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Abstract

X-ray drive asymmetry is one of the main seeds of low-mode implosion asymmetry that blocks further improvement of the nuclear per-
formance of “high-foot” experiments on the National Ignition Facility [Miller et al., Nucl. Fusion 44, S228 (2004)]. More particularly, the P2
asymmetry of Au's M-band flux can also severely influence the implosion performance of ignition capsules [Li et al., Phys. Plasmas 23, 072705
(2016)]. Here we study the smoothing effect of mid- and/or high-Z dopants in ablator on Au's M-band flux asymmetries, by modeling and
comparing the implosion processes of a Ge-doped ignition capsule and a Si-doped one driven by X-ray sources with P2 M-band flux asymmetry.
As the results, (1) mid- or high-Z dopants absorb hard X-rays (M-band flux) and re-emit isotropically, which helps to smooth the asymmetric M-
band flux arriving at the ablation front, therefore reducing the P2 asymmetries of the imploding shell and hot spot; (2) the smoothing effect of
Ge-dopant is more remarkable than Si-dopant because its opacity in Au's M-band is higher than the latter's; and (3) placing the doped layer at a
larger radius in ablator is more efficient. Applying this effect may not be a main measure to reduce the low-mode implosion asymmetry, but
might be of significance in some critical situations such as inertial confinement fusion (ICF) experiments very near the performance cliffs of
asymmetric X-ray drives.
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1. Introduction irradiated into a hohlraum made of high-Z materials (e.g. Au),
on the inner wall of which they are absorbed and converted
In X-ray drive inertial confinement fusion (ICF) [1—3], into thermal X-rays, therefore creating a high temperature

high power (~500 TW) laser beams of several mega-joules are (~300 eV) radiation field. The radiation field heats and ablates
the outer surface of a tiny capsule placed at center of the
_— hohlraum. The capsule is comprised of a spherical low-Z
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spherically to extremely high velocities (>350 km/s). The
imploded shell compresses the DT fuel to form a hot spot of
very high temperature and density, surrounded with a cooler
but much denser fuel shell. The hot spot's temperature is
generally sufficiently high to trigger thermal nuclear fusions;
and if large enough the hot spot will be further heated by
fusion releasing high energy a-particles, initiating a self-
sustainable thermonuclear burn wave into the surrounding
DT shell. If the confinement by inertia of the surrounding shell
is long enough, the burn wave will release more energy than
the lasers driving the implosion, which would be a milestone
called “ignition” and has been pursued for decades by the ICF
community.

The National Ignition Facility (NIF) [4] in U.S.A. is the
largest laser system in the world, and has been built in 2009 to
demonstrate the ignition of controlled DT-fusion, but hasn't
achieved this goal yet. Low-mode asymmetric implosion is
deemed one of the main mechanisms [5,6] that lead to the
failure of National Ignition Campaign (NIC) [7,8] ignition
experiments and to the performance degradation of subsequent
“high-foot” experiments [9—13]. The low-mode shape
distortion of the imploding shell [12,14], especially the in-
flight P2 and P4 asymmetries, inhibited the capsule from
uniform deceleration by the hot spot, reducing the transfer of
shell's kinetic energy to hot spot's internal energy, thus inef-
ficiently heating the hot spot.

There are multiple potential perturbation seeds in ICF
implosion experiments that can induce the low-mode asym-
metries, including the radiation flux asymmetry [15,16] in the
hohlraum, capsule imperfections, the capsule support tent
[17,18], the fill tube, and offset of the capsule's position in the
hohlraum. Many theoretical and experimental efforts
[6,15—19] have been made to investigate their effects on the
implosion performance. Here we talk about another possible
low-mode seed, i.e., the asymmetry of Au's M-band Flux
(MFA) in high power laser heated cylindrical gold hohlraum.
In such a hohlraum, much stronger M-band flux emits from
laser spots than from non-laser heated wall areas, implying
quite different spectra of X-ray flux incident on different areas
of the capsule even if amounting equally. Moreover, the
angular dependence of M-band emission [20,21] from hohl-
raum wall may also contribute to MFA. The first direct mea-
surement of MFA in gold hohlraums was reported by Qi Li
et al. [22], performed recently on Shenguang II laser facility
showing marked P2 MFA.

It has already been proved that preheating from Au's M-
band flux can both harm the stability of DT-ice/ablator inter-
face in single shell ignition capsules [23], and exert adverse
influence on double-shell implosions [24]. The effects of MFA
on double-shell implosions were preliminarily addressed by
Varnum and his collaborators [25]. Our previous work [26]
shows that the effects of P2 MFA are of significance to
asymmetric implosions of single-shell capsules. Positive P2
MFAs result in negative P2 asymmetries of hot spots and
positive P2 asymmetries of shell's pR in the acceleration phase.
These P2 asymmetries of the imploding capsule will be seri-
ously amplified by Rayleigh—Taylor (RT) [27,28] and

Richtmyer—Meshkov (RM) [29,30] hydro-instabilities during
the deceleration phase, therefore leading to performance
degradation or even the failure of ignition if the P2 amplitude
of MFA is sufficiently large.

Usually, X-ray drive asymmetry is smoothed partially by the
geometric smoothing effects [1,3,31], i.e., by increasing the
case-to-capsule ratio (CCR) of the cylindrical hohlraum. Clark
etal. [32] and Gu et al. [33] have proposed, independently, shim
designs of capsules to mitigate the impact of hohlraum asym-
metries. A kind of spherical hohlraum design [34—37] was
proposed in the hope of decreasing substantially the asymme-
tries of X-ray drives. In this paper, we study the smoothing
effect of mid- or high-Z dopants in ablator on the MFAs, by
modeling and comparing the implosion processes of a Ge-
doped and a Si-doped ignition capsules driven by X-ray sour-
ces with P2 M-band flux asymmetries. According to our study,
mid- or high-Z (Ge or Si) dopants absorb hard X-rays (M-band
flux) and then re-emit isotropically, which helps to smooth the
asymmetric M-band flux arriving at the ablation front, therefore
reducing the P2 asymmetries of the imploding shell at the time
of peak implosion velocity. Moreover, the smoothing effect of
Ge-dopant is more remarkable than Si-dopant and placing the
doped layer at a larger radius in ablator is more efficient.

The rest of this paper is arranged as follows. Sec. 2 gives
brief descriptions of the ignition capsules and of the modeling
methodology used in our study. The two dimensional perfor-
mances of the two capsules are described in Sec. 3. And in
Sec. 4, the smoothing effect of mid-/high-Z dopants in ablator
is presented and compared between the Si-doped and the Ge-
doped capsules. The effect of placing doped layer at a larger
radius is also studied here. Finally, we discuss the results and
give a summary in Sec. 5.

2. Model description

The NIC Rev5 Ge-doped capsule [23] and a larger Si-doped
capsule [26] are considered for comparison in this study. As
shown in Fig. 1(a), the capsules are composed of spherical Ge-
or Si-doped polystyrene (CH) shells (or ablator), lined with
layers of DT ice and containing cryogenic DT gas in their
interiors. The larger radius of the Si-doped capsule can help to
absorb more X-ray energy, and its thicker shell can help to
reduce the coupling between the ablation front and the fuel/
ablator interface, thus mitigating the growth rate of hydro-
instability.

The corresponding X-ray drives for the two capsules are
plotted in Fig. 1(b), with the solid lines showing the equivalent
radiation temperature and the dashed lines showing the M-
band fraction. The black lines are for the Ge-doped capsule,
taken from Ref. [23] and temporally re-shaped in our simu-
lations to produce the optimal Munro shock timing [38], and
the red lines are for the Si-doped capsule, taken from
Ref. [26]. The latter is a three-step 302 eV pulse shape, and its
foot is a bit higher than the former but lower than the “high-
foot” experiments [11] on NIF, which leads to an in-flight DT
adiabat of about 1.14 and consequently helps to restrain the
growth rate of hydro-instability.
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Fig. 1. (a) Pie diagram of the ignition capsules in this study and (b) X-ray
sources driving the capsule. The solid lines show the equivalent radiation
temperature and dashed lines show the M-band fraction of the X-ray drives,
black for the Ge-doped capsule and red for the Si-doped capsule.

Here, we focus on the capsules' low-mode hydro-in-
stabilities induced by the MFA of X-ray drives and mainly
talk about the smoothing effects of mid-/high-Z dopants in
ablator on MFAs just before the ablation fronts. So we list
some one dimensional performance parameters of the two
capsules in Table 1 for references (note: 1 Gbar =
10° MPa).

Two radiation hydrodynamic codes, i.e., LARED-IC [39]
and LARED-S [40,41], are used consecutively to perform
the two dimensional (2D) capsule-only simulations. The
former code is based on Lagrangian meshes in a cylindrical
geometry, including modules for multi-grouped radiation

transfer where the discrete-ordinate method [42] is
Table 1
Some 1D implosion parameters of the capsules showed in Fig. 1(a).
“Ge-doped "Si-doped
Radiation temperature (eV) 300 302
Implosion velocity (km/s) 370 348
In-flight fuel adiabat 0.83 1.14
In-flight shell thickness (pum) 35 45
ITF1D¢ 7.23 3.86
Yield (MJ) 17.5 20.3
Fuel areal density (g/cm?) 1.43 1.34
Stagnation pressure (non-o) (Gbar) 405 391
Convergence ratio (with-a,) 35 37
Absorbed energy by capsule (kJ) 162 202

# Data for Ge-doped capsule are from 1-D RDMG [42] simulation.
® Data for Si-doped capsule are from Ref. [26].
¢ One dimensional ignition threshold factor.

implemented, and the flux-limited Spitzer—Harm thermal
conduction for both electrons and ions. It is used here to model
the first stage of X-ray driven implosion processes of the
capsules, including the application of asymmetric X-ray
drives, the ablation as well as the acceleration process of
capsules' shell. When the shell arrives at the peak implosion
velocity or the X-ray drive finishes, the modeling is taken over
by the latter code to perform simulations of the second stage of
capsules' implosion processes. LARED-S has been widely
used in the studies of hydro-instability [43—47], and it is based
on FEulerian meshes in a spherical geometry and includes
modules for multi-grouped radiation diffusion, electron and
ion thermal conduction using the same model as the former
code, DT nuclear fusion, and multi-grouped alpha particle
diffusion. The material opacities used in our simulations are
tabulated from our OPINCH [48] code where the relativistic
Hartree—Fock—Slater (HFS) self-consistent average-atom
model is embedded, and equation of state (EOS) data are
patched from several physical models and smoothed in the
transition regions by interpolation.

The benefits of this collaboration have been discussed in
Ref. [26], among which eliminating the non-physical
smoothing of X-ray drive asymmetry introduced by the
diffusion approximation of radiation transfer in code LARED-
S is vital to our study here. Thus, without the non-physical
smoothing brought by numerical method, the smoothing ef-
fect from our simulations is mainly caused by the geometrical
smoothing factor [1,3,31] and the physical processes, such as
X-ray emission, absorption, and transfer. Since the geomet-
rical smoothing effect can be calculated analytically [1,3,31],
it's easy to isolate the physical ingredient in our numerical
studies of smoothing effects on MFAs.

In the LARED-IC simulations, the X-ray drives are applied
onto a capsule-concentric spherical surface at a radius of
3000 um. Low density (~1.0 x 10~* g/lem®) CH foam is filled
in the space between the capsule and the supposed spherical
surface. The X-rays are divided into 30 groups, ten of which
are used to resolve Au's M-band (hv > 1.8 keV) flux. The
spectrum of X-ray drive is constructed [49,50] by overlapping
a Gaussian bump spanning Au's M-band onto the Planckian
spectra. The influence of the M-band real spectra [51,52] will
be further studied in the future. For the sake of simplicity, (1)
the MFAs during the first two/three steps of X-ray drives are
elided due to their very small fractions of M-band flux as
shown in Fig. 1(b); (2) only the P2 components of M-band flux
asymmetry is taken into account, since the P4 and higher
modes are negligible both due to the smaller amplitudes of
these perturbations and the much stronger geometric
smoothing effects [1,3,31] on these modes; and (3) constant P2
asymmetries are applied to the M-band flux in our simulations,
since it seems that only the time-integrated asymmetry matters
[32]. These simplifications will not change our conclusions.
The P2 asymmetry of M-band flux is applied according to the
formula, Iy pana(6) = %fM,band(ﬂ) = '727_;; (aoPy + aPycosh),
where ¢ is Stefan—Boltzmann constant, P, and P, are fully
normalized Legendre polynomials, ayPy is the 4m-averaged
M-band flux fraction as shown by the dashed lines in Fig. 1(b),
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and constant P2 asymmetry means a,/a, does not vary with
time.

In our study, the spectrally integrated total flux incident onto
the capsule is kept symmetric while applying P2 MFAs to X-
ray drives. This introduces anti-phase P2 asymmetries of softer
(hv > 1.8 keV) X-ray drive, the magnitudes of which can be

P _ P Swo (1)
calculated by formula <P—3> =— (P—z) Tl
low—frequency M—band

with fyo being 4m-averaged M-band fraction as shown by the
dashed lines in Fig. 1(b). The influence of anti-phase P2
asymmetries of softer X-ray has been discussed in Ref. [26],
i.e., counteracting partially the effect of the related P2 MFA.

3. Effects of MFA on 2D performances of doped capsules

The content of M-band flux in X-ray drives can strongly
influence the capsules' ablation and implosion processes [50].
Generally, the M-band flux can easily penetrate the ablation
front and preheat the inner ablator materials, thus significantly
enhance the ablation rate and acceleration of the imploding
shell. If X-ray drives with positive P2 asymmetric M-band flux
are applied to the capsules, the shells will move faster in the
polar direction than in the equatorial direction, forming hot
spots and shells of negative P2 asymmetries at the time of peak
implosion velocity. These P2 perturbation will be further
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amplified by the RT instability growth during deceleration
phases.

Fig. 2 shows the 2D simulation results of the two capsules
both at the time of peak implosion velocity and the stagnation
time, with the P2 amplitudes of MFAs being a)/ay = 10%.
The left side of each panel corresponds to the distribution of
ion temperature, and the right side shows the fluid density.
The black lines show the fuel/ablator interfaces, and the white
lines are the boundaries of hot spots defined by the 1-keV
contours of ion temperature. Apparently, the shapes of both
the hot spots and the shells are negatively P2 asymmetric,
while the asymmetries of fuel areal density are not so
remarkable.

Decomposing the flow fields into Legendre polynomials,
we get the a,/ay amplitudes of the ablation front shapes, the
hot spot shapes, and the fuel areal densities for the two cap-
sules at the time of peak implosion velocity. The first two are
positive while the third one is negative, but all three increase
linearly with a,/a, amplitudes of MFAs as shown in Fig. 3(a).
As for the P2 perturbations at stagnation times of the two
capsules, we plot their a,/ao amplitudes of hot spot shapes and
fuel areal densities in Fig. 3(b), which were greatly amplified
during the deceleration stage via ablative Rayleigh—Taylor
hydro-instability (RTI) [27,28] and Bell—Plesset effects
[53—56].

Si-doped capsule
P2A0.10

Si-doped capsule
P2A0.10

20
x (pm)

60

Fig. 2. Ion temperature (left half of each panel) and density (right half of each panel) distributions for (a), (c) Ge-doped capsule and (b), (d) Si-doped capsule at (a),
(b) the time of peak implosion velocities and (c), (d) stagnation time, with the a,/ay amplitudes of P2 MFA being 10%. The z-axes correspond to capsules' polar
direction. The black lines show the interfaces of DT fuel and CH ablator, and the white lines are the boundaries of hot spots defined by the 1-keV contours of ion
temperature.
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Fig. 3. (a) The ay/ay amplitudes of the ablation front shapes (black lines), the hot spot shapes (red lines), and the fuel areal densities (green lines) of the two
imploding capsules at peak implosion velocities, all increasing with the a,/a, amplitudes of MFA. (b) a»/a, amplitudes of the hot spot shapes (black line + marks)
and the fuel areal densities (red line 4+ marks) of the two imploding capsules at stagnation time.

As can be seen from Fig. 2(a) and (c), oblate or toroidal hot
spots form at stagnation, which reduces the transformation of
shell's kinetic energy to hot-spot's internal energy and cools the
hot spots via enhanced electron thermal conduction due to the
enlarged hot spot surfaces and vortices in them [26]. As the
final result of M-band flux asymmetry, the capsules' nuclear
performance degrades with the increase of the P2 amplitudes
of MFAs. Fig. 4 shows the YO1Ds (Yield Over 1D perfor-
mance) vs. ay/ay amplitudes of MFA, with the black line plus
filled squares being for the Ge-doped capsule and red line plus
filled triangles for the Si-doped capsule. Steep cliffs appear
around the points where a,/ay amplitudes are 0.232 and 0.158
for the two capsules, respectively. Combining Fig. 4 with
Fig. 3(b), we can see that the Ge-doped capsule is more robust
to the P2 distortions of hot spots at stagnation than the Si-
doped capsule, since the former capsule's ITFID is much
bigger than the latter as shown in Table 1.
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Fig. 4. Simulated nuclear performances (Yield over Clean, YOC) as functions
of the ay/ap amplitudes of MFA applied on an R = 3000 um concentric
spherical surface. The black and the red lines are for the Ge-doped and the Si-
doped capsules, respectively. Steep cliffs appear near the points where a/a,
amplitudes are 0.232 and 0.158, respectively.

4. Smoothing effect of high-Z dopants

In this section we study the smoothing effect of high-Z
dopants on MFA. Fig. 3(a) shows that the shell's P2 distor-
tion at the time of peak implosion velocity responds linearly to
MFA and the Ge-doped capsule is more resistant to P2 MFAs
than the Si-doped capsule. The difference between the re-
sponses of the two capsules to P2 MFAs is about 15% ~ 20%.
It cannot be ascribed to the different initial outer radii of Ge-
and Si-doped capsules, because the resultant difference of
geometrical smoothing factors of MFA is calculated [31] to be
less than 5%. Therefore, it should be due to the different
dopants.

Basically, the main purpose of adding high-Z dopants is to
absorb hard X-rays (i.e. M-band flux), therefore to mitigate the
preheating of ablators adjacent to DT fuel and to lower the RT
growth rate there [1,2]. To make it clearer, we present in Fig. 5
the opacities of pure CH ablator, Ge-doped and Si-doped CH
ablators calculated from OPINCH [48]. As seen from Fig. 5,
both doped ablators show remarkably higher Au M-band
(>1.8 keV) opacity than pure CH ablator at same (p,7") states.
This property certainly helps the cold dense ablator between
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Fig. 5. Opacities of pure CH ablator, Ge-doped and Si-doped CH ablators,
showing remarkably higher Au M-band (>1.8 keV) opacity of doped ablators.
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the fuel/ablator interface and the ablation front to absorb much
of the M-band flux traversing the ablation front. Meanwhile, it
helps the ablated hot rare plasmas to absorb partially the
incoming M-band flux as shown in Fig. 6(a) by the dashed
lines in regions with radius <650 pm.

Part of the absorbed M-band flux is re-emitted isotropically
by the hot rare plasmas, beneficial to smoothing the MFA just
before the ablation front. Fig. 6(b) shows the radial distribu-
tions of a,/anp MFAs for the Si-doped (green line) and the Ge-
doped (red line) capsules and that without dopant's smoothing
effect (black line), i.e., only the geometrical smoothing effect
included. The a,/ay, MFA lines of both doped capsules are
dropping closely along the geometrical smoothing line from
radius 3000 pm to ~650 pm where pure CH plasmas is filled,
while they go dramatically below the geometrical smoothing
line from ~650 pm to ~350 pum where doped CH plasmas is
filled, indicating the smoothing effect of high-Z dopants on
MFAs. Furthermore, as clearly shown by the inset of Fig. 6(b),
the fact that the Ge-doped capsule shows smaller MFA than
the Si-doped capsule also confirms the smoothing effect of
high-Z dopants, since the former is more opaque in Au M-
band than the latter as shown in Fig. 5. When M-band flux
transfers into the ablation fronts, MFAs get extraordinarily
high because of the ablation fronts drastically absorbing M-
band flux and of the MFA-resulted ablation-front asymmetries.
The Planckian part of X-ray drives can also be smoothed by
mid-/high-Z dopants, which will be studied in the future.

We performed another simulation of a variant Ge-doped
capsule with the doped layer being moved outward to a
radius of about 20 wm larger, while its a,/ap MFA of X-ray
source is the same as the original one (10%). Its a,/ay am-
plitudes of the ablation front, the hot spot shape and the fuel

(a)
300 ' ' ]
; NE —— T, (eV), Ge-doped capsule
; = S 2001 — T,(eV), Si-doped capsule
C=
~® o - - - M-band flux, Ge-doped capsule
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—Geolmetrical smoothinlg
< —G_e—doped capsule
w | ——Si-doped capsule
=
S /
o .
0.02-— T T
300 1000 2000 3000
Radius (um)

Fig. 6. The radial distributions of (a) radiation temperature and M-band flux
and (b) a»/ag MFAs of the Si-doped (green line) and the Ge-doped (red line)
capsules and that without dopant's smoothing (black line, only the geometrical
smoothing effect included). The ablation front is at ~300 pm and the interface
between doped and pure CH ablator plasmas is at about 650 pm.

areal density at the time of peak implosion velocity are
—0.63%, —1.04% and 0.92%, respectively, all of which are
smaller than those of model P2A0.10 as shown in Fig. 3(a).
Specifically, the radial distributions of a,/a; MFAs for pure
geometric smoothing and the two Ge-doped capsules are
plotted in Fig. 7, indicating more efficient smoothing effect for
the variant Ge-doped capsule than for the original one.
Apparently, by moving the doped layer to a larger radius, we
brought ahead the time when the main pulse of X-ray drive
began to ablate the doped layer, therefore improved the
smoothing effect of high-Z dopants on MFA.

5. Summary and discussion

From our study, the MFA in radiation fields of laser-heated
cylindrical gold hohlraums can result in low-mode implosion
distortions. Positive P2 MFAs result in negative P2 asymme-
tries of hot spots and positive P2 asymmetries of shell's pR at
the time of peak implosion velocity, both of which increase
linearly with the P2 amplitudes of MFA and are seriously
amplified by the growth of RT and RM hydro-instabilities
during the deceleration phase. An oblate or toroidal hot spot
forms at stagnation time, leading to the degradation of nuclear
performance or even the failure of ignition when the P2
amplitude of MFA is sufficiently large. The nuclear yield cliffs
of the Ge- and the Si-doped capsules are obtained, locating at
the points where the a,/a, amplitudes are 23.2% and 15.8%,
respectively.

In addition, mid-/high-Z dopants in ablators can smooth
MFAs just before the ablation front, therefore mitigate the
effects of MFA. By doping higher-Z materials, more dopants,
or placing the doped layer to a larger radius, the smoothing
effects of dopants on MFA can be enhanced, even though the
implosion velocity may decrease inevitably. Mid-/high-Z
dopants might not be the main method to mitigate the low-
mode distortions of ICF implosions, but if combined with
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— Ge-doped layer being moved
outward by 20 um

a,/a,MFA

0.17]

0.057
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Fig. 7. The radial distributions of a,/a, MFAs for pure geometric smoothing

(black line), the Ge-doped (red line) capsule, and the variant Ge-doped capsule

(green line) with the dopant layer being moved outward by 20 um. These lines

show the smoothing effect of dopants and more efficient smoothing of the

variant Ge-doped capsule than the original one.
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other approaches, it can be helpful in some situations where
the performance is near the cliff and meanwhile the implosion
velocity is not so critical. More efforts will be devoted to
finding more efficient dopants and/or optimal doping methods
in our future work.
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