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ABSTRACT

We report on a study of laser plasma instabilities with 527 nm laser pulses in an intensity range of 0.5 x 10" — 1.1 x 10" Wem ™2 and
plasma parameters entering a regime that is relevant for direct drive inertial confinement fusion. Using the kilojoule high repetition rate L4n
laser at the Extreme Light Infrastructure—Beamlines, more than 1300 shots were collected, and the onset and the growth of stimulated
Brioullin scattering (SBS) and stimulated Raman scattering (SRS) were studied with a high confidence level. The measured onset intensities
are 0.2 x 10" Wem ™2 for SBS and 1.4 x 10 Wem ™2 for SRS. At the maximum intensity, the total fraction of backscattered energy reaches
2.5% for SBS and 0.1% for SRS. These results are of high relevance for advanced concepts for inertial fusion energy, which rely on the use of
527 nm laser light to drive the implosion of the fuel target, and in particular, they can be used as a benchmark for advanced simulations.
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I. INTRODUCTION

More than 60 years of research in inertial confinement fusion
(ICF) came to fruition with the recent demonstration of ignition and
net energy gain at the National Ignition Facility (NIF)." This result
strongly supports the work of several recently founded startup compa-
nies that pursue the goal to commercialize fusion energy within a few
decades.” The step from understanding the fundamentals toward an
actual power plant sets additional requirements and constraints. In
particular, the fusion energy gain must be high enough to compensate
for the electrical energy consumption of the plant, stable long-term
operation must be ensured, and operational costs of the facility must
be kept low. The recently established company Focused Energy has

presented a concept to address these requirements.” One aspect is the
use of laser light with a wavelength of 527 nm to compress the fusion
pellets, which will be discussed below.

In ICE" lasers with intensities in the range 1 x 10™ — 1
% 10" Wem ™2 are used to drive the implosion of a capsule, which con-
tains the fuel in order to achieve sufficient areal density, hotspot tem-
perature, and confinement time required by the well-known Lawson
criterion.® At these intensities, a plasma corona is formed at the target
surface with a density scale length that is typically of the order of sev-
eral 100 um and an electron temperature around a few keV. Under
these conditions, the laser field can couple to electron and ion-acoustic
plasma waves and coherently transfer energy to the growing plasma
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waves and scattered light waves.” The various laser plasma instability
(LPI) mechanisms are usually classified based on the participating
waves. Most relevant for ICF are stimulated Brillouin scattering (SBS),
cross-beam energy transfer (CBET),” stimulated Raman scattering
(SRS),” and two plasmon decay (TPD).”'""” TPD is the decay of an
incoming laser photon into two electron plasma waves, SRS is the
decay of a laser photon into an electron plasma wave and a scattered
photon, and SBS is the decay of a laser photon into an ion-acoustic
wave and a scattered photon. CBET is the energy transfer from one
laser beam to another intercepting beam in the plasma corona, when
ion-acoustic waves are driven resonantly. All these effects are detri-
mental to ICF because they can significantly impact the implosion
through reduced laser-energy coupling, increased illumination non-
uniformity, and hot electron preheat.'* '

So far, the ICF community has preferred shorter wavelengths for
the compression pulses because of an improved laser-target coupling,
higher ablation pressure for a given intensity, and reduced LPIs."*'” In
particular, the primary absorption mechanism is collisional absorp-
tion,”” which is more effective at shorter wavelengths, since the laser
can propagate to higher densities where the collision rate is larger.
Therefore, existing ICF research facilities like the NIF,>! OMEGA,”
and the Laser MegaJoule (LMJ)*" operate at a wavelength of 351 nm,
the third harmonic (3w) of the 1053 nm fundamental (1) of Nd:glass
lasers. On the other hand, there are considerable advantages of longer
wavelengths for an actual ICF power plant, which is why Focused
Energy is pursuing the commercialization of inertial fusion energy
using 527 nm (2w) laser light for compression of spherical cryogenic
deuterium-tritium targets.” The main advantages of 2w light com-
pared to 3w are higher damage thresholds of optics, more available
laser energy, and potentially larger spectral bandwidth, which is impor-
tant for laser smoothing techniques and mitigation of LPIs. Unlike at
existing facilities where frequency conversion is done close to the target
chamber in order to minimize the number of transport optics for
351 nm light, the frequency conversion optics can be installed directly
after the final amplifier. This reduces the costs for the beam transport
and prevents the damage risk for high value frequency conversion
optics due to the harsh conditions (e.g., the high neutron flux) close to
the interaction point. This option is supported by recent progress in
LPI mitigation techniques,”" ** which could help to overcome the
drawback of lower LPI intensity threshold at longer wavelengths.

While much work has been done to characterize LPIs with
351nm light especially at NIF and OMEGA,” " experimental data
with 527 nm light are scarce. Especially with the focus on the direct
drive approach, which is considered beneficial for commercial fusion
energy because of a higher laser to target coupling efficiency compared
to indirect drive,” only a few relevant experimental studies of LPIs with
2w light can be found. Some early work on SRS has been done by
Turner et al.”” in the 1980s. By irradiating Au and Be disk targets with
up to 150] with 0.9ns pulses focused to a 75um spot size, they
observed broad SRS spectra in the 700-900 nm range, which were pre-
dominant in backscatter direction with a total energy fraction of 10~*
with respect to the incident laser energy. In a later work, Turner et al.””
observed less SRS using a 260 nm laser driver compared to a 530 nm
laser. This effect was significantly more pronounced in gold (Au) tar-
gets compared to plastic (CH) targets, which was explained by
collisional damping of the Raman instability in high-Z targets.
Additional SRS measurements with flat Au targets and laser intensities
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in the 1 x 10* — 1 x 10'Wcm™2 range were done by Drake et al. in
the 1980s.”*"” The main observations were broad spectra in the
750-950 nm range, a fast growth of the SRS fluence over three orders
of magnitude when the laser intensity was increased from 1 x 10™ to
2 x 10°Wem™2. It was observed that the SRS fluence saturates for
higher intensities. Furthermore, the measured SRS signal was maximal
in backscatter direction (180°) with some sidescatter contribution up
to 120°. SBS has been studied with 527 nm in comparison to 351 nm
laser pulses by Depierreux et al. in 2009 and 2012.”*"” Using planar
CH targets, they observed similar saturation levels around 10% for
both wavelengths and an onset of SBS at 3 x 10Wem™ with
527 nm light and at 5 x 10"*Wcm ™2 with 351 nm light.

For the experiments mentioned above, the number of data points
was strongly limited due to the low repetition rates of the used laser
systems. In this article, we report on an extensive study of SBS and SRS
with 527 nm laser pulses in an intensity range of 0.5 x 10 — 1.1
x10""Wem 2 and plasma conditions with a density scale length of
about 200 um and an electron temperature of 1-2keV with more than
1300 shots. Even though the density scale length and electron tempera-
ture in the corona are about a factor of 3 lower than in an ignition tar-
get, the coronal plasma conditions are approaching the regime that is
relevant for direct drive ICF. The onset and the growth of the instabil-
ities were measured with a high confidence level. A narrow spectral
bandwidth laser was used in the experiment, and it is expected that the
results give a lower limit of the laser intensity thresholds for the onset
of SBS and SRS for a given set of plasma parameters. It is predicted
that broad spectral bandwidth light will mitigate LPI leading to higher
thresholds.

Il. EXPERIMENTAL SETUP

The experiment was performed at the recently commissioned
high repetition rate, nanosecond, kilojoule L4n laser at the Extreme
Light Infrastructure (ELI)—Beamlines.”* *’ A schematic of the experi-
mental setup is shown in Fig. 1. Planar solid targets were irradiated
with frequency doubled light at varying intensities. The targets were
200 um thick polyvinyl chloride (PVC) foils, and the laser was incident
at 7° with respect to the target normal direction to minimize harmful
back reflections. While the L4n beamline nominally operates at a fun-
damental wavelength of 1053 nm, we used a KDP crystal to convert to
the second harmonic with a wavelength of 527nm. Square pulse
shaped laser pulses with a duration between 2 and 2.5 ns were used.
The focal spot diameter was 110 um (FWHM). We scanned the laser
energy from 0.1 to 2207, corresponding to an intensity range of
0.5 x 108 — 1.1 x 10®Wem 2. A dataset of over 1300 shots was col-
lected during the experimental campaign, thanks to the exceptionally
high repetition rate of the system.

LPIs were measured and characterized using a full aperture back-
scatter diagnostic (BSD) station,”’ which was recently commissioned
at ELL"* A fraction of the light scattered back from the target leaks
through the final turning mirror in front of the target chamber and is
subsequently transported to the BSD where it is split into different
channels for back scattered energy measurement, detection of the SBS
and SRS signals, as well as measurement of the 3/2 signal from
TPD. The SBS and SRS signals are measured spectrally and temporally
resolved using two Czerny-Turner spectrographs, which are coupled
to two streak cameras. In addition, two calorimeters with spectral fil-
ters were used to measure the total energy of the backscattered SBS
and SRS signals, respectively. The TPD signal is measured temporally
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FIG. 1. Schematic drawing of the setup of the backscatter diagnostics. See text for
details.

resolved using a high speed photo diode with a rise time shorter than
300 ps and a 44 nm bandpass filter centered around 357 nm in front of
the photo diode. A detailed description of the diagnostic and its
commissioning at ELI is given in Ref. 42.

Ill. RESULTS

Time resolved SRS and SBS spectra from a shot with 947, a laser
pulse duration of 2.4 ns and an intensity of 4 x 10'* Wem™ are shown
in Fig. 2. The spectral shift and broadening for both SBS and SRS
match results from comparable experiments conducted at other facili-
ties.”””*’ The central wavelength of the SBS signal is close to the laser
wavelength and the integrated bandwidth is around 1.4 nm. The total
temporal duration of the signal is 2.3 ns (FWHM) which is close to the
laser pulse duration, showing that at this laser intensity SBS occurs for
the bulk of the laser-plasma interaction. It is worth noting that while
the signal starts growing smoothly at the beginning, it stops more
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abruptly at the end of the interaction. This can be explained by the

need for the plasma to evolve first before the ion-acoustic plasma wave

can start to grow and induce SBS. On the other hand, SBS stops imme-
diately, when the laser intensity drops below the threshold intensity for
SBS at the tail of the laser pulse. The spectral maximum is at the laser

wavelength of 527 nm at the beginning of the interaction, and it is then

rapidly shifted to 526.5 nm within the first 200 ps where it stays till the
end. This blueshift can be explained by SBS growing in a plasma that
expands toward the incident laser.”® The constant wavelength shift
after 200 ps indicates that the plasma flow velocity has reached a steady
state after that time. This is also in agreement with 2D radiation hydro-
dynamic simulations which will be discussed in Sec. IV.

Comparable to other experiments,”’ we observe a significant red-
shift and broadening of the SRS signal. The total signal ranges over
about 80 nm from 750 to 830 nm. This corresponds to SRS driven in
an electron density range of n, ~ 0.09 1, to n, ~ 0.13 n., where n,
denotes the critical density for a wavelength of 527 nm. As discussed in
Ref. 44, this observed limitation of the density range where SRS takes
place can be explained by an interplay between collisional damping
and Landau damping through the variation of the damping rates with
plasma density. While Landau damping limits the spectrum at short
wavelength (low densities), collisional damping limits it at long wave-
length (high densities). Like the SBS signal, also the SRS signal breaks
off abruptly. Since this can be attributed to the end of the laser pulse
for both SBS and SRS, the offsets of the not absolutely calibrated time
axes were set to show the turn-offs of the SBS and SRS signals at the
same time in Fig. 2. The total temporal window within which a SRS
signal above the noise level was detected at this shot is 1.8 ns and the
FWHM of this signal is only 1.1 ns (FWHM). In contrast to SBS, this
is much shorter than the laser pulse duration. This difference can be
explained by the different evolution of the intensity thresholds for SBS
and SRS, which will be discussed in Sec. IV.

The variation of absolute and relative SBS and SRS energies with
increasing laser intensity are shown in Figs. 3 and 4. The figures include
the calorimeter data as well as time and wavelength integrated signals
from the streak camera images, which were rescaled to match the abso-
lute energy values measured with the calorimeter. Thanks to the higher
sensitivity of the streak cameras, this allows to inspect the trends of data
points in the lower laser intensity range, where the SBS and SRS signals
were below the detection threshold of the calorimeters. We observe a
rapid growth of the SBS energy over three orders of magnitude
within the laser intensity range from 2 x 10" to 1 x 10" Wem™2. At
this intensity, the total SBS reflectivity reaches a value of about 1%

=N
u o
o o
)

FIG. 2. Time resolved SBS spectrum (left)
and SRS spectrum (right) from a shot
with 94 J laser energy, a laser pulse dura-
tion of 24ns, and an intensity of
4 % 10" Wem~2. Because of the lack of
a timing fiducial, the time axis were
adjusted such that the signal falling edge
of the SBS and SRS pulses were aligned
with the falling edge of the laser pulse.

Intensity / (arb. units
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FIG. 3. Backscattered SBS energy measured with a calorimeter (orange crosses)
and from the integration and rescaling of the streak camera images over time and
wavelength (blue points). In (a), the absolute energy values are shown, and in (b),
the energy fraction with respect to the incoming laser energy is shown.

[see Fig. 3(b)]. For higher laser intensities, the SBS signal continues
growing exponentially but with a lower exponent [compare exponential
fits in Fig. 3(2)]. At an intensity of 1.1 x 10°Wcm ™2, a total reflected
energy fraction of 2.5% is reached.

The SRS signals (see Fig. 4) show a similar general behavior with
a fast growing at the beginning which turns abruptly into a slower
growth. However, the onset of the instability is observed at a higher
intensity of 1.4 x 10Wcm™2 and the change of slope appears at
3 x 10"Wem™2. At this intensity, the total reflected energy fraction is
0.01% and it reaches about 0.1% at the intensity of 1.1 x 10" Wcm >

A possible explanation for the rapid onset of the LPI signals with
intensity at the beginning, which turns abruptly into a slower growth
for higher intensities is given by a theoretical study by Vu et al. in
2007." According to this theory, LPIs first start to grow in speckles or
hot spots of the laser pulse profile, where the intensity exceeds the
average intensity. The generated waves can then seed LPIs in other
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FIG. 4. Backscattered SRS energy measured with a calorimeter (orange crosses)
and from the integration and rescaling of the streak camera images over time and
wavelength (blue points). In (a), the absolute energy values are shown, and in (b),
the energy fraction with respect to the incoming laser energy is shown.

speckles leading to a rapid onset of the overall instability at a critical
intensity. For SRS, this effect can be enhanced by the onset of electron
trapping in the laser speckles which Vu et al. call inflation threshold.

IV. SIMULATIONS AND DISCUSSIONS

In this section the measured onset of SBS and SRS is compared
with single beam intensity thresholds from Refs. 46 and 47. At these
intensities, the growth rate surpasses the loss rates from wave damping
and the plasma wave starts to grow exponentially. In Egs. (1) and (2),
the intensity thresholds are given in units of 1 x 10Wem~2, L, is
the electron density scale length in units of micrometer, 4 is the laser
wavelength in units of micrometer, T, is the electron temperature in
units of keV, L,, is the scale length of the Mach number profile (plasma
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flow) in units of micrometer, 7, is the critical density, and n, is the elec-
tron density.

Ithr(SRS) ~ 900W7 (1)
T, n.

Iin, (SBS) = 70 —. 2

thr (SBS) T n 2

It should be noted here, that in the literature, Eq. (1) is usually
only used for absolute SRS or side scatter SRS, while for convective
backscatter SRS another formula is used, where the intensity threshold
scales as ﬁ.w However, as discussed in Ref. 7, the latter formula only
applies for densities n, < 7, /4. For higher densities as in this experi-
ment, a correction factor must be applied and the scaling becomes as
in Eq. (1).

The formulas show that for higher wavelength both instabilities
start to grow at lower laser intensities, confirming that LPIs are more
critical for 2w light compared to 3w light. To calculate the intensity
thresholds for this experiment, the plasma parameters for our laser
and target conditions were simulated with the 2D radiation hydrody-
namic code DUED." The code describes laser heating by using ray-
tracing, with the classical dispersion relation for electromagnetic waves
in a plasma and collisional absorption. The temporal pulse profile of
the 2 ns long pulses was modeled with a trapezoidal shape with a 0.1 ns
long ramp up followed by a plateau and a 0.1 ns long ramp down to
zero. For the focal spot, a Gaussian distribution was used with a
FWHM of 110 um.

An example for simulated plasma parameters for a laser energy
of 200] and an intensity of 1 x 10®*Wcm ™2 evaluated after 1ns is
shown in Fig. 5. The parameter z denotes the axial distance from the
target. The target front surface was initially placed at z= 200 um. The
electron density shows a typical exponential decay in the underdense
region with a scale length of about 170 um at a density of 0.17,.. The
electron temperature peaks at a value around 1.8keV at the critical
density and drops to 1.6keV at quarter critical density and to 1.3 keV/
at 0.1n.. In this region, the plasma flow velocity is positive, showing
that the plasma flows from the target in the direction toward the laser.
The flow velocity increases slowly for higher distances from the target
surface with a scale length of about 400 um at 0.1#,.

The absorbed laser energy fraction at different locations in the
plasma can be retrieved from the simulation. In the region up to n./4,
which is most relevant for the observed LPIs, typically around 20% of
the laser energy is absorbed, while most of the absorption (up to 80%)
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happens in the higher density region between n./4 and .. This shows
a minor depletion of the driving laser wave from collisional absorption,
which will not significantly affect the onset and generation of LPIs. On
the other hand, the scattered waves can also be re-absorbed in the
plasma through collisional absorption. The collisional absorption coef-
ficient can be calculated with the standard formula as given in Ref. 50.
For the plasma conditions of our experiment, we estimate absorption
coefficients of xgps ~ 3 x 10™* um for SBS and xgrs ~ 8 x 107* um
for SRS. This corresponds to an absorption of about 5% for the SBS
wave and 13% for the SRS wave over the scale length of 170 um.

Simulations were done for three different laser intensities
0.5 x 10, 2.6 x 10, and 5.3 x 10"Wcm~2. As in the experiment,
the laser intensity was varied in the simulation by changing the laser
energy while keeping the spot size and pulse duration fixed. For the
calculation of the threshold intensities for SBS and SRS, the plasma
parameters were retrieved for different time steps during the laser-
target interaction. Figure 6 shows the evolution of the ratio of the laser
intensity and the calculated threshold intensities for SBS and SRS.
When this value exceeds 1, the laser intensity is above threshold and
the instability can start to grow.

All curves rise fast in the first few 100 ps due to the ramp up of
the laser intensity and the formation of the plasma. As the laser plateau
is reached, the SRS threshold continues decreasing due to the ongoing
growth of the electron density scale length L,,. Similarly, the SBS
thresholds continue decreasing because the plasma flow velocity scale
length increases. In the last 100 ps, all curves drop rapidly due to the
ramp down of the laser intensity. For 0.5 x 10 Wcm 2, the intensity
stays below the SRS threshold during the interaction while the SBS
threshold is just reached but not exceeded for a duration of about
1.5ns. For 2.6 x 10¥Wecm~2, the SRS and SBS thresholds are passed
after 0.8 and 0.15ns, respectively. As expected, for the intensity of
5.3 x 10¥Wem™2, the thresholds are passed at earlier times, after
0.4 ns for SRS and 0.1 ns for SBS. These simulation results explain the
temporal features of the SRS and SBS signals observed in the experi-
ment with a smooth growth in the beginning, a rapid drop at the end,
and a longer duration of the SBS signal compared to the SRS signal.
Remarkably, the measured duration of the signals for the discussed
case with an intensity of 4 x 10Wcm™2 (see Fig. 2) and time win-
dows during which the intensity thresholds are exceeded for a simu-
lated intensity of 2.6 x 10™Wcm ™ fit quite well.

From the simulations, the onset of the instabilities would be expected
around 0.5 x 10¥Wcem™2 for SBS and around 2 x 104Wem~2 for
SRS. Both is about a factor of two higher than the experimentally observed

1.00 8
(b) o=
< FIG. 5. Plasma parameters from 2D radia-
mE -6 tion hydrodynamic simulations for a square
S pulse with 2ns duration, a laser energy of
& o = 2 200J and an intensity of 1 x 10" Wem 2
L > evaluated after 1ns. The parameters are
calculated along the symmetry axis of the
L 5 simulation. In (a), the blue line shows the
— = —T(keV) 04 electron density normalized to the critical
density for 527 nm and the orange dashed
0.01 L L L 0.0 L I L 0 line shows the electron temperature. In (b),
130 230 330 430 130 230 330 430 the plasma flow velocity is shown.
z/pm z/um
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FIG. 6. Ratio of the laser intensity and the calculated threshold intensities for SBS
(@) and SRS (b) for three different laser intensities.

onset intensities as discussed above. This difference could be attrib-
uted to an inhomogeneous intensity distribution in the focal spot.
An analysis of the focal spot profile shows that there are hot spots
with intensities around 2 times higher than the average intensity.
Hence, the intensity thresholds are first exceeded in these hotspots,
triggering the instabilities already at average intensities that are a
factor of two lower than the calculated threshold.

V. CONCLUSION

Thanks to the high repetition rate of the ELI L4n laser, we have
collected a conclusive dataset for backscattered SBS and SRS with
527 nm laser pulses for conditions that are approaching a regime that
is relevant for ICF. The onsets and the growth of the instabilities with
increasing laser intensity are measured with a high confidence level,
and the onsets are consistent with the performed 2D hydrodynamic
simulations. This dataset fills the gap of scarce ICF relevant LPI data
with 527 nm laser light and is of high relevance for advanced inertial

pubs.aip.org/aip/pop

fusion energy (IFE) concepts relying on frequency doubled pulses. It
should be noted that the onset intensities for LPIs in actual IFE designs
are expected to be lower than those presented in this study because of
the considerably larger density gradient scale length of reactor-size tar-
gets. However, the data are of great value since they provide a good
basis for further upscaling calculations. In particular, the dataset pre-
sented in this paper will be used as a benchmark for extensive LPI sim-
ulations in the future. Furthermore, the study shows that with 527 nm
laser pulses, even at the given scale length of the order of 200 um, SBS
and SRS thresholds are exceeded for intensities in the range of
1 x 10" — 1 x 10 Wem™2. This stresses the need to consider LPI
mitigating techniques such as applying increased laser bandwidth.”* Tt
is predicted that broad spectral bandwidth light will mitigate LPI lead-
ing to higher thresholds. Future experiments are planned to study LPI
with 2 broad spectral bandwidth light.
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