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Abstract

The effects of high-Z dopant on the laser-driven ablative Richtmyer–Meshkov instability (RMI) are investigated by
theoretical analysis and radiation hydrodynamics simulations. It is found that the oscillation amplitude of ablative RMI
depends on the ablation velocity, the blow-off plasma velocity and the post-shock sound speed. Owing to enhancing
the radiation at the plasma corona and increasing the radiation temperature at the ablation front, the high-Z dopant in
plastic target can significantly increase the ablation velocity and the blow-off plasma velocity, leading to an increase in
oscillation frequency and a reduction in oscillation amplitude of the ablative RMI. The high-Z dopant in plastic target
is beneficial to reduce the seed of ablative Rayleigh–Taylor instability. These results are helpful for the design of direct
drive inertial confinement fusion capsules.
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1. INTRODUCTION

When intense laser beams irradiate a rippled planar target, a
rippled shock will be produced and propagate from the abla-
tion front to the cold rear of target. Before the reflected rare-
faction wave, generated by the shock interacting with the rear
of target, accelerates the ablative front, the ablative Richt-
myer–Meshkov instability (RMI) (Richtmyer, 1960; Mesh-
kov, 1969; Bodner et al., 1998; Velikovich et al., 1998)
will dominate the perturbation growth at ablation front.
After the rippled ablation front has been accelerated, the ab-
lative Rayleigh–Taylor instability (RTI) (Rayleigh, 1883;
Taylor, 1950) will be triggered, which would lead to a drastic
distort of the target and bring bad influence in the fields of
direct drive inertial confinement fusion (ICF). Since the ab-
lative RMI instability offer seeds to the ablative RTI, it is
very important to suppress the growth of ablative RMI.
Some theoretical (Youngs, 1994; Goncharov, 1999; Antoine,
2003; Goncharov et al., 2006; Keskinen et al., 2006; Peter-
son et al., 2014; Robey et al., 2016) and experimental (Aglit-
skiy et al., 2001, 2002, 2012) researches have been devoted
to studying the growth process of ablative RMI. It was found
that the ablative RMI presents a damping oscillating behav-
ior, which could be beneficial to ICF providing that the

oscillating behavior can be used to reduce the seeds of abla-
tive RTI. The effect of high-Z dopant on the ablative RTI
have been studied (Fujioka et al., 2004a, b). However, the ef-
fects of high-Z dopant on the ablative RMI still lack
investigation.
In this paper, we explore the influence of high-Z dopant on

the direct-driven ablative RMI in plastic target by theoretical
model and radiation hydrodynamics simulations. Firstly, we
have theoretically analyzed the oscillation behavior of abla-
tive RMI. It was found that the oscillation amplitude of abla-
tive RMI depends on the ablation velocity, the blow-off
plasma velocity and the post-shock sound speed. Then,
basing on the one-dimensional (1D) simulations, we theoret-
ically discussed the influence of high-Z dopant on the oscil-
lation behavior of ablative RMI. It was found that the high-Z
dopant could drastically reduce the oscillation amplitude, in-
crease the oscillation frequency and intensify the decay of ab-
lative RMI due to the larger ablation velocity, the larger
blow-off plasma velocity, and the smaller post-shock sound
speed in a doped target. Lastly, 2D simulations have been
employed to confirm the theoretical results. The bromine
(Br) was selected as the high-Z dopant in this research.

2. THEORETICAL ANALYSIS

In direct drive ICF implosions, laser irradiating target induc-
es a shock wave propagating through the ablator. During the
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shock propagation, the ablation front travels at a constant ve-
locity, and any perturbations at the ablation front could grow
due to the ablative RMI. Firstly, we simply analyze the abla-
tive RMI at ablation front based on an ablative RTI model.
The growth rate of ablative RTI is strongly dependent on
the magnitude of the Froude number (Fr) (Betti et al.,
1995; Betti et al., 1996; Goncharov et al., 1996a, b; Atzeni
& Meyer-Ter-Vehn, 2004). For large Froude numbers, the
linear growth rate of ablative RTI can be written as (Gonchar-
ov et al., 1996a, b; Piriz et al., 1997)

γ =
���������������������
ATkg− A2

Tk
2VaVbo

√
− (1+ AT)kVa, (1)

where AT = 1− ρbo/ρa
1+ ρbo/ρa

,Vbo = Va
ρa
ρbo

,
ρbo
ρa

= μ0(kL0)1/n,

μ0 =
(2/n)1/n

Γ(1+ 1/n) +
0.12
n2

. AT is the Atwood number, k= 2π/λ

is the wave number, g is the acceleration of target and Va is
the ablation velocity. Vbo, ρbo is the velocity and density of
the blow-off plasma, respectively. The blow-off plasma ve-
locity is generally much larger than the ablation velocity. n
is the power index of the thermal conduction, L0 is the char-
acteristic thickness of the ablation front, and Γ(x) is the γ
function. Froude number is defined as Fr = V2

a /L0g. Since
the acceleration of ablation front is zero in the phase of abla-
tive RMI, Eq. (1) satisfies the condition of large Froude num-
bers. The growth formula of ablative RMI can be obtained
via Eq. (1) to set the acceleration to zero

γRM = ATk
�������
VaVbo

√
i− (1+ AT)kVa. (2)

Since the Atwood number AT approaches 1 due to ρbo/ρa≪ 1,
the growth of ablative RMI can be expressed as

η(t)
η0

= e−2kVa t sin(k �������
VaVbo

√
t), (3)

where η(t) and η0 are instantaneous and initial perturbation
amplitude at ablation front. Equation (3) describes the de-
cayed oscillation behavior of ablative RMI, which has been
confirmed through experiments (Aglitskiy et al., 2001,
2002). According to Eq. (3), the decaying rate of oscillation
amplitude depends on the ablation velocity, and the oscilla-
tion frequency relies to the ablation velocity and the blow-off
plasma velocity.
Owing to not including the effect produced by the rippled

shock, Eq. (3) accuracy is not enough. A more complex and
accurate theoretical model based on the sharp-boundary
mode (Piriz et al., 1997) has been developed by Goncharov
(Goncharov, 1999; Goncharov et al., 2006). The boundary
conditions at the shock front are derived by using the Hugo-
niot relations and at the ablation front the self-consistent anal-
ysis (Sanz, 1996) is applied. The Goncharov model of
ablative RMI predicts that the amplitude of ablation front

perturbations will evolve according to

ηARM/η0 =f (kc1t) + e−2kVat
α0 cos(k

�������
VaVbo

√
t)

+β0 sin(k
�������
VaVbo

√
t)

[ ]

+ηv(t) (kDc > 1),
(4)

where c1 is the sound speed in the post-shock area and Ω=
k

�������
VaVbo

√
is the oscillation frequency. The detailed represen-

tation of f (kc1 t) and ηv (t) can be found in reference (Gon-
charov et al., 2006). Note that the Goncharov model must
satisfy the condition of kDc>1, where Dc is the size of con-
duction zone defined as the distance of the ablation front and
the critical density surface. The first term ( f (kc1 t)) is much
less than the second term when kc1 t >1, which can be ig-
nored in the following discussion. The

ηv(t)∝ sin(kVa

��������
1−M2

1

√
/M1t)/

�����
kVat

√
is the oscillatory con-

tribution due to the vorticity produced behind the rippled
shock front, where M1 is the Mach number in the post-shock
area. Equation (4) shows that the perturbations at ablation
front oscillate with time due to two terms. First is the dynam-
ic overpressure near the ablation front acting as a restoring
force leading to the oscillation with a frequency k

�������
VaVbo

√
.

The amplitude of such oscillation is damped by the ablation
term e−2kVat. The second physical mechanism which also
leads to the ablation-front oscillations is the convection of the
vorticity produced behind the rippled shock front. The shock-
induced vorticity oscillates with a frequency kVa

��������
1−M2

1

√
/M1

and amplitude decays as
�����
kVat

√
. Since the blow-off plasma ve-

locity is much larger than the ablation velocity (Vbo/Va≫ 1),
the first oscillation term dominates the evolution of perturba-
tion. So here we just discuss the second term in Eq. (4). The
Goncharov model is similar with Eq. (3) obtained from the ab-
lative RTI model providing that the term of vorticity in Eq. (4)
is neglected. The second term in Eq. (4) can be detailed as

ηARM
η0

≈
���������
α20 + β20

√
e−2kVat sin(k �������

VaVbo
√

t + φ)[ ]
, (5)

where

α0=1+N1(1+3Υ)−N1
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����
Va
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g(R),φ=arctan
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.R=ρ1/ρ0

is the density compression ratio in the post-shock and un-

shocked areas. M1= 1������
1+R

√ ,N1=−4
M4

1R(R−1)
M2

1(4R+1)−1
and

Υ= (1−M2
1)

(3+M2
1 )+2(1+3M2

1 )
are the constants only depending

on R (Peterson et al., 2014). According to Eq. (5), the oscilla-

tion amplitude of ablative RMI depends on the value
��������
α20+β20

√
,

while α0 and β0 depend on the post-shock sound speed c1, the
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ablation velocity Va and the velocity of the blow-off plasma
Vbo. Owing to

��������
Va/Vbo

√
≪1, the second term in the expression

of β0 also can be ignored. So the oscillation amplitude of��������
α20+β20

√
in Eq. (5) can be expressed as

��������
α20+β20

√
=

������������������������������������
(a0(R)+b0(R) c1Vbo

)2+a1(R) c21
VboVa

√
. (6)

The density compression ratio R is about 2–4 in the laser-
driven target. All the values of a0, b0, and a1 are positive for
the R in this range. According to Eq. (6), it is found that��������
α20+β20

√
is a monotonically increasing function of c1 and a

monotonically decreasing function of Vbo or Va. Figure 1
show the relation of oscillation amplitude with c1/Va and c1/
Vbo for a fixed compression ratio (R= 3). It is found that the
larger ablation velocity and the larger blow-off plasma velocity
can decrease the oscillation amplitude.
The high-Z dopant in plastic would absorb more energy of

laser and emit stronger radiation when intense laser beams ir-
radiate a doped target. The stronger radiation would lead to a
higher radiation temperature at ablation front and increase the
ablation velocity. According to the above theoretical model,
the larger ablation velocity can increase the decaying rate of
oscillation amplitude and reduce the oscillation amplitude of
ablative RMI, which means that the high-Z dopant is benefi-
cial to reduce the ablative RMI. The detailed effect of
Br-dopant on the ablative RMI will be theoretically analyzed
in combination with the 1D simulations, and the 2D simula-
tions are also employed to confirm the theoretical results.

3. SIMULATIONS AND DISCUSSION

A multi-dimensional radiation hydrodynamics code (Kawata
et al., 1993; Ogoyski et al., 2010) is employed to model the
evolution of laser-driven ablative RMI. A three-temperature

model is used to describe the temperature of ions, electrons,
and radiation, and multi-groups diffusion approximation is
applied for the radiation transport. The opacities of materials
are calculated by the SNOP code (Eidmann, 1994), and the
equation of state is obtained from MPQEOS (Kemp et al.,
1998). The flux-limited Spitzer thermal conduction model
(Spitzer & Härm, 1953) (the standard value of the flux limiter
is f= 0.06), and 2D ray-tracing laser-energy deposition are
employed. The frequency of photon is divided into 20
groups in simulations.
Schematic of the target used in simulations is shown in

Figure 2(a). In order to investigate the influence of high-Z
dopant on the laser-driven ablative RM instability, two
planar targets, that is, undoped target (CH) and 3% Br-doped
target (C50H47Br3) are employed. The initial densities of the
undoped and Br-doped targets are 1.06 and 1.26 g cm−3. The
target is set to be enough thick to avoid the premature onset
of ablative RTI. The targets are uniformly irradiated by
0.35 μm wavelength laser beams with a 2.5-ns square pulse
shape and intensity of 1.0 × 1014 W cm−3. In 2D simula-
tions, a sine perturbation is preset at the incident surface
with different wavelengths (20, 30, and 50 μm) and same am-
plitude (1 μm).
The density profiles and radiation temperature profiles at

0.9 ns from 1D simulations for the undoped and Br-doped
targets are shown in Figure 2(b). Note that the target has
been divided into four areas by the critical density surface,
the ablation front and the shock front. First is the area of
laser-energy deposition, the laser energy is absorbed by elec-
trons leading to a high-temperature plasma corona. Second is
the area of thermal conduction, radiation emitted from the
high-temperature plasma corona ablates the dense target. In
this area, the non-uniformity of laser irradiation can be ther-
mal smoothed out before it transmits to the ablation front.
Third is the post-shock area, the dense target is compressed
by the ablation-generated rippled shock and the convection
of the vorticity produced behind the rippled shock will influ-
ence the ablation front through this area. Fourth is the un-
shocked area, the density and the press in this area change
little, it can be pre-heat by the high-energy X ray or the hot
electrons. The radiation temperature in first and second

Fig. 1. The relation of oscillation amplitude with c1/Va and c1/Vbo for a
fixed compression ratio (R= 3).

Fig. 2. (a) Schematic representation of the target irradiated by laser in sim-
ulations; (b) density profile (solid lines) and radiation temperature (dashed
lines) at t= 0.9 ns for the undoped target (red lines) and Br-doped target
(black lines).
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areas is higher in the Br-doped target than that in the undoped
target. In the Br-doped target, the Br atoms in corona plasma
emit strong radiation, which leads to a higher radiation tem-
perature at the ablation front. Moreover, the size of radiation
conduction zone, defined as the distance between the abla-
tion front and the critical surface, is larger in the Br-doped
target than that in the undoped target. The smaller density
gradient at the ablation front is also found in the Br-doped
target, which indicates that the Br-doped target has a larger
characteristic thickness of the ablation front.
The Betti–Goncharov procedure (Betti et al., 1998) is em-

ployed to calculate the parameters Va and Vbo. The pressure
profiles and density profiles at the ablation front obtained
from the 1D simulations are used to fit these density and pres-
sure profiles at each time step generated via (Betti et al., 1998)

dξ

dx
= − ξv+1(1− ξ)

L0
, (7)

1

Π2
a

dΠ

dx
= 1

ξ2
dξ

dx
+ ξ

FrL0
, (8)

where ξ= ρ/ρa is the density normalized to its peak value at
ablation front, Π= p/pa is the pressure normalized to the
pressure at the peak of density, and Πa = Va

�������
pa/ρa

√
is the

normalized ablation velocity. The parameters (n, L0, and
Πa) in Eqs (7) and (8) can be obtained by the mathematical
fitting process. Ablation velocity can be calculated via
Va = Πa/

�������
pa/ρa

√
and the blow-off plasma velocity can be

calculated by Va, n, and L0.
Table 1 shows the time-averaged values (0.4–1.0 ns) of n,

L0, Va, Vbo, and c1 for the undoped and doped targets. Note
that the Br-doped target has a larger characteristic thickness
of the ablation front (L0) and a larger ablation velocity
(Va), which is the main reason of the suppression for ablative
RTI in the Br-doped target and it has been confirmed by ex-
periments and simulations (Fujioka et al., 2004a, b). It is also
important to observe that the Br-doped target has a larger
blow-off plasma velocity and a smaller post-shock sound
speed. According to Eq. (5), larger ablation velocity and
larger blow-off plasma velocity in the Br-doped target
would lead to a higher oscillation frequency, and larger abla-
tion velocity would lead to a faster decay of the oscillation
amplitude. According to Eq. (6), smaller post-shock sound
speed, larger ablation velocity, and larger blow-off plasma
velocity in the Br-doped target would decrease the oscillation

amplitude of ablative RMI, and leading to a smaller maxi-
mum of growth factor. The detailed comparison of the
growth factor calculated via Eq. (5) for the Br-doped target
(red solid lines) and the undoped target (black solid lines)
is shown in Figure 3. For all of the three perturbation wave-
lengths (20, 30 and 50 μm), the Br-dopant reduces the oscil-
lation amplitude and increases the oscillation frequency of
the ablative RMI. As shown in Figure 3, at early stage of
the ablative RMI, the growth factor in Br-dopant target is
much smaller than that in the undoped target, which means
that the Br-dopant in a thin plastic target can effectively
reduce the seeds of ablative RTI. The Br-dopant in the
thick target is also beneficial to decrease the seeds of ablative
RTI due to smaller oscillation amplitude and larger decaying
rate of the oscillation amplitude.

Figure 4 shows the ray-trace of laser-energy deposition in
the contour of electron number density and the contour of
electron temperature at t= 0.5 ns for the undoped and
Br-doped targets with a 30 μmwavelength perturbation at ab-
lation surface. It is clearly seen that the contour lines of elec-
tron number density are rippled. Since the laser is absorbed in
a perturbed region, the ray propagation is strongly disturbed,
which would introduce the additional non-uniformity of laser
irradiation at the critical density surface. Fortunately, the
weak non-uniformity of laser irradiation can be thermal
smoothed out in the thermal conduction area before it trans-
mits to the ablation front. As shown in Figure 4, near the crit-
ical density surface the contour lines of electron temperature
are smooth, which indicates that the non-uniformity of laser
irradiation at the critical density surface will not influence the
ablative RMI growth at ablation front. Since the high-Z
dopant in blow-off plasma increases the electron number
density, the larger size of thermal conduction zone is also
found in the Br-doped target.

Figure 5 shows the density distribution of 2D simulations
at t= 0.8 ns for the undoped and Br-doped targets with a
30 μmwavelength perturbation at ablation surface. It is clear-
ly seen that owing to the growth of ablative RMI, the pertur-
bation predominantly grows at the ablation front, while the
deformation at shock front almost disappears. The deforma-
tion at the ablation front is more drastic in the undoped target
than that in the Br-doped target, which qualitatively confirm
that the Br-dopant can reduce the perturbation growth at the
ablation front. The opposite perturbation phase for the un-
doped and Br-doped targets is also observed in Figure 5.
The valleys of initial perturbation locate at X= 15 and
45 μm, while at t= 0.9 ns the valleys of perturbation have
become peaks for the Br-doped target, which indicates the
perturbation phase inverse occurs. While for the undoped
target, the perturbation still grows with original phase. The
earlier phase inverse confirms the larger oscillation frequency
of ablative RMI in the Br-doped target.

The growth factors of 2D simulations for the undoped
(black dashed lines) and doped (rad dashed lines) targets
with the perturbation wavelength of 20, 30, and 50 μm are
also plotted in Figure 3. Since the ablative RTI is triggered

Table 1. Time-averaged (0.4–1.0 ns) values of parameters

Target n
L0
(μm)

Va

(μm ns−1)
Vbo

(μm ns−1)
c1

(μm /ns−1)

CH 0.72 0.51 1.05 13.81 31.06
C50H47Br3 0.6 0.91 2.01 15.63 26.74
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at 1 ns, the growth factors of ablative RMI are recorded only
before t= 1 ns. In simulations, the growth factor is defined as
GFΔOD=(△m(t)/△m0), where m(t), m0 are the instant and
initial areal-density modulations, respectively. The
areal-density modulations include the perturbation at shock
front, and it will bring some error to evaluate the perturbation
at ablation front. Since the perturbation at shock front decays
fast and is much smaller than it at the ablation front, the
areal-density modulations can quantitatively describe the
evolution of ablative RMI. As shown in Figure 3(a), for the
case with 20 μm wavelength, the growth factors for both tar-
gets first increase to the peak and then decrease to the valley,
which indicates the oscillation behavior of ablative RMI. The
growth factors of the undoped target reach the peak at
0.46 ns, while the Br-doped target only needs 0.25 ns,

which indicates a larger oscillation frequency of perturbation
growth in the Br-doped target. It is noted that the maximum
of growth factor in the Br-doped target (1.6) is much smaller
than that in the undoped target (3.9), which indicates that the
Br-dopant can reduce the oscillation amplitude of ablative
RMI. For the case of 30 and 50 μm wavelengths, the oscilla-
tion behaviors of perturbation growth are also presented. The
oscillation frequency decreases with the increase of the per-
turbation wavelength. The maximums of growth factor in the
Br-doped target with different wavelengths are also much
smaller than that in the undoped target. The 2D simulations
confirm the theoretical prediction of the higher oscillation
frequency and the smaller oscillation amplitude in the
Br-doped target. The detailed comparisons in Figure 3
show that there are still some differences between the

Fig. 3. The growth factors of theoretical results (solid lines) and simulations (dashed lines) for the undoped target (black lines) and
Br-doped target (red lines) with 20 μm wavelength perturbation (a), 30 μm wavelength perturbation (b) and 50 μm wavelength perturba-
tion (c), respectively.

Fig. 4. The ray-trace of laser-energy deposition (black solid lines) in the contour of electron number density (red dashed lines) and the
contour of electron temperature (purple dotted lines) at t= 0.5 ns for the undoped target (a) and the Br-doped target (b).
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theoretical prediction and the simulations. A time shift exists
at the beginning of the growth of ablative RMI. Such a dis-
crepancy is due to the breaking down of the theoretical
model validity condition at the beginning of the pulse. It
needs some time for the conduction zone to grow and satisfy
the condition of kDc>1, which is not taken into account in
the theoretical model. Since the first term and the last term
in Eq. (4) are ignored in the theoretical model, it will bring
some discrepancies to the simulations. In addition, the
growth factor of areal-density modulation used in simulations
includes the perturbation at shock front, which also will bring
some error to evaluate the perturbation at ablation front.

4. CONCLUSION

We have investigated the effects of high-Z dopant in plastic
target on the laser-driven ablative RMI by theoretical analy-
sis and 2D radiation hydrodynamics simulations. Basing on
theoretical analysis, we found that the oscillation amplitude
of ablative RMI depends on the ablation velocity, the blow-
off plasma velocity and the post-shock sound speed. The
high-Z dopant could reduce the oscillation amplitude, in-
crease the oscillation frequency, and intensify the decay of
ablative RMI. The reduction in oscillation amplitude is attrib-
uted to the high-Z dopant decreasing the post-shock sound
speed and increasing the ablation velocity and the blow-off
velocity. The increase in oscillation frequency of ablative
RMI is attributed to the larger ablation velocity and larger
blow-off plasma velocity in the doped target. The 2D simu-
lations also confirmed the reduction in oscillation amplitude
and the increase in oscillation frequency. The properties of
high-Z dopant in plastic target are beneficial to reduce the

seeds of the ablative RTI, which are helpful for the design
of direct drive ICF capsules.
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