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Introduction
In laser-driven inertial confinement fusion (ICF),1,2 a spheri-
cal capsule filled with deuterium–tritium (DT) is irradiated by 
direct laser illumination. Ablation of material from the target’s 
outer surface generates a low-density coronal plasma and 
drives the implosion of the fuel shell through the rocket effect. 
To achieve ignition, the shell must be imploded at velocities 
>350 km/s to create a central hot spot enclosed within a cold 
and dense shell at stagnation. At the National Ignition Facility 
(NIF),3 this implies that the hot spot of a capsule reaches both 
high areal density (tR + 0.4 g/cm2) and high temperature (T + 
10 keV) while the total target areal density exceeds 1.5 g/cm2. 
The DT fuel entropy is characterized by the adiabat a defined 
as the ratio of the shell pressure to the Fermi pressure of a 
fully degenerate gas. To achieve such conditions, low-adiabat 
implosions (a # 3) are required. The fuel adiabat is set during 
the first stage of the implosion, and it can be controlled by a 
precise tuning of the laser-induced, shock-wave timing. Low-
adiabat implosions lead to higher areal densities and require 
less kinetic energy to achieve ignition conditions.

Shell preheat represents a major degradation mechanism 
for the fuel adiabat. Preheat is caused by the generation of 
hot electrons at densities below the critical density and results 
in degradation of the final compression. In the context of 
direct-drive implosions, the acceleration of electrons to high 
energies in the coronal plasma induced by the two-plasmon–
decay (TPD)4 instability can significantly reduce the target 
performance. Recent experiments on the OMEGA Laser 
System5 have shown evidence of TPD-driven high-energy 
electrons during direct-drive implosions using D2, DT, and 
plastic ablators.6–8 Another critical area of concern to ICF is 
the unstable growth of target nonuniformitites resulting from 
hydrodynamic instabilities. During the implosion, the ablation 
surface between the expanding low-density coronal plasma 
and the high-density shell is subject to the Rayleigh–Taylor 
(RT) instability.9,10 Therefore, perturbations imprinted on the 
target by nonuniform laser irradiation as well as modulations 
resulting from target fabrication will grow exponentially during 
the acceleration phase at a rate given by the modified Takabe 
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formula11,12 ,k kg kL kV1 a-c a b= +^ ^h h  where a and b are 
coefficients depending on the ablation surface, k is the wave 
number of the perturbation, g is the acceleration, L is the den-
sity scale length at the ablation surface, and Va is the ablation 
velocity. During the acceleration phase, the perturbation of the 
ablation surface feeds through to the inner shell surface, which 
becomes unstable when the shell is slowed down by the hot-
spot gas. Excessive perturbation growth will reduce the total 
areal density level by raising the fuel adiabat and degrading the 
hot-spot conditions required for ignition. The unstable growth 
of these perturbations must be mitigated during the implosion 
to maintain the integrity of the shell at stagnation.

For ignition designs on the NIF, it is desirable to explore 
new ablators that mitigate both TPD and RT instabilities. Using 
materials of medium atomic number Z as ablators presents 
some advantages and has recently gained interest for direct-
drive implosions. In laser-driven ablation of low-Z material, the 
optical laser radiation is absorbed around the critical density; 
the thermal energy is then transported by electrons from the 
absorption zone to the ablation surface. In the case of moderate-
Z materials, the thermal radiation is directly absorbed into the 
ablator material, resulting in a double-ablation-front (DAF) 
structure13,14 (electron-conduction and radiation-driven abla-
tion fronts). Such a structure leads to a higher ablation velocity 
Va and a longer density scale length L, thereby enhancing the 
ablative stabilization of RT growth at the electron front. More-
over, irradiation of mid-Z materials results in a better absorp-
tion of laser energy by inverse bremsstrahlung than low-Z 
ablators, leading to a higher electron temperature in the coronal 
plasma. The TPD instability gain is proportional to the inverse 
of the electron temperature15 and will be increased for mid-Z 
ablators compared to plastic for equal density scale length. 
Many experiments have been recently performed to investigate 
these effects. A significant reduction in the hard x-ray signal 
for mid-Z ablators has been observed on OMEGA, suggesting 
the mitigation of the TPD-driven hot-electron generation.16–19 
Mid-Z targets have also demonstrated a reduced laser-imprint 
efficiency as well as a lower overall RT growth rate20–22 on 
OMEGA and OMEGA EP.23 Using higher-Z material ablators 
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is expected, however, to present some downsides. The electron-
heat conduction is lower for higher-Z materials, reducing the 
transport of the energy absorbed at subcritical densities to the 
ablation surface. The mass ablation rate and the resulting abla-
tion pressure are consequently decreased, leading to a reduced 
hydrodynamic efficiency. Additionally, high-Z materials pres-
ent higher radiation losses in the hot coronal plasma as well as 
more radiation preheat of the fuel. Furthermore, at the radiation 
front, the ablation velocity and density-gradient scale length 
are reduced and the RT growth is enhanced. Simulations of the 
overall stability are, therefore, needed to correctly assess the 
conflicting behavior of the two ablation fronts.

The aim of this article is to evaluate the viability of these 
ablator materials as a path for ignition target designs on the 
NIF. The following sections (1) introduce the one-dimensional 
(1-D) design and performance of three targets using different 
mid-Z ablators; (2) assess the linear stability of the TPD for 
these ablators; (3) explore the robustness to two-dimensional 
(2-D) single-mode and multimode perturbations under uniform 
drive; (4) display a polar-direct-drive beam configuration for 
each target; and, finally, (5) summarize the conclusions.

One-Dimensional Target Design Using Mid-Z Ablators
To investigate the viability of mid-Z ablator materials for 

ignition targets, three hydro-equivalent targets (same implo-
sion velocity and fuel adiabat) with average atomic number 
ranging from 3.5 to 10 were designed. The ignition designs use 
pure plastic (CH, GZH = 3.5), high-density carbon (HDC, GZH = 
6), and glass (SiO2, GZH = 10) ablators. The plastic target is a 
variant of the 1-D–equivalent NIF ignition target described by 
Collins et al.24 Throughout this article, the conventional plastic 
ablator design is used as a reference target for comparison with 
the alternative carbon and glass ablators.

The 1-D radiation–hydrodynamic code LILAC25 has been 
used to optimize the target design and carefully tune the laser 
pulse to obtain comparable implosion performance for all 
three targets. Figure 140.10 presents the target design as well 
as the laser pulse for each ablator material. The targets consist 
of a solid-DT fuel capsule filled with DT gas surrounded by a 
plastic layer coated with an ablator layer. The plastic and ablator 
layer thicknesses are precisely chosen to keep the fuel on a low 
adiabat during the implosion, avoiding radiation preheat of the 
DT fuel at the end of the laser pulse. Triple-picket laser pulses 
followed by a low-intensity foot and a Kidder-like26 isentro-
pic rise to the main drive are used to carefully tune the fuel 
adiabat at the beginning of the implosion as well as raise the 
ablation velocity at the outer surface to reduce the RT growth 

rate according to the modified Takabe formula in the Intro-
duction (p. 220). Each picket along with the low-intensity foot 
has a 300-ps rise time. The laser beams use a super-Gaussian 
intensity profile focused at the initial target radius R0 with an 
exponent v = 2.2.

One-dimensional LILAC simulations of mid-Z (HDC and 
SiO2) ablators were performed using multigroup diffusion 
radiation transport; an average-ion model27,28 in collisional 
radiative equilibrium (CRE)29 for opacity tables; nonlocal 
thermodynamic equilibrium (non-LTE) tables for ionization; 
and a SESAME30 equation of state (EOS). The low-Z ablator 
(CH) was modeled using the Astrophysical Opacity Table 
(AOT)31 and SESAME EOS. All simulations used electron 
thermal transport described in the classical Spitzer-Härm32 
approximation with a flux limiter f = 0.06. The structure of the 
DAF in higher-Z materials strongly depends on the transport of 
radiation energy through the outer part of the shell. Although 
the plastic and carbon materials were properly modeled using 
16 radiation groups, the glass ablator required 48 radiation 
groups to accurately describe the radiation transport and the 
resulting density and temperature profiles. We have found, 
however, that the results are relatively insensitive to details of 
the opacity tables. For instance, we compared simulations of 
the glass target using average-ion CRE tables and CRE tables 
generated by PROPACEOS33 and found that the target gain 
changed by only 4%.
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Figure 140.10
Schematic of the ignition target design and corresponding laser pulses for 
plastic (CH) (green curve), high-density carbon (HDC) (black curve), and 
glass (SiO2) ablators (blue curve).
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The target designs, laser parameters, and 1-D target perfor-
mance for each ablator are summarized in Table 140.I. In this 
study, we consider plastic, high-density carbon, and glass with 
initial densities of 1.04, 3.5, and 2.32 g/cm3, respectively. A 
plastic layer is introduced underneath the ablator in the mid-Z 
designs as a protective layer for the DT fuel from possible 
radiation preheat produced by the mid-Z ablator, as well as 
to reduce the density jump between the DT fuel and the abla-
tor. The total energy in the pulses is 1.65 MJ, resulting in an 
implosion velocity of about 360 km/s for all three targets. The 
in-flight average fuel adiabat GaHfuel is kept at around 2. The 
ignition margin is determined by the level of multidimensional 
perturbations that the hot spot can tolerate to achieve marginal 
ignition. This parameter can be connected to a volume ratio 
described in 1-D by the minimal ratio of the clean volume 
at sub-ignition temperatures to the 1-D hot-spot volume34,35 
and is referred to as the minimum yield-over-clean (mYOC). 
The three targets have been designed to exhibit the same 1-D 
margin characterized by a mYOC + 40%. By doing so, all 
designs present a similar margin for ignition so that one can 
compare their robustness to ignition when the implosion is 
perturbed. Since mid-Z ablators are significantly heavier than 
plastic and exhibit lower hydrodynamic efficiency, the high 
implosion velocities required for ignition can be achieved  
only by limiting the total mass, thereby making the shells 
thinner. All targets are irradiated with a laser intensity +1.2 # 
1015 W/cm2 and produce high gains. The glass target produces 
less thermonuclear energy because of a thinner DT layer. The 
in-flight aspect ratio (IFAR2/3), defined as the ratio of the shell 
radius R to the shell thickness DR (defined between the inner 

fuel interface and the radiation front) when the shell inner 
surface is two-thirds of the initial target radius, is 27 for CH 
and 24 for HDC. The glass design presents two different values 
for the IFAR2/3, characterizing the aspect ratio of the target 
by including only the radiation front or both the radiation and 
electron fronts. As a result of a decompressed ablator caused 
by stronger radiation effects, the distance between the inner 
fuel surface and the electron ablation front is large, resulting 
in an IFAR2/3 value of 14. If the shell thickness DR is defined 
as the full-width-at-half-maximum density and, therefore, does 
not account for the zone between the electron and the radiation 
ablation fronts, the value of IFAR2/3 including only the radia-
tion front reaches 35, which is higher than for the plastic and 
carbon ablators.

At such laser intensities, the radiation effects induce strong 
modifications of the hydrodynamic profiles. Figure 140.11 
shows profiles of the radial mass density (solid lines) and 
electron temperature (dashed lines) at the end of the laser pulse 
for the three targets. The laser energy is absorbed by inverse 
bremsstrahlung, with the cross-section scaled as ,Z Z2  and, 
therefore, enhances the absorption in mid-Z materials. As a 
consequence, the temperature in the coronal plasma is higher 
for the carbon and glass ablators (5.3 and 6.2 keV, respectively) 
than for the plastic ablator (+4.9 keV). In the case of plastic 
targets, the absorbed laser energy is transferred to thermal elec-
trons that drive the electron ablation front. For mid-Z targets, 

Table 140.I: Target design and performances for the different  
ablator materials.

CH HDC SiO2

R0 (nm) 1599 1550 1428

DRice (nm) 204 184 161

DRCH (nm) – 12 7

DRa (nm) 43 13 23

EL (MJ) 1.65 1.65 1.65

Vimp (km/s) 361 363 361

GaH fuel 2.2 2.1 2.0

mYOC (%) 41 40 41

Gain 74.6 72.0 53.0

IL (#1015 W/cm2) 1.2 1.3 1.5

IFAR2/3 27 24 35/14
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Figure 140.11
Profiles of radial mass density (solid curves) and electron temperature (dashed 
curves) at the end of the laser pulse for the plastic (11 ns) (green curve), carbon 
(10.4 ns) (black curve), and glass (10.1 ns) (blue curve) targets.
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the high-temperature corona plasma emits strong radiation that 
deposits its energy in more-opaque regions of the target, where 
the temperature is lower and the density is higher, thereby driv-
ing the radiation ablation front. This DAF structure is clearly 
visible in Fig. 140.11.

Despite a better overall absorption, the hydroefficiency of 
ICF designs using mid-Z ablators is expected to be altered in 
comparison with low-Z material targets. The mass ablation rate 
and ablation pressure are decreased as the thermal conduction 
scales as 1/Zeff, where .Z Z Z2

eff =  As a result of less-
effective heat transport and radiation losses in high-Z coronal 
plasmas, the hydrodynamic efficiency is reduced. It has also 
been observed that the conduction zone is much shorter for 
mid-Z materials than for plastic, which can have a compensat-
ing effect (that level depending on the material and its density) 
for the conduction losses.17

The three targets have been designed in 1-D to achieve 
similar implosion characteristics, high-gain performances, 
and ignition margins. The remaining sections compare mid-Z 
to plastic ablators with respect to hot-electron generation and 
hydrodynamic instability growth.

Mitigation of the Two-Plasmon–Decay Instability
The performance of low-adiabat direct-drive implosions can 

be severely degraded by hot-electron preheating at laser intensi-
ties for which the quarter-critical electron density is above +5 # 

1014 W/cm2. Recent experiments on OMEGA have shown that 
the hard x-ray signals generated by hot electrons from the TPD 
instability rise sharply at laser intensities above 5 # 1014 W/cm2 
and then saturate for plastic ablator targets.7,8,36 The measured 
hot-electron temperature is in the 50- to 100-keV range when 
the laser intensity increases from 5 # 1014 to 1015 W/cm2 and 
the fraction of total laser energy deposited into hot electrons 
saturates at a level of a few percent18,37–39 at 1015 W/cm2 in 
planar targets, which is sufficient to significantly raise the fuel 
adiabat. Implosions at adiabats relevant to the high-gain designs 
for the NIF require strategies to mitigate hot-electron preheat.

A straightforward path to preheat mitigation is to use differ-
ent ablator materials to modify the hydrodynamic profiles and 
increase the instability threshold for the TPD instability. OMEGA 
experiments in the intensity range of 3 to 7 # 1014 W/cm2 have 
demonstrated lower hot-electron production for silicon, germa-
nium, and chlorine-doped plastic ablators.17–19 The reduction 
reaches a factor of 10 for an aluminum ablator,17 which may 
be a result of a near-threshold effect. The hard x-ray signals 
caused by TPD-driven hot electrons were reduced by a factor 

of 40 in implosions using glass ablators compared to plastic16 
at an intensity of 1015 W/cm2. The measured hot-electron tem-
perature was reduced by a factor of 2 with the glass ablators, 
resulting in a reduction of the shell preheat by more than an 
order of magnitude.

The threshold15 for triggering the absolute TPD instabil-
ity of a plane electromagnetic (EM) wave in an inhomo-
genous plasma is given approximately by the parameter 

,L I T230 114n e#h = =_ i  where Ln is the density scale length 
in nm, I14 is the EM wave intensity in units of 1014 W/cm2, and 
Te is the electron temperature in keV, with all these parameters 
being evaluated at quarter-critical density. According to this 
formula, ablators of moderate-Z numbers exhibit several advan-
tages over low-Z materials: a higher electron temperature Te; a 
better absorption in the corona, leading to a lower-intensity I14 
at quarter-critical density; and a shorter density scale length Ln 
because of the slow expansion of the heavier fluid. However, 
the TPD instability presents a nonlinear behavior, leading to 
the saturation of the growth rate at high intensities.

The collisional damping of Langmuir waves (LW’s) plays 
an important role in materials with a higher Zeff than plastic. 
The linear growth rate of the TPD instability obtained by 
Simon et al.15 has been generalized to account for the LW 
collisional damping and can be expressed as
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The Zeff number of the three targets introduced in the previous 
section varies between 5.3 for CH, 6 for HDC, and 10.8 for 
SiO2. Figure 140.12(a) shows the temporal evolution of the elec-
tron temperature at quarter-critical density, and Fig. 140.12(b) 
shows the generalized TPD growth rate introduced in Eq. (1) 
for the three designs. The temporal axis has been normalized 
to the beginning of the main drive for each target. The electron 
temperature has been increased by +1500 eV and +500 eV, 
respectively, for the glass and carbon targets compared to the 
plastic target (+4.0 keV). Because of a higher temperature 
and a shorter density scale length (+450 nm for SiO2 and 
+550 nm for CH), the first term of the right-hand side of Eq. (1) 
is decreased for mid-Z materials. However, the effect of col-
lisional damping on the TPD growth rate [represented by the 
last term of the right-hand side of Eq. (1)] is strongly dependent 
on the temperature and is also correlated to the effective atomic 
number. As a result, the carbon target and especially the glass 
target benefit from a higher collisional damping of LW than the 
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plastic target. The absolute TPD instability is triggered when 
the generalized growth rate is positive .0>ct  One can observe 
in Fig. 140.12(b) that the three targets will be affected by this 
instability. The growth rate is still lower, however, for mid-Z 
than low-Z ablators, presumably resulting in a saturation at a 
lower level of conversion fraction of energy into hot electrons.

Nonlinear effects such as the collisional damping of Lang-
muir waves (LW’s) and the collisional damping of ion-acoustic 
waves (IAW’s) can be accounted for by performing simula-
tions40 based on the Zakharov model of TPD.41,42 These calcu-
lations describe the growth and the nonlinear saturation of the 
TPD instability. It has been shown that materials with a higher 
effective atomic number Z Z Z2

eff =  lead to TPD saturation 
at similar intensities (+1015 W/cm2) but present a lower fraction 
of energy converted into hot electrons43 (approximately half 
the level for glass material compared to plastic). On the basis 
of Ref. 43, mid-Z materials appear to benefit from higher colli-
sional damping of LW as well as from weaker damping of IAW.

For OMEGA implosions at intensities above 1015 W/cm2, 
the stimulated Raman scattering (SRS) instability can also 
couple laser energy into hot electrons.44 The laser-intensity 
threshold for excitation of SRS45 is ,I T L10 /

16
4 3

e n- a k  where 
I16 is in units of 1016 W/cm2, Ln is in nm, and Te is in keV at 
quarter-critical density for a laser wavelength of 0.351 nm. 
Another laser–plasma interaction (LPI) issue for coupling laser 
energy to the plasma is cross-beam energy transfer (CBET). The 
uniform illumination of targets with many overlapping laser 
beams creates favorable conditions to allow for the transfer of 
energy among beams, scattering the light outward and reducing 
laser coupling. Calculations have shown that CBET becomes an 
important factor in OMEGA implosions46 at intensities above 
5 # 1014 W/cm2. The dependence of the gain rate of CBET 

on atomic number Z is complex but can be approximated47 as 
1/Z. Consequently, the higher temperature and shorter density 
scale length exhibited in mid-Z hydrodynamic profiles indicate 
a mitigation of SRS-driven hot electrons as well as a reduction 
of CBET.

Hydrodynamic Stability of Moderate-Z Ablator Targets 
Under Uniform Drive

In this section, we investigate the hydrodynamic stability 
properties of mid-Z ablators. Theoretical14,48 and numerical 
studies49 have shown that the DAF structure characteristic of 
mid-Z materials can aid in the overall stabilization of the target. 
Reduced RT growth rates have been observed experimentally in 
bromine,13,50 silicon, and germanium-doped plastic20,21 com-
pared to pure plastic. Therefore, the viability of mid-Z ablators 
as a potential ICF direct-drive–ignition ablator is studied and 
compared to the hydrodynamic performance of plastic shells.

1. Single-Mode Simulations
The DAF structure of mid-Z ablators affects the hydro-

dynamic stability. One-dimensional simulations are used to 
characterize the DAF properties. In Fig. 140.13, the 1-D LILAC 
simulations show the density profiles taken 500 ps after the 
beginning of the linear phase of the RT instability. The DAF 
structures are clearly visible for the SiO2 and HDC targets, 
and a less-pronounced DAF can also be observed for the CH 
target. In ignition-scale targets, there is sufficient radiation 
generation and absorption to produce a DAF structure, even 
in CH ablators. The high ablation velocity caused by the small 
peak density (around 1 g/cm3) at the electron front results in 
a strong ablative stabilization at the electron front in the DAF 
structure. As a consequence, the electron front is expected to 
be stable and only the RT instability at the radiation front must 
be considered. Unless otherwise indicated, the studies in the 
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temperature at quarter-critical density and 
(b) the normalized two-plasmon–decay 
(TPD) growth rate for the plastic (green 
curve), high-density carbon (black curve), 
and glass ablators (blue curve).
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remainder of this article address the radiation front. The abla-
tion velocity Va, shell acceleration g, and density scale length 
L have been extracted from the 1-D simulations at the radia-
tion front for each target, and these values have been averaged 
over the linear phase of the RT growth. As one can observe 
in Fig. 140.13, the density scale length at the radiation front 
reduces when the atomic number increases with values of 3.8, 
3.0, and 1.5 nm for CH, HDC, and SiO2 ablators, respectively. 
The shell acceleration is slightly greater for the mid-Z materials 
(+8.0 # 1015 cm/s2) than for plastic (+7.5 # 1015 cm/s2). The 
ablation velocity is also slightly increased for SiO2 (+3.0 # 
105 cm/s) compared to plastic (+2.8 # 105 cm/s), while the HDC 
target exhibits the higher value (+3.5 # 105 cm/s). According to 
the RT linear growth rate formula in the Introduction (p. 220), 
larger shell acceleration and smaller density scale length result 
in an increased growth of the classical RT instability at the 
radiation front for the mid-Z targets. The higher mass abla-
tion rate for the SiO2 and especially for the HDC targets has, 
however, a stabilizing effect on the radiation ablation front. 
The slightly higher classical RT growth in the HDC target 
is, therefore, sufficiently compensated by the increase in the 
ablation velocity, while the SiO2 target remains slightly more 
unstable than the CH target.

The RT growth in the DAF structure was investigated using 
the 2-D arbitrary Lagrangian–Eulerian radiation–hydrodynam-
ics code DRACO.51 This code has been recently benchmarked 

for single-mode linear growth against flat-foil experiments 
with mid-Z ablators on OMEGA.52 The DRACO simulations 
were performed using the same physical models used in the 
LILAC simulations presented in One-Dimensional Target 
Design Using Mid-Z Ablators (p. 221). The RT growth rate 
is calculated for several perturbation wave numbers during the 
linear phase of the instability by extracting the slope of a single 
perturbation-mode amplitude evolution in time at the radiation 
ablation front from the LILAC simulations. The RT growth is 
investigated for a single perturbation imposed on the target’s 
outer surface of an initial amplitude chosen to keep the RT 
modes in the linear regime over the entire acceleration phase in 
the range of 20 <  < 200. The 2-D simulations were performed 
using 20 azimuthal cells per half-wavelength of the perturbation 
and six radial cells in the interval outside the ablation surface 
defined by 1/k to ensure a good numerical resolution conver-
gence and an accurate physical solution. The laser absorption 
was computed with sector ray tracing.

The amplitude of the perturbation grows exponentially as 
exp(ct), where c is the linear growth rate during the accel-
eration phase, until it reaches the nonlinear phase when its 
amplitude exceeds +0.1 m. At this point, more rapidly growing 
high harmonics appear and the nonlinearity of the perturbation 
begins. The initial amplitude for increasing mode numbers  
was decreased in order to keep the harmonic growth lower 
than 10% of the fundamental wavelength. The linear growth 
factor exp(ct) is computed over the entire acceleration phase 
up to the time where the velocity reaches its peak value. Fig-
ure 140.14 shows the linear growth factor as a function of the 
mode number of the perturbation imposed on each target. In 
this figure, the initial amplitude of the mode is chosen right at 
the beginning of the acceleration phase, which is well past the 
phase inversions produced by shock propagation through the 
multiple interfaces occurring during the Richtmyer–Meshkov 
(RM) phase in the early stages of the illumination. The growth 
factor strongly increases with the mode number but remains 
similar for the three targets for low-mode numbers up to  = 70, 
while the glass target exhibits a larger growth than the plastic 
and carbon targets above  = 70. Furthermore, the growth fac-
tor depends on the perturbation wave number k and is related 
to the mode number  by k = /R, where R is the target’s outer 
radius. Keeping in mind that the initial radius of the glass tar-
get is smaller than for the carbon and plastic targets, the wave 
number will be higher for SiO2 for a specific mode number , 
which will tend to increase the corresponding growth rate in 
comparison with HDC and CH. The most-damaging modes are 
those with wave numbers scaling as kDR + 1, corresponding to 
 + RDR. Longer wavelengths grow more slowly while shorter 
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wavelengths saturate at smaller amplitudes. Consequently, the 
integrity of the shell is mostly affected by  modes in the range 
of 20 <  < 40. Even when considering an uncertainty factor 
of 2, the linear growth factors in this range are similar for all 
three designs.

Carbon ablators exhibit lower growth than plastic for higher-
mode numbers. The RT growth for the carbon target tends to 
saturate and enter the nonlinear phase earlier than the plastic 
target for higher-mode numbers. This could be an effect of 
the coupling between the perturbations growing at both the 
radiation and electron ablation fronts while no coupling occurs 
in the plastic target. According to Fig. 140.13, the standoff 
distance between the two fronts is small for the HDC target, 
which could lead to a more-effective coupling of the high-mode 
perturbations between the two fronts, while in comparison with 
the glass target where the large standoff distance reduces the 
coupling between the fronts.

Mid-Z ablators exhibit stability properties similar to those of 
plastic, especially for  < 100. A realistic implosion introduces, 
however, multiple sources of multimode perturbations that 
grow into the nonlinear regime (surface roughness, ice rough-
ness, and laser imprint seeded by the multibeam laser irradia-
tion). Therefore, multimode simulations must be performed to 
accurately assess the target performance.

2. Laser Drive and Capsule Nonuniformities
The stability of each target to multiple sources of nonunifor-

mities is first investigated for uniform illumination. For these 
studies, the baseline configuration is the 1-D design, and the 
illumination pattern extracted from the 1-D simulation is used 
to irradiate the target. Several multimode simulations were 
performed in half-sphere geometry, using the code DRACO, 
to evaluate the overall hydrodynamic stability to capsule and 
single-beam nonuniformities. Capsule nonuniformities include 
inner-surface roughness of the DT ice layer and outer-surface 
roughness of the ablator. Laser nonuniformities are studied by 
including multimode laser imprint from single-beam irradia-
tion. Each of these sources of perturbations is added individu-
ally to the baseline implosion for each target.

The effect of inner DT-ice roughness on the target per-
formance is quantified by computing the gain normalized to  
the 1-D results while varying the amplitude of the perturba-
tion. Perturbation modes up to  = 50 are included with the 
amplitude of the perturbation decaying as –1. The simulations 
are carried out using at least 12 azimuthal cells for the short-
est wavelength. The NIF specification for the roughness of the 
inner DT-ice surface is set at 1-nm rms (root mean square). 
Figure 140.15(a) shows the target performance as a function of 
the initial amplitude of the inner DT-ice layer’s roughness for 
each target. All three designs exhibit high target-gain reduction 
for ice roughness above 6-nm rms corresponding to 6# the NIF 
specification. Similarly, the capsule’s sensitivity to the rough-
ness of the ablator’s outer surface is evaluated by imposing a 
multimode spectrum of perturbations of various amplitudes. 
Since the initial amplitude of the ice-roughness spectrum is 
set to scale as –1 in this study, the growth of high modes has 
a rather negligible effect on the overall stability so the ice-
roughness power spectrum is chosen to include modes up to 
 = 50. The NIF specification for this source of perturbation is 
set at about 115-nm rms. Figure 140.15(b) shows the normal-
ized target gain as a function of the surface roughness of the 
ablator’s outer surface. All three targets achieve close to 1-D 
gains for up to 1-nm rms, corresponding to more than 8# the 
NIF specification. In conclusion, all three targets are robust to 
both the inner-ice-surface and outer-surface roughnesses well 
above NIF specifications.

The largest multimode perturbations in direct-drive ICF 
implosions are seeded by nonuniformities in the laser-beam 
intensity that imprint on the target early in the laser pulse and 
grow during the acceleration phase. Multimode simulations 
of laser imprinting using realistic single-beam laser nonuni-
formities, including even modes up to  = 100 to account for 
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the most-dangerous modes (see Single-Mode Simulations, 
p. 224), are performed for the three materials. These multi-
mode illumination nonuniformities are modulated in time 
using 2-D smoothing by spectral dispersion (SSD)53 as a 
method of temporal beam smoothing. Figure 140.16 shows the 
temporal evolution of the rms deviation of the density at the 
radiation ablation front extracted from half-sphere simulations 
of the three designs that included single-beam laser imprint. 
The RM-unstable phase can be observed for the three targets 
during the three-picket and the pre-foot laser pulses, while 
the RT-unstable phase starts at the beginning of the accelera-
tion phase at 7.2 ns, 6.8 ns, and 6.6 ns for the CH, HDC, and 
SiO2 targets, respectively. The RT growth rate at the radiation 
ablation front is slightly higher for the glass designs than for 
carbon and plastic designs, showing a comparable temporal 
growth of the rms deviation of density. This deviation saturates 

at the end of the acceleration phase and is not shown after the 
RT growth enters the nonlinear regime. The glass and plastic 
designs exhibit a smaller seed amplitude at the beginning of 
the RT-unstable phase (0.14 and 0.11 nm, respectively) about 
half the size of the carbon target (0.21-nm rms) because of 
phase inversions resulting from shock breakouts at the different 
interfaces during the RM-instability phase. Figure 140.17 shows 

Figure 140.15
Normalized gain as a function of (a) ice roughness and (b) surface roughness 
for plastic (green curve), carbon (black curve), and glass (blue curve) targets 
in the uniform laser configuration.
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the density contour plot of the simulation of laser imprint on 
the glass target at the end of the laser pulse. It clearly appears 
that the electron front remains stable during the acceleration 
phase while the RT instability has already strongly developed 
at the radiation front.

Perturbations at the unstable radiation ablation front are fed 
to the inner surface of the solid DT fuel during the accelera-
tion phase. These perturbations seed the RT instability during 
the deceleration phase. The inner surface of the shell becomes 
unstable when the imploding material starts to decelerate 
because of the pressure exerted by the inner gas on the shell. 
When the amplitude of the final perturbation of the inner solid 
DT surface is comparable to the hot-spot radius, the ignition 
process can be severely compromised. Figure 140.18 displays 
the density contour plots for the (a) CH, (b) HDC, and (c) SiO2 
designs in the presence of laser imprinting with even modes 
up to  = 100 at time of ignition. The white solid lines indicate 
the ion temperature inside the hot spot in keV. The solid DT 
inner surface is more distorted for mid-Z ablators because of 
a thinner DT layer and more-effective feedthrough. The glass 
design exhibits a more-distorted shell than the other designs 
because of a higher in-flight aspect ratio. However, the overall 
stability of these targets to laser imprint perturbations exhibits 
enough margin to achieve ignition and produce high gains of 
68 for CH, 62 for HDC, and 39 for SiO2, corresponding to 91%, 
86%, and 74%, respectively, of the nominal gain achieved for 
an unperturbed implosion.

Based on the above results, mid-Z ablator targets exhibit a 
performance similar to that of the conventional plastic ablator 

target under uniform laser irradiation. Mid-Z ablators do not 
mitigate the RT growth of perturbations seeded by either fabri-
cation defects or laser-drive nonuniformities for ignition-scale 
target designs. The stabilizing effect observed at sub-ignition 
scale13,20,21,50 does not significantly affect the growth at the 
radiation front because the radiation and electron ablation 
fronts are strongly decoupled during the acceleration phase. 
Nevertheless, mid-Z ablators for ignition targets mitigate the 
TPD instability while retaining stability properties similar to 
plastic ablators.

Two-Dimensional Polar-Direct-Drive Configuration 
for Moderate-Z Ignition Targets

Because of its current indirect-drive laser configuration, 
standard direct-drive experiments using uniform illumination 
are not feasible on the NIF. To achieve the most-uniform target 
illumination for direct drive, repointing some of the beams 
from the x-ray drive configuration toward the equator should 
maintain enough symmetry in the drive pressure to achieve the 
ignition conditions [polar direct drive (PDD)54]. The oblique 
incidence of the repointed beams on the target decreases the 
coupling of the laser energy to the target, affecting its hydro-
dynamic efficiency and symmetry. Recent numerical24,55–60 
and experimental55,61–64 studies have investigated direct-drive 
plastic target performances in a PDD configuration on both 
OMEGA and the NIF.

The 192 NIF beams are grouped into 48 clusters of four 
beams, with each cluster forming a quad. In the x-ray drive 
configuration, 24 quads from each hemisphere are pointed at 
different angles with respect to the polar axis, forming four 
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rings of beams: four quads at 23.5°, four quads at 30°, eight 
quads at 44.5°, and eight quads at 50°. In the PDD configuration, 
the beams are repointed toward the equator: The four quads 
at 23.5° and 30° are repointed to 24.5° and 44°, respectively. 
The ring of beams at 44.5° is split into four quads repointed to 
44° and four quads to 86°. The eight quads at an initial angle 
of 50° are all repointed to 86°. Therefore, the PDD configura-
tion uses only three rings of beams at 24.5° (eight quads), 44° 
(16 quads), and 86° (24 quads) labeled, respectively, polar, 
mid-latitude, and equatorial beams to produce optimal results 
for drive uniformity.

Because the equatorial beams exhibit a greater obliquity 
to the target, they deposit their energy farther away from the 
ablation front than the polar beams, thereby lowering the laser 
absorption and reducing the drive efficiency. Therefore, the 
laser intensity must be increased near the equator relative to 
the pole to compensate for this effect. As the target implodes, 
time-dependent effects, as well as the multidimensional effects 
caused by lateral heat flow arising from temperature variations 
in the laser deposition region, must be considered. Furthermore, 
the absorption and hydrodynamic efficiency varies for different 
ablators. The irradiation strategy must also address the angular 
difference in hydrodynamic efficiency resulting from variations 
in density depending on the laser absorption around the target. 
The NIF can provide different laser pulses for each quad. To 
account for all these effects, different pulse shapes were used 
for the three rings of beams. In this study, each design required 
a dedicated beam-pointing strategy for the equatorial beams 
and time-dependent relative energy balance among the rings of 
beams, depending on the ablator. To illustrate this requirement, 
the laser pulses used to create the power balance between rings 
are presented in Fig. 140.19 for the SiO2 design. Single-beam 
power for the polar (green curve), mid-latitude (blue curve), and 
equatorial (black curve) rings of beams is presented. To offset 
the reduction in laser drive, additional energy is required in 
the PDD configuration compared to the uniform illumination 
presented in Hydrodynamic Stability of Moderate-Z Ablator 
Targets Under Uniform Drive (p. 224). A total laser energy 
of 1.74 MJ, 1.75 MJ, and 1.76 MJ is used to achieve ignition of 
the CH, HDC, and SiO2 designs, respectively.

Further optimization can be obtained by optimizing the 
laser-spot profiles compared to a uniform irradiation. It has 
been shown24,59 that low super-Gaussian–order beam pro-
files are highly desirable for PDD laser-spot shapes since the 
energy on target can be efficiently redistributed by reducing 
the peaked illumination on the pole when using lower super-

Gaussian order. In this study, the on-target intensity is produced 
by a circular super-Gaussian profile using an order of 3.4 for 
the pole and 2.2 for the mid-latitude beams. To improve the 
absorption uniformity in the equatorial region, the laser-spot 
profile is obtained by adding an elliptical profile on the initial 
profile for the equatorial rings of beams. This ellipse is char-
acterized by a super-Gaussian order of 2.2, a relative amplitude 
of 10% to 30% (depending on the ablator material) relative to 
the circular spot, an ellipticity of 3, and an offset of 15% of the 
initial target radius toward the equator relative to the center of 
the circular-spot profile. The focal-spot radius of the circular 
ellipse is set to the initial target radius for all rings of beams. 
Each irradiation region will require a different type of phase 
plate for each design presented in this article.

Polar-direct-drive simulations of the three designs were 
performed using the 2-D DRACO code including a three-
dimensional (3-D) laser ray-trace modeling of the NIF beams 
and using a flux limiter of f = 0.06. The relative energy among 
the beams, the beam pointing, and the beam spot shapes were 
varied to find an optimal configuration of the target drive unifor-
mity for each design. These calculations consider only the non-
uniformities arising from beam pointing and energy balance in 
between rings of beams inherent to a PDD laser configuration. 
Simulated density contour plots along with ion temperatures 
(in keV) inside the hot spot (white solid lines) at the onset of 
ignition for the CH (t = 12.03 ns), HDC (t = 11.33 ns), and SiO2 
(t = 11.15 ns) targets are presented in Fig. 140.20.
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Figure 140.20
Simulated density contour plots at the onset of ignition of the (a) CH target at t = 12.03 ns, (b) HDC target at t = 11.33 ns, and (c) SiO2 target at t = 11.15 ns in 
the polar-direct-drive configuration. The white solid lines indicate the ion temperature inside the hot spot in keV.

All designs present a shell shape dominating  = 4 mode of 
nonuniformity characteristic of PDD implosions and exhibit 
similar shell integrity. All designs achieve high target gain 
using the PDD irradiation configuration. Values of 68 for CH, 
65 for HDC, and 44 for SiO2 are achieved corresponding to 
91%, 90%, and 83%, respectively, of the nominal gain achieved 
for an unperturbed implosion under uniform illumination. 
Investigation of each design’s robustness in this configuration 
is underway. The effects of laser imprinting and capsule non-
uniformities on the PDD designs will be examined in future 
work. In addition, the recent developments in the DRACO 
code will allow us to investigate the nonlocal effects of heat 
transport65,66 as well as the effects of CBET in laser coupling 
and absorption symmetry. 

Conclusions
The use of materials of medium atomic number Z as ablators 

is considered as a possible path for direct-drive implosions to 
mitigate the detrimental effects of the TPD instability. Three 
hydro-equivalent ignition targets using pure plastic (CH), HDC, 
and glass (SiO2) ablators have been designed to accelerate the 
DT fuel to the same implosion velocity and adiabat.

It has been shown that because of a higher temperature 
and a shorter density scale length, the threshold for the TPD 
instability is increased for mid-Z materials. Moreover, the 
carbon target and especially the glass target benefit from a 
higher collisional damping effect on the TPD growth rate than 
for the plastic target. The growth rate is lower for mid-Z than 
low-Z ablators, resulting in reduced hot-electron energy and 
temperature. In addition, the higher plasma temperature and 
shorter density scale length in mid-Z coronal profiles indicate 

that SRS and CBET will also be reduced. On the other hand, 
the laser energy saved from a reduced CBET effect may become 
available to contribute to TPD and SRS growth.

Simulations of single-mode perturbations have demon-
strated that mid-Z-ablator–ignition designs and plastic designs 
have similar hydrodynamic stability properties. Multimode 
simulations indicate that the three targets are robust to both the 
inner-ice-surface and outer-surface roughnesses well above the 
NIF specifications. The overall stability of these targets to laser-
imprint perturbations exhibits enough margin to achieve ignition 
and high gains for a uniform drive. Using a mid-Z ablator does 
not appear to mitigate the RT growth of perturbations seeded 
by either fabrication defects or laser-drive nonuniformities for 
ignition-scale target designs. For more-realistic laser irradiation, 
a polar-direct-drive configuration has been developed for each 
design within the NIF laser specifications. The relative energy 
among the beams, the pulse shapes, the beam pointing, and the 
beam spot shapes were varied to find an optimal configuration 
for the target drive uniformity, resulting in ignition and high 
target gains. Therefore, mid-Z ablator targets represent a viable 
option for direct-drive–ignition designs since they present bet-
ter overall performances than plastic ablators by decreasing the 
detrimental effects of LPI on the implosion without a significant 
degradation of hydrodynamic stability properties.
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