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A family of exact similarity solutions for inviscid compressible ablative flows in slab
symmetry with nonlinear heat conduction is proposed for studying unsteadiness and
compressibility effects on the hydrodynamic stability of ablation fronts relevant to
inertial confinement fusion. Dynamical multi-domain Chebyshev spectral methods
are employed for computing both the similarity solution and its time-dependent
linear perturbations. This approach has been exploited to analyse the linear stability
properties of two self-similar ablative configurations subjected to direct laser illumin-
ation asymmetries. Linear perturbation temporal and reduced responses are analysed,
evidencing a maximum instability for illumination asymmetries of zero transverse
wavenumber as well as three distinct regimes of ablation-front distortion evolution,
and emphasizing the importance of the mean flow unsteadiness, compressibility and
stratification.

1. Introduction

When a semi-infinite initially cold material is suddenly exposed to an external
heat source, a supersonic heat wave first propagates into the undisturbed material
(Zel’'dovich & Raizer 1967, vol. 2, chap. 10, §8). As the heated material expands
and its mass increases, the wave slows down while the sound velocity of the heated
fluid increases. Owing to the increasing pressure behind the wave front, a shock
wave forms which at some point overruns the heat wave. The resulting configuration
of a fore-running shock wave followed by a heat front coinciding with the leading
edge of an expansion wave is referred to as a heat wave in the ‘deflagration regime’
(Sanmartin & Barrero 1978a) or ‘ablative heat wave’ (Pakula & Sigel 1985).

Ablative heat waves are central to laser-driven inertial confinement fusion (ICF)
where thermonuclear burn is expected to be achieved for a sufficiently symmetric
implosion of a spherical fuel pellet (e.g. see Nuckolls et al. 1972; Brueckner & Jorna
1974). Such pellets are typically made of a dense shell surrounding a lighter fuel core.
Their implosions under intense laser-created irradiation proceed in three stages. The
‘early shell-irradiation’ stage sees an ablative heat wave penetrating the outer part of
the dense shell until the fore-running shock wave interacts with the shell — fuel core
interface. During the subsequent ‘shell acceleration’ stage, the diverging rarefaction
wave issued from this interaction, and the sustained shell ablation set into an inwardly
accelerated motion the unablated part of the shell. In the third stage, the increasing
pressure of the compressed fuel core gradually decelerates the denser outer part of
the pellet until the start of thermonuclear reactions.
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The hydrodynamic instability of the shell ablative heat wave front — or ‘ablation
front’ — has been recognized early on as one of the key issues in the success of
ICF (Nuckolls et al. 1972; Brueckner & Jorna 1974) as it may lead to implosion
non-uniformities and possibly shell disruption, thus preventing the achievement
of thermonuclear reaction conditions. Works devoted to this problem have mostly
focused on the stability of strongly accelerated ablation fronts — i.e. for which the
Froude number based on the front acceleration, front scale length and relative
fluid velocity is small — as observed during the shell acceleration stage. The
corresponding front instability — termed ‘ablative Rayleigh-Taylor’ instability owing
to its acquaintance with the Rayleigh-Taylor’ instability (Rayleigh 1883; Taylor
1950) — has been the subject of numerous studies, carried out for idealized ablation
flows — i.e. considering a steady ablative flow of an unbounded fluid in a uniform and
constant inertial force field. Hence analytical models of the instability of discontinuous
ablation fronts have been proposed for incompressible (Bodner 1974) or low-Mach-
number (Kull & Anisimov 1986; Piriz, Sanz & Ibafiez 1997; Piriz 2001a) ablation
flows. Smooth ablation layer profiles have also been considered under the low-Mach-
number flow approximation of Kull & Anisimov (1986), leading to most of the works
in the field (Kull 1989; Bychkov et al. 1991, 1994; Betti et al. 1995, 1996), or by
means of more consistent approaches (Takabe et al. 1985; Sanz 1996), although all
restricted to subsonic ablation fronts. Analysing compressibility effects has turned
out to be more arduous and has so far consisted in evaluating the influence of a
finite-Mach-number expansion flow using a discontinuous ablation front model (Piriz
2001b). Other important features of ICF ablative flows such as unsteadiness, non-
uniformity and confinement, owing to the additional complexity they introduce, have
traditionally been investigated by means of multidimensional numerical simulations
carried out with multiple-physics hydrodynamics codes. However, these simulations,
although incorporating all of the most relevant physical phenomena, suffer from the
flaws of the overly dissipative and dispersive numerical schemes used in such codes.

Similarity solutions (e.g. see Zel'dovich & Raizer 1967; Landau & Lifshitz 1987),
in addition to providing insights into complex hydrodynamic phenomena, through
scaling relationships, and enabling qualitative and parametric studies in realistic
configurations, have been profitably used in fluid mechanics as background states for
performing hydrodynamic stability analyses beyond the assumptions of uniform or
steady mean flows. Self-similar ablative heat waves have been known since Marshak
(1958) and have been investigated by several authors in the context of ICF (Anisimov
(1970); Brun et al. 1977; Barrero & Sanmartin 1977; Sanmartin & Barrero 1978a, b;
Reinicke & Meyer-ter-Vehn 1991; Sanz, Piriz & Tomasel 1992). Among the various
configurations which have been studied, a particular family is most relevant for
depicting the ablative heat wave during the early shell-irradiation stage (see Brun
et al. 1977) for which numerical simulations indicate that mean flow profiles are more
akin to self-similar than to steady flows (Velikovich et al. 1998). Hence such solutions
present a genuine interest when investigating the stability of ablative heat waves
found in ICF, including all the relevant effects of unsteadiness, compressibility and
stratification. However, fully exploiting these solutions requires being able to describe
both the self-similar mean flow and its perturbations in a physically consistent
manner — i.e. by rendering convective and diffusive phenomena of disparate and
varying scales. Part of the difficulty lies in the self-similar mean flows for which no
analytical solutions are known. Hence, despite these similarity solutions being known
for over four decades, their computation, at a level of accuracy compatible with a
stability analysis, has been demonstrated only very recently (Boudesocque-Dubois
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2000; Boudesocque-Dubois et al. 2001; Gauthier et al. 2005; Clarisse et al. 2006).
In effect, the simplified setting of the mean flow similarity has allowed the devising
of dynamical multidomain Chebyshev spectral methods for computing, respectively,
the mean flow (Gauthier et al. 2005) and its three-dimensional time-dependent linear
perturbations (Boudesocque-Dubois et al. 2003). Such a general and highly accurate
approach opens the way to temporal stability analyses, with unprecedented details and
accuracy, of a wide range of ICF ablative flows (see Boudesocque-Dubois et al. 2008).

As a first application, the linear responses to laser illumination asymmetries — or
‘laser imprinting’ — of two particular self-similar mean flows that should be achievable
with the future Laser Mégajoule laser facility (Holstein et al. 2000), have been
investigated (see Abéguilé et al. 2006). Our investigation aims at accurately rendering
and identifying the role played by unsteadiness, stratification and compressibility
in the early shell-irradiation ablative flow stability. This study follows a significant
number of investigations of laser imprinting which have been carried out over more
than a decade by means of numerical simulations, modelling or experiments.

When considering the direct illumination of an ICF pellet by laser beams, illumina-
tion asymmetries such as caused by beam non-uniformities, mispointing or imbalance,
may be detrimental to the achievement of high fusion yields (e.g. Brueckner & Jorna
1974). Such asymmetries induce, during the early stage of irradiation, an ablation
flow non-uniformity which will be amplified during the subsequent shell-acceleration
stage, leading eventually to shell disruption and pellet performance degradation. In
one of the early works on the subject, Emery et al. (1991) studied the impact of a
laser smoothing technique on the level of flow non-uniformities by means of two-
dimensional simulations. In particular, flow perturbations within the linear approxim-
ation regime were shown to induce a roughly linear time growth of areal mass perturb-
ations while the dominance of the perturbed fore-running shock wave was emphasized.

Ishizaki & Nishihara (1997) were the first to propose an analytical model of laser
imprinting by solving a linear wave equation for the supposedly uniform and adiabatic
flow between the leading shock wave and the ablation front. This model which
used Rankine-Hugoniot jump conditions at the shock front and Chapman—Jouguet
deflagration conditions at the ablation front, reproduced the areal mass perturbation
initial linear growth and subsequent saturation found in simulations (Nishihara
et al. 1998), and gave results in agreement with experiments. Velikovich et al. (1998)
introduced a similar model, but the ablation front boundary conditions were taken
to be those of a leaky piston with exponentially time-decaying boundary pressure
perturbation. The conjugated effects of the mass flux through the ablation front and of
the decaying ablation front pressure perturbation were analysed as being responsible
for the perturbation growth saturation which occurs for perturbation amplitudes
well within the linear approximation regime. However, these simple models failed to
describe the perturbation decaying oscillations observed in simulations conducted for
sufficiently large times (Velikovich et al. 1998).

By relating these oscillations to the stabilizing mechanisms known to be at work
in ablation fronts, Goncharov et al. (2000) went further into the modelling of laser
imprinting by using the discontinuous ablation front jump conditions of Piriz et al.
(1997) in place of the cruder ablation front boundary conditions previously used.
As a result, an asymptotic regime of exponentially damped front oscillations was
predicted for perturbation wavelengths smaller than the expanding heat-conducting
flow region.

The succession of areal mass perturbation growth, saturation and subsequent
damped oscillations found in simulations and described by this last model was later
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confirmed by detailed experimental results of Aglitskiy et al. (2002) and Metzler et al.
(2003).

Nevertheless, neglecting the mean flow unsteadiness had been pointed out by
Goncharov et al. (2000) as a major source of discrepancies with simulation data. For
this reason, Goncharov et al. (2006) attempted to alleviate this defect by introducing
a linear time dependence of the ablation front characteristic length which enters their
model.

Overcoming the low-Mach-number assumption and the neglect of the expanding
heat-conducting flow structure inherent in the discontinous ablation front model of
Piriz et al. (1997) is also a necessity since stratification and compressibility are thought
to be influential during the early shell-irradiation stage (Velikovich et al. 1998; Piriz
& Portugues 2003). This stage which is critical to ICF pellet implosions since it
sets initial conditions for the subsequent ablative Rayleigh—Taylor instability growth,
requires an accurate rendering of perturbed ablative flow evolutions (see Aglitskiy
et al. 2002; Metzler et al. 2003). Hence, despite improvements in the modelling of
laser imprinting, substantial progress in the accurate description and analysis of this
phenomenon for realistic ICF ablative flows is still required. In addition to answering
this need, the present paper aims at laying the groundwork for future temporal stability
analyses of ICF ablative flows beyond the sole scope of laser imprinting. Given
the complexity of the self-similar mean flow, the present laser imprinting analysis
of unsteady compressible ablative flows consists in a study of linear perturbation
response data. After introducing (§2) the self-similar solution family relevant to the
early shell-irradiation stage of an ICF pellet implosion, we detail (§3) the temporal
evolution equations and boundary conditions for the linear perturbation transverse
Fourier modes (§§3.1 and B.2.1), and exhibit a possible reduction of variables for the
linear perturbations (Appendix A) leading to reduced Fourier mode equations and
boundary conditions (§§ 3.2, A.3 and B.2.3). After some laser imprinting background
information (§4.1), the chosen self-similar mean flow (§4.2) and perturbation (§4.3)
configurations are detailed. Results are then given under the form of Fourier mode
temporal responses (§4.4) which are shown to present, under certain restrictions, the
characteristics of the linear perturbation variable reduction. Taking advantage of this
variable reduction, temporal response results are then exploited to furnish reduced
Fourier mode responses covering a wide range of the temporal and spectral variables
(§4.5) thus allowing us to firmly establish our findings. A simple illustration of a
possible practical application is also given by assessing the influence of some of the
mean flow ablation parameters on laser imprinting (§4.6). Finally, we discuss our
findings with respect to known results on the subject (§4.7).

2. One-dimensional self-similar ablative flows

Hydrodynamic instabilities in ICF ablative flows are classically investigated by
considering the motion of an inviscid heat-conducting fluid with a polytropic equation
of state,

p=RpT, &=C,T with C,=R/(y —1), (2.1)
and a nonlinear heat conductivity of the form
Kk =ko(p/0)(T/T.), Kko>0, w=0 v>0, (2.2)

where p, p, &, T denote, respectively, the fluid density, pressure, specific internal
energy, temperature; R is the gas constant, y the fluid adiabatic exponent; xo,
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u, v are fluid constants, and p., 7. are some reference density and temperature.
Particular examples of heat conductivity exponent values are (u, v) = (0, 5/2) for the
Spitzer-Harm electron heat conduction model (see Duderstadt & Moses 1982) and
(e, v)=1(2,13/2) in the case of the radiative heat conduction for the fully ionized gas
model of Kramers (see Zel’dovich & Raizer 1967). Adopting an Eulerian point of
view, the equations of motion are

Op + V- (pv) =0,
0, (pv)+V-(pv®v+ pl)=0, (2.3)
A [p(*/2+ N+ V- [pv(v*/2 4+ y &) + 9] = 7,

in a Cartesian coordinate system (x,y, z), with v (= v, e, + vy e, + v, e;) the fluid
particle velocity, ¢ the heat flux, of expression

¢ =—«VT, (2.4)

and .# an energy source term accounting for laser energy deposition if any.

Since Marshak (1958), similarity solutions of one-dimensional forms of (2.3), or
of their two-temperature counterparts in the case of plasmas, have been investigated
either by means of simulations of particular initial- and boundary-value problems
(IBVPs) (Anisimov 1970; Brun et al. 1977), either through asymptotic analysis
(Barrero & Sanmartin 1977; Sanmartin & Barrero 1978a,b) or numerical integration
(Reinicke & Meyer-ter-Vehn 1991) of similarity transformed equations. More recently,
benefiting from an unpublished work of 1983 by Saillard (see Abéguilé et al. 2006),
the authors and co-workers (Boudesocque-Dubois 2000; Boudesocque-Dubois et al.
2001; Gauthier et al. 2005; Abéguilé et al. 2006; Boudesocque-Dubois et al. 2008)
devised a numerical approach capable of computing self-similar ablative heat waves
for quasi-non-isothermal leading shock waves, with a level of accuracy compatible
with a hydrodynamic stability analysis. Particular examples of such solutions for
the ablation, by electron heat conduction, of semi-infinite slabs of gases in various
configurations could thus be obtained (see Abéguilé et al. 2006; Boudesocque-Dubois
et al. 2008).

These configurations correspond to the one-dimensional flow of a semi-infinite slab
of gas — initially at rest and of uniform finite density — resulting from applying
particular time-increasing pressure and heat flux laws to its external surface. Such a
flow — assumed here to be along the Cartesian coordinate x-axis — is conveniently
described by the equations of motion (2.3) in the absence of laser energy deposition,
1e. for # =0, written in terms of the Lagrangian coordinate m such that dm = p dx.
With the convention that g identifies the physical quantity g relative to such a
one-dimensional flow (see table 5), the relevant equations come as

0, (1/p) — 8,0, =0,
0,0, +0,p =0, (2.5)
0 (0,2/2+ &) + 0, (pox + @) =0 with ¢, =—kp0,T,

where all the quantities are taken along the particle trajectories 0,Xx =v,, i.e. are

functions of (m, t), while initial and boundary conditions are given by, respectively,

5(m,0) = p;,  5.(m,0)=0, T(m0)=0, m3>0, (2.6)

p(0,1) = pe(t) = po(t/t)"7,  @.(0,1) = @e(t) = @u(t/0), 20, (2.7
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with p; the fluid initial uniform density; p., ¢., t. some characteristic boundary
pressure, boundary heat flux and time; and E%, ES are constants to be determined
from the similarity condition.

2.1. Dimensionless formulation

Taking full advantage of the generality of the self-similar representation is most
conveniently ensured through the use of a dimensionless formulation for the equations
of motion, here given by (2.1), (2.2), (2.4), (2.5). This formulation is chosen to rely
on the quantities p;, R, ko, and ., given that the reference density p. may be simply
chosen to be p;. By virtue of the I7-theorem (e.g. see Barenblatt 1979), the seven
parameters (p;, R, v, ko, t+, P+, @) lead us to retain the following three dimensionless
numbers

Y. B, = pt.R/ko, B, =@/ p1(t.R/Kp)>. (2.8)
Using the five parameters p;, R, y, ko, t, system (2.1), (2.2), (2.4), (2.5) is then rewritten
in dimensionless form, with the convention that all the quantities are replaced by their
dimensionless equivalents while keeping their notation unchanged. Upon denoting for
any given physical quantity ¢, its reference value by q., this transformation amounts
to the definitions
fe =1, pc=p1, Xc= R71/2K01/2 112 72,
v, = R71/? Ké/z tV2 712 pe=R kot !, (2.9)
T, = R2 Ko tc—1 pc—17 Qe = R3/2 "3/2 tc—3/2 pc—1/2’
with, in particular, the immediate consequence that the dimensionless form of the
equation of state (2.1) is
p=pT, &=T/(y—1). (2.10)

2.2. Self-similar formulation

The self-similar formulation of the dimensionless system derived from (2.1), (2.2),
(2.4), (2.5) is achieved, for v # 1, upon introducing the self-similar variable

& =mt™*, (2.11)
with the definition
a=02v—1)/2v—2), (2.12)
and the similarity laws for the dependent variables
plm,1) = G (&), Uim, 1) = 17V (§), } 213)
T(m,t) = 7 VOE),  @ulm, 1) = VP (§),

see Brun et al. (1977), Boudesocque-Dubois et al. (2008) and Appendix (A). The
system of partial differential equations (2.5) reduces then to a one-dimensional system
of ODEs (Abéguilé et al. 2006), namely

d:Y = F(£,Y), (2.14)

for the unknown ¥ =(G, V, ®, ®)T, where the components of the function F read

52 sn—1 s—v =
Fi=G N/D, F,= N/D, Fy,=-G e D,
: / ,=a&N/ ) } 215

Fy=[a§F;—2(a—1)0]/(y —1)— a2 GON/D,
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with
N=(@—1)V+GF, D=d%>*—G6, (2.16)

while the initial and boundary conditions (2.6) and (2.7) are, respectively, transformed
into the boundary conditions

G=1, V=0, ©=0 as & — 4o, (2.17)
P=GO =%, ®=2%, for £§=0, (2.18)

along with the time exponent expressions
E;=2a—1), E;=3a-1), (2.19)

in (2.7). Any solution Y of (2.14) which satisfies (2.17) and (2.18) necessarily
includes the singularity D =0. This singularity, which corresponds to an isothermal
characteristic curve, say m/t* =&, of the (m, t)-plane, is circumvented by introducing,
as part of the solution, an isothermal shock wave at & =&,. For the configurations
of ablative flows in the deflagration regime presently considered, such a shock
wave penetrates the cold quiescent fluid together with an infinitesimal fore-
running thermal wave (e.g. see Marshak 1958). For a shock-compressed fluid
region dominated by convection effects, as is the case in this paper, this wave
combination may be considered as a non-isothermal shock bounding the disturbed
fluid region (Marshak 1958) — the sole approximation conceded here. Hereinafter
the boundary conditions (2.17) are replaced by the Rankine-Hugoniot jump
relations (B 2), at & =&, for a non-isothermal shock wave with uniform upstream state
given by (2.17). These jump relations along with the boundary conditions of (2.18)
hence define a nonlinear eigenvalue problem for system (2.14). In the absence of any
known analytical solutions to this system, we must resort to numerical integration
techniques for obtaining solutions over a wide range of the boundary condition
parameters (%4, %,).

The numerical method we have devised (Gauthier et al. 2005; Boudesocque-
Dubois et al. 2008) comprises a shooting procedure based on finite-difference schemes
for obtaining a solution first guess, and a relaxation process coupled to a self-
adaptive multidomain Chebyshev collocation method for computing subsequent
approximations up to the desired accuracy. In practice, 9 significant digit results
are commonly achieved over the domain [0, &) for a 15 digit implementation of
the method. Less accurate results are obtained for the boundary values at & =&
in connection with the error made upon replacing there the wave structure by a
non-isothermal shock front (Boudesocque-Dubois et al. 2008). However, this non-
isothermal bounding shock-wave approximation which evidently restrains the variety
of configurations that may be handled by the present method, allows the treatment of
ablative flows relevant to ICF (Abéguilé et al. 2006). Although the question of whether
or not such similarity solutions are attractors has yet to be theoretically addressed,
examples of the self-similar character of converged numerical approximations to
the IBVP (2.5)—(2.7) have been shown in different instances (see Brun et al. 1977,
Boudesocque-Dubois & Clarisse 2003; Boudesocque-Dubois et al. 2008).

3. Linear perturbations

In fluid mechanics, the linear stability problem of a mean flow is classically
formulated in terms of perturbations which, without further assumption, are functions
of three space variables and time. Here, these perturbations are sought as solutions of
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an IBVP given by: (a) a linearized form of the three-dimensional Euler equations (2.3);
(b) linear perturbations of the boundary conditions satisfied by the mean flow under
study; and (c) initial conditions. In the present case (Boudesocque-Dubois 2000;
Boudesocque-Dubois et al. 2001; Abéguilé et al. 2006), an Eulerian description of the
perturbations in the (m, y, z)-coordinate system has been retained in formulating this
IBVP. This particular choice follows not only from the coordinate system used for the
one-dimensional solution, but also from the fact that a Lagrangian description of the
perturbations would further complicate the definition of initial conditions. Indeed, in
the case of a Lagrangian description, initial position perturbations would have to be
supplied in addition to the initial conditions required by an Eulerian description.

The system of equations satisfied by three-dimensional linear perturbations of
solutions to (2.3) is derived in the following manner. First, the change of variables
(x,y,2) = (m, y, z), with m defined as in §2, is performed in (2.3) with the help of
the partial derivative transformations

ax—)ﬁams at—)at_p_ﬁxam-

In this new formulation, all the flow quantities are then assumed to depend on
a perturbation parameter, say &, such that e =0 corresponds to the mean flow,
1Le. g(m,y,z,t;€)e=0 = g(m,t) for any scalar quantity ¢g. By defining the linear
perturbation of g to be the partial derivative

d
g m,y, z,1)= %(m, Y, 2,138)|e—0 , (3.1)

the equations satisfied by p'!), ¥V, &V are obtained formally by differentiating, with
respect to ¢, the equations in the (m, y, z, t)-variables, considering m, y, z, t and ¢ to
be the independent variables. This definition corresponds to an Eulerian description
of the perturbations (e.g. see Ledoux & Walraven 1958, § 56) in the coordinate system
(m, y, z). The resulting system of linear perturbation equations then becomes

3:p" + 5 [0n (5 vV) + 8,7, pV +V, 0] =0, (3.2a)
o,vl" + 50,0, vV +0,,p" — 0, p p"/p =0, (3.2b)
o +v.pW/5 =0, (3.2¢)
0, 6" + 50,6 v + 50,0, TV + p 3,0l

+ 00" — 0,00 /5 + (pV. -0 + V. - 9") /5 =0, (3.2d)

where V. = (9,.,9..)", and with the notation v\") = v(Ve, +vVe., o' = oMe,+ole.,
for, respectively, the transverse velocity field and heat ﬂux hnear perturbations (see
also table 5). These equations are supplemented by the expressions for the heat flux
linear perturbations, or

o) = —pk@u TV + 0, T[(1 — )"/ +vT"/T)), (3.3a)
o) =—kv, T, (3.3b)

and the linearized form of the equation of state (2.10),
p(l) =p 7O + p(l) f’ e = T(l)/(y —1). (3.4)

The above system of linear perturbation PDEs may be simplified upon introducing a
Helmholtz decomposmon of the transverse velocity field v L) From this decomposition,

the irrotational part of v' L ! is entirely determined by the transverse expansion V| - v(l)
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which obeys the evolution equation
a(Vi-o)y+a,pM/5=0, (3.5)

while the remaining — solenoidal — part of vf) is reduced to steady solid rotations
about the x-axis, with angular velocities stipulated by initial conditions. This latter
type of motion is of little interest in the present case and is discarded, hence
leading to the three-dimensional system of PDEs (3.2a), (3.2b), (3.5), (3.2d) for the
unknowns (p, v("), V, -0\, #1) as functions of (m, y, z, ¢). This system of PDEs can
be shown to be incompletely parabolic in the sense of Gustafsson & Sundstrom (1978),
Strikwerda (1977), and well-posed for the Cauchy problem: details will be published
elsewhere. Consequently, at any given boundary, the proper number of independent
boundary conditions to be applied is given by the number of incoming waves of the
hyperbolic subsystem plus one. Note that up to this point, the formulation of (3.2a),
(3.2b), (3.5), (3.2d) applies to any one-dimensional mean flow satisfying (2.1), (2.2),
(2.4), (2.5).

When dealing with the ablative mean flows discussed in (§2.2), boundary conditions
are provided at the shock-wave front location, m = &, t*, by the Rankine-Hugoniot
relations for linear perturbations (B4). At the fluid external boundary m = 0 of
equation x = x,(y, z, t;¢), arbitrary time-dependent perturbations of the fluid density
and of the incident heat-flux are considered, so that we have

p(m,y,z,t;e)l, = py,z,1;€),
((o(mv ya Z? t;g)"'r - (Pe(y’ Z’ t;g)) * ne = 0’
or, in terms of linear perturbations,
P, + (pOup)l, xV = ol (3.6)
¢i1)|+ + (ﬁamgﬁx)hx(gl) = gaefrl)’ (37)
where n, denotes the normal to the surface and g, stands for the limiting value of
the fluid quantity g(m, y, z, t) as m — 0T. In these equations, the linear deformation,
along the x-direction, of the fluid external perturbed surface, x!", satisfies the well-

known linearized kinematic boundary condition for a material surface (e.g. see Stoker
1958), in effect

i =], + (0,0, L. (3.8)
3.1. Fourier mode evolution equations

The self-similar nature of the mean flows of §2 naturally suggests a reformulation of
the system of PDEs (3.2a), (3.2b), (3.5), (3.2d) and of the boundary conditions (3.6)—
(3.8), (B4) in the independent variables (&, y, z,¢). This new formulation simply
proceeds from applying (2.13) and the partial derivative transformations

3:qV(m, y, z, 1) = (3, — &1 7'0¢) Q(E, v, 2, 1),
Omg(m, y,z,1) =170: Q(§, y, 2, 1),

with the convention Q(%,y,z,t) = ¢V(m,y,z,t), for any flow variable linear
perturbation ¢". Once Fourier transformed in the (y,z) variables, the ensuing
equations yield a system of linear PDEs in the independent variables (&, ¢). With
the definition

+o0 +oo
g'yz[q(l)(m, ys Z7t)] = / / q(l)(mv ys Z7t) exp[_l(kyy +kZ Z)] dZ dyv



10 J.-M. Clarisse, C. Boudesocque-Dubois and S. Gauthier

and the notations (see table 5)

G(&. ki, 0)=F,.[p(m, y, 2, 1)], Vel ke ) =F,. v (m, y, 2. 1)],
Di(g. ki )=F [V - v (m.y.2.0],  OE ki )=F, [TV(m, y, z,1)], (39)
P& ki.)=F,.[pV0m, y, 2, 1)]. D,(E. ki, )=F): [oW(m, y, 2. 1)],
where

ki = \/ki+k2,
is the modulus of the transverse wave vector k,, this system reads
0,G =t~ (€0 — Gd; V)G — 177G 0:(GV,)— G D,
0,V =t (ks — Gd: V) V, +1*2d: P G/G — 10 P,
0D, =1 'akd:D, + k> PG,

~ N . o (3.10)
0,0 =t atd; — (y — 1)Gd: V] © —1*2[(y — 1)P 0z + Gd: O]V,
—(y = 1)(t* 20D, + 1 kG160
— 12734, G /G +170: D,),
with the expressions
&, = —1*7'G'"0"(0:0 + d; O[1** (1 — u)G /G +vO /), (3.11)
as inferred from (3.3a), and
P=GO+1*?%G0o, (3.12)

after (3.4). The relevant formulation of the boundary condition equations (3.6)—(3.8)
also becomes

Gl. +17(Gd:G)| X, = G.. (3.13)
Dy + (Gl D)| X, = @, (3.14)
X, =Vils +11(Gd V)L X, (3.15)

with the notation X,(k,, 1) = F,.[x{"(y, z, )], while the linear perturbation Rankine—
Hugoniot relations (B4) take the form of (B5). Since the transverse wave vector k|
solely intervenes in (3.10)—(3.15) through its modulus, solutions (@, V..D,, @) of the
associated IBVPs may be considered as functions of (&, k., ) only — solutions for
different wave vectors k, of identical modulus k; being then distinguished by their
initial or boundary conditions.

System (3.10), being incompletely parabolic, is handled via an operator
decomposition between a reduced hyperbolic system (Boudesocque-Dubois et al.
2003) and a parabolic scalar equation, along with a proper distribution of boundary
conditions among these subsystems. Numerical approximation in the & variable is
performed with the same adaptive multidomain spectral method as that used for the
mean flow while time-marching is carried out with a three-step semi-implicit Runge—
Kutta scheme (Williamson 1980). Treatments of time-dependent boundary conditions
such as those of (3.13), (3.15), (B5), and of matching conditions at computational
subdomain interfaces for the hyperbolic subsystem are addressed by Boudesocque-
Dubois et al. (2003) and Gauthier et al. (2005). Solutions of the parabolic scalar
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equation are computed following the influence matrix technique developed by Pulicani
(1988). Arbitrary perturbed configurations of the present self-similar ablative flows
may be handled with this general method. In particular, linear perturbation boundary
conditions other than those defined by (3.13) and (3.14) may equally be considered.

3.2. Reduced Fourier mode equations

Given the self-similar nature of the mean flows of §2.2, we may wonder whether
system (3.10) also admits a reduced variable formulation of some kind. This turns
out to be the case under particular assumptions bearing on the linear perturbations,
system (3.10) being then replaced by a reduced system of two-dimensional PDEs
where the time variable has been removed (see Appendix A for details).

Such a linear perturbation variable reduction amounts to rewriting (3.2a), (3.2b),
(3.2d), (3.5) in terms of the independent variables (&, n, ¢, t), with & given by (2.11), n
and ¢ by the analogous relations

n=yt*, ¢=zt" (3.16)

the exponent o keeping its definition (2.12), while assuming, in addition to the
mean flow quantity dependencies (2.13), the following perturbation time power-law
dependencies

pWD(m, y, z,t) = 10D g(g n, ¢),

TW(m, y, z,t) = V=D 7 (&, n, ¢),

vW(m, y,z,t) =@ Vy (,1,8), a=xy,z2,
oM(m, y, z,1) = 1OV F (£,0,¢), a=x,y.z,

(3.17)

where § is a free parameter, defined by (A 2). The resulting system of equations, once
Fourier transformed in the (n, ¢) variables, ultimately leads to a system of linear
PDEs in the (&, %, ) variables (see § A.3) where %, = k,t* — the ‘reduced wavenumber’
— is the modulus of the wave vector in the (5, ¢)-Fourier space. Upon introducing the
notations (cf. also table 5)

~

4, V. 9., T, P, F,
for the n¢-Fourier transforms — or ‘reduced Fourier modes’ — of the linear perturbation
reduced functions

49, V%, Voo V. I, 2, Fi,
see (A 19), this system of reduced PDEs becomes
(8 —1)(@—1) — a(td: —D)(¥/G) +0:(G¥ )+ Z, =0,
Sa—1)—a(Ed: =DV, +Gd:V V', +0:2—d: P%/G =0,
S — 1) — (0 — D)2, — 2 2/G =0, (3.18)
6+ 1)(a—1)—a(Ed —D)NT +Gd:O 7, +(y —1)(GCd:V T
+ PO 40T —dDG/C+O D, —GCOT) =0,

where ID is the operator defined by (A 21). Boundary conditions (3.6)—(3.8) and (B4)
proceed similarly, yielding the ODEs (A 22) and (B 7) in the variable x .

An important and interesting result brought up by the possible existence of such a
reduction is that for any flow variable linear perturbation ¢! satisfying the relation

[
[
[
[




12 J.-M. Clarisse, C. Boudesocque-Dubois and S. Gauthier

Critical surface Ablation layer Shoc%{ wave
Laser light : .. H

[

Subcritical plasma Conduction zone Shocked fluid  Undisturbed
fluid

FIGURE 1. Schematic mean flow structure of an ablative heat wave under direct laser
illumination in terms of density p and temperature T profiles.

gWV(m, y,z,t) =1"2(E, n, £), its yz-Fourier transform Q is such that

O, ki, 1) =TF,.[qV(m, y, 2, 1)] = "2 D(&, 1k ). (3.19)

Hence, although we do not actually consider, in this paper, solving boundary-value
problems for system (3.18), we shall make use of this property when analysing
numerical integration results of some particular IBVPs defined after (3.10).

4. Responses to laser illumination asymmetries
4.1. Background

The mean flow structure relevant to the early direct illumination of an ICF pellet by
laser beams may be divided into five regions (cf. figure 1).

Subcritical plasma. Closest to the laser beams, the expanding laser-absorption region
where the laser radiation is entirely absorbed, mostly for electron densities close to a
cutoff — ‘critical’ — value determined by the laser frequency.

Conduction zone. Beyond the critical electron density plane, the supercritical part
of the flow, also in expansion, which is mainly governed by electron heat conduction
and where electron density is above critical.

Ablation layer. The zone of steep density and temperature gradients where energy
convection becomes comparable to energy conduction.

Shocked fluid. The quasi-isentropic compression portion of the flow, up to the
fore-running shock wave, where energy convection is dominant.

Undisturbed fluid. The fluid lying at rest, ahead of the shock front.

The modelling of this mean flow by the single temperature fluid equations (2.1), (2.2)—
(2.4) evidently implies numerous assumptions that we shall not elaborate on at present.
Comparisons of results from laser imprinting models derived from these equations and
from hydrodynamics code simulations (Nishihara et al. 1998; Velikovich et al. 1998;
Goncharov et al. 2000), and from laser imprint simulations and experiments (Taylor
et al. 1996; Aglitskiy et al. 2002; Metzler et al. 2003) comfort these assumptions.

Several physical phenomena have been identified to play major roles in the ablation
flow non-uniformity evolution.

(a) Laser absorption in ICF occurring close to the critical surface, the subcritical
plasma may be held as nearly transparent to the incoming laser irradiation (Brueckner
& Jorna 1974). Consequently, accounting for laser absorption asymmetries amounts
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to taking in (2.3) an energy source term .# of compact support about the critical
surface and of equivalent heat flux given by the local laser intensity.

(b) Temperature fluctuations forced by laser intensity asymmetries are smoothed
within the conduction zone due to electron heat conduction — ‘thermal smoothing’
— (Brueckner & Jorna 1974; Emery et al. 1991) with the consequence that flow
perturbations imprinted at the ablation layer by this forcing at the critical surface
are increasingly damped as the perturbation wavelengths become smaller than the
conduction zone thickness [.,, (Emery et al. 1991).

(¢) Each of the perturbed shock front, ablation layer and conduction zone
dynamics are of importance to the ablation flow perturbation response as shown
by simulations (Emery et al. 1991; Velikovich et al. 1998), modelling (Velikovich et al.
1998; Goncharov et al. 2000), and experiments (Aglitskiy et al. 2002).

(d) As could be expected from the mean flow properties and as has been confirmed
by simulations and experiments (Metzler et al. 2003), the perturbed flow within the
shocked-fluid region, and therefore the interaction between the rippled shock front
and the ablation layer, is essentially governed by convection and acoustic wave
propagation.

(e) The finite extent of the flow is determinant for the evolutions of perturbations of
wavelengths comparable to or larger than the distance separating the critical surface
from the shock front. In particular, the presence of this bounding shock wave and
the resulting confinement of the shocked-fluid region has stimulated laser imprinting
models (Ishizaki & Nishihara 1997; Velikovich et al. 1998) based on an analogy with
the Richtmyer—Meshkov instability (Richtmyer 1960; Meshkov 1969), by contrast to
the Rayleigh—Taylor instability analogy commonly invoked for strongly accelerated
ablation fronts.

(f) The ablation layer is weakly accelerated, or even decelerated (Metzler et al.
1999), as compared to the strongly accelerated regime occurring during the shell-
acceleration stage. In the presence of a weak destabilizing inertial force field (the layer
acceleration), it is expected that the stabilizing and damping mechanisms at work
in ablation fronts are noticeably influencing, if not ruling, the layer dynamics. This
appears to be effectively the case as laser imprint simulations (Velikovich et al. 1998;
Goncharov et al. 2000; Schmitt et al. 2001) exhibit ablation front distortion decaying
oscillations for perturbation wavelengths sufficiently small, but much larger than
the layer characteristic length. Such a behaviour is recovered by existing modellings
(Goncharov et al. 2000, 2006), although the best available experimental data (Aglitskiy
et al. 2002; Metzler et al. 2003) do not cover enough oscillations to be conclusive
about the actual oscillation frequency and amplitude decay.

Nevertheless other mean flow key features have yet to be adequately addressed by
laser imprinting modelling, or even simulations.

Stratification. Since laser asymmetry wavelengths cover the full range spanned by the
different flow region characteristic lengths, mean flow stratification and confinement
effects must be properly rendered. The currently available laser imprinting model
taking into account the flow confinement (Goncharov et al. 2000, 2006) is based on a
sharp boundary modelling of the ablation layer (Piriz et al. 1997) and is consequently
improper for describing perturbation evolutions of wavelengths 4, larger than the
conduction zone size, i.e. £, /A1 < 1. Other more elaborate ablation front modelling
at large Froude numbers (Piriz & Portugues 2003; Sanz, Masse & Clavin 2006),
valid in particular for £.,,/4, <1, ignore the bounding shock wave and are therefore
of limited usefulness for laser imprinting analysis. As for simulations, accurately
rendering stratification imposes drastic constraints on the local computational grid
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size which are not necessarily met in practice: perturbation wavelengths can be
thousands of times larger than the ablation layer characteristic length (see Goncharov
et al. 2006).

Unsteadiness. The conduction zone and shocked-fluid region thicknesses, as well
as the ablation layer characteristic length increase with time (Emery et al. 1991;
Velikovich et al. 1998), and often linearly with time (Goncharov et al. 2000, 2006).
The fact that in such circumstances, early perturbation growth is found in simulations
to be also approximately linear in time (Nishihara et al. 1998; Velikovich et al. 1998;
Metzler et al. 1999; Goncharov et al. 2000, 2006) casts doubt on results derived from
any modelling based on quasi-steady mean flow approximations.

Compressibility. Compressibility may affect ablation front instabilities in several
ways (Piriz 2001b):

through the stratification of the different flow regions (quantified by the ratio
y a £/c3 where a denotes an acceleration, £ a characteristic length and c; the isentropic
sound velocity);

through the fluid adiabatic exponent y which enters the fluid acoustic impedance;

through the flow regimes (characterized by local Mach numbers) in the expanding

conduction zone and in the ablation layer.
The laser imprinting model of Goncharov et al. (Goncharov et al. 2000, 2006) which
takes into account acoustic wave propagation within the shocked-fluid region, ignores
all other compressibility effects since it relies on a sharp boundary ablation front
model (Piriz et al. 1997) for low-Mach-number flows (Kull & Anisimov 1986). Such
a quasi-incompressible flow assumption is not necessarily satisfied throughout the
conduction zone in realistic ICF ablative flows (see Piriz 2001b). Unfortunately,
available investigations of the effects of a compressible conduction zone flow for
accelerated (Piriz 2001b) or unaccelerated (Piriz & Portugues 2003) ablation fronts
are of limited usefulness in laser imprinting configurations since they are restricted to
unconfined and steady ablative flows. Laser imprinting numerical simulations which
suffer none of the above restrictions, may, however, be questioned with respect to
acoustic effect rendering owing to the overly dissipative and dispersive numerical
methods commonly used in hydrodynamics codes dedicated to ICF applications.

On the other hand, taking into account the above features which are characteristic
of real ICF ablative flows, may be achieved by means of the similarity framework
of §2. For direct laser beam irradiation, the relevance of these similarity solutions to
actual ICF pellet ablation flows is bound to the following assumptions.

(i) Electron and ion temperature decoupling within the hot plasma is weak.

(i1) Classical electron heat conduction prevails, i.e. we may take u =0, v~5/2 in
(2.2).

As mentioned by Brun et al. (1977), these conditions are best fulfilled during the early
irradiation of a material of low atomic number such as the cryogenic deuterium—
tritium mixture considered in ICF target designs (Bodner et al. 1998). In addition,
since the mean flow modelling of §2 does not include an energy source term as in
(2.3), the corresponding solutions omit the subcritical plasma expansion and assume
that the (critical) surface of laser energy conversion into heat flux is a material
surface — i.e. of zero mass flux. This feature is not met in typical ablative heat waves
triggered by laser light irradiation. In that respect, the similarity solutions proposed
for a two-temperature fluid model of a plasma (Anisimov 1970; Sanmartin & Barrero
1978a) would provide, at the cost of increased complexity, an improvement in the
modelling of such flows. A further restriction is imposed by the laser intensity
time dependence at the critical surface which must follow (2.7) with the definitions
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TaBLE 1. Ablation by direct laser beam illumination. Definitions of the fluid adiabatic exponent

y, heat conduction density and temperature exponents u and v, and resulting similarity
exponent value «.

(2.12), (2.19). Such a laser intensity temporal law is not representative of current
schemes of ICF-pellet early irradiation by laser beams (e.g. see Goncharov et al.
2000), although it could be achieved in dedicated experiments. Given these mean
flow modelling limitations, the present application of the framework of §§2 and 3
to the laser imprinting problem aims at exhibiting qualitative stability behaviours
which may be encountered in unsteady compressible ablative flows related to ICF,
rather than providing quantitative estimates of perturbation evolutions in actual ICF
pellet implosions. Solving with high accuracy the mean flow and perturbation exact
equations (2.5), (3.10) — keeping in mind the leading shock-front non-isothermal
approximation (§2.2) — presents then the advantage of establishing, rather than
hypothesizing, which physical features of the flow play determining roles with respect
to its stability.

Our laser imprinting analysis of unsteady compressible ablative flows (Abéguilé
et al. 2006) relies on two self-similar mean flow configurations and their perturbation
which we detail in the next two sections (§§4.2, 4.3). Temporal response data obtained
from integrating (3.10) are then discussed in §4.4 and are shown to exhibit, provided
that the perturbation configuration is properly chosen, the reduction of variables
discussed in § 3.2 and established in Appendix A. This result allows us (§4.5) to build
the reduced response (A 19) for each configuration and to draw firm conclusions.
In addition, an illustration (§4.6) of possible practical applications is provided by a
comparison of ablation front distortion dynamics obtained in different ablative flows.
Finally (§4.7), we discuss the present findings in connection with available results from
simulations and modelling of laser imprinting, as well as from models of ablation
fronts at large Froude numbers.

4.2. Self-similar mean flow configurations

The approximation of a material critical surface which is peculiar in the ICF context,
is consistent with the fluid density being constant along the self-similar flow external
boundary & = 0 (m = 0). Instantaneous fluid pressure and heat flux values at the
critical surface of a given ablative flow, along with the corresponding local values
of the constant R and of the heat conduction coefficient «y, are then pertinent for
determining the ranges of the similarity solution parameters (2.8). Such values have
been extracted — for a monatomic gas and the Spitzer—-Hdrm model of electron
heat conduction (see table 1) — from a simulation, with the rc12 multiple-physics
hydrodynamics code (Buresi et al. 1986), of a CH planar foil illuminated by a Laser
MeégaJoule laser pulse (Fortin & Canaud 2000). Two particular cases, corresponding to
two different times of this CH foil ablation, have thus been selected, yielding the values,
via (2.8), of the boundary condition parameters %, and %,, in table 2 (see table 4 for
the corresponding dimensional characteristic and reference flow-variable values).
The numerical integration of the associated nonlinear eigenvalue problem (2.14),
(2.18), (B 2) results in the solutions shown in figure 2 and characterized by the reduced
abscissae &,, of the ablation front — as identified to correspond to the minimum of
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Conﬁguration '@p e@«J gahl %'x Lo Lon Loy (10_3) MSabI Frabl Peabl
I 0.001 0.026 0.023 0.110 1.23 1.21 0.04 0.075 4.62 327
11 0.030 0.257 0.118 0.300 1.08 1.05 1.80 0.159 264 3.11

TaBLE 2. Examples of self-similar ablative flows relevant to ICF for the parameter set of
table 1. Solution boundary condition parameters %,, %,, characteristic similarity abscissas
&, &, flow typical reduced lengths L, Lcon, Lapi, and ablation-front characteristic Mach,
My, Froude, Fr,, and Péclet, Pe,;,, numbers.

the density-gradient scale length — and & of the shock front given in table 2. For
each solution, the conduction zone 0 <& < &,,, ablation layer & ~§&,,, shocked-fluid
region &, <& <&, and undisturbed fluid region & <&, are apparent on the density
(figure 2a) and temperature (figure 2¢) reduced function profiles. Strong variations of
the reduced fluid particle acceleration A (figure 2e), of expression

AE) = (a — 1)V (E) —a & d:V(£),

are noticeable across the ablation layers, as well as non-uniformities throughout the
conduction zone. In addition, profiles of the isentropic Mach numbers Mg, here
defined in terms of the velocity relative to the ablation front & = &, or

Ms(&) = |V (&) — V(&) — @ Eani /G (Earn )|/ C s(§), (4.1)

with C,the reduced isentropic sound velocity,

Cs(§) =17 ©), (4.2)

evidence that, for both solutions, the conduction zone expansion is in part supersonic,
while a low-Mach-number flow description could be legitimate for a neighbourhood
of the ablation layer and for the shocked-fluid region. The existence of a supersonic
expansion region is a peculiarity allowed by the assumption of a material critical
surface, but is also dependent on the respective values of the solution boundary
condition parameters (2.8): subsonic expansions can also be obtained with the present
mean flow modelling (cf. Boudesocque-Dubois et al. 2008).

This description is completed by the datum of some of the flow typical lengths via
their corresponding reduced lengths (table 2), namely the constants:

Ly =t7% [x(mg, t) —x(0,8)], m,; =17&,
for the whole disturbed fluid region;
Leow =17 [X(mapi, 1) = X(0, )] = 17 Leon(t),  Map = 1%Eapi,
for the conduction zone thickness £, ;
Loy =17 mxin |dInp/dx|™" = mgin 1deG ™" =17 L (1),

for the ablation front density-gradient scale length £, ;
where the x-coordinate of a point & = mt™* is given by

X(m,1)=1"[§/G(&)+ V(§)/a] +£(0,0).

In particular, the disparity between the characteristic lengths of the different flow
regions is apparent: while the conduction zone (L.,,) takes over 97 % of the whole



Linear perturbation response of self-similar ablative flows 17

(@) (b)
8 : : : : : : 0.4

o -
~04 1/

—08}

12}

0.3

~on

102 : :

3 L L L L L 1073 £
10 : ) . 0

¢ &l

FIGURE 2. Similarity solutions 1 and 11 of table 2. Profiles in the self-similar variable & of the
mean flow reduced (a) density G, (b) velocity V, (c) temperature ®, (d) pressure P, and (e)
material acceleration A. ..., I; —, II. The isentropic Mach number, defined by (4.1), which is
also represented (f') for both flows as a function of the normalized abscissa & /&;, shows that, in
each case, a portion of the heat conduction region close to the fluid external boundary & =0
is supersonic.

disturbed-fluid region length (L,;), the ablation layer characteristic length (L)
represents 0.003 % of this length for configuration 1 vs. 0.2 % for configuration 11

These flow ablation layers are further characterized (table 2) by the ablation front
isentropic Mach number Mg, = Ms(£4,;), Froude number

Fravt = |U gl /A/ | Aapi| Labl

Pey, = ﬁ Lt G(Eav) T O (Eav) " [Ty,

and Péclet number

where U, and A,y are the reduced ablation velocity and front acceleration, namely

Ui = —t€api/ G (Eabl), A = (& — D[V (§abt) — U pi]. (4.3)
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Froude values, for both configurations, are larger than unity, as is usual during the
early stage of the shell motion. Péclet values are quite similar in each case and
moderate, testifying the comparable importance of energy convection and conduction
within the ablation layers.

4.3. Incident heat flux modulations

The responses of the self-similar flows of table 2 to incident heat-flux modulations
have been investigated by considering, for ¢ > t;,; where f;,; 1S some positive initial
time, time-dependent boundary heat-flux perturbations of the form

D,.(1) = (t;7) g.(1) = M(t;7) " B, (4.4)
with
O(t;7) =1—2/(1 +expl(t — t)/7]), T >0, (4.5)

in (3.14). As (¢t — t;;;)/T becomes larger, qADex(t)/(ﬁe(t) — 17, so that the perturbed
configuration becomes that of a unit relative laser-intensity asymmetry. Note that this
limiting perturbation configuration is consistent with irradition asymmetries such as
laser beam non-uniformities, mispointing or imbalance which are proportional to the
instantaneous laser intensity.

In accordance with the identification of the fluid external boundary with the
critical surface, the boundary density perturbation is taken to be identically zero
in (3.13). Consequently, linear perturbation evolutions are obtained by numerical
integration of system (3.10), startingAfrom zero initial perturbations at ¢ =t;,;, with
boundary conditions (3.13) where G,=0, (3.14) with (44) and (3.15), and (B5)
with Zy =0. Depending on the type of computations being performed, the bounds
of the integration-time range [f;., f..a] are either independent of the perturbation
wavenumber k; being treated, or different for each wavenumber value. Typical
computations involve about 10 spectral domains of 50 collocation points each, and
may represent several millions of integration time-steps.

4.4. Fourier mode temporal responses

Linear perturbation responses are primarily analysed in terms of the absolute
density perturbation Fourier mode G, since this quantity determines the areal mass
perturbations measured in experiments (e.g. see Aglitskiy et al. 2002). As an indicator
of the global flow response we have retained the density perturbation overall flow
extremum

(Glnax (k1 1) = max |G(E k. 1), (4.6)
whereas the density perturbation ablation front value

Ganlkr. 1) = G&ap. ko, 1), 47)
is used to characterize the ablation layer dynamics. This latter quantity determines
the ablation front distortion amplitude as given by the linear deformation of the
iso-density surface of equation p(x, y, z,t; &) = G(&.), namely

Xapi(ky, 1) = —Lap Ga(ky,1). (4.8)

ta
G_(Eabl)
From this expression, the ablation front distortion is seen to be proportional to
the ablation layer density-gradient length L., and to the local mean-flow strain as
measured by the partial derivative 0x/0& = 1*/G.
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FiGURE 3. Temporal responses of configuration 11 of table 2 for incident heat-flux perturbation
rise-time 7 =0.01 in (4.5), and time 0.1 <t < 14. Evolution of the density perturbation overall

flow extrema |@\max as a function of (a) time and (¢) conduction zone relative thickness k| £..,.

Evolution of the ablation front distortions X, given by (4.8), as a function of (b) time and
(d) conduction zone relative thickness k £.,,. Results obtained for (a, b, from top to bottom;
¢, d, from left to right) wavenumbers k; =0 (e of a,b only), 0.01, 0.1, 1, 10, 50 and 100. The
k; =100 data correspond, for the largest values of k¢, to wavelengths approaching the
ablation layer characteristic length £, (cf. table 2). Notice the disparity — up to seven decades
in perturbation amplitude for wavenumbers spanning four decades — in flow responses that
may be captured by the present high-accuracy numerical approach.

4.4.1. Spectral and temporal variable representation

Computations of the flow temporal responses in both configuration 1 and 11, over
a given time range (0.1<r<14), for several values of the heat-flux perturbation
rise-time (t =1/6, 0.01, 0), and for wavenumbers k;, ranging from 0 to 100, lead
to the following findings. After an early time transient, inherent to the progressive
perturbation of the whole flow and to the heat-flux perturbation rise-time, density
non-uniformities, as illustrated by the evolutions (figure 3a) of the overall flow density
extrema \F;|max (k., 1), are first seen to stagnate for sufficiently short times and small
wavenumbers (figure 3a, curves k; <0.1), and, as time increases, to oscillate (figure 3a,
curves k; > 1) with decaying amplitudes for large enough k,. As k, increases, the
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stagnation phase duration, oscillation periods and flow response magnitude decrease.
The corresponding ablation front distortion evolutions (figure 3b) exhibit three
distinct regimes as determined by the behaviours of G (kL, t) through formula (4.8).
Hence the density perturbation stagnation phase induces a regime of front distortion
algebraic growth (figure 3b, curves k, <0.1), more precisely in ** since « =4/3 (cf.
table 1), whereas an oscillatory regime of amplitude modulation is discernable for
intermediate wavenumbers (figure 3b, curves k; =1, 10, 50), leaving place at smaller
wavelengths to a damped oscillatory regime (figure 3b, curves k; =50 and 100).

4.4.2. Reduced variable representation

Analysing such results in terms of the relative size of the conduction zone,
kileon=ky Lo t*3, rather than the time ¢ (figures 3c,d), highlights the physical
importance of this mean flow parameter for laser imprinting. The different regimes of
the flow and ablation front responses appear to correspond, for any wavelength, to
given ranges of this conduction zone relative thickness. In particular, we recover the
known rough features of laser imprinting as identified by previous simulations and
modellings — namely, the existence of a front distortion growth regime for k) ¢.,, <1,
and of an oscillatory damped regime for k €., >1 (see figure 3d). Similarly, the
significant reduction in flow non-uniformity as the conduction zone relative thickness,
kil.n, at which the laser intensity modulation starts to be applied is increased
(figures 3¢, d), points out the effectiveness of thermal smoothing (Emery et al. 1991) in
laser imprinting. However the present results have no precedent in terms of details and
accuracy, notably in the range of relative wavelengths that is covered. In particular, an
example is given of ablation flow responses for wavelengths approaching the ablation
layer density-gradient scale length: cf. the curves k; =100 of figures 3(c, d).

4.4.3. From Fourier mode temporal responses to reduced Fourier mode responses

A more complete description of the flow responses is achieved upon considering
computations over fixed ranges of the conduction zone relative thickness k,2.,,.
Moreover, by choosing the heat-flux perturbation rise-time t in (4.4) to be zero,
the definition of ®,.(¢) becomes compatible with the perturbation variable reduction
relations (3.17), provided that the equation

+2)ax—1)+ 20 =3(a—1),
obtained after (3.17), (3.19) and (4.4), is satisfied, or, equivalently, that the free
parameter § of (3.17), (3.18) is given by

5ot (4.9)

a—1"

Would the perturbation variable reduction (3.17) be achieved by the numerical
solution of the IBVP (3.10)—(3.15), (B 5), the following relations should hold:

G(&, ki, 1) = 9(&, ki17), (4.10a)
1V ko 1) = 1€, kut®), (4.10b)
1D (E ki, 1) =D (8 kut®), (4.10¢)
P10 O (&, ko, 1) = T (6, ki), (4.10d)
P2 P(g k1) = PUE, kot®), (4.10¢)

with « =4/3.
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FIGURE 4. Temporal responses of configuration II of table 2 for incident heat-flux perturbation

rise-time 7=0, and time ¢ such that 1072< L.,k11*?<10% Ablation front density
perturbations G4, as a function of (a) time and (b) reduced wavenumber », =k, t*/3. Ablation

front (c) temperature perturbations @, as a function of time, and (d) reduced temperature

perturbation temporal equivalent, 13 ®,,, as a function of the reduced wavenumber
%1 =k, t*3. Results obtained for k; =0.01, 0.1, 1, 10, 50 and 100. The superposition of
the results when plotted vs. %, (b, d) shows the variable reduction defined by (4.10).

For non-zero wavenumbers, time-integration results computed over the same range
of the parameter », =k, t** but for different values of k, present the characteristics
of the variable reduction as stipulated by the above relations. Indeed, past an initial
transient set-up of perturbations throughout the flow, computed values of the left-
hand sides of (4.10) recorded, for different non-zero k,, as functions of k%3, are
found to agree within the accuracy limits allowed by discrepancies in the k%3
variable sampling; see figure 4 for an illustration in the configuration 11 case.

For zero wavenumber (k; =0), computed temporal responses (not shown) turn out,
for sufficiently long integration times, to possess the similarity defined by (4.10a,b,d, e)
which is merely that of the mean flow (2.13). Given that the boundary heat-flux
perturbation (4.4), (4.5) for T =0 comes down to a shift of the parameter 4, of (2.8),
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FIGURE 5. Temporal and reduced responses of configuration 11 of table 2. Amplitude plot (a) in

the (m,t) variables of the temporal density perturbation response 8(5, ki ,t) obtained at a
wavenumber value of k; =0.01, with an incident heat-flux perturbation rise-time 7 =0, and
for times ¢ such that 0.01 <, <210. Corresponding representation (b) in the (&, %, ) variables

of the associated reduced response %(&, x) as obtained over the partial range 0.1 <, <210
by means of (4.10a) taken for a given value of k;. The fluid external surface and shock-wave
front located, respectively, at £ =0 and & =&,=0.3 in (b), correspond, respectively, to the
lower and upper m-coordinate boundaries in (a). In both plots, the ablation layer appears as
the ridge of maximum perturbation amplitude.

and that the zero boundary density perturbation in (3.13) is compatible with the laws
(2.13), the resulting (nonlinearly) perturbed flow may be expected to obey the same
similarity. The above linear perturbation temporal response results confirm this, at
leading order in the perturbation amplitude, thus suggesting that both configurations
I and 11 are linearly stable with respect to one-dimensional perturbations. The long-
time constant behaviour of the density perturbation and %3 growth of the ablation
front deformation at zero wavenumber, shown in figure 3(a,b) and discussed in the
preceding sections, are a mere transcription of this fact.

Such results show that, for the present mean flow configurations, the perturbation
temporal responses (3.9) converge, via the relations (4.10), towards the reduced
responses (A 19), so that the latter may be held as attractors for the solutions of the
temporal PDE system (3.10). Consequently, we are able to determine the perturbation
reduced responses (A 19), over a given range (%1 ,ins %L maxl> XLmin > 0, of the reduced
wavenumber x, =k, t*?, by means of a single, properly tailored, temporal response
computation at a particular non-zero wavenumber &k, and for x, =0 by a sufficiently
long-time computation at k; =0.

4.5. Reduced Fourier mode responses
4.5.1. Overall flow responses

An example of reduced responses in the configuration 11 case is given in figures 5(b)
and 6 under the form of plots — over the full extent of the flow, 0 <& <&, =0.3, in the
reduced space variable & and over the reduced wavenumber range 0.1 <, <210 — of
the five perturbation reduced Fourier modes of (4.10). Care was taken in choosing, for



Linear perturbation response of self-similar ablative flows 23

(@ logl? (&) = loght 3V (E kbl = const (b) log|, (& 5,)| =loglt Dy (E kD, = cons

(©) 1oglF (&) =loglt 3O(E kD), - const (d) logl2?(&5¢))| = logl P (& kbl = const

FIGURE 6. Reduced responses of configuration 11 of table 2. Amplitude plots in the (§, %)
variables of the reduced perturbatlon responses for (a) the x Velomty a © (b) the transverse

expansion 7 1, (c) the temperature 7, and (d) the pressure 2 over the whole flow reduced
extent 0<<& <0.3 and the reduced wavenumber range 0.1 <x; <210. The ablation layer
located about & ~0.12 is noticeable in the x-velocity (a), temperature (c¢) and pressure (d)
responses by more or less pronounced sharp amplitude variations. The conduction zone
(0<& <0.12) is characterized by an important damping of temperature perturbations as x|
increases (c¢), with the noticeable exceptions of the supersonic expansion region (£ <0.03) and
of the vicinity of the ablation layer. Pressure perturbations (d) are seen to build up within this
supersonic region for increasing »,, while their arrangement, for large enough »,, along lines
(& ~»,t »~)and (§ N\, t ~) within the shocked-fluid region (0.12 <& <0.3) is indicative of
acoustic waves propagating back and forth between the conduction zone and the shock front.

the corresponding temporal response computation, a sufficiently small initial time ¢,
so that, by the time ¢ at which %, =k, +*/* =0.1, the influence of the perturbation initial
transient set-up could be held as negligible. Slngle mode temporal or instantaneous
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spectral response data are thus available throughout the whole flow by considering
either k|, or ¢, to have a fixed non-zero value.

Hence for some particular non-zero wavenumber, the reduced response represen-
tations in figures 5(b) and 6 determine, via (4.10), the time evolution, in the mean-flow
reduced space, of perturbations between the fluid external surface, £ =0, at which
the laser intensity modulation is applied, and the fore-running shock front at & =§&;.
The correspondence between such a representation and that obtained in the more
physically representative variables m and ¢ is illustrated in the case of the density
perturbation G by figure 5(a,b). In figure 5(a), the trajectories m =0 of the fluid
external surface and m =&, t*/ of the shock front — visible as the upper-m edge of the
plotted surface — are mapped, respectively, into the boundaries £ =0 and § =&, =0.3
of the (&, ;) domain in figure 5(b). The ablation layer identified in figure 5(a) by the
ridge of density perturbation amplitude, is found in figure 5(b) about the straigth line
& ~0.12. Owing to the mean flow dilatation, the perturbation amplitude fluctuation
spatial frequency, whether in the m or & variable, increases with time, and more
markedly in the conduction zone than in the shocked-fluid region, in accordance
with the flow region respective dilatations in the x-coordinate system given by the
associated reduced lengths (see table 2). For the particular case k; =0, the reduced
response data are simply given by the long-time values of the reduced perturbation
temporal equivalents found on the left-hand sides of (4.10a, b, d, e).

At any given non-zero time, the same reduced responses obtained for s, <
%1 <% 4 yield, through a mere rescaling of the spectral and response variables,
the perturbation spectra over the wavenumber range .t % <k < pact %, With
a wavenumber resolution given by the time-integration data recording rate. As in
the temporal response case, the desired spectral data points at k; =0 are provided
by the corresponding temporal response long-time computation.

We leave for future work a detailed analysis of perturbation fluctuation patterns
such as those displayed in figures 5 and 6. Nevertheless, several features of these
patterns are worth mentioning. Temperature perturbations (figure 6¢) throughout
the conduction zone (0 <& <0.12), but away from the supersonic expansion region
(0<£<0.03) and the ablation layer (§ ~0.12), are noticeably damped for large »,
as could be expected from the thermal smoothing taking place in this region. The
supersonic expansion region, noticeable in each of the five flow variable perturbation
responses G, V., 9., T, P (figures 5b, 6), is particularly apparent in terms
of pressure perturbatlons (ﬁgure 6d), suggesting a trapping of acoustic waves of
sufficiently short wavelengths within this portion of the flow. Within the shocked-
fluid region (0.12 <& <0.3), acoustic waves, as witnessed by pressure perturbation
fluctuations (figure 6d), propagate back and forth between the shock-wave front and
the conduction zone, including the ablation layer, the dynamics of these regions
possibly interfering with each other. This acoustic reverberation maintains itself for
larger values of »x, than the interaction between the critical surface and the ablation
layer does, as could be expected from the smaller size of the shocked-fluid region
(Lot — Leon >~0.03) as compared to the conduction zone extent (L., = 1.05), and from
the large level of heat diffusion within the conduction zone.

4.5.2. Ablation front responses

Taking full advantage of the temporal response variable reduction (4.10), reduced
responses for both configurations 1 and 11 have been determined for extended ranges of
the reduced wavenumber », (see table 3). In the configuration 11 case, the reasonably
small value of the ratio L /L ~2x 1073 (cf. table 2) has permitted the computation
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X 1L min X L max
I 0.01 210
11 0.01 3491

TaBLE 3. Reduced wavenumber ranges for the reduced responses of configurations
1 and 1 of table 2.

of perturbations up to times where the ablation front characteristic length exceeds
the perturbation wavelength: the chosen value of !l ~in table 3 is such that
Lapi(tend)/AL > 1. In the configuration 1 case, an equivalent computation would be
far too demanding in terms of spatial resolution and number of integration time
steps owing to the much smaller ratio (Lup /L)' ~3 x 107> (cf. table 2), whence the
moderate value of %}, retained in table 3.

The corresponding results are analysed in terms of the reduced density perturbation

overall flow extremum and ablation front values, i.e.

|G max (1) = max G %) G (1) = G(Eaprr %1), (4.11)

as functions of k, £.,, =, L.,,. These responses (figure 7) show that, for the present
flows:

(i) Both |§2|W,x(%L) and |§2ab,(%l)| are almost constant for k, £.,, <0.1, and bounded
from above by their respective values at x; =0 (see figure 7 a,b). In particular, we
have

|G abi (1) ~ const < |Gy (0)]. (4.12)
The same feature is verified at differellt flow lgcations, as well as for the other
fluid quantity reduced perturbations ¥", and 7, thus indicating that the mean
flow self-similar character dominates the perturbation evolution, not only for purely
longitudinal perturbations, i.e. at k; =0 (see §4.4.3), but also for sufficiently small
perturbation reduced wavenumbers. The corresponding three-dimensional perturbed
flow may then be pictured roughly as consisting of one-dimensional flows proceeding
independently along each line of constant (y, z) according to the particular self-similar
solution defined by the perturbed boundary conditions at the point (m =0, y, z). Such
a quasi-one-dimensional motion description is qualitatively reasonable as long as:
(a) a significant amount of the ablative flow driving source — in effect the external
boundary heat flux — perturbation is transmitted to the entire flow, and (b) the
perturbation transverse flow has not yet reached significant levels. Early investigations
of laser illumination non-uniformities (e.g. see Brueckner & Jorna 1974) predicted that
boundary heat-flux perturbation transmission at the ablation layer should roughly
cease to be effective for wavelengths approaching the conduction zone size, i.e. for
ki€.n ~2m. The present results are consistent with such a prediction: the data in
figure 3 indicate that ablation front perturbations may be decreased by one (two)
order(s) of magnitude upon applying the same heat flux perturbation for k, 2., = 5
(respectively, k€., = 10) — cf. the curves for k; =50 (respectively, k, =100) —
rather than for k €., <1 (curves for k; =10). Perturbation coupling between the
ablation front and the flow external boundary is thus marginal for k,¢., = 5, and
negligible for k,¢.,, = 10. However ablation-front perturbations are seen to depart
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FIGURE 7. Reduced responses of configurations 1 and 11 of table 2 over the reduced wavenumber

ranges of table 3. Overall flow extrema |@|max(a,b only) and ablation front values ?abl of
the density perturbation reduced responses vs. the relative conduction zone size, &k £.o,, for
configurations (a,c¢) 1 and (b,d) 11, and (e) proof, in the configuration 11 case, of the damped

oscillatory behaviour (4.15) of e@abl in the limit £,,;/4, — 17. In (e) the comparison is based

on a determination of the constants in (4.15) by a least-squares fit of the data {/éabl(% 1) over the
range 0.7 <, Ly /21 < 1. The corresponding computations involve, respectively, over 11 x 10°
and over 8 x 10° time integrations of system (3.10) for configuration 1 and I

significantly from the self-similar behaviour @ub,(% 1 )=const, for values of k £,
as low as 0.5 (figure 7a,b), ie. for 1, <0.14,,, although heat-flux perturbation
transmission throughout the conduction zone is still effective at this stage (see the
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reduced temperature perturbation response in figure 6¢). Such a departure for the
reduced temperature and pressure perturbations (figure 6c,d) are first observed in
the vicinity of the ablation layer: noticeable variations with respect to », appear, for
%, <1, in the region 0.1 < & < 0.15. Quite differently, the perturbation transverse flow
(figure 6b) builds up mainly in the conduction zone region close to the external surface
as well as, to a weaker extent, downstream of the shock front. Hence, the perturbed
flow departure from its quasi-one-dimensional self-similar motion originates from
three distinct regions: the flow external surface; the ablation layer; and the leading
shock front. This description is not qualitatively different from those given by previous
studies of realistic ICF laser-imprint configurations (cf. §4.1).

A noteworthy consequence of the mean flow self-similarity dominance on the
perturbation evolution at long wavelengths, is that perturbations evolve over a
characteristic time, say t;, comparable to the mean flow evolution time t, namely,

t, ~t=31/4 (4.13)

This shows the critical influence of the mean flow unsteadiness at this stage. The
flow compressibility also comes out to be determinant in that the ablation front
characteristic time t, ., remains smaller than the acoustic transit time A, /cg.; we
have, for k| £eop =% Leon <1,

th b t 3
- = g O L 4.14
A1/CSapi AL/Csabl 8 sEar) %L < ( )

where Cs(&.1) is given by (4.2). R

(i1)) For kyleon > 1, |%|max (%) and Fu(x1) undergo damped oscillations as 3,
increases (figure 7a,b). In effect, two subregions of the », spectrum may be identified.
(a) For moderate values of », (cf. figure 7c,d, for 1 <, Leoy), Gan displays
oscillatory behaviours which do not reduce to damped monochromatic sinusoidal
oscillations. At this stage, the shock front and ablation layer are no more than a
wavelength apart and therefore strongly interfere with each other (see figures 5bh
and 6d). Comparatively, the coupling between the external boundary and the
ablation layer is much weaker and presents a faster decrease with x»,, as shown
by the respective levels of reduced temperature and pressure perturbations within
the conduction zone and the shocked-fluid region (see figure 6¢, d). In that respect,
the presence of supersonic expansion regions close to the flow external boundaries
m =0 contributes to this increased decoupling: perturbations introduced at m =0
may reach the ablation layer only by means of thermal diffusion since the

upstream propagation of acoustic-type fluctuations is inhibited in these regions.
Comparison of t|,;, as estimated from periods between consecutive phase
reversals of %,,, with the mean-flow characteristic time t reveals that the mean-
flow unsteadiness influence gradually decreases, the threshold value t, ,,;/t=0.1
below which a mean-flow quasi-steady assumption may be locally justified,
being reached for ) L., ~211 (%) L., =200, equivalently £, /4, ~0.06) in
configuration 1 (respectively, configuration 11) case. Oscillation pseudo-frequencies
associated to t, ,,, evolve then, for configuration 1 (configuration 11), from values
significantly larger than (respectively, slightly larger than), to values slightly larger
(respectively, smaller, but not much smaller) than the acoustic frequency cs, k..
Hence, if the perturbation flow compressibility decreases in both cases, it stays
high in the configuration 1 case, and remains significant for configuration 11. This
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feature is to be related with the proximity of the shock-wave front at this point
of the flow evolutions.

(b) For larger values of x, (configuration 11, see figure 7e for £, /4, = 0.1)
ablation-front density oscillations become the damped sinusoidal type. This
regime corresponds to distances between the shock front and the ablation layer
increasing from 1 to 17 perturbation wavelengths. The interaction between the
dynamics of these two fronts, under the form of acoustic wave reverberation
and downstream convection of vorticity and entropy perturbations initiated at
the shock front, is thus weakening. Reduced density perturbation %,, evidences
then, as the ablation layer characteristic length £,, becomes comparable to the
perturbation wavelength 4,, ie. in the limit £,,/4, — 17, an exponentially
damped oscillatory behaviour of the form (see figure 7e)

Gapi(21) ~ Re {ay expl(—o +iw)x,]}, (4.15)

where ag is a complex constant, and o, w two real positive constants.
Throughout this regime, oscillation frequencies remain sufficiently high with
respect to the acoustic frequencies (in a ratio of about 1/3) so that the perturbation
flow compressibility, under the form of acoustic effects, cannot be neglected.
Damped oscillations of ablation fronts are predicted by the low-Mach-number sharp
boundary modelling of laser imprinting (Goncharov et al. 2000, 2006). However, the
applicability of such a modelling to the present flow configurations is restricted by
at least two of its underlying assumptions. One is the low-Mach-number ablative
flow approximation which is improper for describing the outermost portions of
the heat conduction zone expansions, and therefore imposes a lower bound on
the perturbation wavenumber spectrum that may be considered. The other is the
steady mean-flow approximation which, as found above, is here only justified for
wavelengths much smaller than the conduction zone size. Another limitation is the
neglect of the ablation and shock-front accelerations, whereas the self-similar flows
of table 2 involve accelerating ablation layers and shock fronts. Estimates obtained
in this context should thus be taken with some caution. In (Goncharov et al. 2006,
equation 49), ablation front perturbation oscillations are described as originating
from three different types of sources, each being associated to a typical frequency.
(1) Acoustic waves emitted by the rippled shock front, with induced frequencies
corresponding roughly to the local acoustic frequency, here cs ki = Cs(Eup) ko t'/°3.
(ii) Vorticity and entropy perturbations left out by the rippled shock front, of
associated frequencies given, in the present cases, by the formula

4 \/1—Mg; bl o~
. D Gl 5 113, (4.16)

MSI) GD

where U, is the reduced ablation velocity (4.3), Gp the reduced density value
downstream of the shock front, and My, the relative flow Mach number at this very
location.

(iii) Ablation front stabilization due to the so-called ‘rocket effect’, or dynamic
overpressure mechanism (Sanz 1996; Piriz et al. 1997), with corresponding frequencies
at present estimated by the expression

Ut (Loky t*3)71 2k, 113, (4.17)
where Lo=v"(v +1)""*V L, and v=75/2.
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These formulae should, in principle, be applied within the reduced wavenumber
range 2m/L.,, < x, K 2n/Ly (sharp boundary model restriction) provided that
tian/t K 1 (stationary mean flow approximation). Under these restrictions, oscillation
pseudo-frequencies in the configuration 11 case are found to be, consistently, at most
30 % below the vorticity /entropy frequency (4.16), while being, as %, become larger,
increasingly higher (from 1.3 times to 2 times) than the rocket-effect frequency
estimate (4.17). For configuration 1, unsteadiness effects are too important during
the oscillation regime (a) identified above for the estimates (4.16) and (4.17) to be
reliable. For this flow, oscillation pseudo-frequencies are higher than, or close to, the
acoustic frequencies, thus indicating that compressibility effects and acoustic waves
prevail over the actions of upstream vorticity/entropy perturbations and rocket-effect
stabilization. This situation which predominates in this case, lasts only for the first
few oscillations of the ablation front in configuration 11, giving way, for increasing
%, to a regime dominated by vorticity/entropy fluctuations.

The above results, once transcribed in terms of ablation-front distortions by means
of (4.8), here equivalently

~ ~ K~
Xapi(ki,t) =t Z (1) = f X apr (1), (4.18)
L
with
~ Loy ~
Tapi(#1) = =2 Gy (), (4.19)
Gap

or by means of front relative distortions
ko Xapi ko, 1) = 0 Zan(21), (4.20)

establish the existence of three distinct regimes.
(i) Algebraic growth. For k, £.,, <0.1, as a mere consequence of (4.12), (4.18) and
(4.19), the front distortion amplitude is found to grow as

Xa(ky, t) ~ const£*/3, (4.21)
as testified to by the relative distortion response growth (figure 8)
k| }A(ab,(kl, t) ~ constx,

where the constant is bounded from above, in magnitude, by @’ a1 (0)]. This algebraic
growth is a transcription, at the ablation front location, of the perturbation dynamics
being dominated by the mean flow self-similarity, and, more specifically, by its
unsteadiness — cf. (4.13) — and stretching — exemplified by the factor #*3 in
(4.21). Through this dominance, the perturbation flow also inherits the physical
characteristics of the mean flow, and particularly its confinement and compressibility.

(i1)) Modulated amplitude oscillations. For k, €.,, > 1 but £,,/A; < 1, an oscillatory
regime of modulated amplitudes prevails (figure 8) during which the maximum front
distortion amplitude is reached after one (for k €., ~ 5 in configuration 1, cf.
figure 8a) or several phase reversals (for &, £.,, >~ 50 in configuration 11, cf. figure 8b),
this maximum being such that

max | X (k.. 1)| oc k7', (4.22)
t

by virtue of (4.20). The existence of such oscillatory behaviours is in agreement with
simulations and modelling of laser imprinting (cf. §4.1). However, a major qualitative
difference with modellings which ignore the mean flow time-dependence, is the actual
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FiGURE 8. Reduced responses of configurations 1 and 11 of table 2 over the reduced wavenumber

ranges of table 3. Relative ablation-front distortions, k; X, vs. the relative conduction
zone thickness, k€., for configurations (a) 1 and (b) 1. These front relative distortions
which relate distortion amplitudes to perturbation wavelengths, depend solely on the reduced
wavenumber x; — see (4.20) — and therefore entirely determine the temporal and spectral
responses of the ablation fronts for all non-zero wavenumbers through a mere application of
(4.18). The regimes of front distortion growth for k, £.,, <1 — algebraic in %3, i.e. linear in
%, for ki £.on $0.1 — and of modulated amplitude oscillations for k) £.,, > 1 but £, /4, < 1,
are apparent. (b) Exemplifies the damped oscillatory regime prevailing for k £.,, > 1 with the
behaviour of (4.23) as €up /2L — 17.

occurrence of amplitude modulation — including some further amplification — in
place of a predicted dominant decay. This difference is symbolized by the ** factor
in (4.18) which results from the mean-flow stretching, and which has no possible
equivalent in front-distortion descriptions with such modellings (see Goncharov et al.
2000, equation 9; 2006, equation 49). These modulated-amplitude front-distortion
oscillations also result from the strong coupling of the ablation layer and shock-
front dynamics, with a predominant or perceptible influence of the perturbation flow
compressibility — including acoustic effects — and a decreasing effect of the mean
flow unsteadiness. As the reduced wavenumber and the relative distance between the
ablation layer and the shock front increase, the front distortion dynamics gradually
evolves from a regime where compressibility and acoustic effects are dominating, to
one being primarily influenced by the upstream vorticity/entropy perturbations left
behind the fore-running shock.

(iii) Damped oscillations. For k| £.,, > 1 and £, /4, < 1, front distortion amplitudes
follow a damped oscillatory regime, of limiting behaviour, as €4, /A, — 17,

Xapi(ki, 1) ~ 17 Re {by expl(—o + i)k 1*7]}, (4.23)

with by a complex constant, o and w real positive constants inherited from (4.15),
(4.18), (4.19) — or equivalently

ki Xan(ky, 1) ~ %, Re{by exp[(—o + iw)x,]},

(see figure 8b). During this regime, front-distortion decaying oscillations occur at
frequencies sufficiently close to those characterizing vorticity/entropy-type oscillations
(4.16), so that these may be held as descriptive of most of the front distortion dynamics.
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This assertion is substantiated by the fact that the oscillation exponential damping
rate, of which o in (4.23) is an upper bound, is smaller — by more than one order of
magnitude — than that given for the rocket-effect stabilization (Sanz 1996; Piriz et al.
1997). The form of the damping factor and the particularly high wavenumber values
corresponding to this regime, for which no other results are currently available, call
for further analyses that we leave for future studies. The fact that the oscillation
frequencies are three times lower than the acoustic frequencies csk,, leads to the
conclusion that shock-induced acoustic waves are of a lesser influence, but also that
compressibility effects should not be neglected.

Ablation front responses are further characterized by instantaneous front-distortion
spectra, which, for the sake of a comparison between self-similar configurations,
are presently taken at some physically equivalent time. Upon taking this time to
correspond, in each configuration, to the penetration at the same dimensional depth,
say A’, of the shock wave front, we have, with the notations of (2.8), (B 3),

X A4W = A,

where £, denotes the corresponding dimensionless time. This definition and the
relation

!/
kJ_ = xC ki»

between dimensionless, &k, and dimensional, k|, wavenumbers, lead to the expression
of the dimensional front-distortion spectrum at the dimensional time ¢, =t 74, namely

Xy (K 1) = xe Xapi (ki t4) = xe 18 Zap (%10 = xcK 13)

A~ A
=—2, ==k ). 4.24
W bl <%J_ W L) ( )

Given that this expression is independent of the flow-dimensional characteristic values,
the corresponding spectral data are representative of any of the flows belonging to
a given self-similar configuration, whence the comparison shown in figure 9. As it
could be expected from (4.24), these ablation-front distortion spectra present the
same characteristics as the ablation-front density perturbation responses displayed
in figure 7(a,b), including the dominance of long wavelengths for the present
configurations. The fact that the maximum responses are obtained for k; =0, and
that these very responses obey the mean flow similarity (4.10a,b,d,e), points out
the determining influence of the mean flow continuous and unsteady character on
the long-wavelength perturbation evolutions. The ablation-layer stratification, via its
characteristic length L., in (4.8), and its stretching in time are responsible for the
front-distortion growth (4.21). This influence is also perceivable at shorter wavelengths
since front-distortion amplification is more pronounced for the configuration with
the largest relative ablation layer characteristic length, Ly /Ly ; cf. the modulated
amplitude oscillatory regimes for k, £.,, > 1 in figures 8(a, b). This influence is global
since the mean flow with the largest ablation layer characteristic length presents
the largest front-distortion amplitudes: the amplitudes of the spectrum envelope for
configuration 11 are larger than those of configuration 1 (see figure 9), in agreement

with the fact that ¢,,,"" > ¢/, 1.

4.6. An assessment of ablation parameter effects on laser imprinting

Self-similar ablative flow responses such as those obtained for configurations 1 and 11
may also be used to assess the influence of different mean flow parameter variations on
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FIGURE 9. Reduced responses of configurations 1 and 11 of table 2 over the reduced wavenumber
ranges of table 3. Comparison, between configurations 1 and 11, of the instantaneous dimensional

ablation-front distortion spectra, X/,,, obtained by the time the shock-wave front, in each
configuration, has reached the same penetration fluid depth A’; see (4.24). The dashed line
portions of the spectral curves are joining, for each configuration, the k' =, W/A’ data
points to the respective results obtained for k| =0. The thin vertical dotted line indicates
the dimensional wavelength value, A, retained for carrying out the dimensional response
comparisons of the flows listed in table 4; see §4.6. The above spectra are independent of the
particular flows taken in each configuration, whence the axis scales in arbitrary units (a.u.).

the flow non-uniformity evolutions. A simple illustration is given here by considering,
in addition to the two reference flows of configurations 1 and 11, three distinct flows of
the configuration 11 family (11 a, 11 b, 11 ¢) differing from the configuration 1 reference
flow through the sole variation of one of the following parameters:

(i) incident heat flux (11 a);

(i1) external pressure (11 b);

(iii) initial fluid density (11 c).
The dimensional characteristic and reference values of the flows in table 4 are deduced
from the definitions of the boundary conditions (2.7), boundary condition parameters
(2.8) and reference values (2.9). Dimensional front-distortion comparisons between
each of the configuration 11 flows and flow 1 demonstrate the following.

(i) An incident heat-flux, i.e. laser intensity, ramp steepening — ((pil) /) > ((pﬁ“ /t)2
— induces a front distortion amplitude, growth regime duration and oscillation period
decrease (see figure 10a). Note that in the case of laser imprinting by a constant
irradiation, an increase of the incident laser intensity has been found, in simulations,
to have a similar impact (see Goncharov et al. 2000).

(i) A decrease of the external pressure — (p./t2*) < (p./t2*)* — has identical
consequences (see figure 10b).

(iii) A larger initial fluid density — p!> p!'® — leads to smaller front-distortion
amplitudes but larger growth regime duration and oscillation periods (cf. figure 10c¢).

(iv) A more realistic description of the effects of an incident laser intensity increase,
as that allowed by the comparison of flows I and 11, suggests a more complex situation.
For the present CH foil ablation, the fluid pressure and heat conductivity coefficient at
the critical density surface also increase with the incident intensity (see table 4), so that
the differences in front-distortion responses (figure 10d) result from a conjugation of
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Units 1 I Ia b ¢
1. 107 s 4.8 7.2 36.94 12.0 36.94
Pe gem™ 1.04 1.04 1.04 1.04 3.76 x 1073
R Jg ' K! 4.315 4.315 4.315 4.315 4.315
Ko 107" Wem™ ' Kt 3.444 7.180 3.444 3.444 3.444
Xe cm 0.192 0.339 0.532 0.304 8.852
Ve 10" cms™! 3.999 4.714 1.441 2.529 23.96
D+ 10" Pa 1.663 69.33 6.482 19.95 6.482
T, 10K 3.706 5.150 0.4815 1.482 133.1
O 10 W cm™2 1.729 28.0 0.8005 4.323 13.31

TaBLE 4. Dimensional characteristic and reference values for the original flows of configurations
1 and 11 of table 2, and their variants obtained from particular ablation physical parameter
variations. The physical parameter values used for distinguishing the configuration 11 flows
from that of configuration 1 are displayed in italics.

three effects. Hence, larger front-distortion amplitudes with comparable growth phase
duration are observed for flow 11 (Abéguilé et al. 2006), suggesting an overcoming of
the influence of the incident heat-flux rise (item (i) above) by that of an increased
applied external pressure (item (ii)).

This kind of assessment of laser imprinting is of practical interest to ICF target
design (e.g. see Metzler et al. 1999) and illustrates the wide variety of parametric
studies that could be carried out by means of the present self-similar ablative flow
family.

4.7. Discussion

As previously noted (§4.4), the present analysis of laser imprinting agrees, in
trend, with previous results on the subject whether they be based on simulations,
dedicated models or experiments. This analysis is performed for two particular
self-similar configurations representing the compressible ablative flow, by electron
heat conduction, of a semi-infinite slab of a monatomic gas initially at rest. These
configurations rely on the single temperature approximation, the Spitzer—-Harm
conduction model, and assume that the critical surface of laser energy conversion
into heat flux stays sufficiently close to the flow external boundary, so that the latter
may be held to be the former, a peculiar situation in the context of ICF. The choice
of a uniform state for the fluid initially at rest leads then to a flow similarity which is
entirely determined, through a single exponent « of (2.12), by the temperature power
v entering the nonlinear heat conductivity expression (2.2). For the Spitzer—-Harm
conduction model (v=15/2), this similarity which is defined by o =4/3, is bound
to absorbed laser intensities increasing linearly with time. Stability results obtained
within this particular framework are evidently restricted by these mean flow modelling
limitations and by the specificity of the particular similarity which has been retained.
Nevertheless some sufficiently general conclusions may be drawn from the present
laser imprinting analysis in the light of previous findings on the subject.
Unsteadiness. Mean flow unsteadiness has been shown to be critical to the ablation
front and flow perturbation evolutions for wavelengths ranging from being longer
to being shorter than the conduction zone size. This is made patent not only by
the dominance of the mean flow similarity at large wavelengths, but also by the
dynamics of the front distortion oscillations beyond this regime at shorter wavelengths.
Such an influential effect of the mean flow unsteadiness should be paralleled with
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Figure 10. Comparisons of dimensional front-distortion temporal responses for the different
flows in table 4 at a given laser intensity modulation wavelength 2| =300 um. Effects of a
variation of (a) laser intensity pulse ramp, (b) external pressure, (c¢) initial fluid density, and (d)
of a conjugation of pulse ramp, external pressure and heat-conduction coefficient variations
at the critical density surface, as resulting from a pulse ramp steepening in the simulation of
a CH planar foil ablation. The thin vertical dotted lines indicate, for each flow, the times (=
for flow 1, e for the flow 11 variants) of shock wave penetration at a fluid depth A" =300 um
which correspond to the front-distortion spectra shown in figure 9.

numerical simulations of realistic laser imprint configurations (Emery et al. 1991;
Velikovich et al. 1998; Goncharov et al. 2000, 2006) which have pointed out the time
dependence, often linear, of the ablation-layer characteristic length, if not the self-
similar character of the mean flow profiles (Velikovich et al. 1998), and the
approximately linear-in-time growth of long-wavelength perturbations. In fact, in
the few cases where sufficient data are available, regimes of perturbation initial
growth and early oscillations, for which the perturbation evolution characteristic time
exceeds that of the mean flow, may be identified for wavelengths sufficiently large,
but which may be smaller than the conduction zone extent. This importance of the
mean flow unsteadiness which is a feature common to both our particular flow model
and to simulations of actual ICF-pellet early-time ablation, establishes the necessity
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of a temporal approach, as performed here, in stability studies at long to moderate
wavelengths (here k, £.,, < 100). It also emphasizes the irrelevance, for these regimes,
of any stability analysis relying on quasi-steady mean flow arguments. Such an analysis
performed by Sanz et al. (2006) for weakly accelerated ablation front and which does
not suffer the restrictions of ablation front discontinuous modellings, has nevertheless
been claimed to be relevant to the early shell-irradiation stage. Therein a transition
from Darrieus—Landau unstable modes to weakly damped oscillatory modes, as the
perturbation wavelength decreases and crosses a marginal cutoff wavelength of the
order of the conduction zone thickness, is presented as possibly describing the front
distortion growth and damped oscillatory regimes found in laser imprinting. However,
this marginal cutoff wavenumber crossing is inappropriate for describing perturbation
evolutions in the unsteady early shell-irradiation flows. Indeed, as the instability
growth rate vanishes across such a cutoff wavenumber, perturbation evolution times
become much larger than the finite mean flow characteristic times, thus violating the
quasi-steady mean flow assumption this analysis relies on.

Confinement. Flow confinement appears as another determining element in the
ablation layer stability, not only, as is already known, for long wavelengths, but also
for wavelengths shorter than the shocked-fluid region: vorticity/entropy fluctuations
left out by the bounding shock wave are seen to dominate the ablation front distortion
oscillations at sufficiently short wavelengths. A similar behaviour has also been noticed
in results obtained with the early-time perturbation evolution model for quasi-steady
ablation flows (Goncharov et al. 2006, figure 8). This significant flow-confinement
effect illustrates the inadequacy of stability analyses of weakly accelerated ablation
fronts in unbounded flows for describing perturbation evolutions during the early
shell-irradiation stage.

Compressibility. An additional noticeable feature which comes out from the
present perturbation flow responses is the finite compressibility of the ablation
front perturbation evolution, as indicated by the ratios of perturbation evolution
characteristic times over acoustic transit times. This compressibility which is, at long
wavelengths, inherited from the mean-flow similarity dominance, is not becoming
sufficiently small at shorter wavelengths to be reasonably neglected. Mean flow
compressibility is also playing a particular role in the two specific configurations
which have been considered here, in that, in each case, a part of the conduction zone
expansion is supersonic. As a consequence, the thickening of the conduction zones is
sufficiently high to inhibit the growth of perturbations due to the Darrieus—Landau
instability (Landau & Lifshitz 1987). Indeed, as analysed in (Piriz & Portugues 2003)
and illustrated by simulations (e.g. see Goncharov et al. 2006, figure 19), the occurrence
of the Darrieus—Landau instability in ICF ablative flows is conditioned to a moderate
expansion of the conduction zone. Let us note that a suitable choice of the self-similar
mean flow boundary condition parameters (%, %,) can yield a totally different picture
with respect to the conduction zone expansion (see Boudesocque-Dubois et al. 2008)
and, possibly, to the presence of Darrieus—Landau unstable modes.

Stretching. Finally, the destabilizing effect of the mean flow stretching is pointed
out as having a significant influence on the ablation front distortion dynamics. This
influence is primarily identified from the difference in the qualitative description
of the front distortion evolution between the present temporal stability results
and those of the early-time perturbation evolution model for quasi-steady ablative
flows (Goncharov et al. 2000, 2006). The latter predicts two regimes — amplitude
growth and decaying oscillations — whereas from the former, three regimes are
identified (Abéguilé et al. 2006) — amplitude growth, modulated amplitude oscillations,
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and damped oscillations. This qualitative difference is here evidenced in the specific
case of the mean flow similarity of §2 for the similarity exponent value @ =4/3, and
the incident heat-flux perturbation (4.4) with r =0. Arguments may be developed in
favour of a certain degree of generality regarding this mean flow stretching influence,
based on the details of our ablation-front perturbation results. We should, however,
keep in mind, when going into more detail, that the different perturbation evolution
scaling laws exhibited in the present cases must be primarily taken as particular
examples of behaviours which may occur in compressible unsteady ablative flows
of ICF. For example, a change of the incident heat-flux perturbation temporal law
would yield different time dependencies for the ablation front density perturbation
and distortion (cf. Appendix A and (A 4)).

The present analysis which does not assume any particular scaling of the
perturbation wavelength with respect to any of the flow characteristic lengths —
contrary to models based on a sharp boundary ablation layer approximation — shows
a maximum linear instability of the chosen flows at k; =0. We note that such a trend
had been previously noticed in simulations of realistic constant irradiation imprinting
configurations (Taylor et al. 1996; Nishihara et al. 1998; Schmitt et al. 2001), but
never clearly established. In the present cases, this maximum instability corresponds
to the difference between the mean flow and another similarity solution of the same
family which results from the stipulated change in the slope of the laser intensity
pulse ramp. The corresponding linear perturbations which are found to follow the
mean flow similarity, are a mere confirmation of the linear stability of the chosen
self-similar solutions with respect to one-dimensional perturbations. The fact that, for
finite wavelengths exceeding the conduction zone thickness (i.e. for 0 <k, £.,, < 1), the
perturbation dynamics is dominated by the mean flow similarity, is due to the absence,
at long wavelengths, of any stronger destabilizing multidimensional mechanism for
the chosen flows (cf. the above discussion about the Darrieus-Landau instability),
rather than to a predictable consequence of the flow model limitations (§4.1), in
particular to the peculiar approximation of a material critical surface. The front
distortion evolution — here at leading order in t#? — is then inherent to this mean-flow
similarity dominance and, in its detail, to the time-depencency law for lengths — the
mean flow stretching — which characterizes the similarity. Other types of self-similar
mean flows, provided that they be linearly stable with respect to one-dimensional
perturbations, may equally display such a dominance of their linear multidimensional
perturbation dynamics by the background similarity. This could be the case of the
more realistic description of ablated ICF plasmas studied in Anisimov (1970) and
Sanmartin & Barrero (1978a) which does not suffer from the material critical surface
approximation of the present mean flow model.

For decreasing wavelengths ranging from being smaller than the conduction
zone size (k f.,, >1) to being comparable to the shocked-fluid region extent
(k1 (€1or—Leon) ~ 1, equivalently here &, £.,, ~250), front distortions undergo modulated
amplitude oscillations, including some further amplitude growth past the long-
wavelength growth phase. During this regime, perturbation decoupling between the
flow external boundary and the ablation front, here enhanced by the conduction
zone supersonic expansions, is effective so that the front perturbation dynamics is
at first approximation solely interfering with the nearby shock front. Constructive
or destructive perturbation interactions between the shock front and ablation layer
which may then occur, could be at the origin of the noticeable differences between
the front-distortion modulated oscillations in the present flows (see figure 8) — a fact
to be investigated in future studies. Amplitude growth which is probably here affected
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by compressibility effects, does not appear to originate from such effects: growth
is present in both configurations, whereas the respective weights of these effects
significantly differ at this stage. The occurrence of amplitude modulation and growth
as it happens here, is ruled out by the early-time perturbation model for quasi-steady
ablative flows which instead predicts decaying amplitude oscillations. Incorporating,
in a somewhat ad hoc manner, the time dependence of the ablation-layer scale
length in this model, introduces the possibility of some amplitude growth (Goncharov
et al. 2006, §II1.C). This mean-flow stretching effect which is thereby taken into
account locally, is in the self-similar flow case a global effect, as summarized by
the equivalent form of (4.18) valid at any flow location. Both approaches agree,
however, in concluding that the influence of this stretching is destabilizing. Such a
destabilization, which may have important implications in experiments since flow non-
uniformities may be further amplified past the initial growth phase, induces a shift
towards smaller wavelengths at the onset of front-distortion damping as compared to
model predictions assuming a quasi-steady mean flow.

5. Conclusion

We have presented a physically and numerically consistent approach for studying
the linear stability of self-similar ablative flows found in ICF, hereby accounting for
mean flow unsteadiness, compressibility and stratification. This approach, which has
no equivalent in the field, opens the prospect for future temporal stability analyses of
a wide range of ICF ablative flows. The interest and necessity of such an approach
is demonstrated through a study of the problem of laser imprinting in ICF, i.e. the
response of a laser-driven ablative heat wave to illumination asymmetries.

The accuracy granted by the chosen numerical method has enabled us to obtain,
with unprecedented detail, laser-imprint linear responses for wavelengths much
larger than the flow extent down to wavelengths comparable to the ablation-front
characteristic length. Conclusions drawn from these results are firmly established
by the possibility of exploring such a wide perturbation spectrum and of obtaining
flow responses in terms of reduced independent variables. These responses should be
primarily viewed as particular examples of stability results which may be encountered
in unsteady compressible ablative heat waves. In the two particular cases considered
here, maximum linear instability is evidenced for illumination asymmetries of zero
transverse wavenumber, that is for a modification of the sole incident laser intensity
pulse ramp. The corresponding perturbations obeying the mean flow similarity, the
dominant instability at long wavelengths is thus ruled by the mean flow characteristics,
i.e. unsteadiness, compressibility and stretching. The existence and qualitative features
of three distinct front distortion evolution regimes — algebraic growth, modulated
amplitude oscillations and damped oscillations — as opposed to the two regimes — lin-
ear growth and damped oscillations — predicted by existing quasi-steady discontinuous
and quasi-incompressible ablation models point out the inadequacy of such restrictive
assumptions when considering the early shell-irradiation stage of an ICF pellet. This
inadequacy is patent in the identified destabilizing effect of the mean flow stretching
over a wide range of the wavenumber spectrum, and the strong influence of unstead-
iness and compressibility at long wavelengths, aspects which are absent from these
models. Another aspect covered by the present results is the existence of perturbation
interactions between the different flow regions which is supported by the accurate
description of perturbation evolutions throughout the flow. Accurate descriptions of
these interactions are most needed in ICF, in particular for testing the reliability of
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hydrodynamics code simulations. The contribution of these interactions to the flow
stability calls for a further analysis which is underway (Lombard et al. 2007).

Other mean flow or perturbation configurations could equally be treated with
the present approach. In particular, we could investigate the influence of the flow
compressibility or confinement — the latter in relation to an eventual Darrieus—
Landau instability — on the flow stability in conjunction with unsteadiness and
stratification effects. Other types of heat conduction, through proper choices of the
heat conduction coefficient exponents (u,v), could be treated. More specifically,
exponent values relevant to the ablation of low-atomic-number fluids by radiation
would be worth considering since the present similarity flow structure exactly matches
that of a radiation-driven ablative heat wave. In any case, given the high accuracy of
computed perturbation results, such data should be profitable for benchmarking and
improving hydrodynamics codes dedicated to ICF flow simulations.

In a broader prospect, stability results obtained with the present approach could
furnish useful guidelines for further studies, whether they be theoretical, computational
or experimental.

The authors wish to thank Professor J. Sanz (University Politécnica Madrid) for
his suggestion of a possible perturbation dependent-variable reduction.

Appendix A. Mean flow and linear perturbation reduced equations

Here, we proceed to establish the variable transformations which lead to a reduced
formulation of both (2.1), (2.2), (2.4), (2.5) for the mean flow, and (3.2a), (3.2b),
(3.2d), (3.3), (3.4), (3.5) for the linear perturbations. In doing so, we recover, for
the mean flow, the results of Brun et al. (1977) and Saillard (cf. Abéguilé et al.
2006), whereas the reduction of the linear perturbations has never been, to our
knowledge, previously established. (The different systems of independent variables and
the associated dependent variable notations used in this Appendix are summarized
in table 5.)

Let us consider a similarity transformation of the form

qg— Algq, (A1)

where ¢ denotes any of the 18 variables 1, m, y, z, g, Uy, T, p, @xr PV, (V)azr vz
T, pM, (¢M)y—y .., and A is an arbitrary constant. Requiring this transformation
to leave the set of equations (2.1), (2.2), (2.4), (2.5), (3.2a), (3.2b), (3.2d), (3.3), (3.4)
and (3.5) unchanged, imposes that the 18 exponents E,, E,, ..., E,_ satisfy a system
of 15 equations whose solutions may be expressed in terms of three parameters, here
taken to be

Qv —1)E, —nE,

Qv—1)E; —(u+1)E; 5 E
o= , = : =
2v—1DE;, —(n+1E;

P = B —wt DE, O Es

(A2)

This transformation amounts then to considering the new independent variables
E=mt™, n=yt P =z1", (A3)

along with dependent-variable reduced functions — say 4, ¥", 9, 2, # for the
mean flow, and 9, (¥ )a=x.y.2» 7> 2, (F 4)a=x,y,. for linear perturbations (cf. table 5)
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Independent
variables
Quantity
Density
x velocity
Transverse
expansion
Pressure
Temperature
x heat flux

Transverse
heat flux
Surface
deformation
Shock front
x velocity
Shock front
relative
x velocity

Arbitrary flow

Mean flow

Linear perturbations

Linear perturbation
Fourier modes

(x,y,2,1)

B IR ST

ST AL

xXr

Wy

Uy

(m, 1)

reduced form

reduced form reduced form

%- (m,y,z,t) (%-» 7],{) (S!klaz) (S“’U.)
0.7 v 2 0 5
G, 9 ph 4 G Y
V.7 oD 7, v, 7

- Vl 'Dﬁ) V('L{) '“VL D, @L
6, T TW T C] T
®, 7 <p<1’ F s o, T,

_ ‘P(L) T, _ _

- x}l) 9//,[‘ )A([‘ ;72)]*
W, W wh Va X, a
g, @ w0 - - -

TABLE 5. Recapitulation of the different systems of independent variables and of the
corresponding dependent variable notations used throughout the paper.

— obeying the relations

plm, 1) = 1* P G(&), pM(m, y, z,1) = *PHOVED g g ),
Ue(m, 1) = 177177 (§), v(m, y, z,1) = PPV (E, 0, ), a=x, .2,
T(m,1) = P-D.7(§), TO(m,y, z,1) = (=D 7(&, n, 0),
plm, 1) = P20 2(8), pWD(m, y,z,1) = 1> PHEHVED (g n, ¢),
Gu(m, 1) = “PHEEDZ(E), @D(m, y,z,1) = 1 PHERED 7 (&9, 0),
a=x,y,z.
(A4)
Inserting (A 3) and (A 4) into (2.5) yields the system of first-order ODEs
af B
d +7 ,
5({9 ) %
dg(aé"f—@)=(a+ﬂ—1)”f
7/2 g _ _ 72 T (A5S)
dg(aé{ }—WV—?)z[a—i-ﬂﬁ—l)](-l-),
y—1 2 —1
&7 =37 F,
with

Y
Il
K

(A6)
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while the linear perturbation equations (3.2a), (3.2b), (3.2d), (3.3), (3.4) and (3.5) are
replaced by the system of PDEs

(6 —1)(B—1)—a&d; — BO,1(%/9) +0:(97 )+ Vo) * VL =0,
(B —1)—atds — O,V . +9d:V ¥V, +0: P —d: P 9)% =0,
[6(8 — 1) — ad; — B3, 1Vie) L + Ay ?/F =0, (A7)

[+ 1)(B—1)—atds — 0T +%deT Vv +(y — )9 deV T
+ PO+ T —deF GG+ T Voo VL — Ve F1/9) =0,

with the notations n =ne, + ¢e. and 3,. = -V, )., and with the expressions

Fo=—G T 0T +d:T (1 — )%/G +vT | T)), (A 8a)
Fy=—-9"5"0,7, F.=-9"7"0.7, (A 8b)

and
P=GT +97. (A9)

In obtaining these equations, use has been made of the partial derivative
transformations
0igW(m, y,z, 1) = 1" [n — a0 — PO, 2(E, 1, ¢),
3ngVim, y, z, 1) = 1""*0: 2(&, n, ), (A10)
3yqV(m, y, z,1) =1"78,2(6,n,¢), 0:4V(m,y, z,1) =1"P0,2(§,n,¢),

valid for any flow-dependent variable g such that ¢"V(m, y, z, t)=t"2(€, n, ¢).

A.1. Compatibility conditions for self-similar mean flows
The self-similar formulation (A 2)—(A5) of the mean flow system of PDEs (2.5) is
subject to certain constraints — compatibility conditions — bearing on that system
initial and boundary conditions. Namely, compatible mean flow initial conditions
must be such that

p(m,0) = CLmEo/En or Slirf gl G(E) = CL,

Ox(m, 0) = Co, el or - lim RS =

r — I ,,E7f/En H —2(B—1)/a g _ !
T(m,O)—Cfm / or 51—1>r41:1:>c€: Y(S)—CT—, (All)
ﬁ(m, O) — Cé mEﬁ/Em or EhI—P S*[Ot*ﬁJrZ(/s*U]/a @(S) — C;;,
(px(ma O) = C;_X mEtﬁx/Em or Ehl}:l g*[“*ﬂ+3(ﬂ*1)]/a gf;(s) = Céx’

while boundary conditions at some particular point of Lagrangian abscissa m =mr(t),
equivalently & =&r =mp(¢)t*, ought to be of the form

g(mr(t), 1) =CJ t*/" or 2(&r)=CJ. (A12)

Let us note that the initial and boundary-conditions presently considered in this
paper (see §2) correspond to the particular choice

E;=0, Ci=1, CL =0, C;=0 Cj=0, C, =0, (A13)
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in (A 11), whence the definition
2u—1
2Au—1y

and, for (A 12) taken at the origin £ =0, to the boundary-condition parameter and
exponent values

a=p= (A 14)

cl=cicl =2, C. =2,
E;/JE,=E;=a—B+2(B—1)=2a—1), (A 15)

Es /E,=E; =a—p+3(B—1)=3a—-1),

the last two relations being imposed by (A4). Hence, the generalized
transformation (A 2)-(A4) reduces to the similarity transformation of §2.2, the
corresponding reduced functions 4, ¥, 7, #, % being merely the functions G,
V,0, P, ® of (2.11)-(2.19).

A.2. Compatible initial and boundary conditions for reduced linear
perturbation equations

The facts that the reduced system (A 7) involves PDEs and that its non-trivial solutions
do not appear to be separable (Boudesocque-Dubois 2000), considerably complicate
the task of identifying linear perturbation initial conditions for (3.2a), (3.2b), (3.2d),
(3.3), (3.4) and (3.5) that could be compatible with the transformation (A 2)-(A4).
Compatible boundary conditions are much more easily inferred. Provided that both
the imposed density p!" and incident heat flux ¢! at the fluid external surface,
and the fluid quantities upstream from the shock-wave front comply with (A 4), the
boundary conditions at £ =0 and & =& reduce to systems of PDEs in the (&, n, ¢)
variables, namely,

Yy + (949 X, =%,
Tole + (G| e = F o, (A 16)
PV ole +[(Gded )y —8(B—1) — 1+ 0,1 2. =0,

at £ =0, and (B 6) at £ =&, where, in agreement with the relation for the velocity linear

perturbation reduced function in (A 4), the boundary surface linear deformations x‘!
and x'V satisfy the equation

Dy, z,0) =2 a1 (n, 0). (A17)

A.3. Linear perturbation reduced Fourier mode equations

Considering the n¢-Fourier transform of (A7) yields a system of PDEs in the
variable (&, %,, »;) — where %, and %, denote the n¢-Fourier space variables — which
may be further simplified into a two-dimensional system of PDEs, once rewritten in
the Fourier polar coordinates (x,, 6) such that

%, =%, c0sB, ¥, =, sinh. (A 18)

With the notation

Y&, %1) = Foe[%(E 0, 0], V8, %1) = T [770(E, 1, )],
D1E %) = FoelVoo) P LEN O, T (6, %1) = T[T (5,1, 0)], (A19)
P(E, %) = T[22, 0, O], F (6, %1) = T [F (6,1, )],
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for the linear perturbation reduced function Fourier transforms, the relevant system
of PDEs reads

[(5 — 1)(B — 1) — a&d; + BDI(G/F) + 0:(97 ) + T, =0,
[8(8—1)—a&d; + BD|V , +GdeV V', +0:2 —d: P 4/% =0,
[6(8 — 1) — atd; + BDIZ, — 3 2/F =0, (A 20)

[(6+1)(B—1)—atds + DT +Gd:T 7+ (y — )G de¥ T
4 PO AT —deTF GG+ T G, — G T T ) =0,

where ID denotes the operator
D. =0, (%,.)+ 1., (A21)

and where the expressions for ,%%x and 2 are deduced from (A 8) and (A9) after
an obvious change of notation. The proper boundary condition formulations along
the fluid external surface £ =0 and the shock-wave front & =& follow immediately
from (A 16) and (B 6), in effect

G+ (94D T =Y.
Tl (G T A = F o, (A22)
P oly + [(de 7)) —8(B— 1) —1— D] 2, =0,

for the former, and (B7) for the latter, with the convention @[‘(%L) =5, [Xr(n, ¢)]

Since the Fourier polar angle 6 does not explicitly appear in (A 20), (A 22) or (B7) —
whence justifying the notations of (A 19) — system (A 20) need only be considered for
(&, %) in [0, &) x [0, +o0). Differences between solutions to this system for different
angles # may thus result only from differences in boundary values imposed at the flow
boundaries £ =0 and & =&, or along the wavenumber domain boundaries »; =0
and %, — 4o0. Let us note, however, that (A 20) depends on the free parameter §
which determines the linear perturbation time power-laws that may be imposed
along the flow boundaries. Further characterization of the mathematical properties
of this system in terms of boundary condition specifications, existence or methods
of solutions is beyond the scope of this paper. Nevertheless, the possibility of a
linear perturbation description in terms of a reduced set of independent variables, as
described by (A 4), (A 19), (A 20), can turn out to be especially valuable when analysing
numerical integration results of the temporal PDE system (3.10). In particular we
may take advantage of the relation which exists between the yz- and n¢-Fourier
transforms of a given flow variable linear perturbation ¢!, namely

O(&, ki, 1) = 1" (g, Pk, (A23)

provided that ¢! is such that ¢V(m, v, z, 1) =" 2(&, n, ¢).

Note that the reduced Fourier transform equations and relation relevant to the
self-similar flows of §2.2, namely (3.18) and (3.19), simply arise as the particular case
of (A 20) and (A 23) when (A 14) applies.

Appendix B. Rankine-Hugoniot relations at the shock-wave front

Linearly perturbed Rankine-Hugoniot relations have been derived in many
instances (e.g. see Richtmyer 1960), although, most often in the absence of a heat flux
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and assuming uniform mean flows on both sides of the discontinuity. Here, having in
mind the one-dimensional flows of § 2.2, we shall assume only that the upstream heat
flux is vanishing and that the shock-front surface distortion comes as

X = -x.r(y7Z’t;E)a

with the notation of §3. The general form of the Rankine-Hugoniot jump relations
at a shock-wave front, in the presence of a heat flux ¢ and in the absence of mass
forces, may be written as (e.g. see Germain & Muller 1994)

[puana]% = 09
[(pvaub_P(sab)"b]g =07 fora =X,¥,2, (B 1)

[(:0 [5) + %Ubvb]ua — PVUqg — @a)nu]g = 07

where n is the vector normal to the shock-wave front surface, and u=w — v is the
shock front velocity relative to the fluid, w being the front velocity in the chosen frame
of reference. In addition, downstream (respectively upstream) — with respect to the
shock front — values of flow quantities are designated by the subscript D (subscript
U), while subscripts a and b identify vector components in the Cartesian coordinate
system, and §,;, is the usual Kronecker symbol — Einstein’s convention being used for
repeated subscripts.

B.1. Mean flow Rankine—Hugoniot relations in the self-similar variable

Applying (B1) to the one-dimensional self-similar flows of §2.2, ie. for an
upstream state given by (Gy, Vy, ®y)=(1,0,0), and assuming a discontinuity of
the temperature, leads to the expressions

(y + )W’ W+ 2

G_D= — b VD=_77
yWo— R W(y+1)

Pp=WVp, (B2)

with

2=\ W =2y — Dy + )W ).
where W is the self-similar shock-front reduced velocity, of expression
W= 17 [05(m, 0)el, = [08/G(€) + V(E)]]e. (B3)

B.2. Linear perturbation Rankine—Hugoniot relations

The corresponding jump relations for the linear perturbations — expressed in terms of
the transverse flow expansion, V, - vﬂ), and the Lagrangian coordinate m — come as

pWit, + pull) + pxV d,pit,)], = 0,

[—ﬁxug) 4 ﬁv,(cl)’jx + p(l)gxﬂx — p(l) + ﬁxs(l) 0 (00 U, — ﬁ)]g =0,

(B4)

(1) 172 A 172
K P 0z 4 ﬁ@vi”)ﬂx + <yp_1 + ﬁi‘)u(x” —pv) = pl

4 / v
+ ﬁxgl) am < |:pl + ﬁvzx:| Uy — ﬁﬁx>:| + (p)(cl)D + ﬁDx;(l)(am(px)D = Oa
Y= D

with () =w — v =51 — vy and the notation introduced in (3.2)—(3.8). These
relations cover the classical case (Richtmyer 1960) of uniform downstream and
upstream mean flows in the absence of heat conduction.
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B.2.1. Fourier mode Rankine—Hugoniot relations

For a uniform upstream mean flow, as is the case for the self-similar flows of
§2, tlle iumAp rilations for the linear perturbation yz-Fourier component vector
Z=(G,V,,D,, P)" in the variable (£, k,,t) which are derived from (B4) may be
recast as the system of temporal ODEs

MpZp =My Zy + X, S' + X, 8° + &, Es, (B5)

with X,(k., 1) =F,.[xV(y, z, 1)]. In this formulation, E, is the unit vector (0, 0,0, 1)7,
the matrices My and Mp are deduced from the expressions

la_lMll M;> 0 0
lza_zle la_lez 0 —1

0 0 1 0
t3a—3M41 t2a—2M42 0 t(x—l M44

M:

with
My=U, Mp=-G, My=UV, Mpy=GU-V), My=UV?2,
M42=G_V(U—‘7/2)—J/13/(J/—1), My =W —yV)/(y — 1),

while the vectors S° and S' read

192G, do(GV T — P,

§0=—
V1Y ’
123G pde [(P/(y — 1)+ GV2/2)U — PV — &,
[Gl5
sl — GV}
0
2P /(y = 1)+ GV?/2]}

B.2.2. Reduced linear perturbation Rankine—Hugoniot relations

The Rankine-Hugoniot jump relations for the linear perturbation reduced functions
come readily from substituting (A 4), for both upstream and downstream flow
quantities, into (B4). Under the same assumption of a uniform upstream mean
flow, we then obtain the equivalent of (B 5) under the form of the system of PDEs in
the variable (5, ¢)

NoZp— T Es+ X, S~ W P — Ny X > =Ny &y, (B6)
with Z =(%, 7, Vo) V"1, ?)7, and where
W =0BB—-1)+1-p0,]Zs,

represents the reduced shock-front deformation velocity whose expression is deduced
from the boundary deformation relation (A 17). The matrices Ny and Np follow from
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the definitions

Ny Nip 0 0
N = Ny Np 0 -1 ’

0 0O 1 O

Ny Nip 0 Ny

with
Nu=%, Nin=-%, Nu=UV, Np=%U—7), Nu=UV"?)2,
No =97 (U =7 /2)—=y2/(y =1), Nu="—y7)/(y —1),
while the vectors #°, ! and & are given by

GGy,
g Gode(GT U — P
0 ,
Gpd:[(P)(y — )+ GV 220 — PV — F|p
(914 0
| (G419 0
gl = . D e
2/(y —1)+9772/2]Y 0

B.2.3. Reduced Fourier mode Rankine—Hugoniot relations

Considering the n¢-Fourier transform of (B6) immediately yields the linear
perturbation reduced Fourier mode jump relations, namely the system of ODEs
in the wavenumber variable x|

NpZp—Fap Es+ A (S —[8(B— 1)+ 11" +32 9% — DA, &' = Ny Zy,
(B7)
with the notation % = (@ , a . 7 1 @)T, and where ID is the operator introduced
in (A21).
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