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Effects of hydrogen concentration in ablator material on stimulated Raman scattering, two-plasmon
decay, and hot electrons for direct-drive inertial confinement fusion
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Laser plasma instabilities, such as stimulated Raman scattering (SRS) and two-plasmon decay (TPD), are
basic phenomena in intense laser science and applications. In direct-drive inertial confinement fusion (ICF)
where a fuel capsule is imploded by high-power lasers, SRS and TPD are generally problematic because hot
electrons (HEs) generated by SRS and TPD cause fuel preheating, whereas HEs with acceptable energy are
expected to contribute to ablation pressure enhancement. In all cases, it is necessary to clarify the occurrence of
SRS, TPD, and subsequent HE generation. The ablator of a fuel capsule in direct-drive ICF typically consists
of carbon with a variable amount of hydrogen (H). We investigated the H effects in the ablator on SRS, TPD,
and HEs under direct-drive ICF conditions at the GEKKO laser facility in planer geometry. The experimental
results showed an increase in SRS, TPD, and HEs when H was present in the ablator. The analysis indicated
that the variations in plasma inhomogeneity and plasma temperature obtained by H addition were insufficient to
explain the observed results. Thus, the enhancement is mainly attributed to the high ion acoustic wave damping
driven by the H ions into the plasmas, suggesting that Langmuir decay instability caused SRS saturation, whereas
other mechanisms, such as cavitation, could overwhelm the TPD saturation. These results suggest that a suitable
choice of H concentration in the ablator is critical for mitigating and controlling the extent of SRS, TPD, and
HEs to achieve robust and efficient implosion in direct-drive ICF.

DOI: 10.1103/PhysRevResearch.5.033051

I. INTRODUCTION

In direct-drive inertial confinement fusion (ICF), a fuel
capsule of a spherical ablator containing cryogenic deuterium
and tritium fuel is typically irradiated by an intense laser
pulse of 1014 to 1015 W/cm2 [1–3]. Under such conditions,
parametric instabilities such as stimulated Raman scattering
(SRS) and two-plasmon decay (TPD) are considerable, and
the generation of hot electrons (HEs) is generally problematic
because they penetrate through the ablator, preheat the fuel,
and deteriorate the implosion of the capsule [4]. Conversely,
in advanced ICF schemes such as shock ignition [5], HEs
with acceptable energy (<100 keV) can also have beneficial
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effects on the implosion performance because they can be
absorbed inside the ablator and result in an enhanced ablation
pressure [6–8]. In all ICF schemes, a deep understanding of
HE generation is crucial for mitigating and controlling its
effects on capsule compression. HEs are typically produced
by Langmuir waves (LWs) driven by SRS and TPD, where
laser light decays into an electromagnetic wave (EMW) and a
daughter LW and into two daughter LWs, respectively [9,10].
The plasma composition is an important factor that determines
the extent of SRS and TPD [11–13]. In ICF, the ablator should
have a low atomic number (Z) to avoid unacceptable radiation
preheating and typically consists of carbon (C) with different
hydrogen (H) concentrations: polycrystalline diamond (0 to
∼10 at. %) [14–17], diamondlike carbon (∼10 to ∼50 at. %)
[18,19], and hydrocarbons (>∼50 at. %) [20]. Therefore, it is
important to understand the effects of H concentration in the
ablator on SRS and TPD.

In conditions typical for indirect-drive ICF, where the
internal surface of the hohlraum consisting of high-Z ma-
terial is irradiated to produce x rays driving the implosion
[2], an increase in SRS with increasing H concentration has
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been clearly demonstrated [21–24]. These results suggest that,
during laser interaction with homogeneous high-Z plasmas,
Langmuir decay instability (LDI) is a dominant saturation
mechanism of SRS through the decay of the SRS LW into
an ion acoustic wave (IAW) and secondary LW because the
LDI threshold increases with the IAW damping rate through
the H concentration [21–24]. However, in direct-drive ICF,
plasmas consist of low-Z ions and are spatially inhomoge-
neous. Under these conditions, the growth of laser plasma
instabilities is ruled by the limited resonance region where
the matching conditions apply, which consists of a strong
damping of LWs/EMWs that can also determine the instability
saturation. It is, therefore, clear that the effect of H addition
in inhomogeneous plasmas requires additional experimental
investigation. Theobald et al. [25] explored the effects of H
on SRS and HE amount in a spherical implosion experiment
in which enhanced SRS emission and HE generation were
observed for the H-rich target, which was then explained
by the occurrence of LDI. In the present experiment, which
was conducted under conditions relevant for direct-drive ICF
in planer geometry, an increase in both SRS and TPD, and
correspondingly in HE generation, was observed when H was
present in the ablator. It was found that the variation in plasma
inhomogeneity and temperature obtained by H addition was
not sufficient to explain the observed results, and the en-
hancement was therefore mainly attributed to the high IAW
damping driven by the H ions into the plasmas, suggesting
that LDI caused SRS saturation, whereas other mechanisms
such as cavitation and coupling of LWs with IAWs could
overwhelm the TPD saturation. These results suggest that a
suitable choice of H concentration in the ablator is crucial for
mitigating and controlling the SRS, TPD, and HE extent to
achieve robust and efficient implosion in direct-drive ICF.

II. EXPERIMENTAL CONDITIONS

A. Laser and target conditions

Experiments were performed at the GEKKO XII-HIPER
facility, where a planar target was irradiated with a quasis-
ingle beam [26]. Seven frequency-tripled laser beams (3ω:
λ = 351 nm, f /15, I ∼ 2.2×1015 W/cm2) with a Gaussian
temporal profile [full width at half maximum (FWHM) =
230 ps] were combined into an f /3 laser bundle delivering
an energy of 420–510 J. The spot size was 280 μm at the
FWHM, providing an envelope peak intensity of 1.9×1015

to 2.3×1015 W/cm2. Three frequency-doubled beams (2ω:
λ = 527 nm) were used as the prepulse to produce a pre-
formed scale-length plasma 200 ps before the main pulse.
They delivered 250 J in 240 ps with a Gaussian profile and
were focused on a spot of 850 μm FWHM for an intensity
of 1×1014 W/cm2. Examples of pulse shapes of the prepulse
for a laser intensity of 1×1014 W/cm2, the main pulse for
a laser intensity of 2×1015 W/cm2, and the total laser in-
tensity are shown in Fig. 1(a). The 3ω and 2ω beams were
mounted on random phase plates (RPPs) and kinoform phase
plates, respectively [27,28]. In the experiments, multilayered
targets with ablators with and without H (diamond 40 μm:
C; polyethylene 10 μm: CH2) were mainly employed, as
indicated in Fig. 1(b). A copper layer was employed for the

FIG. 1. (a) Examples of laser pulse shapes of the prepulse for a
laser intensity of 1×1014 W/cm2, the main pulse for a laser intensity
of 2×1015 W/cm2, and the total laser intensity. (b) Multilayered
target. Diamond: C, and polyethylene: CH2, were employed as an
ablator. A quartz layer was employed for shock measurements, which
is not shown in this paper.

absorption of HEs and was used as a marker for HEs via
Cu-Kα radiation for x-ray diagnostics.

B. Diagnostic conditions

The diagnostic configuration [29] is displayed in Fig. 2.
To evaluate SRS and TPD, backscattered light was mea-
sured using a time-integrated optical spectrometer (OCEAN
Optics, HR2000) and a time-resolved optical spectrometer
consisting of a spectrograph and optical streak camera (Hama-
matsu, C7700), both located behind the last turning mirrors.
The spectral resolutions were 2 and 3 nm, respectively, and
the sweep time window of the streak camera was 1.62 or
5.26 ns, leading to a time resolution of 20 or 50 ps. The
chromatic time difference in an optical fiber was corrected
by considering different reflective indexes based on the Mal-
itson equation in fused quartz [30]. Absolute calibration of
the light intensity measured by the time-integrated spec-
trometer was performed through cross-correlation with the
backscattered energy measured by a calorimeter [29,31]. For
the HE evaluation, bremsstrahlung continuum x-ray emis-
sion with energies >10 keV and Cu-Kα x-ray emission
(8.048 keV) were measured using a high-energy x-ray
spectrometer (HEXS) [32–34] and an x-ray spectrometer, re-
spectively. The HEXS consisted of a stack of image plate (IP;
Fujifilm, BAS-MS) layers [35] separated by metallic filters
with increasing Z, ranging from Al to Pb [32]. In the analysis,
the experimental dose value on each IP was compared with
the value given by Monte Carlo simulations of HE propaga-
tion into the target using PHITS code [36] to determine their
temperature. The x-ray spectrometer consisted of a highly

FIG. 2. Schematic of experimental configuration of measuring
instruments.
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FIG. 3. (a) Backscattered lights from time-integrated optical
spectrometer for CH2 in increasing laser intensity. (b) Typical
backscattered light from time-resolved optical spectrometer for CH2.

oriented pyrolytic graphite crystal and an IP (Fujifilm, BAS-
SR) arranged to detect a spectral range from 7.4 to 8.4 keV
including the Cu-Kα line.

III. CHARACTERIZATION OF SRS, TPD, AND HEs

In this section, the typical experimental results and their
analysis, mainly obtained for the CH2 targets, are displayed
to show the typical characterization of SRS, TPD, and HE
generation.

A. Characterization of SRS and TPD

1. Experimental results

Figure 3(a) indicates the time-integrated backscattered
spectra in the CH2 targets measured for two different laser in-
tensities (I = 2.1×1015 and 2.3×1015 W/cm2). The observed
multipeak spectrum has been described in previous studies
[37–39]. A broadband emission <650 nm was generated by
convective SRS. Near 702 nm, typical half-harmonic (ω0/2)
spectra were observed, where the blue- and redshifted broad
peaks were attributed to convective TPD [37,40], whereas
the sharp redshifted peak was a signature of hybrid absolute
TPD/SRS [37]. When the laser intensity slightly increased
by ∼10%, the spectrally integrated SRS light intensity (λ =
560−640 nm) increased by a factor of 2.3, corresponding to a
rise in reflectivity from R = 0.03 ± 0.01% to 0.05 ± 0.02%,
respectively, whereas that of TPD (λ = 650−700 nm) re-
mained virtually the same. Figure 3(b) displays the result
of the time-resolved backscattered spectrum measured for a
laser intensity of 2.1×1015 W/cm2 as a representative after
correcting the chromatic time difference in an optical fiber.
The onset time of TPD was 60 ps earlier than that of SRS,
which indicates a lower TPD threshold than that of SRS. Note
that all shots in the experiment indicated an earlier onset of
TPD, with an average of 50 ps.

2. Discussion

One-dimensional radiation-hydrodynamic simulations
(ILESTA-1D) [41–43] were performed for each laser and
target condition to estimate the plasma conditions, such
as electron temperature and plasma density scale length.
The electron temperature at 0.25nc (nc: critical density for
λ = 351 nm) was also evaluated from a redshifted sharp
peak at ∼702 nm using the formula δω/ω0 = 2.2×10−3Te

[37]. Data from the time-resolved optical spectrometer were
used for the evaluation. Figure 4 shows the evaluated peak
electron temperature and the corresponding simulation results

FIG. 4. Plasma temperature from experiment and simulation.

at 0.25nc in all shots in the experiment. Note that the triangle
plot refers to the results for a shot on a polystyrene (CH)
target. The results obtained for the CH and CH2 targets were
similar. Although two shots failed to obtain time-resolved
optical spectrometer data owing to technical issues during
the experiments, the plasma temperatures evaluated from
the experimental data generally demonstrated acceptable
agreement with the simulation results within their error
bars, verifying the simulation. The electron temperature in
a C plasma was higher than that in CH2 plasmas because
of significant collisional absorption. The results of the
C targets are discussed in detail in Sec. IV. By using electron
temperature at peak laser timing from simulation calculations
for a CH2 target in a laser intensity of I = 2.1×1015 W/cm2

(Te ∼ 2.1 keV), density ne, and parameter kλD (k: LW wave
number, λD: Debye length) for convective SRS responsible
for emissions in the range of 560–640 nm were calculated
from the matching conditions of energy and momentum,
obtaining ne = 0.11−0.19 nc and kλD = 0.28−0.19. The
value of kλD is typically considered a marker for assessing
the significance of Landau damping. Here, the employed
electron temperatures are comparable throughout the density
region for convective SRS based on the ILESTA simulation.
For convective TPD, peak emission at 690 nm corresponded
to ne = 0.23nc and kλD = 0.19, assuming that the instability
was driven along the maximum growth rate hyperbola in
the wave-vector space. Relying on plasma parameters: Te ∼
2.1 keV and density scale length Ln = n/(dn/dt ) ∼ 65 μm,
the envelope laser intensity was less than the threshold
of convective SRS (∼1.5×1016 W/cm2) [44] yet greater
than that of convective TPD (∼1.2×1015 W/cm2) [44].
This suggests that convective SRS occurred only in local
higher-intensity regions produced by RPP speckles [31,45],
by the superposition among the beams, and by the subsequent
self-focusing [46], indicating that SRS was far from the
saturation regime, which agrees with the steep rise in SRS
with laser intensity, as described in the section above.
In fact, by considering the probability distribution of
local intensity among the speckles P(I ) [47], it can be
estimated that high-intensity speckles exceeding the threshold
of convective SRS (i.e., I > 7I0, where I0 is the envelope beam
intensity, which was ∼2.2×1015 W/cm2) comprised ∼10%
of the total laser energy from

∫ ∞
7 IP(I )dI/

∫ ∞
0 IP(I )dI .

Here, the distribution function of the local intensities
was calculated from P(I ) = −dM/dI , where M(I ) ∝
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FIG. 5. Conversion rate from high-energy x-ray spectrometer
(HEXS) analysis and Cu-Kα intensity from x-ray spectrometer. The
left axis shows the HEXS results (the conversion rate), and the right
axis shows the x-ray spectrometer results (Cu-Kα intensity).

[(I/I0)3/2 − ( 3
10 )(I/I0)1/2] exp[−(I/I0)] is the abundance

of local maxima of the intensity above level I0 (envelope
peak intensity of a single beam) [47]. Therefore, IP(I ) is
the power-weighted speckle probability. Here, P(I ) was
negative at <2I0; therefore, we defined P(I ) = 0 for I < 2I0.
[48]. However, convective TPD is expected to occur in the
saturation regime as the ω0/2 intensity remains virtually the
same with increasing laser intensity. This is further confirmed
by the comparison with previous experiments conducted at
the OMEGA laser [49], indicating that TPD saturates when
the parameter ILn/Te > 350 [1014 Wmm/cm2 keV]; in the
present experiment, these parameters were in the range of
570–700. Note that the results obtained for SRS and TPD,
including the timing, are consistent with a previous study that
referred to an experiment conducted in GEKKO-XII under
similar experimental conditions [31].

B. Characterization of HEs

The HEXS data analysis enabled the estimation of the
temperature and energy conversion efficiency of HEs, obtain-
ing 25 keV and 0.3%, respectively, in the CH2 target for a
laser intensity of 2.1×1015 W/cm2. Because the reflectivity
of convective SRS was 0.03% in the shot, i.e., considerably
less than the HE conversion efficiency, SRS only marginally
contributed to the generation of HEs, which was, there-
fore, mainly produced by TPD. The conversion efficiency
of the laser energy to HE calculated from the HEXS data
and the values of the Cu-Kα integrated intensity measured
using the x-ray spectrometer are plotted in Fig. 5 as a function
of the integrated light intensity at ω0/2 (λ = 650−700 nm) for
CH and CH2 targets. The triangle plots refer to the CH target,
and the date of one shot is missing from Fig. 5 because it did
not contain a Cu layer for the x-ray measurements. Both the
values of the conversion rate and those of the Cu-Kα intensity
are consistent and correlate with ω0/2 light intensities owing
to TPD.

IV. H EFFECTS

In this section, we demonstrate and discuss a comparison
of the experimental results obtained with C and CH2 targets,
providing direct evidence of the effects of H in the ablator.

FIG. 6. Backscattered lights from time-integrated optical spec-
trometer for C and CH2.

A. Experimental results

Figure 6 shows the time-integrated backscattered spectra
measured for two shots (C and CH2 target) under the same
laser conditions (main pulse: I = 2.1×1015 W/cm2 and pre-
pulse: I = 1.0×1014 W/cm2). The shapes of the spectra are
similar, indicating broad peak emissions at ∼580 nm emitted
by convective SRS (ne ∼ 0.13nc) and at ∼690 nm due to con-
vective TPD (ne ∼ 0.23nc). However, the spectrally integrated
intensity of SRS light (λ = 560−640 nm) for the shot on the
CH2 target was 14 times greater than that obtained on the
C target, whereas the ratio of the integrated intensities of ω0/2
(λ = 650−700 nm) was reduced to five. Correspondingly, the
Cu-Kα intensity from the x-ray spectrometer suggests that
the HE fluence in the CH2 target was four times greater than
that in the C target. Here, different HE stopping and x-ray
radiation powers in different ablator materials were corrected
using PHITS simulation, where C (3.5 g/cm3 40 μm) and CH2

(0.96 g/cm3 10 μm) with a 25 μm Cu layer were employed as
targets. In the simulations, an electron beam at a temperature
of 25 keV in the Maxwellian distribution was injected from
the normal direction into the target, and the Cu-Kα fluence
was tracked behind the Cu layer. In this approach, we evalu-
ated the relative conversion rate of HE into Cu-Kα intensity
by a factor of 7.4. Thus, the experimental ratio of the Cu-Kα

raw data intensity between C and CH2 targets, equal to 27,
was reduced to four to represent an actual ratio of HE. Again,
the increase in HEs can be explained by enhanced TPD. Here,
the HEXS signals in the C targets were overly low to allow
a reliable analysis to compare the results of the CH2 target
presented above.

B. Discussion

1. Rosenbluth gain factor

The possible mechanisms responsible for the different en-
hancements in SRS and TPD are discussed. The Rosenbluth
gain factors [50] for convective SRS and TPD (GSRS and
GTPD) were calculated based on the plasma parameters pro-
vided by the hydrosimulations. They describe the exponential
enhancement of an initial plasma modulation produced by
instability growth in inhomogeneous plasmas and are depicted
as G = 2πγ 2

0 /κ ′|v1v2|, where γ0, κ ′, and v1,2 are the ho-
mogeneous growth rate, gradient of wave number mismatch,
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FIG. 7. (a) Relationship between stimulated Raman scattering
(SRS) and laser intensity. (b) Relationship between two-plasmon
decay (TPD) and laser intensity. (c) Relationship between SRS and
gain factor. (d) Relationship between TPD and gain factor. (e) Rela-
tionship between SRS and net gain factor. (f) Relationship between
TPD and net gain factor. Note that the triangle plots refer to the
CH target results.

and group velocity of daughter waves, respectively; it can be
easily demonstrated that GSRS ∝ ILn and GTPD ∝ ILn / Te

[44]. We obtained GSRS of ∼0.80 for both C and CH2 tar-
gets at 0.13nc at the peak laser time. Here, GTPD was 10.0
and 11.1 for C and CH2, respectively, at 0.23nc at 50 ps
before peak laser time. Overall, because G = 2π is typically
taken as the threshold of instability, SRS was significantly
below the threshold, whereas TPD was above the threshold, as
mentioned in Sec. III. It should be noted that the electron tem-
perature at 0.13 − 0.23nc was greater for the C plasma than
for the CH2 plasma owing to the higher collisional absorption
(e.g., TeC = 2.5 keV, TeCH2 = 2.2 keV at peak laser time), as
shown in Fig. 4, although the density scale length was virtu-
ally the same. This led to a reduced TPD gain in the C plasma
compared with that in the CH2 plasma. Figure 7 displays the
plots of spectrally integrated intensity (a) for SRS and (b) for
TPD vs laser intensity in all the data shots; Figs. 7(c) and 7(d)
display the intensities vs the corresponding Rosenbluth gain
factors. Note that the error bars of the plots are within 10%,
smaller than the marker size, and the triangle plot refers to the
result of a shot on a CH target. The results obtained for the CH
and CH2 targets were similar, which is discussed later in terms
of the IAW damping. In TPD, a reasonable decrease in the
gain factors for C can be observed. However, as mentioned in

Sec. III, TPD was in a saturated regime, where its growth was
only smoothly influenced by the difference in the expected
gain, indicating a clear discrepancy in the saturation level
between C and CH2. Therefore, the different extents of SRS
and TPD between the C and CH2 targets cannot be explained
in terms of the Rosenbluth gain factors.

2. Effects of collisional and Landau damping

Damping of daughter waves reduces the growth of SRS
and TPD to different extents for C and CH2 plasmas, which
could explain the experimental results. Williams et al. [51]
derived that the net gain factor of convective instability, ac-
counting for the damping of the daughter waves, can be
expressed by GF (	), where the reduction factor F (	) =
2[arccos(	) − 	

√
1 − 	2] / π , 	 = √

γ1γ2 /γ0, and γ1,2 de-
picts the damping rate of the daughter waves. The damping
rates of the EMW and LW were evaluated by considering
collisions and the Landau effect as γs = (νei / 2)(ω2

p / ω2
s )

and γLW = νei/2 + νld , where ωp and ωs are the plasma and
EMW frequencies, respectively, and νei and νld are collisional
and Landau damping rates, respectively [10]. Figures 7(e) and
7(f) display plots of the SRS and TPD integrated intensities
vs the corresponding net gain values. As expected, the gain
values became smaller than those obtained in the Rosenbluth
gain, as indicated in Figs. 7(c) and 7(d). However, the relative
decrease in the net gains for the C and CH2 targets remained
overly small to explain the discrepancy observed in the SRS
and ω0/2 intensities.

3. H effects in SRS

The above results suggest that additional mechanisms in-
fluenced by the presence of H in the ablator could have a
role in determining the effective growth/saturation of both
SRS and TPD. LDI is a possible saturation mechanism for
SRS [21–24,52–56]. In addition, kinetic effects such as phase
shift, bowing, and self-focusing of LWs due to particle trap-
ping have been suggested to cause SRS saturation [57–60].
Because such kinetic effects do not directly involve ion mo-
tion, we evaluated the effect of LDI as a possible cause of
the different extents of SRS. In addition, the kλDe values of
the convective SRS in this experiment (kλD = 0.28−0.19)
indicate that such kinetic effects were not dominant because
kinetic effects in convective SRS are typically observed in
higher values of kλDe > 0.3 [61,62]. The LDI threshold is
described in terms of the density fluctuation (δn / ne)LDI =
4kλDe

√
(νIAW/ωIAW)(νLW/ωLW), where k, λDe, ν, and ω are

the LW wave number, Debye length, damping rate, and fre-
quency, respectively [63]. As demonstrated by this expression,
a high IAW damping rate leads to a high LDI threshold, which
results in favorable conditions for SRS because excitation
of LDI significantly reduces the instability growth, leading
to a lower reflectivity level [54,55,64]. Here, IAW damping
rates were calculated at a plasma density of 0.13nc from the
plasma dielectric function: i.e., 1 + χe + ∑

β χiβ = 0, where
χe and χiβ denote the susceptibility of electrons and ions β

[65], obtaining νIAW/ωIAW = 0.007 for C and 0.23 for CH2 for
a laser intensity of 2.1×1015 W/cm2. It was also confirmed
that different ion and electron temperatures attributed to H
addition have negligible effects on the IAW damping rate
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compared with those of the H ions. The LDI thresholds in
terms of density fluctuation were calculated to be 0.006 and
0.022, respectively, reasonably verifying a lower reflectivity
level of SRS in the C plasma with respect to the CH2 plasma.
It should also be noted that the νIAW/ωIAW ratio for the CH
plasma was 0.26; the difference with respect to CH2 plasma
was only 10%, explaining the similar SRS intensities obtained
for CH and CH2 targets [51].

4. H effects in TPD

LDI is also a possible saturation mechanism in TPD
[66,67]. However, a much smaller discrepancy of measured
ω0/2 intensity for C and CH2 plasma compared with that of
SRS implies that other saturation mechanisms overwhelmed
in the case of TPD. This is in agreement with previous simu-
lation works, suggesting that TPD is saturated by ion density
fluctuation and cavitation [40,68,69]. Weber and Riconda [70]
demonstrated the transition from LDI-induced saturation oc-
curring at a low plasma temperature of ∼0.5 keV to saturation
by cavity and density fluctuation in plasmas at a temperature
of 2 keV and greater, like our case. In terms of IAW damp-
ing, Myatt et al. [71] demonstrated that the HE flux from
TPD doubled with a 20 times increase in the IAW damping
rate owing to a favorable nucleation-collapse-burnout cycle
in cavitation, which was comparable with our results (four
times enhanced HE by 30 times increased IAW damping). In
addition, Seaton and Arber [72] suggested the same tendency
in terms of the coupling of LWs by IAW (i.e., ion density
fluctuation). Our results are a clear experimental indication of
the dependence of TPD on the IAW damping rate. However,
because the relative weight of each mechanism depends on
different interaction parameters, a detailed discussion of TPD
saturation in our experimental conditions requires dedicated
particle-in-cell-code calculations in the future.

V. SUMMARY

In summary, we experimentally explored the effects of
H in the ablator on laser plasma instabilities in direct-drive
ICF conditions, observing a clear enhancement of SRS, TPD,
and the corresponding HE amount when H is present in the
target. The data analysis suggested that the main cause of
enhancement was the high IAW damping in plasmas con-
taining H, depicting a scenario where LDI was the main
saturation mechanism for convective SRS, whereas a differ-
ent mechanism, such as cavitation and coupling of LWs by
IAW, could be dominant in the saturation of convective TPD.
The sensitivity of the IAW damping rate to H concentration
was significant. For example, a nanocrystalline diamond con-
taining an H concentration of 4 at. % [73] doubles the IAW
damping rate compared with a pure carbon ablator in direct-
drive conditions. These results suggest that a suitable choice
of H concentration and even tuning the H concentration in the
ablator material are crucial for the success of direct-drive ICF.

All experimental data were saved in the SEDNA system
at the Institute of Laser Engineering, Osaka University. The
data supporting the findings of this study are available from
the corresponding author upon reasonable request.
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