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Role of spatiotemporal couplings in stimulated Raman side scattering

C. Zepter 2% AL Seidel®,12 ML Zepf,l’z’3 M. C. Kaluza,'%3 and A. Sivert>?
Unstitute of Optics and Quantum Electronics, Max-Wien-Platz 1, 07743 Jena, Germany
2Helmholtz-Institute Jena, Frobelstieg 3, 07743 Jena, Germany
3GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Planckstrafie 1, 64291 Darmstadt, Germany

® (Received 22 September 2021; revised 22 July 2022; accepted 15 December 2022; published 21 February 2023)

A high-intensity laser pulse propagating through underdense plasma is prone to parametric instabilities.
We report on experiments investigating the influence of a pulse-front tilt (PFT), one of the most common
spatiotemporal couplings in the laser focus, on stimulated Raman side scattering (SRSS). For a laser pulse
exhibiting such a PFT, SRSS becomes asymmetric, varies as the pulse propagates through the plasma, and
yields larger scattering angles than expected from traditional SRSS theory, indicating a correlation of the
scattering with the PFT. We show that by including the propagation of a Gaussian laser pulse with a PFT in
an analytical model, we can describe the observed asymmetric side scattering. Two-dimensional particle-in-cell
simulations reproduce the observed scattering and the asymmetry induced by the PFT. A microscopic analysis of
the simulation data shows that the sum of the angles from PFT and SRSS describe the observed side scattering.
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Over the last few years, the significance of spatiotemporal
couplings (STCs) on laser-plasma physics has gained increas-
ing attention. STCs describe the interdependence of spectral
(or temporal) and spatial (or angular) coordinates of a laser
pulse giving rise to various effects such as angular disper-
sion, spatial dispersion, or pulse-front tilt, affecting the laser’s
transverse extension and its temporal profile [1-6]. STCs
have become a focus of research in simulations and exper-
iments with numerous applications, including dephasingless
wakefield acceleration, isolated attosecond pulse generation,
or electron pulse steering [7-19]. However, the influence of
STCs on some fundamental effects in plasma physics, namely
parametric instabilities, also affecting the laser-plasma in-
teraction, is an aspect whose importance has only been
recognized in recent years.

One such parametric instability with several implications
on modern laser-plasma physics [20-25] is stimulated Raman
scattering (SRS) [26,27], which has been widely studied in
both forward and backward geometries [28—32]. SRS is the
resonant decay of an electromagnetic pump wave (angular
frequency wp, wave number ko) into an electron plasma wave
(w, 12) and a scattered electromagnetic wave (@ + o, 1;0 + l_é).
The beating of pump and scattered waves in turn enhances the
plasma density modulation, which then further modulates the
laser pulse’s envelope, eventually resulting in an exponential
growth of the instability. Compared to quasi-one-dimensional
(1D) forward (SRFS) and backward scattering (SRBS), stim-
ulated Raman side scattering (SRSS) is a two-dimensional
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(2D) effect, in which the wave is scattered under an angle 6 to
the pump’s propagation direction. 6 can be derived from the
dispersion relation for which forward and back side scatter are
indistinguishable and produce the same plasma wave number
[33,34],
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with w,, being the plasma frequency, y = v/'1 + a3/2 the elec-
trons’ Lorentz factor, and ay the normalized amplitude of the
pump laser’s vector potential.

As stated above, SRS is a parametric process involving
the pump laser pulse and the background plasma. Hence, the
growth of this instability requires a sufficiently long interac-
tion time [28], which is governed by the pump pulse duration.
When using state-of-the-art petawatt-class laser systems in
underdense plasma experiments their pulse duration is usually
too short. Furthermore, the growth of this instability is often
limited due to the reduction of the on-axis electron density
induced by ponderomotive displacement of the plasma elec-
trons by the pump pulse. However, when the pump pulse
exhibits STCs, the temporal and spatial dimensions of the
formerly matched focal spot become larger, providing more
favorable conditions for parametric instabilities to grow. In
most applications the laser pulses have been assumed to have
perfect Gaussian shapes and the effects of the peripheral parts
of a real laser pulse have been neglected. Therefore it seems
important to study the influence of STCs on the laser-plasma
interaction, e.g., regarding effects such as SRSS, also with
realistic (i.e., nonideal) laser pulse parameters.

In this Letter, we report on an experimental investigation
of the influence of a PFT on SRSS during the propagation
of a high-intensity (pump) laser pulse through underdense
plasma. We show that a PFT can excite asymmetric SRSS.
The measured scattering angle is up to 3.5 times larger than
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expected from traditional 2D SRSS theory [Eq. (1)]. Further-
more, this angle varies as the laser propagates through the
plasma. While the scattering angle follows the evolution and
hence the orientation of the PFT angle when the pump pulse
propagates through the focus, the phase-matching condition
for SRSS changes in the same manner, leading to overall
larger scattering angles. Our experimental findings are sup-
ported by 2D particle-in-cell (PIC) simulations, where a pump
pulse with nonideal parameters as present in the experiments
was implemented.

The experiments were performed with the JETi200
Ti:sapphire laser system at the Helmholtz-Institute Jena.
Pump pulses (800 nm center wavelength, 2.8 J energy) were
focused by an f/25 off-axis parabola into a supersonic
helium gas jet generating a 3-mm-long underdense plasma
with an electron density of n, = 1.1 x 10! cm~3. The focal
spot shape was elliptical (see Supplemental Material [35])
with xy = 46 um major and y; = 30 um minor full width at
half maximum (FWHM) diameters and a measured Rayleigh
length of zzg = 1.2 mm. The elliptical shape was caused by
a spatial chirp with & = 0.73 wum/nm due to nonparallel
diffraction gratings in the pulse compressor. For these
conditions, the shortest pulse duration was 20 fs (FWHM)
and the highest intensity was Iy = 5.2 x 10'® W/cm? (40%
of the energy was contained in the FWHM area) leading to
ap = 1.5. An acousto-optic programmable dispersive filter
(AOPDF) could be used to add group delay dispersion (GDD)
to the pump pulse ranging from —2650 to 42650 fs? in
400 fs> steps. A GDD of (04 100) fs> gave the shortest
pulse duration, and larger GDD values increased its duration
and reduced ay. Transverse shadowgrams of the interaction
were taken using a synchronized 5-fs probe pulse and a
high-resolution imaging system [36]. The pump pulse ionized
the He gas and generated a plasma, which can be seen in three
shadowgrams shown in Fig. 1. The pump’s vacuum focus was
positioned at z = 0 at the beginning of the gas-jet target. The
lateral width of the laser-generated plasma was much wider
(Ax = 350 — 450 um) than for a Gaussian focal spot due to
higher-order wavefront aberrations.

Figure 1 shows three shadowgrams taken with GDD of 0
and £1050 fs? resulting in a global pulse duration of 20 and
~150 fs, respectively, exhibiting three different behaviors. For
0 fs? no filaments are visible and the high-intensity part of
the pump propagating to the right on the central axis excited
a plasma wave with up to 30 periods [Fig. 1(b)]. For the
orientation of our spatial chirp and a negative GDD, narrow
filaments occur solely above the pump’s propagation axis
[Fig. 1(a)] and for a positive GDD they appear only below
the axis [Fig. 1(c)]. Furthermore, for a fixed GDD value the
angle « between the filaments and laser axis decreases with
propagation of the pump, as indicated by the dashed arrows.
These filaments are generated by radiation attributed to SRSS
[37,38]. The scattered light is sufficiently intense to ionize
helium outside the main-pulse region with the dashed arrows
indicating the scattering direction. Tracing back the filaments
to the laser axis (x = 0 um), the origin of the scattering can be
found.

In Fig. 2, a quantitative analysis of a systematic scan of the
applied GDD is shown. For this analysis, the scattering angle
a and the origin of the filament on the laser axis were mea-
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FIG. 1. Shadowgrams for (a) —1050 fs?, (b) Ofs?, and
(¢) +1050 fs2. k, indicates the laser propagation axis, and the dashed
arrows indicate the direction of side scattering. Diffraction rings are
caused by dust on the optics. The insets shown in the upper right-
hand corners are magnifications of the area in the orange rectangles.

sured along the brightness modulations of the ionization den-
sity perturbations. Error bars for the experimental data points
are from the uncertainty of the fit to the scattering filaments
and an error due to variation of ky from the focusing half-cone
angle. The solid lines correspond to an analytical model (see
below), and its error results from an uncertainty of the focus
position +zz/4 due to a possible wavefront jitter of the laser
pulse [39]. Figure 2(a) shows a(z) for a GDD of +1050
fs> measured along the pump’s propagation direction [cf.
Fig. 1(c)], showing the decrease of «(z) with propagation. In
addition to measuring the evolution of a(z) for one fixed GDD
value, the variation of o with different GDD values both at the
beginning and at the end of the plasma target was systemat-
ically studied [Fig. 2(b)]. The 10-shot averages of the maxi-
mum angles at the beginning (solid squares) and the minimum
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FIG. 2. (a) Side-scattering angle « as a function of z/zz for
+1050 fs®. (b) Plot of the median angles measured at the begin-
ning (zz = 0.4zg, solid squares) and at the end (zz = 1.4z, solid
diamonds) of the interaction over the applied GDD. The open squares
represent the most dominant scattering angles from simulations. The
orange rectangle corresponds to the data shown in (a). The solid lines
in (a) and (b) are given by an analytical model explained below.

angles at the end of the interaction (open squares) are shown
for different GDD values. For |GDD| < 500 fs* no side scat-
tering could be detected. For increasing absolute values of
GDD, however, scattering was visible and we found an overall
increase of |«|. Again, the decrease of |« (z)| with propagation
z for each value of GDD and the scattering asymmetry de-
pending on the sign of the GDD can be seen in Fig. 2(b).

Since, apart from relativistic corrections, the SRSS angle
6 solely depends on w, and wp, symmetric and propagation-
independent SRSS under an angle of 6 = +23° would be
expected for our experimental parameters (black dashed lines
in Fig. 2). In addition, the longer pulse duration due to added
GDD reduces the peak intensity below the relativistic limit,
making relativistic corrections in Eq. (1) negligible. This
indicates that the mechanisms responsible for the observed
scattering cannot be traditional SRSS as described by Eq. (1)
since neither the absolute values, nor the GDD-dependent
asymmetry, nor the change of the scattering angle with prop-
agation are explained by this. In Ref. [37] the latter was
attributed to intensity amplification, but this is unlikely for our
conditions.

So far, imperfections in the laser focus have not been
considered in the description of similar scattering processes
occurring in high-intensity laser-matter interactions. STCs
being such an imperfection, can, as described above, inten-
tionally or unintentionally be induced by a misalignment of
the diffraction gratings in the stretcher-compressor combina-
tion, which leads to angular dispersion resulting in a PFT of
the unfocused beam [40—42]. Such a PFT creates a spatiotem-
poral intensity envelope of the pump pulse tilted with respect

to the pulse’s phase fronts, the latter being perpendicular to the
pulse’s propagation direction. Focusing these pulses results in
a laterally dispersed beam, or a spatial chirp in the focal plane.
While there is no PFT in the focus itself, the tilt direction
changes around the focal plane. However, additionally apply-
ing GDD to the pulse in combination with such a spatial chirp
results in a controllable PFT also in the focus. Akturk et al.
[43] have studied the PFT for a collimated beam exhibiting
STCs. Here, we consider a more general approach, examining
a Gaussian beam propagating through focus with a linear
spatial chirp & = dxo/dw in one transverse direction, a linear
angular dispersion By = d®y/dw, and a GDD value ¢. xg is
the transverse position of a @ component, w is the offset to
wy, and O is this component’s propagation angle. Neglecting
propagation effects before focus, the electric field at z = 0 can
be expressed as [43]

2.2
Wty .
E(x,0,w) = Eyexp ( 2 ) exp(—ikoBowx)

X exp <——ik0(x _ EOw)Z) exp ( — iga)z)
2izg 2 ’
2

where 7y and wy are the rms pulse duration and beam waist
of the undistorted beam, respectively. We concentrate on dis-
tortions in the x direction only. After propagating the beam to
an arbitrary z position using the Huygens-Fresnel integral in
one dimension, an inverse Fourier transform was performed
to obtain the field in the temporal domain. By decoupling
Zg and wy to obtain a modeling closer to the real beam, the
vacuum PFT angle i between the phase and intensity fronts
at a distance z from focus is given by

tany = [—ckofowityz + cf (4o (& + Boz)
+ Boko[w3 7 + 4800 + Bo2)] }2a]
x[4(60 + o)’ s + w32 (2 + )]

§(2)
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kop(z) + @efr(z) ¢, (3)

with 8, &, @etr, and ¢ being the propagation-dependent angular
chirp (AC), spatial chirp (SC), temporal chirp (TC), and vac-
uum speed of light, respectively. The expression describing
the PFT consists of two terms: A first term, which links AC
to PFT, and a second, which describes the PFT as a combi-
nation of SC and TC. A more detailed discussion of Eq. (3)
can be found in the Supplemental Material [35]. Assuming a
collimated beam (zg — 00), Eq. (3) is equivalent to the results
in Ref. [43]. Inserting the experimental values—rms duration
19 = 17 fs (20 fs FWHM), beam waist wy = 26 um, GDD
of +1050 fs?, & = 0.73 um/nm, and By = —5.37 wrad/nm—
into Eq. (3) shows that |¢/| increases approaching the focal
plane until reaching its maximum at z & 0 before decreasing
again (see Supplemental Material [35]). Comparing the mea-
sured scattering angles in Fig. 2(a) and Eq. (3) shows that they
follow the same curve and differ only by an angular offset
of about 22.6° £ 3.0°, comparable to the SRSS angle for our
parameters, & = 23 °. This indicates that the total scattering
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FIG. 3. (a) Simulated electron density profile of a laser pulse with a PFT of —33° after 200 wm propagation overlaid with the laser’s
intensity isocontours. (b) The black dashed region was divided into 5 x 5 macrocells and for each cell a 2D FT was performed yielding
spatially resolved information about the k vectors present in the plasma (blue) and E, (red). The vertical lines in the k diagrams of E, are FT
artifacts markmg the position of the e pump. (c) Exemplary k-vector analysis of macrocell d3 showing phase matchlng of the wave vectors of
the pump (ko), the scattered light (ky), and the plasma wave (kp) as one can find a signal in both graphs, such that K + k = ko. For better

visualization the fourth root of the signal is plotted in (b) and (c).

angle o can be seen as a combination of the PFT angle ¢ and
the SRSS angle 6,

o=y +sgn(y)o. @

Figure 2 shows that this model not only describes the change
of o for one GDD value during propagation but also the
behavior of « for a wide range of GDDs at the beginning and
end of the interaction, as it lies well within the error range of
the measured data.

Systematic 2D PIC simulations including ionization were
performed with the code SMILEI [44] to investigate the micro-
scopic behavior of SRSS. A simulation box with a dimension
of 342 um x 359 um with 10752 x 2816 cells and 64 parti-
cles per cell was used. A laser pulse modeled by the Fourier
transform of Eq. (2) containing all the STCs identified in the
experiment with an out-of-plane polarization (E,) was focused
in He gas with an atomic density ny = 0.55 x 10" cm—3. By
varying the GDD the PFT was changed, resulting in angles of
+3°, —16°, —33°, —44°, and —58°. The peak intensity was
set to ag = 2.5 for —33° and adapted to the respective PFT.

Figure 3(a) shows an exemplary snapshot of the simulation
with the pump’s intensity contours, and the plasma electron
density. The PFT of the pump manifests itself in the tilted in-
tensity isocontours and leads to a tilted ionization front. Above
and below the laser axis an asymmetry in the electron density
can be seen caused by the asymmetric side scattering from
the laser pulse. The downward scattering is more pronounced
compared to the upward direction. For the downward direc-
tion, scattering angles up to —75° appear, clearly exceeding
the SRSS angle from Eq. (1).

To show phase matching of the Raman scattering process,
the k vectors of the E, field and the plasma were analyzed
in a spatially resolved manner. Here, the simulation box was
divided into macrocells with a side length of 22 um and 2D

Fourier transformations (FTs) of E, and the plasma density
were carried out [cf. Figs. 3(b) and 3(c)]. The bright lines for
ky = 0 and k, = 0 are artifacts from the FT. The strong signal
on the z axis of the FT corresponds to ko of the pump. The
presence of modes with kf + kz2 = |ﬁS|2, i.e., modes with the
same frequency, is indicative of SRSS. This implies for the
Stokes component with |§s| ~ ws; = (wy — w),) thatitlies on a

circle around the origin with radius |I€s| < |7cb| [Fig. 3(c)] [33].
Note that the scattered light has a finite bandwidth, which is
a direct consequence of the pump’s bandwidth. The plasma
wave’s k vectors necessary for the Stokes scattering of the
pump are therefore also located on a circle with radius ks |
but with an offset of w,/c to the origin. Comparing the wave
vectors present in the plasma density and in E, [Fig. 3(c)],

we observe phase matching of /20, iés, and ié,, showing that the
origin of the scattered light ionizing the neutral gas outside the
pump’s ionization channel is indeed Raman scattering.

The FTs also give insight into the microscopic mechanisms
leading to the apparent scattering asymmetry. In Fig. 3(b), it
can be seen that in the region of the laser front (macrocell
d4), plasma k vectors of the Raman instability are present in
almost every direction, also leading to light scattering in every
direction. Since the front of the pulse is tilted the leading edge
correlates with the top of the pulse. As a result, light from
an earlier point in time, which was scattered downward, can
overlap with the lower part of the pump pulse while propagat-
ing. This enables pump and scattered light to beat and thus to
enhance the growth of the Raman instability in a downward
direction. The upward scattered light, on the other hand, has
less overlap with the pump, resulting in less scattering in the
upward direction, which leads to the observed asymmetry.

To deduce the visible scattering angles for different PFTs,
an FT of E, of the entire simulation box was made for
all simulation runs after 115 wm propagation. This (short)
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FIG. 4. Angular distribution of the scattered radiation after a
radial integration of the signal from the FT of E, of the whole image
for five different angles of PFT after 115 wm of propagation. Note
that negative scattering angles correspond to downward scattering.
The inset exemplarily shows the FT of E, for a pump pulse with a
PFT of —33°.

propagation length was chosen to ensure that (i) the PFT does
not differ from the calculated vacuum PFT angle and (ii) to
minimize small-angle scattered light contributions from ear-
lier times in the interaction. The resulting k diagram shows all
directions and magnitudes of the transverse E, field present at
this time step, as shown in the inset of Fig. 4. This signal was
integrated in a radial direction over the range 0.5]ky| < « <
1.5]ko| for each scattering direction (i.e., between —90° and
+90°) as shown in Fig. 4. The strongest side-scattering angles
were found by fitting the data with a multiple peak fit and
identifying the maximum of the envelope function. The error
bars were determined by determining the angle spread of 98%
of the maximum values. We find that the strongest scattering
angle increases with increasing PFT angle as observed in the
experiment.

To compare simulation and experimental results Eq. (3)
was used to convert the PFT angles to the corresponding GDD
for z = 0.4zg. It can be seen in Fig. 2(b) that, except for
very small values of GDD, the simulation results very well
reproduce the analytical model and the experimental data, i.e.,
the scattering asymmetry and their increase with increasing
PFT values.

In summary, we have presented experimental measure-
ments of the influence of STCs on SRSS in underdense
plasmas. The scattering angle strongly depends on the pump’s
pulse-front tilt and the final scattering angle can be expressed
as the sum of the PFT angle and SRSS angle as derived from
2D theory, indicating a rotation of the frame of reference of
the scattering process. The simulations could also reveal the
underlying mechanism, showing that phase matching is in-
deed possible for a variety of scattering angles. However, only
those modes experiencing a sufficient spatiotemporal overlap
with the pump will grow stronger. Additional simulations not
shown here indicate that this mechanism is present over a wide
range of plasma densities down to 10'7 cm ™3, which is the op-
timum density for 10 GeV acceleration stages, e.g., for future
laser-based particle colliders [45]. Our results further empha-
size the relevance of STCs on the dynamics of laser-plasma
interactions and laser-particle accelerators especially when
employing next-generation multi-PW-laser systems. They are
particularly prone to STCs such as PFT, which need to be
precisely controlled and described in the future.
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