-B/R=1-n-B = 1—Bcosf is the derivative
of observer time ¢ with respect to retarded time ¢’ and @ is the angle between 8 and n. We
note that for observers close to the axis of ultra-relativistic motion, it can be approximated
as k ~ [1+ (70)?] /(24?). The electromagnetic field is split into two parts: the near-field,
which is due to velocity B, and the far-field, which depends on acceleration ,B . The near-field
is static and drops off with distance as 1/R?, whereas the far field is responsible for the
radiation since it drops off with distance as ~ 1/R. Therefore, the far-field term will dominate
the near-field term far from the charged particle. Note that for a static charge (8 = ﬂ =0),
we recover Coulomb’s law. To give another example, an electron that is in uniform motion
along the = axis (8 = 0) has the following electric near-field

q R
Imeo 2 [(22 4 42)/72 + (a = o)

Enear(r; t) = (58)

where R = (z — vt,y, 2). The magnetic near field follows as Bcar = (V X Epear)/c?. Eq. (58)
is the relativistic version of Coulomb’s law. It shows that the on-axis (z = y = 0) near field
drops off with velocity as E, ~ 1/(Ry)?, while in the transverse plane (z = vt), within a
narrow cone of angular width 6 ~ 1/v, the field grows as E, ., ~ v/R?. This is schematically
illustrated in Fig. 5. In the ultra-relativistic limit 8 — 1, the field lines assume an infinitely
thin "pancake" shape, and the electromagnetic field is purely transversal to the direction of
motion.

Since we are primarily interested in radiation emitted by relativistic particles, we adopt
the far-field approximation R » 1. For a single electron, this allows us to estimate the
electric field as E &~ Ey,,. Then, the general solution given by Eq. (53) can also be simplified.
Choosing the origin anywhere near the current distribution, the distance between the far
away observation position r and the position within the radiating charge distribution r’ can
be approximated as R = |r —r/| & r — r’ - n, where r = |r| » r’. Substituting into Eq. (53),

we get
Ho o r—r'-n 3.
A(r,t) = — t——— | d
() = = J(IH ; ) v, (59)

where we have approximated the denominator as R ~ r. However, such approximation is not
generally possible in the retarded time ¢’ ~ ¢t — r/c — r’ - n/c, since we do not know how fast
the current changes during the time r’ - n/c.
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2.2. Radiation from relativistic electrons

a) Electron at rest b) Relativistic electron
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Figure 5: Electric field lines induced by a charged particle at rest (a) and in uniform motion (b),
given by Eq. (58).

2.2.1 Angular distribution of radiation power and energy spectrum

The energy flux S, also known as the Poynting vector, can be readily calculated at the
observation point P using Eq. (59) as [Landau and Lifshitz, 1962; Jackson, 1962]

S(r,1) = - (E x B) = ceo|En — - |B[?n, (60)
Ho Ho

where we have used ¢cB = n x E. Thanks to this transversality of radiation fields, the energy

flux can also be written as S = c&n, where £ = (€|E[? + |B|?/10)/2 is the energy density

of the electromagnetic field. The fields can be readily calculated from the far-field vector

potential (59) as [Landau and Lifshitz, 1962]

B(r,t) = % (A X n) , (61)
E(r,t) = (A X n) X m, (62)

where all the quantities are evaluated in terms of the retarded time ¢ = t — R(t')/c and A is
the derivative of vector potential with respect to the retarded time. The power per unit area
radiated in the direction of n is simply the projection S - n. The area can also be written in
terms of the solid angle, using dA = R2d(). The radiated power per unit solid angle can be,
therefore, calculated using the following equal expressions

2w
dQdt

— R2(S-n) = ceo|E - R|? = ceo|E[2R? = Mi\BFR? — ceoln x APR%. (63)
0

For the far field of a single charged particle, given by Eq. (56), we can perform a non-trivial
integration over the solid angle to obtain the generalized Larmor formula, which describes
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Chapter 2. Theory of relativistic optics

the instantaneous power radiated by a relativistic charged particle

aw _ ¢ ( 195 (1 — B2sin20) (64)

At 67reoc — 18 % ﬂ| )

67re c

where 6 is the angle between 8 and ,8
Before we return to the general discussion, we will now discuss some consequences of
Eq. (64), which illustrate some properties of radiation emitted by relativistic particles. When

.2
velocity is parallel to acceleration, we have P ~ ~53", while for the perpendicular case

P~ ~%1 - 62)/32 = 7452. This could lead us to conclude that longitudinal acceleration
yields greater radiated power than transverse acceleration, but that conclusion is wrong. To
see that, let us consider the case of a charged particle traveling along a straight line while
accelerated by a parallel constant force F. Then we have 8 x 8 = 0 and the radiated power
can be written as P ~ p = F%  where we have used (in normalized units) p = y8 + v =

3ﬁ52 +93(1 - 52)5 = 'y3ﬂ. Therefore, the radiation is proportional to the square of the
accelerating force acting on the particle, P ~ p? = F2.

Now, let us focus on the perpendicular case where the velocity and acceleration are
orthogonal. Here we have |8 x 6 |2 = 5262, and so in terms of momentum using the above
formula (with 4 = 0 valid for perpendicular acceleration) we have p = ’yB , and therefore
P ~ ~42p* = 42F2. At last, we come to the opposite conclusion — radiated power is increased
by a factor 72 in the case of transverse acceleration, assuming the accelerating force is equal
in magnitude in both cases. This is sometimes referred to as the concept of longitudinal
and transverse inertia, which can be summarized as follows: compared to perpendicular
acceleration, the inertia of a charged particle is effectively increased by a factor of 42 for any
force acting parallel to its direction of motion, which can be written as

I')H = mecv?’/@” (65)
pL= meC’YBL (66)

We now return to the general discussion of Eqs. (59) — (63). To understand the spa-
tial or angular distribution of the radiation energy spectrum, we use the linearity of
Maxwell’s equationb to decompose the vector potential (59) into a sum of monochromatic
waves, A(r,t) = JA,(r,t)dw, where A, (r,t) = A(r,w)e ™", The spatial component of the
Inonochromatlc waves, A(r o.)) is related to the temporal profile of the total field, A(r,t),
through the Fourier transform as

A(r,w) = JA(r,t)ei“’tdt, (67)
f Alr *md . (68)

If we also express the current j(r’,t’) in Eq. (59) in terms of its spectral Fourier transform,
the spatial component of the monochromatic waves (67) can be expressed as
ikr ikr

€ . —ik-r’ e,
Alrw) = §2 [ e d = 10 D) (69)
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2.2. Radiation from relativistic electrons

where k = kn is the wave vector with magnitude k¥ = w/c and

i) = [ [t netr knasrar, (70)

is the spacetime Fourier transform of the current distribution [Attwood and Sakdinawat, 2017].
We see that monochromatic waves have the form of outgoing spherical waves, with amplitudes®
fully determined by the spacetime Fourier transform (70). The Fourier components of the
electromagnetic field can be then obtained from Egs. (61)—(62) as

. ikr

B(r.w) = g 0 x j(k.w), (71)
ikr

E(r,w) = %er n x [n x j(k,w)], (72)

To obtain the correct expression for the angular distribution of the radiation energy spectrum,
we note that the total energy obtained by summing up over either spectral or temporal
resolution must be the same, which can be formally proven using Plancherel’s theorem
(%) [Riley et al., 2006] as

dw © 42w 0 ce 0
Frou dt = ’IE thtéfof ’|E 24
a© =, dodt “OLO” (ro)fde= 30| PBrw)lfde (73)
0 o0 2
C€o 2 2 A d“w
= E dw = dew. 74
WLM () dw Ldew” (74)

From Eq. (67) it is clear that for a real signal A(t), the spectrum conjugate equals its
negative part, A(—w) = A*(w), and therefore we can define the distribution of radiation
spectrum, d?W /dQdw, such that the negative components are omitted and the positive
frequency components are multiplied by a factor of 2, which was done in the last step (A).
Therefore, the angular distribution of the radiation energy spectrum can be generally written
in terms of the following radiation integral [Landau and Lifshitz, 1962; Jackson, 1962]

2

d®W  cep o 5 w? © .
= —?|E = j(r,t)] /@t kT By de 75
0do ~ B = e s Lo nx [ j(r. e ’ (75)
w? . 2
= odad In x [n x jk,w)]|”. (76)

We now have two recipes for obtaining the angular distribution of the radiation energy
spectrum. Either, we can calculate the spacetime Fourier transform of the current distribution”
(76), or we can directly evaluate the integral (75). Finally, it is important to remember these
results are valid only for observation points far from the motion of the source |r — r'| » 1.

6Note that it is the spacetime Fourier transform of the current j(k,w) which determines the angular
distribution of radiation since it depends on k.

"It is useful to remind ourselves that evaluation of j(k,w) gives us information about both: a) the spatial
profile of the monochromatic waves composing the electric field according to Eq. (72) and b) the angular
distribution of the energy spectrum according to Eq. (76).
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Radiation from a single and many electrons

Let us now consider the case of a single charged particle; the spectrum distribution can be

written in terms of the Fourier transform of the previously obtained electric far field Eq. (56),
8
as

2
2w ceq 9 q>
e ~ 7 Bl

anxunmxﬂgwe“fmht (77)

0 (1_B'n)2 7

B 1673¢gc

where the integrand is now evaluated, before integration, in terms of the observer time ¢.
Let us discern some general features of Eq. (77). First, the denominator shows that the
radiation energy is concentrated primarily in the direction of motion, increasingly so for more
relativistic motion (8-n — 1). Second, radiation vanishes for zero acceleration (8 = 0). Third,
the numerator shows that radiated energy emitted along the direction of relativistic motion is
maximized for transverse acceleration ([n— 8] x 8 = 0forn || 8 || B), following the discussion
below Eq. (64). Finally, suppose that the electron performs harmonic oscillations along its
trajectory, due to some transverse oscillating force with frequency wq. In that case, we can
use the method of stationary phase to approximate the radiation frequency corresponding to
the strongest emission, as w ~ y2wg. The electromagnetic field that oscillates the charged
particle undergoes a double Doppler upshift.
Another simplification of Eq. (77) occurs if we note that

n x [(n—B) x B] d[nxmxﬁq_

K

K2 At (78)

Per partes integration then gives an expression more malleable for analytical evaluation,
which is also equivalent to Eq (75), with the current given by a single charged particle,

j(r,t) = qB(t)d(r —r.(t)),
2w _ *w?
dQdw  1673egc

nre®) |2
_nre®

dt

anxmxﬂn“@ (79)

[o6]

Note that the vectorial direction of the integrand decides the polarization of emitted radiation,
per Eq. (72). The radiation distribution for a particular polarization can be, therefore, obtained
by calculating the scalar product of the integrand with a unit polarization vector of interest
before taking the absolute square value.
Noticing that dr.(t)/dt = ¢B(t), Eq. (79) can also be written as an integral taken along
the trajectory of a particle, as
2w q*w?

dQdw  1673egc

(80)

To . n-r
nxn x J dr et (t=25%)

g

Eq. (80) illustrates that each position along the trajectory of a radiating particle is weighted
by a spherical wave” emitted at the retarded time ¢ ~t —r —n-r.(#)/c, corresponding to a

8For numerical evaluation, instead of direct numerical integration, it is often computationally much faster
to calculate fast Fourier transform (FFT) of the integrand (without the exponential term) of Eq. (77). The
integrand must be first evaluated in terms of the retarded time ¢’ =t — |r — r.(¥')|/c before the transform.

9This point is a bit hidden in Eq. (80), but the instantaneous waves are indeed spherical. This is clear
when we look back at Eq. (72). The same exercise as with Eq. (79) can be performed to show that it can also
be written in terms of an integral along the trajectory of a radiating charged particle.
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2.2. Radiation from relativistic electrons

Figure 6: A schematic illustrating interpretation of Eq. (80).

given position r.(t'). The apparent wavefronts'? formed by the individual spherical waves
then form the radiation signal seen by the observer positioned at r at time ¢, as shown in
Fig. 6.

Eq. (79) can be easily generalized to many charged particles by summing the far field
contributions from individual charges, which turns out to be equal to the following substitution
in the integrand of Eq. (79) [Jackson, 1962]:

N
qBe” I T = ) | qufse /D, (81)

i=1

Similarly, radiation due to the motion of a continuous charge distribution, described by
current density j(r,t), can be obtained with the substitution

, 1 j
qﬁe—z(w/c)n-re(t) — E J‘d3rj(r7 t)e—zk~r7 (82)

which once again yields the general result given by Eq. (75).

Periodic radiation and frequency harmonics

Yet, another simplification occurs when we consider the periodic motion of radiating charges.
Then, periodic electric fields are produced, which can be written as

0 0

E(r,t)= Y Eu(r,t—nT) = f B,(r,t) 3 6(t—nT —t)dt, (83)

n=—oo n=—auo

where E, (r,t) is the radiation field that describes the electric field within a single period,
i.e., it is non-zero only for ¢t € (0,T"), where T' = 27 /wy is the period of the signal. The second
equality highlights that a periodic signal equals the convolution of a single period signal with
a Dirac comb [Riley et al., 2006; Jackson, 1962]. According to the convolution theorem, the
Fourier transform of a convolution of two functions is equal to the product of their Fourier

10Superposition of individual outgoing spherical waves, summed up over all frequencies.
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transforms [Riley et al., 2006], which gives the spectrum of the electric field

E(r,w) = B, (r,) J S 6(t— nT)e it (84)

n=—aw

= En(r7w) Z e—iwnT = wo Z En(ru w)d(w — TLCLJ()), (85)

n=—0uo n=—0uo

where we have used the Poisson summation formula (x) [Riley et al., 2006], which states
that the Fourier transform of a Dirac comb of period T is equal to a Dirac comb with
period wy = 27/T (up to a factor of wp). Eq. (85) makes it clear that the spectrum of a
periodic signal is spaced at integer frequencies, w, = nw,, which are called harmonics of
the fundamental frequency. The amplitudes of the harmonics, E,(r,w,), are given by the
Fourier transform of the single period signal evaluated at w = nwy, given as

ponwo e mkor J 2m/wo . inwo (t—2X) 33
E,(r,w,) = 10 t o(t=2) g3y dt. 86
(r,wn) ry P—— . n x (nxj(r,t)e r (86)

To convert the angular distribution of spectral energy to the angular distribution of power
radiated per harmonic, we multiply Eq. (75) by the repetition rate v = wy/27 and by the
fundamental frequency wy to obtain [Jackson, 1962]

2

27 /wo ] e
f n x (n x j(r, 6) e (=) @Br df| | (87)
0

dpP,  n’w
dQ  32miecd

An infinite periodic signal spectrum is given by a Dirac comb with periodicity wg. In much
simpler terms, the previous discussion reduces to the understanding that any reasonable
periodic function can be represented by its Fourier series. However, in reality, periodic signals
have a temporally finite envelope. In such a case, the harmonics have a finite bandwidth. Let
us assume that the signal is emitted for a duration of 7. Then, the spectral lineshape of the
individual harmonics can be obtained as

T

2
E,(r,wy) J entdt
0

E, ? =
B (r,w)] 5

— [En(r, wn) P T2sine? (W) . (89)

where E,, (r,wy,) is the electric field amplitude of the n-th harmonic given by Eq. (86) and
sinc(x) = sin(z)/z is the cardinal sine function. If we assume that the train of pulses is
emitted for a duration of T' = 27N /wy, where N is the number of periods of the signal, the
full-width-at-half-maximum (FWHM) spectral bandwidth can be written as [Attwood and

Sakdinawat, 2017]

Aw 1

= 89

Wn niN (89)
Compared to the bandwidth of the fundamental frequency, Aw = wy/N, the bandwidth of
higher harmonics is further reduced with increasing harmonic order by a factor of 1/n.

2.2.2 Relativistic aberration and searchlight effect

Let us now discuss a general property of radiation emitted by relativistic charged particles
known as relativistic beaming or relativistic aberration. We consider a particle with normalized
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2.2. Radiation from relativistic electrons

velocity ﬂ;, in the boosted frame R, which moves with normalized velocity £ in the positive x
direction with respect to the laboratory frame L. Then, the velocity components of the moving
particle are given in the laboratory frame by the inverse Lorentz transform of four-velocity,
as [Einstein, 1905; Jackson, 1962; Landau and Lifshitz, 1962; Attwood and Sakdinawat, 2017]

Bt B

Bep = %a (90)
Py

ARETCE ) o

where the velocity components are given as 3; , = 3,cos0" and 3| , = B, sind’, in the
coordinate system of the boosted frame R, where ' is the altitude angle at which the particle
propagates with respect to the 2’ axis. The angle under which the particle is seen to propagate
in the L frame is then given as

/ ! gin @' _ Y
R
ﬂz,p ’Y( z,p + B) ’V(Bp cos 0/ + ﬁ) ’Y(COSG + ﬁ)

where for the last equality, we have assumed that the particle is, in fact, a photon, which
travels at luminal velocity ﬁ;, = 1 in all reference frames. Let us consider that the radiation
is emitted along the y or z axis in the R frame. Then. sinf’ = 1 and cos# = 0, and the
relativistic case (8 ~ 1) then becomes

tanf = 1 ~ l (93)
o
Therefore, even radiation emitted in the perpendicular directions in the R frame is observed
to be collimated along x in the L frame within a radiation cone with an opening angle of
0 ~ 1/, as illustrated in Fig. 7. This is a consequence of relativistic aberration, known as
the searchlight or headlight effect.

An effective strategy to solve problems involving the motion of relativistic charges is to
calculate the radiation distribution (77) in the boosted frame of the particle (R), dW’/dQ'dw’,
and then transform it back to the laboratory frame of reference (L), dW /dQ2dw. We now
present the general procedure. The energy radiated at an angle 6’ in the R frame is given
by inverse Lorentz transformation in the L frame as dW = (1 + S cos 8’ )dW’. Frequency
transforms in the same way, w = v(1 + S cos§’)w’. Lastly, we are missing the transformation
for the solid angle differential, dQ2 = d cosfd¢. It now seems useful to express Eq. (93) in
terms of cosines, which is given by (90) for a photon, which propagates in the R frame with
speed |8,| = 1, as

cos® + 8
1+ Bcost’

Using Eq. (94), we can find that the solid angle transforms as d2 = d€?'/ [y(1 + 8 cos 8)]".
Combining all of the previous components with the identity v(1— 8 cos8) = 1/[v(1+4 S cos8')],
which can be easily verified using Eq. (94), we obtain that the angular distribution of radiation
transforms as'!

cosl = By p = (94)

aw 1 dw’
dQ  43(1 — Bcosh)3 AV’

(95)

11Gee [Jackson, 1962] or [Attwood and Sakdinawat, 2017] and references therein for more details on Lorentz
transformations of radiation energy distributions.
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Chapter 2. Theory of relativistic optics

Further, we can differentiate with respect to the frequency to obtain the angular distribution
of energy spectrum,
aw 1 dw’
dQdw  ¥2(1 — Bcosf)? dVdw’”

Finally, we need to transform the angular distribution of power. In that case, we need to find
the relationship between the observer time interval in the L frame and retarded time interval
in the R frame, which is the time that parametrizes particle trajectories in the R frame, e.g.,
Eqgs. (44) — (46). The time intervals between the two frames are related as dt = vdt’. However,
this equation relates only to observer time intervals in the two frames. To obtain the relation
between the observer time in L frame and the retarded time in R frame, we simply use the
derivative of the observer time with respect to retarded time used in the previous section,
Kk =dtops/dtret =1 —mn- B =1— [cosf. The relationship between the observer time in the
L frame and retarded time in the R frame is then dt,ps = (1 — B cos)dt..., and the angular
power distribution therefore transforms as

(96)

aw 1 aw’
dQdt — 44(1 — Bcos )4 dQdt’

(97)

Note that the power scales on-axis (cos @ = 1) for ultra-relativistic boosts as 1/[v*(1 — 3)*] ~
(27)*, since 1 — 8 ~ 1/(2v?). Additionally, it is useful to note that the relationship between
observer and retarded time can be approximated for ultra-relativistic particles close to their
propagation axis, as k = 1 — Bcosf ~ [1 + (70)%]/2~%

We are now equipped with various tools and techniques required to calculate radiation
emitted from charged particles in motion, for example, the laser-driven nonlinear orbits of
relativistic electrons given by Egs. (33) — (35).

2.2.3 Instantaneous circular motion

We now consider the case of radiation emitted by an electron performing instantaneously
circular motion. This is quite a useful problem to solve since any reasonable trajectory r.(t)
can be locally approximated by a circle with radius corresponding to the local radius of
curvature, which can be calculated as p(t) = |1 4 1/ (t)[>/?/ [r”(t)|. As we’ve noted within our
discussion of the radiation integral (77), radiation from a relativistic electron is observed only
in short bursts since it is collimated along the direction of motion. This often makes radiation
from instantaneous circular motion an excellent local (measured at some observation point P)
approximation to radiation emitted from a much more complicated trajectory at relativistic
velocities since most of the radiation detected by the observer comes from a tiny part of the
trajectory. Here, we only cite the results of the derivation, which can be found in [Jackson,
1962; Landau and Lifshitz, 1962], with emission geometry shown in Fig. 7,

2 2,2 w2 ) )
2w qy <> h+ﬁ®q[K%@ygﬁf%FK%@ﬂ7 (98)

We

dQdw  16m3egc3

where K, (z) is the modified Bessel function of the second kind [Gradshteyn and Ryzhik,
1965),

We = 5% (99)
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2.2. Radiation from relativistic electrons
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Figure 7: Illustration of the geometry of radiation emission from the instantaneous circular motion
of a relativistic charged particle, which is given analytically by Eq. (98) and shown in Fig. 8.

is the critical frequency, where p is the radius of curvature, and the argument is given as

3/2
w [1+ (19)?]

_ v ) 100
-2l (100)
The first term in the second square brackets of Eq. (98) corresponds to radiation polarized
in the orbital plane, while the second term corresponds to radiation polarized perpendicular to
that plane. These two components are visualized in Fig. 8. To obtain the angular distribution

of radiation energy analytically, we can integrate over the frequency to obtain

v _ JOO W gy T ! 142 _0oF (101)
dQ  Jo dQdw T 6dmeg p (1 4 (0)2)7? 71+ (70)2 ]’

where the first and second terms in the square brackets again correspond to orbit parallel and
perpendicular polarization. A curious observation follows: if we individually integrate the two
polarization terms in Eq. (101), we will find that the ratio of energy in the two polarizations
is exactly W) /W, = 7. The total radiation energy emitted per a single turn is explicitly

W=(27r)j W a0 =W + Wy = 20 .

102
., dQ (102)

64meg p 3¢ p

© AW 742 A4 [4 4 ] @ v*
A fundamental property of radiation emitted by relativistic electrons is confirmed explicitly
with Eq. (101) — most of the radiation is emitted along the trajectory within a cone that has
an opening angle 6 ~ 1/v, as shown in Fig. 8. Therefore, as noted previously, radiation from
relativistic particles is highly collimated along the particle trajectory. This is known as the
searchlight effect or headlight effect because the angular distribution of radiation looks similar
to the headlights of a car, as illustrated in Fig. 7. This also has significant consequences
for the temporal properties of observed radiation since it can be registered only when the
particle’s velocity points toward the observer over an angle of 6 ~ 1/+.
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a) Parallel pol. b) Perpendicular pol.
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Figure 8: Distribution of radiation energy (98) for (a) polarization parallel to the orbital plane,
and (b) polarization perpendicular to this plane. (¢) Normalized angular distribution of radiation
energy, given by Eq. (101). (d) Normalized radiation energy spectrum, given by Eq. (105).

Looking at geometry of Fig. 7, if the angle described by the particle along its trajectory
in retarded time is equal to ¢ = vt'/p, the particle will illuminate the observer within a single
turn only for a short time interval of At’ ~ p/(c7), since the angular width of the beam is of the

order 1/7. However, the observer sees its own time interval At ~ (dt/dt')At' = kAt ~ At /y2.

Therefore, the radiation pulse duration registered by the observer is given as

1
At ~ % - —, (103)

This agrees with the general properties of Fourier transform pairs since the energy spectrum
extends up to the critical energy w., which we will now show in detail. Integrating Eq. (98)
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2.2. Radiation from relativistic electrons

over the solid angle, we obtain the energy spectrum of the emitted radiation

dw " 2w 2%y [ w
- — QO = - 104
dw L dewd 96065 (wc> ’ (104)

where S(z) is the normalized energy spectrum, given as
VR
S(z) = STxf Ks3(n)dn . (105)

The normalized spectrum satisfies SSO S(x)dz = 1. Also, note that S(l) S(z)dx = 1/2, which
means that half of the total energy is emitted above the critical frequency (z > 1), and
half below (x < 1). The radiation emitted by a relativistic charged particle in instantaneous
circular motion is known as synchrotron radiation'? because it was first observed as visible
light emitted from a 70 MeV electron synchrotron by [Elder et al., 1947].

2.2.4 Periodic circular motion

Let us assume that the motion along the circle with radius p is not instantaneous but periodic.
According to Eq. (84), the observer, in this case, sees radiation bursts described by the
formulas presented in the previous section, with periodicity Ty = 27p/v, as shown in Fig. 9.
Since the signal is periodic, it can be decomposed into Fourier series, which is given in terms
of harmonics of the fundamental frequency wy = B¢/p. To obtain the spectral intensity of
the individual harmonics, we merely evaluate the energy distribution given by Eq. (98) for
w = wy = nwp and then multiply with the repetition rate v = v/2mp ~ ¢/27p and harmonic
frequency wg & ¢/p to convert energy radiated per unit frequency per solid angle into power
radiated per harmonic per solid angle, which gives

dpP, 2 a*w

- e . 1
dQ 2mp? dQdw (106)

W=Wn,

These results can be directly applied to the circularly polarized laser-driven electron orbits in
the boosted drift frame given by Eqgs. (44) — (46), where no longitudinal motion is present. This
corresponds to synchrotron radiation from an electron circulating with velocity ag/(v/27) at
a radius p = ag/(v/2k'y'), as shown in Fig. 10.

For any periodic motion of a relativistic electron which generates current j(r,t) =
—eB(t)0 [r —re(t)], Eq. (107) gives

2
dp, ?c n*w} 2m/wo inwo (t,m)
— = e /dt 107
dQ  4rmeq (2mc)3 L Arme ’ (107)
which can also be written in terms of a closed-loop integral over the trajectory
dP, ¢ nwj ) NE
no_ dr, ineo (1= 252) 108
dQ  4dmwege (2mc)? TJ;( rexm)e (108)

The angular distribution of power per harmonic emitted by a relativistic electron con-
ducting circular relativistic motion can be readily calculated using Eq. (108) as [Jackson,

12See [Attwood and Sakdinawat, 2017] and references therein for more details, historical overview, and
applications of synchrotron radiation sources and free electron lasers.
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Detected
Radiation

Figure 9: Schematic illustrating radiation emitted due to periodic circular motion of a relativistic
charged particle. The observer is placed at point P in the orbital plane.

1962]
dP,  ¢*c p*nwi [ cos®0

dQ  4dmey 2mc3 | B2sin? 6

J2 (nBsin @) + J/? (nfBsin 0)], (109)

where J,,(x) is the Bessel function of the first kind and J;,(x) is its derivative [Gradshteyn
and Ryzhik, 1965]. Here, the angle 6 denotes the polar angle with respect to the orbital
y — z plane (6 € [0,7]) shown in Fig. 10a, i.e. the observation vector n is perpendicular to
the orbital plane for § = 0, whereas in the radiation distribution for instantaneous circular
motion (98) it denoted the altitude angle from the orbital plane (6 € [—7/2,7/2]), where for
0 = 0 the observation vector n rested within the orbital plane. This variable change will
be useful when we discuss the laser-driven orbits, where the polar angle 6 will be the angle
between the observation vector n and the laser wave vector k. The first term in the square
brackets (~ J2) corresponds to radiation polarized in the y direction, while the second term
(~ J!?) corresponds to radiation polarized in the z direction. If the orbit is not circular but
instead consists only of oscillations along the y or z (see Fig. 11a,c), the second term is equal
to zero, and the radiation is polarized along the axis of oscillations. Note that polarization
along the x axis is also naturally present in the radiation near field, but this is neglected
within the far field approximation, and therefore Eq. (109) does not describe it.

It can be shown using the Nicholson’s formula for Bessel functions [Jackson, 1962;
Gradshteyn and Ryzhik, 1965] that Eq. (109) yields Eq. (106), with angular distribution
given by Eq. (98), in the ultra-relativistic limit v » 1. Note that while the electron orbits are
harmonic with wy (or wj and 2w( in the case of electron orbits driven by laser with linear
polarization in the boosted frame), the radiation is composed of all harmonics of wg, which
is due to the causal relationship between radiation emission and propagation expressed by
the retarded time, which modifies the phase factor in Eq. (77) with the term n - r.(¢)/c.
Without this, the observed radiation would contain only spectral components related to the
frequencies present in the orbital motion. The angular distribution of power per harmonic
from laser-driven orbits in the boosted drift frame (R frame shown in Fig. 10a) can be then
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2.2. Radiation from relativistic electrons

obtained by the following substitutions in Eq. (109), which is valid for the circular motion

in the R frame, p = ao/(v2k'Y'), 8 = ao/v',0 — 0" = ag/(\/2k), where v = /1 + a2/2. For
linear polarization, the procedure is not as subtle, as it also includes the second harmonic

longitudinal oscillations'3.

2.2.5 Boosted periodic circular motion

In the context of laser-driven relativistic orbits described in Sec. 2.1, we are ultimately
interested in the angular distribution of radiation in the laboratory frame, where the electrons
do not only perform oscillatory motion but also drift in the longitudinal direction (L frame,
shown in Fig. 10b), either due to the laser field or due to their initial velocity. The power
distribution of harmonics transforms according to Eq. (97) as

/

KL (110)
dQ  4*(1— Beosh)* AV
where dP/ /d€Y is given by Eq. (109) and all the dashed variables («’, ¢’) inside dP),/dQ) are
expressed in terms of the L frame non-dashed variables (w, #), as given by the inverse Lorentz
transform. For example, the sine of angles in Eq. (109) is expressed according to the formulas
on relativistic aberration, as sin@’ = (sinf/v)/(1 — B cosf). The harmonic frequencies are
given in the L frame as

nw,

T y(1—Bcosh) (111)

Wn

Nonlinear Thomson scattering

For electron orbits driven by circular polarization, we consider the R frame to propagate with

drift velocity B4 = a3/(4+a?) and Lorentz factor v4 = 1/4/1 — 82 = (1+ (ao/2)?)/+/1 + a2 /2.
The frequency of the laser in the R frame is given as w) = wo/y’, where v/ = /1 + a?/2.
Plugging into Eq. (110), we get the power distribution of harmonics as

a? 2
ap, (1 + 7") ar, (112)
0 4 70
de [1 + %g(l — cos 9)] de
and for the harmonics, we have
w, — il (113)

- - .
1+ 22(1 —cosf)
The angular distribution of total radiated power is then simply the sum of all the harmonics

P & dp,
dQ & da’

(114)

Radiation generated by the interaction of the free electron with laser field of relativistic
intensity, described by Eq. (114), is said to be a result of nonlinear Thomson scattering

13We guide the reader to the seminal work on nonlinear Thomson scattering — [Sarachik and Schappert,
1970], where scattering due to circular or linear polarization is calculated, in both the laboratory (L) and the
boosted (R) frame.
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a) Circular orbit (R frame) b) Helical orbit (L frame)
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Figure 10: (a) Circular orbits of electrons driven by circularly polarized laser with ap = 8 in the
boosted (R) frame, which propagates with the drift velocity 84 = a2/(4 + a3) along the z direction
with respect to the laboratory (L) frame. R frame trajectories are given by Egs. (44)—(46). (b)
Helical orbits of electrons driven by circularly polarized laser in the L frame, given by Egs. (33)-(35).
Angular distribution of power, calculated for the first two harmonics in the R frame (c) using
Eq. (109), and L frame (d) given by Eq. (110). The R frame moves with respect to the L frame with
the Lorentz factor v = 1/4/1 — 83 ~ 3, which corresponds to the opening angle § = 1/y ~ 20°, in
accordance with the radiation cone shown in (d).

[Sarachik and Schappert, 1970]. Electrons initially at rest scatter fundamental laser frequency
wp into harmonics given by Eq. (111), which are intensity red-shifted off-axis, i.e. for 6 # 0.
For ag « 1, the total power of the harmonics has the following leading term, P, ~ Iyora3™'4,
where Iy = eocEZ/2 is the incident laser intensity and or = (87/3)r. is the Thomson

scattering cross section, where r, is the classical electron radius.

14See [Sarachik and Schappert, 1970] for more precise prefactors.
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a) Linear oscillation (R frame) b) Sine orbit (L frame)
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Figure 11: Linear oscillatory orbits in the R frame (a) with corresponding power distribution (c).
Sine trajectory in the L frame (b) and corresponding power distribution (d). R frame moves with
respect to L frame with v = 3.

Nonlinear inverse Thomson scattering

Suppose the electrons are initially not at rest but propagate with some relativistic velocity
B towards a head-on collision with the incident laser. In that case, the laser frequency is
boosted in the R frame, as w(, = ywy(1 + 8) ~ 2ywp. Transforming back into the L frame, we

find the harmonics given by Eq. (111) enhanced by a factor of /(1 + 8)/(1 — 3) ~ 49?2, i.e.

42w

Wy, ~ — .
1+ (1 —cosb)

(115)

With the upshift factor included in the harmonics, Eq. (114) describes what is known as
nonlinear inverse Thomson scattering. This is illustrated in Fig. 11, which shows an electron
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propagating with v = 3 along the x axis in the L frame. If the electron performs linear
harmonic oscillations in the R frame'®, the power distribution and frequency harmonics
become boosted according to Egs. (110)—(111), where the R frame laser frequency is given
according to Lorentz transform, i.e., relativistic Doppler effect, as wf, = 7(1 + 3)wp.

Nonlinear inverse Compton scattering

Yet, the zoo of laser scattering processes grows even more complex. If, in the R frame,
the laser photon energy approaches the electron energy, hwj ~ 7'm.c?, the process is
called inverse Compton scattering. In this case, the conservation of energy and momentum
leads to non-negligible electron recoil, which changes the energy of scattered radiation.
The angular distribution of radiation can be calculated in the framework of quantum
electrodynamics [Di Piazza et al., 2012], a detailed discussion of which is beyond the intended
scope of this thesis, and patience of the kind reader'®. In addition, it is sufficient for quantum
effects to arise already if the local laser energy approaches the electron energy in the R frame,
nhw}y ~ y'mec?, such process is then called nonlinear inverse Compton scattering. For the
sake of completeness, we at least cite the result for the on-axis harmonics emitted due to
this process [Meyerhofer, 1997]

B 42wy
1+ 47271—"?‘:32 +ad’

(116)

Wn

The second term in the denominator enforces is due to the conservation of energy and
momentum and can be obtained classically from relativistic kinematics. However, the third
term is purely quantum due to a so-called electron mass shift.

In summary, we have discussed that relativistically intense lasers ionize matter and force
electrons to execute harmonic oscillations, the velocity of which can approach the speed of
light. We have shown that the motion of relativistic electrons always leads to a frequency
shift of emitted radiation compared to the oscillation frequency. Radiation sources based on
laser scattering from relativistic electron beams are known as inverse Compton scattering
(ICS) sources [Ta Phuoc et al., 2012; Corde et al., 2013], and currently enjoy the focus of
active research due to their immense potential for applications [Albert and Thomas, 2016;
Chaulagain et al., 2022]. The following sections discuss relativistic laser interaction with a
medium composed of many free electrons — plasma. As we will see, many of the radiation
features discussed until now will also apply to the collective motion of electrons within the
plasma.

2.3 Interaction of electromagnetic field with plasma

The interaction of plasma with electromagnetic fields is described by the coupled set of the
following partial differential equations: microscopic Maxwell’s equations (1)—(4), continuity
equation (5) and the momentum equation for both electrons and ions (10). We adopt the
Eulerian (fluid) description of plasma. In the Eulerian specification, we describe properties of

15This is true for counter-propagating laser with circular polarization, or linear polarization and ap « 1, at
which point we can neglect the longitudinal 2wg oscillations. We refer to [Sarachik and Schappert, 1970] for a
general treatment, which includes the 2wg longitudinal component. The most important consequence of the
general treatment for linear polarization is that odd harmonics are non-zero on-axis. In contrast, the even
harmonics are non-zero only off-axis.

16For recent summary and direction of quantum electrodynamics in the context of high-intensity lasers, we
refer to [Di Piazza et al., 2012; Blackburn, 2020].
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2.3. Interaction of electromagnetic field with plasma

plasma, such as momentum p, at every position in space and time, denoted by coordinates
x and t, respectively. This allows us to rewrite the Lagrangian derivative in terms of the
Eulerian coordinates as (d¢)ragr. = (0t + V- V) Buler - The closed set of equations can be
written out in Lorenz gauge as [Farina and Bulanov, 2001; Bulanov et al., 2013; Bulanov,
2021]

0%a
Aa — oz neB. — Znif;, (117)
0%
A(b_ ﬁ —ne_Zni7 (118)
Mo 4 T (naB) =0, (119)
ot

0

= (Po + 4a@) = =V (pa® + Vo) + By X V x (P, + qad). (120)

ot

The electron and ion variables are denoted by subscripts e and i, and « € {e,i}. In the
momentum equation (120), we have used the identity v x (V x p) = v~ !V|p|? — (v - V)p.
We have introduced the following normalizations to obtain dimensionless quantities

eA Pao 6(15 Vo ¢ Na

a = y Po s (b" 20 ﬁa: 3 t"wpety r — T, Ng > —), (121)
MeC Mg C MeC c Wpe N

where wpe = 1/€2ng/meep is the linear plasma frequency and ng is the homogeneous density
of the fluid components, which are initially at equilibrium. The number density of plasma
electrons n, is normalized by ng. In these units, the Lorentz factor for both fluids is
given as v, = 4/1 + |p,|?. We have also introduced the normalized charge-to-mass ratio
Po = — (qa/€) (Me/my ), where g, and m,, are the particle charge and rest mass of the fluid
component «. Specifically, for the electrons (o = e) we have ¢, = —e and m, = me, and for
the ions (a = i) we have q, = Ze and m, = m;, where Z is the ion charge number.

2.3.1 Ultrashort laser pulses and static ion approximation

In the following sections, we will be primarily interested in the interaction of plasma with
electromagnetic laser pulses on the femtosecond (fs) timescale; that is, we will study the
immediate effects that occur close to an ultrashort electromagnetic pulse propagating in
plasma. In this case, the ion contribution can be neglected, which is known as static ion
approximation, where we consider 8, ~ 0 and n; ~ 1. It is simple to verify that the electrons
are the main contribution to the current affecting the electromagnetic field at this timescale.
Lightest (in terms of ion mass m;) plasma can be created by ionizing hydrogen, yielding
protons as the ions, which carry the significantly larger mass of m, ~ 1837m.. For any
heavier stable element, the ratio of ion mass A to ion charge number Z will be at least twice
as large.

Eqgs. (117) — (120) describe the interaction of the electromagnetic field with cold colli-
sionless plasma [Chen et al., 1984], where we consider only microscopic interaction between
electrons, ions, and fields. At the timescale of ions 7 ~ 1/w,;, which is typically of the order
of picoseconds (ps)!?, the description of plasma dynamics should include the ion motion,
but potentially also pressure and temperature effects due to Coulombic collisions. These
are typically described by a more general kinetic theory of plasma [Chen et al., 1984; Arber

L7This depends primarily on the amplitude of the laser. A sufficiently strong laser can induce ion motion
on a faster timescale.
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et al., 2015], which is based on particle distribution functions, the evolution of which is typi-
cally solved for numerically ‘8. Coulomb collisions between individual electrons or electrons
and ions can be indeed neglected for relativistic laser-plasma interaction since collisional
cross-section follows o ~ 1/v*, where v is the relative velocity of two electrons [Chen et al.,
1984]. At relativistic velocities, electrons are more "slippery", and such collisions become
increasingly negligible, making the evolution of the macroscopic electromagnetic field the
primary mechanism behind the motion of relativistic electrons.

For simplicity, we now assume ions with Z = 1. As stated above, within the static ion
approximation, we solve only for the dynamical variables of the electron fluid, in which case
the closed set of equations (117) — (120) reduces to

0%a
Aa — w = neﬂ, (]‘22)
02%¢
A¢ — w = Ne — ].7 (123)
e G (noB) =0, (124)
ot

0
Cp-a)=V(6-)+xVx(p-a). (125)
Taking the curl of Eq. (125), we get identically V x V(¢ —7) = 0 and the remaining terms

become L
Ea[VX(p—a)]=V><[ﬂ><V><(p—a)]. (126)

The quantity Q =V x (p — a) is known as generalized vorticity [Chen et al., 1984; Hasegawa
and Mima, 1977; Bulanov et al., 2001]. Eq. (126) is a variant of the frozen-in fluz theorem for
generalized vorticity €2, sometimes also called induction equation. If 2 = 0 initially, before
the electromagnetic field enters plasma, Eq. (126) tells us that = 0 holds for all time. In
this case, we say that the plasma is initially irrotational and the vorticity of electrons is
bound to magnetic field lines, V x p = V x a = eB/m.c. For initially irrotational plasma,
Eq. (125) reduces to

L p-a)=V(6-1). (127)
According to Egs. (52) and (123), the scalar potential is determined by the electron (charge)
density distribution. Therefore, the first term V¢ describes the electrostatic space-charge
force arising due to a charge distribution. The second term —V+ is known as generalized
nonlinear ponderomotive force [Sprangle et al., 1992; Chen and Sudan, 1993].

Eq. (127) admits the solution p = a, which requires that the electrostatic space-charge
force is exactly compensated by the ponderomotive force, V(¢ — ) = 0. In this case, we have
exactly v = 4/1 + |p|2 = 4/1 + |a|?, and the ponderomotive force becomes fyona = —V7y =
—%V|a|2. The ponderomotive force pushes electrons out from the regions of high intensity
to regions of low intensity. More precisely, the force is strongest when the gradient of the
radiation intensity (V]a|? ~ VI) is largest [Sprangle et al., 1992; Chen and Sudan, 1993]. At
the same time, an electrostatic field emerges due to the created space-charge inhomogeneity,
which creates an equal and opposite force that pushes the electrons back into the region from
which the ponderomotive force expelled them. For transverse components of momentum,

18For a review of the kinetic theory and algorithms for numerical solutions known as particle-in-cell method,
see Refs. [Birdsall and Langdon, 2004; Arber et al., 2015].
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2.3. Interaction of electromagnetic field with plasma

P, = a also holds in the case when the laser beam is transversally large, in which case the
transverse derivatives can be neglected. We also satisfy V(¢ —v) ~ 0. Note that these
electrostatic fields, which arise due to the collective motion of plasma, act to cancel the
longitudinal drift that is present in the motion of free electrons interacting with relativistic
electromagnetic field (28) [Gibbon, 2005].

Creating such electrostatic fields with the strength of the order comparable to pondero-
motive force due to laser fields is an essential feature of relativistic laser-plasma interactions.
A laser pushing with ponderomotive force on plasma through which it propagates creates a
copropagating electrostatic field due to space-charge force. If charged particles are injected
into the correct phase of the copropagating electrostatic field, it can act as an accelerator.
In the case of electrons, this is known as laser wakefield acceleration (LWFA) [Tajima and
Dawson, 1979; Andreev et al., 1992; Pukhov and Meyer-ter Vehn, 2002; Esirkepov et al., 2006;
Lu et al., 2006; Lu et al., 2007; Esarey et al., 2009; Bulanov et al., 2016a], where accelerating
gradients four orders of magnitude larger than those produced in conventional radiofrequency
accelerators can be achieved [Dawson, 1959; Faure et al., 2004; Geddes et al., 2004; Mangles
et al., 2004], enabling compact laser-driven acceleration of electrons to multi-GeV energies
in centimeter-scale plasma [Kim et al., 2013; Leemans et al., 2014; Gonsalves et al., 2019;
Aniculaesei et al., 2024]. Plasma can be, therefore, used as an efficient optical rectifier. This
concept will be discussed in more detail in the following sections.

2.3.2 Relativistic transparency

Let us now focus on the evolution of an electromagnetic wave when the ponderomotive
and the space-charge force compensate each other, i.e., p = a. The Lorentz factor is then
v(r,t) = 4/1 + |a(r,t)|?. Using that the velocity of the electrons is now 8 = p/y = a/v, the
wave equation (123) can be written in the form of Klein-Gordon equation (in dimensional
units), as

(cQA i we . (r, t)) a(r,t) =0, (128)

where wy,» = wpe/4/7 is the inhomogeneous relativistic plasma frequency, which can vary in
both space and time since both the Lorentz factor v and the electron density n. are generally
functions of space and time coordinates. To obtain the dispersion relation of electromagnetic
waves, we now consider only a single monochromatic plane wave propagating in plasma,
a(r,t) = agexp(ip), where the phase of the wave is given as ¢ = k - r — wt. We get the
following dispersion relation, valid for any constant amplitude ay,

(=P + w? — w;%,'r‘) ap =0, (129)

in other words,
w? = Pk + W . (130)

Note that the dispersion relation (130) derived from the wave equation for A must indeed
equal the dispersion relation for the linear waves described by the real fields E and B, since
their phase can differ from the phase of A only up to a constant phase shift ¢g, which is
determined by the derivative of A, according to the definition of the real fields (6) — (7).
A particular phase front propagates according to ¢ = const. For example, the first crest of
the wave satisfies ¢ = 0, i.e., k- r = wt. If we choose the coordinate system such that axis
x is parallel with the wave vector k, we can get the velocity of this phase using dispersion
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Chapter 2. Theory of relativistic optics

relation (130), referred to as phase velocity [Born and Wolf, 1959],

dr w
Up = — =

_dz _ 131
T (131)

<
n
where we have introduced the refractive index of inhomogeneous relativistic plasma [Gibbon,
2005]

n(r,t) = (“’L)Q = 1=l (132)
w YN

where n, = w?egm,/e? is the critical density. The phase velocity of electromagnetic waves
defines two regimes of interaction. For w > w, », the phase velocity is real, and the wave can
travel in plasma, which is therefore described as relativistically underdense. For w < wy, r,
the phase velocity is imaginary, and the wave is reflected upon entry into the plasma; such
plasma is described as relativistically overdense. Within the plasma, the evanescent wave
has the wave vector magnitude k ~ iw, »/c = i/d, » [Chen et al., 1984]. The electromagnetic
field can, therefore, penetrate the plasma upon entry from vacuum up to a length which is
approximately equal to the relativistic skin depth 6, , = c¢/w, . In a non-relativistic scenario,
where v ~ 1, we retrieve the well-known behavior of plasma or ideal metals, where waves
with frequency smaller than the linear plasma frequency become reflected from the metal
back into vacuum [Born and Wolf, 1959].

For the superposition of monochromatic waves, the velocity of such an electromagnetic
pulse corresponds to the slope of the dispersion relation (130), known as group velocity [Born
and Wolf, 1959],
= g—: = cn, (133)
where the last equality is valid specifically for plasma. The phase and group velocities in
plasma, therefore, satisfy v,v, = c?. Note that the phase velocity in plasma is larger than
the speed of light, v, > ¢, since n < 1. Fortunately, causality is preserved if we understand
that information can propagate between two spacetime events only through changes in the
electromagnetic field, which correspond to electromagnetic pulses propagating with group
velocity (133), which is smaller than the speed of light.

While we have derived the refractive index for a monochromatic wave, this result can be
generalized to an electromagnetic pulse with a slowly varying envelope. Averaging Eq. (128)
over a single laser cycle, we get an equation for a slowly varying amplitude envelope ag(r,t),
with a refractive index that has the same form as Eq. (132), except that now the Lorentz
factor is averaged over in time and polarization independent. Such averaging over the laser

envelope amounts to the following simple substitution, v — vy = 4/1 + {|a|?) =4/1 + %, in
Eq. (132).

A laser pulse can therefore penetrate even overdense (n. > n.) plasma when vg > n./n..
This is a unique feature of relativistic optics known as self-induced relativistic transparency
(SIT). For ultra-relativistic amplitudes with ag » 1, we have 4y ~ ag/+/2 and from Eq. (132)
the condition for SIT takes a simple form [Kaw and Dawson, 1970]

Vg

ap > V2. (134)
e

Another kind of wave that can propagate in plasma, apart from the electromagnetic wave
with a # 0, is the electrostatic wave with a = 0. These waves do not carry magnetic field,
since V x a = 0, and the Lorenz condition gives ;¢ = ¢V - a = 0. Therefore, Eq. (123)
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2.4. Relativistically underdense plasma

reduces to Poisson’s equation, A¢ = n, — 1. If we consider a plane wave solution for the
scalar potential, ¢ ~ exp(ik - r — iwt), we can linearize Eqgs. (122) — (125) to obtain the
following dispersion relation for electrostatic waves propagating in plasma, w = wpe [Chen
et al., 1984; Gibbon, 2005]. This tells us that the wave vector k is not determined by the wave
equation for scalar potential, and the phase velocity v, = w,/k may have arbitrary values.
This also means that the group velocity (133) equals zero. These waves are known as electron
plasma waves since they exist thanks to the plasma electron density modulations given by the
right-hand side of Poisson’s equation. Additionally, from the definition of the scalar potential,
we see that the waves are longitudinal, since the electric field is polarized in the direction
of wave motion, E = —V¢ = —ik¢. Since the longitudinal plasma waves can propagate
even with v, < ¢, they are the key that unlocks plasma-based acceleration of well-injected
charged particles to relativistic velocities [Tajima and Dawson, 1979]. Also, this electrostatic
field is responsible for canceling the longitudinal drift of free electrons [Gibbon, 2005]. The
averaged Lorentz factor of laser-driven plasma electrons initially at rest is, therefore, smaller
in plasma, as shown above. It can be related to the averaged Lorentz factor of free electrons
as <7free> = <’yplasma>2. Note that this does not mean that vacuum acceleration is more
efficient. As we will show later, electrons injected into the accelerating phase of the wave can
achieve significantly higher energy.

The nonlinear refractive index given by Eq. (132) foreshadows that relativistic laser-plasma
interactions can yield abundant nonlinear optical effects, such as the already introduced
self-induced transparency. The refractive index also clearly splits the remaining physical
discussion into two different cases: a) relativistically underdense plasma (w > wpe/4/7), where
the laser freely propagates, and b) relativistically overdense plasma (w < wp. /\ﬁ), where
region of interest narrows down to the surface of the plasma target, from which the laser
field must reflect according to the refractive index. Therefore, the following sections reflect
this disjunction, and we focus on these two cases individually, with a selection of topics.

2.4 Relativistically underdense plasma

When the plasma is relativistically transparent, we return to the wave equation (128) to
understand the nonlinear evolution of the laser field throughout its propagation. The laser
propagates in plasma with normalized group velocity S, ~ cko/wo. It, therefore, seems
convenient to express wave equation (122) in terms of the following coordinates, t = 7 and
& = z — vgt, where ¢ is the copropagating coordinate which measures the relative distance
from the propagating laser pulse. The derivatives transform as

0 _o0¢d ord 0 0

o " ace " aror . e ar
o o oro 0
T moe Taar e (136)

(135)

which gives us the wave equation!® as [Bulanov et al., 1992; Decker et al., 1996; Mori, 1997;
Bulanov et al., 2001]

1, 2 P
V2 oe +Vv2 +2,Bg—a£aT — 672] a = nefe, (137)

19Tn normalized units as before — length is given in units of c¢/wpe, and time in units of 1/wpe.
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Chapter 2. Theory of relativistic optics

where v4 = 1/4/1 — 53 is the Lorentz factor of the laser pulse and 3, is the normalized

group velocity. The first term on the left-hand side of Eq. (137) disperses the laser pulses
longitudinally. The laser pulse is longitudinally increasingly more stable in the relativistic limit
74 > 1. This is equivalent to propagation in low-density plasma, since (vy/c)? & 1 — (wpe/wo)?.
The second term is responsible for the transverse modulation of the laser beam. As we will
show later, this can lead to nonlinear effects such as self-focusing [Litvak, 1970; Bulanov
and Sakharov, 1991; Sprangle et al., 1992; Chen and Sudan, 1993; Askaryan et al., 1994;
Bulanov et al., 1995], which can enable self-guiding of the laser on distances significantly
larger than the typical Rayleigh length. The third term describes variations in the laser
group velocity, and the fourth term is responsible for fast variations of a forward-going wave
and can be typically neglected. The right-hand side is once again the source term. In the
previous sections, we have shown that the transverse momentum can be taken as p = a for
ponderomotive and space-charge force compensation or one-dimensional approximation. In
other scenarios, it is nevertheless the leading order contribution [Esarey et al., 2009]. We
therefore take 8, ~ a/7..

Let us now consider a forward propagating wave with the following normalized vector
potential a(r, &, 7')6““5, where a is the envelope of the laser which evolves slowly in time and
r = +/x? + y? is the transverse distance from the beam center. We assume that v, » 1, and
the wave equation (137) in the slowly varying envelope approximation?’ (SVEA) can be
written as 5 o

n

[2“"0@7 + V3 + Qﬂg@ a= 7a (138)
It is helpful to note that the source term on the right-hand side is related to the refractive index
of plasma (132), as (ne/7e)a = n.(1 —n?)a, which can help draw analogies between Eq. (138)
and well known nonlinear optical effects based on modulations of refractive index [Mori,
1997]. We see that the refractive index, as well as group and phase velocities, can be altered
by changes in plasma density and laser amplitude or frequency [Esarey et al., 1990; Bulanov
et al., 1992; Mori, 1997].

We first assume the quasistatic approximation [Gibbon, 2005] to see how the plasma evolves
with the laser pulse as it propagates. This approximation assumes that plasma electrons
evolve on a much faster timescale than the laser envelope, allowing us to approximate changes
in plasma quantities as instantaneous, i.e., for normalized potential d;¢ ~ 0. Additionally, we
assume that the plasma response is due to a wide laser beam (k,wo » 1, where wy is the laser
waist), allowing us to approximate the transverse changes of the beam with respect to the
longitudinal ones as V| ¢ < 0¢¢. The continuity equation (124) in the Eulerian coordinates
then becomes 0¢gn.(By — fBe) = 0, where we have assumed that the transverse modulations
of the plasma are negligible. Assuming that the plasma is at rest at £ = 0, we have after
integration (in normalized units) n. = 1/(1 — B¢/8,). Note that the plasma density diverges
for electrons approaching the group velocity of the laser pulse. This divergence indicates a
singularity in the fluid description of the dynamics. It corresponds to so-called wave breaking,
through which individual electrons become released from the fluid-like motion of plasma.
Similarly, we can integrate the longitudinal component of the momentum equation (127) to
obtain the following constant of motion of plasma electrons,

Ye(1 = BgBe) =1+ ¢. (139)

20This approximation assumes that the laser pulse evolves slowly compared to the plasma electrons, and
therefore it neglects the second derivative with respect to time in Eq. 137.
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2.4. Relativistically underdense plasma

Plugging these into Eq. (123), we get the following equation for the evolution of the
plasma waves [Esarey et al., 1997

P, 1+a2 \
8762 =Yg lﬂg <1 - 73(1 +¢>2> -1 -p (140)

where v, = 1/,/1 — (2 is the Lorentz factor corresponding to the velocity of the wave

coordinates, and p is the externally injected charge distribution propagating within the
plasma, and a = |a| is the magnitude of the normalized vector potential. To simplify the
following discussion, we assume the ultra-relativistic limit v, » 1, i.e., low-density plasma
and vy ~ ¢, and p ~ 0, i.e., no external charged particle beam is injected into the plasma?!.
The ultra-relativistic approximation neglects the effects of plasma wave breaking, i.e., plasma
wave steepening due to the accumulation of electrons as they approach the phase velocity
of the plasma wave, 8. — (3, [Bulanov et al., 1992; Bulanov et al., 1998; Bulanov et al.,
2001; Panchenko et al., 2008]. Now, we are primarily interested in describing plasma waves
copropagating with a laser pulse.

The nonlinear plasma wave equation in the ultra-relativistic limit simplifies to the following
form [Bulanov et al., 1989; Berezhiani and Murusidze, 1990; Esarey et al., 2009; Bulanov
et al., 2016a; Bulanov, 2021]

04 1 /[ 1+a?
s (o) o

Assuming a laser pulse with constant amplitude a = const., and that the plasma is
undisturbed at the pulse front, ¢(& = 0) = de¢p(€ = 0) = 0?2, Eq. (141) can be integrated to
get the following equation for the longitudinal electric field (E) = —0¢¢) as

o (00\®  ¢(a®—¢)
g () o0 (142

Indeed, this is the equation for an oscillating electric field; the condition for the existence of
periodic solutions is given by ¢” = 0, which can be easily checked to be equivalent to a? > 0.
This condition is satisfied for any laser pulse shape or amplitude. Therefore, plasma waves
are excited and copropagate with any laser pulse in plasma. Additionally, we see that the
potential oscillates within the laser pulse between the values ¢min = 0 < ¢ < dmax = a>. To
calculate the wavelength of the plasma wave, we invert and integrate Eq. (142) to obtain an

implicit solution
¢ 1+
£(¢,a® :f ————dep. 143
( ) o \ pla® =) (143)

The roots of the electric field of the oscillating plasma wave are given by the condition
¢’ = 0, which gives their presence from Eq. (142) at the points where either ¢y, = 0 or
Omax = a?. Integrating the implicit solution from ¢ = 0 up to ¢ = a2, we get the distance
between the first two zeroes of the electric field, which yields the following formula for the

21Gee contents of paper B.2 for an overview of beam-driven plasma wakefields.
22T0 obtain analytical results which qualitatively describe properties of plasma waves excited by more
realistic pulse shapes, we are considering a flat-top laser pulse shape for the moment.

41



Chapter 2. Theory of relativistic optics

a) aop=1,y=100, lp =Aul2

norm. units

norm. units

c) a0=1,y=100,lp= A,

2_
i
£
S 1 A
£
S o

_1 T T T T

—2.5 -2.0 -15 -1.0 -05 0.0

(x — cB)/A,

Figure 12: Numerical solutions of Eq. (140) showing the effect of laser pulse length
I, on plasma wave excitation. Normalized laser amplitude (blue), normalized electron density
(black), longitudinal electric field (red) and Lorentz factor of the plasma electrons (grey, dashed) for
different pulse durations: I, = lopt = A\w/2 (), I, = 5\ /6 (b) and I, = Ay (¢), which corresponds to
the no-wakefield condition. Since the ultra-relativistic limit applies (7., = 74 = 100), the wavelength
of the interior plasma wave is given by Eq. (144), and the electric field amplitude of the wake plasma
wave is given by Eq. (147). The plasma wave amplitude is largest in the optimal case (146).

nonlinear plasma wavelength A, [Bulanov et al., 2016a],

Aw €(¢max, J / 1+<p d a2), (144)
pe

where E(k) is the complete elliptic integral of the second kind [ Gradshteyn and Ryzhik, 1965],
and Ape = 2mc/wy. is the linear plasma wavelength?®. In the limit a3 « 1, the wavelength
reduces to the linear plasma wavelength A\, ~ A,.. In the large amplitude limit a2 » 1,
the plasma wavelength is elongated, as Ay, & Ape(2ap/7). In the same manner, we can find
the amplitude of the electric field from the condition E' = —¢” = 0, which occurs when
¢+ = V1 + a?® — 1. Plugging this into Eq. (142), we get the electric field amplitude of the
interior laser-driven plasma waves as Ey.x = V1 + a? — 1. Therefore, the laser amplitude
directly dictates the nonlinearity of the electron plasma wave response.

We note that plasma waves can also be excited in the wake of a laser pulse. Such a

>

23)\pe = 27 in the dimensionless units used throughout the derivation.
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2.4. Relativistically underdense plasma

plasma wave is often referred to as laser wakefield. If we consider a laser with pulse length
Lputse = lopt = Mw/2 such that it ends exactly after the first half-cycle of the plasma wave,
@' (—lopt) = 0, the electrostatic potential at the trailing edge of the pulse becomes maximized,
(—lopt) = a?. Taking these values as the boundary conditions for the evolution behind the
laser pulse, we integrate Eq. (141) again to obtain an equation for the longitudinal electric
field of the wake wave

5= (%) =@ -0 (' graea) (149)

Note that the potential maxima and minima in the wake can be obtained as ¢max = a® and
Pmin = —a2/(1 + a2). Indeed, the potential is also maximized in the wakefield due to our
choice of pulse length. That is, any other choice would produce ¢max < a2. The condition
for resonant wakefield excitation can be, therefore, formulated in terms of the following
requirement for the optimal pulse duration

Aw
lopt = 5 (146)

with the nonlinear plasma wavelength A\, given by Eq. (144). The optimal pulse duration
also implies that a flat-top pulse with a length of [, = 2[,,; excites no wakefield. An interior
plasma wave is excited, but at the pulse rear, which equals a full cycle of the plasma wave,
we have ¢ = 0. That is, the pulse does not transfer any energy into the wake. While this is,
in principle, possible, the interior plasma wave modulates the refractive index. This quickly
changes the flat-top pulse shape such that the no-wakefield condition I, = 2, is quickly
broken, and wakefield amplitude grows. This is shown in Fig. 12, which shows excitation
of both the interior plasma wave with wavelength given by Eq. (144) and the plasma wake
wave.

The potentials corresponding to the minima and maxima of the oscillating electric field,
E = —¢/, were derived above as ¢4+ = ++v/1 + a? — 1 from the condition ¢, = 0. Plugging
¢+ (with a® = 0 for the wake region) into Eq. (145), we find that the longitudinal electric
field of the plasma wave oscillates between the values —F.x < E < FEpax, where the electric
field amplitude of the wake Fy,.x is given in dimensional units as

MeCWpe a?

e V1+a?2

It is also useful to note that for weakly relativistic lasers with a? « 1, Eq. (141) can be
linearized, since ¢ < a? « 1. The result is the following linear equation for plasma waves
(valid for a? « 1),

E max —

(147)

2 2
%+¢:& (148)

2
Solution for arbitrary laser pulse shape can be then found immediately through convolution
of the right-hand side with the fundamental solution of the equation, ¢o(§) = 0(&) sin(§)
where 0(&) [Riley et al., 2006] is the Heaviside theta function [Gradshteyn and Ryzhik, 1965],
as (in dimensional units)

a*(¢)
2

3
0€) =k, [ sin e - 0] 5 ag (149)
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where k. = ¢/wpe is the linear plasma wave number. In the linear regime a? « 1, analytic
solutions can be readily obtained by evaluation of Eq. (149). Longitudinal electric field and
electron density then follow from the first and second derivative of the normalized potential,
E| = —0d¢¢ and on. = (7g¢. We continue the discussion of laser-driven plasma waves in
section 2.4.4, where we expand the discussion of their properties in the context of laser
wakefield acceleration.

We now return to discuss the effect of copropagating plasma waves described above on
the laser pulse evolution. We proceed to reveal a crucially important conservative property
of electromagnetic pulses propagating in plasmas with slowly evolving envelopes. First, we
multiply the equation for the evolution of the vector potential envelope (138) by the conjugate
of the complex envelope a* and then we add the complex conjugate of the resulting equation,

we obtain 5 5 - ] )
p [|a|2 - i% (a*(,;g - a%)] = %aVia* — %a*Via. (150)

Note that the source term on the right-hand side of Eq. (138) is now canceled out. Integrating
over the beam area 772, we get [Gibbon, 2005

* 0 o By [ 02 Ja* 2 _ T * 2 % 72
WJO 07’[|a| _ZuTo (a 875_365 )]dr =5 . (aVLa —a Vla)Zrdr (151)

= JOO a* a—2+1£ ar —c.c.|dr = 'JOO r
—mo 52 T )ar—ce r—mo

Therefore, we see that Eq. (138) has the following integral of motion

To clearly understand the conserved quantity, we rewrite the normalized complex amplitude,
without loss of generality, in the form a = |a|e?”(¢7), Reminding ourselves that the instan-
taneous frequency of an electromagnetic pulse is defined as a time derivative of the phase
o(z,t) = wot — v(z — Byt t), explicitly written as

2
—-Tr

(?j
or

é’j
or

2) dr=0. (152)

w(t) = dy

ov
- - n (154)

we can rewrite Eq. (153), after integrating over the longitudinal coordinate &, in the following

form 5 - 5
7J Wf la2wdr? ) dé —J|a|2wd3r _o. (155)
57 0 57’

Since the electric field envelope (in normalized units) is |E| = |a|w, the integrand can be
interpreted as photon number density, |a|?w = |E|*/w = £/w, where € is the energy density
of the electromagnetic field. This quantity is sometimes referred to as wave action density,
which has the form of an adiabatic invariant J = £/w [Chen et al., 1984]. Therefore, the
total wave action (photon number) is conserved [Bulanov et al., 1992; Mori, 1997; Bulanov
et al., 2001],

J|a\2w d®r = const. (156)

In other words, the conservation of wave action (156) can be interpreted as the conservation of
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total photon number, which states that if a slowly evolving electromagnetic pulse propagating
in plasma loses energy, the frequency of the laser must decrease proportionally. This effect is
known as pump depletion, which we will discuss in more detail later. Over time, this effect
redshifts the entire spectrum of the laser as it propagates through plasma?*. Eq. (156) can
be estimated as a?wr?L = const, where a = |a| is the amplitude envelope and L is the pulse
length. We see that the amplitude of a laser propagating in plasma can be affected by slow
changes both in size and frequency. For example, the amplitude can be increased through
either longitudinal compression (L | = a? 1), transverse focusing (r2 | = a% 1), or
frequency redshift (w | = a? 1). Using Eq. (153), we may also obtain the following rate of
change of the transverse electromagnetic field energy

P o (E?

where the transverse electromagnetic field energy density is given as £, = E? /2 = (—d:a)?/2 =
(0r|a|* —20;a- dca +20¢|al?)/2 and the longitudinal electric field is given as Ej| = —0¢(1+ ¢).
Using Gauss’ law, the right-hand side can also be expressed as 8§Eﬁ /2 = —on.E), where
—0¢ B = 0ne = n. — 1 is the normalized electron charge density perturbation. We can now
make a general observation: a local loss of laser pulse energy requires in an equal manner two
things: a) the presence of charge density perturbation dn. and b) the longitudinal electrostatic
field £. Both of them arise through the laser-driven electron plasma waves discussed before.

The physical picture of the laser pulse evolution can be obtained by considering mod-
ulations of the plasma refractive index [Mori, 1997]. In general, the laser pulse evolves in
the plasma due to spatiotemporal changes in the refractive index, which can occur from
the excitation of electron plasma waves discussed above or from other effects, which we
will discuss momentarily. The refractive index (132) can be expanded for relativistically
underdense plasma (n./yn. « 1) as [Decker et al., 1996; Mori, 1997]

v 1/n
=" ~q (L 158
) = 2 x1- g (22, (158

e

where v = 4/1 + a2/2 is the averaged Lorentz factor of plasma electrons and ao(r, ) is the
averaged amplitude of the normalized vector potential. The phase velocity (131) is then given

(in dimensional units) as
%z1+1<"e). (159)
c 2 \ .

Generally, the laser pulse evolution can be described briefly as follows: transverse evolution
occurs due to transverse modulation of phase velocity, longitudinal evolution occurs due to
longitudinal modulation in group velocity, and frequency shift occurs due to longitudinal
modulation of phase velocity. These effects can also be directly described by solving Eq. (138).
The role and timescale of the individual terms on the left-hand side are then estimated by
keeping only one term at a time and comparing the amplification factor’s time dependence
with the refractive index’s initial perturbations [Bulanov et al., 2001].

24We remind ourselves that this result was obtained only for lasers with envelopes that evolve adiabatically,
i.e., slowly in time with respect to the laser phase which evolves on a timescale ~ 1/wg.
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2.4.1 Stimulated Raman scattering and nonlinear laser depletion

From our discussion of plasma waves, it is clear that even weakly relativistic pulses introduce
refractive index modulations due to the occurrence of plasma waves copropagating with
the driving laser pulse. The electron plasma waves evolve fast (7 ~ 1/w,.) and can seed a
host of instabilities within the laser pulse [Forslund et al., 1975b; Bers, 1983; Decker et al.,
1996; Mori, 1997; Bulanov et al., 2001; Gibbon, 2005], which can quickly modulate and
erode the laser pulse envelope [Forslund et al., 1985; Bulanov et al., 1992]. Plasma wave
seeds can also arise from thermal fluctuations of electrons, which occur even ahead of the
laser pulse. The fastest instability (and therefore the most relevant one for ultrashort laser
pulses) is the stimulated Raman scattering (SRS) [Forslund et al., 1975b; Forslund et al.,
1985; Antonsen and Mora, 1992; Darrow et al., 1992; Mori, 1997]. The slower stimulated
Brillouin scattering (SBS) could also grow from an ion acoustic wave seed in a long laser
pulse [Chen et al., 1984]. However, for ultrashort laser pulses it can be neglected as long as
the static ion approximation holds.

SRS occurs due to the presence of small amplitude electron plasma waves, which can
modulate the refractive index at the frequency of wy., a time (length) scale much shorter
than the typical Rayleigh diffraction time (length) 7 = zg/c [Bulanov et al., 2001], which
is the natural time (length) scale for the slowly evolving laser envelope [Born and Wolf,
1959]. SRS can be described in the wave-wave interaction picture. An electromagnetic pump
wave with (wo, ko) is scattered by a seed plasma wave with (wpe, Kpe ), which is then further
reinforced by the ponderomotive beating between the pump and scattered waves (w4,k4).
The linearization of the wave and fluid plasma equations yields the following phase matching
conditions for the scattered waves [Forslund et al., 1975b; Bers, 1983; Decker et al., 1996;
Mori, 1997; Bulanov et al., 2001; Gibbon, 2005]

w Wpe; (160)
k Ky, (161)
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where the + corresponds to the anti-Stokes and Stokes shift of the pump wave, respectively,
both of which are allowed in the first-order linearization of the wave equation [Bers, 1983].
Note that, since we have in underdense plasma wp > wpe, the wave must have frequency
of at least wy > 2wy, such that a scattered wave with wi > wp. and a plasma wave with
wpe can be generated. This sets the condition for plasma density in which SRS can occur
as n. < n./4. It was experimentally verified that for pump waves scattered from nonlinear
electron plasma waves, the amplitude-dependent nonlinear plasma wave frequency should be
used for the phase-matching conditions, i.e., wWpe — wp,r = Wpe/4/7, Where v = /1 + a3 /2.
We note that scattered waves themselves can undergo SRS, which leads to cascading that
creates frequency sidebands at wgy & nwye, where n is an integer.

In the case when the scattered wave is nearly parallel with the pump wave, k4 ~ ky,
we have k. « kg. This scenario is known as the stimulated forward Raman scattering
(SFRS). This instability leads to longitudinal modulation of the laser pulse, with modulation
wavelength A,. ~ 2mwc/wye. The growth rate of SFRS can be obtained through standard
instability analysis as [Forslund et al., 1975b; Kruer, 1988; Decker et al., 1996; Gibbon, 2005]

Isrrs 1 wpe o

—_ 162
Wpe V8 wo 1+ aj/2 (162)

The characteristic rise time of the laser pulse modulation is of the order 79—¢ ~ 1/ (Tp'y%),
where 7, is the laser pulse duration. The resonant growth of the plasma wave makes SFRS
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crucial in LWFA since the laser pulse excites a strong copropagating longitudinal field.
Note that the growth rate has a maximum for ag = +/2, and drops off as ~ 1/ag for
ag » 1. Yet, phase matching enables SRS under any angle. For small angles close to the
propagation axis (6 ~ 1/(kpwo) « 1), the stimulated side Raman scattering (SSRS) can
also affect the laser beam in the transverse direction, in a time of the order crycg«1 ~
(zr/c) x (P/P.)" Y2 x (wpeTy) Y2, where zg = kow?/2 is the Rayleigh length, P is the laser
power and P, is the self-focusing critical power, which will be calculated in the next section.
It was shown [Andreev et al., 1992; Esarey et al., 1994; Decker et al., 1996; Mori, 1997] that
longitudinal instability due to electron plasma wave seed dominates when 4wg/wp. < kywo,
while transverse instability dominates when 1 + a2wper, < [4wo/(wWpekpwo)]®. In the case
when the following inequality is satisfied [Bulanov et al., 2001]

4 2
1« (w0> < AgWpeTp, (163)

Wpe RpWo

the laser pulse evolves in two stages. In the first stage, the instability starts as a longitudinal
modulation. In the second stage, the transverse modulation of the laser spot size domi-
nates. The transverse modulation always evolves faster than the Rayleigh diffraction time if
(16P/P.)wpetp > 1

In addition to stimulated forward and side Raman scattering, the scattered wave can
also propagate antiparallel to the laser wave vector, k4 ~ —kq. Since the instability growth
requires a copropagating plasma wave, we may neglect the anti-Stokes wave as non-resonant,
which gives us phase matching for the Stokes backscattered wave k, ~ —kg and therefore
k,e ~ 2kg. This is known as stimulated backward Raman scattering (SBRS). The growth
rate can be obtained as [Forslund et al., 1975b; Kruer, 1988; Darrow et al., 1992; Decker
et al., 1996)

(164)

Wpe 2
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Note that the growth rate has a maximum for ag = 2, after which it drops off as I'sgrs ~

agy 173, By direct comparison, we see that SBRS is significantly faster compared to SFRS,

Tsprs/Tsrrs ~ (wo/wpe)4/3ag/3. A steady-state solution is established inside the pulse in a
time of the order of the pulse duration [Bulanov et al., 2001].

SFRS and SBRS growth rates drop off with increasing ag. This could lead us to conclude
that SRS does not play a significant role in the modulation of intense laser pulses with
ag » 1. Indeed, in this case, nonlinear pumyp depletion [Bulanov et al., 1992] starts to play a
more significant role. Let us consider a laser pulse much larger than the plasma wavelength,
then no substantial plasma wave is initially formed, as the resonance condition (146) is not
satisfied. However, for ag » 1, the SRS grows fast at the low amplitude leading edge of the
laser pulse where a ~ 1. SRS quickly develops a modulation in this region, which feeds the
process of plasma wave excitation and nonlinear pump depletion discussed, which locally
depletes energy and steepens the leading edge of the pulse [Bulanov et al., 1992; Bulanov
et al., 2001]. This steepening of the pulse front can saturate in a distance much shorter
than the Rayleigh length, and it effectively drills a hole, which acts as a steep shock front
(with a size of the order of the nonlinear plasma wavelength ~ ,/yA,c) for efficient plasma
wake wave excitation [Bulanov et al., 1992; Esarey et al., 2000; Bulanov et al., 2001; Gordon
et al., 2003; Nakajima et al., 2011]. A steep leading edge locally creates a large local density
perturbation. Since the refractive index modulation is not as significant in the remainder
of the laser, the energy is primarily depleted locally at the pulse shock front. This effect,

47



Chapter 2. Theory of relativistic optics

which occurs for ag » 1, is known as pulse etching, and the etching or erosion velocity can
be estimated directly from Eq. (157). Integrating over ¢ and then 7 up to the time when the
energy of the plasma wake wave equals that of the laser, we get LBy = {£,d¢ = [ ETd¢,
where l,q = cTpq is the pump depletion length, which corresponds to 7,4, which is the time at
which the plasma wave energy equals the laser energy. For simplicity, let us consider a flat-top
laser pulse with pulse length [,. The maximum electric field amplitude of the wakefield is
Bmax = a?/(1 + a?)'/? (147), and the total energy in the wakefield at the time of pump
depletion can be therefore written as &) = l,aE2%,, = lpaa*/(1 + a?). Assuming a flat-top
laser pulse, the total energy of the laser can be then written as { £, d¢ = [,a*wd. From the
equality of the two, we obtain the pump depletion length in dimensional units as

wo 2 CL2
lpg=1lp | — | —= (165)

Wpe ) 1+ a?

In the limit of linear interaction, a? « 1, we get lq/l, ~ (wo/wpe)?/a?, and the depletion
length decreases with amplitude. In the nonlinear regime, a® » 1, the pump depletion length
becomes amplitude-independent, {,,q/l, ~ (wo /wpe)z. The fact that the pump depletion length
is amplitude independent can also be attributed to the diminishing effect of SRS for a2 » 1.
It is of note that from the pump depletion length we can also obtain the etching velocity of
the pulse front, which is the difference between the linear group velocity of the body of the
pulse and the pulse front velocity, given as Setcr, = Bg — Biront = lp/lpa = (Wpe Jwo)?.

Another exciting mechanism occurs due to the nonlinear pump depletion, which is the
generation of relativistic solitons [Bulanov et al., 1992; Farina and Bulanov, 2001; Naumova
et al., 2001; Esirkepov et al., 2002; Esirkepov et al., 2004]. As the laser loses energy to the
plasma wave it generates in its wake, its carrier frequency is adiabatically decreased [Esarey
et al., 1990; Bulanov et al., 1992; Esarey et al., 1994; Mori, 1997]. Throughout the nonlinear
interaction, it is possible that a significant portion of the pulse energy redshifts down to
W — wpe, at which point the group velocity (133) reaches zero. Therefore, the depleted
portions of the electromagnetic pulse can lag behind the main body and convert their energy
into solitons, localized packets of electromagnetic energy. It was even shown that these
electromagnetic structures might emit coherent synchrotron radiation [Esirkepov et al., 2004],
with high-frequency afterglow persisting for tens of plasma wave periods.

2.4.2 Self-focusing, ponderomotive channeling and filamentation
instability

Taking the radial derivative of the refractive index (158), we get

B2 22 () (106

dr ncfy?’g B ;g e

Typically, well-focused lasers have profiles that decrease in amplitude with increasing radial
distance. For example, a Gaussian beam. Such a profile satisfies a> > 0 and 0,a? < 0. That
is, the first term tells us that relativistically underdense plasma acts as a converging lens,
which is known as relativistic self-focusing [Sprangle et al., 1990; Bulanov and Sakharov,
1991; Cohen et al., 1991; Antonsen and Mora, 1992; Borisov et al., 1992; Sprangle et al.,
1992; Chen and Sudan, 1993; Esarey et al., 1997; Cattani et al., 2001]. This is immediately
clear since the local phase velocity increases away from the axis, d,v, > 0.

We consider the quasistatic approximation to understand the effect of the second term.
This approximation again states that the evolution of the plasma is much faster than that of
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Figure 13: Physical picture of relativistic self-focusing. A laser beam creates a transverse
inhomogeneity (a) in the refractive index due to relativistic plasma oscillations and ponderomotive self-
channeling (b), both of which contribute to off-axis phase velocity increase. The density modulation
is calculated from Eq. (167). The red curve corresponds to the blowout regime (168), in which all
electrons are pushed away from the laser pulse region.

the envelope of the laser. Thus we may neglect the time derivative in Eq. (123) to obtain
(in dimensional units) dn./ng = ne/ng — 1 =k, 2A¢. In the quasistatic approximation, the
plasma reacts immediately to the slow evolution of the ponderomotive force, which is therefore
compensated by the space-charge force, and we can take A¢p = A~. Therefore, the density
modulation can be calculated for a long pulse Gaussian beam with a = ag exp(—r2?/w3),
where wyq is the laser waist, as

1
L 1 R2AY A 14+ K2V

2 2 ag r —2(r/wo)?
o = Wvla =2 272 —1])e . (167)
p

2.2
ywgky \ wg

The electron density has a minimum on the laser axis » = 0 and always increases from
the laser axis towards the edge of the laser (r ~ wp). This is known as ponderomotive
self-channeling [Sun et al., 1987; Kurki-Suonio et al., 1989; Borisov et al., 1992], which
is shown in Fig. 13b. A long-pulse laser propagating in plasma creates a density channel
and for typical laser beams?® we have d,n. > 1. Therefore, the second term in Eq. (158)
reinforces relativistic self-focusing, and we have in total d,n < 0. Additionally, we note that
ponderomotive self-channeling can lead to cavitation, where all electrons are expelled from
the axis. This can be calculated from Eq. (167) by requiring that n, = 0, which occurs when

25Except for optical vortices, which have topological phase singularity that results in zero intensity on-axis.
See section 2.4.6.
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the following cavitation condition is satisfied [Gibbon, 2005],

2
ao\/; > kpwo. (168)

Note that for ag » 1, the ponderomotive force is balanced on the axis with the space-charge
force when \/5\/07 ~ k,wo. This balance is closely related to a so-called bubble regime, where
optimal laser guiding in plasma is achieved when the plasma cavity assumes the form of a
sphere [Lu et al., 2006; Lu et al., 2007; Esarey et al., 2009], for ag > 2, if the laser waist and
pulse duration satisfy2%

ckyptp < kpwo & 24/ag. (169)

Cavitation typically leads to the acceleration of ions towards the edges of the plasma
channel, which further reinforces evacuation of the channel on the timescale of ion motion
~ 1/wy,;. Such slow changes can be then measured with long pulse optical probes, for example,
using interferometry [Matlis et al., 2006; Harilal et al., 2022; Raclavsky et al., 2024]. The
fact that plasma acts as a converging lens foreshadows that there exists a focusing threshold,
at which point the natural diffraction of a laser beam propagating in a vacuum becomes
compensated [Mori, 1997]. We note that the Gaussian beam waist evolves in vacuum as
w = wor/1 + (2/2.)2, where zg = kow?2/2 is the Rayleigh length [Born and Wolf, 1959]. It is
helpful to calculate the second derivative of the vacuum waist near the focus (7 &~ 0), as we
will momentarily use it to calculate the self-focusing threshold, we get 02w ~ 4/(k3w}).

Let us now find the equation for the evolution of the laser waist in plasma. To find it, we
will need to calculate the velocity difference across the phase front of a weakly relativistic
laser (a? « 1), which is

Ay, (7") _ 'UP(T) - U;D(OO) - 6—2(7"/’1110)2. (170)
C C

The phase velocity difference leads to a phase front curvature, which is determined by the
relative path difference of different light rays on the phase front, AL = Av,At, which is
illustrated in Fig. 13. The angle that the wavefront bends forward to 6 is then related to
the beam waist w, and the relative path difference is AL = w#. Let us now calculate the
rate at which the radiation is focused inwards. The rate of change of beam waist is equal to
the transverse component of the phase front velocity 0w = —wv, sinf ~ —cf. Taking another
time derivative and using the above relationship between the relative path difference and
the focusing angle, 0.0 ~ Av,/w, we get with the inclusion of vacuum diffraction calculated
in the previous paragraph the following equation for beam waist evolution near the focus,
which includes both plasma self-focusing and vacuum diffraction [Mori, 1997]

Pw 4 A Ay0) 4 (1_agw3kg)

N < _ 171
ot kjwy  wy ¢ kEwd 32 (171)

Therefore, self-focusing takes place only when the term in the parenthesis becomes negative,
which yields the following self-focusing condition [Sun et al., 1987]

a%kiw%
32

> 1. (172)

26This can be trivially obtained from the cavitation threshold, 1 + k‘;QA'y ~ 0, if we assume spherical
symmetry of the laser envelope.
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The self-focusing condition can also be cast in terms of the laser power as P/P. > 1, where
P is the laser power and P, = (8megmZc®w?)/(e*w?,) ~ (w/wpe)? 17T GW is the critical power
required for self-focusing [Sun et al., 1987; Mori, 1997].

In addition to self-focusing in plasma, a sufficiently wide (kp,wo » 1) laser pulse evolves
according to any transverse modulations of the refractive index, in addition to the ponderomo-
tive density modulation. Linearizing Eq. (138) for small perturbations of the field amplitude,
we can obtain the following dispersion relation for the unstable transverse mode [Bulanov

et al., 2001]

2 _ ki ( 2/€2 2 0“2) (173)
w gyrEr: ki wp67 .
Instability develops (the frequency is imaginary) for ck; < awpe/ /7. It can be verified that
the condition for filamentation instability is the analog of the condition for self-focusing
(P > P.) when k; ~ 1/wg, where wq is the initial laser beam waist. The laser pulse is self-
focused in a time of 755 ~ (2g/c)(P/P. —1)/2. For P » P,, the filamentation instability can
split the laser beam into multiple filaments, each of which can undergo self-focusing [Askaryan
et al., 1994; Esarey et al., 1994; Esarey et al., 1997; Mori, 1997; Bulanov et al., 2001; Esarey
et al., 2009].

For a? » 1, the plasma electrons can attain significant velocity along the longitudinal
direction. An effective current of relativistic electrons that propagates with the laser pulse is
created, and a strong transverse magnetic field can be generated, which significantly affects
the picture of self-focusing. The fast current filaments attract each other, which changes
the refractive index due to the effective local decrease of relativistic plasma frequency. Due
to this, in the regions with the highest concentration of electrons 27, the phase velocity is
increased. Therefore, additional self-focusing is introduced due to this magnetic attraction.
This magnetic interaction between the laser pulse and the plasma yields another mechanism
for transporting laser energy over long distances. In addition, the magnetic interaction is
polarization dependent, and self-focusing and merging of current and laser filaments can be
anisotropic [Askaryan et al., 1994].

2.4.3 Self-compression, photon acceleration, and modulational in-
stability

We may calculate the longitudinal bunching of a laser pulse from the group velocity. A
change in the group velocity gives the separation between two positions within the laser pulse
AL = Av,At. For two positions close to each other, we can write Av, ~ Ldgv,*®. Changing
into the copropagating coordinate with 0, = ¢, we get

1oL dv, on

where we have used vy/c = n. Applying the derivative to the refractive index of plasma (158),
we get
1oL 0 e O 20 e
e _n —(az)——— fle ) (175)
cL ot 06  mey3 o€ v 0& \ ne

The analysis of Eq. (175) is now similar to the previous section. At the pulse front, we

27 At the laser beam edges, see Fig. 13.
28This is simply Taylor expansion of the group velocity, vg(£2 — €1) & vg(€1) + (€2 — €1)¢vy. The distance
between two points is &2 — &1 = L, and we get Avg = vg(&2 — &1) — vg(£1) ~ Logvg.
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Figure 14: Physical picture of self-compression and photon acceleration. A refractive
index inhomogeneity copropagating with the laser pulse leads to longitudinal variations of phase
and group velocity. The choice of refractive index profile is illustrative. Generally, the laser redshifts
in regions where d¢n < 0, and blueshifts in regions where d¢n > 0, as given by Eq. (177).

have agaQ < 0. The density modulation also grows since the ponderomotive force pushes

electrons out of the pulse region, yielding d¢n. > 0 at the pulse front. Therefore, both the
first and second terms give us that the group velocity is decreasing at the pulse front. Vice
versa, we have 0¢a® > 0 and d¢n. > 0 at the pulse back. In summary, the group velocity
increases at the back and decreases at the front, leading to self-compression of the pulse.

Derivation of the equation for frequency modulation is the same as above, except that now
we consider two different phase fronts, which can travel with two different phase velocities,
i.e., the distance between them can be written as AX = Av,At. If these phase fronts are
neighboring, we may write Av, ~ A\d,v,%, giving us

16)\_ %

Nor T e (176)

29Game Taylor expansion as in previous footnote, except for phase velocity. Also, the distance between two
neighboring phase fronts is the wavelength, &2 — £1 = A. Refer to Fig. 14.
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which, using d,A = —\/w, can be rewritten in terms of frequency

low 0dv, ¢ on
= - 1
wor & n?d (77

The behavior of the derivative of the refractive index is then the same as for self-compression;
a laser pulse propagating in plasma becomes positively chirped, i.e., redshifted at the front and
blueshifted at the back. This is known as relativistic self-phase modulation (SPM) [Andreev
et al., 1992; Antonsen and Mora, 1992; Krall et al., 1993; Mori, 1997]. We note that it is possible
to place a laser pulse into a phase of a copropagating plasma wave where dgn ~ const. > 0,
in which case Eq. (177) describes what is known as photon acceleration, since the whole
laser pulse then becomes uniformly blueshifted [Mendonga, 2000], potentially from visible
to extreme ultraviolet (XUV) spectral range [Sandberg and Thomas, 2023; Sandberg and
Thomas, 2024].

SPM can lead to what is known as relativistic modulational instability (RMI), which can be
understood as a longitudinal counterpart of self-focusing [Decker et al., 1996]. A relativistic
plasma frequency is locally amplitude-modulated, which leads to frequency modulation
according to Eq. (177). Correspondingly, this changes the group velocity, which leads to
longitudinal energy density modulation according to Eq. (174). RMI is dominant when
k? « w? — wfm, where k and w are the wave number and frequency of the perturbation, i.e.
the seed perturbation is not a plasma wave. The maximum growth rate is given as [Decker

et al., 1996)
Frmr a? Wpe

wpe (L + ao/2)%72 By

(178)

2.4.4 Laser wakefield acceleration of electrons

A concept of utmost importance for particle acceleration has arisen in the context of relativistic
laser-plasma interactions over the past decades, known as laser wakefield acceleration (LWFA)
[Tajima and Dawson, 1979; Esarey et al., 1996; Esarey et al., 2009; Esirkepov et al., 2006;
Bulanov et al., 2016a]. In the previous sections, we have shown that electron plasma waves
propagate within a laser pulse in plasma®C. However, they can also propagate in the wake of
the laser. Large amplitude electron plasma waves can be resonantly excited to propagate
behind the laser with the phase velocity v, ~ v4 ~ ¢, where v, is the group velocity of the
driving laser, which is close to the speed of light for relativistically underdense plasma. Such a
wave provides a substantial accelerating gradient for any electron injected within the correct
wave phase. An adequately guided laser pulse®' can propagate over many Rayleigh lengths,
up to its depletion length (165), enabling acceleration of electrons to very high energies.

To explore this concept, we return to the equation for the evolution of the normalized
scalar potential (140). Multiplying Eq. (140) by d¢¢ = ¢’ and integrating over the wave
coordinate £, we obtain the following equation

1/00\> 14+a2 \"
(%) ‘”"(”@lﬁ‘”@‘v@(lwv) !

where C is an integration constant, which is given by the values of a2, ¢ and ¢’ at some
initial boundary, e.g. at £ = 0, which may represent the trailing or leading edge of the laser

—c, (179)

30We called them interior plasma waves.
31When both Egs. (169) and (172) are satisfied, or when other guiding techniques are employed.
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pulse, depending on whether we investigate interior plasma waves or wakefield, it can be
written as

721+ ¢o

where ag = a(&), do = ¢(&o) and @) = ¢'(£o) are the initial conditions for the normalized
vector potential, scalar potential, and its derivative, respectively. The phase velocity of the
plasma wave is again given by the group velocity of the driver, 3,, = 84. Using the constant
of motion for plasma electrons initially at rest (139), we can find the Lorentz factor of the
plasma electrons, given explicitly in terms of the normalized potential as

2 1/2
Ye =15 (1+ @) ll—ﬁw <1—M) ] . (181)

5 1/2
C =1+ 60) lﬁw (1- =) - 1] L6, (150

Using this and ¢/ = —F, we see that Eq. (179) can be cast in the following simple form??

Ye + %EQ =C. (182)
The constant of motion then tells us the initial conditions of the electric field and Lorentz
factor at & = 0, i.e., C = 7.(0) + E?(0)/2. Eq. (182) can be rewritten as E = 1/2(C — 7.).
Using the continuity equation, we have previously shown that wave breaking occurs when the
electrons catch up to the plasma wave, i.e., 8. — B, or equivalently v. — 7., which leads
to diverging electron plasma density. This limits the maximum electric field that relativistic
plasma waves can produce. To find this limit, suppose that the electrons in the laser wake
are initially excited by the laser to oscillate close to the wave-breaking velocity at £ = 0, i.e.,
C ~ 7. Then, in the region behind the laser pulse, £ < 0, we have E = /2(7v, — 7e), and
we see that the maximum electric field occurs at the position £ < 0 where 7.(§) = 1. This
yields the Akhiezer-Polovin wave breaking limit [Akhiezer and Polovin, 1956], which sets the
maximum strength for the longitudinal electric field of relativistic plasma waves (excited by
any driver), given in dimensional units as
Bup = ==2~/2(, - 1), (183)
where 7, is the Lorentz factor of the plasma wave. For plasma waves excited by a laser pulse,
the plasma wave phase velocity is given by the group velocity of the laser, v, = vq4, and
the Lorentz factor is 7, ~ \/ﬁwo/wpe, where v, = /1 + ag/Q. For plasma waves to break,
their maximum electric field amplitude must approach F..« ~ E,;. From this condition, we
estimate the laser amplitude which breaks the plasma wakefield using Eq. (147) as

awp = VYw(l+ Bw) — 1. (184)

We reiterate that Eq. (184) was obtained for flat-top laser pulse, which drives a resonant
plasma wake, i.e., the pulse length is I, = Ay /2. For a resonant Gaussian laser pulse,
numerical solutions of Eq. (141) indicate that the wave breaking amplitude increases up
t0 awp ~ Y>3, A general analytic study of the dependence of wave-breaking amplitude

32Here the longitudinal electric field E is again given in its dimensionless form. It is least cumbersome
first to evaluate all calculations using dimensionless variables and then express final results in SI units, i.e.,
Eg1 = (mewpec/e)Enorm, using the SI definitions for all the constants and plasma frequency.

33This estimate is based on a limited number of one-dimensional particle-in-cell simulations.
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Figure 15: Numerical solutions of Eq. (140) illustrating wave breaking, 8. — Suw.
Normalized electron density for various laser amplitudes approaching Eq. (184).

on the laser pulse shape could prove an exciting avenue, among many others, for future
theoretical work. Fig. 15 shows a plasma wave approaching the wave-breaking threshold,
given by Eq. (184). As discussed before, this leads to nonlinear steepening of the plasma
wave and local increase of plasma electron density due to the accumulation of electrons that
are "catching up" with the wave.

To find the wavelength of the plasma wake waves, we must first find the zeroes of the
electric field, which are given by the condition ¢’ = 0. Assuming that the excitation of the
plasma wave is resonant in the region behind the driver (particle beam or laser), we have
a? = 0. Therefore, the initial conditions in the wake region become ¢y = Gax and ¢f = 0.
From the condition ¢” = 0, we can see that the maximum electric field of the wake wave
Enax occurs when ¢, = 0, and its value is given by Fyax = —¢' (¢4 ). This yields ¢pmayx in
terms of Eyax. The minimum value of the potential, @iy, is then given from ¢’ = 0. Finally,
both extrema can be then written in the following concise form [Esarey and Pilloff, 1995]

E2 B2\’
¢max,min = I;ax + ﬂw\/(l + nzlax) — 1. (185)

The potential difference is

2
so -2 (14 ) 1 156

We note that the relationship between the values of the wakefield potentials ¢min,max and
FEnax is completely general. As an example, the potential difference for laser-driven wakefield
can be obtained using Eyax = a?/+/1 + a2. To find the maximum potential difference that
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a plasma wake can sustain, we consider the Akhiezer-Polovin limit given by Eq. (183) as
Ernax = A/2(yw — 1). The potential extrema of nonlinear electron plasma waves is then given
as
1 1\?
d)max,min = Yw — 5 + B Yw + 5 -1 (187)
The wavelength of plasma wake waves can now be obtained by inverting Eq. (179) and

integrating between potential extrema, which correspond to the zeroes of the oscillating
electric field. We get the following integral expression

A 1 [Pmex 1
- de. 188
Ape Wfasmin V2 [Ve(d0) = 7e(9)] 7 (155)

This integral has no general analytic solution, but it can be integrated numerically to obtain
wavelength for any initial conditions. Nonetheless, we may obtain a general solution in the
limit ~y,, » 1. Then, the integral yields>*

Aw 2
)\pew’f(

(14 $max) > E <1 - (1+¢1max)2) ) (189)

where E(k) = g/2 (1 — k?sin?0) Y2 46 is the complete elliptic integral of the second kind. In
the limit Ey,ax » 1, the nonlinear plasma wavelength is Ay, & Ape(2/7)Epax, while in the
linear limit Eax « 1, we get the usual linear plasma wavelength A, ~ Ape. The wavelength
of a nonlinear plasma wake is elongated compared to the linear plasma wave by a factor of
Aw/Ape ~ (2/7) Exmax. For laser-driven wakefields, Eq. (147) gives Ay /Ape ~ (2/7)a?/V/1 + a2.
For wakefields driven close to the wave-breaking threshold given by Eq. (183), we have
Aw & Ape(2/T)/ 27w — 1.

For typical plasma density and laser frequency, simple estimates of Eq. (183) yield electric
fields that provide accelerating gradients up to 4 orders of magnitude larger than conventional
radiofrequency accelerators. This is extraordinary since it enables acceleration of charged
particles in very short distances compared to conventional technology [Dawson, 1959; Faure
et al., 2004; Geddes et al., 2004; Mangles et al., 2004; Lazzarini et al., 2024]. For example,
acceleration of electrons to GeV energies requires tens of meters long conventional accelerators,
while the same energy gain was achieved in just a few centimeters within the laser-driven
wakefields [Kim et al., 2013; Leemans et al., 2014; Gonsalves et al., 2019; Aniculaesei et al.,
2024], significantly shrinking the required footprint of the machine. This makes wakefield
acceleration an attractive concept for future accelerators [Caldwell et al., 2021].

To understand how the electrons accelerate within the wakefield, let us integrate the
momentum equation (120) over the £ coordinate to obtain the constant of motion

Y = Buwp — ¢ = ho, (190)

where the constant hg is determined by the initial state of the electron, i.e., hg = v9 —
Buwp|,0 — ¢o- While the plasma electrons initially at rest have hg = 1, we could also consider

340ur formula for the wavelength of the plasma wakefield differs from that presented in [Esarey et al.,
2009], where the argument of the elliptic integral is taken under a square root, which predicts laser-driven
wakefields (¢maz = a%) with wavelengths smaller than the linear plasma wavelength for 0 < a < 1, which is
unphysical. Numerical solutions of Eq. (140) indicate that our version is correct, and it correctly predicts
that Ay > Ape for any ag. Both formulas converge in the limit ¢mnaz — 0. Note that the wavelength of the
laser-driven plasma wakefield (189) is slightly smaller than the wavelength of the plasma which occurs in the
interior of the laser pulse (144). The difference becomes negligible for ag » 1.
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Figure 16: Laser wakefield acceleration illustrated through numerical solutions of
Eq. (140). (a) Normalized laser amplitude (blue), normalized electron density (black), longitudinal
electric field (red) and normalized potential (grey, dashed). (b) Phase space of electrons (191) due
to the plasma wakefield shown in (a). The open orbits (black, dashed) correspond to electrons that
have initially hg > hs, including the plasma electrons that have hg = 1. The red orbit marks the
separatrix curve (193), along which travel electrons with ho = hs. Singular points of the separatrix
rest on the blue curve given by Eq. (192). Injection occurs for electrons with ho < hs, which can
rotate along the closed orbits in the wakefield towards a higher energy position in the phase space.
Maximum energy gain (195) is achieved if the acceleration process terminates at the dephasing
point, i.e., the laser pulse exits the plasma at the dephasing length (198), which corresponds to the
largest maximum potential difference (186).

an electron injected into the wakefield, in which case we have hg # 1. Using Hamilton’s
equations, it is easy to verify that the constant of motion hg is the normalized Hamiltonian

describing the electron motion, h(§,p)) = ho. Using v = /1 +pﬁ + a2, we can solve the

integral of motion for the longitudinal momentum p), which defines the longitudinal phase
space for any electron as [Schroeder et al., 2006; Esarey et al., 2009]

2
D= Yo (¢ + ho) lﬁw t \/1 - M} . (191)

The evolution of the electron within the plasma is then uniquely determined based on
its initial state and a given scalar potential, which is obtained by solving Eq. (140). The
longitudinal momentum values are joined at a point that is part of a unique phase orbit
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known as the separatriz, which separates two phase space domains. In the inner domain,
the phase orbits are closed, and in the outer domain, they are open. The separatrix is
joined at the singular points &, where the square root in (191) equals zero, which yields

d(&s) = A/1 + a?(&)/yw — hs. Plugging this back into Eq. (191), we see that the singular
points lie on a curve defined by the following longitudinal momentum [Esirkepov et al., 2006]

Pyl = BuYuw V1 + a2, (192)

In addition, the singular points coincide with the minima of the potential ¢(&s) = Pmin. The
separatrix Hamiltonian can be then written in the following form [Esirkepov et al., 2006;
Schroeder et al., 2006; Esarey et al., 2009]

1
hs = — — ¢min- (193)

Yw
In the same manner as we arrived at the longitudinal momentum, we can express the
electron energy as 7. = fup + ¢ + C. Using 1 + 87, = 72, this becomes [Esarey and

w

Pilloff, 1995; Esirkepov et al., 2006; Esarey et al., 2009]

2 1 +(12
Ve(§) = 7 (0(§) + ho) lliﬁw\/l_ W] (194)

From Fig. 16, we see that the electrons that can accelerate the most are trapped just inside
the closed orbit bound by the separatrix. The maximum energy gain is then achieved for
electrons that rotate in the phase space to the position &;, which marks the maximum of the
potential, ¢(&;) = dmax, as well as the electron longitudinal momentum for a given orbit. For
an electron to pass close through the minimum of the potential within the closed orbits, we
must take for the initial condition hg & hs. Plugging this into Eq. (194), we get [Esarey and
Pilloff, 1995]

1
(1+70A¢)?

where we have assumed that a?(&;) ~ 0, which is equivalent to the requirement that the laser
pulse is shorter than half of the nonlinear plasma wave. Barring this assumption, the energy
gain given by Eq. (195) is valid for any potential difference A¢. In the limit v,A¢ » 1 and
Y » 1, we have ymax ~ 272 A¢, where the potential difference is given by Eq. (186). For
Fhax < 1, we have ypax ~ 4’yijmax, while for Enax » 1, we have vpax = 2712”E§ﬂax. For

example, using the plasma wave amplitude for LWFA (147), we get the maximum energy
gain in the case Fya, » 1 (which is equivalent to a? » 1) as

Ymax = '711)(1 + 'VwA(b) ll + Bw\/l - s (195)

YLwra & 275,0°. (196)

The energy gain from linear LWFA, where E,x < 1, can be also readily evaluated, as
YLWFA lin ~ 4’yzja4. Yet, we know that the maximum electric field amplitude and the
accelerating gradient are produced from plasma waves close to the wave-breaking threshold.
In such a wake, the maximum energy gain can be obtained using Eq. (183) as

b ~ 4, (197)

Significant electron energies can be expected from highly relativistic plasma waves
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with ~,, » 1. For example, let us consider a plasma with a background density of ng =
2.8 x 10" cm ™2 and a laser with a wavelength of A\ = 1 um. The phase velocity of the plasma
wave, which is equal to the group velocity of the laser, is v, & wp/wpe & 20. The maximum
energy gain (197) is then Enax = YwbMmec® ~ 16 GeV. Since the accelerating field given by
Eq. (183) is Emax ~ 1 TV/m, it is clear that this energy is reached within an acceleration
length of l4.. ~ 1.6cm. This is a four orders-of-magnitude footprint reduction when compared
to the conventional accelerators, which produce accelerating fields of Eys ~ 100MV /m [Tajima
and Dawson, 1979].

Maximum energy gain assumes that the acceleration is terminated when the electron
reaches the maximum potential ¢p.c. Otherwise, the electron continues to rotate in the
phase space along the closed orbit and loses energy. The length which the accelerated electron
must traverse before it reaches the maximum potential is known as the dephasing length
lg. Tt approximately corresponds to the time it takes the electron traveling with velocity
Be to overtake the first half of the nonlinear plasma wave in the accelerating phase, which
propagates with velocity (,,. Therefore, the dephasing length is [Bulanov et al., 2016a]

_w
Q(ﬁe - ﬁw) ’

In the limit 8. ~ 1, the dephasing length becomes l4 ~ 72 \,,, where ), is the nonlinear
wavelength of the wakefield given by Eq. (189). Therefore, maximum energy gain occurs
when the acceleration distance coincides with the dephasing length of the electron lg.. ~ lg;
otherwise, the electron crosses the dephasing point and starts to decelerate. Yet, we have
also shown in previous sections that the laser itself loses all of its energy into the plasma
wake wave after a time corresponding to the pump depletion length l,q, given by Eq. (165)
in the limit v, » 1 and a® » 1 as lpq ~ l,72,, where [, is the laser pulse length. Thus, for the
electrons to reach the dephasing point, the acceleration length must satisfy loce ~ lq < lpq.
Additionally, we see that the conversion efficiency of laser-to-electron energy is largest when
lp ~ Ay, since then we have [,q ~ l4.

(198)

1%

lq

2.4.5 Electron injection and betatron X-ray generation

Let us briefly discuss the initial conditions for external electrons to become trapped in the
accelerating phase. This problem is generally known as electron injection. The open orbits
that follow the fluid motion of plasma correspond to Hamiltonians with hy < hs. On the
other hand, based on our discussion before, the rotating closed orbits that lead to energy
gain must be defined by Hamiltonians with hg > hs. From this condition, using Eq. (193),
we obtain the following condition in the relativistic limit, v.(1 — 8,08e) > 1. Solving this
inequality, we obtain the initial electron velocity required for injection as

Be > Bu- (199)

In other words, the injected electron must acquire an initial velocity larger than the relativistic
plasma wave to follow the closed orbit. A nice analogy exists to the classical problem of a
surfer trying to catch an ocean wave. Like the surfer, an electron must initially catch up with
the wave such that an "injection" occurs.

There are numerous methods to achieve electron injection into the plasma wakefield,
and we refer to [Esarey et al., 2009; Bulanov et al., 2016a] for more details. To discuss at
least one, we note that the condition for electron injection is related to wave breaking, i.e.,
Be — B [Esarey and Pilloff, 1995; Bulanov et al., 1998; Schroeder et al., 2006; Panchenko
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et al., 2008]. Indeed, if the driver excites a sufficiently strong plasma wave such that some
electrons oscillate up to v, & 7, these electrons will break out of the fluid-like plasma motion.
If the laser amplitude is very close to (but smaller than) the wave-breaking threshold®® (184),
a small laser pulse modulation can "wiggle" some plasma electrons to cross the wave-breaking
threshold, creating only a small perturbation within the longitudinal electrostatic field of the
plasma wave. These electrons immediately catch up with the wave and become injected into
the wakefield. This produces an extremely localized electron bunch. Such localization enables
uniform acceleration of the whole electron bunch since most copropagate in a similar phase of
the longitudinal electric field. Thus, a high-quality quasi-monoenergetic relativistic electron
beam is produced [Faure et al., 2004; Karsch et al., 2007; Lu et al., 2007; Couperus et al.,
2017; Gonsalves et al., 2019; Salehi et al., 2021; Lazzarini et al., 2024]. To this date, electron
bunches with record energy and total charge, for given laser parameters, were typically
self-injected [Lazzarini et al., 2024; Kim et al., 2013; Aniculaesei et al., 2024]. Since this
method owes its existence to the extreme nonlinearity of the interaction, a drawback of
self-injection is the fluctuation of the electron beam parameters, which occurs due to mostly
inevitable fluctuations of both laser and target parameters.

Finally, injection can also occur with non-zero initial transverse momentum [Bulanov
et al., 1997; Corde et al., 2013], in which case electrons trapped in the wakefield can perform
relativistic oscillations at the relativistic plasma frequency, which is referred to as the
betatron frequency, wg = wpe/+/27. [Corde et al., 2013; Lamac et al., 2021], where 7, is the
instantaneous Lorentz factor of the accelerating electron. Relativistic radiation emission, or
synchrotron emission, will occur for electrons with v » 1, as described generally in Sec. 2.2.3.
The radius of curvature can be calculated for transverse betatron oscillations, which have
normalized transverse momentum p; = rgkgy, as [Corde et al., 2013]

P~ 1(rak?), (200)

where 73 is the oscillation amplitude, which is determined by the injection conditions, and
ks = wg/c is the betatron wave number. The critical frequency (99) then follows as

We = %r/gwge'yz, (201)
where wy, is the linear plasma frequency. In the case of optimal guiding, 73 may be estimated
from the width of the plasma channel given by Eq. (169). For typical parameters of laser
wakefield acceleration®®, the critical frequency is in the X-ray region, and this process
is referred to as betatron X-ray generation®’. This yields a compact all-optical source of
femtosecond X-ray pulses, which is of significant interest for numerous applications [Albert
and Thomas, 2016; Corde et al., 2013; Chaulagain et al., 2022].

2.4.6 Relativistic optical vortices and magnetic field generation

We have previously mentioned that a strong magnetic field can be generated during the
nonlinear interaction of a laser pulse with the plasma due to the occurrence of fast charged

35We remind ourselves that this particular threshold is valid for a flat-top laser pulse. The general
formulation is again Be — B -

36Which can be estimated using Eq. (196) or (197), assuming that acceleration is terminated at the
dephasing point (198).

37See paper B.3 for more details and overview of recent literature on betatron X-ray generation and
applications. We also suggest [Attwood and Sakdinawat, 2017; Lamac, 2023] for a historical overview of
femtosecond X-ray sources and their applications.
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particles, which can arise from the nonlinear depletion of laser energy [Bulanov et al., 2001].
The possibility of creating a long-lasting magnetized plasma with lasers is of eminent interest
for laboratory astrophysics and inertial confinement fusion®®. In the non-relativistic regime,
magnetic field generation in plasma can be understood through the lens of the inverse Faraday
effect [Ali et al., 2010]. The Faraday effect is the transfer of angular momentum from some
medium to a laser, which can, for example, result in a net rotation of the electric field vector
of a linearly polarized electromagnetic wave. The inverse Faraday effect is the opposite of this
process — a transfer of angular momentum from the laser to the electrons and the associated
generation of the magnetic field.

We have already shown that electrons in a vacuum obtain angular momentum along the
optical axis, given by Eq. (36). In plasma, in the case when p = a (i.e. when Vv = V¢, or
up to first order in one-dimensional approximation), Eq. (36) also describes the total angular
momentum of the plasma electron, which is also collinear with the optical axis. In addition to
the angular momentum obtained due to nonlinear polarization, which is sometimes referred
to as spin angular momentum, electrons can also obtain angular momentum from the orbital
angular momentum of the electromagnetic wave [Allen et al., 1992; Ali et al., 2010]. The
angular momentum density of an electromagnetic field is given by j = r x g, where g = €guoS
is the linear momentum density, r is the coordinate vector, and S = E x H is the Poynting
vector.

Let us consider an electromagnetic wave propagating along the z direction with a beam
profile defined by the solution of the Helmholtz equation u(zx,y, z), i.e., with electric field
E = Epu(z, y, z) exp[—i(wt — kz)]. For cylindrically-symmetric beams defined as u(r, ¢, z) =
u(r, z) exp(ilp), where ¢ is the azimuthal angle and [ is the so-called topological charge, the
angular momentum density can be calculated as [Allen et al., 1992; Ali et al., 2010; Longman,
2021]

. I 5 o.roul?
Jz = *|u| 5, . ’

w 2w Or
where o, = +1 for, respectively, right-handed and left-handed circular polarization and
0, = 0 for linear polarization.

A non-zero topological charge introduces a helical wavefront into the electromagnetic
wave, creating a phase jump at the optical axis and, therefore, a zero in the electromagnetic
field. Such electromagnetic waves are sometimes referred to as optical vortices. Integrating
Eq. (202) with the use of the fact that a single photon has the energy of fw, we obtain the
following well-known formula for the total angular momentum per photon J, = (I + o, )h.
Therefore, it is clear that the first term of the angular momentum density corresponds
to orbital angular momentum, which is given by the value of the topological charge. The
second term corresponds to the spin angular momentum, which is given by polarization, i.e.,
the value of o,. Note that in the paraxial approximation, the beam profile is given by the
Laguerre-Gaussian modes, u(r, ¢, z) = u{;jG [Saleh and Teich, 1991], and the topological charge
[ corresponds to the azimuthal index of the mode. Orbital angular momentum density is
therefore given by the intensity profile jo,5. ~ |u|?, and the spin angular momentum is related
to the gradient of the intensity profile, jspin ~ 0rlul?. A simple magnetic field generation
model can be obtained if we consider the conservation of angular momentum between the
electromagnetic wave and plasma [Ali et al., 2010]. The induced electric field in the plasma is
then given as en.rEy ~ —0;j,, and from Faraday’s law, —(1/r)0,(rEy) = —0; B, we obtain

(202)

38See paper B.4 for motivation, literature review, and more details.
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Figure 17: 3D PIC simulation results of magnetic field generation in underdense plasma using
relativistic circularly polarized laser pulses. Reprinted under CC BY 4.0 license from [Lama¢ et al.,
2023a]

the following relationship for the rate of change of magnetic field

B e, 0? (l|u|2 02r6|u|2)

Ot ener Otor (203)

we 2we Or

At the maximum rate of change, using 0, |u|? ~ (apw/wp)?, the magnetic field scales as
BIMG] ~ faps x (um/X) x (a3ne/ne) x (14 0./2) x (Ao/wo)?, where faps is the ratio of laser
energy absorbed by plasma. This model works well in the linear regime. It is also instructive
since it shows us that the magnetic field grows proportionally to both spin and orbital angular
momentum, making use of optical vortices attractive for magnetic field generation since they
can "rotate" plasma more effectively with I > 1 [Ali et al., 2010; Longman, 2021].

Nevertheless, the model breaks in the nonlinear relativistic regime, where electrons
achieve relativistic velocities, laser filamentation can occur, and plasma density is significantly
modified, all that was neglected in the above treatment. In the nonlinear regime [Askaryan
et al., 1994; Askaryan et al., 1997; Berezhiani et al., 1997], as the laser enters the plasma
and induces fast currents, Weibel instability (also known as current filamentation instability)
quickly saturates, creating transverse anisotropy within the homogeneous plasma density,
with the transverse scale of the saturated channel of the order of the relativistic plasma
wavelength, A\, ~ /aoc/wpe [Askaryan et al., 1994]. Longitudinal currents are primarily
generated if [ = o, = 0, where the magnetic field is primarily azimuthal. If the laser contains
angular momentum, [ > 0 or o, > 0, the electrons follow helical orbits, producing both
longitudinal and transverse magnetic field components. These helical current filaments attract
each other and create a magnetic field within the plasma channel, which lasts significantly
longer than the typical electron plasma timescale ~ 1/wpe. From Faraday’s law, the magnetic
field strength can be estimated simply as B ~ ppjA,. The maximum velocity the electrons
can achieve is v & c¢. The current density can then be estimated as j ~ en.c. Using the
transverse scale estimated above, we get the maximum magnetic field strength as [Askaryan
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et al., 1994; Askaryan et al., 1997; Bulanov et al., 2001; Lamac et al., 2023a]

B Mt 0T (204)

e Ne

For initially irrotational plasma, we have shown from Eq. (126) that the vorticity of the
plasma electrons is frozen into the magnetic field lines, as 2 = Vxp = e¢B/m.c [Hasegawa and
Mima, 1977; Chen et al., 1984; Bulanov et al., 2001]. Therefore, the generated magnetic field is
initially aligned with symmetrical electron vortices, which are unstable against perturbations
and evolve into antisymmetrical rows. This process of magnetic field destabilization is closely
related to the von Karmén vortex street known well from fluid mechanics®?. A motorcyclist
driving behind a truck on a highway will feel an oscillating transverse force, corresponding to
antisymmetric wind vortices developing behind the truck. In an exactly analogous manner,
a laser pulse plowing through plasma creates such a slowly evolving antisymmetric vortex
configuration. 3D simulations indicate that long-lasting extremely magnetized plasmas similar
to those surrounding supermassive black hole accretion disks, intermediate zones of magnetar
magnetosphere, or weakly-magnetized neutron stars are already at reach using available laser
technology®’. Further stabilization of relativistic laser-generated quasi-static magnetic fields
in plasma is of significant interest for laboratory astrophysics and, therefore, an exciting
avenue for future work.

2.4.7 Relativistic mirrors in underdense plasma

Let us now discuss a concept for producing high-energy coherent electromagnetic radiation
based on the idea of a relativistic mirror, envisioned by A. Einstein in his treatise on special
relativity [Einstein, 1905]. Let us consider a mirror moving with constant velocity 3,, along
the z axis and an incident counter-propagating electromagnetic wave with angular frequency
wp- In the rest frame of the relativistic mirror, spacetime coordinates are given by Lorentz
transformation as

ct’ = vy (ct — Bux), (205)
' =y (2 — Buct), (206)
y =y, (207)
2=z (208)

Due to the relativistic Doppler effect, radiation wavelength and period of the incident radiation
must be contracted in the rest frame, with respect to the laboratory frame frequency and
wave number as

/

20— (22— Buka), (209)
ko = Yw (k:v - ﬁw%) : (210)

We used wp/c = ko, i.e., we assume a mirror propagating in a vacuum or low-density plasma.
In the limit 7, » 1, we have w{, = ck{, & 27y,wo. Similarly, the electric and magnetic field

398ee paper B.4 for more details.
408ee [Lamac et al., 2023al, i.e., paper B.4, and references therein.
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amplitude of the incident wave transforms as

E/H = EH, (211)
B/H = B”, (212)
=~ (EL +cB, x B), (213)

1
B =, (BL ~Lg,x E) . (214)

Inverse transformations back to the laboratory frame are the same, except that we have
B, — —B,- For an incident laser counter-propagating along the z axis, we have k, = —ko,
and using Egs. (209)—(214) the counter-propagating laser characteristics take the following
form in the rest frame of the mirror

wo _ T _ By _ J1H0w o (215)
wo T, Eo 1 — By w

where 7, is the pulse duration, which is contracted to 7, and Ejp is the incident laser wave
amplitude, which is amplified to E{, according to the relativistic Doppler effect. Using the
rest frame laser parameters, the description of reflection from the relativistic mirror now
reduces to the solution of the wave equation (51) in the rest frame, which has a general
solution in three-dimensional space given by Eq. (53). In the far-field limit, it reduces to
Eq. (59). Note that all quantities must be expressed in terms of the rest frame variables
during the evaluation. For example, current and charge distributions transform according to

plc = 'Yw(pc - Bw]H)a (216)
.7\/| = ’Vw(JH - ﬂwcp)a (217)
j=1J1. (218)

Transformation of any variable, including all of the quantities mentioned above*!, is
because it is a component of a four-vector in the Minkowski spacetime, which must rotate upon
Lorentz transformations, where rotation is meant in the generalized sense, such that distances
(dot products given by Minkowski metric) are preserved. For example, the coordinates
x# = (ct,r), potentials A* = (¢/c, A) and currents j* = (pc,j), where pu € {0,1,2,3}, are
typical examples of four-vectors. Note that in the Lorenz gauge, all of the previously mentioned
four-vectors satisfy the following conservation law d,A"* = n,, 0" A* = °A° — 0'A" = 0,
where 0" = (0/c, —V) is the four-gradient and 7, = diag(1,—1,—1,—1) is the Minkowski
metric with the [+, —, —, —] metric signature. Lorentz transformation for any four-vector
is then given by a linear transformation A*' = A¥ A”. From Eqgs. (205), we see that the
transformation matrix is given as A¥ = dz#’/0z”, i.e. any component of the matrix can be
obtained by calculating derivatives of the rest frame coordinates with respect to laboratory
frame coordinates. Scalars, such as the norm of any four-vector, are Lorentz invariant.
Though, just like four-vectors, they may depend on coordinates. The invariance tells us
that the Lorentz scalar measured in the rest frame at 2’ = Ax is equal to the same Lorentz
scalar measured from the laboratory frame at the corresponding coordinate z = A~'a/, i.e.,

¢'(2') = o().

41Except for the electromagnetic field components, which are components of a rank-2 antisymmetric
tensor, defined from the four-potential as F*¥ = ot AY — 0¥ A*. Eqs. (214) — (214) are then obtained from
Fe'Y = AV AL v,
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Figure 18: Relativistic mirror based on nonlinear plasma waves driven in plasma.
(a) Schematic illustrating the increase of reflection coefficient with plasma wave nonlinearity. (b)
Spacetime diagram of a relativistic mirror. Light propagates along the light-cone coordinates
x + ¢t = const., which leads to a relativistic double Doppler effect upon reflection. Note that the
upshift factor (219) can be derived based on the geometry of (b).

Let us now return to the relativistic mirrors. A. Einstein assumed that his relativistic
mirror has ideal reflectivity, but as we will show, any finite distribution of charged particles
will introduce a complex reflection coefficient r = E!/E{, where E’ is the electric field
given in the rest frame of the mirror, and |r| < 1. Therefore, the amplitude of the incident
wave is reduced upon reflection in the mirror rest frame. If we transform back into the
laboratory frame, the reflected wave undergoes another relativistic Doppler upshift, and the
final relationship of incident and reflected frequency, amplitude, and pulse duration follows as

Wy _TO . Er _1+ﬂw

= = ~ 42, 219
o B 15, S (219)
where the final approximation holds for ~,, » 1. Assuming that the relativistic mirror is
composed of electrons, reflection from a planar mirror can be described by the wave equation
in the rest frame as

62 2 62 2 " T
((%’2 o +wy (2t )) a(z',t') =0. (220)
Note that according to Eq. (215), the normalized vector potential (¢ = E/w) is Lorentz
invariant, a’ = a. Introducing the light-cone coordinates & = 2/ — ¢t/ and n = z’ 4 ct'*?, which
correspond to a 7/4 rotation of spacetime coordinate grid, we obtain the wave equation
as [Lamac et al., 2024]

0%a, 1k} (n+¢ ik
oy "1 < 2 ) aoe 221

where we have assumed that the electron currents composing the mirror oscillate due to the
field of the incident radiation, which has amplitude ag, and that the reflected amplitude
satisfies |a,| « ag. Integration of Eq. (221) yields [Bulanov et al., 2013; Bulanov et al., 2016b;

42These are practical for any problem describing propagating and counter-propagating waves.
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Lamac et al., 2024] the complex amplitude reflection coefficient for r = a,/ag as

1 o0 'Qk/
! — S
T LD y (s)e™ "0 ds, (222)

where kj is the wave number and k() is the inhomogeneous plasma wave number, both
transformed to the rest frame of the mirror. We see that the Fourier transform of the
inhomogeneous relativistic wave number determines the complex reflection coefficient in the
mirror rest frame.

The fact that we denote the velocity of the mirror as 3,,, i.e., the same as the phase velocity
of relativistic plasma waves discussed in the previous section, is not an accident. Indeed,
we have shown before that the density of plasma waves driven close to the wave-breaking
threshold diverges, resulting in a highly localized region of high electron density. Such a
structure can be considered a relativistic mirror propagating with v,, ~ wo/wpe [Bulanov
et al., 2003]. The breaking plasma waves have a cusp-like structure [Bulanov et al., 2013;
Bulanov et al., 2016b], for which the reflection coefficient can be calculated [Lamac et al.,
2024] as

- e \ 23
"wb = 5433231 (2) <7wnc> ’ (223)

where ng is the background plasma electron density in the laboratory frame and n. is the
critical density for the incident radiation in the laboratory frame. Laser-driven wakefields are
typically driven in background electron plasma density corresponding to v, = Wpe/wWar &
10 — —100, where wg;- is the frequency of the laser driving the nonlinear plasma wave. In the
case when both the driver and the incident wave have a similar frequency, for example, if the
incident one is split from the driving laser, we get a further simplification [Lamac et al., 2024]

TLWFA ~ % (224)
Yw

For plasma waves with 7y, » 1, the reflected amplitude is E, ~ 492 rE,. Laser-driven plasma
waves have typically v, ~ 10 — 100, therefore the reflection coefficient is typically small,
r ~ 10~%. Nevertheless, the double Doppler frequency upshift can produce an extremely
bright beam of coherent radiation. With laser-driven plasma waves, we can tune the pressure
of the gas target to change the velocity of the mirror, according to v, = wpe/wqr. In such
a case, Eq. (219) promises an extremely tunable source of coherent X-ray radiation and
attosecond pulses [Lamac et al., 2024], with relative spectral bandwidth inherited from the
incident laser pulse®3.

Relativistic parabolic mirror

Apart from the double Doppler effect, the intensity of radiation reflected from a relativistic
mirror can be further increased if the mirror is curved such that the focusing of radiation
occurs. This was first proposed in [Bulanov et al., 2003], where it was shown that nonlinear
plasma waves naturally take the shape of a paraboloid [Bulanov et al., 2003; Jeong et al.,

43In paper B.2, we show that coherent X-ray sources based on relativistic plasma mirrors could rival
the spectral brightness of free electron lasers. We guide the reader there for an extended discussion of the
properties and applicability of relativistic mirrors based on nonlinear plasma waves. Furthermore, we refer
to [Bulanov et al., 2013; Bulanov et al., 2016b; Koga et al., 2018; Kando et al., 2018] for an overview of the
current state-of-the-art regarding relativistic mirrors based on nonlinear plasma waves driven in underdense
plasma.
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2.4. Relativistically underdense plasma

2021b; Jeong et al., 2021a]. To obtain the reflected spatiotemporal distribution of radiation,
we must first calculate the distribution in the mirror rest frame and perform an inverse
transformation into the laboratory frame, done in [Jeong et al., 2021b]. Crucially, the focal
length of a relativistic parabolic mirror is reduced by a factor of ~,, in the mirror rest frame.
For ~,, » 1, the focal length is extremely short, and the reflection can be approximated as a
47 focusing scenario [Jeong et al., 2020], where radiation is being spherically focused into
the spot from a solid angle of 47, which is a limiting case of tight-focusing, where the ratio
of the focal length to beam size, known as f-number, approaches zero [Jeong et al., 2020].

To illustrate the effect of relativistic focusing, we present the case of radial polarization
[Jeong et al., 2021b]. We may consider that the incident radiation is described by a Laguerre-
Gaussian beam, with an effective radius of wy; = wov/2p + I + 1, where wyq is the laser waist
of the zeroth-order Gaussian beam and p and [ > 0 are the radial and azimuthal index. In
the mirror rest frame, the spectral components of the 4m-spherically-focused laser can be
expressed in spherical coordinates (7,0, @) as

E,. (0,0 ,w') = €eyiE s (W) Sa (0,0, 0") exp (iw't'), (225a)

B, (0,0 ,w) = —el, Boj (w') Sp (¢, 0';0") exp (iw't"), (225b)

where Fy ¢ (w’) and By, (w’) are the amplitudes of the Fourier components of electric and
magnetic fields in the focus, ej and efp are, respectively, the azimuthal and polar unit vectors
in the rest frame coordinates, and the spatial distribution functions are given as

o 4k +1 '
Sa = ’; QT]% (iﬁ) Py, (COS 9/) ) (226)
=0
’ 4. (W 1 ’
Sy (W) = gl P! (cos®'), (227)

where j, (x) is the spherical Bessel function of the first kind and n-th order, and P, (-) and
P™ (+) are, respectively, the Legendre and the associated Legendre functions [Gradshteyn and
Ryzhik, 1965]. Note that to obtain the case of azimuthal polarization, we can swap electric
and magnetic field components of the radial polarization, E; < By [Jeong et al., 2020;
Jeong et al., 2021b]. Tt is enough to keep only the first two terms of the infinite sum defining
the spatial distribution S, to produce tractable expressions. Summing up the neglected
higher-order spherical Bessel functions slightly reduces the size of the focal spot [Jeong et al.,
2021b], but this does not affect the qualitative description, which is our primary interest.
Therefore, we keep only the first two terms of the sum (k = 0, 1). Performing the inverse
Lorentz and Fourier transformations for the 4n-focused fields given by Eqgs. (225a)—(225b),
we obtain in the laboratory frame the spatiotemporal distribution of a radially polarized
laser, focused by a relativistic parabolic mirror, as [Jeong et al., 2021Db]

Lo i
E, (p,0,p,t) = vp———r—n | — LLF,
(pv y P ) Tw 1 — ﬁw cos 6 8 >\O 0

{=jo (whR/e) sin (woT') Y1 + Buji (woR/c) cos (wyT) T2} cos o (2282)
x | {—jo (wyR/c) sin (woT) T1 + Buwji (wyR/c) cos (wT) Yo} sing |,
(1/7w) jo (woRR/c) sin (wT') Yo
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1+ By 37‘(5%&

Br a97 at =Ywi 5\ o
(.0, 0:1) = 1— B, cosé 8 X ¢

{—j1 (WhR/c) cos (wyT) Yo + Bujo (whR/c) sin (whT) Y1} sin g (228b)
x | {j1 (w(R/c) cos (wiT) Yo — Puwio (wWiR/c)sin (wiT) T1}cose |,
0

where Ao = 2mc/wp is the wavelength of the incident laser in the laboratory frame. The
envelope functions are given as

1| cosf+ By Aw'? R\?
Tl(T’R)_2{1+6wcost9eXp 4 T+;
, (229)
LocosO0=Py N A2 (. R
1 — By cosb P 4 c ’
1 sin 6 Aw'? R\?
T = — == _
2(T, R) 2 {%, (1 — By cosh) P l 4 (T c )
(230)

N sin 0 o _Aw’2 T—&-E 2
Yw (1 + By cos ) P 4 c ’

where Aw’ = 1/7" is the spectral bandwidth of the incident laser pulse in the mirror rest
frame. Finally, the time-like T and space-like R functions are defined as

t — (p/c) Bu cos b
Yw (1 = B2 cos?26)’

p — ctBy, cos b
o (1= B2 cos?0)°
The frequency and pulse duration of the reflected laser is given by [Jeong et al., 2021b]

T (p;t) =

(231)

R(p;t) = (232)

Wy 70 1+ B’w
Zr_ v _ - TrFw 233
wo T 1—pfycosf’ (233)

which corresponds to the relativistic double Doppler effect [Einstein, 1905]. On the axis of
symmetry of the parabolic mirror (6 = 0), the frequency upshift corresponds to the case of a
flat relativistic mirror given by Eq. (219). From Egs. (228a)—(228b), we can estimate the
field strength at the focus of a relativistic parabolic mirror as

E 371'5 Wy 1
T ~ 4 3 p, ; 234
B S\ 3 (234)

Compared to the flat relativistic mirror, we see that the relativistic parabolic mirror introduces
another enhancement factor of Epqr/Efiat & Yw(wo/Xo), which can be significant for highly
relativistic mirrors. To give an example, let us consider a laser pulse with Ag = 0.8 um, initial
beam radius of wg = 3 um, and incident intensity Iy = 10'® W/cm?. Then, being reflected
from an ideal (r = 1) relativistic parabolic mirror with v, = 10, one obtains reflected
intensity of I, ~ 2.6 x 10?® W/cm? at focus, assuming reflection coefficient of r = 1. An
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a) n/4 b) n/4 c) n/4 1.0 x 108

0.5_17/4 0.5-r/4 0.5-r/4 0.0

Figure 19: Temporal evolution of radiation energy density, (E. /EO)Z, of an electromagnetic pulse
reflected from a parabolic relativistic mirror propagating with 8, = 0.9, with the electric field
calculated using Eq. (228a) for ¢ = 0. The laser waist is given as we = 5.2)\¢ with pulse duration of
TewuM ~ 6 To, where Ty = Ao/c is the period of the incident laser. The value of the electric field at
the focus (¢t = 0) is given by Eq. (234). The color bar is saturated to show the relative differences
between individual snapshots.

example of the spatiotemporal evolution of the reflected electromagnetic field was calculated
using Eqgs. (228a)—(228b), and is presented in Fig. 19. Crucially, the possibility to achieve
such intensities would allow us to study a realm of nonlinear quantum electrodynamics in a
manner that is not accessible to conventional accelerators, for example, through light-light
interaction [Heisenberg and Euler, 1936; Schwinger, 1951; Di Piazza et al., 2012].

Let us consider an electric field strength that could accelerate an electron to an energy
of 2m.c® over a distance corresponding to the Compton wavelength A\, = 2mc/w.., which
corresponds to a photon with energy of hw. = m.c?. In such a field, electron and positron
pairs can be produced out of a vacuum, known as the Schwinger effect. The corresponding
electric field value is known as the Schwinger limit [Heisenberg and Euler, 1936; Schwinger,
1951; Bulanov et al., 2003; Mourou et al., 2006; Di Piazza et al., 2012],

mec?cd

By = ——— ~1.32 x 10 V/m, (235)
de

which corresponds to an intensity of Iy ~ 102 W/cm?. The Schwinger limit corresponds
to the breakdown of vacuum and the surprising onset of nonlinear electrodynamics in
vacuum [Heisenberg and Euler, 1936; Schwinger, 1951; Di Piazza et al., 2012]. For electric
fields close to Es, the vacuum can become significantly polarized, and nonlinear processes
occur, such as photon-photon scattering or birefringence of light [Schwinger, 1951; Di Piazza
et al., 2012]. Studying the effects of such electromagnetic fields would prove invaluable for
fundamental physics [Di Piazza et al., 2012], which drives motivation into accelerated research
of laser amplification processes, which could enable us to probe E ~ E; in the laboratory.
While this intensity may not yet be readily attainable with today’s technology, we can use
Lorentz invariance to study these processes within the rest frame of relativistic charged
particles, specifically the readily available relativistic electron.

The parameter which dictates the onset of nonlinear effects through the interaction of an
electron with the electromagnetic field is known as the electron quantum parameter [Di Piazza
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et al., 2012; Blackburn, 2020], which is given as

x = El\/(E +cB xB)> - (E-B)°. (236)

For electromagnetic plane waves we have B = n x E, and since n - E = 0, we get
E
X =75\ (1=B-n)" (237)

In counter-propagating geometry, we have n - 8 ~ —1. Therefore, x = 2v(E/E.). Today,
electrons are routinely accelerated to v ~ 10* using laser wakefield acceleration [Leemans
et al., 2014; Gonsalves et al., 2019; Aniculaesei et al., 2024], or even v > 10 with conventional
accelerators [Decking et al., 2017]. To explore nonlinear effects at x ~ 1, the electric field
intensity requirement decreases proportionally with increasing . This scheme could enable
all-optical experiments studying the effects of nonlinear quantum electrodynamics, where
both of the scattering components, accelerated electrons and intensely focused radiation,
could be produced using lasers [Mourou et al., 2006; Di Piazza et al., 2012; Blackburn, 2020;
Lamac et al., 2023a].

2.5 Relativistically overdense plasma

In this section, we consider the interaction of electromagnetic radiation with relativistically
opaque plasma, which occurs when w < wy,,» = wpe/4/7. This regime is of great importance to
problems such as inertial confinement fusion, high-harmonic generation, particle acceleration,
or emission of gamma radiation. Typically, the interaction of laser pulses with plasma
often involves some form of plasma inhomogeneity. Femtosecond laser pulses are usually
accompanied by spontaneously amplified emission at the picosecond or nanosecond scale.
These pre-pulses can be significant and ionize target material long before the main pulse
arrives. In such a scenario, the plasma surface can expand into the vacuum with a natural
gradient, which can be estimated with a scale length L ~ [(1/n¢)d.n.]~*. The interaction
then takes place in an inhomogeneous plasma, where the laser pulse propagates up to the
region of plasma resonance®*, where w = wpe. Today, some techniques enable us to clean
pre-pulses such that plasma gradients with scale length kL « 1 can be produced [Teubner
and Gibbon, 2009; Kahaly et al., 2013], where k is the wave number of incident radiation. In
this scenario, a sharp plasma-vacuum interface allows the laser to easily extract electrons
from the plasma and accelerate them towards the vacuum region in the first half-cycle of
the electromagnetic wave. A process known as vacuum heating of electrons [Brunel, 1987;
Gibbon, 2005; Teubner and Gibbon, 2009]. Thus, it is sensible that we begin this chapter by
discussing the propagation of electromagnetic waves in inhomogeneous plasmas [Landau and
Lifshitz, 1960; Kruer, 1988].

2.5.1 Propagation of electromagnetic waves in inhomogeneous plas-
mas

Let us assume that the electromagnetic wave is obliquely incident on an inhomogeneous
plasma with density n. = n.(z), which has a positive gradient pointing in the z-direction
(0zne > 0), and which is located in the region x > 0. The angle of incidence 6 is given with

44As we will show later, the laser is reflected even earlier at oblique incidence.
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2.5. Relativistically overdense plasma

respect to the plasma surface normal vector®®. In vacuum, the wave satisfies w? = ¢2(k2 + k:;),
where k, = k; cos0,k, = ksinf. For k, = 0, the wave is said to be incident normally, while
in the case of &k, # 0, it is said to pass obliquely. For oblique incidence, two different cases
of polarization must be distinguished. In the case of S-polarization, the electric field vector
is perpendicular to the plane of incidence, E = E, exp(—iwt)e,. In the opposite case of
P-polarization, the electric field vector E lies in the plane of incidence, and the magnetic field
vector lies perpendicular to this plane, B = B, exp(—iwt)e,.

S-polarization

The wave equation for the S-polarized electric field is given as [Landau and Lifshitz, 1960;
Kruer, 1988; Eliezer, 2002]

d’E, d?E, w?n?

+ + E,=0, 238
dx? dy? 2 77 (238)
where n(z) = 4/1 — (wpe(x)/w)? is the refractive index of the inhomogeneous plasma. Since
the refractive index varies only in the x-direction, the perpendicular component of the wave
vector k, = ksin @ must be conserved. Therefore, we can write the electric field component
as E, = Fexp(ikyy). Then, we have

d’E w?n? 9
o) + (02 - k:y> E =0, (239)

Note that the term within the parentheses corresponds to the local wave vector component
in the z-direction, k2 = k?n? — k;, where k is the vacuum wave number of the incident laser.
Also note that the laser wave must reflect when k, changes sign, i.e., at a reflection point x,
where k; = 0, which yields the following condition w cos 6 = wp.(z,). The exact position of
the reflection point z, generally depends on the inhomogeneous plasma density profile. A
solution for S-polarization can be obtained if we assume slow variation of the longitudinal
wave number, |(1/k;)0.k:| < |kz|, which can be rewritten more concisely as

« 1. (240)

This is often referred to as Wentzel- Kramers-Brillouin approximation, which yields the
following solution for the electric field of the S-polarized wave [Landau and Lifshitz, 1960;
Kruer, 1988; Eliezer, 2002]

E(z) = \/fkjﬁ exp (Z f: ko (n)dn) ; (241)

where Fjy is the electric field amplitude in the vacuum region x < 0. The amplitude of
the electric field increases as the light wave propagates towards higher electron density, as
|E = Ey/+/ks(x). This can be explained if we note that the energy density of the wave is
conserved, |E(z)[*vy/c = E3, where vy/c = ck, /w is the group velocity of the wave. Therefore,
since the local group velocity of the electromagnetic wave decreases as the wave enters higher
density, the electric field amplitude must swell.

It is clear that the condition given by Eq. (240) is not satisfied at the reflection point

45Gee Fig. 20 for the geometry.

71



Chapter 2. Theory of relativistic optics

Zr, where k; — 0. To find an analytic solution, we expand the longitudinal wave vector
k; in the neighborhood of the reflection point and keep only the leading order linear term,
k? ~ —a(x — x,). This yields the Airy-Stokes equation [Gradshteyn and Ryzhik, 1965],
d?E/dx? — a(z — 2, )E = 0. Without loss of generality, let us assume that the plasma density
is growing. Then, a > 0, and it is clear that the solution is oscillatory for x < z, and
exponential for £ > x,.. A solution that satisfies this behavior and is finite for all x exists
and is given as

BE(z) = AAi (), (242)

where Ai(n) = (1/x) SSO cos(u3/3 +un)du is the Airy function [Gradshteyn and Ryzhik, 1965],
A is a constant and n = o/3(x — z,.). Tt is also important to mention that this solution
is exact for inhomogeneous plasma with a constant gradient, i.e. wze (r) = w?x/L. In such
a case, we have z,, = Lcos?f and a = w?/(c*L) = k?/L*. To see how the constant A
relates to the amplitude of the incident wave Ey, we expand Eq. (242) far away from the
reflection point. At z = 0, we have n = —(kL)'3 cos? 6, and for (kL)Y/3cos?0 » 1 we get
Ai(—n) ~ (n=V4//7) cos [(2/3)n*? — 7/4] [Gradshteyn and Ryzhik, 1965], and the electric
field can be written as [Kruer, 1988; Eliezer, 2002]

A (2 w A (202 w
s~ g e[ (50| [ (5 D) e

Eq. (243) represents the stationary wave formed by the superposition of the incident wave
propagating in the positive z-direction, and the wave reflected at = = x,, which propagates
in the negative z-direction. For = » x,., the expansion of Eq. (242) shows that the incident
wave decays exponentially, as [Kruer, 1988; Eliezer, 2002]

A 23/
Ex>»x.)~ WGXP [— <T]3>] . (244)

Since the wave is reflected at x = x, and evanescent for x > x,., the reflection coefficient
must be equal to unity, = 1. Therefore, in the vacuum region z < 0, Eq. (242) is equal to the
sum of the incident and reflected waves, E(z = 0) = Ey + Eg exp(ip), where ¢ = 4kL/3 —m/2
is the phase acquired by the reflected wave throughout its propagation in plasma. This gives
us A = 2¢/7(kL)/°Epe’®, and the general solution (242) can be now written in terms of the
incident laser amplitude as [Kruer, 1988; Eliezer, 2002]

E(x) = 2¢/7(kL)YC Ege'® Ai (1) . (245)

The Airy function has a maximum at n = —1, Ai(—1) ~ 0.54. The maximum value of
the electric field in plasma is therefore |E,,q0/Eo| ~ 1.9(kL)Y/®. As an example, for an
inhomogeneous plasma with scale length L = 100 pm and laser wavelength A\g = 1 ym, the
maximum field is E,,q,/Fo ~ 5.57. The magnetic field B = Be,, is given from Faraday’s law
as B(x) = —(i/w)d, E(x), which yields

B(x) = —i2/7(kL) YO Bye' A’ () . (246)

We point out that as the electric field increases, the magnetic field decreases. Additionally,
B is zero when F is maximum. At the reflection point ¢ = z,, = L cos? 6, where i = 0, the

46Note that the full solution also includes the phase factor exp(—iwt + ikyx).
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values of the electric and magnetic field are given as [Eliezer, 2002]

‘Es(n_o)‘ ~ 1.26(kL)YS, (247)

Ey

‘BS(ZZO)‘ ~ 0.92(kL)~V/S. (248)
0

P-polarization

In the case the electric field vector lies in the plane of incidence, the wave equation for the
out-of-plane magnetic field B = B(x) exp (—iwt + ikyy) e, is [Kruer, 1988; Eliezer, 2002]

2B 1 0B w2 k2
dm2+ngax+<02ng B =0. (249)

It is immediately clear that the equation has a singularity at n? — 0, which corresponds to
the point where w = wp. Let us again consider the linear density profile, w2 (z) = w?z/L.
Substituting = (k2/L)Y3(z — L) and 7 = (kL)Y/3sin6, Eq. (249) then becomes [Eliezer,
2002]

0’B 10B

on* o
The equation has a singularity at = 0, which corresponds to x = L, and thus wp. = w. We
consider the evolution of the magnetic field close to the resonance point, where 1 « 72,

(n+7%) =0. (250)

#8108
on* o€

It can be verified with direct substitution that the solution is given by

% =0. (251)

B(n) = By (1 + %Tan In n) . (252)

At the resonance point  — 0, the magnetic field tends to a constant value of By [Landau and
Lifshitz, 1960; Kruer, 1988; Eliezer, 2002]. To find how this value relates to the amplitude
of the incident wave Ey, we first mention that far from the resonance point (7 » 72), the
magnetic field is effectively described by the Airy-Stokes equation, and the results from
previous sections apply. The magnetic field at the reflection point z,, = L cos? § can therefore
be taken using Eq. (248), as B(x,) ~ By0.92Fy(kL)~Y°. The decay of the magnetic field as
it tunnels beyond the reflection point x, = L cos? § onwards to the resonance point x, = L
can be estimated by a decay factor e~?, which corresponds to the phase factor of a wave
propagating beyond the turning point, 8 = Sé cosz 0(1/0) (W2, () — w? cos? 0)1/2dx. Thus, we
obtain the following value for the magnetic field close to the resonance point,

2
B(x = L) ~ 0.9By (kL)% exp [—SkL sin® e] . (253)
The electric field at the resonance point can now be obtained from Faraday’s law,
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Figure 20: Schematic illustrating the difference between the interaction of a P and S-polarized
electromagnetic wave with inhomogeneous plasma. The electromagnetic wave has an initial wave
vector k and is incident at an angle of # away from the surface normal. The dashed line indicates the
evolution of the wave vector. In the case of S-polarization, the electric field of the wave is given by
E., the wave is reflected at =, = L cos®# and forms a standing wave pattern described by Eq. (245).
For P-polarization, the situation is analogous for E, up until the reflection point, where the electric
field swells like S polarization. However, in the case of P-polarization, the electromagnetic wave
tunnels through onwards to the critical density positioned at x, = L, where the E, grows linearly
with time. This growth is due to resonant oscillations of the plasma electrons since at x, = L, we
have w = wpe. The resonant growth is then saturated due to laser energy absorption, or the end of
interaction. Eq. (257) gives the electric field of the saturated resonance.

V x B = —ikn?E, which gives us the magnitude of the z-component of the electric field as
0yB sin 0 B(x)

E,| = |i2X==| = ) 254

B2l = |15 | - s (254)

While the magnetic field is constant at the resonance point, it is clear that the electric field
becomes singular at the resonance point 2 — L, where n? — 0. The physical interpretation
of Eq. (254) is revealed when we realize that the dielectric function ¢ = n? describes the
response of the oscillating plasma electrons [Landau and Lifshitz, 1960; Kruer, 1988; Bulanov
et al., 2001; Eliezer, 2002]. At the same time, E; = B(x = L) sin 6 represents the evanescent
amplitude of the incident wave at the resonance point x = L, which drives the electron
oscillations. Using the magnetic field at the resonance point (253), we can express the driving

electric field as
Ey

V2rkL

where ¢(7) ~ 2.37exp (7273/3). The driving field vanishes for 7 — 0, corresponding to
normal incidence. Normal incidence is, therefore, analogous to the case of S-polarization
discussed before, where no resonance occurs.

Eq= (1), (255)
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Resonance saturation and laser absorption

We now reveal an essential property of plasma resonance. In general, the amplitude of
the electric field E,(t) cannot grow indefinitely. Several saturation processes can occur for
ultrashort laser pulses [Bulanov et al., 1994; Bulanov et al., 1998; Bulanov et al., 2001]. To
discuss a few, the electromagnetic wave might have a finite pulse duration, in which case
the resonance will saturate following the pulse duration. Saturation also occurs when the
electrons are driven with such strength that they are ejected from the resonance region,
i.e., wave breaking occurs. Relativistic detuning of the resonant frequency may also happen,
where the resonant plasma frequency increases with the increasing inertia of plasma electrons
performing relativistic oscillations. Apart from these collisionless processes, we may also
consider the collisional ones, such as electron-ion collisions [Chen et al., 1984], which can be
important for long pulse durations and small normalized amplitudes.

Resonance saturation is equivalent to the occurrence of an imaginary part of the dielectric
function, which can be, therefore, generally written as [Kruer, 1988; Eliezer, 2002]

—n?=1- 2y 256
e=n . is, (256)

where s is a dimensionless number that can characterize any saturation process, such as the
ones mentioned above. It can be related to an effective frequency of the saturation process v
as s = v/w, where w is the angular frequency of the incident laser. The electric field in the
resonance region can then be written as

(257)

Ew(x,t):R[ Eqexp(—iwt) ]

1 — (wpe/w)? —is

where R[] is the real part of the complex electric field and (wpe/w)? = z/L for the linear
plasma density profile. The maximum amplitude, spatial width, saturation time of the
resonance, and its relative bandwidth are approximately

Erar = @, Ax = sL, At = i, Aw =s. (258)

S Sw w

We note that the relative bandwidth is related to the quality factor @ of the resonance, as
Q = wpe/Aw = 1/s. As noted before, at low temperatures and incident wave amplitudes,
saturation due to the electron-ion collisions may also occur [Chen et al., 1984], in which case
$ = Vei/w where vg; is the collision frequency. At weakly relativistic amplitudes, collisionless
processes will be more dominant. For ultrashort pulses, saturation can occur due to finite
laser pulse duration, in which case we have s = 1/(7wN,), where N, is the number of wave
periods contained within the pulse. In the case of self-intersection of the electron trajectories,
i.e. wave breaking, we have sy = (r./L)"/?, where L is the plasma density scale length
and 7. = eEy/(mew?) = ag/k is the oscillation amplitude due to the incident wave with
normalized amplitude Fy. Finally, for saturation due to relativistic detuning of the plasma
frequency, we have sp = ag/ 347, where a is the normalized vector potential of the laser,
ag = eEy/(mecw). Finally, the dimensionless saturation parameter in Eqgs. (258) is then given

4TDimensionless parameters for relativistic detuning and wave breaking can be obtained based on the
displacement equation (267) presented in the next section, which was done in Refs. [Bulanov et al., 1994;
Bulanov et al., 1998].
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by the largest one [Bulanov et al., 1994; Bulanov et al., 1998; Bulanov et al., 2001],

1/2 1
§ = max [sN— (Z—%) ,sp = a3 sp = N ] (259)
P

Regardless of the saturation mechanism, the absorbed energy flux can be calculated as [Kruer,
1988]

0 0 E2
Tops ~ f sw|E.|*dx = f sw—%dx, (260)
0 0 €]
where for the case of linear density profile, we have
2
€2 = (1 - %) + 52 (261)

The resonance region size is proportional to s, and the electric field’s maximum value is
proportional to 1/s, which enables us to evaluate the energy absorbed through electrostatic
wave excitation without specification of the absorption process. Evaluation of the integral
yields I ps & o.)LEfl. Conservation of energy requires that I,;s ~ fabscEg. Using Eq. (255),
we obtain the fraction of absorbed energy flux as [Kruer, 1988; Gibbon, 2005]

2
fue x 20, (262)
where ¢(7) is defined as in Eq. (255). Just like the amplitude of the driving field, the
absorbed energy flux is maximized when 7 = (kL)/3sin# ~ 0.8. This simplified model
captures the features of numerical results obtained by [Forslund et al., 1975a; Estabrook
et al., 1975; Speziale and Catto, 1977] but somewhat overestimates the peak absorption.
Detailed calculations using a linear density profile show peak resonance absorption of about
fmaz ~ 0.5, which can be used as a normalization constant for Eq. (262) to obtain a
quantitatively more precise analytical model. Using these results, collisionless absorption can
be modeled with hydrodynamics models by introducing a phenomenological dimensionless
parameter s in the vicinity of the critical surface, such that one retrieves f,q4. ~ 0.5 at an
angle given by 7 ~ 0.8, in the limit kL » 1.

Electron displacement and density distribution near the resonance point

We now express the Eulerian coordinate x in terms of the Lagrangian variable xg, which is
the initial position of an electron. They are related by [Dawson, 1959]

x = o + &(x0), (263)

where £(zp) is the displacement of the electron from zy. In both descriptions, the total
number of particles in some volume must remain the same, n(x)dV = n(x¢)dVp. The volume
elements are related to each other through the determinant of the Jacobian matrix, as
dV = JdVy. In one dimension, the determinant is J = 0,/0,0 = 1 + 9§/0,,. Therefore, the
densities are related as n(z) = n(xg)/J, which can be expressed as [Dawson, 1959]

Ne(20)

" T agfomy e

ne ()
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where n.(xg) = ng corresponds to the initial unperturbed electron density. The fluid-like
motion of the plasma electrons breaks when their trajectories start to intersect, which
occurs when J — 0, or 0¢/0,, — —1. At such points, the electron density grows unbounded,
and wave breaking occurs. The solution of the Poisson equation shows that the electron
displacement and density is related to the electric field as [Bulanov et al., 1994; Bulanov
et al., 1998; Bulanov et al., 2001]

e g(w07t)
E,=— no (zo + a) da, (265)
€0 Jo

where 1z is the initial electron position. For a linear density profile, n. = n.x/L, the electric
field is given as [Bulanov et al., 1994; Bulanov et al., 2001]
c 2/2)/L 0
B, - (en /6())(33()§2+ §°/2)/L, x0+§&> (266)
—(enc/€0)(x5/2)/L, 2o +£ <0

where ©x = xg+& > 0 corresponds to the plasma region solution and x = xo+£ < 0 corresponds
to the vacuum region solution. Additionally, it is useful to note that for step-like density,
which can approximate the case when kL « 1, the longitudinal electric field due to plasma
displacement is given as Ey sep = enoé/eo in the plasma region and E sep = —enozo/ep in
the vacuum region. For weakly relativistic driving field, we obtain from the Lorentz force
the following equation describing nonlinear oscillations [Bulanov et al., 1994; Bulanov et al.,
2001],
2e 3 % (o e
a—tg-l—ﬁan (af) = _E(Ew—FEd)’ (267)
where Ej is the driving field and FE, is the space-charge restoring field due to the electron
displacement, given by Eq (266). On the left-hand side, we see that nonlinearity, and therefore
saturation, occurs due to relativistic effects. In contrast, the nonlinearity on the right-hand
side, given by Eq. (266), arises due to the inhomogeneity of the plasma. For non-relativistic
oscillations, we may neglect the nonlinear terms and obtain for electrons close to the resonance
point (z, = L) the following displacement £ ~ —(re/2)t coswt. The oscillations grow linearly
with time, while the resonance bandwidth decreases as Aw ~ 1/(wt). At the time when the
displacement equals the resonance width Az ~ L(r, /L)l/ 2. the electron trajectories start to
self-intersect, and saturation occurs [Bulanov et al., 1994]. The maximum displacement is
therefore limited to &40 = Te ® Az ~ s, L.
For plasma with large scale length L and non-relativistic saturation, the oscillations are
effectively linear, and the displacement can be approximated as £ ~ —eE,/m. in both cases.
In this case, using equations (254) and (255), we obtain

(1 — /L) cos(wt) + ssin(wt)
(1—z/L)* + 52

E=r, , (268)

where 2 now represents the initial electron position*®. Eq. (268) describes an oscillating
localized plasma wave with a width of Az = sL, in accordance with Egs. (258). The

48This is because the initial positions xg coincide with the coordinate grid. In the following, we omit the
subscript for clarity and use z instead of z¢ in all the formulas and plots, as that is the usual label for
coordinates.
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0.0

Figure 21: Evolution of initially linear electron plasma density profile n. = n.x/L.
Calculated from Eq. (270) for s =w = L =1 and r. = 0.9.

displacement velocity follows as

T'eSW

f=——°"_  cos(wt). 269
(1—2/L)? + 52 (1) (269)
The phase velocity of the plasma oscillation is equal to v, = w/k ~ w/Ax = wsL. We see
that the displacement of the plasma electrons is evolving in time, and the density distribution

can be calculated accordingly, using Eq. (263), as

~1
Ne |, Te cos(wt) 2re(1 —x/L) (1 — x/L) cos(wt) + ssin(wt)
77/70 ik L s? + (1 — :L‘/L)Q + L (s2+ (1 — x/L)Q)Q , (270)

where ng = n.z/L is the unperturbed density profile and n.. is the critical frequency for
the incident laser. Fig. 21 shows that the electron density forms a reappearing overcritical
density spike with a peak at the resonance point x, = L.

Our previous discussion has considered the case when the displacement of the electrons
is much smaller than the plasma scale length, £ ~ r. « L. In the opposite case, of a very
sharp plasma gradient, £ ~ r. » L, the electrons can be ejected out of the vacuum and
find themselves accelerated directly by the laser field, i.e., vacuum acceleration of electrons
occurs [Brunel, 1987; Bulanov et al., 1994; Bulanov et al., 2001]. If we estimate the initial
velocity of the electrons pulled by the laser into the vacuum as vg/c & ag, the displacement

can be calculated as )

gvac = *Uot -+ Zj$gt2, (271)

where x is the initial position of the electrons. The electron density can be again calculated
using Eq. (264). Near the leading front where x ~ —uvgt, the electron density has a linear
profile, given as n ~ n¢.(x + vot)/L, where the Lagrangian and Eulerian coordinates are
again related as = xo + £(z0, t).
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Figure 22: High harmonic generation from the resonant relativistic oscillating mirror.
(a) The electron plasma density evolution, given by Eq. (270). The black contour line indicates a
threshold, beyond which n. > n.. In the interior of this boundary, radiation can be reflected into
the vacuum, as indicated by the colored dotted lines. (b) Longitudinal electric field of the saturated
plasma resonance (257). (c) Spatiotemporal evolution of reflected radiation, calculated using the
model of a narrow resonance given by Eq. (274).

2.5.2 High-harmonics and attosecond pulse generation

We have shown in the previous sections that dense regions of oscillating electrons can be
produced due to nonlinear laser-plasma interaction. In the case when the density of the
electrons is sufficiently large, such that n. > n., the incident driving field can even be
reflected into the vacuum, as illustrated in Fig. 22a. A dense oscillating plasma inhomogeneity
can produce periodic trains of ultrashort pulses [Bulanov et al., 1994; Naumova et al.,
2005; Mourou et al., 2006; Teubner and Gibbon, 2009; Bulanov et al., 2016b]. When the
plasma-vacuum interface is sharp, electrons can be pulled violently towards the vacuum
side to oscillate directly within the laser field [Brunel, 1987]. For sufficiently dense vacuum-
accelerated electron bunches, periodic bursts of reflected ultrashort pulses again occur due to
laser-driven nonlinear oscillations [Bulanov et al., 1994; Bulanov et al., 2001; Mourou et al.,
2002; Naumova et al., 2005; Naumova et al., 2006; Mourou et al., 2006; Baeva et al., 2006;
Teubner and Gibbon, 2009; Pukhov et al., 2010; Wheeler et al., 2012; Bulanov et al., 2016b;
Blackburn et al., 2018; Vincenti, 2019; Edwards and Mikhailova, 2020; Quéré and Vincenti,
2021; Lamac et al., 2023b]. The process of high-harmonic and attosecond pulse generation is
commonly referred to as the relativistic oscillating mirror [Bulanov et al., 1994; Naumova
et al., 2005; Teubner and Gibbon, 2009; Edwards and Mikhailova, 2020], as the radiation
occurs due to strong currents formed by periodically oscillating relativistic plasma electrons.

Here, we present a model of high harmonic generation, which we call resonant relativistic
oscillating mirror®, which captures key features of high harmonic generation from overdense
plasmas. The radiation generated by the saturated resonant plasma oscillations discussed in

49The idea of high harmonic generation from the saturated plasma resonance was first hypothesized
in [Bulanov et al., 2016b], on which we build upon here.
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the previous section can be obtained by solving the wave equation (51). For a transversally
homogeneous incident laser, i.e., such that its beam size is much larger than its wavelength,
we may neglect the transverse derivatives and obtain the following solution for the electric
field

1 |z — 2|
E(z,t)= —— |j[2,t — ——— | do, 272
(@) = gz [ (= 2 s (272)
where the current distribution is given as j = —ecf | n.(x,t), where 8, is the normalized

velocity of electron oscillations perpendicular to the propagation direction of the reflected
wave. For the saturated resonant oscillations discussed in the previous section, the rapidly
evolving plasma density is given by Eq. (270). Transverse velocity evolves in the field of
the incident laser as 3, ~ —(eEo/mec) exp(—iwt). Therefore, the real part of the velocity is
B1 ~ —agpsin(wt). For such a current distribution, we may integrate Eq. (272) to obtain the
radiation emitted for a given set of parameters (r., L, w, s). The oscillating mirror imprints its
spatiotemporal properties (258) into the reflected pulses, which is illustrated in Fig. 22a. The
duration and bandwidth of each reflected pulse are then given as Aw ~ 1/7 ~ ws, where w is
the frequency of incident radiation and s is the dimensionless saturation parameter (259). Due
to the periodicity of the process, the spectrum is composed of harmonics of the laser frequency,
as discussed in section 2.2.1. Let us show this explicitly in the case of narrow resonance,
Az ~ sL « 1. Then, we may take the current distribution as j = —efB n.(z,t)é(x — L).
Integration of Eq. (272) yields

E(at) — — encag sin

273
2¢0 1— 3% cosg’ (273)

where ¢ = wt + k(x — L) is the phase of the reflected wave. For weakly nonlinear oscillations,
ao/(kLs*) « 1, we can expand the denomiator as

encag . ag n n
E(z,t) =— S sin ¢ Z (kLsz) cos” . (274)
n=0

The harmonic content is explicit, and the coefficients of the ~ sin(ny) terms can be obtained
using the binominal theorem®® [Gradshteyn and Ryzhik, 1965; Riley et al., 2006]. A growing
presence of harmonics leads to nonlinear wave steepening, which is shown in Figs. (22)—(23).

Crucially, the harmonics are phase-locked. That is, the relative phase factors of the
individual harmonics are not random, and there is a fixed phase relationship. Synchronization
of high harmonics leads to the possibility of generating ultrashort attosecond pulses [Mourou
et al., 2002; Naumova et al., 2005; Naumova et al., 2006; Teubner and Gibbon, 2009].

The plasma response is effectively immediate in the case of very sharp plasma scale lengths
kL « 1 and for wpe » w. Then, we can approximate the plasma as a perfect conductor,
and the following boundary condition applies a[x,,(t),t] = a,[xm(t),t] + a;[zm(t),t] = 0.
In other words, the tangential vector potential equals zero on the critical surface x,,. The
temporal profile of reflected radiation in the vacuum is then uniquely determined by the
motion of the critical surface, a, = —a; = —ag exp [—iwt + ik, (t)]. In the case of a sharp
interface, the critical surface is directly exposed to the laser field. In general, we may consider
that it oscillates with some frequency (2, then its motion is (relative to the observer at
the angle of reflection) given as x,,(t) = z,sin(Qt). According to our discussion of laser
interaction with electrons in vacuum, it is reasonable to assume that the oscillation frequency
can be approximated as 2 = w at oblique incidence. In such a case, the discussion of the

B0cos™ p = (' + e71)m /2™ = (1/2") 3 0_ (7)) exp [i(n — 2k)¢p] .
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Figure 23: Ultrashort pulse train generation due to phase-locked harmonics produced
from the relativistic mirror. The radiation profile was calculated from Eq. (274) using w =
k = L = s = 1. Nonlinear wave steepening occurs due to the growing presence of harmonics, which
compress the reflected electromagnetic wave into ultrashort pulses. This is thanks to the inherent
phase synchronization of wave reflection from a resonant relativistic oscillating mirror.

properties of the reflected field follows that of Eq. (274), and the reflected signal is composed
of both even and odd harmonics [Gibbon, 2005; Teubner and Gibbon, 2009]. At normal
incidence, the nonlinear v x B part of the Lorentz force drives the critical surface oscillations
at € = 2w. A similar analysis as the one above can be done to reveal that the harmonic
spectrum is now composed of only odd harmonics of the laser frequency [Gibbon, 2005;
Teubner and Gibbon, 2009].

In section 2.2.3, we have shown the characteristics of emission due to extremely relativistic
motion, which results in an ultrashort radiation burst with duration of the order At =~
p/(v3¢) = 1/w,, where p is the instantaneous radius of curvature at the time of emission.
Then, the motion at the turning point can be approximated with an instantaneously circular
motion. Expanding the motion close to the turning point and taking the Fourier transform of
the one-dimensional field given by Eq. (272), we can find that the spectrum can be described
in terms of a derivative of the Airy function, and for w « w, we find that the intensity
spectrum follows the power law [Pukhov et al., 2010]

I n=3, (275)

Iy
where n is the harmonic order. The critical frequency w, gives the harmonic frequency cut-off,
beyond which the spectrum drops exponentially. Radiation produced by such ultra-relativistic
nonlinear electron oscillations has been called coherent synchrotron emission, due to the
similarity of their such to the relativistic instantaneously circular emission described in section
2.2.3. Experimental results agree with the power law of the form [Teubner and Gibbon, 2009]

I

e 276
[0 n ? ( )

81



Chapter 2. Theory of relativistic optics

Reflected Harmonics 77" Incident Laser

XUV Filter e =

Attosecond Pulse Train

o .
E
5 01 F
<
K]
c
=)
@ 0.01

70 65 60 55 50 45 40 35 30 25
A, nm

Figure 24: Schematic of high-harmonic generation from relativistic plasma mirror.
Inset shows experimentally measured spectrum using the Princeton 20 TW Ti:sapphire laser system
(Amplitude Technologies), with 70 mJ incident on a rotating BK7 target in 25 fs, producing a
peak intensity of 8 x 10*° W/ch. The central laser wavelength is 800 nm. The reflected single-shot
spectrum was passed through a 150 nm aluminum filter, to remove the infrared part of the spectrum,
and imaged with a flat-field diffraction-grating spectrometer. Note that the harmonic structure
appears because the driving laser pulse is multi-cycle; a single-cycle driver would produce an isolated
attosecond pulse and a continuum spectrum. Reprinted under CC BY 4.0 license from [Edwards
and Mikhailova, 2020].

with the power law index typically being o = 1.5 — 3 [Baeva et al., 2006; Teubner and Gibbon,
2009; Pukhov et al., 2010], which was found to vary in dependence on plasma scale length L,
incident laser amplitude ag, focal spot size dfynm or the plasma density ratio ne/n. [Teubner
and Gibbon, 2009; Blackburn et al., 2018; Edwards and Mikhailova, 2020]. Results from
a PIC parametric scan performed in Ref. [Edwards and Mikhailova, 2020] are shown in
Fig. 26. The simulations show that the index tends to @ = 4/3 in the ultra-relativistic limit
ag — 0. However, we must remark that these results do not consider the effects of quantum
electrodynamics, which are expected to occur at these intensities [Di Piazza et al., 2012].
They also neglect the spatial inhomogeneity of the laser and the ion dynamics [Lamac et al.,
2023b]. Nevertheless, they reveal the limits on the HHG spectrum obtained due to relativistic
effects, presented by Eq. (275).

Recently, we have shown that collisionless absorption (i.e., vacuum acceleration of electrons
for kL « 1 or resonant collisionless absorption for kL » 1) can swiftly lead to the occurrence
of strong electron-ion surface currents, which grow unstable and modulate the spatial profile
of the oscillating relativistic electrons on the order of the plasma wavelength. In addition,
strong quasistatic electric and magnetic fields are sustained by these currents, confining the
oscillating electron nanobunches close to the surface. This process leads to highly efficient
emission of broadband XUV radiation in an anomalous direction parallel to the surface of
the plasma. This process was named relativistic instability modulated emission [Lamac et al.,
2023b], and it holds promise for applications requiring broadband, attosecond, and intense
XUV radiation, such as ultrafast nonlinear XUV spectroscopy. This surface-parallel emission,
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Figure 25: Experimental result of the harmonic spectrum measurement, with orders from
n = 10 (left) to n = 40 (right), obtained upon reflection of the UHI 100 TW laser (CEA Saclay) on a
relativistic plasma mirror. Note the decreasing divergence with increasing harmonic order. Reprinted
under CC BY 4.0 license from [Quéré and Vincenti, 2021].

as a function of plasma scale length, is anti-correlated with the emission of phase-locked
harmonics propagating at the angle of reflection, which was found to be optimal when
kL ~ 1 [Kahaly et al., 2013; Blackburn et al., 2018; Lamac et al., 2023b].

2.5.3 Focusing of high harmonics due to laser-induced relativistic
mirror curvature

In the focus of an intense laser pulse, the critical surface is pushed inward inside the plasma due
to a deformation induced by the laser envelope a(r, t). The displacement is given by [Vshivkov
et al., 1998; Bulanov et al., 2001]

1/2
¢ = a(r,b) (m"> o, (277)

mine

where m; is the mass of the ions, m. is the electron mass, n. is the initial electron density
of a homogeneous plasma target, and n. is the critical density for the frequency of the
incident laser w. Close to the laser beam axis, we may approximate the beam profile as
a(r) ~ ap[1 — r?/(2wd)], where wy is the laser waist. We obtain that the deformed mirror
has a parabolic profile given by

2

x = &) (1 - ;wg> . (278)

The parabolic mirror has a focus given by f = wi/(2&o(t)), where & (t) is given by
Eq. (277) for a = ag. Approximating the focal length at the time of largest amplitude, as
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Figure 26: Power law index obtained from Lorentz-boosted 1D3V (one dimension of
space, three dimensions in velocity) particle-in-cell simulations. (a) The power law index
obtained for various combinations of parameters ap and ne/n. at the angle of incidence 6 = 30°. (b)
Power law index obtained for varying 6 in the ultra-relativistic limit ag = 1000. The diagonal line is
given by p = 2In[n./(ncao)] + C. Reprinted and adapted under CC BY 4.0 license from [Edwards
and Mikhailova, 2020].

ct = cTpuise/2, we get the focal length of the laser-induced parabolic mirror as

wg [ mine \
f~—2 <le> . (279)
apCTy \ MeNe
The focal spot diameter can be written for individual harmonics as
ar, f
2wy, & — = 280
v m D (280)

Taking the diameter as the focal spot size incident on the plasma mirror, D ~ 2wg, we get

the amplitude enhancement factor for the n-th harmonic as
1/2

wy _ TNagcT, (menc> (281)

Wnp, )\0 m;ine

For the spectral intensity, if we include the power law scaling I,,/Ip ~ n~%, which is valid up

to the cut-off harmonic order ney_off ~ we/wo (275), where w, is the critical frequency®!.

We get
I wo 2 9 TACTp 2 men
n_ =2 AP I e ¢ C. 282
Iy (wn> " " < Ao ) mM;Ne (282)

Clearly, Eq. (282) shows that the intensity of the harmonics at the focus of a parabolic
oscillating mirror scales as I,,/Ip ~ n>~®. For the power law index of a = 2, the spectrum
at the focus forms a harmonic plateau up to the cut-off harmonic. The intensity roll-off

51 Maximum cut-off order corresponds to the ultra-relativistic coherent synchrotron emission, as discussed
in the previous section.
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Figure 27: Results of 2D particle-in-cell simulations showing focusing of harmonics
from a curved relativistic oscillating mirror. The laser-induced curvature of the relativistic
plasma mirror tends to focus on reflected light. The divergence of harmonics, and therefore focal
spot size, is reduced proportionally to the increasing harmonic number. The right panel shows the
plasma electron density n. (dark purple) at the maximum of the laser pulse. A zoom of the dented
surface is shown in the left panel. The multi-color map shows the intensity of the train of attosecond
pulses obtained by filtering harmonics from order 4 - 8 at three different times during its propagation
away from the plasma mirror. Focusing of this attosecond train occurs at a distance from the plasma
mirror of z, ~ fcosf, where f is the laser-induced focal length and 0 is the incidence angle with
respect to the surface normal. Reprinted under CC BY-NC-ND 3.0 license from [Vincenti et al.,
2014].

of the harmonics becomes spectrally rectified in the focus of a laser-curved relativistic
oscillating mirror. We have shown in the previous section that the optimal power law index
for ultra-relativistic oscillations is given as o = 4/3 ~ 1.33 < 2 [Pukhov et al., 2010], which
indicates that the high harmonics could potentially even dominate the spectral content of
the electromagnetic field at the focus.

Let us now estimate the maximum intensity enhancement that could be achieved in the
focus of such a parabolic mirror. We consider the optimal scenario of o = 4/3. Taking the
radius of curvature as p ~ A\g°2, the spectral intensity of the cut-off harmonic with frequency
W = we ~ woy? at the focus can be written as

1. o [ TagcTy 2menC
& — ) —. 283
T nd () Dt (283)

Let us now consider a typical 30 fs Ti:Sapphire laser pulse, c7, ~ 11.3Ag. The electron
energy can be estimated to correspond to the relativistic quiver energy, v ~ ag. For plasma
density with n. ~ n., we get the intensity enhancement factor as I./Iy ~ v*. Today, multi-
petawatt laser systems can produce incident laser intensities above Iy ~ 1022 W.cm ™2 [Danson
et al., 2019], which corresponds to ag ~ 7. ~ 68. Then, the intensity enhancement factor
in the focus becomes I./Iy ~ 107 and the peak intensity in the focal spot of the parabolic
mirror can be estimated as I, ~ 1022 W.cm ™2, which is of the order of the Schwinger field
(235). Our estimate based on Eq. (283) is in agreement with PIC simulations performed
in [Quéré and Vincenti, 2021] for n./n. ~ 10%, results of which are shown in Fig 28. Indeed,

52 A more precise estimate can be obtained by calculating the polarization-dependent radius of curvature of
the laser-driven electron orbits. For circular polarization, we have p = Agao/(27).
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Figure 28: (a) Spectral and (b)—(d) temporal effects of the reflection of an ultraintense laser field
from a curved relativistic plasma mirror, from PIC simulations. The spectral rectification effect is
highlighted in (a) by comparing the harmonic spectrum right after reflection (black) and at the
center of its focus (red). The big difference between (c) and (d) is due to the spectral rectification
effect introduced by the plasma mirror curvature, as shown in (a). Electric fields are given in units
of the Schwinger field E,. The intensity of the incident laser is Ip = 10?2 W.cm 2. Reprinted under
CC BY 4.0 license from [Quéré and Vincenti, 2021].

Refs. [Quéré and Vincenti, 2021; Vincenti, 2019] emphasize that the spectral rectification due
to the curvature of a relativistic plasma mirror opens a realistic path toward the Schwinger
limit.

We compare the relativistic flying parabolic mirror discussed in section 2.4.7. There, we
have discussed that the intensity enhancement factor scales as I,./Iy ~ 4%, which is a factor
of ¥2 more than the parabolic oscillating plasma mirror, which could lead us to conclude
that it offers a more exciting route for amplification towards the Schwinger field. Yet, it
is, in practice, extremely challenging to obtain amplitude reflection coefficients larger than
r ~ 1073 — 1074, while the oscillating overdense mirror has a reflection coefficient of the order
r ~ 1. To leverage the additional y2-scaling of the flying parabolic mirror due to focal length
Lorentz contraction, new techniques must be developed to increase the reflection coefficient
and secure sufficient stability of a nonlinear plasma wave. Today, the path towards the
Schwinger field seems less resistant within the concept of a laser-curved relativistic oscillating
mirror [Vincenti, 2019; Quéré and Vincenti, 2021].

Nevertheless, the flying relativistic mirror concept has another application besides the
possibility of serving as an amplifier towards the Schwinger limit. Since it propagates with
constant velocity, while the velocity of the relativistic oscillating mirror changes at each
instant, the reflection of a quasi-monochromatic laser from the flying mirror yields an X-ray
laser with the same relative spectral bandwidth as the incident laser radiation. We have
shown that quasi-monochromatic reflected waves with spectral brightness potentially rivaling
X-ray free-electron lasers can be obtained using relativistic flying mirrors, with a six orders-
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of-magnitude smaller radiation gain length [Lamac et al., 2024]. Based on our exposition of
and to the topics, both concepts currently offer much potential to the scientific community
at large, with significant promise for future research and applications. o presented through
oral contribution at the SPIE Optics + Photonics international conference in Prague, Czech
Republic (2023).
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If we knew what it is we were doing, it
would not be called research. Would it?

— Albert Szent-Gyorgyi (1959)

A selection of author’s results

This chapter presents an overview of all the first-author publications produced throughout
the postgraduate studies. It includes a brief description of the results and a detailed account
of the author’s role and contributions. The publications are available with permission from
copyright holders in the Appendix B.

3.1 On the anomalous relativistic emission

The Nobel’s Prize in Physics 2023 Award to Anne L’Huillier, Ferenc Krausz, and Pierre
Agostini for "experimental methods that generate attosecond pulses of light for the study of
electron dynamics in the matter" and the Nobel’s Prize in Physics 2018 Award to Gerard
Mourou and Donna Strickland for "groundbreaking inventions in the field of laser physics," in
particular "for their method of generating high-intensity, ultra-short optical pulses" underline
the fundamental importance of ultrashort laser pulse generation to the scientific community.

Due to their large reflectivity and the lack of damage threshold, relativistic oscillating
mirrors open a new way toward producing extremely short pulses composed of high harmonics
at significantly higher incident laser intensity. In paper I., we have theoretically studied the
efficiency of high harmonic generation from the relativistic oscillating mirror in dependence
on the inhomogeneous plasma scale length. We have confirmed previously experimentally
measured efficiency curves, which confirm that the high harmonic yield is anti-correlated with
collisionless absorption of laser energy. Surprisingly, we have found that this anticorrelation
also translates into a new radiation emission mechanism, where coherent XUV radiation is
emitted in an anomalous direction, parallel to the plasma surface.

Collisionless absorption of laser energy disrupts the quasi-neutrality at the plasma surface,
leading to strong electron-ion return currents that induce quasistatic electric and magnetic
fields. These fields create a potential minimum close to the surface for the laser-driven
oscillating electrons, forcing them to propagate along the surface as they oscillate. This
translates to collimated relativistic emission discussed in section 2.2.3. Additionally, these
electron currents are modulated by a surface instability with a wavelength of the order, or less
than, the plasma wavelength, which significantly enhances the efficiency of XUV generation.

The author formulated a theoretical description of the origin of the anomalous radiation
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emission in active collaboration with Sergei Bulanov and Kunioki Mima, who was a visiting
senior scientist at the ELI Beamlines Facility at the time. Under the supervision of all co-
authors, the author has employed and analyzed numerical simulations, wrote the manuscript,
and assumed the role of the corresponding author throughout the peer review. All co-authors
helped in reviewing and editing the final manuscript.

The results of this study have been reported on by a number of science news outlets, with
the most prominent report being a featured article in Phys.ORG: An anomalous relativistic
emission arising from the intense interaction of lasers with plasma mirrors. The results were
also presented in the form of an oral contribution at the International Symposium on Compact
Synchrotron X-ray Sources in Munich (2024) and 50th European Physical Society Conference
on Plasma Physics in Salamanca, Spain (2024), and they were also presented in the form of
a poster at the The Laser and Plasma Accelerators Workshop in Sagres, Portugal (2023) and
international conference SPIE Optics + Optoelectronics in Prague, Czech Republic (2023).

3.2 On the beam-driven relativistic mirrors

In section 2.4.7, we discussed the realization of laser-driven relativistic mirrors in underdense
plasmas. A relativistic mirror propagating at constant velocity is of significant interest, as the
incident radiation undergoes a double Doppler upshift, significantly increasing the radiation
frequency and potentially also the amplitude of reflected radiation, for relativistic mirrors
with sufficient reflectivity.

Paper II. introduces a novel concept based on charged-particle beam-driven relativistic
mirrors. This approach, akin to laser-laser relativistic driven mirrors, demonstrates how a
beam of charged particles can drive a nonlinear plasma wave throughout its propagation.
Just like a laser pulse, a charged particle beam experiences nonlinear energy depletion
due to the occurrence of copropagating plasma waves. However, we show that a charged
particle beam with sufficient kinetic energy can propagate for significantly longer distances
in plasma undisturbed, sustaining a nonlinear wave close to the wave-breaking threshold
over an impressively long distance. The stability of a relativistic plasma mirror close to the
wave-breaking threshold is critical, as it is close to this threshold where the reflectivity is
maximized.

We find that a laser pulse can be reflected from such a mirror with a stable phase for
tens or even hundreds of laser periods, which enables the production of narrowband coherent
X-ray sources. In the paper, we show the generation of both intense attosecond X-ray pulses
and narrowband X-ray radiation, with spectral brightness rivaling that of X-ray free electron
lasers. We guide the reader to the full article to examine the implications of creating such a
compact, coherent X-ray source.

As the primary contributor, the author formulated the idea, developed the theory, and
wrote the manuscript. Petr Valenta, a key collaborator, performed the numerical simulations,
and the author and Petr Valenta analyzed the results. The invaluable contributions of all the
co-authors in reviewing and editing the final manuscript are also acknowledged.

The results of this study were presented as an oral contribution at the International
Symposium on Compact Synchrotron X-ray Sources (2024) in Munich, Germany, and the
50th European Physical Society Conference on Plasma Physics (2024) in Salamanca, Spain.
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3.3 On the resonant betatron X-ray generation

Section 2.4.5 introduced the mechanism of femtosecond X-ray pulse generation using laser-
driven wakefields, referred to as betatron X-ray generation. This process yields a unique source
of all-optically generated femtosecond X-ray pulses, which find numerous applications in
ultrafast X-ray diffraction and spectroscopy or phase-contrasted X-ray imaging. A sufficiently
large X-ray photon flux is required for ultrafast pump-probe schemes to obtain good contrast
in the single-shot regime. Therefore, one of the primary directions in research surrounding
betatron sources is the increase of energy conversion efficiency.

To support this effort, we have brought forward the two-color resonant betatron X-ray
generation concept presented in paper III., where we considered splitting off a small part of
the laser pulse into a nonlinear crystal to convert into the second, or even third, harmonic
frequency of the laser. A group delay between the leading and trailing pulse is then introduced,
such that the accelerating electrons find themselves within the field of the converted laser
pulses.

We have found that a two-color laser field leads to resonant betatron X-ray genera-
tion throughout the electron acceleration process, significantly boosting the laser-to-X-ray
conversion efficiency by up to two orders of magnitude.

The author initiated this project under the close supervision of Jaroslav Nejdl and
Uddhab Chaulagain, who played a crucial role in analyzing and focusing the research
on experimentally relevant parameters. The author has performed and analyzed multi-
dimensional numerical particle-in-cell and single-particle simulations. The theoretical part was
formulated in collaboration with Sergei Bulanov. Lucie Jurkovicova invented the conceptual
design of the experiment presented in the study. The author wrote the manuscript and
assumed the role of the corresponding author throughout the peer-review process. All
co-authors significantly contributed to the review and editing of the final manuscript.

The results of this study were presented in the form of a poster contribution at the
international conference SPTE Optics + Optoelectronics in Prague, Czech Republic (2023),
Laser and Plasma Accelerators Workshop in Sagres, Portugal (2023), and the Plasmas in
Super-Intense Laser Fields Summer School in Erice, Italy (2022).

3.4 On the laser-driven magnetic field generation

Section 2.4.6 addressed generating quasistatic magnetic fields in plasmas utilizing relativistic
laser pulses. The field of laboratory astrophysics is highly interested in the creation of
long-lasting magnetized plasmas with magnetic field strengths comparable to those observed
around black hole accretion disks or weakly magnetized neutron stars—this field endeavors
to elucidate astronomical observations by investigating magnetized plasmas in controlled
laboratory settings.

In paper IV., we have employed three-dimensional and fully relativistic particle-in-cell
simulations to investigate the range of magnetic field strengths achievable under typical
laboratory conditions. Our parametric scan revealed that magnetic field strengths of the order
of multi-gigagauss can be produced with currently available laser technology. To support these
results, we have formulated a theoretical model, which was also found to be in accordance
with earlier experimental results. Additionally, we scrutinized the temporal stability of these
magnetic fields. We revealed their ability to persist notably longer than the laser pulse
or the electron plasma oscillation period. The evolution of these fields was attributed to
the current filamentation instability, mirroring behavior analogous to the well-documented
Kéarman vortex street.
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The research was initiated by the author, who oversaw the execution and analysis of the
numerical particle-in-cell simulations and authored the manuscript. The author cultivated
the theoretical framework in collaboration with Sergei Bulanov. All co-authors were actively
engaged in reviewing and editing the final manuscript.

The results were also presented through oral contribution at the SPIE Optics + Photonics
international conference in Prague, Czech Republic (2023).
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We can only see a short distance
ahead, but we can see plenty there
that needs to be done.”

— Alan Turing (1950)

Conclusion

This chapter summarizes the content of this doctoral thesis and the author’s most important
results. It marks the currently most active research directions and discusses new research
avenues stemming from the author’s results.

4.1 Summary

In summary, this doctoral thesis presents the author’s main results in relativistic optics and
provides an extensive reference for the theory and literature of relativistic optics.

A historical overview of high-power laser development and its relationship to relativistic
optics was presented in Chapter 1. We have also defined this thesis’s goals and briefly
summarized the author’s research contributions to the field.

We have presented the theory of relativistic optics relevant to the author’s research in
Chapter 2. First, we have given a theory for radiation from relativistic electrons. Then, we
presented a selection of topics in two regimes of laser-plasma interaction, where the plasma
target was either relativistically underdense or overdense. In the case of underdense plasma,
a particular focus was placed on laser wakefield acceleration, betatron X-ray generation,
magnetic field generation, and relativistic mirrors based on nonlinear plasma waves. For
overdense plasma, we have discussed the generation of high harmonics and attosecond pulses
from a relativistic oscillating mirror. Finally, we have discussed focusing due to laser-induced
mirror curvature.

Chapter 3 presented a brief commentary on the author’s main results in the field of
relativistic optics, which are presented in the form of four publications available in full in
Appendix B, and a list of conferences these results were presented at. The results can be
summarized as follows:

Paper I. describes a novel mechanism of highly efficient coherent XUV light emission, which
takes place at the surface of a relativistically oscillating plasma mirror. The radiation
propagates in an anomalous direction, parallel to the surface of the plasma mirror
instead of at the angle of reflection. We have discussed the spatiotemporal properties of
the radiation, which are due to an electron-ion surface instability. We have also found
that the XUV yield, as a function of the pre-plasma scale length, is anti-correlated
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with the emission of high harmonics at the reflection angle, which was related to the
collisionless absorption of laser energy.

Paper II. presents a new concept of relativistic mirrors propagating at a constant velocity
based on nonlinear plasma waves driven by charged particle beams propagating in
plasma. We have found that the beam-driven relativistic mirrors are highly stable and
enable the generation of narrowband quasi-monochromatic coherent X-ray radiation
or extremely intense attosecond pulses. We have found that this is primarily due to
a reduced laser-induced damage threshold compared to laser-driven relativistic flying
mirrors.

Paper III. contains the concept of two-color betatron X-ray generation, in which the
conversion efficiency of laser energy to betatron X-rays is increased if the accelerating
electrons find themselves in the field of copropagating laser pulses with different
frequencies. We have found that this technique can improve the laser-to-X-rays energy
conversion efficiency by up to two orders of magnitude. We also presented a design of a
two-arm experimental setup, where the initial laser pulse splits into multiple pulses
with harmonic frequencies through standard techniques using nonlinear crystals.

Paper IV. presents our study of the laser-driven generation of intense, long-lived magnetic
fields in plasma. Specifically, we searched for parameters relevant to laboratory astro-
physics and experiments related to studying nonlinear quantum electrodynamics. We
have performed parametric scans using state-of-the-art three-dimensional particle-in-cell
simulations and found parameters for generating picosecond-stable gigagauss magnetic
fields using petawatt-class lasers, with numerical scaling laws in good agreement with
analytic results.

4.2 Future outlook

Thanks to the prolific research on relativistic laser-plasma interactions that has taken place
since the advent of CPA, the shrinking of particle accelerators by at least three orders of
magnitude in footprint is part of today’s reality. A slew of novel research directions are
now open and actively pursued. One of the most active research areas is the control and
stabilization of plasma accelerators and scaling to high-repetition-rate operation. Today,
GeV laser-driven plasma accelerators are based on petawatt-class laser systems, operating
at single shot or ~ Hz repetition rates. On the other hand, laser systems capable of ~ kHz
repetition rates are currently limited to peak powers of a few terawatts, limiting the energy
of accelerated electrons to a few tens of MeV. In light of the ~ MHz repetition rate of
conventional accelerators, further advancements in laser technology are highly desirable.
Specifically, high thermal load during laser operation is one of the critical bottlenecks
preventing additional increases to higher repetition rates.

Nonetheless, electron beams from such laser systems are already suitable for applications,
mainly compact all-optical generation of bright coherent or incoherent ultrashort X-ray pulses.
Such X-ray sources are typically based on inverse Compton scattering or betatron X-ray
radiation, suitable for phase-contrasted imaging, ultrafast X-ray absorption spectroscopy,
and diffraction. At the same time, the promise of compact free-electron lasers utilizing laser
wakefield accelerated electrons is also being pursued all over the world, with coherent FEL
operation at 27 nanometers (in the XUV range) using 500 MeV laser wakefield accelerated
electron beams reported recently [Graydon, 2022]. The promise of compact acceleration
stimulates many research institutes to develop more affordable sources of bright, ultrafast
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X-rays. For all-optical radiation sources, such as the betatron or the Compton source, new
techniques are actively researched to improve the source brightness, not only through the
repetition rate of the laser system but also for each laser shot. This is required by ultrafast
pump-probe schemes, which require good single-shot contrast, and novel applications such as
ultrafast nonlinear XUV or X-ray spectroscopy.

Following the recent scientific breakeven in inertial confinement fusion [Fujioka, 2024],
significant attention is also drawn to this research area, where petawatt-class lasers are
considered for concepts such as the fast ignition scheme [Gibbon, 2005].

A particular interest in compact particle acceleration is found in radiotherapy and
radiology. There, ultrafast X-rays are also desired due to the FLASH effect [Favaudon et al.,
2014], where ultra-high dose-rate (> 40 Gy/s) radiotherapy reduces damage to healthy tissue
compared to conventional low dose-rate (< Gy/min) radiotherapy source, assuming the same
therapeutic total dose. For this purpose, compact acceleration of electrons and protons is
also pursued.

Aside from these primary research routes, work continues on novel methods of ultrafast
generation of bright coherent radiation pulses, such as the relativistic flying and oscillating
plasma mirrors, presented in detail in this thesis. Due to the nonlinear polarization of plasma,
which occurs due to relativistic oscillations, these concepts promise enhanced efficiency
compared to the conventional non-plasma-based light sources at incident laser intensities
orders of magnitude beyond the damage thresholds which limit traditional light sources, such
as the high harmonics generated from noble gases, which is currently the premier source for
attosecond physics. One of the most exotic and yet fundamental applications of relativistic
mirrors is the possibility to produce radiation with intensity comparable to the Schwinger
limit, providing us with a tool to study polarization of the quantum vacuum through
processes unavailable to conventional accelerator facilities, such as light-light scattering, or
the Schwinger effect.

Research directions opened by the findings presented in this doctoral thesis certainly
deserve more attention. Additional work on relativistic instability-modulated emission is
needed to find optimal operation parameters. For relativistic oscillating mirrors, identifying
optimal parameters for focusing toward the Schwinger limit should be studied more. Sta-
bilizing intense quasistatic magnetic fields also requires further attention, and laser-target
configurations relevant to laboratory astrophysics applications should be explored theoreti-
cally and experimentally. Experimental realization of the two-color betatron X-ray scheme
could remove the photon flux bottleneck of the betatron source. Generalization to a more
arbitrary single-pulse frequency-varying laser field should also be studied. Finally, the concept
of beam-driven relativistic mirrors could lead to the experimental realization of a stable
relativistic flying mirror, which is fundamental for applications requiring narrowband bright
and tunable coherent hard X-ray laser. In this direction, more work is needed to find an
efficient all-optical scheme where driving charged particles and incident radiation could
be produced from a single laser to generate coherent X-rays. Furthermore, the focusing
properties of relativistic flying mirrors should be studied in more detail using fully relativistic
three-dimensional simulations.

The author believes that based on the dynamic evolution of ultrashort light pulse
generation in the recent decades, most recently commemorated by the scientific community
through the Nobel Prize in Physics 2018 and 2023, new technological techniques and scientific
ideas leveraging relativistic optics to their full potential are yet to be found. Just as with the
advent of the first laser and CPA, the consequences of the proliferation of such ideas and
technology will resonate fundamentally through basic and applied science, spanning physics,
chemistry, and medicine.
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The interaction of intense laser pulses with plasma mirrors has demonstrated the ability to generate high-
order harmonics, producing a bright source of extreme ultraviolet (XUV) radiation and attosecond pulses.
Here, we report an unexpected transition in this process. We show that the loss of spatiotemporal coherence
in the reflected high harmonics can lead to a new regime of highly efficient coherent XUV generation, with
an extraordinary property where the radiation is directionally anomalous, propagating parallel to the mirror
surface. With analytical calculations and numerical particle-in-cell simulations, we discover that the
radiation emission is due to laser-driven oscillations of relativistic electron nanobunches that originate from

a plasma surface instability.

DOI: 10.1103/PhysRevLett.131.205001

Generation of attosecond pulses and extreme ultraviolet
radiation (XUV) originating from the interaction of a
relativistically intense laser with a plasma mirror has
now been investigated for almost three decades [1-5].
With experimental results supporting its potential for
applications in fundamental science, ultrafast science,
attosecond interferometry or imaging [2,6—12], this mecha-
nism presents a competitive alternative to the contemporary
workhorse of attosecond science, which is high-harmonic
generation (HHG) from noble gases originating from
nonlinear laser-atom interactions [11,13—15]. The potential
of relativistic high-harmonic generation reveals itself in the
lack of ionization thresholds, which pose a hard limit on
intensity of conventional gas or solid HHG sources. With
the growing availability of commercial high-repetition rate
laser systems with peak powers in the terawatt range,
relativistic generation of broadband, bright, and ultrashort
radiation will be attractive even at small university-scale
laboratories. The emission of relativistic high harmonics
originates from plasma surface electrons performing non-
linear oscillations within the laser field, with velocity close
to the speed of light. This occurs when the amplitude of the
incident laser exceeds the threshold amplitude of relativistic
optics [16], which is characterized in terms of the normal-
ized laser amplitude as ay = eEy/m,wyc > 1, where e is
the elementary charge, m, the electron mass, c the speed of
light, @, is the angular frequency of the laser, and E, the
amplitude of the laser electric field. The coherent reflection
from the plasma surface can be additionally affected for
very high laser intensities such that the ions can accelerate
to a fraction of the speed of light in a single laser cycle,

0031-9007,/23/131(20)/205001(7)
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ay > (m;/Zm,)"/? [17,18], where m; is the ion mass and Z
is the ion charge number.

In this Letter, we report the discovery of a new regime of
XUV light generation, which we call relativistic instability-
modulated emission (RIME), originating from the inter-
action of an intense laser pulse with a plasma mirror, which
is self-modulating due to unstable return current induced by
the collisionless absorption of the laser. RIME generates
broadband XUV radiation with high-efficiency and an
anomalous propagation characteristic, where the radiation
is emitted parallel to the plasma mirror surface. The
mechanism of RIME is illustrated in Fig. 1. An intense
P-polarized laser pulse is obliquely incident on the sur-
face of a relativistically overdense plasma mirror,
1 <aqy < n,/n. where n, is the electron plasma density,
n. = m,eqw}/e* is the critical plasma density and € is the
vacuum permittivity. At the beginning of interaction, the
intense incident laser coherently reflects from and accel-
erates the surface electrons into the plasma bulk [Fig. 1(b)]
by the Brunel effect [19,20]. These bulk-penetrating Brunel
electrons induce neutrality-restoring return currents flow-
ing along the mirror periphery, consisting of counter-
streaming electrons and ions which generate intense
quasistatic magnetic field on the mirror surface [21].
The electron-ion two-stream grows unstable with a growth
rate I' o @, (Zm,/m;)"/? [22], which is of the order of the
laser frequency for solid high-Z targets with electron
plasma densities n,/n, > (m;/Zm,)?/3. Therefore, after
laser-plasma interaction time of ~1/T", the plasma mirror
self-modulates with wavelength of the order of the plasma

wavelength 4, = 27c/w,,, where w,, = (€’n,/m,e;)"/>

pe> p
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FIG. 1. Principle of RIME. (a) Schematic of radiation emission
geometry. (b) Radiation emitted by electrons composing a mirror
surface forms a reflected wave. (¢) Surface modulation leads to a
loss of spatiotemporal coherence in the reflected wave and
enhancement of individual bunch emissions. (d) Oscillating
electrons move along the surface in the field of a relativistically
intense laser, leading to relativistic beaming of individual bunch
emissions towards the surface.

is the electron plasma frequency. As the plasma wave
grows, the oscillating electrons are bunched and the
individual bunch emissions are coherently enhanced while
the reflected wave loses its spatiotemporal coherence
[Fig. 1(c)]. As the laser amplitude ramps up in the
interaction region, the unstable plasma wave grows non-
linear and breaks [23], releasing electron nanobunches to
be accelerated by the laser across the magnetized plasma
surface to velocities close to the speed of light, resulting in
surface-parallel relativistic beaming of individual bunch
emissions [Fig. 1(d)].

The coherent intensity spectrum of RIME generated over
a half-oscillation period by an electron bunch containing
N, electrons can be obtained as (see Supplemental Material
[24] for derivation details)

_ \/362}’ w/w, By
N T Gl L, K20 O

I(w)

where Ks/3(x) is the modified Bessel function, @, =
3cy? /24 is the critical frequency indicating an exponential
cutoff in the spectrum, 4 is the laser wavelength, and y is
the electron Lorentz factor. The electron bunch modulation
frequency is given as w, = c¢/L,, where L, is the electron
bunch length. Bunch modulation frequency indicates a
transition in the radiation spectrum, from the coherent
regime of radiation emission, where I « N2 for frequencies
smaller than or of the same order w < @, into the regime of
incoherent emission, where I < N, for o > w,,.

To describe the modulation frequency of the electron
bunch, we must consider the origin of the bunch modu-
lating instability. Fast Brunel electrons penetrate into the
plasma mirror and induce a return current composed of
counter-streaming electrons and ions flowing along the
surface. Assuming that the drift velocity of the return
electrons is much larger than ions v, > vy, the ion
velocity may be neglected and, following the usual treat-
ment of two-stream instability, we obtain the well-known
Buneman instability (BI) dispersion relation for a small
perturbation [22],

e @}
e/ 2
(@ —kvg,)? + w? (2)

[0)

where w,; = (Z%¢*n;/m;ey)"/? is the ion plasma fre-
quency. For an unstable growing mode, the mirror surface,
and therefore the Brunel electrons, will be modulated
according to the instability wavelength as illustrated in
Fig. 1(c). Solving Eq. (2) for the complex frequency
o — w+il', we obtain from the imaginary part the
maximum growth rate of the Buneman instability as

3)

I, =w0

V3 (sze> 1/3

pe 7 2mi

which is approximately valid for all modes in the band
lkvge — w,| < (3/2)(wpew?)'? [22]. The condition for
RIME to occur therefore requires laser pulse duration to
be larger than ~1/T",,. This straightforward result allows us
to see that the plasma surface instability e-folding time can
be of the order of a single laser cycle, since I',, ~ @, for
solid density plasma, n, ~ 1031, which means that the
plasma surface instability can fully manifest already within
a few laser cycles.

To study the process in detail, we have performed
multidimensional  particle-in-cell (PIC) simulations
(See Supplemental Material [24] for simulation details).
A P-polarized laser pulse defined with pulse duration
Trwam = 30 fs, laser wavelength Ap = 1 pm, and peak
intensity I, = 10> W/cm? corresponding to a normalized
laser amplitude ay, = 85.5, was focused with an incidence
angle 6 = 45° to a spot size with waist radius wy = 2 pm
upon a plasma mirror composed of uniformly overlapping
electrons and ions with matching density n;/n, = n,/n, =
1000 and temperature k37 = 100 eV. Figure 2 shows the
analysis of plasma surface instability observed in the PIC
simulation. Figure 2(a) shows the temporal evolution of the
surface-parallel ion current, revealing an unstable plasma
wave propagating in the direction of electron return flow
with phase velocity v,/c ~ 0.01. This corresponds to the
drift velocity of the electron return current, since from the
current neutrality condition vy, /c = agn./n, = 0.01 at =
45 fs when the amplitude of the incident laser is ay = 10.
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FIG. 2. PIC simulation of the surface instability. (a) Time
evolution of the longitudinal component of the ion current, shown
up to r = 80 fs. Dashed line following linear phase velocity of the
surface wave corresponds to v,/c = 0.01. (b) Time evolution of
|jij| averaged over r| € [=1 pm, 1 pm] (black) and corresponding
instantaneous growth rate I'(z) (blue). (¢) Fourier transform of the
ion current in the linear phase of the instability, 0 fs < t < 55 fs
(colored, smoothened) and the real part of the solution of Eq. (2)
(black, dashed) calculated for the electron drift velocity
vge/c =001, ®,/wy = 31.6.

Figure 2(b) presents the time evolution of the instability,
showing the instability saturation and clear separation
between the linear and nonlinear phases occurring at
t =55 fs. We note that the maximum instantaneous growth
rate matches the prediction given by Eq. (3). Figure 2(c)
shows the numerical dispersion of the instability overlaid
with the real part of the solution of Eq. (2), showing a
match between the PIC and Buneman unstable modes.
Figure 3 presents a detailed view of the RIME origin. In
Fig. 3(a), Brunel electrons can be seen penetrating into the
bulk in the direction of laser propagation at twice the laser
frequency, which is due to the relativistic j x B Lorentz
force term. This leads to the growth of unstable return
current flowing along the periphery seen in Fig. 3(b). As the
unstable plasma wave breaks, oscillating electron nano-
bunches are accelerated by the laser across the surface
within the focal region to relativistic velocities. This is
shown with the electron current components in Figs. 3(c)
and 3(d). The transverse component highlights the trans-
verse oscillatory turning points of the individual nano-
bunches occurring at j, , = 0. On the other hand, it is at
these points where longitudinal velocity is largest, v % c,
which leads to relativistic beaming of radiation along the
surface. (See Supplemental Material [24] for a movie of the
process.) This results in the loss of reflected wave coher-
ence and the emergence of RIME XUV bursts seen in the
perpendicular component of the magnetic field B, shown in
Fig. 3(f). Additionally, the magnetic field reveals that the

instability region is extremely magnetized due to the return
current, with amplitude of the order of the incident laser.
This leads to enhanced confinement of relativistic electrons
towards the plasma surface [21]. The electric field compo-
nent E in Fig. 3(e) shows the incident P-polarized laser
interfering with the intense RIME bursts.

Radiation characteristics of RIME are presented in
Fig. 4. Trajectories of two characteristic electron bunches
with y = a, are presented in Fig. 4(c). Calculated radiation
power confirms multiple bursts emitted along the bunch
trajectory. The intensity spectra of RIME and the wave
reflected due to the relativistic oscillations of the mirror
(ROM) are shown in Fig. 4(a). The spatiotemporal coher-
ence of the reflected wave is reduced with the onset of
RIME, leading to larger XUV conversion efficiency for the
emission along the mirror surface. To evaluate coherent
enhancement of radiation due to electron bunching, we
have performed another PIC simulation with immobile
ions. The simulation confirmed that in this case BI and
RIME are not present. In this scenario, the coherence of
high harmonics composing the reflected wave is signifi-
cantly improved, as shown in Fig. 4(a). However, compared
to the RIME spectrum, the efficiency significantly drops for
w/wy > 10, which can be explained by the nanobunching
effect occurring in the realistic simulation, since the
individual bunch sizes can be smaller than 4, = 4)/31.6 ~
31 nm as shown in Figs. 3(c) and 3(d). The continuous
RIME spectrum is explained by the fact that the peak laser-
plasma interaction, and therefore strongest emission,
occurs deep into the nonlinear phase of the instability
evolution at r = 80 fs, as seen in Fig. 2(b). This leads to
nonperiodic trains of electron nanobunches individually
producing broadband XUV bursts that add up to a broad,
continuous spectrum. We point out that the bunching effect
also enhances the low-order harmonics composing the
reflected wave, which can be seen when comparing the
two ROM spectra shown in Fig. 4(a). This is because
the distances between the individual bunches within a single
laser oscillation are smaller than the wavelengths of the low-
order harmonics, which can be seen in Figs. 3(e) and 3(f). To
compare the RIME spectrum with the analytical result given
by Eq. (1), we proceed to estimate the bunch modulation
frequency. The average value of electron drift velocity inside
the return current observed in the PIC simulation is v, /¢ ~
0.18 at the peak interaction time ¢ = 80 fs [Fig. 3(d)]. The
bunch modulation frequency due to BI can be therefore
estimated as @, = c¢/L, ~2¢c/Ap = (cw,/v4,7) = 18,
corresponding to an electron bunch length of L, ~ 88 nm
and instability wavelength 1 = 0.18 pm, which is in agree-
ment with the features seen in Figs. 3(c) and 3(d).
Considering such modulation frequency, RIME spectrum
as given by Eq. (1), with energy of laser-accelerated
electrons given y = ay = 85.5, is presented in Fig. 4(a),
showing an excellent agreement with the PIC result. In
Fig. 4(b) we show the dependence of emitted radiation on
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laser polarization. When the incident laser is S polarized, BI
and RIME are not present and only ROM-reflected wave
remains with less efficient high-harmonic generation, which
confirms a well-known property of ROM [2].

Previous studies have demonstrated that the presence of
preplasma with scale length satisfying kL ~ 1 can optimize
ROM conversion efficiency [28,29], where k = w,/c is the
laser wave number and L is the pre-plasma scale length.
This optimum comes from the balance of the strong
electrostatic field due to the space-charge distribution
limiting electron oscillations when kL < 1, and the growth
of plasma waves leading to reflected wave coherence loss
when kL > 1 [20,30]. In the case when kL > 1, the plasma
wave growth is resonant for a P-polarized laser incident
upon inhomogeneous plasma with a scale length satisfying
[30,31]

(kL)'/3sin0 ~ 0.8, (4)

where @ is the laser incidence angle. To investigate the
effect of nonzero pre-plasma scale lengths on RIME, we
have conducted PIC simulations in the range 0 < kL < 7.

The results are summarized in Fig. 4(d), where we show the
conversion efficiency of laser energy to XUV wavelengths
A < 100 nm. Our numerical results match the experimen-
tally discovered ROM optimum found in [28,29], which
occurs when kL ~ 1. For such scale length, the total
reflectivity reaches up to 60%, with around 0.4% of laser
energy converted to XUV. The results for RIME show high
XUV efficiency, but more intricate dependence. First, as
discussed above, the coherent enhancement due to nano-
bunching yields larger XUV conversion efficiency by up to
an order of magnitude. Second, the XUV yields are
anticorrelated. This is due to the fact that the coherent
enhancement of RIME results in the loss of coherence in
the reflected wave and vice versa. Finally, the RIME XUV
yield reveals an optimal scale length for the simulation with
L/2y = 0.25, where XUV conversion efficiency grows up
to 2%. To compare to conventional XUV sources, the
widely used gas HHG source operates at XUV energy
conversion efficiency of ~1075 [14,15], with maximum
incident laser intensity limited to ~10"> W cm™2.

For the simulated incidence angle of 45°, the condition
for resonant plasma wave growth given by Eq. (4) gives the
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FIG. 4. Radiation properties of RIME. (a) Intensity spectra with the analytical model given by Eq. (1). (b) Intensity spectra for S and P
laser polarizations. (c) Instantaneous power of radiation emitted along the surface calculated for two electron bunches oscillating above
the surface (r; = 0) with y = a,. (d) Laser-to-XUV energy conversion efficiency dependence on pre-plasma scale length L. (e) Spatial
distribution of XUV intensity for the ROM-optimal and (f) the RIME-optimal pre-plasma.

scale length as L/4y = 0.23, an excellent match which
shows that the origin of the RIME optimum is due to the
resonant growth of large-amplitude plasma waves which
facilitate faster wave breaking of instability-modulated
electrons into the laser field. The XUV intensity distribu-
tion for the two optimal cases are shown in Figs. 4(e)
and 4(f). In the case of kL ~ 1, the laser is initially reflected
coherently by ROM. As the unstable plasma wave satu-
rates, the spatiotemporal XUV coherence is reduced and
coherent XUV bursts propagating along the mirror surface
emerge. In the case of resonant plasma wave growth,
(kL)'/3sin@ ~ 0.8, the reflected wave loses its spatiotem-
poral coherence almost immediately and most of the XUV
radiation is increasingly collimated towards the surface as
the laser intensity ramps up.

The angular distribution of RIME is given by the
emission angle of laser-accelerated relativistic electrons
given by tan@ = [2/(y — 1)]'/? [20]. For the electrons
oscillating in the peak laser amplitude y = a, the emission
angle is therefore 6 ~ 8.7° = 150 mrad, which is in rea-
sonable agreement with the XUV intensity distributions
shown in Figs. 4(e) and 4(f), and the angular distribution of
RIME for the case of kL ~ 1 shown in Fig. 5(b). The
angular distribution shows clear separation between the
high-frequency radiation emitted by ROM and RIME,
which is also visible in the corresponding XUV intensity

distribution shown in Fig. 4(e). The temporal profile of
XUV radiation for the two optimal cases is shown in
Fig. 5(a). In correspondence with Fig. 4(e), the radiation
pulse of the ROM-optimal case L/4y = 0.1 shows initially
coherent and smooth reflected wave profile at ¢ < 55 fs,
losing its coherence at + = 55 fs, and then transitioning to
the RIME profile modulated by coherent attosecond bursts
at > 55fs. The case of RIME-optimal scale length
L/ = 0.25 shows that already at the beginning of
interaction, t < 55 fs, the XUV pulse is modulated with

67.5°

(b)

4 [—L/X =025
L/ =0.1

10°¢
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FIG. 5. (a) Temporal profile of XUV radiation for the case of
RIME (black) and ROM (red) optimal scale length, offset for
clarity. (b) Angular distribution of spectral intensity for ROM-
optimal scale length L/4y = 0.1. Color map is saturated for
higher contrast in the XUV region.
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the RIME bursts in accordance with Fig. 4(f). As the laser
peak arrives at + = 80 fs, coherently enhanced giant atto-
second XUV pulses emerge due to the strong electron
nanobunching from the resonant plasma wave growth.

In conclusion, a new high-yield mechanism of coherent
XUV light generation called RIME was discovered to occur
during the interaction of relativistically intense P-polarized
laser pulse with overdense plasma satisfying 1 < a( <
n,/n.. The radiation emission is directionally anomalous,
propagating parallel to the mirror surface. With numerical
and analytical methods, we have found that RIME occurs
due to laser-driven oscillations of electron nanobunches
which emerge from a return current instability induced by
collisionless absorption of the incident laser. Furthermore,
by varying the preplasma scale length, we have found that
RIME is anticorrelated with the reflected high harmonics,
showing the possibility to tune between two directionally
separated XUV radiation sources in a single experimental
configuration. Finally, we have found an optimal preplasma
scale length for RIME corresponding to resonant growth of
plasma waves at the mirror surface. The optimal XUV
conversion efficiency of RIME reaches percent level,
presenting a new approach for future experiments aiming
to produce high-yield coherent XUV radiation.
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Abstract

Bright ultrashort X-ray pulses allow scientists to observe ultrafast motion of atoms and molecules.
Coherent light sources, such as the X-ray free electron laser (XFEL), enable remarkable discoveries in
cell biology, protein crystallography, chemistry or materials science. However, in contrast to optical
lasers, lack of X-ray mirrors demands XFELs to amplify radiation over a single pass, requiring tens
or hundreds of meters long undulators to produce bright femtosecond X-ray pulses. Here, we propose
a new ultrafast coherent light source based on laser reflection from a relativistic mirror driven by a
relativistic charged particle beam in micrometer-scale plasma. We show that reflection of millijoule-
level laser pulses from such mirrors can produce bright, coherent and bandwidth-tunable attosecond
X-ray pulses with peak intensity and spectral brightness comparable to XFELs. In addition, we find
that beam-driven relativistic mirrors are highly robust, with laser-induced damage threshold exceeding
solid-state components by at least two orders of magnitude. Our results promise a new way for bright
coherent attosecond X-ray pulse generation, suitable for unique applications in fundamental physics,
biology and chemistry.

Keywords: attosecond pulse generation, coherent X-ray source, relativistic mirrors, laser-plasma interaction

The theory of light reflection from a moving
mirror was presented by A. Einstein in his sem-
inal work on theory of special relativity in 1905
[1]. As illustrated in Fig. 1b, an electromagnetic
pulse reflected from a mirror counter-propagating
at velocity v will undergo a frequency upshift,
pulse compression and amplitude increase due to

a double Doppler effect, which can be written as
[1-4]
wr _10_ B 148 1)
wg T TEy 1-0
where FE,., w,, 7 and Ey, wg, Tg are respectively the
electric field amplitude, angular frequency and

pulse duration of reflected and incident radiation,




B = v/c is the normalized mirror velocity, r is
the complex amplitude reflection coefficient (see
Supplementary Information S1 for definition and
derivation details) and ¢ is the speed of light in
vacuum.

This concept promises a source of coherent
electromagnetic radiation with unique proper-
ties. A relativistic mirror with tunable velocity
could enable measurements with fundamentally
limitless spatiotemporal resolution, an ultimate
prospect for many novel applications, including
spectroscopy and imaging of atomic, molecular,
and electronic dynamics with attosecond resolu-
tion [5-8], laboratory astrophysics experiments [9]
or experimental study of nonlinear properties of
quantum vacuum and other topics of fundamen-
tal interest [10], such as investigating black hole
information paradox with accelerating relativistic
mirrors [11].

Most of these applications require a coherent
light source with high brightness, which is cur-
rently offered mostly by the kilometers-long and
access-limited X-ray free electron lasers (XFELs)
[7, 8]. Recently, breakthroughs in shrinking free-
electron lasers were achieved by using compact
plasma accelerators to produce coherent radiation
in the XUV [12, 13], UV [14] and infrared [15]
spectral range. The next generation of coherent
light sources should be compact, while ideally at
the same time advancing some of the source char-
acteristics, such as brightness, pulse duration or
spectral tunability. Eq. 1 tells us that a robust,
highly-reflective relativistic mirror with tunable
velocity could satisfy all of these requirements.

The question of producing a relativisitic mir-
ror has been a recurring topic, with reinvigorated
interest today due to the availability of high-power
lasers that enable its various implementations, see
e.g. Refs. [3, 16, 17] (and the references cited
therein) for review, with notable examples being
the relativistic mirror formed by the plasma wake
wave of a laser pulse propagating in underdense
plasma [2, 18-23], the oscillating relativistic mir-
ror driven by a laser on the surface of an overdense
plasma target [24-29], or the relativistic mirror
accelerated by the interaction of an intense laser
with a thin solid target [30-32]. The numerous
studies of laser-driven relativistic mirrors in the
recent years have shown a growing maturity in the

field, but none have demonstrated a robust mecha-
nism for bright and highly-tunable coherent X-ray
pulse generation.

Relativistic mirrors formed by nonlinear
plasma waves driven by lasers propagating in
underdense plasma [2, 18-23] are especially attrac-
tive. The velocity of the mirror is equal to the
driving laser group velocity. Changing the velocity
of such a mirror experimentally therefore requires
only a simple variation in gas pressure. For the
usual wavelength of high-power lasers, Ay =
0.8 um, the electron density n. in a laser-driven
nonlinear plasma wave can exceed the critical
plasma density n. ~ 1.7 x 102! em™3, enabling
coherent reflection for counter-propagating radia-
tion as illustrated in Fig. 1a.

However, since an increase of laser group veloc-
ity equals decrease in background plasma den-
sity, the laser amplitude must be also increased
to sustain sufficiently high electron density in
plasma wave. This makes laser-driven mirrors sen-
sitive to diffraction and laser instabilities, such
as self-modulation or stimulated Raman scatter-
ing [33, 34], which can rapidly change the laser
group velocity, breaking the mirror in process and
trapping the oscillating plasma electrons which
sustain the nonlinear plasma wave [35, 36]. These
detrimental effects make tunable generation of
bright coherent attosecond X-ray pulses challeng-
ing using laser-driven relativisic mirrors.

In this work, we propose a robust and highly-
tunable relativistic mirror based on a large-
amplitude nonlinear plasma wave driven by a
relativistic charged (both positively and nega-
tively) particle beam propagating in plasma. We
show that charged particle beams can drive a
highly-reflective and stable relativistic mirrors
with well-defined velocity over a relatively long
distance, unlocking generation of bright and fully-
coherent attosecond X-ray pulses with intensity,
bandwidth and peak spectral brightness compara-
ble to XFELs in just a few micrometers.

Results

Relativistic mirrors driven by charged
particle beams in plasma

We begin by presenting analytical theory for
beam-driven relativistic mirrors. To describe rel-
ativistic mirrors based on beam-driven nonlinear
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Fig. 1 Relativistic mirrors driven by charged particle beams in plasma. a, Schematic of a laser being reflected
from a relativistic mirror formed by a propagating nonlinear plasma wave. Reflection coefficient increases with plasma
wave nonlinearity, which increases the density of plasma electrons, with peak velocity ve, which are catching up with the
nonlinear wave, which propagates with velocity v > ve. b, Diagram of radiation being fully reflected from a relativistic mirror
propagating in spacetime with velocity v. At the reflection point, an electromagnetic wave undergoes a double Doppler effect,
as illustrated by the wavefronts of incident (red) and reflected radiation (purple) given by constant wave-periodic values of
the light-cone coordinates x + ¢t and x — ct, where x,t are the space and time coordinates, respectively. ¢, d, Numerical
solutions of Eq. 2, given in terms of the copropagating coordinate  — vt normalized to the linear plasma wavelength A,
showing normalized electron density (black), longitudinal electric field (red) and Lorentz factor of plasma electrons (grey,
dashed) driven by negatively (¢) and positively (d) charged relativistic particle beams propagating in plasma with v = 5.
Normalized charge density of the driving beam p (blue, filled) is set according to Eq. 3 in both cases such that electron
oscillations reach v = 1.4, producing comparable nonlinear waves. Particle beam pulse length L, is set according to Eq. 4
to drive resonant wake (negatively-charged beam, L; = \;/2) and single-cycle interior (positively-charged beam, L; = \;)
plasma wave. e, Numerical solutions of Eq. 2, showing that a nonlinear plasma wave, driven by a relativistic charged particle
beam with v = 5, can be brought arbitrarily close to the wave breaking threshold by tuning beam density p according to
Eq. 3.

plasma waves, we consider the one-dimensional electron plasma density, m. is the electron mass, e

approximation, which is justified for wide rela-
tivistic particle beams satisfying k,r, > 1, where
k, = wp/c is the plasma wave number, 7, is the
radial size of the beam, w, = [eZnO/(mEeo)]l/2 is
the linear plasma frequency, ng is the background

is the elementary charge and ¢g is the vacuum per-
mittivity. The plasma waves driven by a charged
particle beam can be described in terms of a co-
propagating coordinate { = ky(z — vt), where x
is the space coordinate and t represents time, by



(see Supp. S2 for derivation details)

29 1 -1/2
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where ¢ is the electric potential normalized by
mc?/e, p = qny/no is the normalized charge den-
sity of the driver, ny is the driver particle density
and ¢ is the charge number of the driver, e.g.
q = —1 for electrons or muons, ¢ = +1 for protons
or positrons and ¢ > 1 for positively-charged ions.

We approximate the driver in the laboratory
frame with a flat-top density profile, p = const.,
normalized velocity # and pulse length L;. Plasma
waves obtained by solving Eq. 2 numerically for
such a charged (negatively and positively) driver
are shown in Fig. 1c, d. Highly-reflective large-
amplitude electron density wave can be produced
if the plasma wave is brought close to the thresh-
old of wave breaking, where the electrons com-
posing the plasma wave catch up with the driver,
ve — v, or equivalently, 7. — 7. We solve Eq.
2 analytically and obtain the following maximum
Lorentz factor of electrons composing the beam-
driven plasma wave (see Supp. S3 for derivation
details)
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Solving Eq. 3 at the wave breaking threshold, v. =
v, we obtain the beam charge density which causes
immediate plasma wave breaking, as pp,+ = 7y for
g > 0and pyp,— = —7/(2y+1) = —1/2 for ¢ < 0.
Therefore, to drive a large-amplitude density wave
over any distance, the particle beam density must
be initially set below the wave breaking threshold,
as p/pwp < 1.

Large-amplitude electron density waves can be
excited close to the wave breaking threshold in the
wake of a charged particle beam, but if the nor-
malized beam charge density satisfies p > —1/(1+
B) ~ —1/2, it can be excited also in its interior
as shown in Fig. 1d. The following expression can
be derived for the interior wave wavelength \; in
the limit v > 1 (see Supp. S4 for a more general
form, valid for any ~, and derivation details)

Ai _2E2p/(2p+1)] )
Aoom V2o +T

where A\, = 2mc/w, is the linear plasma wave
wavelength and E(k) is the complete elliptic inte-
gral of the second kind. Eq. 4 shows that interior
waves contract (for p > 0) and expand (for p < 0)
with respect to the linear plasma wave. The pulse
length L; can be set to excite resonant nonlinear
plasma wake wave when L, = (m — 1/2)\;, or to
excite multi-cycle interior plasma waves with no
wake excitation when L, = m\;, where m is a nat-
ural number (see Supp. S5 for derivation details).
Interior plasma waves can therefore serve either as
a single mirror, or a periodic train of relativistic
mirrors, similarly to wake waves.

For p < —1/(1+ B) =~ —1/2, the interior wave
wavelength (4) diverges and no plasma oscilla-
tions occur in the beam interior. In such a case,
large-amplitude density waves can occur only in
the wake of a negatively-charged particle beam
which has large enough pulse length, such that
plasma electrons are accelerated throughout the
beam interior up to v, ~ 7y, which can be obtained
by solving Eq. 2 numerically.

Beam-driven plasma waves close to the wave
breaking threshold cannot propagate in plasma
indefinitely. The longitudinal field of the interior
plasma wave modulates the charged particle beam
as it propagates. Eventually, the mirror breaks
due to this relativistic beam-plasma instability.
The distance L, traveled by the mirror before
it breaks can be obtained as (see Supp. S6 for
derivation details)

waw<M>1/2<1_ p )“2 )
)\p 5 qme Pwb '

where M is mass of the driver particles. Eq. 5
explicitly reiterates that the mirror propagates for
any significant distance only when p/p,, < 1.
In this case, we see that the mirror can be set
extremely resilient, since the breaking distance
grows with driver velocity and particle mass, as
Ly =~ (M /m)'/2. In the following, we show that
tunability of the breaking distance of beam-driven
relativistic mirrors is the key that unlocks tunable
generation of extremely-bright attosecond X-ray
pulses.

Coherent attosecond X-ray pulses

The most important parameter of a mirror is the
reflection coefficient, r. According to Eq. 1, it
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Fig. 2 PIC simulation results of attosecond X-ray pulses from beam-driven relativistic plasma mirrors.
a, Normalized energy spectrum evolution and temporal profile of reflected radiation obtained from PIC simulations for
proton-driven relativistic mirror with v = 5 propagating in underdense plasma with ng/n. = 0.01, where n. ~ 102! cm—3
is the critical density for the incident laser wavelength 800 nm. Theoretical bandwidth (white lines, black outline) given
by Aw/w, = 1/N, where N is the number of reflected cycles. The inset shows temporal profile of reflected radiation
corresponding to the time of spectral peak saturation. The temporal profile is colour-coded to the time (number of reflected
cycles in) of corresponding normalized energy spectrum lineouts. b, Normalized energy spectrum of radiation reflected from
relativistic mirrors driven in underdense plasma with ng/n. = 0.08 by protons with v € {5, 10, 15,20} and the incident laser
amplitude Eg = 10~ 3mecwp/e. The relative spectral bandwidths Aw/w;, decrease with increasing v due to increasing mirror
propagation distance, given by Eq. 5. ¢, Temporal profile of attosecond X-ray pulses generated from beam-driven relativistic
mirrors with v € {5,10, 15}, no/n. = 0.08 and incident laser pulse amplitude Eg = 0.1mecwp/e. d, Corresponding energy
spectra showing tunability from XUV to X-rays.

determines the reflected wave amplitude, but also
the number of reflected X-ray photons, N, =
|7|> N, 0, where N, is the number of incident
laser photons.

Reflection coefficient of beam-driven relativis-
tic mirrors can be calculated as (see Supp. S7-S8
for derivation details)

e \ 2/3
r~0.3 (—0) , (6)
Ve

where n, = meeqwd/e? is the critical plasma
density calculated for the incident laser with fre-
quency wp. While » — 0 as v — oo, the
reflected amplitude according to Eq. 1 follows
E./Ey ~ 4v*r « 7%3 due to double Doppler

effect. The peak power of reflected radiation is
therefore amplified as P,/Py o« v8/3. Using Eq.
1, we see that incident-to-reflected energy con-
version efficiency also grows with mirror velocity,
as n = & /& o /3, where & and & are,
respectively, the total energy of reflected and inci-
dent radiation. This is valid as long as the total
reflected energy does not exceed total energy of
the electrons composing the relativistic mirror,
N, hw, < Neymec? [22]. In the following section,
the exact threshold is formulated in terms of max-
imum laser fluence incident on the relativistic
mirror.

To evaluate our analytical results with self-
consistent and energy-conserving numerical cal-
culations, we have employed fully-relativistic



particle-in-cell (PIC) simulations. Here, we
present the results of a relativistic mirror formed
by the nonlinear interior plasma wave driven by
a flat-top proton beam (see Methods for sim-
ulation details), as depicted in Fig. 1d, with
varying mass-to-charge ratio considered in the
next section. For the considered parameters, the
minimum number of protons required in a beam
would correspond to N, ~ yngA? ~ 107, which
is well within the means of conventional accel-
erators, which can reach N, ~ 10! [37-40]. To
investigate bandwidth tunability of reflected radi-
ation, we consider two different cases for the inci-
dent counter-propagating laser. A low-amplitude,
narrowband continuous wave (CW) and a high-
amplitude, broadband few-cycle pulse. In both
cases, the central wavelength is A\g = 0.8 pum.

Continuous wave. The spectrum evolution and
the temporal profile of reflected radiation, for the
case with ng/n. = 0.01 and v = 5, are shown in
Fig. 2a. The CW is upshifted in accordance with
Eq. 1, w,/wp ~ 98. The energy spectrum peak
grows quadratically in time and saturates at the
the mirror breaking distance L., with N ~ 140
reflected cycles and relative spectral bandwidth
Aw/w, = 0.7%, where Aw is the full-width at
half-maximum (FWHM) of the reflected radiation
energy spectrum.

The energy spectrum of a reflected con-
tinuous wave can be calculated analytically
(see Supp. S9 for derivation) as |E(w)]®> =
E2sinc ((w — wy)7,/2), where E2 = |E,[*77 is the
spectral peak value and sinc(z) = sin(z)/x. The
FWHM spectral bandwidth directly follows as
Aw ~ w, /N, where N is the number of reflected
cycles. This is in accordance with the PIC results,
which highlights that relative spectral bandwidth
is conserved upon reflection from a stable beam-
driven relativistic mirror, producing a pulse with
properties given exactly by Eq. 1, up to the mirror
breaking distance given by Eq. 5.

Fig. 2b shows normalized energy spectra sat-
urated at the mirror breaking distance produced
by proton beams, with v € {5,10,15,20} and
p = 0.96p,p, propagating in plasma with ng/n. =
0.08. While increasing background plasma den-
sity increases reflection coefficient, the number
of reflected cycles drops, since the mirror breaks
faster according to Eq. 5, as L, o< Ap. The fastest
mirror with v = 20 produces a fully-coherent

X-ray pulse with narrow bandwidth of 10eV cen-
tered at 2.47keV, and pulse duration 7, ~ 372as
in accordance with Eq. 1.

Few-cycle pulses. To investigate the possibil-
ity of bright few-cycle X-ray pulse generation,
we set a counter-propagating few-cycle pulse with
Gaussian profile incident on the nonlinear wave
with peak amplitude increased to ag = 0.1 and
FWHM pulse duration mpwam = 37y =~ 8 fs.
Fig. 2c shows the temporal profiles of radiation
reflected from relativistic mirrors with three dif-
ferent velocities. The fastest considered mirror,
with v = 20, reflects a bright coherent X-ray
pulse, as short as 7,, = 5 attoseconds, with energy
centered around 2.4keV and peak electric field
amplitude E, ~ 4 TV /m, corresponding to inten-
sity of I, &~ 2.3 x 108 W/cm®, which is of the
same order as XFELs [7]. Fig. 2d shows the corre-
sponding normalized energy spectra. By changing
the 7 of the driver, the bright few-cycle pulses are
tuned according to Eq. 1 from XUV to X-rays.

Such coherent attosecond X-ray pulses could
serve as an extremely bright source for unique
applications which require high brightness and
short pulse durations at the same time, such as
ultrafast coherent X-ray spectroscopy [41], non-
linear XUV spectroscopy [42, 43] or coherent
diffractive imaging of biomolecules [44].

Properties of beam-driven relativistic
mirrors and laser-induced damage
threshold

Figs. 3a,b, show an excellent match between the
reflected amplitude given by Eqgs. 1,6, and the
dependence of reflected peak amplitude on nor-
malized background plasma density and mirror
velocity obtained from PIC simulations.

Driver particle type. To investigate negatively-
charged drivers, as well as to verify Eq. 5, we again
simulated the case with a low-amplitude CW laser
with ag = 1073, ng/n. = 0.08 and v = 5 for pro-
tons, muons, their antiparticles, and also the case
of v = 20 for positrons. Positrons were set faster,
because the breaking distance for v = 5 is less
than the laser wavelength, L, =~ 0.7\g. Similarly,
the case of electron drivers is reserved for future
study, since the computational requirements nec-
essary to sufficiently resolve the entire elongated
nonlinear wake, as well as reflected radiation for
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Fig. 3 Properties of beam-driven relativistic mirrors in plasma. Dependence of reflected amplitude on normalized
background plasma density for v = 5 (a), and driver Lorentz factor for ng/n. € {0.01,0.08} (b). Theoretical curves are
calculated from Egs. 1,6. ¢, Evolution of energy spectrum peak Ep, in terms of number of reflected cycles, for various driver
particle types. Theoretical curves are given by |E'p|2 ~ |Eq? 72, which is calculated using Egs. 1, 6 for v € {5,20} (dotted).
The theoretical number of reflected cycles (vertical, dashed) predicted by Eq. 5 is calculated as N & 2(L,, —x0)/Xo, where
x¢ is the position where the counter-propagating laser initially collides with the mirror. For positrons, muons and protons we
have set, respectively, zg/Ao € {1.3,4, 7}. Lorentz factor for all particles is set as v = 5, except for positrons where v = 20.
d, Evolution of optical fluence F' incident on a relativistic mirror (red, solid) with v = 5, ng/n. = 0.01 for various values of
normalized laser amplitude. The theoretical value of laser-induced damage threshold (black, solid, horizontal) is given by
Eq. 7 for ng/nc = 0.01, and the number of reflected cycles limited due to mirror breaking distance (black, dashed, vertical)
is given by Eq. 5 as N & 140 for zg = 17)\o. e, Temporal profile of coherent X-ray radiation from beam-driven relativistic
mirror with v = 5, ng/n. = 0.01 and ag € {10_3,0.05}. The case of ap = 0.05 exhibits the self-restoration property of
relativistic mirrors, where the fluence incident on the continuously replenishing nonlinear plasma wave saturates below the
damage threshold, if the mirror restoration time ¢, is short enough, which can be also seen in Fig. 3d.

v > 20, are extremely demanding with standard value given by Eq. 6, but the maximum number of
numerical methods. reflected cycles can be up to 5 times larger when

Fig. 3c shows the spectrum peak evolution for comparing antiprotons and protons. As shown
various drivers. The reflection coefficient for the in Figs. 1lc,d, this is because stronger longitudi-
negatively-charged beams is roughly 70% of the nal interior wave modulates the positively-charged



drivers as they propagate. Therefore, irrespective
of charge number, Eq. 5 can be interpreted as the
minimum mirror propagation distance for a driv-
ing beam with particle mass M. The number of
reflected cycles for the positron case is N = 2.5,
in accordance with Eq. 5 for M/m. = 1,7 =
20. This highlights the possibility for all-optical
beam-driven relativistic mirrors, where positron or
electron beams could be produced using compact
laser wakefield accelerators [35, 45, 46].
Laser-induced damage threshold. Analogous to
standard optical components, relativistic plasma
mirrors are susceptible to laser-induced damage
[22]. If the reflected energy is too large, damage
can occur due to recoil of the mirror. This recoil
threshold can be expressed in terms of maximum
fluence on the relativistic mirror, also known as
laser-induced damage threshold (LIDT)

2 noA;

LIDT = kmec 8y

(7)

Here, k represents the coefficient of propor-
tionality between the total reflected energy and
the total energy of the electrons forming the mir-
ror. Based on simulations with ag ranging from
1073 to 1, we deduce that for beam-driven rela-
tivistic mirrors £ = 6 x 1074, This yields LIDT
~ 100 J/cm? for mirrors with v = 5, which is
two orders of magnitude higher compared to their
solid-state counterparts [47, 48]. Fig. 3d compares
the LIDT given by Eq. 7 and the threshold flu-
ence obtained from simulations. Once the LIDT
is exceeded, the number of reflected cycles with
frequency given by Eq. 1 saturates, but the reflec-
tion process does not necessarily cease. However,
the properties of reflected radiation may start to
differ significantly from those obtained in regime
well below the LIDT [22].

Furthermore, since beam-driven relativistic
mirrors are composed of electrons continuously
flowing through, the mirrors possess the ability to
self-restore, with a characteristic restoration time
of t, & \;/cB. The restoration time is particularly
short (a few fs) for the mirrors realized by inte-
rior waves, given their substantially shorter wave-
lengths compared to wake waves. Self-restoration
must be taken into account when assessing the
limits of applicability of Eq. 7, i.e., even if the
fluence accumulated over a period of time > t,
exceeds the LIDT, the mirror properties remain

unaffected, as the impact of laser is fully com-
pensated by the mirror restoration process. The
onset of self-restoration is highlighted for the case
of ap = 0.05 in Figs. 3e, where the mirror restora-
tion time is calculated as approximately four laser
cycles. The mirror replenishes completely before it
is damaged, leading to effective saturation of flu-
ence on the mirror and significantly more reflected
cycles than predicted by Eq. 7, as shown in Fig.
3d for a¢ € {0.01,0.05}.

To summarize, if the time over which the inci-
dent laser deposits damage threshold fluence given
by Eq. 7 is much larger than the mirror restora-
tion time, the mirror will self-restore and continue
to produce phase and amplitude stable coherent
X-ray radiation. Therefore, large-amplitude few-
cycle laser pulses should be used to maximize
amplitude of reflected radiation, whereas smaller
values of ag should be considered for a narrowband
attosecond X-ray source.

Peak brightness and energy conversion
efficiency

The figure-of-merit for coherent light sources is the
peak spectral brightness, B [7, 49]. For coherent X-
ray pulses from beam-driven relativistic mirrors,
it can be derived as (see Supp. S10 for details)

B

photons _32¢7°N,; |r?
s mm? mrad? 0.1% BW| 1015}

4/3
~ 5 x 10704 (%) Ao H[pm] &[],
(8)

where & is the energy of the incident laser
pulse. Fig. 4a compares Eq. 8 with PIC simula-
tion results and the peak spectral brightness of
other currently available coherent light sources [7].
The simulations correspond to background den-
sity ng/n. = 0.08, proton-driven mirror with v €
{5,10,15,20} and incident laser pulse with energy
of 10 mJ. At photon energy of 2.5 keV, the peak
brightness obtained is B ~ 10?3 photons/(s mm?
mrad? 0.1% BW). Fig. 4b compares the theoret-
ical conversion efficiency obtained from Egs. 1,6
as 1~ 0.36 (ng/n.)*3+4?/® to the PIC simulation
results. In accordance, conversion efficiency grows
with mirror velocity, up to n ~ 9% at 2.5 keV.
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Fig. 4 Properties of coherent X-ray light from beam-driven relativistic mirrors. a, Peak spectral brightness
of 10 mJ laser pulse reflected from beam-driven relativistic mirrors propagating with v € {5,10, 15,20} (black dots) in
plasma with normalized electron density ng/n. = 0.08. Data for other light sources taken from [8]. b, Incident-to-reflected
laser energy conversion efficiency for ng/n. = 0.08. Different photon energies correspond respectively to different mirror

velocities, v € {5, 10, 15,20}.

Beam-driven relativistic mirrors have the
potential to be one of the most efficient sources of
bright coherent X-ray radiation. Indeed, as long
as the maximum fluence on the self-restoring rel-
ativistic mirror does not exceed LIDT given by
Eq. 7, reflected radiation properties are defined
by Eqgs. 1,6, and conversion efficiency increases
with reflected photon energy. In this case, beam-
driven relativistic mirrors could even realize a
novel scheme for laser energy amplification, since
n > 1 for v > 4.63 (n./no)?.

Discussion

We have presented a new way for generation of
bright coherent attosecond X-ray pulses based on
laser reflection from relativistic mirrors driven by
charged particle beams in plasma.

In excellent agreement with presented the-
ory, simulation results show that beam-driven
relativistic mirrors enable extremely efficient
generation of bright, tunable and coherent
attosecond X-ray pulses, with simulations show-
ing peak spectral brightness up to B =
1033 photons/(s mm? mrad? 0.1% BW) at X-ray
photon energy of 2.5 keV, which is of the order
of X-ray free electron lasers. Furthermore, reflec-
tivity of beam-driven relativistic mirrors is robust
with respect to mass of the driving particles, dif-
fering only in mirror propagation distance, which
highlights the possibility for compact all-optical

beam-driven relativistic mirrors based on laser
wakefield accelerated electron or positron beams.

The coherent attosecond X-ray pulses are
found to be generated over a distance of few
micrometers, facilitating a compact source for
novel applications where both high intensity and
ultrashort pulse pulse duration are required, such
as coherent nonlinear X-ray spectroscopy or coher-
ent diffractive imaging of biomolecules.

Finally, we have found the laser-induced dam-
age threshold of beam-driven relativistic mirrors
to be at least two orders of magnitude higher than
optical solid-state components. The relativistic
mirrors carry a unique property, where the mirror
is not damaged unless the threshold fluence accu-
mulates faster than the mirror replenishes itself.
In this case, beam-driven relativistic mirrors could
be even used as a novel scheme for laser energy
amplification.

Methods

Particle-In-Cell simulations

We carried out fully-relativistic 1D3V (one spa-
tial and three velocity dimensions) particle-in-cell
(PIC) simulations using the code EPOCH [50].
The parameters of the PIC simulations are defined
as follows: The driving particle beams have flat-
top profile with length L;, particle mass M/m, €
{1,207,1836}, charge density p, and the Lorentz
factor is varied as v € {5, 10, 15,20}.



For positively-charged drivers, L, = \; and
p = 0.96p,p+ = 0967, ie., slightly below
the wavebreaking threshold in order to ensure
high reflectivity over sufficiently long distance
according to Eq. 5. For negatively-charged drivers,
resolving the full interior plasma wave in addi-
tion to the wakefield and the reflected wavelength
proved computationally challenging. To reduce
the necessary simulation box length required to
observe beam-driven wake wave breaking, we
shrunk the pulse length and set the particle
number density of the driver slightly above the
wavebreaking threshold, according to p = —1/2 <
pwb,— = —7/(27 + 1). The pulse length required
to achieve wake wave breaking at v = 5 was
then obtained by numerically solving Eq. 2, as
Ly ~ 10.7¢/w,. The pulse length was then corre-
spondingly set slightly below this wave breaking
threshold, as 0.96 L;, for the same reasons as in
the case of positively-charged drivers.

The driving particle beam propagates in a pre-
ionized homogeneous plasma with number density
ng, where ng/n. € {0.01,0.02,0.04, 0.08}. Here, n,
stands for the critical plasma density correspond-
ing to the wavelength of the counter-propagating
laser pulse Ao = 800 nm. The laser pulse has flat-
top profile with smooth 4 Ty long up-ramp, where
To = Ao/c =~ 2.66fs is the laser period, and its
normalized amplitude ag is varied from 1073 to 1.
For the case of a few-cycle Gaussian laser pulse,
we have set ag = 0.1 for all simulations.

The simulations utilize moving window tech-
nique; the window, which moves at the velocity
of the driving particle beam, has length of 3 L.
The underlying Cartesian grid is uniform with the
resolution of 100 cells per analytically calculated
wavelength of the reflected radiation. The plasma
is cold and collisionless, represented with electron
quasi-particles moving on the static neutraliz-
ing background. Initially, there are 10 electron
quasi-particles per grid cell. The electromagnetic
field evolution is calculated using the 2nd order
finite-difference time-domain method, whereas the
equations of motion for quasi-particles are solved
using the Boris algorithm. Absorbing boundary
conditions are applied on each of the simulation
window boundaries for both the electromagnetic
fields and quasi-particles.
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Data Availability

The data that support the findings of this study
are available from the corresponding author upon
reasonable request.

Code Availability

Numerical PIC simulations were performed with
the open source massively parallelized PIC
code EPOCH, available at https://github.com/
Warwick-Plasma/epoch. Data analysis and visual-
ization were done using open-source programming
language Python and commercial software Wol-
fram Mathematica. Code used in this study is
available from the corresponding author upon
reasonable request.
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1 Theory of weak reflection
from relativistic mirrors

Combining Maxwell’s equations and using the
Lorenz gauge condition 8, A* = V-A+8;¢/c? = 0,
we obtain the inhomogenous wave equation

o2 j
<8t2 — C2v2) A= ;, (1)

where A is the magnetic vector potential, €g
is the vacuum permittivity and j is the cur-
rent density, acting as a source of radiation. We
consider only the one-dimensional geometry of a
planar mirror, with a counter-propagating inci-
dent laser. Therefore, we have for the transverse
derivatives 9,A = 0,A = 0. To further simplify
the analysis, we consider only linear polarization
in the y direction and define the dimensionless
vector potential a = eA/m.c, reducing Eq. 1
into a scalar form. We assume that the radia-
tive currents are due to a propagating electron
distribution oscillating in electromagnetic field,
therefore j = —en.v = —ecnca/7y, where ~ is the
Lorentz factor of the plasma electrons, which gives
us the one-dimensional Klein-Gordon equation
describing propagation of electromagnetic waves
in plasma

02 5 02 9
Froie c 902 +wy(w,1) | a(z,t) =0, (2)

where w, = \/e2n.(z,t)/(meepy) is the relativis-
tic plasma frequency and n.(z,t) is the electron
density distribution propagating with normalized
velocity f = wv/c = 4/1—(1/7)?. Counter-
propagating radiation scattered from such a rela-
tivistic electron distribution is Doppler shifted in
frequency, which makes analysis of Eq. 2 a non-
trivial task in the laboratory frame. We therefore
perform a Lorentz boost into the mirror reference
frame where both incident and reflected radiation
have the same frequency w’. The x coordinate then
transforms as @’ = y(x — vt). Since the operator
O = (9? — c29?) is Lorentz-invariant, the form of
the equation doesn’t change and it can be written
in the mirror reference frame as

82 2 82 12 ! / !
52 ¢ 52 +w, (@) |a(z’, 1) =0, (3)

where the apostrophe denotes quantities trans-
formed to the mirror rest frame. The normalized
vector potential is transformed only in coordi-
nates, because the normalized amplitude (ag o
Ey/wp) is Lorentz-invariant.

For clarity of the following rest frame analy-
sis, we drop apostrophes for all the transformed
variables and return them when necessary. The
solution to Eq. 3 can be written generally as a
superposition of the incident and reflected waves

a(x,t) = age " WHRTE) pa(z1),  (4)

where w is the radiation frequency and k¥ = w/c
is the wave number, both evaluated in the mir-
ror rest frame. We include the phase factor 7/2 so
that the real part of the incident wave corresponds
to a sine wave, such that the real part of the inci-
dent wave is zero at spacetime origin x = ct = 0.
Plugging (4) into (3) while assuming small reflec-
tion, a,(z,t) < ag & const., gives us the following
equation for the reflected wave

0 2 0° 2 —i(wttkz)
72 o ar(x,t) = —iw;(x)age =),

(5)

We note that the approximation of weak
reflection is equivalent to the physically rea-
sonable assumption that the electrons oscillate
with the same phase and normalized trans-
verse momentum as the incident wave, j =
—(ecneag/vy)e " WtHke=3)  The incident wave
ap(z,t) then represents a homogeneous solution
to the differential equation 1, while the particular
solution a,(z,t) is obtained by solving Eq. 1 with
the approximated current.

The natural coordinate system for this prob-
lem are the light-cone coordinates £ = x — ct,n =
x + ct, which correspond to a clockwise /4 rota-
tion of the spacetime coordinate system. The
derivatives transform as 0y + c0, = 2c0, and
8 — ¢0y = —2c0¢, which using 97 — 292 =
(0r + €0y)(0y — cOy) gives us the reflected wave
equation in terms of the light-cone coordinates as

d*a, j + »
oroe € = 1k (”Tg) age™*,(6)

where k,(2) = wp(z)/c is the inhomogeneous rela-
tivistic plasma wave number corresponding to the



Fig. 1 Analytical solution of Eq. 9 for kg(ac) = 2’ showing reflected radiation with light rays of constant phase

propagating along the light-cone variables z — ct = const.

electron distribution. Eq. 6 can be solved by direct
integration and application of boundary condi-
tions. We first apply the boundary condition that
the reflection occurs only for ¢ > 0, therefore at
t = 0 we have a,(z,0) = 0. This also implies that
the solution exists when = + ¢t > z — ¢t for all
x. Integrating the equation over 7, where n > &,
gives us the derivative of the reflected wave as

Oa, i —
seen = [ (55 meta @

Note that, at t = 0, Eq. 7 satisfies O¢a,(n =
z,§ = x) =0, i.e. no radiation is initially emitted
along the light cone coordinate £. To clearly show
that Eq. 8 describes the reflected radiation, we
substitute ¢ + £ = 2s in the integrand, giving us

da, etk
8§ (5777) = aop 2 l

If we assume the radiation condition O¢a, ~
ika,, we obtain the spatiotemporal profile of the
reflected radiation in spacetime coordinates of the
mirror rest frame as

, 1 f®
t) = —i(wt—kx) /
ar(z,t) = ape %)

n+g&
2

—i2ks
kg (s)e~2ksds.  (8)

2 —i2ks
k,(s)e ds.

9)

Eq. 9 satisfies the radiation boundary condi-
tion O¢a, = ika, exactly for ¢ — oo, since then
(n+¢)/2=x and £ =z — ¢t — —o0, and only the
plane wave phase keeps the ¢ dependence. This is
equivalent to the assumption that, compared to
the phase, the amplitude of the wave described
by the integral term varies slowly with £&. A more
precise solution near could be obtained near the

spacetime origin by direct integration of Eq. 7,
which leads to a more complicated form. Since
we are mostly interested in the far-field behavior,
we only keep the term given by Eq. 9 which well
describes radiation behavior for large ¢ and = < ct.

Finally, the spatiotemporal profile of the
reflected wave is obtained by taking the real part
of Eq. 9, which is shown in Fig. 2 where a sine
wave is reflecting from a Gaussian electron profile.
We see that the error of our far-field approxima-
tion is small and leads to a small phase shift and
reflected amplitude reduction near the line x = ct,
while the behavior at = < ct shows propagation
of reflected radiation with amplitude correspond-
ing to the exact limit value. Precise integration
without any approximations of Eq. 7 would give
us correct phase behavior near the spacetime ori-
gin. The absolute value of Eq. 9, corresponding to
the amplitude of the reflected wave, reduces in the
limit  — oo to the Fourier transform of electron
distribution in the mirror rest frame, which was
obtained in previous work on relativistic mirrors
[1], and the complex amplitude reflection coef-
ficient r = a,/aop in the far-field limit can be
therefore expressed as

1 o0

T’Z% .

2 —i2ks
ks (s)e ds, (10)

where k = 4/ %ko is the wave number in the

mirror rest frame. The reflected amplitude in the
laboratory frame is then simply E,./(rEp) = (1 +
B)/(1—pB), where Ej is the electric field amplitude
of the incident laser in the laboratory frame.



In the following sections, we first analyze and
identify properties of beam-driven relativistic mir-
rors to consequently obtain the electron density
distribution required to calculate Egs. 9-10.

2 Beam-driven nonlinear
plasma wave equation

We proceed to analyze plasma waves driven by a
charged particle beam in one-dimensional approx-
imation, which is valid for broad drivers satisfying
kpry > 1, where k, = wp/c is the linear plasma
wave number, w, = /e%ng/egm. is the linear elec-
tron plasma frequency, ng is the electron plasma
density and r}, is the radial size of the beam. The
Poisson equation and the continuity equation for
plasma electrons are then given as

0% e
2 = a(ne—ng—qnb), (11)
0Jx One

where np is the number density of the driving
beam and ¢ is the charge number of the driv-
ing particles, e.g. it is positive for positrons and
protons (¢ = 1) or ions (¢ > 1) and it is neg-
ative for electrons (¢ = —1). We assume that
the driver density satisfies ny(z,t) = ny(z — vt),
which means that it propagates in the z-direction
and its shape does not evolve in time, an assump-
tion that is valid over a relatively long time
for ultra-relativistic beams with v > 1, where
v = 1/y/1—(v/c)? is the relativistic Lorentz
factor of the driving beam and c¢ is the speed
of light in vacuum. We now assume that all
the plasma quantities also depend only on the
Lagrangian coordinate of the driving beam & =
x — vt. This gives us the following transformations
for the spatial and temporal derivatives, respec-
tively 0, f(£(w,1)) = (9¢/00)0e F(€) = Def(€) and
Of(E(@,1) = (9/0)Def(E) = —vdef(€). Using
these transformations and introducing the follow-
ing normalized units w,&/c = &, ep/mec® —
¢, eE/mecw, — E, ne/ng — Ne, qup/ng =
p, vfc = B, jlenge = j, p/mec — p, equations
11-12 become

82
a—g — (ne—1-p), (13)

e

np= —0.25,&,=0.5A

norm. units
o N » O ®

e

norm. units
o N » O ®

e
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o N » 0 ®
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o

Fig. 2 Poisson equation (16) numerical solutions
in the limit 42 > p?. Wakefield-optimal solutions with
bunch length given by Eq. 25 for (a) p = —0.25 and (b) p =
1. Single-cycle interior-wave-optimal solution with bunch
length with given by Eq. 24 for p = 1.5.

0

8€ (neﬁ - neﬁe) =0, (14)
where (. is the normalized velocity of the plasma
electrons. Integrating Eq. 14 with the initial con-
ditions ne(§ = 0) = 1 and B({ = 0) = 0, which
are satisfied by plasma initially at rest, we obtain
ne = 1/(1 — B./B), which shows that extremely
large density waves are produced when ., — 3,
and Eq. 13 becomes

Po_ B
o0& ~ B

It can be shown that the motion of an elec-
tron in a one-dimensional nonlinear plasma wave
is given by the normalized one-dimensional Hamil-
tonian, H(&,pz) = v — Bpz — ¢(€). For plasma
electrons which are initially at rest, the following
quantity is conserved, v — p, = 1+ ¢. Since only
longitudinal fields are considered, the Lorentz fac-

tor is simply v = /1 + p2 and Eq. 15 can be cast
as

%6 1 -1/
=" {5(“72@%) e

(16)

1-p. (15)



To obtain analytical results, we approximate
the driver as a flat-top beam, p(§) = p = const.
for —Ly < £ < 0 and zero otherwise, where Lj
is the normalized driver length. We now proceed
to analyze the plasma waves in the region of the
ultra-relativistic particle beam, where —L;, < £ <
0. Multiplying Eq. 16 by ¢’ and integrating with
the initial conditions ¢(§ = 0) = ¢'(§ = 0) =0, we
get the following equation for the electric field of
the plasma wave within the driving particle beam,

(2(5)2 =—2(p+7°)¢

+267? (\/(Hqﬁ)? - —ﬁ) .

The existence of plasma oscillations requires
the existence of electric field stationary points,
which is stated through Eq. 16 as ¢” = 0. From
this condition we obtain that real solutions exist
only if p > —1/(1 4+ 8) ~ —1/2, which tells
us that for dense, negatively-charged drivers with
p < —1/2, the background plasma cannot sup-
port oscillations in the region of the driver due
to the strong electrostatic field of the charged
beam. For p > —1/(1 + ), equations 16-17 allow
us to find the amplitude of the nonlinear plasma
wave which exists in the interior region of the
driver, which we call interior plasma wave from
now on. From the electric field null-point condi-
tion ¢’ = 0, we obtain the solutions ¢y = 0 and
Gmin = —2p(1 = 1/7%)/(2p + 1 + p*/+?), where
the zero and non-zero solutions correspond respec-
tively to the interior electron density wave trough
and crest, respectively, in the case when p > 0 and
vice versa for p < 0.

(17)

3 Lorentz factor of plasma
electrons and wave breaking
threshold

Using the conserved Hamiltonian of plasma elec-
trons initially at rest, the electron Lorentz fac-
tor can be expressed explicitly in terms of
the normalized potential as v, = ~2(1 +

o) [1 —By/1-1/(v(1+ ¢))2}, which gives us the

Lorentz factor of the electrons in the density peak
(corresponding to ¢y, ) of the nonlinear interior

ot

wave as

2P252

w0

’Ye:l+

The wavebreaking limit of interior plasma
waves is given by 7. — 7. Solving Eq. 18 in this
limit gives us the following normalized driver den-
sity for which wavebreaking occurs immediately
upon beam entry into the plasma,

)"
Pwb,+ = v
710

The driver density corresponding to wave-
breaking (19) has two solutions, which corre-
spond to positively and negatively charged drivers,
respectively.

if g > 0.

19
if ¢ <O0. (19)

4 Wavelength of interior
plasma waves

Inverting Eq. 17 and integrating from £(¢) <
0 to & = 0, we get an explicit dependence of
the normalized Lagrangian coordinate £ on the
normalized potential and driver velocity as

0
&(¢,7) = /¢> [— 2(p+7%)9
—1/2

287 ( (1462 - - 6) o,

(20)

Finally, to obtain the wavelength of the inte-
rior plasma waves, we integrate Eq. 20 between
the two null-points of the electric field given by
B0 = 0and ¢min = —2p(1—1/72)/(2p+14+p?/~?),
which gives us the half-period of the interior wave.
The wavelength of the nonlinear interior wave nor-
malized to the linear plasma wavelength is then



Ai/Ap = —2&(Pmin) /2. Therefore

M=t [ ~2(p+2)¢
Ap VP =T anaea p
(2p+14p2/~2)
—1/2
1
(21)

which is valid when the condition for interior
plasma wave existence is satisfied, p > —1/(14 /).
Evaluating the integral 21 in the limit v > 1,
we get the following expression for the nonlinear
interior plasma wave wavelength

2
)\i - 2 E (2/)11) (22)
N T 2pF1]

where E(k) is the complete elliptic integral of the
second kind. For negatively-charged drivers with
—1/2 < p <0, the plasma wavelength grows with
increasing negative charge density and diverges
at p — —1/2. For positively-charged drivers with
p > 1, expansion of Eq. 22 yields A\;/A, =
(2/p)'/2 /7, which reveals a unique mechanism of
relativistic nonlinear plasma waves with extremely
short-wavelengths, driven by positively-charged
particle beams.

At the wavebreaking limit p — ~v > 1,
the wavelength of the nonlinear wave slightly
decreases from Eq. 22, which can be estimated
from Eq. 20 in this limit as 7A;/A, = (Q/W)l/z.
This stands in stark contrast to plasma wake-
fields driven by either negatively-charged beams or
laser pulses, in which case the plasma wave elon-
gates with increasing driver velocity as wA; /A, =

27" 12, 3].

5 Optimal driver length

Now we proceed to analyze the plasma waves
behind the driver, where ¢ < —L;. The Poisson
equation (16) with p = 0 is satisfied with initial
conditions given by ¢(—Ly),d' (—Lyp), which cor-
respond to the solutions obtained in the driver
region —L;, < £ < 0 due to the continuity of
the electric field. Integrating Eq. 16 for p = 0
with non-zero initial conditions, Eq. 17 takes the

following form [4]

1 Ewake ?
ety (B

where Cy = v.(—Lp) + (—¢'(=Ly))%/2 is a con-
stant given by initial conditions ¢(—Ly), ¢'(—Ly)
at the driver rear £ = — L.

When the driver length is exactly the length
of a single cycle of the nonlinear plasma wave,
Ly = )\, the potential after a full-cycle gives, as
shown above, the initial conditions as ¢(—Lp) =
¢'(—=Ly) = 0, and we have Cy = 1 and the
maximum amplitude of the wake is Eqke/Eo =
v/2(Co —~ve) =0, since 1 < 7, < Cy = 1. There-
fore, a single-cycle plasma wave is driven optimally
and no plasma oscillations occur outside of the
region occupied by the ultra-relativistic particle
beam. The same analysis holds for optimal multi-
cycle waves, in such a case the initial conditions for
the Poisson equation are the same and the driver
length condition for optimal multi-cycle nonlinear
plasma wave generation becomes

= CO7 (23)

Lb = TL)\Z', (24)

where n is a natural number and A is given by
Eq. 22. Any deviation from Eq. 24 gives Cy > 1
and therefore non-zero plasma wakefield ampli-
tude. The wakefield amplitude is maximized when
¢'(—Ly) = 0 and Cy = ~,, where 7, is given by
Eq. 18. These boundary conditions correspond to
a driver whose length L; ends exactly at the den-
sity peak of the interior plasma wave, as shown in
Figs. 2a,b. The strongest wakefield is therefore cre-
ated when the driver length satisfies the following
resonance condition,

Ly = <n - %) i, (25)

i.e. for the single-cycle wave m = 1, the driver
length fits the first half-cycle of the interior plasma
wave, Ly, = )\;/2, and the plasma wakefield ampli-
tude is maximized for given driver density and
velocity, as shown in Fig. 2a.



6 Mirror propagation
distance due to relativistic
beam-plasma instability

As a relativistic charged particle beam propagates
through plasma, an instability develops which
modulates its initially uniform charge density.
This modulation eventually breaks the coherent
nonlinear oscillations of plasma electrons which
sustain the relativistic mirror. To calculate the dis-
tance in plasma a beam-driven relativistic mirror
propagates before it breaks, we need to find the
instability growth rate.

Let us consider a relativistic charged parti-
cle beam with normalized charge density p, =
qny/no, mass M and velocity v propagating along
the positive direction of the x-axis in plasma com-
posed of electrons and ions with particle number
density ng. However, since the beam is relativis-
tic, and its longitudinal size is of the order of the
electron plasma wave L; o< Ay, the influence of
slow ions is negligible compared to the fast plasma
electrons. The continuity equation and the Euler
momentum equation are then given for both rela-
tivistic particle beam and plasma electron species
as

871,- 8(7151),) _
ot or 0, (26)
O(viv;) O(7y:v;)

ot +m; ox

= qFE,, (27)

where i = b, e is the species index and the plasma
electrons are initially at rest, 7. =~ 1. Now, we con-
sider the small-amplitude modes which perturb
the the relativistic beam, as n; ~ ng + dn;y and
v; & v + Ov;, where dn;, 6E,, 6v; oc ellkz—wi),
Expanding the momentum in terms of the small
perturbation, we get p; = v;v; & Yiovio + 7;0’061)1-.
Combining the linearized Eqs. 26,27 with the Pois-
son equation, €yikéE, = dpp + dp., we get the
following dispersion relation for the relativistic
two-stream instability

2 2
) “p

—_— + 5 =1, 28

Y3 (w — kvp)? + w? (28)

where w? = €®ng/(meep) and wp =

(ge)*np/(Meog) = (gpym/M)w?. The ~; factor

in the dispersion relation can be intuitively
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Fig. 3 Real (blue) and imaginary (red) parts of solution
of Eq. 28, calculcated for a positively-charged relativistic
particle beam with gny/no = pwb,+ =7, M = me and y =
20 (positron). The real part corresponding to the growing
unstable modes is given by linearly growing branch, w, ~
kvp =~ kec.

understood as the well-known concept of the lon-
gitudinal mass of a particle oscillating along the
direction of its relativistic motion, M — ~2 M.
Eq. 28 can be rewritten as

1 73/2 w2
— =+ 1 (2] 29
w — kv W (w) (29)

Using w = w, + I, where w, = R(w), and
expanding by w, — kv, — il', we get

wy, — kvy — i _iﬁ” 1 wp 2
w2 — 2wk + (kvp)2 +T2 7wy w )
(30)

For even moderately relativistic beams satis-
fying vy & ¢, unstable copropagating electrostatic
modes must be also relativistic, with constant
phase velocity given by w, ~ ck. Subsequently, the
growth rate must be very small, w = w, + i’ ~
wy < wp, which can be verified by solving Eq. 28
numerically, as shown in Fig. 3. Using this in Eq.
30, we get the following estimate for the growth
rate of the relativistic non-resonant two-stream
unstable modes

1/2
wp e (MNP )
L \amepy) kv

Finally, the unstable spectrum observed in PIC
simulations is broadband. Typically, the modu-
lation occurs only within a very small region



surrounding the copropagating electron density
peak of the nonlinear wave (Fig. 2c), where the
electrons pile-up and modulate the driving parti-
cle beam. This makes single mode interpretation
complicated.

To proceed, we make a generalizing heuristic
estimate. Requiring that the mirror breaks imme-
diately, 7, — 0, when @ > Qup, where @ the
total charge of the relativistic beam and Q. is the
total charge required to produce wave breaking,
we get the following estimate that correctly repro-
duces the timescale (7,5 o 1/T') of the unstable
broadband spectra observed in the PIC simula-
tions, written as wp/kvy — /1 — Q/Qup. This
yields the following expression for the beam-driven
relativistic mirror propagation distance

M 1/2 Q 1/2

et () (- 2)”
P o\ gmeps Qub |
32

where the factor N, corresponds to the number
of e-folds observed in PIC simulations before the
mirror breaks. Typically, N, ~ 1. For positively-
charged drivers with pp < pwb+ = 7, we have
Qb/Qub = pv/pws,+ and the mirror propagation
distance, for N, ~ 27/5, takes the form presented

in the main text

Luv+ (%) i (1 _ ﬂ) v (33)
)\p 5 qme Pwb ’
For negatively-charged drivers with p, =

pub,— = —1/(2+ (1/7)) = —1/2 and Qp/Qup
Ly/Lyp < 1, the mirror propagation distance can
be estimated as

Lun— %" < 2M )1/2 (1 - Lb>l/2 (34)
/\p 5 |Q|m€ wa

7 Structure of beam-driven
interior plasma wave
breaking

Q

As we have shown in S1, evaluating reflection of
radiation requires electron plasma density distri-
bution of the breaking wave. To gain a foothold,
we return to the Poisson equation (15) to ana-
lyze the structure of interior plasma waves at the
wavebreaking threshold, 7. — . We use the inte-
gral of motion v, — fp, — 1 = ¢ and the identity

1/(1 = Be/B) — 1 = pa/(BYe — pa) to rewrite Eq.
15 as .

(Ve — Bpe)" = o P (35)

We now expand the momentum around the
peak of the nonlinear plasma wave, p = p,,, +dp+
O(5p?), where p,, = \/72 — 1, where 7, is given
by Eq. 18. At the wavebreaking threshold we have
Ye — 7, therefore we proceed to use the following
power series expansion for left-hand side of Eq. 35,
Y = Bpe = /142 = B ~ 1)y + 0p*/(29°) +
O(dp?). For the right-hand side of Eq. 35 we use
e — 7 and therefore 8y —p, = B/1 + p2 —ps ~
—6p/y? + BIp?/(2v%) + O(6p®). Keeping only the
leading order terms in Eq. 35, we get

52”:—26£— ) 36

(0p”) 75 (36)

Multiplying Eq. 36 by (6p?)’ and integrating
over &, we get

(6p'6p) + 29°Bp + v6p*/2=C,  (37)

where C' is an integration constant. In the limit
dp — 0, the solution of Eq. 37 is given by the value
of the integration constant C. If ép’dp — 0 when
op — 0, then we have C = 0 and up to the leading
order Eq. 37 takes the following form

(0p')? = 27"+ (38)

In the limit & — 0, where £ is the distance from
the position of the density peak, a solution of Eq.
37 is given as

3 2/3
op=— (EV‘D’BW&) : (39)

The velocity can be expanded up to the first
order as fB. = f + fy—{f + O(6p?), therefore B, ~

2/3
8- % (%ﬁ”%) and the normalized electron

density becomes

2/3
e B _ (V28
no‘/s—ﬁc“‘”(z»f) B

Eq. 40 shows that the density structure of a
breaking interior plasma wave has the form of a



cusp caustic [5], which has an integrable singu-
larity at & — 0, therefore the total number of
electrons remains finite even for the asymptotic
leading-order term given by Eq. 40. It was pre-
viously shown that such a cusp singularity is a
general feature of electron plasma wave break-
ing [1, 6, 7]. The structure of beam-driven wave
breaking is not different, since the effect of driver
density represented by the third term of Eq. 37
only contributes in the higher order corrections.

8 Reflection coefficient of
beam-driven relativistic

mirror at the wave breaking
threshold

In the laboratory frame, the electron distribution
given by the asymptotic cusp distribution (40) can
be written as

2/3
Ne V2o B
no (3 kp(x —vt)) ' (41)

We now transforming into the mirror rest
frame using 2’ = y(x — vt). The electron charge
density is part of the four-current which sat-
isfies the continuity equation d,j* = 0, and
it must therefore transform as p’ = ~(p —
jzB/c) due to charge conservation. Transforming
the spacetime coordinates, the rest frame elec-
tron density distribution then becomes n./ny =
v(v2B7v/3)%/3(2")~2/3, where njy = ng/y is the
background plasma density in the mirror rest
frame. We therefore have the following inhomoge-
nous relativistic plasma wave number (using 8 ~

1)
9 1/3 /€4/3’)/2/3
pe)=(3) B @)

no

9 22/3 7

where k, = wpo/c is the linear plasma wave
number calculated in the laboratory frame. Using
Eq. 42 to calculate the amplitude reflection coef-
ficient given by Eq. 10, we get

r=/~@(n0>2/3, (43)

Tne

where k = 7/(24/33%/3T (%)) ~ 0.44 and I'(z)
is the Euler gamma function. Complex amplitude
reflection coefficient (43) was previously obtained

1.0
0.8
0.6

0.4

_Y
X/A

-2 -1 1 2 3 4 5

Fig. 4 Spatial profile of complex amplitude reflection coef-
ficient near the origin of the mirror rest frame (z = 0).
Here X represents the rest frame radiation wavelength. The
reflected wave amplitude is modulated at the second har-
monic of the incident radiation near the mirror origin. In
the limit * — oo, the amplitude stabilizes at the value
given by Eq. 43.

in the context of laser-driven relativistic mirrors
[1, 6]. Calculating Eq. 9 in the limit t — oo, we can
further obtain the spatial profile of the reflected
amplitude around the mirror position, which is
shown in Fig. 4.

In PIC simulations, we observe that Eq. 43
overestimates amplitude of the reflected radia-
tion. Indeed, Eq. 43 is derived using the singular
cusp distribution. However, in fully kinetic simula-
tions electron density is finite both before, during
and after wavebreaking, which is the expected
behavior due to the discrete number of electrons
(and macroparticles in the case of particle-in-
cell simulations), which compose nonlinear plasma
waves.

To amend this, we introduce the finite dis-
tribution scale length [, also known as sharpness
parameter [1], and generalize the electron distri-
bution in the laboratory frame, given by Eq. 41,
as

1/3
1/3 2
L 8 (s
12+ (x —vt)?

no o 32/3k§/ 3
where the limit [ — 0 reproduces the dominant
asymptotic cusp structure obtained by solving Eq.
35. Transforming Eq. 44 into the rest frame, we get
the following rest frame inhomogeneous plasma



wave number

1/3 ,4/3
2> / k:p/ ’Y2/3 (45)

2
k; (I/) = <§ 12 4 g2’

where I’ = 7l is the finite distribution length scale
in the mirror rest frame. The rest frame reflection
coefficient evaluated in terms of laboratory frame
parameters then becomes

Tl/2 kz/Sll/G
A — K ‘(47%01), (46)
25/632/3T (%) 71/3]63/6 1/6

where K, () is the modified Bessel function of the
second kind. By measuring the finite distribution
scale length [ from simulations, the reflection coef-
ficient is precisely given by Eq. 46. Fully-coherent
emission will occur when a distribution of radiat-
ing particles satisfies k.l < 1, where k,. is the wave
number of the reflected radiation in the laboratory
frame, k, =~ 4v%ko.

In the PIC simulations, we observe finite dis-
tribution length scales of the order k;.lg;m ~ 3.5 X
1072, therefore we estimate 4y2kol ~ 1/(97) and
the rest frame amplitude reflection coefficient can
be written in the following simple form

n 2/3
rea ( 0 ) , (47)
ney
h _ 7‘,1/3 K 1 - . h
whnere o = m 1/6 (ﬁ) ~ 0.3 is the

proportionality constant obtained by introducing
finite distribution length scale [. The scaling fol-
lows that of the cusp reflection coefficient given by
Eq. 43, but the coefficient is roughly 30% smaller
due to the electron density finiteness. As shown
with the results presented in the main text, Eq.
47 perfectly describes the particle-in-cell simula-
tion results of relativistic mirrors close to the wave
breaking threshold in the parameter range v €
{5,10,15,20} and ng/n. € {0.01,0.02,0.04,0.08}.

9 Energy spectrum of
reflected coherent radiation

If we assume that the radiation is reflected with
constant amplitude reflection coefficient, the elec-
tric field in the spectral domain of a signal with
duration 7, can be expressed in the laboratory

10

frame as

oo ) ‘
ET(JZ,CU) :Er/ efl(wrf*er)ezwtdt

- (48)
:ETezk,m / 61(w7wr)tdt7
0

where E, = rEo(1 + 8)/(1 — ) is the reflected
amplitude and Ej is the incident electric field
amplitude. Therefore, after directly evaluating the
last integral in Eq. 48, the normalized energy
spectrum can be expressed as

= sinc? (7(“ *2“”“)”) . (49)

where sinc(z) = sin(z)/x is the cardinal sine func-
tion, E2 = \ET|2 72 is the value of the spectrum
peak at w = w,., which grows quadratically in time
due to temporal coherence, and 7., w, are respec-
tively the double Doppler shifted reflected angular
frequency and pulse duration.

10 Peak spectral brightness

The value of peak spectral brightness for a
monochromatic light source reflected from a
homogeneous mirror in terms of the conventional
unit of photons per second per relative spectral
bandwidth of 10~3 per transverse radiation phase
space can be written as

Npp,(IN/1000)

2m202027,

where N is the number of reflected cycles
corresponding to the relative spectral bandwidth
as Aw/w = 1/N, Ny, is the total number of
reflected photons, 6 is the half-angle divergence
of reflected radiation and p is the waist of the
incident laser. The reflected divergence is 6 =
00/(27)2, where g is the half-angle divergence of
the incident laser. If we consider a diffraction lim-
ited incident laser and a homogeneous mirror, the
beam parameter product characterizing transverse
phase space of incident radiation becomes pfy =
Xo/m, where \g is the incident laser wavelength.
The peak spectral brightness is then

B= (50)

89N, (N/1000)
- )\%TT

B . (51)




Finally, considering the reflected pulse dura-
tion satisfies 7, ~ 70/(27)? ~ (NXo/c)/(27)?,
we obtain the final formula for the peak spectral
brightness of radiation reflected from a homoge-
neous beam-driven relativistic mirror,

6
B 32¢y Npgh’r (52)
1000);

The ratio of reflected to incident number
of photons can be calculated using the rest
frame reflection coefficient as Npp, »/Nph,i = |r|2.
Finally, to convert to the conventional synchrotron
unit of photons/(s mm? mrad? 0.1%BW), we use
m?rad? = 10"?mm?mrad? to obtain

photons _ 32076Nph,71-\r|2
s mm? mrad? 0.1% BW | 101538 7
53)

where the reflection coefficient is given by Eq. 47.
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Two-color nonlinear resonances in betatron oscillations of laser accelerated relativistic electrons

M. Lamaé ®,2" U. Chaulagain®,' L. Jurkovi¢ova®,"3 J. Nejd1®,' and S. V. Bulanov®'
VELI Beamlines Center, Institute of Physics, Czech Academy of Sciences, Za Radnici 835, 25241 Dolni BreZany, Czech Republic
2Faculty of Mathematics and Physics, Charles University, Ke Karlovu 3, 12116 Prague, Czech Republic
3 Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University, Brehovd 78/7, 11519 Prague, Czech Republic

® (Received 19 February 2021; accepted 15 June 2021; published 23 July 2021)

X-ray radiation from laser wakefield accelerated (LWFA) electrons provides a collimated broadband fem-
tosecond x-ray source with micron-scale source size. However, the photon flux is still inadequate for a range of
applications. By interaction of LWFA relativistic electrons with the second and the third harmonic of the laser
driving the wakefield, we report more than an order of magnitude enhancement of photon flux emitted by the
electrons undergoing betatron oscillations resonant with the harmonics. This phenomenon is demonstrated with
analytical and numerical models, as well as particle-in-cell simulations.

DOI: 10.1103/PhysRevResearch.3.033088

I. INTRODUCTION

Laser wakefield acceleration (LWFA) has received consid-
erable attention since its conception [1]. Recent experimental
work reports 8 GeV electron bunches being produced in a
20-cm capillary plasma with a petawatt-class laser driver
[2]. Betatron x-ray generation is connected to LWFA within
the blowout regime [3,4]. The plasma cavity acts as a wig-
gler forcing electrons to oscillate and consequently radiate
x rays known as betatron radiation [5,6]. The short duration
of the x-ray pulses, small source size, synchronization with
the driving laser, and all-optical compactness of the betatron
x-ray source provide a competitive alternative to conventional
sources [7-9].

The applications of such ultrafast x-ray sources range
from high-resolution x-ray imaging to ultrafast x-ray science
[9-15]. The hard x-ray source can be also employed in in-
dustrial applications such as x-ray computed tomography of
dense objects [14]. An attempt on measurement of single-
shot ultrafast x-ray absorption spectroscopy of a warm dense
matter has been performed using this broadband x-ray source;
however, the photon flux is a limiting factor that prevents
routine use of the source with single-shot measurements [15].

Features of betatron x-ray radiation depend on the elec-
tron Lorentz factor y, betatron oscillation frequency wg =
w,/+/2y, and betatron oscillation amplitude rg, where w, =

Vn.e2/mee is the electron plasma frequency, n, the elec-
tron density, m, the electron mass, ¢ the speed of light, €
the vacuum permittivity, and e the elementary charge. We
introduce the normalized transverse momentum amplitude
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Dx = px/mec, known as undulator parameter K [7,16,17],
since p, = K = rgkgy, where kg is the betatron wave num-
ber. In the wiggler regime, where K > 1, the most important
radiation parameters become the number of emitted photons
per electron per oscillation period N, ~ K/30 and the critical
frequency of the synchrotron spectrum w, = %K y2wgp [7,18].
We see that enhancement of transverse momentum is a crucial
step toward achieving high-energy, high-flux x-ray radiation.

In recent years, many works demonstrating an increase of
high-energy radiation emission from LWFA electrons have
been published [19-25]. However, most of them report on
generation of higher photon energy [19,20,22,24] with a
limited number of works focusing on the photon flux en-
hancement of betatron x-ray radiation in the kiloelectronvolt
range [21,25]. Enhancement of betatron radiation photon flux
in this energy range is critical for many applications such as
single-shot time-resolved x-ray absorption spectroscopy and
ultrafast x-ray diffraction [9,15].

In this paper, we show that the presence of the second
harmonic (SH) and third harmonic (TH) of the fundamental
laser frequency copropagating with the relativistic electrons
enhance the photon flux of betatron x-ray radiation by an order
of magnitude. This enhancement originates from nonlinear
resonances in betatron oscillations induced by two laser pulses
with different frequencies interacting with the electrons. This
resonance results in a boost of the transverse momentum p;.
The geometry of two-color betatron resonance is schemat-
ically shown in Fig. 1. The figure depicts a plasma cavity
generated during the process of LWFA in a two-dimensional
(2D) particle-in-cell (PIC) simulation, where a laser pulse
with frequency w, drives a strong wakefield, causing self-
injected electrons to accelerate and oscillate within the plasma
cavity. Betatron oscillation resonance with frequencies w; and
wy is achieved when either of the shifted frequencies seen by
the electron w; matches its betatron frequency w; & wg, where
w; = (1 — v /v,)wo; is the laser angular frequency seen by
the electron, i = 1, 2, wy; is the laser angular frequency, v),;
is the phase velocity of the lasers, and v, is the longitudinal

Published by the American Physical Society
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FIG. 1. Schematic of two-color betatron resonance. Normalized
electron plasma density snapshot in grayscale from particle-in-cell
(PIC) simulation of the two-color case presented in Sec. IV. Reso-
nance is achieved due to the interaction of electrons with lasers of
frequency w; and w,. Laser with frequency w, drives laser wakefield
acceleration (LWFA).

velocity of the electron. Such resonance results in significant
transverse momentum enhancement [20,26,27].

This paper is organized as follows: In Sec. II, we show
that, in the case of relativistic electrons close to dephasing
under the paraxial approximation p, < p;,, the driven elec-
tron oscillations can be described with the Duffing equation,
which reveals the conditions for nonlinear resonances [28].
Section IIT shows solutions for full equations of motion for
a more general case of a relativistic electron interacting with
two lasers under the paraxial approximation, where the an-
alytic resonance conditions from Sec. II are validated and
the resonance dependency on plasma density n, is explored.
Results from PIC simulations showing a presence of non-
linear resonances in the most general case, where laser and
plasma evolution as well as acceleration are considered, are
presented in Sec. IV. Analysis of emitted x-ray radiation from
PIC results showing an order of magnitude enhancement in
the case of a two-color scheme is presented in Sec. V. In
Sec. VI, we propose an experimental setup capable of pro-
viding multicolor laser interaction in plasma targets based
on our theoretical results with tunable laser polarizations and
delays. Lastly, our results are summarized in the concluding
Sec. VIL

II. TWO-COLOR NONLINEAR RESONANCES
IN PARAXIAL APPROXIMATION

In this section, we derive the equation that reveals the reso-
nances leading to transverse momentum enhancement present
in relativistic electrons oscillating in a plasma channel while
interacting with two laser frequencies. The equations of mo-
tion of an electron are

d

d—‘t’ — —e(E +v xB), (1
d

a_y=1LP )
dt m,y

The electromagnetic fields of the plasma cavity in the
cylindrical coordinate system (r, 6, z), where r = /x> + y?

is the radial coordinate, are given by the longitudinal electric
field E./E,;, = k,&/2, radial electric field E,/E,;, = k,r/4,
and azimuthal magnetic field c¢By/E,, = —k,r/4, where
& =z — vgt is the wake comoving variable, v, is the phase
velocity of the wake, k, is the plasma wave number, and
E,, = mw,c/e is the cold nonrelativistic wave-breaking field
[4,29-31]. The equations of motion for an electron in
such a cavity without any additional fields are then
p=—¢E+vxB)=F +F, ~ —mwﬁ(&ez/2 + re,./2),

where the last expression assumes p,/p. <1 [7].
Furthermore, for electrons near the dephasing point
& ~ 0, we only have the radial component of the force
p~ —ma)[z)e,r/z. The laser field in the plane-wave
approximation is given as Ejyer = Ej sin(¢;) + E; sin(¢,),
and the corresponding magnetic field is given as
Blaser = (E1/vp1)sin(é1) + (E2/v0) sin(¢n), where E; is
the electric intensity amplitude, ¢; = wo;(t — z/v,) + 6; is
the laser phase, and 6; is the initial phase, i = 1, 2. The laser
field is linearly polarized in the x direction. By restricting the
electron to planar motion [p,(t) = 0], the momentum Egs. (1)
and (2), with both the cavity and laser fields included, become

dpx . . mewﬁ

Fra —e[n Ey sin(¢y) + n2E sin(¢gy)] — 7 % 3)
dp. E E

P —evx[—l sin(gy) + — sin<¢2)], @
dt Up Up2

where the factor n; = 1 — v;/v,; comes from the sum of the
electric field and vector product of velocity and magnetic field
in Eq. (1). Taking the time derivative of Eq. (3) with the use
of normalized transverse momentum p = p/m,c gives us the
following equation for a nonlinear oscillator:

PP | oo -
2 T @b = cos(¢1) + az cos(¢2), )

where a; = aia)l.z, and a; = eE;/(mcwy;) is the normalized

laser field amplitude, i = 1, 2. By excluding the electrostatic
longitudinal wakefield generated during LWFA in Eqgs. (1)
and (2), we restrict ourselves to the case of wakefield
pre-accelerated relativistic electrons with y > 1 close to
dephasing, at which point the wakefield contribution is neg-
ligible. This description is also applicable for direct laser
accelerated electrons oscillating in self-generated transverse
quasistatic fields of plasma channels generated by long laser
pulses with relativistic intensities [26,32], generalized to the
case when two laser frequencies are present. We are interested
in the dynamics of LWFA ultrarelativistic oscillating electrons
for which the paraxial approximation p, > p, with v, &~ c is
valid, and we have p./p, = v,/c < 1; therefore, v, K ¢ <
vpi, which means that the contribution from the magnetic field
to the transverse momentum p, through p, is minor compared
with the electrical field contribution in Eq. (3). In other words,
variables p, and x are oscillating fast compared with slowly
varying variables v, and y [32]. It is therefore reasonable
to assume for slow variables that y, v,, p, & 0 on a suitable
timescale, and therefore, p, = p,(0) =: p,o on the timescale
of betatron oscillations ngl. The Lorentz factor can be then
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approximated as

i
1+ 52,

Px
1+ 7
( 27()) @

where yo = ,/1 4 p%), which is the initial Lorentz factor, and

since we are considering pre-accelerated relativistic electrons
also, yp > 1. Further on, we have

w? w? 2 72
wé:—p% P <1— px2>:w§0(1— pxz). ®)
Y 2w 2y 2%

The paraxial approximation p, < p, with v, =~ ¢ fur-
ther allows us to approximate frequency seen by electrons
as qS,- = (1 — v;/vp)wo; = Niwe; = w; ~ const.; therefore, the
laser phase satisfies ¢;(t) & w;t 4+ 6;. We note that the relative
laser phase (6, — 6;) influences the detailed structure of si-
multaneous resonances, as discussed in Ref. [28]; however,
the maximum attainable transverse momentum amplitude,
which we are interested in, remains the same for all relative
phase shifts. Therefore, we do not concern ourselves further
with this parameter and, for brevity, set 6, = 6, = 0. Plugging
Eq. (8) into Eq. (5) gives

)/_\'/1+pl+p,0 \/1+sz 1+ 6)

dsz 2 ~ wﬂo ~3
dr2 + wg, Px — 2y 2px

Z a; cos(w;t). ©

Equation (9) has the form of the Duffing equation with
two-frequency forcing [28]. We will summarize the most
important consequences of nonlinear Eq. (9), as discussed
in Ref. [28]. We see that the nonlinearity coefficient of [7)3‘
in Eq. 9), ie., —a)fgo/ZyOz, has a negative sign, indicating
a softening nonlinearity of the system, which means that
the multivalued amplitude-frequency response curve bends
toward frequencies below w; & wg,. For a fixed yy, the non-
linearity changes only with electron density 7,. In addition,
nonlinearity in Eq. (9) allows for multiple nonlinear res-
onances apart from the primary resonance w; ~ wg,. The
condition for these resonances can be generally given as

m
Wy N i, (10)

where m and n are natural numbers, i = 1,2, and either
m = n = 1 (primary resonance), m = 1, n # 1 (subharmonic
resonances), or n = 1,m # 1 (superharmonic resonances).
The strengths and widths of the frequency ranges in which
these resonances occur decrease dramatically for large m, n;
therefore, only small values of m,n are usually observed
[28,33]. We note that harmonic resonances in Eq. (10) arise
even in single-frequency-driven nonlinear oscillations. Multi-
frequency forcing, however, generates additional combination
resonances in nonlinear oscillations. The principal combina-
tion resonances are given by the following conditions:

8, ~ | £ 20  wjl, (1)
wg, N 2(w, +w)), (12)

where i, j = 1,2 [28]. The presence of two forcing terms
also enables simultaneous resonances to occur, i.e., for given
frequencies w;, the resonance conditions in Egs. (10)—(12)
may overlap.

The main physical mechanism behind transverse momen-
tum enhancement in two-color forced oscillations is therefore
twofold. First, we have superposed primary, subharmonic, and
superharmonic resonances from respective laser fields given
by Eq. (10). Second, we obtain the combination resonances
Egs. (11) and (12), which are unique to multifrequency forc-
ing, further enriching the range of possible resonances as well
as enabling simultaneous resonances for oscillating electrons.
The immediate consequence of the presence of such reso-
nances in electron oscillations is the enhancement of betatron
x-ray radiation due to transverse momentum enhancement, as
it is discussed in Sec. I.

We note that this model of forced betatron oscillations
of relativistic electrons close to dephasing with y > 1 is
qualitatively valid, even when weak longitudinal electrostatic
wakefield is included in the equations of motion in Egs. (1)
and (2). Such inclusion causes the decrease of the beta-
tron frequency wg ~ ¥ ~1/? and slow increase of the strength
parameter K &~ y!/4 due to electron energy gain ~y on a
timescale much longer than the timescale of betatron oscil-
lations 74 ~ w3 ! [7]. To be precise, our description is valid
for slowly varying betatron frequency satisfying the condition
a)%3 > |wg| ~ 0, for which the nonlinear oscillator model is
not affected by the negligible betatron frequency change. The
previous assumption is further validated for relativistic elec-
trons close to dephasing in Sec. IV, where it is also shown
that the conditions for transverse momentum resonance hold
even in full PIC simulations.

III. SINGLE-PARTICLE SIMULATIONS

The equations of motion in Eqs. (1) and (2), for a relativis-
tic electron oscillating in plasma cavity with a presence of one
or two laser fields in the paraxial approximation, were solved
numerically using the fourth-order Runge-Kutta scheme of
numerical integration with time step small enough to achieve
numerical convergence. The calculation is simplified consid-
erably due to the paraxial approximation p, < p,, v, X c,
which allows us to consider the laser phase as ¢;(t) ~ w;t.
Note that, here, we do not consider the approximation p, &~ 0
as in Sec. II. The structure of resonances does not depend on
the choice of initial transverse momentum [28], and therefore,
we set it for all cases as p,(0) = 0. We neglect the presence
of the longitudinal wakefield since we consider relativistic
electrons close to dephasing, as discussed in Sec. II. We set
field strengths as a; &~ a, ~ 1, corresponding to experimen-
tally accessible values for harmonics of the driving laser. We
consider both cases of single and two-color configuration.
Lastly, we conduct simulations for a large range of plasma
densities beyond the n, ~ 10" cm~2 that is usually used for
betatron x-ray generation to reveal the structure of resonances
even in the strongly nonlinear regime.

In the single-color case, a relativistic electron interacts
only with a single laser field with w;, which corresponds to
the schematic in Fig. 1 when laser with w, is not present.
In Figs. 2(a) and 2(b), we show the frequency response of
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FIG. 2. Single-color case. (a) Frequency response of p, for
p+(0) = 0. Nonlinearity emerges for higher values of electron plasma
density n,. For n, = 5x10'"® cm™3 (red), we see linear response
for resonance conditions in the range (w;/wg,)* € (0.8, 1.2) corre-
sponding to initial energies y, € (1.5,2.5)x10%, and we see strong
nonlinear response for higher density n, = 5x10'° cm™ (black)
for (wi/wg,)* € (0.8,1.2) corresponding to yp € (1.5,2.5)x10%.
(b) Frequency response of p, for varying n,. (c) Normalized energy
gain and (d) transverse momentum evolution for n, = 5x 10'® cm~3,
(a)l/a)ﬂo )2 = 08, Yo = 3.2X]03 (black), and (a)l/wﬁo )2 = 09, Yo =
3.6x 103 (red). The nonshifted laser wavelength is A; = 404 nm.

normalized transverse momentum amplitude, which is the
maximum transverse momentum an electron achieves during
periodic resonant oscillations. The frequency ratio w;/wg,
is tuned by varying the initial electron energy since, for a
fixed laser frequency and density, we have (wi/wg, )2 2 .
We observe the emergence of nonlinear response for increas-
ing plasma density n, featuring up-jump discontinuity and
the bending of the frequency response curve as predicted by
Eq. (9). We note that the initial condition p,(0) = 0 leads
to the lower branch of the resonance curve for frequencies
smaller than that corresponding to the up-jump discontinuity
[28]. Larger initial momenta p,(0) # 0 may lead to upper-
branch amplitudes producing larger transverse momentum
amplitudes left of the jump discontinuity, as is usual in mul-
tivariate frequency responses of nonlinear oscillators. The
structure of the resonances, however, does not depend on the
initial condition as previously noted. Figures 2(c) and 2(d)
show that, within the paraxial approximation, resonant inter-
action leads to substantial energy and normalized transverse
momentum gain even in the single-color case.

In the two-color case, two laser fields are interacting with
electrons, as shown schematically in Fig. 1. The frequency
response of the normalized transverse momentum amplitude
with varying electron plasma density is shown in Fig. 3(a).
We see two primary resonance regions due to w; and ws.
We also see that increasing density leads to stronger nonlin-
earity, as predicted by Eq. (9). For high values of electron
plasma density n,, the emergence of harmonic and simulta-
neous resonances creates detached regions of large transverse
momentum. Figure 3(b) shows a strongly nonlinear region
with n, > 5x10'" cm™3, where complex structures of simul-
taneous, combination, and harmonic resonances emerge. We

P/ (mec)

(a) 0'®

Pa/(mec) (b) . 20
10 g 4

04 06 08 1 12 14
(d) (w1 /wg,)?

0.5 1 1.5 2
z (mm)

FIG. 3. Two-color case. (a) Frequency response of p, for
px(0) = 0 with varying n,. (b) The strongly nonlinear region for
n. > 5x10'" cm=3. (c) Normalized energy gain and (d) transverse
momentum evolution for n, = 5x 108 cm™, (w;/wg,)* = 0.9, yo =
3.6x10° (red), and (w;/wg,)* = 2.1, o = 8.6x10° (black), and for
n, = 8x10" em™?, (w1 /wg,)* = 0.8, yo = 2x10* (blue). White ar-
rows indicate emergence of nonlinear resonances (w /a)ﬂo)2 =
0.5625, 1.44. The nonshifted laser wavelengths are A; = 404 nm
and A, = 269 nm.

indicate [white arrows in Fig. 3(b)] emergence of some of
the nonlinear resonances predicted by Egs. (10)—(12). For
example, since the shifted frequency of the TH is w, &~ (% Ywi,
Eq. (12) gives combination resonance [w; + (%)a)l]/2 = wp,;
therefore, (w;/wg, )2 a2 1.44 (white arrow on the right). An
interesting feature seen in Fig. 3(a) is that, since for a fixed
electron density n, we have (w;/wg, )? & ¥, nonlinearity is
strongly suppressed in the primary resonance region from w,,
which is positioned at (w; /wg,)* = 2.25. This is predicted by
the inverse cube dependence of the nonlinearity coefficient
on high initial electron energy in Eq. (9), i.e., w/ZSO /27/02 =
w§/4y§. Figures 3(c) and 3(d) show selected resonant evo-
lutions. We draw attention to the benefit of employment of
higher frequency lasers, in this case w,, since they induce
otherwise unattainable primary resonance for electrons ac-
celerated through LWFA to high energies yy ~ (w2/wg,)?,
boosting their p,.

Single-particle simulations reveal the structure of the reso-
nances present in betatron oscillations of relativistic electrons
close to dephasing when interacting with a two-color laser
field in the paraxial approximation. We have shown the emer-
gence of nonlinear resonances in Eqs. (10)—(12) predicted by
Eq. (9). We note that single-particle simulations neglect the
spatial and temporal profile of the laser pulses as well as its
self-focusing and depletion or the presence of accelerating
longitudinal plasma wakefield and its evolution. To account
for full dynamics, we conducted PIC simulations described in
the following section.
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IV. PIC SIMULATIONS

To confirm the presence of two-color nonlinear resonances
beyond the paraxial approximation in full detail throughout
the LWFA process, we performed 2D PIC simulations within
the fully relativistic, massively parallelized PIC code EPOCH
[34]. The approximation of 2D geometry is reasonable since
all lasers are set with the same linear polarization in the x
direction within the x-z plane of the simulation, which forces
the dynamics of the electron oscillations and the associated
resonances induced by the interacting lasers into a 2D plane.
The second-order Yee scheme Maxwell solver was used in
the PIC simulations. To reduce numerical dispersion in the
second-order scheme, the Courant-Friedrichs-Lewy number
was set as cAt/Az = 0.99. The moving window simulation
box was set as 100x70 um with grid size 6000 x 1000, which
corresponds to 16 cells per wavelength for the shortest laser
wavelength in the simulation A, = 269 nm, ensuring proper
resolution of all wavelengths involved. Furthermore, third-
order interpolation of fields to particles was used to further
suppress numerical heating and time-staggering error [35,36].
The number of macro-particles per cell was two. The lasers
were focused upon the entrance into the 5-mm-long homoge-
neous pre-ionized helium gas target with smooth edges and
plateau value of electron plasma density n, = 4x10'® cm™3.
Such gas targets are routinely used in plasma betatron x-ray
sources [6,17,21]. The value of plasma density was selected
this low to generate a larger bubble and therefore prevent
interaction of the accelerating electrons with the laser tail of
the LWFA-driving frequency w,. To simplify the analysis,
we focus purely on the dynamics of the electrons and the
laser. We therefore neglect collisions, ionization, or quantum
electrodynamics effects, although we note that interference
effects can play a role in two-color laser ionization injection
[34,37,38].

In the nonresonant case, only the LWFA-driving laser
with w,; shown in Fig. 1 is present with Ao = 808 nm. Laser
strength was set as ap = 5.3, full width at half maximum
(FWHM) pulse duration 7y = 28 fs, and waist diameter dy =
28 um. This case corresponds to standard LWFA and betatron
x-ray generation since the laser does not interact with the
accelerating electrons due to low plasma density and conse-
quently large bubble radius.

In the single-color case, the driving laser was set as in
the previous case. The SH was set with A; =404 nm, a; =
1.2, 7y = 56fs, and d; = 10 um. To place the peak of the SH
in the interaction region where electrons oscillate, the peak-
to-peak time delay between the two pulses was set to 100 fs.
The time delay was set to place the SH in the interaction re-
gion where electrons accelerate without overlapping with the
electron bubble sheath. This case corresponds to single-color
betatron resonance since the driving laser does not interact
with the accelerating electrons, and resonant oscillations are
induced by the SH w;. In terms of the schematic in Fig. 1, the
laser corresponding to frequency w; is not present.

In the mwo-color case, the driving laser was as in the
previous cases. The SH had slightly shorter pulse duration
with Ay =404 nm, a; = 1.2, 7y =42fs,and d; = 10 um to
compensate for frequency conversion into the TH. The peak-
to-peak time delay to the LWFA-driving laser was 92 fs.
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FIG. 4. (a) Longitudinal electrostatic wakefields at 1.6 mm in-
side the gas target for all three cases. (b) Electron spectra at gas target
exit at 5 mm.

The TH was also present with A, =269 nm, a, = 0.7, 7, =
56fs, and d, = 10 um, and the peak-to-peak time delay to the
fundamental was 100 fs. This case corresponds to single-color
betatron resonance since the driving laser does not interact
with the accelerating electrons, and resonant oscillations are
induced by the SH w;. In terms of the schematic in Fig. 1, the
laser corresponding to frequency w; is not present. We note
that the field of the harmonics interacting with the electrons
is kept stable due to the plasma cavity generated by the main
driver with w,. The high-density electron sheath of the cav-
ity acts as a waveguide for the small amplitude harmonics,
which would otherwise diffract in plasma or vacuum over few
Rayleigh lengths.

The total number of accelerated electrons is comparable
in all three cases. This is understandable since the SH with
a; = 1.2 does not overlap with the electron plasma sheath,
and the TH with peak strength a, = 0.7 overlaps with the
sheath only in the region where a, & 0.3, which means that
the ponderomotive force ~Va? has negligible effect on the
evolution of the wake driven by the fundamental harmonic
with gy = 5.3. In Fig. 4(a), we show that the accelerating
wakefields for all cases vary <5% at 1.6 mm inside the target,
where the first injected electron bunches are accelerated.

It is also important to consider possible dimensional ef-
fects of the wake evolution. It has been shown that, in 2D
simulations, the wakefield plasma bubble is elongated, and
the focusing fields are stronger than in the case of three-
dimensional (3D) simulations of plasma wakefield, while the
structure of the accelerating field inside the cavity remains

( a) Non-Resonant Case ol
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FIG. 5. p, and y evolutions for electrons that reach y > 1800.
(a) Nonresonant case, where no electrons are interacting with a laser.
(b) Two-color case.
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FIG. 6. Shifted laser frequencies w;, seen by a representative
electron (left axis, colored), betatron frequency harmonics nwg (left
axis, black, orders highlighted by red number), and absolute value of
normalized transverse momentum p, /m,c (right axis, gray).

unchanged in both cases [39]. The reduction of the bub-
ble in the realistic 3D case can be simply compensated by
changing group delays of the harmonics with respect to the
LWFA driver. Weaker focusing fields in 3D geometry also
imply possibly larger efficiency of our scheme since weaker
focusing fields reduce the oscillator stiffness of the cavity,
and therefore, betatron frequency wg is reduced, which for
oscillator systems leads to enhancement of resonant ampli-
tude [28]. The effect on the wake by ponderomotive force of
the harmonics due to increasing field strength a is analyzed
further in Sec. V. Figure 4(b) shows the electron spectra for all
three cases at the gas target exit. The total injected charge of
electrons accelerated to energy >100 MeV varies by <0.1%
when comparing nonresonant and two-color resonant cases,
showing negligible effect of the harmonics on the overall
electron injection.

In Fig. 5, we show normalized transverse momentum and
y evolution of the most energetic electrons for the nonreso-
nant and two-color cases. For an electron interacting with an
electromagnetic wave in a vacuum, the normalized transverse
momentum amplitude is limited by the value p, < ag. The
peak amplitudes of harmonics satisfy a; » ~ 1, and we see that

the amplitude of normalized momentum reaches p, ~ 100 in
the two-color case, while in the nonresonant case, we see
that the natural betatron oscillations are limited to normalized
transverse momentum of j, ~ 30. This proves the presence of
the resonance phenomenon. A more careful analysis showing
the presence of nonlinear resonances is presented in Fig. 6,
where we show the evolutions of laser frequencies seen by
a representative electron, betatron frequency, and normalized
transverse momentum of the electron for all three cases.
The nonresonant case shows that Eq. (10) is not satisfied
throughout the evolution, and there is no associated growth
of transverse momentum amplitude. The single-color resonant
case shows primary resonance w; ~ wg and the associated
transverse momentum growth between 4 and 5 mm from the
entrance of the target. The two-color resonant case shows
nonlinear resonances for both shifted frequencies seen by the
electron w, w, with harmonic ordersn = 1, 2, 3, 4, 6. We see
that the strongest resonant growth reaching p, ~ 90 corre-
sponds to simultaneous harmonic resonance when 3wg ~ w;
and 4wg ~ w, around 4.8 mm from the entrance of the target.

V. X-RAY RADIATION ANALYSIS

To see the effect of two-color resonance on x-ray radiation
emitted by the accelerated electrons, we have calculated the
on-axis photon flux for all three PIC cases according to the
radiation integral [18]

dzw _ &>
dQdw 1673y

/°°nx(<n—ﬂ)xﬁ)
—00 (1_n'ﬂ)2

) n-R
X exp |:za)(1 — —)]dt
c

where R is the distance vector between the radiating electron
and the observer, n is the normalized vector pointing from the
electron toward the observer, and 8 = v/c is the normalized
velocity. We extracted the electron trajectories from the PIC
simulation results to calculate the radiation emitted according
to Eq. (13). The knowledge of acceleration of the particle
B is necessary, which was calculated by interpolating the
individual particle trajectories with a time step sufficiently
small to achieve numerical convergence in Eq. (13). The re-
sults are presented in Fig. 7. We observe enhancement in the
single-color case. However, a larger enhancement of more
than an order of magnitude in peak photon flux and up to
two orders of magnitude enhancement in the hard x-ray re-
gion is present in the two-color case, when compared with
nonresonant betatron x-ray generation. The critical energy for
the nonresonant case is calculated as fiw,. ~ 25 keV, while for
the two-color resonant case is fiw,. =~ 31 keV. We see that the
number of photons is enhanced almost uniformly across the
whole energy spectrum, with a stronger boost in the hard x-ray
region.

Our results can be compared with previously published
works focusing on betatron x-ray enhancement mentioned in
Sec. I, for example, by longitudinal and transverse density
modulation in Ref. [21], where an order of magnitude en-
hancement was achieved in the hard x-ray region and a factor
of ~2-3 in peak photon flux. In Ref. [20], a shift of critical
energy into the millielectronvolt range due to the resonant

2
. (13)
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FIG. 7. On-axis photon flux of radiated x rays in log scale. Non-
resonant case (purple), single-color case (red), and the two-color case
(black).

interaction of LWFA electrons with the laser tail of the driving
laser was observed without peak photon flux enhancement.
A peak photon flux enhancement due to resonant interaction
with the laser tail from ionization injected electrons by a
factor ~3 compared with results in Ref. [20] was reported
in Ref. [27]. An order of magnitude enhancement was also
achieved within the mildly nonlinear regime by steering the
plasma wakefield driven by a laser with ag = 1.6 by introduc-
ing a slanted plasma target [25], where the betatron strength
parameter K in the reference betatron case without steering
was K =~ 2.1. We note that this is more than an order of
magnitude less than our reference nonresonant case with giga-
electronvolt range electrons reaching K ~ 30. We further note
that the only requirement of our method is frequency conver-
sion of the LWFA-driving laser into its harmonics, implying
its potential compatibility with various plasma targets.

As mentioned in Sec. IV, the interacting laser field
strengths a; cannot be too strong since the ponderomotive
force scales as ~Va?, which adversely affects wake evolution,
resulting in poor electron injection and acceleration. To show
this in terms of radiated x rays, we performed four different
PIC simulations with the same parameters as in the two-color
resonant case discussed earlier, except we did not include the
SH and only kept the TH overlapping with the plasma sheath.
In Fig. 8, we see the radiated energy where the fundamental
laser acts as a LWFA driver, and the TH induces betatron
resonance in oscillating electrons. We have varied the field
strength of the TH for values ap = 0.4,0.7, 1, 1.5. The re-
sults show that x-ray photon flux starts dropping when ag
approaches and surpasses the value ap ~ 1, indicating mod-
ified wake dynamics by ponderomotive force and inefficient
resonant oscillations. We note, however, that even in this
inefficient case where ay = 1.5, the peak photon flux is still a
factor of 2.5 larger than the standard betatron x-ray generation
denoted above as the nonresonant case. We see that, for the
settings presented above, the value of a; = 0.7 is optimized
for efficient radiation generation.

Lastly, we evaluate the practical energy efficiency of the
two-color scheme. Let us consider a 7 J energy laser pulse
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FIG. 8. On-axis photon flux of betatron x rays in linear scale
showing decrease in radiated energy due to perturbation of the wake
through increasing ponderomotive force of the third harmonic (TH).
The laser fields present in the particle-in-cell (PIC) simulation are
only the fundamental laser wakefield acceleration (LWFA) driver
with wavelength A, = 808 nm and the TH with w,.

having the same spatial and temporal parameters as dis-
cussed for the LWFA driver with fundamental wavelength
Aq = 808 nm. This results in the field strength ay ~ 6. We
denote this case nonresonant, 7 J. If we consider splitting off
1.9 J laser energy from the main 7 J beam and converting it to
the SH and TH with conversion efficiency ~11%, where we
take into consideration both parametric efficiency and other
losses as discussed in Sec. VI, we may obtain the SH and TH
with respective pulse energies of ~0.2 J, which corresponds to
the spatial and temporal pulse parameters and field strengths
of the harmonics as presented in the two-color resonant case.
Here, we denote this case two-color; 5.5 J. In Fig. 9, we show
that the photon flux of the second case with 5.5 J in total laser
energy divided among the w, (5.11J), w; (0.27J), and w, (0.2 7J)
is still significantly larger than for the case with the whole
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FIG. 9. On-axis photon flux of betatron x rays in log scale
showing energy efficiency of the two-color betatron resonant x-ray
generation.
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FIG. 10. Experimental setup design for realization of two-color
resonant betatron x-ray generation.

7 T of energy in the LWFA driver w. This result indicates
that the enhancement from two-color betatron resonance is
highly efficient, and even when considering losses of 1.5 J,
we still get almost an order of magnitude enhancement in
peak on-axis photon flux and more than an order of magnitude
enhancement in the hard x-ray region. This shows that the
enhancement from two-color betatron resonance cannot be
reasonably replaced by boosting field strength a¢ in standard
betatron x-ray generation. Crucially, we also point out that the
nonresonant 7 J case results in 21% more injected total charge
than the 5.5 J two-color case; however, not even this fact
offsets the strong photon flux enhancement due to transverse
momentum nonlinear resonances.

VI. EXPERIMENTAL SETUP DESIGN

To complement our theoretical results, we propose the
experimental setup, shown in Fig. 10, for realization of
two-color resonant betatron x-ray generation. Standard be-
tatron x-ray generation involves a single ultraintense [ >
10" Wem ™2 femtosecond laser pulse from a Ti:sapphire laser
system centered at 808 nm and either a gas cell or a gas
jet, where the gas is usually helium with a small percentage
of some noble gas added to trigger ionization injection and
achieve greater beam stabilization [40]. The advanced beta-
tron scheme presented here requires the generation of the SH
and TH of the fundamental 808 nm wavelength with pulse en-
ergy ~200 mJ and pulse duration ~50 fs. Frequency tripling
can be achieved directly in materials with strong third-order
susceptibility with conversion efficiencies up to 6% [41].
However, due to higher conversion efficiency, a more com-
monly used method is of sum-frequency generation, which
benefits from high values of second-order nonlinearity in crys-
tals [42]. For Ti:sapphire frequency conversion, the widely
used crystals for both frequency doubling and tripling are
BBO and KDP [43]. For pulse duration of tens of femtosec-
onds, BBO crystals have the advantage over KDP in an almost
six-times-higher effective nonlinear coefficient [44,45], but
its spectral acceptance caused by group delay dispersion is
roughly three times worse than in KDP crystals. The damage

threshold for BBO crystals is on the order of hundreds of
gigawatts per square centimeter for femtosecond pulses [46].
Combined with the difficulties involved in manufacturing of
large aperture crystals, it is almost impossible to use BBO for
few-joule femtosecond pulses.

To relate to the theoretical results, a 7 J, 28 fs FWHM
infrared (IR) laser pulse produced from a Ti:sapphire laser
system is considered in the experimental setup; therefore,
KDP crystals are considered further. The necessity of delay
control between the IR LWFA driver and its harmonics leads
to a two-arm experimental setup, where one arm has variable
time delay. This requires micrometer-precise spatial synchro-
nization and stability of the two differently focused beams
[47]. In the proposed setup, a pellicle beamsplitter extracts
a 1.9 J portion of the beam into the harmonic generation
arm without any changes in the transmitted beam due to its
thinness. The first KDP is a 1-mm-thick type-1 crystal used
for efficient SH generation (SHG). The efficiency for hun-
dreds of femtosecond pulses can reach as high as 80%, as
discussed in Ref. [48]. However, we consider pulse lengths
on the order of ~50 fs in our PIC simulations. Thus, the
efficiency will be reduced due to group velocity dispersion.
Calcite 1 is negative uniaxial crystal used for compensation
of group delay between IR and SH pulses originated in KDP
as well as in the half-waveplate. The temporal overlap of
IR and SH pulses is crucial in the second KDP crystal used
for TH generation (THG). A thin, zero-order half-waveplate
for IR wavelength also serves as a A waveplate for the SH,
which assures parallel polarization for both the IR and SH
to ensure THG type-1 phase matching in the second KDP
crystal. This is to exploit the higher conversion efficiency of
type-1 over type-2 THG [42,43]. THG in this configuration
can lead to conversion efficiency up to 11%, as discussed
in Ref. [43]. Calcite 2 is used (similarly to Calcite 1) for
group delay compensation between the residual SH and the
generated TH. A dual-band waveplate is optimized as 1 /2 for
the SH and X for the TH to rotate polarizations of the SH and
TH to be parallel, it can be easily moved out to switch to a
configuration where the TH is perpendicular to the SH. Group
delay from the dual-band waveplate is also compensated by
Calcite 2.

The proposed setup has the possibility to easily switch off
THG (THG on-off) with a motorized linear stage and there-
fore easily go between single-color, two-color, or two-color
with a single harmonic, where resonance is achieved due to
a long-pulse LWFA-driving laser and a SH with tunable laser
polarizations. A dichroic mirror is optimized for reflectance of
the TH and SH and therefore transmits the residual IR pulse
into the beam dump. According to discussed efficiencies, this
system should be capable of delivering three-color interaction
into the target composed of 5.1 J IR, 200 mJ SH, and 200 mJ
TH ultrashort pulses. For higher energy laser systems, even
greater range of optimization is possible with more energy in
the IR beam and possibly the harmonics as well, if crystals
of large enough aperture are available. The advantages of this
setup are the full control over the laser polarizations and the
delays between the IR and SH as well as between the SH
and TH and separate focusing for the harmonics through an
off-axis parabola with a hole. The conversion efficiency can
be tuned with crystal angle tuning.
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VII. CONCLUSIONS

In summary, we have presented theory and numerical re-
sults exploring two-color nonlinear resonances in betatron
oscillations and an experimental setup design for realiza-
tion of our scheme. We have shown that the dynamics of
relativistic electrons reduce to nonlinear oscillations with two-
frequency forcing, which causes the emergence of nonlinear
resonances in transverse momentum. PIC simulations for ex-
perimentally accessible parameters reveal two-color betatron
resonance behavior beyond the paraxial approximation, show-
ing strong enhancement of electron transverse momentum.
The radiation emitted by electrons undergoing such resonant
oscillations is enhanced by more than an order of magnitude in

peak photon flux and up to two orders of magnitude in the hard
x-ray region when compared with standard betatron x-ray
generation.
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Generation of intense magnetic
wakes by relativistic laser pulses
in plasma

Marcel Lama&'2*’, Uddhab Chaulagain?, Jaroslav NejdI*? & Sergey V. Bulanov**

The emergence of petawatt lasers focused to relativistic intensities enables all-optical laboratory
generation of intense magnetic fields in plasmas, which are of great interest due to their ubiquity in
astrophysical phenomena. In this work, we study generation of spatially extended and long-lived
intense magnetic fields. We show that such magnetic fields, scaling up to the gigagauss range, can

be generated by interaction of petawatt laser pulses with relativistically underdense plasma. With
three-dimensional particle-in-cell simulations we investigate generation of magnetic fields with
strengths up t010'° G and perform a large multi-parametric study of magnetic field in dependence

on dimensionless laser amplitude ap and normalized plasma density ne/n.. The numerical results
yield scaling laws that closely follow derived analytical result B < \/agne/nc, and further show a close
match with previous experimental works. Furthermore, we show in three-dimensional geometry that
the decay of the magnetic wake is governed by current filament bending instability, which develops
similarly to von Karman vortex street in its nonlinear stage.

Intense magnetic fields in plasmas are induced by fast charged particles, which can be accelerated by laser-plasma
interaction. In the non-relativistic or mildly relativistic regime, magnetic field generation can be due to inverse
Faraday effect, which can be understood as the exchange of angular momentum from light to charged particles,
which leads to magnetization of plasma'!~®. In the regime of relativistic intensities, nonlinear plasma response
breaks the adiabaticity between plasma electrons and laser, which leads to non-reversible gain of energy and
angular momentum and therefore quasistatic magnetic field generation®®”.

Laboratory generation of intense magnetic fields in plasmas attracts a lot of attention due to a broad range
of applications®, such as magnetically enhanced fast-ignition fusion’, generation of collisionless shocks in mag-
netized plasma'®, magnetically assisted ion acceleration''~'* or magnetic field reconnection research'®"". Of
special interest is also generation of magnetic fields in the gigagauss (GG) range, where the magnetic cyclotron
and atomic binding energies compete and atoms can deform into long rod shapes, leading to distinct atomic
physics which occur in astrophysical objects like neutron stars and white dwarfs**~*2. Even stronger magnetic
fields are thought to exist in magnetars, where the magnetic fields cross the critical Schwinger field of quantum

2.2
mgc

electrodynamics (QED) By = =5~ ~ 4.4 X 1013 G, where m, is the electron mass, ¢ the speed of light, e the
elementary charge and & the reduced Planck constant. In such magnetic fields atoms deform into narrow spindles
and the vacuum itself becomes strongly polarized, which introduces a slew of additional physics of fundamental
interest, such as vacuum birefringence, magnetic pair production, synergic synchrotron-Cherenkov radiation,
photon splitting or scattering suppression®%.

In recent decades, the process of laser-driven generation of magnetic fields has been investigated, in various

schemes, theoretically'->>¢?7-3! and experimentally in underdense plasmas**2-* or solid targets®® up to relativ-

istic intensities, ag ~ 1**, where ay = r:EEOw is the dimensionless laser amplitude, Eq the amplitude of the electric

field and o the laser angular frequency. Reaching ag ~ 1 indicates a shift towards relativistic dynamics, where
the electron momentum changes by more than m,c in a single laser cycle, leading to highly nonlinear plasma
response, which can lead to geometrically non-trivial plasma currents. The advent of petawatt (PW) laser systems
enables experimental investigation of magnetic field generation in plasma within ultra-relativistic regime agp > 1,
where magnetic fields reaching hundreds of megagauss (MG), or more, are expected"%*. These schemes often
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Czechia. ?Faculty of Mathematics and Physics, Charles University, Ke Karlovu 3, Prague 2 12116, Czechia. 3Faculty
of Nuclear Science and Physical Engineering, Czech Technical University in Prague, Bfehova 7, Prague 1 11519,
Czechia. “Kansai Photon Science Institute, National Institutes for Quantum and Radiological Science and
Technology, 8-1-7 Umemidai, Kizugawa-shi, 619-0215 Kyoto, Japan. “'email: marcel.lamac@eli-beams.eu
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Figure 1. Schematic of intense magnetic wakefield generation by a relativistic laser in plasma. Magnetic fields
generated by a relativistic right-hand circularly polarized relativistic laser pulse propagating in plasma. Axial
component shown for relativistically underdense plasma where #n. /n. = 0.02, a9 = 80 and pulse duration
Tiwhm = 11.7 T, where T is a laser period. Magnetic field given in units M2 =110 MG for A = 1 pum.

require disposable structured overdense targets or multiple laser beams to achieve gigagauss magnetic fields'>*7*,

Underdense plasmas generated by a laser enable high-repetition rate, allow density tailoring and straightforward
implementation of optical diagnostics®. While extensive research on magnetic field generation in underdense
plasmas up to ap ~ 1 has already been done, to the best of our knowledge, extended study involving multi-
parametric numerical simulations focused on generation of long-lived intense magnetic fields is still lacking.
In this work, we study magnetic field generation with ultra-relativistic lasers in plasma over a broad range of
parameters, from underdense to overcritical plasmas, through analytic theory and numerical simulations. We give
an overview of the process of magnetic field generation in the relativistic ap > 1 regime and specifically, being
the experimentally most easily tunable parameters, we study dependency of the magnetic field on dimensionless
laser amplitude ap and normalized electron density n./n. for relativistically underdense (1. /n; < ap) plasmas,

where #, is the electron density, n, = % is the critical electron density and € is the vacuum permittivity.
We present a large numerical multi-parametric study, which shows magnetic field generation in plasmas with
circularly polarized laser pulses up to 10'° G, and reveals scaling laws describing magnetic fields which can be
also long-lived and macroscopically large, as shown in Fig. 1. We explore the temporal and spatial properties
of the magnetic field and show in three-dimensional geometry that its decay is governed by bending instability
of the electron current filament***!, which leads to von Karman antisymmetric electron vortex street develop-
ment in its nonlinear stage. Furthermore, we show a close match of the obtained numerical scaling laws with
magnetic fields observed in other experimental and theoretical works. Lastly, we discuss the possibility to use
intense magnetic wakes to probe the physics of strong field QED.

Results and discussion
Analytical model for magnetic field strength. Let us consider a simple model where we assume effi-
cient generation of a plasma channel by a circularly polarized laser pulse. This is valid for relativistically under-

2
e i e o € 144244 2 _ nee
dense plasmas when the laser waist size is given as wo ~ \/ag , where wy = e

frequency. The magnetic field generated inside the plasma channel is given by Ampere’s law as

is the electron plasma

V x B = pj. (1)

where j is the current density inside the plasma channel and v is the vacuum permeability. As it is shown in the
following section, the magnetic field is induced primarily by helical motion of relativistic electrons. For simplicity,
let us assume that the longitudinal and transverse velocity components of the electrons are equal and the electron
speed approaches speed of light, v; & —=. The current density components are then j; & —en,—=. Since the
transverse size of the magnetic field corresponds to the transverse size of the plasma channel /, Eq. (1) becomes
B = pojl. As mentioned above, in the case of a laser propagating in relativistically underdense plasma, a channel
is generated with [ ~ ,/ag wL,,’ which gives us for the strength of the magnetic field components
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Figure 2. Evolution of quasistatic magnetic fields and plasma currents generated by ultrarelativistic laser. Ion
current density magnitude |j;| (volumetric) and normalized ion density n;/n, (central planes) at simulation time
360 T (a) and 600 T (b). Electron current density magnitude|je| (volumetric) with normalized electron density
ne/n¢ (central planes) at simulation time 360 T (c) and 600 T (d). Axial magnetic field B, (volumetric, x-y and
x-z central planes) and transverse magnetic field component By (y-z central plane), which corresponds to the
azimuthal magnetic field By, at simulation time 360 T (e) and 600 T (f).
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We note that for efficient magnetic field generation the laser pulse must be short enough to prevent complete

ot -1 2 _ ni(Ze)?
plasma cavitation, 7 < w; ', where wj = "8

B =

is the ion plasma frequency, where Z is the ion charge number,

n; is the ion density and m; is the ion mass, otherwise the ions will be pushed out by the combined electrostatic
and ponderomotive forces before any electrons pushed out are able to return and establish strong current inside
the plasma channel through Weibel instability. We further note that laser waists with size wy > I are less efficient
for magnetic field generation. This is due to the onset of laser filamentation instability, which limits the length
scale of the plasma channel, and therefore the scale of magnetic field, to ! ~ /ag wip“"*“. We can recast Eq. (2) in

practical units, such as the laser power P, since from the matching condition we have ay = 2(,%)1/ 33 where
P, = % z—z is the self-focusing critical power, and therefore Eq. (2) becomes in practical units
]
B [GG] ~ 0.1 x (. [um]D)/3(P [PW] YO (n, [10?° cm—3])/3. (3)

Let us now consider a technologically feasible scenario where we focus a laser with power P = 1 PW and central

wavelength A = 1 pwm into a spot matched to plasma with density #, = 102! cm~3, which therefore corresponds
to ap &~ 74.4. According to either Egs. (2) or (3), this generates quasistatic magnetic field with strength B &~ 0.5
GG, indicating the potential for intense magnetic field generation in relativistically underdense plasmas. We
proceed towards quantitative investigation of this potential in the next section.
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Figure 3. Bending instability of a current filament. (a) Magnetic field component B, (central x-z

plane) with solid (dashed) isocontours showing electron fluid velocity streamlines indicating negative
(positive) vorticity att = 378 T. (b) Volumetric isocontours of azimuthal magnetic field component for

By = 0.03, 2.18, 0.23,0.28 ™2 (purple, dark blue, light blue, green) showing the helical topology of the vortices
att =378 T.

Intense magnetic wake generation in underdense plasma by relativistic laser pulse. To self-
consistently study magnetic field generation by ultrarelativistic laser in underdense plasma, we have performed
a series of numerical simulations in three-dimensional (3D) Cartesian geometry (see Methods for simulation
details). In this section we illustrate the mechanism of magnetic field generation by a relativistic laser pulse.
The laser field is defined as a right-hand circularly polarized laser propagating along the z-axis defined with
normalized laser amplitude ap = 80 and angular frequency w = 27 ¢/A, where L = 1 pum is the wavelength of
the laser in vacuum. The circular polarization is chosen because we are interested not only in azimuthal magnetic
fields, but also in axial magnetic fields, which are not generated for linear polarization and zero orbital angular
momentum of the laser pulse, since in such a case there can be no longitudinal angular momentum transferred
to plasmal»737%, The laser pulse has a Gaussian spatial and temporal envelope with full width at half maximum

pulse durationt = 11.7 T, where T = A/c is the laser cycle period. Such laser pulse duration is chosen to satisfy

conditions w; ! < 7 < w; !, which prevents complete ion cavitation before electrons manage to return inside

the channel and establish helical currents. To prevent laser filamentation and enable efficient magnetic field
generation, we match the beam waist of the focused laser to the plasma channel transverse size given by
wo = /do wip The target is composed of helium atoms with density ng, = n./2, where the normalized electron
plasma density is established as n, /n. = 0.07 after barrier suppression ionization.

The circularly polarized laser pulse enters the gas target att = 0, accelerates electrons and leaves the simula-
tion with highest energy electrons att &~ 360 T, leaving a plasma channel in its wake. During this time interval,
the attraction of laser-accelerated plasma-wake electron currents flowing in the direction of the laser pulse
propagation, in combination with the repulsion from the return currents flowing along the channel periphery,
leads to on-axis current filament coalescence. This coalescence leads to current density distribution anisotropy,
and therefore magnetic field development, according to the Weibel instability with a characteristic transverse
scale \/ag wip and a maximum growth rate given by I'w, = w,/./a0***. Figure 2 shows at t ~ 360 T the volu-
metric plot of the magnitude of the ion (a) and electron (c) current density, |j;| and |j.|, which are opposite in
direction, as well as the central planes of respective normalized particle densities n;/n. and n./n., which also
show the coalescent particle filaments as well as plasma channel walls containing the electron return current
sheets ensuring plasma charge neutrality. The saturated magnetic fields are shown in Fig. 2e, with a volumetric
plot of the axial magnetic field B;, with central planes of both the axial magnetic field B;, as well as the B, com-
ponent, which represents the magnitude of the azimuthal magnetic field By in the y-z central plane. We draw
attention to the large aspect ratio of the longitudinal and transverse coordinate axes, which reveals a very long
region of intense magnetic wakefield, which is homogeneous over a length of 200 A, as was shown for different
parameters in Fig. 1.

Due to the nonlinearity of the plasma wavebreaking producing fast electron currents, the filament grows
spatially inhomogeneous and develops a bending instability even in the case of linear polarization, as discussed
in Ref.**4147 showing a transition from the transverse-symmetric current evolution in the case of linear plasma
response (ag < 1) discussed in previous works?*?. Figure 2b,d,f show the snapshots of the plasma evolution
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Figure 4. Temporal evolution of generated magnetic field. (a) Longitudinally averaged radial lineout of axial
magnetic field with slices highlighted at radial distance /A = 0 (black), 4 (red), 8 (blue). (b) Axial magnetic
field for r/A = 0. max(B;) = 0.3722.
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Figure 5. Electron trajectories generating axial and azimuthal magnetic fields. (a) Longitudinal angular

momentum evolution with a z-direction view (b) shown in color, where mzfz = 263776 hfor A = 1 um, which

reveals the large absorption of right-handed photon spin angular momentum S, = 4+ by electrons. The black

. . . . . 2
curve highlights a single electron trajectory with angular momentum L, = 500 %=

att = 600 T, where we see pronounced bending of the current filament in the late stage of the evolution. For
initially irrotational plasma, the electron fluid vorticity is frozen into the magnetic field, since V x p = eB,
where p is the electron momentum, therefore the bending of the current filament leads to development of iso-
lated electron fluid vortices. In two-dimensional geometry, this instability manifests as the bending instability
of a current sheet*, which initially develops symmetric electron vortex pairs with vortex size of the order of or
larger than the collisionless skin depth ¢/w, and with separation distance of the order of the plasma wavelength
hp = 2mc/w,. The bending instability further separates these vortices into an antisymmetric electron vortex row
similar to the von Kdrmén vortex street*. In Fig. 3a, we show a central slice through the transverse component
of the magnetic field By, which shows the initial development of the bending instability and the emergence of
antisymmetric vortex pairs, in agreement with two-dimensional results***!. Fully three-dimensional topology of
the vortices is shown in Figs. 3b and 2f, which show them following the helical bending of the current filament.
Late stage of the evolution is shown in Fig. 2b,d.f, at which point the growth rate of the instability is slower and
the antisymmetric von Kdrmén vortex row is well established. It can be seen in the By component of the magnetic
field in Fig. 2f corresponding to electron vorticity in the same direction.

To quantify the temporal evolution of the quasistatic magnetic field, as well as the instability, over the whole
region of interest, we define the longitudinally averaged radial lineout of the axial magnetic field as

(B;)(r) = ﬁ 02” fOL B, (r,¢,z) dzd¢. Temporal evolution of (B;)(r) with L = 200 A is shown in Fig. 4, where
we see the growth of the electron Weibel instability between t = 0 and t = 360 T with maximum growth rate
Twe = wp//ag ~ 2.24 x 102w, at the end of which it saturates as the magnetic energy density becomes com-

i i ~ mw agne 46,47
parable to the energy density in the electron flow Bsyr. &= 7 .

instability takes over the evolution att = 360 T, it leads to decay of the longitudinally averaged magnetic field.
At the initial stage of the instability, the distances between the vortices are estimated as 5 pm and 2.5 pm in the

in accordance with Eq. (2). As the bending
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Figure 6. Numerical scaling laws for magnetic field components. Dependence of magnetic field components
B, (a) and By (b) on normalized electron density #,/n. and normalized laser amplitude ag > 1. For laser

wavelength A = 1 um.

horizontal and vertical direction respectively, with perturbation wavelength estimated as 20 pm. Calculating
the growth rate of the instability for the antisymmetrical vortex row from Eq. (5) in Ref.?, we get
Tend. & 7.27 x 10~4w, which matches the observed decay rate of the magnetic field. The bending instability
starts to slow at the late nonlinear stage t = 600 T, in accordance with results of Refs.***!. The topology of the
bending instability is similar to the drift-kink instability of the ion current filament discussed in Ref.*’, however,
the growth rate of the ion kink instability is at least an order of magnitude smaller. It is the faster electrons which
are responsible for the topology and evolution of the magnetic field in our case, which validates the assumptions
of the bending instability discussed in Refs.***!. The full width at half maximum duration of the magnetic field
is found to be 73 A~ 390 T, which is in the picosecond range. This is up to two orders of magnitude longer than
the duration of magnetic fields reported in other works®**®. Samples of helical trajectories of electrons carrying
the longitudinal and transverse currents generating transverse and longitudinal magnetic fields respectively and
evolution of their longitudinal angular momentum L, are shown in Fig. 5.

Multi-parametric study in underdense plasma.

To study the magnetic field strength dependence on

normalized laser amplitude ag and normalized electron density n./n., we have carried out series of 3D PIC
simulations. The parameter range of the PIC simulations (see Methods for details) corresponds to currently
available laser systems and f-numbers of focusing optics capable of reaching the relativistic regime with ag > 1.
For L = 1 pm, the range of underdense plasma densities corresponds to 108 — 102 cm—3,

We measure the maximum cycle-averaged magnetic field strength of the longitudinal B, and azimuthal By
field component after the laser leaves the simulation. Performing nonlinear regression on the obtained data set
yields the following numerical scaling laws for the strength of magnetic field components

0.59
eB n
- 0.22(—9) ad®, (4a)
Mew ne
0.65
eB n
=~ 061 (—) al*, (4b)
Mew ne

We see a good correspondence between Egs. (4) and Eq. (2), which validates the assumptions of the simple
analytical model (2). We plot the magnetic fields given by Eq. (4) within the scanned parameter range in Fig. 6.

More interestingly, Eq. (4) fit well with magnetic fields measured in other works outside the studied parameter
range. Picosecond-long axial magnetic field with magnetic field B, ~ 3.9 MG generated in underdense plasma
was experimentally measured in Ref.* for A = 1.054 um, ap = 2.5 and n./n, = 0.02. Plugging these values into
Eq. (4a) gives axial field strength of B, &~ 3.8 MG, showing a close correspondence, which is not present with
analytical models presented therein that heavily underestimate the magnetic field strength, as discussed by the
authors. Another experimental work® observed axial magnetic field due to nonlinear inverse Faraday effect with
B, ~ 1.5MG for A = 1.06 pm,ag = 9 x 1073, n,/n, ~ 1and for such values, Eq. (4a) gives B, ~ 1.6 MG. Simi-
larly, in the numerical work'?, long-lived azimuthal magnetic fields of By ~ 1 GG can be seen generated in the
wake of the main magnetic vortex trailing behind a laser propagating in dense plasma for A = 0.8 wm, ap = 80
and n./n. = 3.32. Plugging these values into the scaling law for the azimuthal field component Eq. (4b) gives
By ~ 1GG. This correspondence holds for all the other cases discussed there as well. These agreements show the
applicability of the scaling laws (4), in order of magnitude, to a broader range of parameters in the underdense
regime due to the dense data set of the multi-parametric study, which strenghtens their predictive potential.

Scientific Reports |

(2023) 13:1701 |

https://doi.org/10.1038/s41598-023-28753-3

nature portfolio



www.nature.com/scientificreports/

10t [ va o !
+ B..qep W
“s, | S
— + By QED @o % @
U 1 3 A g{b’o'
O WV
~ ¥ ~ KT\‘C'
o B
Aﬁs
0.1¢ o Al
&
9
0.01 0.1 1 10 100
Ne /N

Figure 7. Magnetic field strength dependence on normalized electron density for a9 = 200. Magnetic field
strength of components B, and By measured from simulations with numerical scaling laws plotted within
95% confidence bounds of electron density dependence power index obtained through nonlinear regression.
Simulations were performed both with (crosses) and without (triangles) quantum electrodynamics effects for
ne/ne > 0.1

Figure 8. Extremely intense magnetic field generated for ag = 200, n./n. = 10. (a) Time evolution of
longitudinally averaged (L = 20 A) radial lineout of axial magnetic field. (b) Longitudinal (volumetric, x-y
and x-z central planes) and transverse (y-z central plane) field components at magnetic field saturation time
t=120T.

Extremely intense magnetic wake generation in dense plasma. To further evaluate the predictive
potential of Egs. (2) and (4) for higher plasma densities, we conduct additional simulations of magnetic field
generation in dense targets for a9 = 200 (see Methods for details). Figure 7 shows the strength of the obtained
magnetic fields corresponding to gas, liquid or solid, but relativistcally underdense (1. /n. < ao) targets. Intense
magnetic fields reaching up to~ 10'° G are found in accordance with Eqgs. (2, 4). The temporal and spatial prop-
erties of the magnetic field with B, ~ 1.8 GG and By ~ 2 GG generated for the case of n./n. = 10 are shown
in Fig. 8a,b, from which we see that the temporal duration of the magnetic field equals g ~ 165 T, which is 0.5
picosecond for A = 1 pum, and the magnetic field extends homogeneously over a length of 20 A at the time of
Weibel instability saturation t = 120 T.

Additionaly, we have performed simulations both with and without the inclusion of effects of QED as
described in Ref.**. We have found that these processes, notably radiation friction, have negligible effect on
magnetic field generation in the scanned parameter range, which is shown in Fig. 7. This is in accordance with
the results of Ref.’®, where it was discussed that energy dissipation through radiation friction is of the order of
energy lost due to numerical error for ap < 200 for n./n. = 90, which we now confirm for plasma densities in
the range n,/n. = 0.1 — 100.

We proceed to consider the use of intense long-lived magnetic wakes generated by relativistic lasers for
laboratory probing of strong field QED effects in magnetized plasma®?*. QED processes are essential in magnet-
ized plasmas surrounding pulsars and especially magnetars**»?#%, and their transition probabilities generally

Scientific Reports |

(2023) 13:12701 | https://doi.org/10.1038/s41598-023-28753-3 nature portfolio



www.nature.com/scientificreports/

increase with the Lorentz invariant parameter x = y (B/B.), where y is the Lorentz factor of the electron inter-
acting with magnetic field. The value of x ~ 1indicates the quantum regime threshold, beyond which quantum
effects cannot be neglected?’. Sending relativistic electrons with y &~ 10374, which could be produced in the
same optically synchronized setup through laser wakefield acceleration®, to a magnetic wake with 10!° G gives
magnetic field in the electron rest frame as B ~ B, and therefore the Lorentz invariant quantum parameter
becomes x A 1. Recent experimental work with relativistic electrons accelerated up to y & 10° verified the
necessity for the use of quantum models of synchrotron radiation for xy = 1 using a crystal as a target, which
is limited to a field corresponding to 10% G*2. Electrons with y ~ 10° would generate synergic synchrotron-
Cherenkov radiation in tenuous plasma even with magnetic field ~ 10> G, as discussed in Ref.>. Interacting
with extremely intense magnetic wakes reaching 10'° G, such electrons would experience x > 102, which would
enable probing of strong field QED in magnetized plasmas close to the conjectured non-perturbative regime
threshold o Xz/ 3 & 19355 where « is the fine-structure constant. These considerations indicate the potential of
laser generated intense magnetic wakes to serve as a test bench for strong field QED in magnetized plasmas
over a broad range of quantum parameters x, which is possible due to the tunability of magnetic field strength
through ag and . /n,, as given by Eq. (2).

Conclusion
We have investigated analytically and numerically generation of spatially extended, long-lived and intense mag-
netic fields by circularly polarized relativistic laser pulses in plasmas for the parameter range ap = 40 — 200,
ne/ne. = 0.01 — 100. We show that circularly polarized relativistic laser pulse transfers angular momentum to
plasma electrons, leading to development of strong helical currents through Weibel instability that sustain the
longitudinal, as well as the transverse, component of the magnetic field. These currents can sustain long-lasting
intense magnetic fields with strengths up to 10'° G inside the plasma channel. We have identified the magnetic
field decay due to bending instability, which develops similarly to von Karman vortex street in its nonlinear stage.
Furthermore, we have performed a multi-parametric study of magnetic field strength dependence on ag and
ne/n in relativistically underdense plasmas (n./n. < ag), which revealed numerical scaling laws (4) that follow
the analytical result (2). We have found agreement between the scaling laws (4) and magnetic fields produced
in other experimental and theoretical works, which further supports their predictive power over a broad range
of parameters in the relativistically underdense regime. Finally, we envision interactions of relativistic electrons
with studied intense magnetic wakes for probing of strong field quantum electrodynamics in magnetized plasmas.
Our results pave way towards generation of intense, tunable and long-lived magnetic fields in plasmas at
various laboratory conditions, which lead to innumerable applications in plasma physics, fundamental physics
or laboratory astrophysics.

Methods

Particle-in-cell simulations. We have performed numerical simulations in the full 3D Cartesian geom-
etry with the relativistic, massively parallelized PIC code EPOCH?®. Second order Yee scheme Maxwell solver
and Higuera-Cary algorithm are used for the field and particle evolutions respectively. To reduce numerical
dispersion in the second order scheme, Courant-Friedrichs-Lewy number was set to cAt/Az = 0.99. Third-
order interpolation is employed to reduce grid heating. The size of the simulation box corresponding to the
benchmark simulation results presented in Figs. 2, 3, 4 and 5 was set as 320 A x 50 A x 50 A with grid size
4000 x 360 x 360. The number of macro-particles per cell is 4, giving a total of 2 x 10° macro-particles for
helium ions and 4 x 10° macro-particles for electrons. We use absorbing boundary conditions for both particles
and fields. The simulation is evolved up to simulation time t,,; = 1500 T, which is long enough to see the full
temporal evolution and decay of the magnetic field. Finally, as we are interested in the slow quasistatic evolution

of the magnetic fields, all field variables were averaged every laser cycle as A = % fOT A(t) dt, where T'is the laser
cycle period. With this remark, we do not use the bar notation in the article.

For the multi-parametric study in underdense plasmas (Fig. 6), due to large computational demands of 3D
simulations, we have reduced the number of macro-particles per cell to 2 and considered the ionised helium
atoms as immobile. We have found that this approximation leads to negligible differences in generated magnetic
field strengths, since the electron and ion current densities differ by two orders of magnitude (Fig. 2) and the
Weibel instability of the electron current filaments is the main source of the magnetic field, as discussed in the
article. We note that other properties of the magnetic field not investigated with the multi-parametric study, such
as spatial and temporal homogeneity, are affected by ion immobility, as discussed elsewhere®'. Since the laser
spot size is changing for each data point according to wy = /a9, the dimensions of the simulation box are

decreased with decreasing wy. The resolution of the grid is set for each case to resolve & = min(A,, A1) with at
least 10 samples, which assures sufficient resolution of the important wavelengths according to the Nyquist-
Shannon sampling theorem. The study is performed over the span of following parameter values:
ap = 40, 80, 120, 160, 200 and n./n. = 0.01, 0.02, 0.04,0.07,0.1.

Simulations of dense targets presented in Figs. 7 and 8 with mobile ions and also with and without QED effects
were further performed for ag = 200. The number of electron and ion particles per cell was chosen as 4 and 2
respectively. The plasma density range was selected as n./n, = 0.01, 0.04, 0.07,0.1, 1, 10, 100. In addition to third-
order interpolation, current smoothing is turned on for . /n, > 1to ensure suppression of grid heating™. The
resolution and size of the simulation box was selected according to the same criteria as in the multi-parametric

study, e.g. for the lowest density 1. /n. = 0.01, we set % =67, 2—‘; = 125, X;"y = 13 and for the highest density
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ne/ne. = 100, we set M — 100

N = 10. For n./n. > 10, the waist of the laser is fixed to 1 wm as the rela-

tivistic skin depth is smaller than laser wavelength and we do not consider tight focusing of the laser. This leads
to energetically less efficient plasma channel and magnetic field generation due to laser filamentation, however,
the Weibel saturated magnetic field is fixed by a choice of ag and n, /n**4%.

We have performed convergence tests that involved doubling the number of particles and increasing trans-
verse resolution which produced minimal differences in peak magnetic fields.

Data availibility
The data that support the findings of this study are available from the corresponding author upon reasonable
request.

Code availability

Numerical PIC simulations were performed with the open source massively parallelized PIC code EPOCH, avail-
able at https://github.com/Warwick-Plasma/epoch. Data analysis and visualization was done with commercial
software Matlab, Wolfram Mathematica and the open source visualization tool Visit, available at https://www.
visitusers.org/index.php?title=Main_Page. All other relevant code used in this study is available from the cor-
responding author upon reasonable request.
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