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Electron acceleration at oblique angles via stimulated Raman scattering at
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The generation of hot, directional electrons via laser-driven stimulated Raman scattering (SRS) is a topic
of great importance in inertial confinement fusion (ICF) schemes. Little recent research has been dedicated
to this process at high laser intensity, in which back, side, and forward scatter simultaneously occur in high
energy density plasmas which is of relevance to, for example, shock ignition ICF. We present an experimental
and particle-in-cell (PIC) investigation of hot electron production from SRS in the forward and near-forward
directions from a single speckle laser of wavelength Ay =1.053 pm, peak laser intensities in the range Iy =
0.2 — 1.0 x 10" Wem ™2 and target electron densities between n. = 0.3 — 1.6%n., where n. is the plasma
critical density. As the intensity and density are increased, the hot electron spectrum changes from a sharp
cut-off to an extended spectrum with a slope temperature 7" = 34 = 1 keV and maximum measured energy
of 350 keV experimentally. Multi-dimensional PIC simulations indicate that the high energy electrons are
primarily generated from SRS-driven electron plasma wave (EPW) phase fronts with k-vectors angled ~ 50°
with respect to the laser axis. These results are consistent with analytical arguments that the spatial gain is
maximized at an angle which balances the tendency for the growth rate to be larger for larger scattered light
wave angles until the kinetic damping of the plasma wave becomes important. The efficiency of generated
high energy electrons drops significantly with a reduction in either laser intensity or target electron density,
which is a result of the rapid drop in growth rate of Raman scattering at angles in the forward direction.

INTRODUCTION

The propagation and energy coupling of intense laser
pulses in plasma is fundamental to laser-driven inertial
confinement fusion (ICF)!, and can play an important
role in any laser-plasma based experiments and simula-
tions that feature an underdense plasma. As the laser
propagates in an underdense plasma, a number of laser
plasma instabilities (LPIs)?? may occur and grow un-
der appropriate conditions, significantly interfering with
the laser beam’s propagation dynamics*® and coupling
processes. They can manifest and result in filamenta-
tion of the laser beam®, energy transfer between multiple
beams co-propagating in a plasma’, hot electron gener-
ation® and energy loss through parametric decay insta-
bilities that reflect the incident light. Collectively, they
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are one of the biggest issues impeding the success of ICF
programs.

One parametric decay instability that has received con-
siderable attention over the past half century is stimu-
lated Raman scattering (SRS)*®?, which is the resonant
decay of the incident light wave into a scattered light
wave and an electron plasma wave (EPW). The study of
SRS has been motivated mainly due to its deleterious role
in ICF schemes, accounting for the largest single fraction
of energy loss on current ignition-scale experiments!®!!,
in addition to its close connection to plasma-based ac-
celeration'?13. Additionally, the damping of high phase
velocity (vy) EPWs can result in the generation of supra-
thermal electrons, typically producing over 50 kJ of hot
electrons on ignition-scale experiments'4. These elec-
trons have a significant impact on the dynamics of both
direct- and indirect-drive ICF schemes and can, for ex-
ample, result in preheating of the imploding fuel due to
electron energy deposition in the fuel material. Implo-
sion symmetry can also be affected, of high importance
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in achieving maximum gain.

The evolution of SRS, which is dependent on the laser
and plasma parameters, and accelerated electrons has
been well documented for parameter regimes relevant to
current ICF conditions. These experiments typically op-
erate using a laser intensity Iy = 10 Wem™2 (corre-
sponding to an irradiance I\? = 101 Wem™2pm?)3:15:16,
The number of experiments of a single laser speckle per-
formed using IA?> = 10577 Wem™2pm? (normalized
laser amplitude of up to ap ~ 0.2) and at keV tem-
peratures is relatively small, highlighted in a recent re-
view article by Craxton et al.?. These laser irradiances
were in fact used during the first experimental demon-
strations of forward SRS'"'8. Such irradiances are now
relevant to shock ignition (SI) ICF!?, which involves
the generation of a strong shock after compression us-
ing a Iy ~ 10'® Wem™2 laser pulse to ignite the central
hot spot. For SI, the presence of LPI-driven hot elec-
trons can affect the interaction dynamics drastically?0-23.
They possess a high energy relative to the ambient elec-
tron temperature and can propagate beyond the abla-
tion zone and deposit their energy near the shock front.
This can be both advantageous or deleterious for SI, de-
pending on their stopping range in the compressed cap-
sule??:2!. In advantageous scenarios, the effect of hot
electrons has been measured to increase the shock ab-
lation pressure by 30%°2223, with hot electron measure-
ments in the context of SI for TA\? ~ 10" Wem™?pm?
being recently reported?? 2. Simulations for higher in-
tensity (IA\? = 104715 Wem™2pm?) pulses and rela-
tively cold, moderate density plasmas have also been re-
ported?®.

In this article, we investigate SRS-driven electron ac-
celeration via experimental and numerical methods using
peak laser intensities in the range Iy = 0.2 — 1.0 x 107
Wem™2 and laser wavelength \g =1.053pm. We fo-
cus our study on hot (electron temperature T, ~ 1.5
keV), underdense helium plasmas with electron densi-
ties ne = 0.3 — 1.6%n,. (where n. is the plasma crit-
ical density, at which the plasma frequency w, equals
the laser frequency wp). Through particle-in-cell (PIC)
simulations and analytical arguments?%, we attribute the
strong presence of superthermal electrons measured in
our parameter-space to be the result of electron accel-
eration in plasma waves associated with forward side-
scattered driven SRS. For our parameter-space forward
scatter side-scatter has a spatial growth rate optimized
at relatively large oblique angles with respect to the laser
pulse, concurrent with the analytical framework outlined
in Wilks et al.?6. We note that similar observations were
made in the mid 1980s by Forslund et al.2’and Mori et
al.?® where they observed SRS generated plasma waves
to also be congregated at an angle oblique to the laser
propagation direction (at an angle near ~ 50°). Similar
dynamics have also been noted again recently in the con-
text of SRS driven during cross-beam energy transfer.
Using the theory in Ref.?® and geometrical arguments in
Refs?7:2% we show that for the parameters in this earlier

Probe beam

(@) calculated density map (b) A
32 Electron beam & 1.4 RO EE
21 H 5 + i3
& S ,
<0 g 1.0 }’ 1.0 gz.)
3 7 =
506 ;, 0.6 3
) 80 A . 6 &
= L7 Ne=15x10°P
o2 , R%=0.97 0.2
Gas jet

0 200 400 600 800 1000
Pressure (psi)

FIG. 1. (a) Schematic displaying the experimental configura-
tion, where EPPS is the electron spectrometer. An example
density map measured by the interferometer is shown, for a
peak laser intensity Jo = 2 x 10*® Wem ™2 and pressure P =
400 psi. The electron density n. is shown as a percentage of
the critical density ne. (b) Measured n. as a function of P ob-
tained from multiple interferograms for Ip = 2x 10*®* Wem 2.
The dashed black line is a linear fit to the data intercepting
at n. = 0, with the fit parameters labelled.

simulation work and in this paper that the spatial growth
of SRS is largest when the scattered light propagates at
angles in the forward direction and the EPWs propagate
obliquely.

The paper is structured as follows: in Section I, we
discuss the experiment performed diagnosing the fast
electrons which we attribute to SRS forward scatter at
oblique angles and present the measured electron spec-
tra. In Section II, numerical simulation results are shown
and compared with the experimental results to investi-
gate the underpinning physics involved in the generation
of the diagnosed hot electrons, where we identify EPWs
propagating at oblique angles with respect to the laser
k-vector. Finally, in Section III, we discuss the spatial
growth rate of SRS-driven plasma waves as a function of
scattering angle, and investigate how this changes as a
function of laser intensity and plasma electron density.

I. EXPERIMENTAL SETUP AND MEASUREMENTS OF
ACCELERATED ELECTRONS

The experiment was performed at the Titan laser fa-
cility, Lawrence Livermore National laboratory (LLNL),
CA, USA. Titan’s short pulse beam was used, operat-
ing with Ag =1.053 pm, temporal duration 79 = 200 ps
(full width at half maximum, FWHM) and variable to-
tal energy on-target in the range Ey = 50 — 170 J. The
beam is stretched by changing the effective spacing of
the gratings in the compressor, which resulted in a slight
frequency chirp of the laser as a function of time. This
was measured with a spectrometer coupled to a streak
camera, and amounted to a ~ 5 nm change as a function
of time (higher wavelength at earlier times). This has
a negligible effect on the LPI dynamics under investiga-
tion here. The beam was focused using an f/10 off-axis
parabolic mirror (OAP) to an elliptical spot of diameter
do = 16 x 27 ym? (FWHM), as determined from focal



spot images. By using an OAP (i.e. reflective-based
focusing optic), we ensure that light of all wavelengths
constituting the 5 nm bandwidth laser pulse focus to the
same point in space. Centered on the maximum, a cir-
cle of diameter dy = 30 pm contains 0.25Fy. The beam
is Gaussian in both time and space, with the aforemen-
tioned parameters resulting in an average intensity range
Inwe = 1 —3 x 10'® Wem™2. To facilitate comparison
to the PIC simulations shown in the following section,
which simulate only the high intensity part of the pulse
temporally and spatially, we instead refer to the laser in-
tensity in terms of the peak (in time and space) intensity
value. This corresponds to a range Iy = 2 — 6 x 106
Wem™?2 experimentally. The beam was focused in the
center of a helium (He) gas, generated by a supersonic
gas jet nozzle with aperture diameter equal to 4 mm and
design Mach number M = 6.3. Irradiation of the He gas
by the leading edge of the laser pulse results in the cre-
ation of a quasi-homogeneous plasma, as determined by
radiation-hydrodynamic simulations detailed in the fol-
lowing section. As the main pulse arrives, SRS is seeded
and EPWs are driven. The damping of these waves re-
sults in the acceleration of hot electrons'®. The acceler-
ated electrons were sub-sampled using an electron, pro-
ton, positron spectrometer (EPPS)3Y containing BAS-
SR image plate as the detecting media®!, situated 63 cm
downstream of the interaction region and angled 7° be-
low the horizontal laser propagation axis. The electron
spectrometer collects electrons in a solid angle equal to
4.7 x 107 Sr. A schematic of the experimental setup is
shown in Fig. 1a.

The plasma electron density was varied by adjusting
the backing pressure of the gas jet system in the range
P = 200 — 1000 psi, corresponding to a measured elec-
tron density n. = 0.3 — 1.5%n.. The electron density is
determined via Abel inversion of interferograms recorded
on each laser shot, using a coherent short pulse laser with
Ao =0.527 pm and 79 = 70 ps to probe the plasma trans-
versely, t = 700 ps after arrival of the peak of the main
pulse. Abel inversion is performed using the wavelet anal-
ysis software Neutrino®?. An example density map for
P = 400 psi and Iy = 2x10'® Wem—2 is shown in Fig. 1a.
Figure 1b displays the calculated average (across the lon-
gitudinal direction) electron density extracted from mul-
tiple interferograms using several gas jet pressures for
Iy = 2 x 10'® Wem™2, exhibiting a clear linear trend.
The error associated with the density measurement at
the laser focal point is 6%, equal to the standard de-
viation of the fit to the data. Across the longitudinal
axis, the variation in density is below 10% within a 1
mm distance from the focal point. Further details of
the analytical technique for extracting electron density,
associated errors, and additional example data images
are given in Section A of the Supplementary Information
file?3. Section B of the Supplementary Information file
contains simulation results and discussion that provide
confidence in the quoted density measurement shown in
Figure 1b being reflective of the density during the inter-

action around ¢t = 0 ps.

Figure 2(a-c) displays example electron spectra
recorded by the electron spectrometer for Iy = (6,4, 2) x
10'6 Wem ™2, respectively, with consistent color schemes
representing different values of n. across the three sub-
figures. The hot electron slope temperatures (T') are la-
belled for the high energy portion of the corresponding
spectra. Figure 2d displays the maximum energy of elec-
trons detected (&40 ) of the measured electrons shown in
Fig. 2(a~c) as a function of n., while Fig. 2e displays the
total energy of the measured electrons. The error bars in
Fig. 2d are a result of the uncertainty in distinguishing
the electron signal above the noise level, while in Fig. 2e
the error bars are a result of the uncertainty in converting
from photostimulated luminescence to electron number —
detailed in Bonnet et al.?!.

From the experimental data and analysis shown in
Fig. 2, clear increases in the overall number of electrons,
T and €,,4, are measured as functions of both n. and
Iy. The clear parametric difference is that for the high-
est intensity and above a density threshold (Iy = 6 x 10'¢
Wem™2 and n. > 0.9%n,.) a two-temperature distribu-
tion is evident. This is indicative of two sets of distinct
EPWs with different parameters: one responsible for gen-
erating the high energy tail of the electron distribution
and the other generating the numerous, low energy elec-
trons. The range that the temperature fits were per-
formed within correspond to the regions where a single
distribution is apparent. In the following section, rep-
resentative simulation results are shown to explore the
EPW dynamics and the generated spectra compared with
the experimental results.

Il. SIMULATIONS OF ELECTRON ACCELERATION
DRIVEN BY NEAR-FORWARD STIMULATED RAMAN
SCATTERING

To investigate the underlying physics responsible for
the clear parametric dependencies of the accelerated elec-
trons in our experiment, we incorporate a simulation
workflow that uses two simulation codes. The first code
used in this process is the radiation-hydrodynamic code
FLASH?*, which is used to calculate T, based on the laser
and target parameters used experimentally, in addition
to bench-marking the interferometry measurements as
detailed in Section B of the Supplementary Information
file*3. FLASH operates in 2D cylindrical R— 2z symmetry,
and uses adaptive mesh refinement with a minimum grid
size of 2 pm. The laser was injected along the z-axis with
7o = 200 ps (FWHM), irradiating a homogeneous He gas
sphere of 4 mm diameter, with the target’s atomic evo-
lution calculated from PROPACEOS EOS and 6-group
opacity tables. Within the temporal FWHM of the laser
pulse, the calculated electron temperature is T, ~ 2 keV
at the center of the plasma and 7, > 1 keV within a
cylindrical region of area 2 mm x 20pum (longitudinal
length and transverse radius, respectively). Note that
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FIG. 2. (a~c) Electron spectra recorded by the electron spectrometer for five values of plasma electron density n. and peak laser
intensities Ty equal to: (a) Ip = 6 x 10'® Wem ™2, (b) Io = 4 x 10'® Wem™2 and (c) Ip = 2 x 10" Wem ™2, A temperature fit
to each spectrum was performed, with the hot electron slope temperature 7' labelled next to the corresponding spectrum. The
fit was performed in the range bound by the colored dashed vertical lines, where the electron temperature can be accurately
described by a single temperature dependence. Note that the data series shown in (a-c) correspond to the legend shown in (a).
(d) €maz and (e) total energy contained in the accelerated electron population per solid angle Q as a function of n. for the

three values of Iy explored experimentally.

the ionization state Z of the plasma at the leading edge
of the main pulse is exclusively Z = 2 (i.e. fully ionized).
Further, the plasma density over 7y is roughly constant,
as shown in Section B of the Supplementary Information
file33.

The second code used is the multi-dimensional PIC
electromagnetic code OSIRIS 4.0%9737, which captures
the LPI dynamics. We use 2D simulations in cartesian
geometry. The plasma was initialized as fully ionized,
with a fixed electron temperature T, = 1.5 keV (based
on information obtained from the FLASH simulation dis-
cussed above) and electron densities of n, = 0.5%n.,
1%n. and 1.6%n.. The simulations use normalized pa-
rameters as each simulation corresponds to a family of
cases with different absolute values for the laser wave-
length and plasma density. Here we assume that the laser
wavelength, \g =1.053 nm, for which the simulation box
is 420pum x 50 pm (longitudinal and transverse, respec-
tively), with a 50 nm mesh resolution so as to resolve the
Debye length (Ag ~ 90 nm) and with 64 electrons and

He ions per cell. The laser enters from the left vertical
boundary and leaves from the right, and open bound-
ary conditions are used for the fields and thermal bath
boundary conditions for the particles at all four bound-
aries. The laser pulse has a flat-top duration 79 = 5 ps
(50 fs rise time) and spot size dy = 6 pm (FWHM), cor-
responding to a beam waist radius wyg = 5 um - which is
roughly equal to half the FWHM spot size of the smallest
dimension of the elliptical laser spot used experimentally.
A smaller spot was used as SRS is generally higher in 2D
than in 3D for the same intensity and spot size. The
simulation progresses in 0.06 fs time-steps. The peak
laser intensity investigated using the PIC simulations is
in the range Iy = (0.3 — 1) x 10" Wem™2, simulating
the highest intensity portion of the beam expected ex-
perimentally for each intensity case, as explained in the
latter half of Section A in the Supplementary Information
file33. This discussion details the role of ponderomotive
self-focusing®3®, which is indicated in the interferometry
data. By choosing to simulate the temporal and spatial



pulse peak, we can elucidate the dynamics occurring at
the highest intensity portion of the interaction.

To provide an overview of the overall behavior cap-
tured in the simulations representative of the laser-
plasma interaction occurring in the high intensity region
of the pulse experimentally, Fig. 3(a-c) displays the lon-
gitudinal electric field (E,) of the EPWs at time ¢ = 4.3
ps (where t = 0 ps refers to the laser leading edge en-
tering the simulation domain at the left boundary) for
three values of n., increasing from top to bottom, and
Iy = 1 x10'7 Wem™2. The red circles represent electrons
with energy € > 150 keV. The electron spectra over the
entire displayed region of the simulation box at t = 4.3
ps are shown in Fig. 3d for the three density cases. With
comparison to the experimental spectra shown in Fig. 2a,
the spectra are similar in terms of overall trend and ¢4,
providing confidence that the simulations are reflective of
the physics occurring in the experiment at the peak in-
tensity. In particular, a two temperature distribution is
apparent for the n, > 1.0%n.. cases, with a sharp fall-off
present in the low density case. The low intensity sim-
ulations do not exhibit a two-temperature distribution,
and we therefore focus our discussion to explaining the
density dependence for the high intensity cases.

For all three density cases simulated, SRS forward scat-
ter is observed, as evidenced by the non-zero E, regions
indicative of EPWs in the center of the simulation box
in Fig. 3(a-c), with a wave vector parallel to the laser
propagation axis. Unique to the two higher density sim-
ulations is the generation of near-forward SRS close to
the right boundary of the simulation domain displayed,
which results in generated EPWs with plasma wave an-
gles § = 45 — 60° with respect to the laser axis. This
near-forward SRS first grows obliquely near the focal spot
of the laser and subsequently evolves convectively in the
forward direction, with the EPWs reaching largest ampli-
tude near the end of the simulation domain. Additional
simulations were performed, with longitudinal and trans-
verse axes twice as large. Similar results including the
position of high energy electron generation were exhib-
ited, confirming there are negligible boundary effects. In
all cases the field amplitude at the simulation boundaries
is within the noise level. In Fig. 3c, the electrons appear
bunched together in the potential energy minima of the
plasma waves, indicative of the SRS process in our pa-
rameter regime. For both the forward and near-forward
SRS driven EPWs, the amplitude of F, increases with
increasing n.. F, reaches a maximum value of E, ~ 90
GVm™! in the high density case shown in Fig. 3¢ for
the oblique EPWs, with the direct forward EPWs reach-
ing only a fraction of this value. Note that electrons
driven by the oblique EPWs will accelerate some elec-
trons at angles approaching the laser axis (i.e. 0°), due
to the crossing wave potential deflecting them from their
original trajectory. This is visualized in Fig. 3e, which
displays a histogram of electron number density for the
high density case for electrons accelerated with an angle
of 8° 4+ 1° which is comparable to the 7° viewing angle of

the electron spectrometer as fielded in the experiment.
Figure 3f displays a summation of electron density at
these angle over the entire time of the simulation. The
maximum electron energy in this angular band is similar
t0 Emaz Of the spectra shown in Fig. 2a, indicating that
the experimental observations are consistent with simula-
tions that point to the presence of obliquely propagating
EPWs.

For the high electron density case, we show in Fig. 4
the k-spectrum of the E, field. The near-forward SRS
EPWs are evident in peaks at (kg,ky,) ~ (0.25, 0.36)
and (0.20, 0.28), both giving angles of ~ 55°. Since the
laser is polarized in the plane, signals at |k| ~ 1 and 2
are also evident due to the laser propagating at non-zero
angles, and to ion acoustic waves from stimulated Bril-
louin scattering®® (a signal at 2k is also seen in the ion
density) and electron density modulations at the second
harmonic of the laser. The signal at k, = 0.13 is evi-
dence of direct forward SRS, and the signal at k, in the
range of 1.5 to 1.7 is a result of backward SRS. Although
backscatter is not directly discussed here, we note that it
initially grows prior to forward SRS in all the simulations
but, for the plasma densities and temperatures examined,
kAg > 0.7 for the resulting plasma waves. Therefore,
SRS backscatter is subject to very strong damping and
many nonlinear effects that saturate it at very low levels.
Once forward SRS is dominant, the SRS backscatter does
not grow similarly again, and therefore backscatter here
does not exhibit burstiness like what has been observed,
for example, in shock ignition relevant simulations and
experiments of SRS3%49. Nonlinear effects such as the
nonlinear frequency shift do not appear to be a factor
in saturating forward SRS, nor are there any ion wave
features indicative of saturation via the Langmuir decay
instability. We also note here that we have performed
other simulations with plane waves for similar parame-
ters, and the angles observed for near-forward SRS are
similar to the angles shown in Fig. 4. Simulations with
a finite-width laser pulse but longer rise time (300 fs vs
50 fs) also show the same angle for near-forward SRS,
though they show somewhat lower levels of direct for-
ward scatter. In addition, simulations with a linear den-
sity variation An, = 0.1n. over the simulation domain
also showed similar results and simulations with the laser
polarized out of the simulation plane also showed SRS
near-forward side scatter dominate at the right edge of
the box. A more complete exploration of the complex
interplay of multiple SRS processes and their saturation
mechanisms for this parameter regime is left for future
work.

We next consider how the forward and near-forward
SRS processes contribute to the resultant electron spec-
tra. Figure 5a displays the electron phase space for the
high density case (n. = 1.6%n,.), clearly showing a peak
in electron energy at an oblique angle with respect to
the laser propagation direction. Figure 5b displays a
snapshot of the electron spectra for electrons generated
by near-forward SRS (oblique) and those driven by for-
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ward SRS (forward) at ¢t = 4.3 ps. These two popu-
lations are discriminated by their location at ¢t = 4.3
ps; near forward SRS-driven electrons are present z >
1500k0 While forward-driven SRS electrons are located
T < 1500k_ . These electron populations are acceler-
ated predommantly by the EPWs located at those re-
spective locations. From Fig. 5b, it is clear that the vast
majority of high energy electrons in the simulations are
driven by the oblique EPWs. Quantitatively, this can
be understood by considering that the oblique EPWs
have a higher field amplitude, as seen in Fig. 3(b-c),
and also that they have a lower measured (from sim-
ulations) phase velocity vy, = w/k = 0.44c (where w
and k are the plasma wave frequency and wave num-
ber, respectively) than those generated by forward SRS
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FIG. 5. (a) Electron phase space plot for a peak laser intensity
Ip = 1 x 10'" Wem™2 and electron density n. = 1.6%n.
at time ¢ = 4.3 ps, showing the angular dependence of the
accelerated electrons. The plasma wave angle 6 is shown for
the oblique wave. (b) Separate electron spectra (at ¢ = 4.3 ps)
showing those electrons accelerated due to forward SRS and
those accelerated by near-forward SRS. Slope temperatures
T are given; in the case of forward SRS-driven electrons the
dashed red line indicates the cut-off energy the fit is performed
to. In the case of oblique electrons, the dashed black line
indicates the starting energy in the fit protocol.

(vp ~ ¢). The trapping potential U = |E|e./k ~ 50 keV
(where e, is the electron charge) of the oblique EPW is
close to 1/ 2mev35 of the electron distribution (where m,
is the electron mass), meaning there is potential for a
large number of electrons to be trapped in the oblique
EPW and strong Landau damping*! to occur, leading to
acceleration of the trapped electrons. Compared to the
slope temperature of the electrons in the region where
the oblique EPW is driven (z > 1500k, ') in Fig. 5b,
which is T' = 48 £ 3 keV, this further suggests that these
hot electrons are generated by the oblique EPW driven
by near-forward SRS.

With comparison to the experimental results, the slope



temperature of the high temperature component exhib-
ited experimentally, as shown in Fig. 2a, is comparable
to the oblique temperature in the simulations. Cou-
pled with the similar cut-off energy in both simulations
and experiment, we therefore attribute the high energy
electrons measured experimentally to be accelerated by
oblique EPWs. In the following section, we discuss via
analytical methods the generation of EPWs driven by a
propagating plane wave. We focus on the dependence
of laser and target parameters of the near-forward SRS-
driven EPW process, and the angular dependence of the
resultant EPW responsible for electron acceleration.

I1l. THEORY OF NEAR-FORWARD STIMULATED
RAMAN SCATTERING AS A FUNCTION OF
SCATTERING ANGLE, LASER INTENSITY AND
PLASMA DENSITY

The PIC simulations have shown that the spectrum of
SRS-generated EPWs is congregated into a small range
of angles and that the SRS scattered light corresponding
to these EPWs is at an angle in the forward direction. As
noted above, a similar observation was reported based on
PIC simulations®”-?® for similar normalized laser ampli-
tudes, slightly higher densities, and slightly higher tem-
peratures. In these earlier publications, a geometrical
picture was given for the existence of a critical angle for
the EPW from SRS, which is also useful to use in our
interpretation of the present work. It was shown from
wave number matching that the magnitude of the EPW
wave number k as a function of the incident laser wave
number kg, and the angle of the plasma wave with re-
spect to the laser wave number 0, is approximately given
by

k = kgcosf + (k% cosZ 6 — 2kpk0)1/2 (1)

where k, = w,/c. These values of k are shown in Fig.
4 as the dashed circle. This shows that the maximum 6
is given by cos@,, = (2k,/ko)'/?, and from geometrical
arguments this corresponds to a scattering angle of the
light wave given by 65, = 7/2 — 6,,. For angles of the
EPW less than 6,,, there are two solutions for 6, and k
which is why there is a & in Eq. 1. As argued in Ref.?®
df/dfs ~ 0 near the maximum angle for 6,,, causing
many modes to congregate near this angle.

The importance of this angle is further amplified due
to arguments given by Wilks et al.?S. They showed that
when Landau damping is included, the spatial gain can
be peaked at values of #,. For our parameters this also
corresponds to values of 6 near 6,,. This can be quickly
seen by calculating kA; at the critical angle. Using Eq.
1, it can be seen that kg ~ (2k0/kp)1/2vth/c, where v,
is the electron thermal velocity. For the parameters of
the experiment and the simulations kAy = 0.21 at this
angle. The magnitude of dk/df blows up at 6,, so that
kAg changes rapidly at this angle. Therefore, Landau

damping could impact SRS with light scattering angles
from 7 to /2 — O,,.

To be more quantitative, we use linear spatial theory
assuming the plasma wave can be described by fluid the-
ory with a damping term. Under this assumption, the
spatial growth rate x can be given by2%:

) 97 1/2
1 T r
K= %—I-(— p) -—2 (2
VgsaVgpa 4 Vgpa 2Wgpa
where vgp, and vy, are the x components of the group
velocities of the plasma waves and scattered light waves,

respectively, 7o is the maximum growth rate of SRS in
a homogeneous plasma in the absence of any damping

effects:
1/2
kag wf,
= — _— s 3
o 4 (w(wo - w)) ®)

and I', represents the Landau damping rate, given by

o= (%)1/2 (1;;2)3eXp[*(Zkr/\d)’2 -3/2. (4

In Eq. (2-3), ap = e.Eo/mewq is the normalized vector
potential or electron quiver velocity (where Ey is the laser
electric field amplitude) and Ay = \/eokpTe/€2n, is the
Debye length. As ag and w, are intrinsically linked to Iy
and n., respectively, it is apparent that increasing either
of these two terms results in a higher spatial growth rate.
This formalism ignores the damping effects of electron-
ion collisions, as the collision frequency 7. is negligible
for even the highest density case investigated here (7, ~
70 ps). The angular dependence varies according to the
direction of propagation of the plasma waves, and comes
in via Vgp, and vg4s, which are given by

Vope = 3(ko — ks cos 05) (V2 Jw,) = 3k cos v, Jw,  (5)

for the plasma wave (where kq is the scattered light wave
number) and

Vgse = ksc? cos O Jws (6)

for the scattered light wave. Inserting the above formulae
into Eq. 2 provides the spatial gain as either a function
of 65 or 0. In Fig. 6a we plot k as a function of 6 for
the three electron densities and laser intensity (I = 107
Wem—2) simulated. This clearly shows that the geomet-
rical effects and the fact that Landau damping begins to
affect EPWs for angles near 6, leads to a pronounced
peak in the spatial gain for angles near 6,,. We note that
for the parameters considered in this paper, kAg for large
values of 05 can even exceed unity. Therefore, the use of
the fluid description with a Landau damping term will
not work for these angles. However, this does not affect
the range of angles plotted in Fig. 6. Figure 6b displays
a matrix illustrating how s changes with both n. and



Iy at the optimum 6 for EPW generation, for the entire
parameter-space investigated in this paper. x strongly
affects the level of SRS generated, and therefore the po-
tential of the EPW| scaling exponentially. Therefore, a
small drop in either laser intensity or electron density
will significantly reduce the EPW field strength and re-
sult in less efficient electron acceleration, as seen both
experimentally in Fig. 2 and in the simulations in Fig. 3.
Qualitatively, Fig. 6 is in good agreement with these re-
sults, showing a strong peak x for higher values of I, and
Ne.

The optimum 6 observed in the PIC simulations is close
to this theoretical estimate. However, the theory assumes
a plane wave pump while the simulations use a finite
width laser. For such cases scattered light can leave the
laser spot before it acquires the full spatial gain. There-
fore, light scattering at larger angles (and the EPW for
this scattered light angle) may not be amplified as much,
leading to the largest growth occurring at smaller an-
gles than that predicted in Fig. 6. We have, however,
performed simulations with a plane wave and seen the
largest EPWs are at similar angles.

In the simulations two EPWs are driven oblique to the
laser-axis, accelerating electrons at the same angle with
respect to the laser propagation direction on either side
of k = 0. As realized experimentally, this behavior would
be expected to result in the acceleration of electrons in a
cone around the laser axis bound by ~ 6. As mentioned
in Section II, this is due to the crossing wave structure of
the oblique EPWs, resulting in a change of direction of a
large portion of the accelerated electrons from the angle
the oblique EPWs are driven. In reality the acceleration
of electrons in such plasma waves can be rather compli-
cated and perhaps even stochastic. The acceleration of
the electrons is further complicated by the fact that the
laser itself can cause electrons to be accelerated forward
due to the vx B force. Since these electrons are also mov-
ing transversely due the laser field they move obliquely
forward. This was discussed in Ref.?” and is seen in 1D
simulations of the experimental parameters. However, we
have carried out simulations with the laser polarized out
of the plane and still observe electrons moving forward
at similar angles in the simulation plane.

CONCLUSIONS

This article reports on experimental and simula-
tion results systematically exploring electron accelera-
tion driven by near-forward SRS in the interaction of
intense laser pulses with underdense helium plasma tar-
gets. For the higher density and laser intensity cases
examined both in experiment and simulations, the elec-
tron spectrum in the near-forward direction fundamen-
tally changed into a two-temperature distribution with
T = 34+ 1 keV on the experiment, more than ten
times that at the lowest intensity and density case with
measurable signal. Particle-in-cell simulations show that
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FIG. 6. (a) Spatial growth rate of the electron plasma wave
(EPW) as a function of plasma wave angle for the three elec-
tron densities used in the simulations (0° refers to the angle of
laser propagation) and peak laser intensity Ip = 101" Wem 2.
(b) Laser intensity and electron density map of the spatial
growth rate of the EPW for the full domain investigated ex-
perimentally, at the angle of maximum growth rate for each
case.

the high temperature component of the distribution is
driven by near-forward SRS, preferentially exciting elec-
tron plasma waves at large angles (6 > 45°) with respect
to the laser propagation axis. The existence of a prefer-
ential oblique angle for forward scatter in correspondence
with simulation and experimental results is supported by
theoretical arguments given in Refs?6 28,

SUPPLEMENTARY MATERIAL

See the Supplementary Information file? for the data
and analysis associated with both the interferometer and
radiation-hydrodynamic simulations for plasma density
measurements. References cited exclusively in the sup-
plementary material are Refs?? 44,
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