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In order to address the issue of gold mixing caused by the Kelvin—Helmholtz instability (KHI) in the double-cone
ignition (DCI) scheme, we investigate the growth rate of the KHI at the bi-interface of the DCI scheme after applying
a coating. This is done by solving the hydrodynamic equations for an ideal incompressible fluid using linear theory.
Ultimately, it is discovered that applying a coating with a thickness slightly above & = 0.5(A + 10 pwm) and a density
somewhat lower than that of the target layer can effectively reduce the growth rate of interfacial KHI. This work provides
theoretical references for studying the bi-interface KHI in the DCI scheme.

Keywords: coating, Kelvin—Helmholtz instability, double-cone ignition scheme, growth rate
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1. Introduction

The Kelvin—Helmholtz instability (KHI)!'-3! arises from
the relative motion of fluid layers having disparate velocities
near an interface. The fluid instability model is applicable
for the study of various types of fluids, including compress-
ible fluids,*! incompressible fluids'! and fluids subjected to a
magnetic field.!%! In 2020, Zhang et al.!”! introduced a novel
double-cone ignition (DCI) scheme that combines the bene-
fits of fast®!!l and conventional ignition methods. When a
high-energy laser beam is directed at a fusion target, the liquid
layer on the target’s surface undergoes intense compression
and generates a rapid flow along the walls of the gold cone.!!?]
Shear forces are generated at the interface due to the disparate
velocities of the fuel target layer and the gold cone layer. The
KHI generates vortices and ripples at the boundary of fluids,
which initiate the mixing and dispersion of the layers of fluid
with different velocities. This process ultimately results in the
blending of the fuel and gold plasma at the opening of the
cone. This impacts the efficiency of the ignition and the sta-
bility of the energy output, hence diminishing its potential for
achieving successful fusion.

In recent decades, research on inertial confinement
fusion!!3-2 has never stopped. Although there has been a
lot of research!?’3? on the DCI scheme since it was pro-
posed by Zhang and Hu in 2020, few people have systemati-
cally explored the gold mixing problem caused by KHI. Zhang
et al.?®! discovered that coating a layer of DT fuel between
the gold cone and the target fuel layer could effectively re-
duce the non-centripetal kinetic energy caused by KHI rolling-
up. However, that study simply established that increasing the
coating has a positive impact on preventing gold mixing. It did

fCorresponding author. E-mail: lyj@aphy.iphy.ac.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad8551

not provide explicit instructions on how to coat it to get opti-
mal results based on the theoretical mechanism. Using linear
theory, this paper thoroughly examines the quantitative corre-
lation between certain physical characteristics of the interme-
diate coating and the growth rate of KHI. Ultimately, a spe-
cific DCI coating scheme is proposed to effectively mitigate
the damage caused to ignition by KHI.

This paper is organized as follows. In Section 2, we de-
rive the theoretical model and verify its correctness and ap-
plicability; in Section 3 we analyze and discuss the numerical
simulation results obtained using the equations; finally, in Sec-
tion 4, the conclusions are summarized.

2. Theoretical modeling and validation

Since the interface changes from the original single in-
terface to a bi-interface after the DCI scheme is coated, we
can replace the gold cone, the coating layer and the fuel target
layer with three material layers of different densities, as shown
schematically in Fig. 1.

Layer 1
h Upper interface (b)

Layer 2

Lower interface (a) T

Layer 3

Fig. 1. Schematic diagram of a bi-interfacial fluid.
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The density of this finite-thickness fluid layer is p,, and
the thickness is h. Since the coating layer is very thin com-
pared with the cone layer and target layer, we regard both the
cone layer and target layer as semi-infinite fluid layers with
densities of p; and p3, respectively. We assume that the in-
terface experiences an irrotational perturbation perpendicular
to it. The lower interface is denoted by a (y = n,(x,)) and
the upper interface is denoted by b (y = h+ np(x,t)), where
nNi(x,t) represents the small displacement perturbation along
the y direction at interface i. At the initial moment, the inter-
face perturbation 1 (x,# = 0) = € coskx is introduced, where €
represents the initial perturbation amplitude and k denotes the
perturbation wave number. The flow velocity difference exists
during the flow of the fluid layer along the interface direction,
denoted by u;, u and u3, respectively.

From the hydrodynamic equations of an incompressible[”!
ideal fluid in the absence of a gravitational field, we have

P ivipwy=0, i@ Viutr Lo

du
o ar
where p, p, u and ¢ are the density, pressure, velocity and time,
respectively. For an irrotational fluid, we can introduce the ve-
locity potential @, which satisfies the condition u = V®. Each
of the three fluid layers has a finite velocity u; (i = 1,2,3) in
the x direction. Neglecting the potential field, let the velocity
potential be &; = u;x + @;(x,t), where ¢; is the perturbation
velocity potential. Substituting the speed potential @ into the
normal velocity continuity condition u1, = up, and the pres-
sure continuity condition p; = p», then expanding them at
y = h based on the Taylor series, we obtain
_nhx(ul + (plx) + @1y + (plyynh‘ —

= —Npe(u2 + P2x) +(P2y+(P2yy77h‘y:h7 (2)

p1 {‘PU + Py Np + U1 Q1 + U1 Pry Ny

1
F3l g ol i}

=P { Do + Doy Ny + U2 Pox + U2 P2y Ny

1
TR RYA0) (G

Here f;(¢) is an integral function that depends only on time
t. Assuming that the initial perturbation amplitude € is much
smaller than the perturbation wavelength, perturbative expan-
sions of the interface displacement 7);, and the perturbation ve-
locity potential ¢; (i = 1,2) are
1 2
oi=e0!" +e¢” +0(&?),
1 2)

n,=h+en, +e2n? +0(e). (4)
These rank terms are matched with the boundary condi-
tions (2) and (3). The multi-order terms give weakly nonlinear

corrections, so we will only look at the first-order linear so-
lutions here. The two boundary conditions thus become first-
order quantitative equations as follows:

nmbz:‘Pl(yl.)|y:h*'4177(1)bx:¢§;)‘y = Wa, (5)

(1) My _ (1)
(o], +mol)) =pa(0))|_, +wel)).  ©
Since the fluid is an incompressible, irrotational ideal fluid, the
velocity potential must satisfy the Laplace equation V> = 0.

We can set
o = -a(t)eikx+a*(t)e—ikx} el
o = _b(t) ik b (1) e —ikx} ok
+ [e(e) e+ ex(r —lkx] ek
03 = [de™ +a (e e, )

where k represents the disturbance wave number while @, ¢
and @3 denote the disturbance velocity potential in the three
fluid layers. a(t), b(t),

By substituting ¢ and ¢, into the first-order quantitative

¢(t) and d(t) are temporal functions.

equations and replacing 1, with 1, e'** + Ny, e to ease the
separation of variables, we derive

e e 4 g ek

— —Ka(r)e* 4 a*(r) e F]e M
Nore™ + e

= k[b(t)e™ +b*(r)e K] ekh

—k[C(l‘) e lkx —|—C*(l) efikx] e —kh

—ikuy (pe —mj ek,

—nye )

— ikuy(npe'* ,
(®)
P [(@ (1) e™ +a; (1) )e
- ikul(a(t)eikx —a*(t)e ) e k]
_ pz{[ ikx+b*(t)e—ik)r)ekh
+(e (>e (e e ]
+1ku2[( (1) e —br(r)eF) ekt
+ (e (t)e™ = (r)e e M. )
We separate the variables to obtain two sets of equations. The
first set of equations is

p1la:(2) + ikuya(t)] e

= pa[by(t) + ikuab(t)] e + pae (1) + ikuge(t)] e ",
Nor = —ka(t) e ™™ — ikuyny,
N = kb(t) e — ke(r) e ™ — ikuymy. (10)

The second set of equations is

pia; (t)e M — pyikuya;(t)e ™"

= pa[b} (t) — ikuab* (t)] e + pa[c} (1) — ikuac* ()] e M,

T’Zt = —ka* (t)eikh + ikunp,
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—kc*(r)e M

By taking the conjugate of both sides of the first set of equa-

g, = kb* (r) e + ikuamp. (11)

tions, we may derive the second set, thus reducing the problem
to solving only the first set. Similarly, we can obtain two sets
of conjugate-equalizable equations concerning the lower inter-
face a. The first set of equations is

palbr (1) + ikusb(1)] + pales (1)
= p3ld;(t) +ikusd(t)],

Nar = kd(t) — 1kuzn,,

Nar = k(b(1) — c(1)) — ikuaMa. (12)

+ ikuac(t)]

The second set of equations is

p2[by (1) — ikuzb™ (1)] + pacj (1) — ikuac™ (1)]
= pald’ (1) + ikuzd* (1)],
N = kd”(t) + ikuzny,
Nar = k(b*(t) — c*(t)) + ikuamg. (13)

Let us combine Eqs. (10) and (12). From the fact that the linear
time factor ¥ = y—i satisfies the fluctuation form elkrtxt ¢
follows that the time-inclusive function satisfies A; = yA. We

have

pra(r)(x + prikui)e ™"
= pob(t)[x + ikua) e¥ + pac(t) [x + ikus] e ¥,
P2b(1)[x + ikua] + pac(t) [x + ikua] = p3d(r)[x + ikus],
(x+ ikul)nh = —ka(t)e*kh, (14)
(x + ikup)n, = kb(t) e —ke(t)e %",
(x +ikus)n, = kd( )
(x + ikuz)Na = k(b(1) — c(1)).

The combined solution results in a system of binary equations
with variables b(¢) and c(z):

2] eZkh

b(t)[pa(x + ikuz)* + p1 (x + ikuy)
+e(t)[p2 (x + ikuz)* — py (x + ikuy)
b(t)[p2(x + ikuz)* — p3(x + ikuz)?]

( )

+c l‘)[pz(x + ikuz) + p3 (X + ikus

2] 0,

=0. (15

The condition for the existence of a solution in a system of
equations is that the determinant of the coefficient matrix must

be equal to zero. Therefore, we can finally derive a one-

dimensional quartic equation on % :

(02 (2 + ikuz)* + 3 (x + ikus)?]

x [p2(x + ikuz)* + p1 () + ikur)*Je
+lp1 (X + ikur)* — pa(x + ikuz)?]
x [p2(x + ikua)? — p3(x + ikus)*] = 0. (16)

2kh

When the thickness of the middle finite-thickness layer, A, ap-
proaches zero, a bi-interface fluid can be approximated as a

single-interface fluid. The linear growth rate obtained at this
time should be consistent with the classical linear growth rate
under a single interface:

K2 PaPp(tta — ”b)2

a7
(Pa+p»)?

As the thickness of the middle layer 4 approaches infinity, the
upper and lower interfaces become completely independent
and do not interact with each other. Examination of the upper
and lower interfaces can be conducted through utilization of
the single-interface linear and weakly nonlinear theories. The
two growth rates determined independently in the linear sce-
nario should also align with Eq. (17). Due to the dominance
of the growing portion over the weakening part in fluid insta-
bility, our analysis focuses solely on the two positive solutions
x1 and }». We then extract their real parts to obtain the linear
growth rates ¥, and 9. As the limit of & approach 0, Eq. (16)
can be modified to

[p1(x + ikur ) — p2x*l[p2x” — p3(x + ikus )]

+p2x? + p3(x + ikus)|[p1 (X + ikur)* + pox?] = 0. (18)

By simplifying and solving Eq. (18) and considering only its
real element, the linear growth rate can be obtained as

- \/ @Pip i —ts)” (19
(p1+p3)*

As h tends to infinity, Eq. (16) can be changed to

[02(x + ikuz)® + p3 (% + ikuz)?]
x [P2(x + ikup)* + p1 (x + ikup)*] = 0. (20)

Simplifying to solve Eq. (20) and taking its real part respec-
tively, one gets

y:\/kzplpz(ul—uz)z y:\/kzpzm(uz—ua)z.(z])
(Pr+p2)° (p2+p3)°

It can be seen that the three linear growth rates are consis-

tent with Eq. (17), so we have validated the correctness of
Eq. (16). Next, let us use an example to prove the applica-
bility of Eq. (16) in exploring growth rate suppression. We
first calculate the single-interface growth rate without coating,
then numerically simulate the growth rate after adding coating
by equation, and finally compare the results before and after.
Let us first investigate the uncoated case. The density
of gold is p; = 19.3 g-cm?, and the density of CHCl is p3 =

1.48 g-cm’.

The perturbation wavelength is 40 wm, taking
u; =0 and u3 = 40 um-ns~!. Using the single-interface equa-
(1/2)k|Au|v/1 — A2, the single-interface growth rate

Yau—cHc1 can be calculated separately for different perturba-

tion Y=

tion wavelengths from 10 pm to 70 pm.
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After calculating the growth rates of the single interface at
different wavelengths before coating, we then start to coat be-
tween Au and CHCI. For the convenience of the study, and to
reduce the number of unknowns studied, we divide both sides
of Eq. (16) by ps, regard p,/p3 as a whole, write as pp3 and
then write p;/p3 as p13. A quartic equation about ) can be
obtained as

[p23 (X + ikuy)* + (X + ikuy )]

x (P23 () + ikuy)* 4 pr3(x + iku, )*] e
+p1i3(x + ik”1)2 —pa(x+ ik”z)z]
X [p3(x + ikuy)* — (x + ikus)?] = 0. (22)

Because gold has a very high density, its fluid velocity is
very low. Furthermore, the velocity difference directly influ-
ences the KHI. We can take the gold cone flow velocity as
approximately u; = 0. After adding a thickness # =5 pum and
density p = 0.9 g-cm? for the coated CH, the density ratio
P13 = 13.0405 and po3 = 0.6081. We take upy = 35 pum-ns~!,
and take different values of the perturbation wavelength from
10 um to 70 um. We substitute all the above-given condi-
tions into Eq. (22) and take the real part of the two positive
solutions to obtain the growth rates of the two interfaces. It
is worth noting that we take the real parts of the two positive
solutions to correspond to the instability growth rates of the
two interfaces, which actually employs a simplified equivalent
concept. Due to the finite thickness of the coating and the cou-
pling of all three velocity perturbations in Eq. (22), the per-
turbation eigenmodes corresponding to the two growth rates
will be influenced by coupling effects. As a result, the per-
turbation eigenmodes are expected to be distributed across all
regions of the entire system rather than being confined solely
to the two interfaces. Therefore, as long as the growth rates
at the two interfaces that we equate can essentially yield the
final system growth rate, we choose to ideally equate these re-
gionally distributed perturbation eigenmodes at the two most
representative interfaces.

We have plotted the above two sets of data against each
other. The growth rates of the Au—~CHCI, Au—CH and CH-
CHCI interfaces at different wavelengths with the addition of
the coating layer are shown in Fig. 2.

The comparison graph reveals that the addition of the
coating reduced the KHI growth rate at the gold cone wall in-
terface at any wavelength, resulting in a growth rate at both
interfaces that was lower than that without the coating. This
shows that the probability that Au enters the CHCI layer and
the cone mouth through the rolling-up effect becomes smaller,
weakening the effect on the target layer’s fuel. This result is
consistent with the conclusion of Zhang et al. It is also an ap-
plicable proof of using the quartic equation in one dimension
to investigate the KHI growth rate.

7 T T T T T
—m— YAu—-CHCI
6 - - YAu-CH

YCH-CHCI

10 20 30 40 50 60 70
A (um)

Fig. 2. Variation of KHI growth rate before and after adding coatings at
different wavelengths.

3. Research and results
3.1. Pre-research analyses

We can see that the four conditions — the material’s
thickness h, its density p, its flow velocity u and the wave
number k of the perturbation wavelength — all have an effect
on the change in the growth rate that we are studying. How-
ever, during the actual model construction process, we struggle
to easily and accurately control the material flow rate and the
perturbation wavelength. As a result, this paper focuses on the
effectiveness of various coating thickness and density condi-
tions in suppressing the KHI growth rate in the DCI scheme.

As the focus of this paper is the impact of the coating
layer added between the gold cone and the target layer, we do
not consider the density change of the gold cone and the target
layer material. So p; and ps3 are regarded as two certain values.
Considering the density characteristics of different materials,
the density of gold varies from 10 to 20 times that of the tar-
get layer materials CH, CD, CHCI and so on. To simplify the
study, we use an average value of 15. That is pj3 = 15 and
remains constant.

3.2. Effect of coating thickness on growth rate

Firstly, to investigate the effect of coating thickness on
growth rate, we study the variation of KHI growth rate with
thickness at three perturbation wavelengths. The density con-
ditions are adopted as pi;3 = 15 and py3 = 0.9. The veloc-
ity conditions are set as u; = 0, up = 20 um~ns’1, and u3 =
40 um-ns~!. The three simulation environments of the pertur-
bation wavelengths are adopted as A =20 um, A = 30 pum and
A =40 pm, respectively.

A graph of the growth rate versus thickness for the three
wavelength environments is shown in Fig. 3. From the graph,
we can indeed see that when the coating layer reaches a cer-
tain thickness, the growth rate remains constant at a certain
value, no matter how large the thickness becomes. We refer
to this as the critical saturation thickness. In the case of coat-
ing, the gold plasma must first roll up from the cone layer to
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the coating layer before entering the fuel layer. Obviously, the
greater the gold cone growth rate 7y, the greater the possibil-
ity of gold first entering the fuel layer. As 7, has the most
severe effect on generating gold plasma rolling-up mixing, we
need to prioritize its impact on the overall growth rate of the
system. We can see from the three solid lines representing the
growth rate y;, of the gold cone in the figure that the growth
rate gradually decreases with increase in the coating thickness
until it increases to the critical saturation thickness, where the
growth rate reaches a minimum. The size of the growth rate
is no longer reduced with increase in the thickness after that.
Therefore, in order to ensure that the interface achieves the
minimum KHI growth rate, we can make the coating thick-
ness the same as or slightly greater than the critical saturation

thickness.
3-5 T T T T T
3.1376 3.1373 3.1372 3.1372
3.0 de KK Ko w K- K K m - PEEEEE *----- 3
Tl —%—A=20 pm, Y12 - % - A=20 pum, o3
9.5 ! —A— A =30 pm, Y12 - ¥ - A =30 pm, Y23 |
. ——A=40 pm, Y12 --1-- A =40 pm, o3
¢20-'x',v-v--v--v---v--v------v-----v ----- A
n
£ . R e i F------ 1------
=~ L5k X X X * * 3
Y 1.4536 1.4520 1.4519 1.4519
1.0W A 4o 4 A A
0.5 i
0 1 1 1 1
0 5 10 15 20 25 30

h (pm)
Fig. 3. Variation of KHI growth rate with coating thickness at three
different perturbation wavelengths.

Regarding the specific value of the critical saturation
thickness, we can compare the values of growth rate corre-
sponding to different thicknesses with those corresponding to
infinite thickness. Considering the data accuracy of the sim-
ulated values, the data given in this paper are only accurate
to 0.0001. So when the difference between the two growth
rates corresponding to the thickness and the growth rates at in-
finite thickness does not exceed 0.0001, we regard this thick-
ness as approximately equivalent to infinite thickness, which
is the critical saturation thickness we are looking for.

From the chart and the original data, it can be seen that in
the case of a wavelength of 20 wm, the thickness % increases
from O to 15 um, the growth rate yj, gradually decreases to
1.4520 and the growth rate y»3 becomes 3.1373. After 15 um
all the way to infinity, 12 is maintained at 1.4519 and 3
is maintained at 3.1372. That is to say, when the thickness
reaches 15 pum, the difference between ¥, and 9»3 and the
growth rate at infinity is 0.0001 and 0.0001, respectively. That
is, the critical saturation thickness of the coating layer at the
perturbation wavelength of 20 um is 15 pm.

In the case of a wavelength of 30 um (40 um), the thick-
ness h increases from 0 to 20 wm (25 pm), and the growth

rates Y12 and y»3 gradually become 0.9681 (0.7261) and 2.0915
(2.5687), and after 20 um (25 pum) all the way to infinity 2
and 7»3, respectively, remain at 0.9680 (0.7260) and 2.0915
(2.5686). At a thickness of 20 wm (30 wm), the difference
between Y2 and 3 and the growth rate at infinity is 0.0001
(0.0001) and 0 (0.0001), respectively. That is, the critical sat-
urated thickness is 20 wm (25 pum).

From the above three data sets, we can generalize that
when the wavelength is A, the critical saturation thickness is
0.5(4 4 10 pm). We apply this formula to the prediction of the
critical saturated thickness at other wavelengths, and eventu-
ally find that the actual results are in perfect agreement with
the predictions. In addition, we use the same method to verify
the relationship between the critical saturated thickness and
density and velocity, respectively. The validation results show
that the critical saturation thickness is independent of other
conditions except the perturbation wavelength.

3.3. Efefct of coating density on growth rate
3.3.1. Growth rate under the opposite direction growth
effect of interface instability

In the phenomenon of gold—fuel mixing, the gold that
should be in the outer cone layer appears in the inner fuel layer.
Based on this phenomenon, we can infer that there must exist
a problem of the direction of development of the instability in
the KHI process. First, according to the theory of fluid me-
chanics, we know that the direction of KHI should not depend
on density. This is because the direction of instability devel-
opment can be controlled mathematically by changing the sign
of the characteristic function. However, our physical intuition
from fluid mechanics leads us to believe that the influence of
density on the direction of KHI is not just a sign-related math-
ematical issue but is rather closely linked to the physical mech-
anisms of fluid dynamics. This remains an important factor in
actual physical systems, as it affects the flow characteristics of
the fluid and the initial conditions of instability, significantly
influencing the formation and development of instability pat-
terns.

Next, we will elaborate on some physical mechanisms de-
rived from actual physical systems. In the mechanism of shear
flow, when there is a velocity difference between the upper
and lower fluid layers, shear forces can induce instability at
the interface. Density differences affect the fluid’s accelera-
tion and state of motion, thereby altering the formation of in-
stability patterns. Furthermore, from the perspective of wave
modes, the phase velocity and wavelength of waves can dif-
fer in fluids of varying densities, which may lead to changes
in instability patterns. Specifically, a denser fluid layer may
reduce the phase velocity of the waves, thereby affecting the
direction of KHI. Energy transfer efficiency between fluids is
also dependent on density. Lower-density layers may expe-
rience higher gains in wave energy, while denser fluid layers
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may dampen wave energy, resulting in different directions of
KHI development. Density differences can also give rise to
buoyancy effects. In actual fluids, the influence of the grav-
itational field is present; in denser fluid layers, gravity exerts
greater downward pressure, while in less dense fluid layers,
buoyancy is relatively stronger. This buoyancy difference can
affect the waves at the interface, resulting in different direc-
tions of development. This is just a glimpse into the intricate
nature of real physical systems. Through these mechanisms,
it is evident that there are multiple connections between den-
sity and the direction and development of KHI in real phys-
ical systems. The interplay of these factors leads to the in-
fluence of different fluid layer densities on the direction of
KHI. In Subsection 3.3.2, we provide further evidence to sup-
port this point. Specifically, in Fig. 10, we offer simulation
findings on material content: as the density ratio of the two
fluid layers changes, we see different fluid development direc-
tions. Therefore, based on the complexity of the mechanisms
in actual physical systems, we relate fluid density to the di-
rection of development of KHI. It is necessary to reasonably
suppose that the direction of development of the instability is
from the high-density gold cone layer to the low-density fuel
target layer, which allows the gold plasma to be rolled up into
the inner fuel layer due to the instability (see Fig. 4).

Fig. 4. Actual schematic half-cone of the direction of KHI development
in the DCI scheme when p; > py > p3 (left) and p; > p> < p3 (right).

From Fig. 4 we can see that when the density of the inter-
mediate coating layer is greater than the density of the target
layer, their interlayer instability develops in the same direction
as that of the gold cone surface instability (left), which pro-
motes each instability. The opposite happens when the density
of the target layer is higher than that of the intermediate coat-
ing layer. This causes the interlayer instability to roll up in the
opposite direction to the gold cone surface instability (right),
inhibiting each instability. We call this phenomenon the oppo-
site direction growth effect of interface instability.

Next, we investigate the effect of different coating den-
sities on the KHI growth rate of the gold cone surface while
other conditions remain constant. Since only the coating den-
sity p» changes during the coating process, the density of the
gold cone layer p; and the target layer density p3 are regarded

as unchanged. Combining with Eq. (22), for the sake of conve-
nience of representation, we use the change of density ratio py3
to equate to the change of coating density p,. Taking the simu-
lated wavelength as 40 um, the density conditions are adopted
as p13 = 15. We set the speeds to u; =0, up =20 pm~ns’1,
and u3 = 40 pum-ns~! to see how the coating density p, (den-
sity ratio po3) affects the rate of instability growth at three dif-
ferent thicknesses: 5 wm, 10 um and 20 pum. Due to the large
difference in the graphical range of the two growth rates, we
plotted them separately in order to improve the visualization.
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Fig. 5. Variation of growth rate between the cone layer and coating with
coating density (density ratio py3) for three different thicknesses.

Firstly, we can see from Fig. 5 that when the coating den-
sity p» is less than the gold cone density (p3 < 15), 712 in-
creases with increasing coating density and then decreases as
coating density increases further. However, from a practical
perspective, in Fig. 6 we have only depicted the case where the
coating density is less than that of gold, as it is nearly impossi-
ble for the coating material used in the actual DCI experiments
to have a density higher than the gold cones.
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Fig. 6. Variation of growth rate between target layer and coating with
coating density (density ratio py3) for three different thicknesses.

Figure 6 shows that, firstly, when p» > p3, the growth
rate }»3 decreases as the coating density p, increases. Com-
bined with the interface effect of rolling up oppositely when
p1 > p2 > p3 (Fig. 4, left), at this time the KHI development
directions of the two interfaces are the same; 3 and 7, pro-
mote each other. So, a larger coating density p, can make the
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promoting role of 3 smaller, which is beneficial in slowing
down the overall growth rate. However, from Fig. 5, we know
that 71, increases as p, increases. Considering that the premise
of this discussion is already p> > p3, hence p; is big enough.
Continuing to increase p, will lead to a more serious increase
in ;2. We continue to search for a more optimal solution that
can keep the coating density from being too large.

When p, < p3, Fig. 6 shows that the growth rate 53 in-
creases with increase in the coating density p>. Combined with
Fig. 4 (right), it can be seen that at this time, the growth rate of
the two interfaces develops in the opposite direction, and 3
suppresses and slows the increase of the growth rate y;,. To
get the strongest inverse suppression, the coating density p»
can be raised to make J»3 as big as possible. This lowers the
KHI of the system to its weakest level. Moreover, the premise
of this discussion is po» < p3. Even if the coating density p»
is the largest, it will not cause an ultra-high 7;, to have a se-
rious effect on the ignition. Due to the opposite weakening
of 3, this coating density scheme is the optimal scheme we
have found to maximally reduce the growth rate of the KHI of
the system, i.e., the coating density is slightly smaller than the
target layer density.

3.3.2. Observing the opposite direction growth effect
of interface instability using FLASH simulation

Next, we use FLASH to simulate the cone of Au—CD-
CHCI to see if it rolls up the opposite way, which is what our
hypothesis of interfacial effects says should happen. The two-
dimensional simulation on the x—y plane focuses solely on the
upper half of the cone, disregarding the lower part for simplic-
ity because of its symmetry. The simulation space is defined
by the micrometer coordinates ranging from (—450, 450) on
the x-axis and (—100, 600) on the y-axis. To qualitatively ob-
serve the direction of KHI evolution, the simulation employs
a grid size of 16 x 16 and a grid number of 512 x 512. We
utilize a downward vertical square wave laser with a duration
of 3 ns. The gold cone has a thickness of 30 um. The CD
coating material is deuterated polystyrene with an initial den-
sity of 1.0 g-cm?. The actual coating layer is thin, but in or-
der to observe more clearly the changes in the development
of fluid instability inside the coating layer we have thickened
it to 30 um, and the target layer CHCI material is chlorinated
polyvinyl chloride (CPVC) with a density of 1.5 g-cm®. The
inner radius of the target layer fuel is 500 pm and the outer
radius is 550 pm.

In order to accurately work out the positional changes of
each substance, we used the content of the substance as a per-
centage plot in the actual observation. Because the unstable
flow direction of the gold plasma at the interface of the gold
cone is undoubtedly from gold to the internal fuel layer, we
only investigated the process at the interface of the coated

layer and the target layer. Figures 7-9 show the substance
content percentage plots of the coated layer CD and the target
layer CHCI at O ns (initial moment) and 2.6 ns.
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Fig. 7. Simulation of the substance content percentage of CD (a) and
CHCI (b) at O ns.
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Fig. 8. Simulation of the substance content percentage of CD (a) and
CHCI (b) at 2.6 ns.
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Fig. 9. Simulated enlargement plot of the substance content percentage
of CD (a) and CHCI (b) at 2.6 ns.

As can be seen from the 2.6 ns zoomed-in image, there are
obvious traces of flow development of the CHCI target layer
towards the CD coating (area in dotted box), and rolling-up
formation is observed near this location. This suggests that
opposite rolling-up development indeed occurs when the den-
sity of the coating layer is less than that of the target layer.

To be even more sure, we used FLASH to simulate the
Au-CHCI-CD model with the density of the target layer be-
ing lower than that of the intermediate coating layer (Fig. 10).
We then compared this model with the original Au-CD-CHCI
model. Unsurprisingly, at the same time, at 2.6 ns, we do ob-
serve the development of flow from the high-density coated
layer to the low-density target layer (area in solid box). The
direction of rolling-up development is different for the two
models, but both point from the high-density CHCI layer to
the low-density CD layer. This also means that our simula-
tions confirm that the opposite direction growth effect of inter-
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face instability does exist, which provides strong support for
our theoretical work.
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Fig. 10. Simulation of the substance content percentage of Au—-CHCl-
CD coating CHCI (a) and Au—CD-CHCI coating CD (b) at 2.6 ns.

4. Conclusion

In this paper, to research the bi-interface KHI between
the three fluids of a coated DCI scheme, we use linear theory
to derive a quartic equation for the growth rate of the KHI at
a bi-interface. From the investigation of the coated thickness,
we obtain an empirical formula for the critical saturation thick-
ness A =0.5(A 4+ 10 um). When the coating thickness exceeds
this critical saturation thickness, the growth rate no longer de-
creases because of the increase in thickness, so the thickness of
the improved coating should be just equal to or slightly greater
than the critical saturation thickness. By carefully studying
and analyzing the influence of coated density on the KHI of
the bi-interface, the opposite direction growth effect of inter-
face instability is proposed. Through this effect, we analyze
and conclude that the instability growth rate at the interface of
the coated DCI scheme can be minimized by choosing a coat-
ing layer with a density slightly smaller than that of the target
layer. It is possible to both keep the growth rate on the sur-
face of the gold cone as small as possible and to maximize the
suppression of the growth rate of the bi-interface. Finally, the
research findings in this work provide some reference for the
study of inhibiting KHI in a DCI scheme, particularly regard-
ing the issue of gold mixing.
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