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We numerically study interaction of a very intense (I ~ 10'7 to 5 x 10'° W/cm?) femtosecond obliquely
incident p-polarized laser pulse with a steep-gradient (L ~ A) plasma, i.e., within the conditions typical for
modern experiments. It is shown that the hybrid stimulated Raman scattering—two-plasmon decay instability
develops near the quarter-critical density surface and plays the dominant role for the plasma waves’ excitation
and energy absorption. The plasmons are excited as two wave packets confined near this surface with very wide
~ wy/c spatial spectra along its normal. Hence, phase-matching conditions for the 3/2 harmonic generation
are fulfilled immediately and include the mechanism coming from the high harmonics of plasma waves. This
mechanism has been proved experimentally by observing an additional 3/2 harmonic beam.
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I. INTRODUCTION

Parametric instabilities in a dense laser plasma have been
actively studied for decades due to extensive research on
ICF and related phenomena [1-3]. Here inhomogeneity of
plasma density n, is weak [i.e., laser wavelength A is much
less than the plasma scale length L = (é’lZ;’T’“’)_l] due to the
moderate intensities of nanosecond laser radiation 7 ~ 10'4
to 10'© W/cm? [4,5]. Parametric plasma wave excitation dif-
fers greatly if shorter and relativistically intense laser pulses
(intensity I > 10'8 W/crnz) are used: (1) increment of these
instabilities is proportional to the laser field’s amplitude, (2)
amplitude of an excited plasma wave increases exponentially
with time in the linear regime [5], and (3) preplasma, formed
by an inevitable prepulse (nanosecond amplified spontaneous
emission, short prepulses of various nature) or by the arbitrary
long rising edge of the main pulse, is rather steep (L &~ A)
within the electron density range n, ~ 0.1-0.25n. (n. being
critical density) [6], which confines the parametric excitation
spatially.

Stimulated Raman scattering (SRS) in the homogeneous
plasma has been intensively considered for the amplification
of extremely intense ultrashort laser pulses [7,8] and elec-
tron acceleration [9]. Excitation of SRS and two-plasmon
decay (TPD) instabilities by subrelativistic or relativistic fem-
tosecond laser pulses in a long inhomogeneous plasma (L =~
10-100)) was studied in Refs. [10-15]. Parametric insta-
bilities are also responsible for the formation of relativistic
high-energy electron beams upon reflection of a powerful
femtosecond laser pulse from a dense steep plasma [16,17].

Optical emission of the 3/2 harmonic (THH) is a charac-
teristic feature of plasma instability onset at a quarter-critical
density [14,15,18]. An angularly resolved emission spectrum
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of this harmonic can be easily measured and carries infor-
mation on the spatial spectra of plasma waves and their
nonlinearity [19]. The possible impact of the hybrid SRS-TPD
instability on the THH generation in a steep-gradient plasma
(SGP; L ~ A) was pointed out earlier from experimental data
[18]. However, an overly simplified approximation of three
plane waves was considered there, whereas strongly nonlinear
plasma waves with a wide spatial spectra are excited in the
SGP at relativistic intensities, being confined strongly in the
direction normal to the plasma surface [20]. Also, in this sim-
ple plane wave approximation the excited plasmons do not sat-
isfy the phase-matching conditions for generation of the THH
immediately, and wave vectors of plasmons have to change
due to their propagation along the plasma gradient before the
THH is emitted. Earlier, in our mostly experimental paper
[21], we discussed the acceleration of electrons for similar in-
teraction parameters but only the simplified picture of electron
acceleration was given with no plasma instability analysis.

In this work, we consider the excitation of plasma waves
by relativistic femtosecond laser pulses in the SGP with 2D
PIC simulations. The mechanism of plasma wave excitation
and energy absorption—the hybrid SRS-TPD instability—is
proved from the ponderomotive force analysis. We show that
the phase matching conditions for the generation of THH are
immediately fulfilled because of the wide spatial spectra of
plasma waves in the SGP. We also discover and prove experi-
mentally the mechanism of THH generation that considers the
second harmonic of a nonlinear plasma wave.

II. NUMERICAL METHODS

Numerical simulations were performed using the fully rel-
ativistic 3D3V PIC code “Mandor” [22], reduced to the 2D3V
variant. The simulation box size was 31 x 14 umz, spatial and
temporal steps were A/100 and 3 x 1073 fs, respectively, and
the total number of particles was 10%. The planar foil target
consisted of cold electrons (initial temperature of 100 eV)

©2020 American Physical Society
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FIG. 1. Normalized laser pulse magnetic field H, (a), electron density perturbations (n, — ng)/n. before (b) and after band-pass filtering in
the vicinity of k, &~ 1.1 % (c) and k, ~ —0.23% (d) within the rectangular windows shown in Fig. 2(b). Panels (b)—(d) show plasma density
inside the black rectangle in panel (a). The xg, yo axes correspond to the simulation domain, the x, y axes to the coordinate system in which

spatial spectra in Figs. 2 and 3 are calculated after interpolation.

and immobile ions. A p-polarized laser pulse with Gaussian
temporal and spatial envelopes, duration T = 100 fs (FWHM),
diameter 42 (FWHM), and central wavelength A =1 um
entered the simulation box with its polarization in the xy
plane (see Fig. 1). The preplasma profile was chosen as ny o
exp (y/L) (y being the coordinate along normal to the target
surface) with maximal density 10n.. Total simulation time was
360 fs with 1200 checkpoints written, which gave a frequency
resolution ~0.01wy (wy = 27w c/A being the fundamental fre-
quency). The maximum resolved frequency was ~5wy.

III. TWO-PLASMON DECAY AND STIMULATED RAMAN
SCATTERING

Only the TPD and SRS instabilities will remain in our
study, as ions are assumed immobile at the femtosecond
timescale. Let us first consider the interaction of a laser pulse
with I = 10" W/cm? incident at an angle o = 60° onto an
L = 1.25)1 plasma gradient. This intensity is high enough
to observe parametric instabilities but hinders strong plasma
turbulence, which prevents clear unveiling of instabilities de-
velopment. The turning surface of the laser radiation nyy, =
n./4 for this angle corresponds to the maximum increment
of parametric instabilities [5]. The magnetic field of the laser
pulse H, (normalized to mcwy/e, where m, e are an electron
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mass and charge, respectively) is plotted in Fig. 1(a) and its
spatial Fourier spectrum in Fig. 2(a). Initial data were zero
padded outside the showed limits to obtain the required wave-
number resolution of 0.01%2. All our figures are shown at
the instant when the intensity / at the turning point reaches
its maximum, unless stated otherwise. The x-projection of
the wave vector ko, = % sino remains unchanged due to
the choice of axis directions [23], while the y-projection
changes from the ko, = % cos« for the incident radiation to
the —“* cos o for the reflected one. These spatial harmonics
form a wave packet localized near the turning surface in the
case of the SGP.

Figures 1(b) and 2(b) present electron density perturbations
and their spatial spectrum. It is clear that the spatial spectrum
of plasma waves looks like the spatial spectrum of the laser
pump. In the following, we denote plasma waves as x and
electromagnetic waves as k. As plasma wave spectra are wide
in k, we will distinguish them by their «, projection. Two
waves with k1, & 1.1%¢ and Kk, &~ —0.23“* are amplified,
while the pump wave has ko, ~ 0.87“%. The wave numbers
of the first plasmon ky, are close to “*, which is typical for
the SRS [5] and hybrid SRS-TPD [10] instabilities near the
quarter-critical density. Next, we Fourier transformed the data
in Fig. 2(b) back to the coordinate space using the two white
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FIG. 2. Spatial spectra (normalized to their maxima) of the laser pulse field H, [calculated from Fig. 1(a)] (a), plasma electron density
[calculated from Fig. 1(b)] (b), H, component of the Stokes wave (c), quantities E2 (d), H> (e) [see explanation in the text; intensity / =
10" W/cm? and o = 60° for panels (a)—(e)], and the electron density perturbations at I = 10!° W/cm? and o = 45°(f). Spatial spectra were
obtained with preliminary Fourier bandpass filtering near the fundamental frequency wy for panel (a) and near the plasma frequency w, ~ w,/2
for panels (b)—(f). Arrows correspond to the wave vectors of the incident and reflected laser pulses.
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rectangular windows shown, thus filtering two plasmons [see
Figs. 1(c) and 1(d)]. They are localized in a narrow (~\) area
in the vicinity of the quarter-critical density surface. The first
plasmon [Fig. 1(c)] is directed along this surface, while the
second one [Fig. 1(d)], consisting of almost a single spatial
density oscillation, is directed nearly along the density gradi-
ent. Because of the low plasma temperature, these waves do
not propagate outside the quarter-critical density area, where
ponderomotive forces exciting them are localized.

IV. PONDEROMOTIVE FORCES ANALYSIS

Plasma waves of parametric instabilities are resonantly
excited by the ponderomotive forces [24]. We have two lon-
gitudinal plasma waves E (w1, k1) and E,(w», k3), electro-
magnetic pump fields Ey(wy, ko), Ho(wo, ko), and scattered
Stokes waves E(ws, k), H(ws, ks). The latter waves arise
when the pump wave is scattered by the plasma waves. The
frequencies of the plasma waves are close to the plasma
frequency w; ~ wy ~ wp, wp X wo/2 near the quarter-critical
density, and ws & wy — w, ~ w,. To understand which com-
ponents of the ponderomotive force amplify particular plasma
waves we analyzed their spatial spectra. The simplest equation
for the electron density n, perturbation by the ponderomotive
force my [24] in the homogeneous cold plasma can be written
as (% + wg)ne o Vry. This expression is a linear one, hence
a plasmon can be amplified by the ponderomotive force if their
spatial components are collocated.

The force my «x —VE? describes both the TPD and SRS
instabilities in a first approximation [24]. One can distinguish
a part of this force —VH?2, which includes the beating of
electromagnetic waves only. Comparing these two quantities,
one can separate the contribution of both instabilities. We
split the ponderomotive source into the resonant to the plasma
wave (i.e., having frequencies near wy/2) and nonresonant
terms:

E? = Eo(@)) - E1(@y/2) + Eo(@o) - E2(w0/2)
+ E¢(wo) - Es(wo/2) 4+ nonresonant terms, (1)
H? = Hy(wy) - H(wy/2) 4+ nonresonant terms. 2)

The resonant part of the ponderomotive force VE? can be
calculated using a bandpass filter with central frequency wg/2.
Since the V operator is linear, no spatial components will be
missed if we consider E2 without the V operator.

The thus obtained spatial spectrum is shown in Fig. 2(d).
It can be seen that the spectral components of the E? coin-
cide with the spatial components of plasmons in Fig. 2(b),
hence phase matching and amplification of both plasmons are
possible. Equation (1) contains terms corresponding to the
interference of the pump wave with both plasma and electro-
magnetic waves, while the resonant term in (2) contains only
electromagnetic waves. The spatial component, which ampli-
fies plasma waves with k1, ~ 1.1%2 only, predominates in the
H?(w/2) spectrum [Fig. 2(e)]. This component comprises
the backward Stokes electromagnetic wave having frequency
ws & wo/2. Its spatial spectrum looks like the spectrum of the
second plasmon with kp, ~ —0.23% [Fig. 2(c)].

Note that in an inhomogeneous plasma longitudinal waves
may excite transverse electromagnetic waves and vice versa

[23]. This is why the spatial spectrum of the H?(w,/2) source
[Fig. 2(e)] has weak components at k, ~ —0.23% as the
E2(w0/2) spectrum [Fig. 2(d)].

Amplification of the second plasma wave with kp, &
—0.232% by the electromagnetic part of the ponderomo-
tive force (through the SRS process) is forbidden since the
corresponding kg, = koy — Koy X 1.1% does not satisfy the
dispersion relation |ks| < 0.5%. Thus the overall process can
be described as the hybrid SRS-TPD instability: the E, plasma
wave is amplified by the beating of the plasma wave with the
pump wave only, Ey - Ey, and corresponds to the TPD. The
E; is amplified by the beating of the electromagnetic Stokes
and plasma waves with the pump wave, E - Eg + E; - Eg, and
is common for both the SRS and TPD processes. It should
be noted that this hybrid SRS-TPD instability also can be
regarded as some kind of high-frequency hybrid instability
(HFHI) [1].

V. 3/2 HARMONIC GENERATION

The TPD instability may lead to the THH generation
[15,18,25] with the current j;;, = p(@o/2)vesc(wp) being the
source [here p = —e(n, — ny), vosc(wp) is an electron quiver
velocity in the laser field]. This radiation is widely used for
laser plasma diagnostics [26].

The phase-matching conditions

ki) =K1 +ko, w32 = wp + 3)

have to be fulfilled for the frequency w3, ~ 3/2wy and
the wave vectors k;, of the harmonic. This cannot occur
in a long scale length plasma (L > A) immediately at the
quarter-critical density surface [18]: wave vectors of plasmons
should be tuned during their propagation in an inhomoge-
neous plasma. Hence, the excitation of plasma waves and
THH generation are separated in space.

By contrast, the phase-matching conditions (3) are fulfilled
immediately in the SGP due to the wide spatial spectrum
of plasmons. These conditions can be rewritten as k’c? =
(3/2wp)* — w;, which gives the “radiation circle” in the k.k,
plane. Figure 3(a) shows the spatial spectrum of electromag-
netic waves in the simulation box filtered near the 3/2wq
frequency. One can see two waves with k, ~ 0.7 sitting
exactly at the radiation circle and the third wave at k, ~ 2%
near the circle. Emission of the harmonic field A is governed

by the equation (ﬁ% —-V?+ ‘j—f)A = *2j(3/2w). Hence,
the spatial spectrum of the j(3/2w,) source must also intersect
the radiation circle to get efficient THH emission.

The velocity vos(x, y,7) has to be calculated to obtain a
spatial spectrum of the linear source j;,(3/2wyp). It was done
using Newton’s law m, 8'5;“ = —eE, where the electromag-
netic field E was filtered near wg. The source j;;,(3/2wg) =
Pp(wo/2)vesc(wo) was calculated using a band-pass filter at
3 /2wy frequency; an appropriate band-pass filter was used for
both p and vy before multiplication. The resultant spatial
spectrum is shown in Fig. 3(b). There are two sources at k, &
2% with high amplitudes and at k, ~ 0.64“* with a much
lower amplitude. The width of the spatial spectrum along
the y axis Ak, ~ % for the plasma with L ~ . Hence, the

second source intersects the radiation circle providing a gener-
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FIG. 3. Spatial spectra (normalized to their maxima) of H, (a), current density jj;, (b), and current density j, (c) after 3/2w, bandpass
filtering. Wave vectors satisfying the condition (3) lie on a white circle. Angular spectra of THH emission obtained in the experiment (purple
line) and from simulations (black line) (d). The inset shows incident and reflected laser beams (red arrows) and THH beams (green arrows).

ation of the THH immediately after excitation of the plasmon
[kax = kox + K2x A~ 0.64%% scattering process; Fig. 3(a)]. The
first plasmon gives the ki, = kox + k1 & 2% scattering, but
this source cannot intersect the radiation circle, and the corre-
sponding THH should not appear out of plasma. In any event,
this current source is very strong and located not far from the
radiation circle [Fig. 3(b)], while plasma is very steep. That is
why the weak THH can be seen in Fig. 3(a) with &k, &~ 2%.

In Fig. 3(a) there exists an additional spatial component
at ky &~ —0.7%2 that is absent in the source jy,(3/2wp). This
THH arises as a consequence of nonlinearity of plasma waves
at high (relativistic) laser intensities: the instability incre-
ment amounts to 20.05wy already at I 2~ 10'7W/cm? near the
quarter-critical density [5]. This is enough for plasma waves
to become inharmonic over the duration of the laser pulse,
i.e., high spatial harmonics o exp [—i(qw,t — gki2)X)], ¢ =
2,3,... appear. The source of the THH j,(3/2wy) =
02wy /2)vosc(wo/2) can be considered, where p(2wo/2) is
the second harmonic of plasma waves and v (wo/2) is
an electron quiver velocity in the plasmon or Stokes wave.
Figure 3(c) shows the spatial spectrum of this source ob-
tained applying the proper frequency bandpass filters to the
p and vy quantities. Thus, we obtain radiation sources
with wave numbers k?}r = 2K1y + Koy = 2K + kg 1.97%,
kg)lc =K1y + 2K, & 064%, and k»r;)lc = 2Kk, + K2y = 2K, +
kg, ~ —0.69%. Note that longitudinal electron oscillations
generate a longitudinal current that cannot emit an electro-
magnetic wave in homogeneous plasma, but this is allowed
in the steep-gradient plasma [23]. The first two sources co-
incide with sources from j;,(3/2wp), but the third source
is a new one and results from plasma waves nonlinearity.
This nonlinear source generates the THH with k! = —0.692
in Fig. 3(a). Thus, by measuring the THH spatial spec-
trum (which is quite easy to realize experimentally) one
can gain insights into the behavior of strongly nonlinear
plasma waves.

VI. EXPERIMENTAL VERIFICATION

Dedicated experiments were made to verify the picture
of the THH generation described above. A Ti:sapphire laser
system was used with maximum pulse energy at the target
W =50 mJ, its shortest duration T = 50 fs, and intensity /

up to 5 x 10" W/cm?. The peak to amplified spontaneous
emission (ASE) pedestal ratio was 10% (10 ps prior to the
main pulse). The p-polarized laser radiation was obliquely
focused onto the thick molybdenum target by an off-axis
parabolic mirror (the focal length ' ~ 7.5 cm, o = 60°). An
additional pulse from the Q-switched Nd:YAG laser (pulse
duration 10 ns, maximal intensity at the target ~10'2 W /cm?)
created preplasma with the controlled scale length. Maxima
of the Ti:sapphire and Nd: YAG pulses coincided both in space
and in time. A color CCD camera equipped with interference
filters (to reject 800 and 1064 nm radiation) measured plasma
angular emission near the 3/2w, frequency. A more detailed
description of the setup, preplasma control, etc., can be found
in Refs. [16,21]. In particular, the plasma scale length in the
vicinity of n. was estimated as L ~ A [21]. In this study,
we used T = 100fs and 7 > 10" W/cm? to make a direct
simulation-to-experiment comparison. This regime was cho-
sen to obtain an angular distribution of the THH undisturbed
by plasma turbulence, which is the case at higher intensities.
Figure 3(d) compares experimental and numerical angular
distributions of the THH. There are three main maxima at ¢ ~
40°, 90°, and 130° in both distributions. The second and third
ones correspond to the linear THH source with ki, », wave
vectors. Such a quantitative agreement supports our idea of
immediate fulfillment of the phase-matching conditions in the
SGP and the crucial role of the wide angular spectrum of the
pump and plasma waves. Note that there are also impacts from
the nonlinear source with k{‘)lc 5, to those two maxima. The first
maximum is generated exchisively due to the nonlinear THH
source with the k! wave vector, and this proves the feasibility
of the THH generation due to plasma wave nonlinearity.

VII. GENERALIZATION TO HIGHER INTENSITIES

It is worth establishing ranges for the intensity / and scale
length L in which the hybrid SRS-TPD instability domi-
nates and the picture described above stays valid. The TPD
threshold intensity is ~5 X 10 W/cm? [15]. This can be
considered as the lower limit. To find the upper limit, a
number of simulations were performed with intensities 10'7
to 2 x 102 W/cm? (r = 100 fs) and different scale lengths
L = 0.25-8)\. The amplitude of a plasma wave reaches the
wave-breaking limit [28] in a few laser periods at intensities
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FIG. 4. Area of the SRS-TPD instability in the L/A — I plane
(r = 100 fs). Blue circles show simulation points where the hybrid
instability is essential, red stars show points where no instabilities
arise, and green triangles show points where the radiation pressure
becomes too high. The lower dashed line shows the TPD threshold
from Ref. [15], while ion mobility should be taken into account above
the upper dashed line [27].

I > 10" W/cm?, and the plasma becomes strongly turbulent.
Nevertheless, preliminary Fourier filtration in the frequency
domain allowed us to obtain spatial spectrum in which compo-
nents of the hybrid instability are clearly visible [see Fig. 2(f),
calculated 10 fs before the instant that the intensity reaches
its maximum value of 7 = 10'° W/cm? at the turning point].
Here plasma waves are excited by the leading front of the
laser pulse up to the wave-breaking amplitude. The reflected
intensity is low at this instant, and the spectrum in Fig. 2(f)
contains significant components only in the first and third
quadrants. The spatial spectrum of plasmons became broad-
ened and complicated, but the mean «, values are almost the
same. The small shift in k, values is due to the lower angle of
incidence.

Figure 4 shows the area where the hybrid SRS-TPD insta-
bility prevails in the L/A-I plane. The hybrid instability may
develop at the front of the laser pulse with an intensity / >
5 x 10" W/cm?, but further the plasma profile is steepened
by the high intensity of laser radiation, and other processes
govern plasma dynamics. The SRS process dominates if L 2
5A, and the second plasma wave, corresponding to the TPD is
getting weaker with an increase in L/A. The hybrid instability
first occurs at L > 0.5 — 1 A and subrelativistic intensities
I~ 10"-10'* W/cm?; however, it comes into play even at
L = 0.25X in the intensity range ~5 x 10'® to 10" W/cm?.
In the parameter range, where the hybrid SRS-TPD instability
develops, the plasmon «k,-projections do not change much,
so the general interaction pattern will remain the same. It is
first due to the laser energy deposition in a narrow (~A) area
near the turning surface. The electron density corresponding
to this surface depends mostly on the angle of incidence, but
this surface is located quite close to the quarter-critical density
surface if the plasma gradient is sharp, L ~ A. In its turn, this
leads to efficient excitation of plasmons in the vicinity of the
quarter-critical density for a wide range of angles of incidence.

Second, at relativistic intensities the laser pulse itself modifies
the electron density profile due to the ponderomotive pressure
and relativistic effects, creating a region with the quarter-
critical density where the hybrid SRS-TPD develops.

It’s worth noting that ions were immobile in all the simula-
tions. The intensity limit at which this assumption fails can be
evaluated comparing electron and ion response time [27]. In
the case of a strongly ionized heavy target 7./t; & ay/35 (ag
being the amplitude of the normalized vector potential), there-
fore contribution of ions can be omitted up to ~10?° W /cm?
(see upper dashed line in Fig. 4). Note that high radiation pres-
sure might prevail at such high intensities. A more detailed
description of the underlying processes will be presented in a
separate publication.

VIII. CONCLUSIONS

In conclusion, the hybrid SRS-TPD instability plays the
dominant role for an ultraintense laser-plasma interaction at
an oblique incidence of the p-polarized pulse if intensity 7 is
within the ~10'7 to 5 x 10" W/cm? range and plasma scale
length L in the ~0.25 to 5 A range (Fig. 4). Our study was
done with pulse duration t = 100 fs. Obviously, boundaries
in Fig. 4 change if much shorter (~10 fs), or much longer
(~1 ps), pulses are considered, but the overall picture of the
SRS-TPD instability stays valid. This instability is essential
at relativistic intensities since wave breaking of excited plas-
mons creates a huge number of very fast relativistic electrons
undergoing further acceleration and forming well-collimated
beams with ~1 nC/J charge [16,17]. It can also be relevant
to inertial confinement fusion in the fast ignition scenarios,
providing electron injection towards the fuel core [29].

The typical spatial spectrum of plasmons in the steep-
gradient plasma is close to the case of homogeneous plasma in
the x-projection with «, ~ 1.2% and —0.2%2 but is very wide
in the y-projection, Ak, ~ . The 3/2 harmonic is efficiently
generated in the vicinity of the quarter-critical surface due
to immediate fulfillment of the phase-matching conditions
between plasmons and the pump wave in a steep-gradient
plasma, and this is another feature of the hybrid instability
in such a plasma. Hence the 3/2 harmonic is a clear sign that
experimental conditions fall into the above-mentioned ranges,
and steep-gradient preplasma is being formed. The angular
spectrum of the 3/2 harmonic contains rich and valuable
information on the excited plasmons. In particular, second
and higher harmonics of the nonlinear plasma wave may con-
tribute to the angular spectrum of this plasma emission.
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