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Abstract

®

CrossMark

A new mechanism of harmonics generation is found in ultraintense laser interactions with
plasmas, where radiation reaction effects dominate. The radiation reaction results in trapped
electrons which oscillate in the laser field and emit high energy photons. Such emission event
happens with a frequency spectrum containing double or high order components of the drive
laser, inducing second and higher order harmonics emission. Although the intensity of such
harmonics is too weak for practical applications, they could be used as a specific diagnostic to
detect the radiation reaction effects in the upcoming experimental studies of the extremely

intense laser pulse interacting with plasmas.
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1. Introduction

Attosecond extreme ultraviolent (XUV) pulses are widely
used in detecting ultrafast dynamics of atoms, molecular and
condensed matter [1, 2]. Laser-plasma induced high-order
harmonics generation (HHG) is an effective way to produce
such XUV sources. The first HHG experiment was reported in
1987 by McPherson et al, using a picosecond pulse inter-
acting with rare gases [3]. The involved mechanism is due to
the nonlinear motion of bounded electrons in the laser fields
at relatively low intensity. Harmonics can also be generated
by a low intensity q-Gaussian laser beam propagating in a
preformed parabolic plasma channel [4—-6], where the gener-
ated density gradients excite an electron plasma wave at pump
frequency that interacts with the pump beam to produce
harmonics. With the help of advanced laser technologies,
laser power now can be delivered into hundreds terawatt or
even pettawatt scale [7]. With such high laser intensity, the
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harmonics generation mainly comes from laser solid inter-
action, where the electrons oscillate and radiate around the
target surface, or excite a wakefield along the density upramp
in the front part of a solid target which then transforms to
electromagnetic wave through mode conversion. Ultrathin
electron sheet can also be generated and coherently radiate
high harmonics. Such processes are explained by relativistic
oscillating mirror (OM), coherent wake emission (CWE) and
coherent synchrotron emissions (CSE) [8—11]. Due to the
high resolution and high brilliance of laser solid harmonics,
they are used in ultrafast physics and laser plasma diag-
nostics [12, 13].

At even higher laser power when the focused laser
intensity is higher than 102° W cm~2, the radiation reaction
(RR) effects may not be neglected especially for the two-
counter propagating laser pulse interacting with a solid target.
The radiation reaction is usually regarded as the recoil force
on the electron when a high energy photon is emitted. RR
effects can induce beam cooling, longitudinal magnetic field
formation and electron trapping [14-16], but it is also quite
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important for high energy photon emission. In this laser
intensity regime, by using special target structure such as
micro-wire target, ultra-bright attosecond gamma-ray gen-
eration were proposed and numerically demonstrated by dif-
ferent groups [17, 18]. In laser interaction with near critical
density plasmas, a new gamma-ray emission mechanism
named transversely oscillating electron synchrotron emission
has also been proposed [19]. These studies show the great
potential of using high power laser to generate high frequency
emission. In experiments, recently, two groups have detected
RR effects in laser plasma interaction with laser intensity
~102° W cm~2 [20, 21]. However, clear and convenient
detection of RR and especially its effects on harmonics gen-
eration are still required.

When the laser intensity continues increasing, laser plasma
interaction reaches a strong relativistic, or quantum electro-
dynamics (QED) dominated regime. Some related works con-
cerning harmonics generation from such intense laser interaction
with solid surface plasmas have been reported. Liu er al reported
a method to generate gamma-ray train, which is strongly related
to the stochasticity of the radiation in QED regime [22]. Tang
et al studied the frequency shift and spectrum broadening of the
generated harmonics and proposed an optimum configuration
for short-wavelength radiation [23]. By using classical or semi-
classical theory, Li et al have investigated high harmonics
generation from free electrons interacting with intense laser
fields, where the Landau—Lifshitz equation is used to describe
the radiation reaction. The frequency shift and the angular power
distribution were studied in detail [24]. In the electron-laser
head-on Thomason scattering configuration, Ruijter er al have
proposed an analytical explanation for the harmonic spectral
broadening due to RR effects [25]. For even higher laser
intensity, Yu et al have shown that QED cascade effects can
introduce harmonics generation when a two-counter propagating
laser target interaction configuration is used. The harmonics can
be used as a tool to detect the QED-cascade processes [26].

In this paper, by using Particle-In-Cell (PIC) simulations,
we show a new mechanism of harmonics generation related to
RR effects, which can be used as a diagnostic for RR effects
in the coming extreme intense laser plasma interaction. As we
show in this condition the normal mechanism for harmonics
generation, such as OM, CWE, CSE are absent. When an
ultra-relativistic intense laser beam propagates through
plasma, some electrons are transversely trapped inside the
laser pulse due to RR effects [27]. The trapped electrons then
emit high energy photons with an emission frequency related
to the laser frequency and its harmonics, which induces the
harmonics emission. Such harmonics generation and propa-
gation depend on the target thickness. For a thin target, the
laser will penetrate through the target and breaks the har-
monics generation. For a thick target, the laser will be
strongly absorbed and the hole boring depth is largely
reduced due to RR effect, as a result, the forward transmitting
harmonics get much weak. Only with an optimal plasma
thickness, when both the generation and transmission pro-
cesses are well treated, RR effects induced forward harmonics
emission can be observed.

2. Simulation setup

In our studies the fully relativistic PIC code EPOCH with
radiation reaction module has been used to conduct the two-
dimensional (2D) simulations [28, 29]. A linearly polarized
lase pulse with wavelength of Ay = 1 pm, and normalized
peak intensity of ag = 500 propagates along x direction. Here
ag = eE; /m,wyc, e and m, are the electron charge and mass,
respectively. wy is the laser frequency and c is the speed of
light in vacuum. The laser pulse has both Gaussian profiles in
longitudinal and transverse directions with duration of
7 = 201; and spot radius of ro = 5)¢. The simulation box is
80X x 40\ large in x x y directions with a cell size of
0.01)\g x 0.05)\g. The target is initially composed of elec-
trons and protons with initial electron density n, = 20n,,
where n. = mgw% /4me? is the critical density for the drive
laser. The left boundary of the target is at x = 10\ and in the
simulations we scan the thickness of the target to study its
effects on harmonics generation. With our simulation para-
meters, RR effects are not negligible. However, the electron-
positron pair production and the QED cascade process have
no observable effects on the final results and both of them are
neglected. Additional test simulations have been performed to
confirm the rationality of the neglection. In fact, for single
laser interacting with plasma, considerable pair production
requires laser with much higher intensity, or high Z targets via
the Bethe—Heitler process [30-33].

3. Simulation results and harmonics generation

Before studying the RR effects induced harmonic generation,
we firstly investigate the laser absorption process. Typical
simulation results of plasma density distribution, laser evol-
ution and energy absorption are shown in figure 1. Two
simulations with identical laser plasma parameters but with or
without RR module are performed. Electron density and laser
field distributions at t = 40 T; for target with initial thickness
of 50\ are shown in figures 1(a) and (c) for the case with RR
and in figures 1(b) and (d) for the case without RR. For both
cases, the electrons are expelled both longitudinally and
transversely by the strong laser ponderomotive force and a
plasma cavity is generated, with dense electron layers formed
around the boundary of the cavity. Meanwhile, in the case
with RR, some electrons are trapped and quivering in the laser
fields, they finally gather near the y = 0 axis. Such trapping
effect has been firstly studied by Ji ef al and the phenomenon
is absent when the RR module is switched off [27]. Besides
the trapped electrons, in the RR case, the laser front side
shows more unstable characters, the drive laser has been split
into three filaments. Although the laser bifurcation also hap-
pens during normal laser plasma interaction, in the current
two cases, such bifurcation happens earlier in the RR case
[34, 35]. The transverse size of the tip of the plasma cavity is
also larger in the RR case.

Along with the strong quivering of trapped electrons
inside the intense laser, the emitted photons from these
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Figure 1. Spatial electron density distributions at ¢ = 40 T for the cases with RR (a) and without RR (b), respectively. A is the detection point
used below. Laser field distributions at = 40 Tj for the cases with RR (c) and without RR (d). The temporal evolution of the total and
different part of the laser energy for the cases with RR (e) and without RR (f).

electrons have both forward and sideward momenta, giving
the RR force both in backward and inward directions, so the
electrons are trapped in the middle area of the laser pulse and
comove with it. Such plasma distribution makes the laser
absorption more efficient. Unlike the usual pulse front
dominated absorption, i.e. laser absorption by pulse front
etching, in the RR case, the effective absorption region of the
laser pulse is enlarged. To clearly show such process,
according to the instant laser profile, we trace the laser energy
evolution for two different parts: the front 1/4 part and the
following 1/4 to 1/2 part as labelled by the vertical orange
lines in figures 1(c) and (d). In figures 1(e) and (f), we show
the temporal evolution of the laser energies around these two
parts. The black line represents the evolution of the total laser
energy in the simulation box. The green and orange lines
represent the evolution of the first and second quarter parts of
the laser energy, respectively. As one can see, for the RR
case, the laser field energy drops exponentially, which is
much faster than the linear decrease in the case without RR.
The energies both in the two labeled parts are decreased
simultaneously. However, in the case without RR effect, the
laser energy in the second quarter part almost does not change
for the initial stage which means there is no laser absorption
there. This is easily understood from the electron density
distribution. The trapped electrons in the RR case just stay in
the second quarter part of the laser. The laser energy there is
absorbed by the trapped electrons. Since the laser intensity is
high enough, high energy photons emitted by these trapped
electrons have reaction effects on the electrons, which alters

the electrons’ trajectories. In some cases, when this kind of
alteration has some periodical component, it can induce har-
monic currents in the plasma and excite harmonic radiations.
In the following we focus on such process to see how the low
frequency harmonic radiation is generated and propagates.

To clearly show the harmonics generation and propaga-
tion in the forward direction, we have chosen a detection
point A, whose coordinate is (70,0) behind the target as
marked in figures 1(a) and (b). Figure 2(a) shows the Fourier
spectra of the right-propagating fields go through the detec-
tion point A for the simulations with RR (magenta line) and
without RR (gray line). Here the initial target thickness
is 30\g. The right-propagating field is defined as F =
(Ey,+ B,)/2, where E, is the electric field and B, the
magnetic field. It is clear that both cases appear 2nd and 3rd
harmonic components. For such thin target, the intensity of
HG in the RR case is stronger than that in the case without
RR. To make the comparison much clearer, the intensities for
the case with RR and without RR are illustrated in figure 2(b).
For the case without RR (dashed lines), the intensity of both
2nd and 3rd harmonic components do not change much with
the target thickness. When the target is thin, the intensities of
harmonics components of the RR case are larger than the case
without RR. However, when the target becomes thicker, the
harmonics intensities of the RR case outside of the plasma
drop quickly due to the smaller laser hole boring depth and
the following larger HG penetration distance inside the
plasma. When the target thickness is 50\, harmonics inten-
sities for the RR case almost disappear.



Plasma Phys. Control. Fusion 62 (2020) 055001

10! ——
with RR
without RR

100

LLk
107}
a
01 23 456 7 8 9 10
w/wo

JY VYuetal
1
10 T
(b)
100
10" {{ —=—2nd w RR
—+—3rd w RR
--8--2nd w/o RR
--+--3rd w/o RR
1072 . ; . .
20 30 40 50
target thickness

Figure 2. (a) Fourier transform of the right-propagating field component at detection point A for the cases with RR (magenta line) and
without RR (gray lines). The target thickness used here is 30\(. (b) The intensity of 2nd (black lines) and 3rd (red lines) harmonic
components for the cases with (solid lines) and without (dashed lines) RR.

4. Radiation reaction effects on harmonics
generation

From the above simulation results, we can see that in the RR
case the HG is enhanced, which means besides the usual
mechanism for second and third harmonic generation, the RR
effect may induce a new kind of harmonic generation, which
is still not clear yet. To investigate this kind of new mech-
anism, we plot the electric current density and trace some
trapped electrons’ trajectories. Figures 3(a) and (b) are the
spatial distribution of the electric current density at t = 40 T
for the cases with RR and without RR, respectively. The
black line denotes the boundary of the laser fields at that
moment. The electric current density is enormous at the field
boundary and the area with trapped electrons. Both of them
correspond to a massive electron density, which is under-
standable since the current density highly relies on the charge
density. The difference of the two cases mainly comes from
the area where the electrons are trapped.

We focus on the trapped electrons’ motion for the RR
case in figures 3(c) and (d). Figures 3(c)-i and (d)-i show the
trajectories of the selected trapped electrons. From the tra-
jectories, one can see that the electrons are firstly expelled by
the laser ponderomotive force, then they oscillate in the
transverse direction and move forwards. These electrons are
trapped due to the radiation recoil force as explained by Ji
et al [27]. Whenever an electron emits a photon, it loses
energy and momentum, and this results in a sudden change of
the local current density. In the code we have added a new
variable named high energy photon emission event (HEPEE)
to the particle tracking module. Whenever a high energy
photon is emitted, the HEPEE variable of the electron
increases. When we track these selected electrons’ positions
and momenta, we also record the HEPEE for every selected
electron at every simulation step. Due to the limitation of
numerical simulation, we can only record one event in each
simulation step, thus a binary-code like emission spectrum is

recorded by the modified code. To further analyze the photon
emission, this binary-code like emission spectrum has been
re-organized by merging the emission number during 6
neighbouring steps to a single counting step, which means
that the maximum value of HEPEE for a single electron at a
counting step is 6. In addition, each photon emission time has
been transformed to the retarded time relative to the detection
point, which corresponds to the time when the emitted
electromagnetic wave has arrived the detection point. It is
defined as t4 = 1, + |r4 — 1.|/c, where 1, is the emission time
of the high energy photon in the laboratory frame, r4 and r,
are the coordinates of the detection point and the local
emission point. The temporal evolution of HEPEE with
retarded time of the two chosen electrons are shown in
figures 3(c)-ii and (d)-ii. The bar-code like figure also indi-
cates the stochastic nature of the high energy photon emis-
sion. The Fourier transform of the HEPEEs of the two
selected electrons is given in figures 3(c)-iii and (d)-iii. As it
is shown clearly that there are 2nd and 3rd frequency com-
ponents of photon emission in these figures. Such frequency
corresponds to a double or triple emission in one laser period,
where the double frequency majors. The double frequency
can be understood since the high energy photon emission
usually happens at the electric peaks of the laser pulse.

For each electron in the trapping area, RR results in the
HEPEE with double or high order frequency component. To
see the coherence of each electron’s HEPEE, we show the
temporal evolution of the radiated energy from all of the
trapped electrons with respect to the retarded time of point A
in figure 4(a). As one can see that the envelope of the
radiation energy evolution acts exactly like the incident laser
envelope and there are periodic peaks on this envelope line,
which means the HEPEEs of the trapped electrons are
somewhat coherent. The corresponding Fourier transform is
shown in figure 4(b), where the fundamental frequency
dominates the spectrum, with also 2nd and 3rd components of
a moderate low intensity. Such spectrum can be regarded as a
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Figure 4. The temporal evolution of the radiated energy from all of the trapped electrons (a) and its corresponding FFT (b). Here the
horizontal coordinate has been transformed to the retarded time for the detection point for the subfigure (a).
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coherent superposition of HEPEEs of each trapped electron.
This is understandable since most of such emissions are
locked to the same laser phase (i.e. emission mainly happens
at the peaks of the electric field), the alterations of these
electrons’ motion can then be somewhat phase locked. The
collective alteration of the electrons’ momenta results in a
local electric current. The current inherits the frequency
components of the HEPEE, and thus the harmonic radiation
can be induced.

To show the radiation coherence in an easily understood
way, we compare the current mechanism with the normal
HHG from laser gas interaction with moderate intensity [36],
where usually a three-step model is used to explain the har-
monics generation process [37]. In our case, i.e. laser solid
interaction with RR, high energy photon emission from the
free electrons takes similar role as the electron ionization from
the gas atoms in the normal laser gas interaction. Both of
them trigger the local current alteration. The difference is that
in our case, the harmonics generation is not due to the ionized
electrons accelerating in the drive laser field, but due to the
radiation reaction effects of the ‘ionized’ high energy photon
on its mother electron. The radiation reaction excites the local
current variation. The phase matching of radiation from dif-
ferent electrons are satisfied due to the high energy photon
emission locked to the drive laser’s peak electric field, which
is similar as the atomic ionization process locked to the peak
field of the laser. However, such HEPEE has stochastic
character and the ‘ionized electrons’ only occupy a small
amount of the whole electrons, the coherency of the harmo-
nics generation is not as high as the normal gas HHG process,
thus high order harmonics are largely suppressed and only
low order harmonics are prominent.

In our studies it is found when RR effects are included,
both the 2nd and 3rd frequency components of the radiation
energy evolution can be seen in all of the simulations with
different target thickness, even though the intensities of the
harmonics radiation are different. This is because of the
harmonics propagation effect. In the thick target case with
RR, the harmonics will be absorbed by the target and at the
same time the laser energy is also quickly and intensely
absorbed, hence RR induced HG gets much smaller when the
target thickness increases. In the case without RR, the laser
can finally penetrate the target and the harmonics can easily
transmit through the target and its intensity is weakly
dependent on the target thickness as shown in figure 2(b).

5. Conclusion and summary

To conclude, a new mechanism of harmonic generation due to
the RR effect is found. When an intense laser beam irradiates
a relativistically underdense plasma, some electrons are
trapped in the laser located region. These electrons emit
photons and give them transverse momenta. Such photon
emission is locked to the laser pulse, which makes all the
electrons’ emissions are coherently related and the emission
rate shows 2nd and higher order frequency components of the
fundamental laser frequency. The RR thus induces an electric

current inside the plasma, which finally induced the harmo-
nics generation. Due to the strong absorption of laser energy,
such HG drops quickly when the target thickness increases.
Such thickness dependent harmonics emission gives a pos-
sible way to detect the RR effects in the near future pettawatt
laser plasma interactions.
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