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Model of mixing of shells of a thermonuclear laser target

upon spherical compression

N.V. Zmitrenko, N.G. Proncheva, V.B. Rozanov, R.A. Yakhin

Abstract. Based on many direct numerical simulations of the
development of hydrodynamic instabilities upon compression
of laser thermonuclear targets, an efficient model is developed
for describing the width of the mixing region taking into
account the influence of the initial conditions on the mixing
process dynamics. Approaches are proposed which are based
on the evolution theory of the development of hydrodynamic
instabilities [1], which was specially elaborated to describe the
compression of targets for inertial thermonuclear fusion.
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1. Introduction

The dynamics of the development of a turbulence at the
interface of two media with densities p; and p,, corre-
sponding to light and heavy gases, and the laws of growing
the width of the mixing zone appearing here have been
studied in many theoretical and experimental papers [l -
16]. Theoretical investigations were mainly devoted to the
analysis of the developed turbulence stage [5—14]. The
development degree of the turbulence produced by the
Richtmayer—Meshkov (RM) or Rayleigh—Taylor (RT)
instabilities can be characterised, for example, by the
value yt, where y = (kgA)l/ 2 is the characteristic increment
of the development of a hydrodynamic instability; k = 2n/A
is the wave number of a harmonic with the wavelength 4; g
is the acceleration produced by an external field;
A= (py—p))ps+ p;)~" is the Atwood number; and 7 is
the evolution time of the initial perturbation.

In the present paper, we propose the method for
describing processes corresponding to the condition
yt < 10, which follows, as shown below, from spatial and
temporal scales that are typical for targets for inertial
confinement fusion (ICF). The well-known models describ-
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ing the turbulent mixing zone [5—11] correspond to the
values y¢ > 50 and cannot be directly used to describe the
compression of laser targets. At the same time, the problem
of the target compression is a specific and quite certain
problem. To describe the specific conditions produced upon
laser compression of ICF targets, it necessary to characterise
briefly this problem.

The advantages of using laser radiation to initiate
thermonuclear reactions are the possibilities of its simple
focusing and transport to a target and obtaining high power
densities required for the efficient target compression. The
parameters of high-power Nd laser facilities for irradiating
thermonuclear targets operating and being developed in
leading laboratories over the world are presented in Table 1.

Table 1. High-power laser facilities for laser thermonuclear fusion
(LTF).
Facility parameters

LTF facilities Radiation Pulse Number .

frequency energy of beams 1YP€ of experiment
NIF (USA) 3w 1.8 MJ 192 Indirect compression
LMJ (France) 3w 2MIJ 240 Indirect compression
Omega (USA) lo — 3w 60 kJ 60 Direct compression
Iskra-6
(Russia) lo — 3w 300 kJ 128 Indirect compression

These facilities are intended and used for experiments on
target compression for obtaining a high fusion yield, which
depends obviously on the compression conditions and the
degree of development of the mixing zone.

Numerous investigations of the interaction of laser
radiation with targets showed that it is well absorbed by
the evaporating material of the target shell up to power
densities (2 — 4) x 10" W cm ™2 required for initiating ther-
monuclear reactions. The absorption coefficient can achieve
40% —80 % and decreases with decreasing the radiation
wavelength. A high fusion yield can be achieved only if the
main part of a fuel contained in the target remains cold
during compression. For this purpose, the compression
should be adiabatic, i.e. it is necessary to avoid the
preliminary heating of the target, which can occur due to
laser-induced generation of high-energy electrons, shock
waves or hard X-rays. Numerous studies have shown
that these undesirable effects can be weakened by distrib-
uting the absorbed energy over the target surface,
optimising targets, and decreasing the radiation wavelength.

At the same time, the principal problem, whose solution
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would allow the demonstration of the controllable thermo-
nuclear reaction based on inertial confinement, is the stable
compression of a laser target containing a thermonuclear
fuel. This can be achieved by providing the uniform heating
of the target surface within 1% —5%. Such high require-
ments are determined by the fact that the parameters of
target compression required for the demonstration of the
controllable thermonuclear reaction appear upon compres-
sion along the target radius by a factor of 15—45 [by a factor
of 3 x (10* = 10°) in volume] [17].

At present this problem is being studied in the two main
directions. One of them involves the symmetric direct
irradiation of a shell target of the conventional design by
many (a few tens) laser beams. The other direction (indirect
compression) is based on the conversion of laser radiation to
a beam of thermal X-rays. In both cases, the initiation of a
thermonuclear reaction is prevented by the hydrodynamic
instability. The development of mixing reduces the fuel
temperature and the density of materials being compressed,
resulting in a decrease in the neutron yield.

The initial perturbations of ICF targets caused by their
compression are determined both by the symmetry and
uniformity of the energy source (laser or ion beams, pulsed
systems) and the uniformity and manufacturing quality of a
target itself. The design of the laser system used for
irradiation of targets and the manufacturing technology
of targets also play a considerable role. The simulation and
theoretical study of the compression of thermonuclear
targets are complicated by the necessity of the complex
initial spectrum of perturbations, the time-dependent accel-
eration, etc. However, the consideration of the initial
conditions is fundamentally important in the development
of mixing models, which would pretend to the correct
description of the achievable parameters of a thermonuclear
target.

The authors of recent paper [18] presented the data
confirming the necessity of taking into account all the
above-mentioned mixing conditions in the description of
the real compression parameters of targets. On the Omega
laser facility (Rochester University, USA), targets of two
types were investigated. In the first case, a spherical target
had a 15-um-thick polystyrene shell covered with an
aluminium layer and filled with gas (tritium). In the second
case, a 1-um-thick deuterated plastic layer was deposited on
the internal surface of polystyrene. The gas pressure inside
the target was about 10 atm, and the target compression
was performed by laser radiation of a 23-kJ laser pulse.
Note that the Omega facility provided the record high
irradiation symmetry of the laser target upon direct
compression.

The thermonuclear reaction accompanied by the crea-
tion of neutrons was initiated in these targets by laser
radiation when the target temperature achieved ~ 1 keV. In
the first target, neutrons were produced only in the reaction
T+T—o+2n+11.3 MeV.

In the second case, upon mixing of tritium with a
deuterated plastic shell, the reaction T+ D — o+ n—+
17.6 MeV is initiated, resulting in the increase in the neutron
yield approximately by two order of magnitude (from 10"
up to 10" neutrons). This experiment clearly demonstrates
the necessity of taking mixing into account and the develop-
ment of correct models of the mixing process.

The aim of the present paper is to construct an analytic
model based on numerical calculations for describing the

development of hydrodynamic instabilities affecting the
neutron yield.

We restricted our consideration to the study of a number
of ‘plane’ and ‘spherical’ problems with certain initial
conditions. In the case of the plane problem, two pairs
of gases typical for experiments in shock tubes were
considered (Xe—Ar or Xe—He at pressures ~ 1 atm,
densities 107> — 10~ g cm ™ and acceleration 107 cm s ).
The shape of the contact surface was described by a sum of
harmonics with randomly selected phases, and calculations
were performed for a set of 6, § or 10 harmonics. The
spherical problem had the model nature and contained a
small number of harmonics; the calculation parameters
corresponded to the laser compression regime (pressure
was 107 atm, density 1-100 gcm >, acceleration
10" — 10" em s7%). Calculations were performed taking
into account the substance compressibility and the spherical
convergence of the target shells.

Note that considerable differences between calculation
parameters for gases in shock waves and for targets com-
pressed by laser radiation do not prevent the construction of
the unified model because these gas-dynamic problems take
into account the fundamental laws of the gas-dynamic
similarity.

By using the calculation base [2] and theory [1], we
constructed the model of the development of the mixing
zone taking into account the initial perturbation conditions.
A part of the results related to analysis of plane problems
and the derivation of expressions for the mixing-region
width were reported earlier in [2].

It is necessary to explain why we decided to develop a
new model of mixing instead of the known models [9, 10].

First, as follows from calculations and theoretical
analysis, the acceleration braking the shell of laser targets
is virtually always described by the expression ¢ = 2R/ 12,
where R is the minimal radius of the shell. Then,

2R
(y1)? = kgdt* = ét—zmz =24,

where /= 2nR/A is the number of the spherical perturba-
tion mode. It follows from this that yr < 10, at least for
/<50, and yr <20 for /<200. In our opinion, the
influence of harmonics with higher numbers is insignificant
because they cease to grow comparatively early already at a
small amplitude [1]. However, models assume that
turbulence is much more developed; in this case, the
overestimated width of the mixing zone is obtained, as a
rule, so that the results reported in|[9, 10]|are qualitative, as
pointed out in these papers.

Second, the determination of the mixing-zone width is
only the first part of the problem. It is necessary to develop
then a model taking into account reactions proceeding in a
mixed layer depending on the distributions of the fuel
concentration, density, and temperature.

Note that the thermonuclear burning occurring under
conditions produced due to the development of hydro-
dynamic instabilities and mixing can be simulated by
using direct multidimensional numerical calculations (see,
for example, . This method is gradually entering the
modern practice of numerical calculations. The problem in
this case is how accurately the selected difference scheme
mesh will describe the burning and mixing processes in the
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presence of the complex initial spectrum of hydrodynamic
and thermal perturbations.

2. Numerical calculations in the plane case

The influence of various initial conditions on the develop-
ment of a turbulence caused by the RT and RM instabilities
in the plane geometry was systematically studied earlier b
using simulations based on the NUT numerical code |[19]
The following plane problem was considered: in the two-
dimensional region {x; < x < x,, z; < zp} of dimensions
Xo—Xx;= 72mm and 2z, —z; = 150 mm, we have
z; = —100 mm, and z, = 50 mm. The equilibrium distri-
butions of the pressure and density at temperature 7|, are
specified at the initial instant of time for two gases in the
field of a constant external force (Fig. 1).

)

Heavy gas

Interface

External field

21
X1 X2

Figure 1. Geometry of the problem.

In the absence of perturbations, the interface of two
gases has the coordinate z = 0. A heavy gas is located above
it in the region 0 < z < z,, and a light gas is located below in
the region z; < z < 0. The acceleration g = 9.8 x 10° cm s>
produced by the external force is directed downward. The
corresponding distributions of the pressure and density have
the form

m;gz
pi(z) = poexp ( T, >
m;gz
.= .e —
Pi Poi €XP KTO )

where i = 1, 2 correspond to the light and heavy gases; p;
and p, are the pressure and density of gases at the interface;
m; is the mass of a gas molecule; 7, = 300 K is the gas
temperature taken in accordance with experimental con-
ditions in shock tubes and k is the Boltzmann
constant. For the two selected pairs of gases (Xe—Ar
and Xe—He), we have p;=0.5atm, py, =8.07x
10°* gem™® (argon), py; = 8.07x 107> gem ™ (helium),
and pg, = 2.64 x 107° gem™® (xenon). These gases are
considered in the NUT program as ideal nonviscous gases
with the same ratio of specific heat equal to 5/3. Note that
under the selected physical conditions, the gas compressi-
bility will affect the process dynamics: the change in
pressure with height for the heavy gas achieves 25 %.

Perturbations were accordance with the

expression

specified in

2(x) = =3 aycoshx + ) 1)

i=1

for the shape of the contact surface. Here, i runs through 6,
8 or 10 values (according the number of generated
perturbation modes); k; =2m//; is the wave number of
the harmonic with the wavelength 7;; ap is the initial
amplitude of an individual perturbation; and ¢; is the
phase. The wavelengths in (1) were selected from the
condition of the absence of harmonics with multiple
numbers in the set according to the definition

2 :u7 2)

n;

where #n; is a simple ith integer (n; =2, 3, ..., 29); and
X, —x; = 72 mm. As a result, the wavelength range was
defined as 2.531 < 4; < 36 mm. The initial width L, of the
mixing zone for the ith harmonic was 2a,;. The amplitudes
ag; used in calculations were selected according to one of
the main rules (two series of calculations):

(i) ag; = ogh;/2m, oy = const. The values o/2: 0.2, 0.5,
and 0.8 were used in calculations.

(i) ag; = ag = const (values ay = 9/n, Ly = 2a, = 18/n
were used).

Figure 2 presents the result of calculations for a pair of
gases He— Xe with six harmonics and the initial amplitude
described by the expression ag; = ayl;/2m.

The results of this part of studies are presented in paper
and they can be briefly formulated as follows:

(1) Based on numerical calculations, the extensive data
base is created which describes the development of insta-
bility and mixing of two gases in the plane geometry at a
constant acceleration for regimes with different instabilities
(RT and RM), different Atwood numbers (0.941 and 0.532),
different numbers of considered modes and, correspond-
ingly, different maximum numbers of the shortest-
wavelength mode (ng = 13, ng = 19 or njqg = 29), and differ-
ent initial amplitudes a(; and their dependences on the mode
number (ay; = const/k; and ay; = const);

(i) the width of the mixing zone on the stage under study
depends considerably on the amplitude of initial perturba-
tions and changes nearly linearly in time;

(iii) the width of the mixing zone weakly depends on the
contribution of high modes (decreases somewhat when the
high modes are included).

3. Model describing the mixing-zone width

Based on numerical calculations, we developed a theoretical
model describing the width and velocity of the mixing zone
taking into account the influence of initial conditions.

By using correct asymptotics at the initial and later
stages of the process, we can make a number of conclusions:
at the initial stage of the process in the presence of high
modes, the mixing zone extends quadratically in time, which
is predicted by the evolution model of the development of
instabilities at the later stage, the growth rate of the
mixing zone tends to a constant limiting value, which is
determined by the floating velocity of a light gas bubble
(sphere). The size of the bubble is determined by the lowest
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t =320 ps

t = 1280 ps t=1520 ps

t =640 ps t =960 ps

t=1760 ps t =2000 ps

Figure 2. Evolution of the density field (boundary between the heavy and light gases is shown) calculated for the He—Xe pair of gases (plane case, six

harmonics).

perturbation harmonic, which has been predominantly
developed by this time (according to the Layzer model
[21]). The ith harmonic increases the mixing-zone width up
to the value

i (o ff“/-f)2 2
L(t) = 2ay, ! 1+ =7 —15. 3
i(7) ao:+2%ff{{ +— ()
Here,
2n — oot 2n

2 P2 — P1 0

Y = A; A= s O = ———; Olg = — do;-
Vi 7»ig 0y + 1 eff %+ ot 0 7 0,

According to o determines the amplitude at which
the exponential increase of the instability slows down
because mushroom-shaped structures are formed. These
structures are distinctly observed in Fig. 2. Usually, for
two-dimensional (2D) problems, o;p =3 — 5, and for 3D
problems, a;p = 10 — 20.

It is obvious that the mixing-zone width at the initial
stage is determined by the amplitude of the linearly
developed harmonic. For small ¢, in accordance with the
linear stage of development of instabilities and for the initial
development rate equal to zero, we have

dL,

2 2
Q- apikigAt = appyi't, Li~1".

For large ¢, we have
dL;
W = D/ glll .

This quantity in the Layzer model determines the
floating velocity of a light bubble Vj, = vy/gh;. Here,

v(A) is the coefficient depending on the problem geometry
and the Atwood number A. The coefficient v in the
expression for dZ,/dz takes into account the floating velocity
and a higher falling velocity of a heavy jet. Typically for 2D
problems, v = 0.75 — 1, and for 3D problems, v &~ 1 —1.3.
The mixing-zone width is determined by the contribution
from all harmonics; however, it is different and changes with
time. At the given moment the long-wavelength perturba-
tions can make the contribution ~ 2¢;, and in this case, the
short-wavelength perturbations will play a minor role.

We will represent the full width of the mixing zone in the
form

L(t) = Y Li(n)wi(1), )

where w;(¢) is the weight coefficient determining the
contribution of the ith harmonic. At the initial moment,
w;(0) is determined by a random phase of the given
perturbation:

w;(0) = cos(kiz + @;) — cos(kizx + @;). ()

Here, z; and z, are the maximum depths of penetration of
the heavy gas into the light gas and of the light gas into the
heavy gas, respectively. It follows from (5) that the zone
width is determined from the maximum ‘high’ position of
the light gas and the minimum ‘low’ position of the heavy
gas. The value of w;(f) decreases with time due to the
disappearance of the given instability regime and the
development of the Kelvin—Helmholtz instability The
behaviour of w;() can be approximately represented by the
dependence

w;(1) = w;(0) exp[—1(ykn) /]
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1
~ exp { - Zkiaol'(“/if)2(1 - A2)1/2} .

Here
VPP a;
(vkn);i = kﬂ’iﬁ% Vit = % lexp(y;t) + exp(—y;1)]
1 p)
(Vil)z
~ {1 TS

v; is the velocity of the shear flow for the ith harmonic
caused by the RT instability.

The values of (yxy); and y; depend on the wave number
k; = 2m/A; and, hence, on the harmonic number. One can see
that the contribution to the zone width of the ith harmonic
decreases faster with increasing the harmonic number. If the
spectrum of initial perturbations is k;ay = const, then
w;(1) ~ exp (c1p;); if the initial perturbations are described
by the expression ay; = const, then w;(r) ~ exp( — cyp?),
where ¢; and ¢, are some constants. At later stages, the
contribution from high harmonics is not zero and should be
taken into account. We can assume that the contribution of
the harmonic after its destruction to the zone width will be
of the order of the wavelength. Based on the results of
calculations and using the fitting method, we proposed the
expression

wi(t) = w,-(()){3+2<1 —3)

Pi Di

02 -1
x[l+exp( s w?(0)ﬁr2>] } (6)

i

for the weight coefficient of the ith harmonic. The high-
frequency modes make contributions to the zone width at
the mixing stage. This contribution is of the orders of
(3-5)4;/2n and (10 —20)4;/2n for the 2D and 3D
geometries, respectively The more important conclusion
is that the zone width is mainly determined by the long-
wavelength perturbations developed by the given moment.
Because the value of vy, for these perturbations is smaller,
their evolution can be simply found by using direct
numerical calculations or estimated by using analytic
models developed, for example, in Figures 3 and 4
present the time dependences of the mixing-zone width (the
theory described above is compared with numerical
calculations [[2]). One can see that expressions (3)—(6)
well describe the mixing-zone width in plane problems of
the RT instability.

L/mm
160

—a— ap;k; = 0.5, theory
120 —o— doik; =0.5

— apk; =08 ]
80 L — dyiK; 0.8
40

1 1 1 1

1 1
0 200 400 600 800 1000 1200 t/ us
Figure 3. Time dependences of the mixing-zone width for the He—Xe
pair of gases for ag;k; = 0.5 and 0.8. Calculations were performed for six

harmonics.

L/mm
90

—— six harmonics, theory
—— six harmonics, calculation|[2]
70 - —m— eight harmonics, theory 5
—o— eight harmonics, calculation [2] o ——=

0 200 400 600 800

50

30

1000 1200 ¢/ps

Figure 4. Time dependences of the mixing-zone width for the Ar—Xe
pair of gases for ay; = ay = 9/n. Calculations were performed for six and
eight harmonics.

Let us characterise briefly the models proposed earlier
for the description of the mixing-zone width. It seems that
the mixing of two gases with different densities in the
gravitational field was first theoretically analysed in paper
The mixing-zone width calculated in this paper (the
formulation of the problem was similar to that in our paper)
is described by the expression

L(1) _aln<g)(£\/§dz>2, 7

where o is a constant depending on the type of substances
being mixed and the degree of their mutual penetration. In
the limit of a small density difference and the constant
acceleration g, expression (7) takes the form

L(t) = aAgt®>. ®)

The form of expression (8) is determined by the so-called
self-similar stage of the development of turbulent mixingﬁ
The approach developed in was used later in many
papers.

At present, the most popular expression for the mixing-
zone width has the form|[7]

L(t) = Ly + L, = (o, + o) Agt?, ©9)

where the contributions of the penetration of a light
substance to a heavy substance (L,) and of a heavy
substance to a light substance (L) are separated.

Note that a new recent tendency appeared in the study of
the turbulence caused by the development of the RT and
RM instabilities. It is related to new experimental results
and calculations (see, for example, [[12—14]), which show
that either the developed (self-similar) stage appears much
later than was expected or the coefficient o changes with
time. Such a type of mixing is attributed to the spectrum of
initial perturbations, while the change in « is explained by
the change in the spectrum during the development of the
turbulence. Note that the evolution model takes con-
sistently into account from the very beginning both the
initial zone width and the spectrum of perturbations and the
evolution of the spectrum during the development of
instabilities caused by the saturation of short-wavelength
perturbations. Therefore, it is reasonable to wuse this
approach to describe mixing in laser targets.
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4. Numerical calculations in the spherical case

The next stage of the study of mixing processes in the ICF
problem is numerical calculations of the compression of
spherical targets, which are closest to real laser targets, and
the attempt to describe them by using the theoretical model
proposed above.

A spherical target assumes the existence of a number of
new factors which considerably complicate the simulation of
the development of the mixing zone. These factors are the
finite compression time, the complicated initial perturbation
spectrum containing the low- and high-frequency harmon-
ics, which is not always exactly known, the complicated
structure of a target itself, a strong nonlinearity of the
development dynamics at the later (collapse) stage, etc.

By using the NUT program, we performed a number of
calculations with the initial conditions of the same type.
Figure 5 presents the cross section of a target consisting of
several concentric spherical shells having different functions:
the external heavy CH ablator layer (not shown), the next
DT fuel layer in the form of ice of density 0.2 g cm >, and

the internal DT gas layer

R/um

1500 -

1000 -

500

0 500 1000 1500

R/pm
Figure 5. Cross section of the initial spherical target (shown is the
position of the DT ice shell).

We considered the compression process for the three last
nanoseconds (target at the collapse stage). The density and
radius of different layers were: poyy = 12 g em ™ and Rey =
926 um for the ablator, ppr =0.5g em™ and Rpr =
916 um for the DT ice layer, and p;, = 3.5x 107> g cm™?
and Ry, = 768 um for the internal DT gas layer. The
instability was specified at the DT ice —internal gas interface
(Fig. 6). At the instant t = 0, the CH and DT layers began
to move toward the centre at the velocity ¥, = 300 km s,
by compressing the target.

Figure 7 presents the results of calculations performed
for the 6th and 15th harmonics with the initial amplitudes
4.5 and 18 um, and for the 48th harmonic with the
amplitude 3 pm.

The shape of the contact surface was defined by the
expression

R=R,+ Zaol- cos(n;0), (10)

R/pm
1000

800

600

400

200

0 250 500 750

R/um

Figure 6. Cross section of a spherical target at the beginning of
calculations (for comparison with the initial cross section in Fig. 5).
The boundaries and gas densities inside the target and DT layer changed.

where 0 is the angle determining the position of a given
point on the interface. The target is compressed for 3 ns.

Figure 8§ presents the time dependences of the integrated
parameters of the compression process obtained in calcu-
lations.

Figure 9 compares the mixing-zone width obtained in
calculations and by using expressions (3)—(6). The theory
based on calculations in the plane case neglects a number of
factors related to the spherical shape of targets such as gas
compressibility and the target convergence. Their influence
was discussed, for example, in paper and later in

The increment of development of the hydrodynamic
instability is described by the expression [[23]

| 1/2
7 =0.5(y, + &) + {wﬂz(vp +“/R)2} : (11)
where
szl(“‘l) (P2 —P1)g , :dip‘y _drR,
0 R lpy+(I+1)p, "7 pdr’ "% Rdr’

[ is the number of harmonics involved in calculations. The
theoretical consideration takes into account only .

In the case dp/df =0, i.e. when compression occurs
without an increase in density, the spatial amplitude is a; ~
R if d(pR 3)/dt =0, i.e. when the mass of a substance is
preserved, a; ~ R (the mixing zone narrows down some-
what).

By analysing the calculation results presented in Fig. 7,
we can conclude that the compression (y,) and convergence
(yr) coefficients are approximately an order of magnitude
lower than the classical increment of the instability growth
(for example, for calculations with the 6th and 15th
harmonics with amplitudes 18 pm, we have y, ~ 1010 71,
and y, ~ 10° 57!, YR~ —10° s7!). This allows us not to
include these coefficients in the first approximation in
expression (3) for the mixing-zone width, the more so as
these compression and convergence effects have opposite
signs and partially compensate each other.

Expressions (3)—(6) determining the width of the mixing
zone can be easily introduced into one-dimensional codes
for calculating the compression and thermonuclear burning
of targets.
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6th and 15th harmonics
with amplitudes 4.5 um

6th and 15th harmonics
with amplitudes 18 pm

48th harmonic
with amplitude 3 pm

R/pm R/pm R/um
600 - 600 - 600
t=0
300 300 - 300
1 1 1 1
0 250 500  R/um 0 250 500  R/um 0
R/um R/pm [ R/um
600 600 600
t=1ns
300 - 300 | 300 |
1 1 1 L L L | | |
0 250 500 R/pm 0 25 500 R/um 0 250 500  R/um
R/um [m R/um [ R/um
200 200 200 |
t=2ns
100 + 100 100
1 1 1 1 1 1
0 100 200 R/pm 0 100 200 R/pm 0 100 200 R/pm
R/um F R/um R/um [
200 - 200 200 ¢
t=2.5ns b
100 |- 100 100
0 100 200 R/pm 0 100 200 R/pm 0 100 200 R/um

Figure 7. Results of numerical calculations. Shown is the position of the DT ice shell. The scale of figures corresponding to times 2 and 2.5 ns along the
x and y axes is enlarged approximately by a factor of three.

R/pm 2 V/kms™! b
600 300
200
300
100
1 1 1 1 1 1 1 1 1 1 1 1
0 0.77 1.11 1.53 1.82 215 t/ns 0 0.75 1.08 149 1.75 2.07 t/ns
d—V/ m ns >
a /™ . L/pym q
30000
250
20000
150
10000
50 1 1 1 1 1 1
0 0.74 1.07 147 1.72 2.04 t/ns 0 070 1.02 134 1.61 190 2.17 t/nS

Figure 8. Time dependences of the radius (a), compression rate (b), acceleration (c) of the DT layer and the mixing-zone width (d) (the case of the 6th
and 15th harmonics with amplitudes 18 pm).
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L/pm
250
200

150 -

100 Calculations

50 1 1 1 1 1 1
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Figure 9. Time dependences of the mixing-zone width for the target
presented in Fig. 6. Calculations were performed for the 6th and 15th
harmonics with amplitudes 18 pm.

The calculations that we performed contain detailed
information on the state of interacting gases, the size of the
mixing region, etc. Therefore, we can hope to determine the
influence of mixing on the efficiency of thermonuclear
reactions more accurately in the future.

5. Conclusions

We have calculated the development of instabilities of the
turbulent RT and RM mixing for different initial con-
ditions for the composition of initial perturbation modes,
amplitudes, gases involved in mixing, perturbation phases
and geometries. Some calculations corresponded to the
development of instabilities in shock tubes, while others —
to the laser compression regime.

The results of numerical calculations, their processing
and the dependences obtained have given the answer to the
important question about the dependence of the mixing
parameters on the initial conditions upon compression of
thermonuclear targets. These calculations have revealed a
weak dependence of the mixing-zone width on the con-
tribution of high-frequency modes (this width decreases
somewhat with increasing the number of high-frequency
modes taken into account).

Based on the study of the development of instabilities in
plane and spherical calculations and by using the evolution
model of the development of instabilities, we have derived
analytic expressions (3)—(6) describing the development of
the mixing zone taking into account the initial conditions
including the spectrum, perturbation amplitudes, etc.

A comparison of the results of calculations with the
predictions of the proposed theory have shown that analytic
expressions (3)—(6) are in good agreement with calculations.

An important advantage of the expressions obtained is
the possibility of their using for the description of mixing
processes in a broad range of physical parameters in
calculations simulating fundamentally different regimes.
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