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Abstrakt

Modelovéni nelokalniho transportu energie v laserem generovaném plazmatu neni
snadnou tlohou. Za ti¢elem zaclenit nelokalni transport v simulacich plazmatu pfed-
kladame nelokéIni hydrodynamicky model, ktery zahrnuje jak kineticky, tak klasicky
popis plazmatu jako tekutiny. N&$ model je zaloZen na pi#imém feSeni elektronové
a radia¢ni transportni rovnice, kde srdZkovy BGK operator zajist'uje piimé provazani
transportu energie a modelu plazmové tekutiny. Nase formulace nespojité Galerki-
novi metody vysokého fadu je pouZita k feSeni systému BGK transportnich rovnic
a rovnic energie plazmatu. Kvalita feSeni jakéhokoli rezimu transportu mezi limit-
nimi pfipady, tj. diftize a pfipad volné se pohybujicich ¢astic, jsou demonstrovany na
numerickych pifikladech. Jako aplikaci nelokdlniho hydrodynamického modelu pfed-
kladame vysledky simulaci interakce pfedpulsu ultra-intenzivniho laseru s pevnymi
teréi z raznych materialti, a vysledky simulaci experimentu laserem generované ra-
zové viny v plastové péné, kde se péna nachdzi ve stavu ohfaté husté hmoty. Simulace
jsou pocitany pomoci ndmi vyvinutého kédu PETE (Plasma Euler and Transport Equa-
tions).

Abstract

Modeling of the nonlocal energy transport in laser-heated plasmas is a challenging task.
In order to include such a transport into simulations of plasmas, we propose the non-
local transport hydrodynamic model, which provides a kinetic model and the clas-
sical fluid description at the same time. It resides in direct solution of electron and
photon transport equations based on the BGK collision operator which gives an inher-
ent coupling of energy transport to the plasma fluid. Our high-order discontinuous
Galerkin scheme of the BGK transport equations and the fluid energy equations gives
solutions obeying any regime of transport, i.e. between the local diffusion asymptotic
and the collisionless transport asymptotic of free-streaming particles, which is demon-
strated in the case of exact steady transport and approximate multi-group diffusion
numerical tests. As an application of the nonlocal transport hydrodynamic model, we
present simulation results of the ultra-intense laser prepulse interaction with solid tar-
gets of different atomic numbers, and results of the laser-driven shock in a plastic foam
which is related to study of warm-dense-matter state of carbon. The simulations are
calculated using our new Plasma Euler and Transport Equations nonlocal transport
hydrodynamic code PETE.
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Chapter 1

Introduction

Since the discovery that thermonuclear fusion is the source of energy that powers our
sun and all the stars, there has been the dream to tame fusion fuel ignition. There have
been two desires; to study matter under the extreme conditions needed for fusion burn,
and to explore the potential of harnessing the energy released as an attractive energy
source for mankind.

Inertial Confinement Fusion (ICF) is one of the major branches of fusion research.
Almost all ICF devices to date are using lasers to compress and heat the fuel, which
under the conditions known as Lawson criterion would achieve the self ignition. Laser
produced plasma is formed when a high power pulsed laser is focused onto a dense
medium surface and plays, naturally, an important role in the ICF experiments devel-
opment. Understanding of the plasma creation process and the plasma behavior then
becomes attractive.

The problem of the energy transport is one of the key problems to be solved for
successful implementation of inertial confinement fusion. Since most of the absorbed
energy of the incident laser radiation deposition takes place near the critical density,
the impact on the more deeper placed ignition region is performed by the hydrody-
namic motion, i.e. production of shock-wave, and by the nonlocal energy transport,
i.e. the energy is carried deep into the plasma by electrons and photons. This energy
transport is usually referred as heat flux and determines the heating rate, temperature,
and compression ratio of the ICF target [1].

The Knudsen number K, = \/L, where \ is the transported particle mean free
path and L the plasma inhomogeneity scale length, is the fundamental quantity char-
acterizing the type of transport regime [2]. When speaking about the nonlocal energy
transport in laser-heated plasmas, electrons and photons are those particles responsible
for this phenomenon [3]. In the entire text, the Knudsen number related to electrons
will be K¢ = A./L, where ). is the electron mean free path and the Knudsen number
of photons will be K% = \,/L, where )\, is the photon mean free path.

The typical laser-heated plasmas can be divided into three spatial regions being
distinguished by the Knudsen number as follows:

e K;” € (10?,00) - The high Knudsen number corresponds to the region outside
the critical density surface of highly ablated plasma. This is a region of high-
temperatures, low-density expanding plasma, which creates the corona. Its char-
acteristic is that for photons and electrons it is almost a free streaming medium.

e K;7 € (1072,10%) - The intermediate Knudsen number region, characterized by
large temperature and density gradients, is typically created around the critical
density, where most of the laser energy is absorbed. It also extends deeper into
the target due to the energy transported by electrons and photons. This region
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can be characterized by a significant collisionality or opacity with respect to elec-
trons or photons, where, however, neither the collisionality nor opacity is strong
enough to cause local thermodynamic equilibrium (LTE).

e K7 € (0,1072) - The small Knudsen number correspond to a region of a rela-
tively cold and highly compressed material. This region is highly collisional for
electrons and opaque for the most of photons and the resulting transport regime
may be considered to be diffusive. This region is also said to be in LTE.

A nice introduction to the quantitative radiation transport can be found in [4]. The
process of emission, absorption, and scattering of radiation is due to the strong cou-
pling between radiation and plasma [2, 5, 6]. The effective importance of these pro-
cesses changes with temperature and density of the medium. Thus, optical properties
in the three regions are very different, and they also change with time. Furthermore,
the determination of the optical properties from the plasma parameters is not an easy
task, which is approximated by atomic codes [7].

When an intense laser radiation irradiates a target of medium or low Z materials,
the energy deposited by the laser light first absorbed by the population of free electrons.
Subsequently, it is than transported either locally through the hydrodynamic motion
and is converted into the kinetic energy of plasma bulk fluid, or nonlocally by thermal
electrons and radiation. In the case of greater laser intensity the absorbed energy can
be also directly transported by supra-thermal electrons.

In the case of intermediate Knudsen number of photons the radiation transport
leads to several effects in the target. First, it can nonlocally couple the time evolution
of different parts of the target, and second, the strong emission can produce a net loss
of escaping energy. This can reduce the ablative pressure. Eventually, these effects can
change the overall plasma hydrodynamics of the target. It is quite clear that the ra-
diation transport plays an important role in hydrodynamic simulations and has to be
treated in a detailed way. A special care should be taken to different energy groups of
photons, since the photon mean free path varies significantly with respect to the pho-
ton frequency. Consequently, the development of simulation tools to be used to predict
the plasma dynamics in ICF experiments is a challenging task, either from theoretical
or computational point of view.

An extensive, modern, and complete review of the nonlocal transport of electrons
was presented in [8, 9], which will serve as a basis for the electron nonlocal transport
introduction presented in this work. In the 1950s the so called Spitzer-Harm (SH) heat
conduction based on the local Fourier law was derived [10, 11], where the Coulomb
collisions of electrons and ions led to the heat conductivity being self consistently de-
pendent on temperature T as 7°/2 and the temperature gradient.Soon after the first ex-
perimental work including high power lasers it was discovered that the SH approach
fails to model heat conduction due to the high Knudsen number of electrons K. It
was pointed out that the SH flux overestimated the heat conduction observed in the
experiments in order of tens of percents. Consequently, an intensive effort to describe
the reasons for real flux inhibition was studied. For example Duderstadt and Moses
[12] addressed the inconvenience of the Fourier law under the ICF conditions. Apart
from the possible inhibition mechanisms as turbulent transport or magnetic fields, the
natural nonlocality of the energy transport was concluded to play an important role
in the theoretical study of the failure of the classical heat conduction. Kruer [13] em-
phasized the importance of the kinetic approach to correctly describe the electron heat
transport instead of using the artificial flux inhibition by using the so-called heat flux
limiter, which prevailed to be used in the ICF community for many years.
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The matter is that different groups of electrons, depending on their velocity (en-
ergy), have different mean free paths )., and more importantly K, and naturally con-
tribute to the heat flux by different means of nonlocality. Consequently, they carry
the information on the plasma parameters from the point of their origin into a finite
surrounding region of diameter ~ .. The main consequence of this effect is that the
simplest classical SH description [10, 11, 14] is inaccurate in the intermediate Knudsen
number region K¢ € (1072,10?) and totally fails in the high Knudsen number region
K¢ € (102, 00). This is due to its theoretical background, where the SH approach is born
from the expansion in a small parameter represented by the electron mean free path A..
On the contrary, the SH approach works interestingly well in the low Knudsen number
region, where K¢ < 1072

For example, for a neodymium laser irradiating a solid target, the A\, ~ 10 3cm,
while the characteristic scale length L at which the electron temperature decays deep
in the target is almost always L < 0.1cm, i.e. K; ~ 0.1 and the electron transport is
clearly nonlocal. The same situation is also typical for the interaction of short (=~ 1ps)
intense laser pulses with matter. Although the produced plasma does not have time to
expand during the laser pulse and its density remains close to that of solids (the plasma
electron density is n, ~ 10?3 — 10?*cm~? ), which corresponds to a short mean free path
(A\e ~ 107% — 1075cm), a strong skinning of the laser field leads to the appearance of
a steep temperature gradient responsible for the characteristic plasma inhomogeneity
scale length L ~ 10~°cm, and again, the classical SH theory is invalid since K¢ > 0.1.

According to [15] the applicability of SH approach is even more limited in the
case of moderate or high-Z plasma, where the electron-ion collisions dominate. They
claimed that the Knudsen number should be approximated as K = Z \./L, where
Z is the plasma ionization level, and that such a definition includes the electron-ion
collisions. This is of great importance in the case of indirect ICF settings, where Z >> 1
on the hohlraum wall [16]. Nowadays, there is a lot of experimental data confirm-
ing the idea about the nonlocal character of heat transport in laser produced plasmas
[17]. Many attempts have been undertaken to develop theoretical models capable to
quantitatively explain the experimental data and predicting the character of the energy
transport in: actual nuclear fusion conditions [18]; during the heating of solid targets
by high contrast short laser pulses; the interaction of the laser radiation with matter
[19]; the ablation compression of targets [20]; wide range of phenomena in astrophysi-
cal plasma [21]; as well as in studying weakly ionized low temperature plasmas [22]. It
has been also found that the nonlocal transport naturally appears in the field of mag-
netic confinement fusion [23], where A\./L > 1072 is almost always satisfied at the
edge plasma of tokamaks. It can be concluded that an adequate and sufficiently robust
theory of the nonlocal transport is still lacking.

The nonlocal transport in plasmas with respect to collisionality has been well stud-
ied in some asymptotic cases, such as collisionless plasma described by the Vlasov
kinetic equation, i.e. the case of K — oo, and the hydrodynamic limit described by a
set of highly collisional hydrodynamic equations [24], where i.e. K}, — 0.

The most widespread model intending to describe the conductivity of collisional
plasma in the entire parameter range is the simplified qualitative model based on the
use of the Bhatnagar—Gross—Krook (BGK) [25, 26] collision integral in the kinetic equa-
tion for electrons [27]. However, application of the model plasma conductivity ob-
tained in the BGK approach and the corresponding Drude model for the transverse
plasma conductivity [27] to fully ionized plasma leads to significant errors in the ranges
of moderate and strong collisions [28]. In particular the accuracy of BGK model breaks
down in the highly collisional hydrodynamic limit [24].
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The theory of the nonlocal transport has been further extended when using the
small perturbation approach [29]. An important step towards improving the standard
theory was the weakly collisional regime [30], which applies to a quite wide parameter
range in which the conductivity of plasma with Coulomb collisions can be described
analytically. The construction of a general algorithm using the small perturbation ap-
proach for calculating the plasma conductivity without any restrictions to the plasma
parameters [31], i.e. a general K7, is of fundamental and practical importance.

For example, it was shown when applied to filamentation instability [32] that the
use of the classical heat conductivity importantly reduces the effect of filamentation
and underestimates its consequences for ICE. Therefore, the self consistent description
of filamentation instability requires knowledge of the nonlocal heat conductivity of
laser produced plasma [33].

From the preceding introduction, it is clear that the nonlocal energy transport plays
an important role in the ICF research. Since the theoretical description and the experi-
mental effort performed to study the energy transport effect usually did not, or could
not, treat theoretically the nonlocal transport of photons and electrons in its naturally
mutual way, i.e. the influence of the radiation transport to the electron heat conduc-
tion and vice versa, we take the overall description of this reciprocal energy transport
effect in the laser-heated plasmas as the goal of the present thesis. For the sake of
completeness, we also aim to treat the nonlocal ion transport. This effect is commonly
not considered to be of great importance in hydrodynamic simulations. However, as
in the case of SH electron model it took decades than the nonlocal electron transport
approach was taken into account, the nonlocal ion transport model may become of
interest also [34, 35, 36, 37, 38].

The rest of the thesis is organized as follows: the overall description of our nonlocal
transport hydrodynamic model is presented in chapter 2. The commonly used electron
and radiation transport methods are discussed and further extended by presenting our
nonlocal BGK electron and ion transport. Chapter 3 defines the numerical method
used to compute the energy transport problem and its coupling to the plasma energy
equation. One can find our DG-BGK&Ts scheme defined in 1D slab geometry, in 1D
spherically symmetric geometry, and in 2D axis-symmetric geometry, which is further
followed by numerical tests showing properties of the scheme. The last chapter, chap-
ter 4, is dedicated to laser-heated plasma simulations, where we present the results
obtained with our plasma Euler and transport equations code PETE. This code was de-
veloped as a part of this thesis and is based on theoretical and numerical outcomes of
chapter 2 and chapter 3.



Chapter 2

Physics

2.1 Equation of State

2.1.1 Laws of Thermodynamics

A gas may change energy with its surroundings by exchange of heat, positive or neg-
ative, and by performing mechanical work. Then for the internal energy elerg| in a
volume V of a gas of the mass M holds

de = dQ — dw, (2.1)

which is the first law of thermodynamics. Here d() is the amount of heat gained or
lost and dW is the work done by the gas, again positive or negative depending on if
the gas expands or is compressed. This means that the force exerted by the gas on a
surface element by the means of gas pressure applies in the process of the element’s
displacement which results in an infinitesimal work dW = pdV'.

The first law of thermodynamics (2.1) can be formulated in terms of the specific
internal energy elerg/g| as

de = dg + %dp, (2.2)

where we used the differential of V' = % and dqlerg/g] is a specific heat change. It is
useful to define the rate of change of specific internal energy being dependent on pri-
mary variables used in hydrodynamics, i.e. as a function of density and temperature.
The appropriate form of the first law of thermodynamics than reads

Os\ dT Oe\ dp p dp
”((a?),,a*(a—pLE)—;a—v'q’ >
where V - q represents the time rate of heat change due to spatial divergence of a heat
flux q [3].

From practical experience, it is found that certain physical processes cannot actu-
ally be realized despite the fact they conserve energy. In certain processes energy may
be channeled into forms in which it becomes effectively unrecoverable from the gas as
useful work or as heat flow to its surroundings. In a sense the energy has been degraded;
in fact, the energy has been dissipated at the molecular level processes that result in a

more highly disordered system [2]. In order to identify the cause of this lost of useful
energy, we define a state function called specific entropy s[erg/g/eV] for which holds

dg
> —. .
ds > T (2.4)
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The above inequality is called the second law of thermodynamics and states, that any
process in the real world is irreversible and equality applies in the ideal case of zero
dissipation at the microscopic scale.

One can combine the first and second thermodynamic laws to obtain

de < Tds + % dp, (2.5)

Specific entropy s is exact differential and can be expressed from (2.5) as

1 Oe Oe D
ds = = — dT+<—> dp+=dp |, 2.6
F((55) o+ (5), 0 o) o
where we expanded the ¢ differential as a function of temperature and density. Based
on the definition of the exact differential of specific entropy

0s Os
ds = <—> dT + <—> dp, (2.7)
or), op)r
it is straightforward to find equalities relating ratios of entropy and internal energy
65> 1 <8€> (85) 1 <<8e> p>
—) ==(=) , ) ==(([=) +=). (2.8)
<8T , T'\or), op)r T \\op)p p?

2.1.2 Closure Relations Derived From The Equation of State

The equation of state used in hydrodynamics is a necessary tool to close the system of
Euler equations of fluid. It usually takes a form of a function depending on density and
temperature of the fluid. Since ds and dp are exact differentials, the form of the first
law of thermodynamics (2.5) in the case of equality states that natural state variables of
specific internal energy ¢ are specific entropy s and density p.

Thermodynamic theory defines a set of thermodynamic potential with respect to
natural state variables. The most appropriate one to be used in hydrodynamics de-
pends on temperature and density (primary hydrodynamic variables). As the name
Helmholtz free energy suggests, it provides a potential of a really useful "internal" en-
ergy. Definition of specific free energy flerg/g| reads

f=e—-Ts, (2.9)

and one can easily show its natural state variables are temperature and density by
expressing the differential of (2.9) completed with equality equation (2.5), and thus
obtaining

df = —sdT + %dp. (2.10)

This is yet another form of the first law of thermodynamics. In order to define all
necessary closure relations to hydrodynamics, we compare (2.10) with the differential

_(of of
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which gives us the following equalities

of\ of\ _p
Gr),- (5) % o

The conclusion of this section brings all necessary hydrodynamic closure relations
derived directly from the free energy function f(7T’, p). The minimal closure comprises
pressure p, specific heat capacity cy, and specific internal energy ratio due to change in
density, where explicit formulas follow

2 g) 1
p <ap . (2.13)
Oe 0% f
(8_T>p . <W>p (2.14)

@), = @), (@).), i

op) op) oT \90p ) p

A further extension of the closure contains specific internal energy, specific entropy,
9p

and adiabatic sound speed defined as ¢? = ( 5 p) (refer to adiabatic compressibility

[2]). Appropriate formulas depending only on f read

e = f—T((‘;—D , (2.16)
p
(v
s = — <6_T>p s (217)

_ (9 of
= <0p ('02((%)))5' 19

The above closure formulas have been obtained from equations (2.8, 2.9, 2.12).

It is worth discussing the sound speed closure (2.18) in more detail. One should
notice that the derivative with respect to density acts on pressure while entropy is con-
stant, which imposes a nontrivial condition. A possible approach is to use polytropic
approximation of ideal gas, which defines pressure as

p=Cp’, (2.19)

where C reflects a specific constant value of entropy. A resulting formula of polytropic
sound speed reads
2=20_ M : (2.20)
p p2e
The last equality of (2.20) arises from the polytropic approximation of v based on the
formula [5]

p(p,T) = (v + 1)pe(p,T). (2.21)

One has to be aware of limits of approach (2.20) because of the isentrop (2.19) and
definition of y (2.21) are based on the ideal gas equation of state.
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2.2 Kinetic Theory

2.2.1 The Distribution Function and Boltzmann’s Equation

Kinetic theory uses a statistical picture that gives the distribution of gas particles in
space and over velocity. To describe the physical state of the gas, we introduce the
distribution function f(t,x,v) defined such that the average number of particles con-
tained, at time ¢, in a volume d3z about x and a velocity-space element d?v about v
is fd*zd®v. A finite energy of particles is required, which is guaranteed by imposing
f(t,x,|v] = c0) = 0 at any time ¢ and at any point x. The physical interpretation is that
there are no particles of velocities approaching infinity.

The distribution function keeps a detailed information about microscopic structure
of the gas. On the other hand the macroscopic properties of the gas have to be also
tulfilled by kinetic theory. For example, the particle density is

n(t,x) = /_OO f(t,x,v)dvydv,dv, . (2.22)

Similarly the average velocity of an element of gas is

5 f(tx, v)vdu,du,du.
- ffooo f(t? X, V)dv;pdvyd’vz ’

u(t, x) (2.23)

which is the macroscopic fluid velocity. One can make a picture about how to interpret
the distribution function as a cloud of particles, a gas within a certain volume (where
n(t,x) > 0), which is moving with the velocity u.

We are especially interested in laser-heated plasma, a cloud of charged particles
propagating with high velocities and highly influenced by internal electric and mag-
netic fields. Obviously, the distribution function evolves in time due to the absorption
of the energy of laser. The desired equation governing such time evolution is

of _(df
§+v-vxf+a-vvf_<a>m”, (2.24)

where f(t,x, v) represents number of particles located at position x and moving with
velocity v at time ¢. The left hand side of (2.24) represents advection of particles,
where the motion can be further supplemented by an acting force producing parti-
cles acceleration a = % The term on the right hand side includes possible colli-
sions with other particles causing a change in velocity direction and magnitude. Equa-

tion (2.24) introduces a 7D problem and is known as the Boltzmann transport equation

[39, 40, 41, 42, 43, 44, 45]. An explicit expression for (%) y will be discussed in the
CO

next section.

2.2.2 Collision Operators
The Boltzmann Collision Operator

The Boltzmann collision theory resides in using a dilute gas approach. The main as-
sumption of this approach is that the occurrence of two body collisions takes over any
other, more complicated, collisions. Such a binary collision characterize pre-collision
velocities v, and vg and post-collision velocities v, and v;; of two interacting particles
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indexed o and 3. The relative particle velocity g = v, — vg is of great importance in
the case of elastic binary collision, because of the following holds []

9op = [Va = Vgl = Vo= V5] = Gus, (2.25)
Vo —V v, -V, ,

Kop= 0 Pk, (2.26)
|Va — V3| Vo — Vgl

which states that only the direction of relative velocity g changes during the collision.
In other words, the magnitude of relative velocity is conserved and the effect of col-
lision reflects the change in direction k.3 — k;ﬁ, which poses only two degrees of
freedom since |k| = 1. Relations (2.25, 2.26) make the problem of particle collisions
much easier.

The Boltzmann collision integral characterizing the change of the distribution func-
tion f(t,x,v,) of particles of some specie o due to collisions with particles of some
specie /3 described by the distribution function fj takes the form

<dfa Va) ‘f ) = / <fa(V/a)fﬁ(V/B) - fa(Va)fﬁ(Vﬁ)) Gap O'(kaﬁ — k;g)dzk;ﬁdsvﬁ )
coll (227)

where ¢ is collision cross section, i.e. the rate at which the collision of particles with

pre-collision velocities v,, and v and post-collision velocities v,, and vlﬁ occurs.

It is wroth mentioning that equation (2.27) does not depend on time or space vari-
ables, which is the supposed effect of molecular chaos where the o and 3 particles are
independently distributed according to f, and fz without any correlation between ve-
locity and position or location of other particles. This correlation effect comes into play
rather via the mean-field forces.

Equation (2.27) expresses the change of number of particles having the velocity v,
(direction and magnitude), while scattered-out of the v, state due to the contribution
of —fo(va)fs(vg) gaﬁadzk;ﬁd‘?’v[g and scattered-in to the v, state due to the contribu-

tion of f,(v,) fﬁ(vlﬁ) gaﬁad2 k;{ 5d3v5, i.e. a contribution of particles scattered from any

v, state to the v, state. This rather intricate description can be formulated as a conser-
vation of particles of specie a as

Jeg

which is independent of the distribution function fg.
The property above is just a special case of the summational invariant conservation
of collisional operator [46]. This states that for any summational invariant ¢ of the form

fﬁ) d3v, =0, (2.28)
coll

Ya(Va) + ¥5(ve) = Ya(vl) + ¥5(vy) (2.29)

the following conservation law for two particle species « and 3 holds

d
/wa Va (df“ Va) 5> . d3va+/¢5(vﬂ)< f5(ve) ‘fa> ) dPvg=0. (230)
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By far the most important summational invariants are

Mo +mg = mg+mg, (2.31)
MaVo +Mmgug = mav/a + mBU,B , (2.32)
2 2 D) |V’ |2
v v \%
ma| ;| —i—m5| §| = ma| §‘| —|—m5—§ , (2.33)

where (2.32) applies to every component of particle velocity v. Summational invari-
ants (2.31, 2.32, 2.33) when applied to (2.30) represent mass, momentum, and energy
conservation property of the Boltzmann collisional operator (2.27).

In the case of collision interactions among the particles of one specie ¢, i.e. fg = fo
in (2.27), the conservation law (2.30) simplifies as

[ v (o)

where we also used 1), = 1)3. The reason for that can be seen in mass, momentum, and
energy summational invariants (2.31, 2.32, 2.33) when mg = m,, which is obviously
true for a unique specie of particles.

We conclude that the effect of collisions between any two species o and 3 (2.30) con-
serves mass, momentum, and energy, and that this is also true for the case of collisions
among particles of one specie only (2.34).

m) d’v, =0, (2.34)
coll

The Maxwellian Velocity Distribution

Suppose that the gas is in a state of equilibrium: the material is homogeneous, isotropic,
and at rest (non-accelerating). Accordingly, the distribution function is supposed to be
constant, which may be described as

d/
dt
where we use only one specie described by f = f, = f3 in order to simplify the prob-

lem. The steady state (2.35) will be true if it is possible to pair each collision with its
inverse, i.e.

m) =0, (2.35)
coll

folva) fo(vs) — fo(va) fo(vy) =0, (2.36)

which is called detailed balance. The subscript zero denotes the equilibrium distribution
function. Logarithm of (2.36) takes the following form

In fo(va) +1n fo(vg) = In fo(v,) + In fo(vy), (2.37)

which is obviously a summational invariant (2.29). According to [46], any summational
invariant has to be a linear combination of mass, momentum, and energy conservation
invariants (2.31, 2.32, 2.33), i.e.

Info=a1+as - v+asv]’ =y +7((v—u?, (2.38)

where u is a constant, in this case the fluid velocity. Nevertheless, the distribution func-
tion fy can be observed as the famous Boltzmann distribution [39] relating the particle
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microscopic energy e = Z|w|? to the kinetic temperature T, i.e.

B m 2 m(v —u)?
folv—u)=n <27Tk:BT> exp (—W> , (2.39)

where m is mass of particle, n density of particles, and w = v — u random microscopic
velocity relative to the fluid velocity u. A consequence of (2.39) is that the distribution
of particles in speed (magnitude of w) is

3
_ m_\? mwl? 2
fo(lw)d|w| =n (2771{:3T> exp (— kpT > dr|w|*d|w]. (2.40)

Then, the most probable speed (the maximum of fy) is

1
2kpT\ 2
rwrm:( 5 ) | (2.41)
m
and the average speed is
1
8kpT 2
\w\a:< b ) . (2.42)
m

In order to complete the set of statistically important speeds we add thermal speed

1
kT \ 2
Iwiz = <i> , (249)
m

which is very often used in plasma physics formulary.

The Fokker-Planck-Landau collision operator

The predominance of small deflections in charged-particle collisions present in plasmas
gives rise to the Fokker-Planck collision term

(dfa(va)

dt fﬁ) = Vaﬁvv : / S(Va _V/) : (vvfa(va)fﬁ(v/) - fa(va)vvfﬁ(v/)> d3v/ s
coll

(2.44)

where v,3 is the frequency of collisions between particles o and 3 species, and S is

the Landau tensor defined as
—= (ufI—u®u), (2.45)

where I is the unit tensor.

The collision term (2.44) can be seen as a reduced Boltzmann collision operator
(2.27), where the minimum deflection angle corresponds to an impact parameter equal
to the Debye length due to shielding and f,, and fg were approximated by their Taylor’s
series expanded in velocities v, and vg, respectively.

The Bhatnagar-Gross-Krook Collision Operator

In many kinetic problems, for example, the nonlocal energy transport in laser-heated
plasmas including electron and ion collisions, it is convenient to avoid the complexities
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of the Boltzmann collision operator (2.27), or even simpler Fokker-Planck-Landau col-
lision operator (2.44) by using a mean-free-path treatment. One replaces the collision
integral by a relaxation term of the form

(dfa(va)

) vt o). (246

which is the famous Bhatnagar-Gross-Krook collision operator [25] of particles of the specie
a. In (2.46) v, is an average collision frequency independent of velocity and fj is

an equilibrium state to which the distribution f, relaxes. In gas dynamics this equi-
librium state is very often represented by the Maxwellian velocity distribution (2.39),
where the definition

Neg = /fa dv,, (2.47)

of density of « particles leads to the conservation of number of particles a.

Apart from the mean-free-path, proportional to the inverse of the collisional fre-
quency v, the fluid velocity u, and kinetic temperature 7, of (2.39) has to be deter-
mined to have the collisional operator (2.46) complete. The following definitions

Nalyg = /Vfa dv, (2.48)
na3kpT, = mg /(v — ua)2fa dv, (2.49)

directly lead to the conservation of momentum and energy of the collision operator
(2.46) when f takes the form of (2.39).
The set of equations (2.46, 2.39, 2.47, 2.48, 2.49) give the simplest form of the Boltz-

mann transport equation (2.24), the BGK kinetic model

of

E%-V-fo%—a-vvf:y(fo—f). (2.50)
Gross and Krook introduced a two species kinetic model as an extension of (2.46) in
[26]. It takes the following form

dfa
8—']; +v- vxfoz +a- vvfa = Vozafoa + Vaﬁfoﬂ - (Voza + Vaﬁ)foz ) (251)
where, apart from the collision frequency v,, between « particles themselves and

the collision frequency v,3 between a and j3 particles, the parameters T,, u,, T3, and
ug have to be specified in order to complete the sources f§ and foﬁ defined by (2.39).

2.2.3 Moments of the Boltzmann Transport Equation

The equations of fluid dynamics comprise conservation laws of mass, momentum, and
energy. We saw in 2.2.2, that when calculating moments of the Boltzmann collisional
integral (2.30) exactly the same quantities are conserved in collisions of particles of
amulti-species gas (2.31, 2.32, 2.33). The approach of calculating moments of one specie
Boltzmann equation of the multi-species gas

Ofa da B dfa
o Ve Vot 5 (B4 vo < B) - Vfo = % ( = ‘fﬂ>wu , (2.52)
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leads to the same equations of fluid dynamics, nevertheless, we gain a better under-
standing of the physical meaning of the terms that appear in these equations. In (2.52)
particles of the specie « interact with particles of other species indexed by 3 including
B = a, i.e. the interaction with particles of the « specie itself. We have used the Lorentz
electromagnetic force F = ¢, (E + v, x B) acting on particles with charge ¢,.

Before we start with the general moment equation, we define the mean value oper-
ator (A) of any quantity A(v) as

~ JAWVa) fa d3v, 1
[ fadPue na

where the particle density n, normalizes the probability function f,. The mean velocity
of particles «

(4) [ A sadto, (253)

(0% Oéd3 (0%

serves as an example. Equipped with the mean value operator, we can proceed to mo-
ment equations of the Boltzmann transport equation (2.52). When multiplying the Boltz-
mann transport equation by a general velocity dependent summational invariant ¢, (v)
related to particles o and integrating it over the velocity space d®v, the conservation the-
orem using the velocity dependent Lorentz force can be written as

, (2.54)

D (o (a (V) ) + T - (1 (ia (V) Vada) — 222 (B 4 v % B) - Vytha(Va) ) =

ot Mg
[ (Sel) @ 259
B/ coll

where the self-particle collisions of the specie o was excluded due to (2.34).
In what follows we will show that if we use the following five collisional invariants

m 2
'L/}al = My 71/}(12 = MauVa1 7¢o¢3 = MaVa2 71/}(14 = MaVa3 7¢0¢5 - TQ‘VOJ 5 (256)

we obtain the equation of continuity, the three equations of momentum, and the energy
equation for the fluid.

The Equation of Continuity

The application of the first invariant of (2.56), i.e. ¥, = m,, to the conservation theorem
(2.55) leads to the equation

0
g (namq) + Vi - [namq (Va),] =0. (2.57)
But nomq = pa, the fluid density, and (v,), = u,, the macroscopic fluid velocity. One
can recognize that (2.57) defines the continuity equation

dpa

“a, x " [Pala] = V. 2.

8t+v [Patla] =0 (2.58)

The vector p,u, can be interpreted physically as the momentum density vector (the mass
flux vector).
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The Momentum Equations

The conservation law of momentum of a fluid is a vector of three equations. These are
obtained by applying 1o = [maVa1, MaVa2, Mava3) of (2.56) to conservation theorem
(2.55). This leads to the vector of equations

0

g (nama (Va),) + Vx - (NaMa (Va ® Va),) — Naga (E+ve x B)), =

/mava <dfa‘f5> dv. . (2.59)

The momentum flux density tensor can be written
NaMa (Vo @ Vo), = Pa (Ua @ Ug + (Vo — Ua) @ (Vo — Ua)),) » (2.60)

where we separated the contribution due to the mean velocity u, and the contribu-
tion due to the microscopic motion described by the random particle velocity v, — u,.
Bearing in mind that nomq = po and (v,), = u,, we see that (2.59) can be written as

2 [Paa] + Vi - [palla ® Uq + po (Va — Ua) @ (Vo — ua)>a] =

ot
Naga (E+u, x B) + /mavaz <%
B/

fﬁ) dv., (2.61)
coll

which are the three equations of the momentum density vector p,u, of the fluid.

The Energy Equation

In order to obtain the energy equation of the fluid, we make use of the summational
invariant from (2.56) of the ¢, = %|va|2. When applied to conservation theorem
(2.55) it gives

0 a o
g (a5 (val2),) + T (a5 (1val2Va), ) = s (B +va X B) Vo) =

/%y o2 Z(df‘l‘f> ) d3v,. (2.62)

We aim to separate the contribution due to the mean velocity u, and the contribution
due to the microscopic motion described by the random particle velocity v, — u,.

After some work with the mean value operator (2.53) and with use of nam, = pa
and (v,), = u, we obtain that

2 _ 2
na% <|VC¥|2>a = Po <|ua| + <|Va ua| >a> , (263)

2 2 2
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and even a bit more tedious work leads to equality

u,|? Vo — ua|2 o

Na—— <|Va|2va>a = PaUqy <| 2| + < 9 > +paua'<(va - ua) & (Va - ua)>a
1

+ pag ([Va = tal*(Va —ua)), - (2.64)

Now we can write the second moment of the Boltzmann transport equation

a [pa <§<|Va _ua| >a+§|ua| >:| +
1 2 1 2
Vx| Pa §<|Va_ua| >a+§|ua| Uq + pala * ((Va — Ua) @ (Va — Ua)), | =

1 Mgy d «
naQaua'E - Vx' |:poz§ <‘Voz - ualz(va - ua)>a:| + / T‘VO&‘Q Z (d—j;f‘fﬁ> dsva )
B/a coll
(2.65)

which is the energy equation of the specie a of the fluid. In (2.65) we made use of the
relation (v, X B) - v, = 0 which holds for any two vectors v, and B.

2.2.4 One Specie Microscopic Fluid Equations

In previous sections we discussed zero, first, and second moments of the Boltzmann
transport equation of one specie in a multi-component fluid. In order to summarize
the latter results we write mass, momentum, and energy equations of the a specie com-
ponent (particles of mass m, and charge g,) of a multi specie fluid (other components
indexed by /)

Ipa

B TV (patta) =0 (2.66)
ot
a oo
(patu )y Vi (palla @Ua) = Vx-To+pf (E4+us xB)+gag,  (267)
8 asSa
(patg ) 4+ Vg - (pagozua) = Vix- (ua -T, — qa) + pgéua . E+ 9l (268)

where primary variables of the o specie component are density p,[g/cm?], velocity
u,[cm/s], and total specific energy density &,[erg/g]. On the right hand side we iden-
tify electric and magnetic field intensities E and B acting on the « specie component of
the fluid via the charge density pd, = %qa, stress tensor T, heat flux q,, and finally
momentum and energy exchange between the o specie particles and all other 3 species
particles g3 and g, g, respectively.

The total specific energy density consists of two parts the specific internal energy
density part and the specific kinetic energy density part, i.e. &, = &, + €X. The specific
internal energy density c[erg/g] represents microscopic motion and is defined as

Ea —

(IVa —ual?), - (2.69)

N |
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The specific kinetic energy density e*"[erg/g] represents macroscopic motion of the fluid

and is defined as )
6" = Sl U (2.70)

The fluid stress results from momentum exchange on a microscopic level within the fluid
and is described by the stress tensor T[g/cm/s?] and is defined as

€

To=—pa((Va —Ua) ® (Vo —uq)), - (2.71)

The average of the normal stresses corresponds to the negative of the pressure. Based
on this motivation, it is common to write the stress tensor as a composition of the scalar
and the viscous parts, i.e.

T, =—pI+o04,, (2.72)

where the pressure plerg/cm?®] and the viscous tensor og/cm/s?] are defined as

1

Pa = gpa<|va—ua|2>aa (273)

0 = —pn (<<va—ua>®<va—ua>>a—§<\va—ua\2>a1) e

where I is a unit tensor. The energy flux in the fluid resulting from microscopic motion
is identified as the heat flux vector qlergem/s] and is defined as

1
Qo = §po¢ <‘Voz - ua‘Q(Va - ua)>a . (275)

Last yet undefined terms are the momentum exchange g, 5lg/cm?/s*] and the energy ex-
change g, 5(erg/s] defined as

dfa
8alp = / mava (f ‘fg) d*vq (2.76)
coll

da
Jalp = |a|z<f

where 3 goes over all other components of the multi-species fluid apart from the proper
index a.. The nature of the collision transfer of momentum and energy then resides on

) e (227).

It is important to realize, that even though the continuum model of fluid equations
(2.66-2.68) reduces the Boltzmann transport equation (2.52) problem of solving the evo-
lution of the distribution function f, to the problem of the evolution of its mean val-
ues (pa, Ua, €q), these still rely on the following terms: pressure p,, (2.73), heat flux qq
(2.75), viscous tensor o, (2.74), and momentum and energy exchange terms g3 (2.76)
and g, (2.77), which pose a microscopic dependence on f,, (in the case of exchange
terms even on f3).

) d3v,, (2.77)
coll

the definition of the collision operator <%§*

2.2.5 Equations of Two Temperature Single-Fluid Hydrodynamic Model

The plasma state of matter can be characterized by the existence of free electrons and
ions. Under certain conditions (quasi-neutrality, collective behavior of particles) the con-
tinuum approach can be used to adequately model plasma as a multi-species fluid.
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We restrict our model to treat only one ion and one electron specie. In general dif-
ferent species of either ions or electrons can be used. The condition on quasi-neutrality
indicates that the position of electrons is firmly tight to the position of ions and vice
versa. Whenever a force acts on ions, electrons will move instantaneously with the ions
to keep the condition of quasi-neutrality to be valid. Such a tight bond leads to a sim-
plified description referred as single fluid.

The single fluid model states that

W=, =, (2.78)

i.e. the fluid velocity u is common for both ions u; and electrons u.. The explicit
condition on quasi-neutrality reflects that the fluid is free of charge, i.e. the ion and
electron charge densities p! and p{ screen each other. This means

> ol = pl + pl = nigi + nege =0, (2.79)

a=t,e

where index o goes over all species, in our case ions and electrons, n.[1/em?] and g,
are electron density and charge, and n;[1/cm?] and ¢; are ion density and charge. As
a consequence of (2.79) we can write the electron density as

Ne = Zn; , (2.80)

since the ion charge ¢; = —Zq. is given by the mean ionization Z.
Now, following Section (2.2.4) of one specie fluid equations, we write the conserva-
tion law of mass of the electron-ion plasma fluid

Z % + V- (pauoc) - 0] ) (281)

a=i,e

the conservation law of momentum of the electron-ion plasma fluid

Z [%—er(ﬂaua ®Uy) = Vi (0 — pal)+04 (E+uq x B)+gu)i. |, (2.82)
and the conservation law of energy of the electron-ion plasma fluid
9 (o (o + 157)) .
az;e [ En + Vi - (pa <€a + T) ua> =
Vx (o (00 = Pal) — @a) + piua - E+ gojic| - (2.83)

which are conservation laws of mass, momentum, and energy for the electron-ion
plasma fluid by definition of the sum of contributions of both electrons and ions.

This section aims to define the single fluid hydrodynamic model. Since equations
(2.81, 2.82, 2.83) introduce a general form of conservation laws of mass, momentum,
and energy of the two-specie plasma fluid, it is possible to reduce such a system by
using the single fluid (2.78) and quasi-neutrality (2.79) assumptions. The reduction
due to the single-fluid model can be seen in equation (2.81) which transforms into
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the continuity equation of quantity ) .. pa, due to (2.78), and in equation (2.82),
which forms the equations of momentum u > a—i. Pa, Where the effects of the Lorentz
force >0, . pe (E+u, x B) = 0 and collisions > a—ic8alie = 0 cancel out due to
(2.79) and (2.30, 2.76), respectively. In the case of energy conservation the ion and elec-
tron contributions of (2.83) have to be treated separately.

The single-fluid hydrodynamic model can be defined either in laboratory coordi-
nates system referred as Eulerian frame and in the moving material coordinate system
referred as Lagrangian frame.

Two Species Single Fluid Hydrodynamic Model in Eulerian Frame

Based on the general conservation law formulations (2.81, 2.82, 2.83) further simplified
by the conditions of the single-fluid model (2.78) and quasi-neutrality of plasma (2.79),
we can define the two species single-fluid hydrodynamic model in Eulerian frame

0 % e
Q) L 9 (ot pol = 0, 289
0 i+ Pe) 1
Q@) 4 g ot pusn) = Ve [loi+00) — (0 +p0) 1] (289)
opi (= + ) )
2V pi (e S u| = Va[ue (o —pd) —ai] +
ot 2 )"
pju-E+ g, (2.86)
Ope (56 + %) |u|2 7
——F— 4+ V- PelEet—]u = vx'[u'(ge_pel)_qe]+
ot 2 )"
piu-E+ g (2.87)

where its primary variables are p;, pe, u, €;, €, i.e. ion density, electron density, single-
fluid velocity, specific internal energy density of ions, and specific internal energy den-
sity of electrons, respectively.

Two Temperature Single Fluid Hydrodynamic Model in Lagrangian Frame

Several algebraic operations is necessary to transform the two species single-fluid hy-
drodynamic model from Eulerian to Lagrangian frame. Rather simplified hydrody-
namic model then takes the form

dp
P,V -u, 2.88
dt PV 1 (2.88)
du
d; .
P di = —p;Vx-u+o;:Vyu—Vy-q; + Gile » (2~90)
dé, -
p dt = —pevx -1 + 0-8 . Vxll - VX N qe - gz|e ) (2‘91)

where % = % + u - Vy is the Lagrangian material derivative and primary variables
of the single-fluid model are single-fluid density p = p; + p., single-fluid velocity u,
single-fluid specific internal energy density of ions &; = %ei, and single-fluid specific
internal energy density of electrons &. = “<e..
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One can observe an apparent resemblance of the energy equations (2.90) and (2.91)
to the first thermodynamic law (2.1) or its formulation (2.3). Temperature is a funda-
mental quantity which provides crucial information about plasma. And exactly the first
thermodynamic law formulation (2.3) allows us to rewrite the energy equations (2.90,
291) as

851' dTZ _ aéi d,O

Por, dt gy Ve u o Ve =V qit gie,  (292)
aée dTe 856 dp ~
p@Te o - 7 op dt PeVx-u+0e: Vxu—Vy - de — Gile - (2.93)

Equations (2.88, 2.89, 2.92, 2.93) form the two temperature single-fluid hydrodynamic model
with primary variables single-fluid density p, single-fluid velocity u, ion temperature
T;, and electron temperature T.. In order to solve the two temperature single-fluid hy-
drodynamic model the hydrodynamic closure set

0&; 0. 0F; Of. > ’ (2.94)

ClHydro = <8—z—,27 8—1—167 a_pa a—p,pi7pea 0i,0¢, i, qeagi‘e

have to be provided, i.e. ion and electron single-fluid specific internal energy den-
sity derivatives with respect to temperature g%? and ggf , ion and electron single-fluid
specific internal energy density derivatives with respect to density %—% and %ij ,ion and
electron pressures p; and p., ion and electron viscous tensors o; and o, ion and electron
heat flux vectors q; and q., and ion-electron energy exchange term Gile-

It is worth noting that the ion-electron energy exchange term takes a special form

gi\e = Gile — U - &jle, (2.95)

when used in Lagrangian frame. The exchange terms used on the right hand side of
(2.95) were defined in (2.76, 2.77). Since our single-fluid consists of only two species,
the ion-electron and electron-ion exchange terms must be equal with minus sign ac-
cording to (2.30, 2.76, 2.77), i.e. gjle = —Geli-

Now, since we treat the ion and electron energy equations (2.92, 2.93) as the first
thermodynamic law (2.1), temperatures 7; and T, present thermodynamic quantities,
which span a broader range of validity according to plasma conditions, e.g. due to
quantum effects, than the kinetic temperature of dilute gas defined in (2.39). Neverthe-
less the thermodynamic and the kinetic temperatures coincide in a relatively low den-
sity high temperature plasmas. Under the same thermodynamic considerations a defi-
nition of ion and electron specific internal energy densities ¢;(p, T;), €e(p, Te) and pres-
sures p;(p, T;), pe(p, Te ) as thermodynamic functions dependent on density and temper-
ature makes a good sense. Yet another consequence of the thermodynamic approach is
additional information about entropy generation. The specific entropy of plasma will
evolve as q v v ~ ~

S x " i x Qe Gile Gile
PEZ— T +f—?€, (2.96)
which is a consequence of the second thermodynamic law (2.4) along with (2.1) com-
pared to energy equations (2.92, 2.93).
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2.3 Electron Transport Models

In [47] the following form of the Boltzmann transport equation for electrons in the laser-
heated plasma was proposed

9fe
ot

+ v vxfe + %E . vvfe = Cee(fea fe) + Cei(fea fz) + IIB(EL, fe) 5 (297)

where f. and f; are the distribution functions of electrons and ions, respectively, E
is a plasma generated electric field, and E, is an electric field of laser. Apart from
the transport operator in the phase space placed on the left-hand side of (2.97), we can
on the right hand side identify collision operators, namely collisions among electrons
them selves C¢. and collisions among electrons and ions C¢;, and the last term describes
the inverse-bremsstrahlung heating I;p of electrons due to the absorption of the laser
energy. A ponderomotive laser field pressure effect could be included, but we do not
consider it in this work.

The classical diffusive approximation to the deterministic transport of electrons in
the laser-heated plasma is presented at first. The most frequently used approximation,
introduced by Spitzer and Harm (SH) [10, 48], is based on the expansion in a small
parameter further combined with the P; anisotropy approximation. This approxima-
tion was further extended by applying a convolution operation leading to a close-
nonlocality extension introduced in [15] and subsequently defined in more dimensions
using the linear transport model [49].

We consider the nonlocality of the electron transport (2.97) to be a necessary further
step to be applied in hydrodynamic codes. Our BGK nonlocal electron transport model
based on the direct solution of the BGK transport equation of electron specific intensity
[50, 51], naturally captures the nonlocal property of transport and we also focus on its
definition in multiple dimensions. As an important property we further show the com-
parison of the diffusive limit of our model to the standard SH approach. As an exten-
sion, we also add the nonlocal ion transport formulation resulting from the BGK trans-
port equation applied to ion specific intensity. As a consequence, the charge continuity
equation can be formulated, which paves the way to treat plasma under conditions,
when the quasi-neutrality concept should be violated.

2.3.1 The Spitzer-Harm Approximation

An appropriate analysis related to the diffusive approach to transport is based on
the combination of the Hilbert expansion in a small parameter A and the angular Leg-
endre polynomials expansion [52]

fe= i PN fiPi(cos(9)) = FO+ f N cos(@) + FEA+ ) cos(9) +O(N, cos?(9)),
1=0 k

(2.98)
where ¢ is the polar angle (see Fig. 2.1) with respect to z-axis, and the right hand side of
(2.98) shows its explicit series to the second order. We will use the notation cos(¢) = p.

Even though it is extremely difficult to solve (2.97) analytically, it is satisfactory to
find an approximate axis-symmetric solution having the form

fe= O + fOxu, (2.99)
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which reflects a small spatial deviation with respect to A and a small anisotropy effect
given by p from the dominant term féo), which is homogeneous in space and isotropic
in angle.

A detailed procedure of the analysis of the approximate solution 2.99 is described
in Appendix A.1. In order to conclude, the approximate electron distribution function
satisfying the electron transport equation (2.97) takes the form

z Ne me‘VP) < (me ]v\2>>
e=——————=zp |5 | |1 =Dl ])> 2.100
f (W_%BTe)% p< 2kp Te 2kp T ( )
where the transport function reads
: xTe
D(w) = A (w—4) % : (2.101)

The form of (2.100) follows the notation used in the original work of Spitzer and Harm
(SH) [10] and reflects the results of the Lorentz gas approximation [53, 54, 55]. The com-
monly used term SH transport refers more precisely to the work [48], where the trans-
port function D(w) was further extended by the electron-electron collision operator,
which had to be solved numerically. The latter concludes, that the mean free path of
electrons should be adjusted as

~0.024Z +0.058

N — . 2.102
SH 1+0247 (2.102)

Last, but not least, is the SH formulation of the electron heat flux, which provides
the transport closure to the hydrodynamic system. This formulation can be directly
evaluated by integrating the distribution function (2.100) over the velocity space as

3
~ 256 k2 -
2 2 B
qSH—/ / vin|v|® fe|v|cd|v|dn = AsaV 1 VT, , (2.103)
i |v|| n|v|® fe|v]" d|v]| R /e

where we used the thermal mean free path

- 0247 + 0.058 1 0.24Z +0.058 n; 2% e* m2 vy,

= - = 2.104
ST 10242 1+024Z (dmeg)2dn InA’ (2104)
reflecting the electrons with thermal velocity vy, = kﬁ—?

The above heat flux (2.103) presents the diffusion approximation of the transport
closure to be used in hydrodynamic model. It is worth mentioning that the effect of
inverse-bremsstrahlung heating I;p of (2.97) was omitted in (2.103). An appropriate
treatment and the resulting effect of /75 can be found in Appendix A.1.

2.3.2 The Lucciani-Mora-Virmont Nonlocal Electron Transport Model

In order to summarize the motivation and the main principle of the nonlocal method
of Lucciani Mora Virmont (LMV) presented in [15], the two important observations
should be mentioned. Since Spitzer-Harm (SH) approximation depends only on the lo-
cal plasma parameters, namely temperature, it fails to incorporate a possible transport
of energy carried by electrons from the surrounding region. This is for example the
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case of the head of the heat front, the conductivity exceeds the SH conductivity due to
the nonlocal part of the hot, nearly collisionless electrons. On the contrary, the local-
ized SH flux very often over estimates the actual electron heat flux, when the gradient
of temperature is to steep. This leads to the definition of the free-streaming electron
distribution flux g¢s = neme |vr |3, where |vr|,= (k‘BTe/me)l/Z. The flux limiting
based on the free-streaming flux is very often adopted in the fluid codes simulating
laser matter interaction. The SH overestimation is cured by a local law of the type
q = min(qsm, fim qfs) where fy;, is the flux-limit factor.

Lucciani, Mora and Virmont came with the idea of convolution taking into account
the nonlocal transport, which should fix the inconsistency of the classical SH flux. The
proposed form of the nonlocal heat flux

q(x) = /qSH(x')w(x,x') dx’, (2.105)

where the convolution kernel reads

1
w(x,x') = exp (—

2a(Z + 1)z (x)

f;/ ne(x”) dX"
a(Z 4 1)2 2o(x') ne(x)

) , (2.106)

where qgp is the heat flux 2.103 defined in [10], n. the electron density and Z the
ionization state of plasma. This model is enclosed by determining the parameter q,
which have to be done following simulation results. According to [15] the parameter
a € (30,35) models the laser-heated plasmas in an appropriate way. The expressions
(2.105, 2.106) strongly improve the SH value all along the profile due to the fact that
they do not build on the localizaiton of the heat flux, i.e. the unique cause of the break-
down of the SH model.

The LMV model was further extended into more dimensions in the model of Schurtz,
Nicolai, and Busquet (SNB) [49]. A study focused on the nonlocal electron transport in
high-energy-density plasmas can be found in [56, 57, 58], which continues in the line
of the above SNB model and the M1 angular moment method [59, 60] based on the en-
tropy closure [61].

2.3.3 The Nonlocal BGK Electron and Ion Transport Model

In [2, 62] the similarity between the Boltzmann transport equation of electrons and
the radiation transport equation was pointed out. As later in the case of radiation
in section 2.4.1, we define the electron specific intensity I." (x,t,n, |v|)[erg/em3 /sr] of
electrons at position x and time ¢, traveling in direction n with non-relativistic energy
e |v|?, to be such that amount of energy transported by electrons of energies within
the interval (|v|, |v| + d|v]|) across an oriented surface element dS, in a time d¢, into
a solid angle dw around n, is

dE = IV(x,t,n,|v])n - dSdwd|v|dt . (2.107)

The electron distribution function f, is defined such that f.(x,t, v)d*zd>v is the number
of electrons per volume d®z at (x,t) with velocity within (v,v + dv), where v = |v|n
(me|vin is electron momentum). Using the velocity space defined in spherical coor-
dinates where d®*v = |v|?d|v|dw, we find that the number of electrons can be equally
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expressed as

ID'(x,t,n, [v|)

’ Me
2

dzd|v|dw = fo(x,t,n, |v|)|v|? d®zd|v|dw,

[v] 5= lv]?

which leads to an important relation between the electron specific intensity and the elec-
tron distribution function

IM(x,t,n,[v]) = fe(x,t,n, \v!)%!vﬁ, (2.108)

where we used d*>z = n - dS|v|dt in (2.108).

In spherical coordinates ¢ and 6 describe the direction n of traveling electrons,
where ¢ € (0,7) and 6 € (0,27) (see Fig. 2.1) are the polar and azimuthal angles,
respectively [63], which should not be confused with the notation used in [64]. Thus,
we can write the momentum phase space velocity v in Cartesian coordinates system in
terms of spherical coordinates (|v|, ¢, 0) as

cos(0) sin(¢)
v =|v|n = |v]| |sin(0) sir;(qﬁ) . (2.109)

When making use of (2.109), the Lorentz force F acting on a charged particle can be
expressed as

E; + |v]| (sin(0) sin(¢) B, — cos(¢)By)
F=q(E+vxB)= E, + |v| (cos(¢)B, — cos(0) sin(¢)B;) , (2.110)
E. + v] (cos(8) sin(6) B, — sin(8) sin(6) B,

where ¢ and v are charge and velocity of the particle, E; and B; are components of
electric and magnetic vector fields at (x, ¢) in Cartesian coordinates.

In principle, we always treat the velocity phase space by using (|v|, ¢,0) compo-
nents in the spherical coordinates system. For instance, the corresponding form of
the gradient of the distribution function f. in spherical coordinates reads

8fe 1 Aafe 1 Aafe

- 76_
ol T V%0 T V@) a8

which makes use of the orthonormal curvilinear basis vectors shown in Fig. 2.1 having

the following form
cos(#) sin(¢) R cos(f) cos(9) X —sin(#)
r= |sin(f)sin(¢) | , ¢ = |sin(0)cos(¢) 0= cos(d) |, (2.112)
0

cos(¢) —sin(¢)

in Cartesian coordinates. Thus, the corresponding gradient in Cartesian coordinates
system expressed in terms of spherical coordinates is formed by inserting (2.112) into
(2.111) and reads

Vyfe= (2.111)

V] 0¢ ~ |v|sin(¢) O
Vyfe= |sin(f) Sin(@% + OB ol 4 %J;e : (2.113)
Ofe _ sin(¢) dfe
COS(¢)a|{/| T a{;s

cos(B) sin(¢) oe 4 s(@eos(@) 9 sin(0) _Ofe
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We can finally express the acceleration of electrons expressed as a scalar product of
(2.110) and (2.113) as

e (E+v xB)-Vyfe === ((E;cos(0) + Eysin(0)) sin(¢) + E. cos(¢))

me Me 8|V|
Qe
me| V|
e cos(#) sin(0) cos()
et (Bintg) ~ e * M (5

_|_

((Eycos(0) + Eysin(0)) cos(¢) — E. sin(¢) + |v| (sin(0) B, — cos(0)By))

+

(cos(0) By +sin(0)B,) — Bz>> e

where ¢. and m, are electron charge and mass.

The general formula (2.114) might seem to be difficult to interpret, however, when
expressed in particular geometries, which provide some kind of symmetry, it becomes
simpler. For example, in the case of slab (using the z axis) or spherically symmetric (de-
fined with respect to the z axis (see Fig. 2.1) geometries only z component of the Lorentz
force (2.110) is non-zero for any velocity magnitude |v|. After some algebra this results
in a very simple form of (2.114), i.e. the 1D acceleration term

de de 8fe
e (g B) - V.f = L .
Me (E+vxB)-Vyfe Me COS(@@]V\

(2.115)

One can observe, that apparently the effect of magnetic field cancels out in (2.114) in
the 1D case (2.115). The second case we are interested in is the axis-symmetric geom-
etry. This symmetry leads to that y component of the Lorentz force (2.110) is equal to
zero. In this case the scalar product (2.114) takes the form

:i_ee (E4+vxB)-Vyfe= _ — (B, cos(0) sin(¢) + E., cos(¢)) g’{f‘
‘mﬁﬁﬁm@m@—@mw+Mwwwfmw>»%
G sin(0) B cos(¢) cos n - af.

e (Emsm( 2 lv |< (o) (cos(0) B, + sin(0) By) BZ>> S5 - (2116)

Under the assumption of almost isotropic distribution function, we can write a reason-
ably simple form of the acceleration term (2.114)

)
e B4y xB) Vof. ~ Ln. g
Me Me a‘V’

(2.117)

whlle we neglect the magnetic field B and we use an approximation that a‘f e‘ > T L | %{; +

NTsin(@) Sm( ) %fe and we make use of (2.109) in order to express the electron transport direc-
tion n.
In order to model the nonlocal electron transport, we propose to use the BGK form

of the Boltzmann transport equation (2.51) of section 2.2.1. It takes the following form
Of. mn; 07

of. _ .
or TV Vxfe= = n Balht m o Setvei (Se — fo) v, (fe— o), (2118)

where S, is a general distribution source function of electrons, n; the ion density, n.
the electron density, Z mean ionization, v; is the ion-electron collision frequency, and
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Vg, is the electron scattering frequency.
The angular mean of the distribution function f, is defined as

Fl t,v]) = l/ﬂxmnW| (2.119)

Based on the BGK form of the Boltzmann transport equation (2.51), a similar model
can be applied to ions. It takes the form
Afi

iy, g
ot TV Vafi= min a|v|

i (Si — fi) (2.120)

where f; is the distribution function of ions, \S; is a general distribution source function
of ions, ¢; the charge of ion, m; the ion mass, v;; is the ion-ion collision frequency, which
we expect to dominate the ion-electron collision frequency effect. We use (2.117) in both
equations (2.118) and (2.120).

We define the total electron intensity operator acting on a quantity g as

00 Mme
i = [ oGP, (2121)

which arises from the relation (2.108). The operator (2.121) brings up the definition of
the total electron intensity

I (x,t,n) = (fe(x,t,n, ]v\)ﬁv‘ . (2.122)

The application of operator (2.121) on the BGK transport equation (2.118) gives

DN, : )
G Vel MIf) = Ao n - B o+

n; 82

n—eg<se>fv\ + <<ueiSe>fv\ - <ueife>fv\) - <<uaefe>fv‘ — (U, fe>fv‘) . (2123)

where we applied (g‘{f‘ >M —(5]v|” 1fe>M

The BGK model requires a unique transport velocity, a unique collision frequency,
and a unique scattering frequency. These are expressed based on the form of (2.123) as
the following

) ([VIfe)iyy  (vISe)yy,
o - 7 2.124
’V’ <fe>‘ev‘ <S >|ev| ( )

<Vei(|v|_3)fe>‘ev‘ <Vei(|v|_3)58>\ev\

S o
o (V7 fedfy (o IVI7)Se)fy,

5 = ~ : 2.126

e (fe>fv\ (Se>|v| ( )

where the right most terms express the electron source function S, based approxima-
tions, which are, in general, easy to evaluate.
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Finally, we can write the one energy group BGK electron transport equation

[V]ene Ot

ke (S — L) + 5 (I — L) . (2.127)

—1 e
1 0l, 5 qe (vl Se>\v\
e i n =24 ML RT
L or Ve = o T e, e

vl

(Seliv

which results from (2.123) when divided by |¥|, (2.124) and where k., = Zi is the ex-

vl
~ -1 e
tinction coefficient and 7. = I\IJTT is the scattering coefficient and the term W
vl

accompanying the electric field was simplified by using the source function S. approx-
imation.
The mean total electron intensity is defined as

fe(x’t) = <fe(xat’ |V|)>\ev\ : (2128)

We define the total ion intensity operator acting on a quantity g as

. S m;
(), = g —|v|>d|v]|, (2.129)
4 0 9

which can be obtained from a relation similar to (2.108). The operator (2.129) brings up
the definition of the total ion intensity

Ii(x,t,n) = (fi(x,t,n, [v])y - (2.130)
The application of operator (2.129) on the BGK transport equation (2.120) gives
a{fi)ly,

o= Ay AR AN
P —|—n-Vx<|V|fz'>IVI_EH-E<5|V| fz>|v|+(<unsz>|v| (u”fz>|v|), (2.131)
where we applied <g‘{j‘>‘iv‘ = _<5]v‘*1fi>‘iv‘_

The BGK model requires a unique transport velocity, a unique collision frequency,
and a unique scattering frequency. These are expressed based on the form of (2.131) as
the following

(VA (VIS
<fi>fv| <Si>\iv\ ,
Wis(IVI7) )y, (V)8
<fz‘>fv| <Si>fv| ’
where the right most terms express the ion source function S; based approximations,

which are, in general, easy to evaluate.
Finally, we can write the one energy group BGK ion transport equation

(2.132)

[Vl;

(2.133)

Vig

R/ P
|\~I|i ot m; <’V‘SZ>TV|

n-EI+k <<Si>i Ii> : (2.134)

vl
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which results from (2.131) when divided by |v|; (2.132) and where k = \l;lllz is the ex-
(v~ fi>‘v‘
(‘V‘fiﬁv‘
accompanying the electric field was simplified by using the source function \S; approx-
imation.

tinction coefficient and 7. = | - is the scattering coefficient and the term

Application of the Nonlocal BGK Electron and Ion Transport Model

The nonlocal electron transport model is defined in the Eulerian frame by equation
(2.127) and the nonlocal ion transport model is defined in the Eulerian frame by equa-
tion (2.134), where the quantities /. (2.122) and I; (2.130) can be interpreted as one en-
ergy group specific intensities representing the entire spectrum of electron and ion en-
ergies, nevertheless, they keep the important information about the angular distribu-
tion.

The electron source function S., the mean ionization Z, the ion source function
S;, and the electric field E can be also expressed in the Lagrangian frame moving with
the fluid velocity u. Since in the case of electrons the specific intensity transport velocity
is characterized by |v/|., the convective derivative |‘1,| ddi" = |‘1,‘ %@" + = VxI, [65] has to
be applied. The same transformation has to be also applied in the case of ions.

The one energy group BGK electron and ion transport equations in the Lagrangian frame
resulting from (2.127, 2.134) then take the following form

1 di, u 5qe<|V|_1 >\ev\ n; dZ
1 2l [ = 220 vy, gy 9260
A Gt R v 3 e B e A
ke (S = 1) + e (I~ 1) (2.135)
1 dr < u> 5g: (VI 15>|v|
L (a2 ) v = ST UMy w8 - 1)
%]; dt & me (VIS (tsfy — 1)

(2.136)

If we choose the source functions S, and S; to be represented by the Maxwellian
velocity distribution of a moving fluid

. Me 3 me|v[*ln — \V\|2

fM(X7t7 ’V‘, Il) = TN 27TkBT eXp | — 2kBT ’ (2137)
i m; 3 mi|v|2|n T |2

Firbetdvln) = n (gt ) e~ L @13

where T, and 7T; are electron and ion temperatures, one can observe, that the term
n— ﬁ, which is similar to the terms n — ﬁ of (2.135) and n — ﬁ of (2.136), increases
the complexity of the nonlocal transport problem. However, the Maxwellian velocity
distributions (2.137) and (2.138) degenerate into an appropriate isotropic source func-
tion since the transport velocity takes over the fluid velocity. For simplicity, we will
always consider that

’{”e > ’u‘ ) “N"‘i > ‘u’7 (2139)

which assures that n — ‘7“‘ can be approximated by n in (2.135, 2.136, 2.137, 2.138).
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Based on definitions (2.124, 2.125, 2.126, 2.132, 2.133), we show explicit values
of the uniform electron transport velocity |v|., the uniform electron-ion collision fre-
quency 7.;, the uniform scattering frequency 7,,, the uniform ion transport velocity
|V|;, and the uniform ion-ion collision frequency 7;; to be

(Vi 8  [2kgT.

. ~ ~2.13 , 2.140
Ve T T v 2140
Wei (V™) S50 JT 3
Vej = v = D vy, [P X ( > ~ 0.16 7; , (2.141)
<fM>|v| 2k‘BT
(Voo (IV]~ 3)f]\/[>|v| N3 3
Vg, = Uy, [V, |2 ¥ ( > ~0167,, , (2.142)
(i), 1+ okt
(IVIfinty 2kpT,
Wl o~ Ml 8 Bl 913 v, (2.143)
(fidy  3VEV mi '

<Vu(’V‘ 3)fM>|v| 3\/_ :
b~ _ ~ Ui » 2.144
T vii|vr T <2/<:BT> 0.16 (2.144)

where the above quantities are expressed with respect to the electron thermal velocity
magnitude vy, | = 4/ kﬁ—?, the ion thermal velocity magnitude |vz,| = / kﬁle , and
the electron-ion thermal collision, the ion-ion thermal collision and scattering frequen-
cies e, Vi, and v, [3], respectively.

Finally, we write the nonlocal BGK electron and ion transport model in Lagrangian
frame

1 drl. Qe dZ 3
= ‘EI, —kpT,
EE P e
3

~ ne V2k2 3 -
+ke ﬂ_g mB T¢ — I | +6c (I.— 1) , (2.145)

L df; qi - i V2kZ ) 8
—4n-Vi; = n-BEL+k| | —=—=L8 |12 -1 2.146
’{,‘Z dt +n X+ kB TIZ{n Z+ 1 7-‘-% \/ﬁz 7 7 9 ( )

which results from equations (2.135) and ( 2.136), where we used S. = f§, (2.137) and
S; = f}'w (2.138) following the assumption (2.139). We also used T}, and T’ }I, which
are the kinetic temperatures of electrons and ions, respectively, and will be defined
further in this section. An important observation about the electron transport model
(2.145) is, that its asymptotic behavior gives a diffusive heat flux qpgx ~ 0.4qsH from
the previous section, which supports the range of validity of our model. A detailed
description of the diffusion asymptotic can be found in Appendix A .4.

An important property of the proposed nonlocal BGK electron transport model

(2.145) reads
1 Ve 2.13 128 - <
1 _ e 218lve| _ 1287 565 (2.147)

x p—
ok, D 0.167,; 3

which states, that the nonlocal BGK electron transport model mean free path A related
to the electron distribution is of one order of magnitude larger than the usual mean free
path ., which is related to the thermal velocity of electrons. An equivalent relation
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holds also for the proposed nonlocal BGK ion transport model (2.146) i.e.

V[,  2.13]vy| 128 5
_ e 2B8ve] 1285 156, (2.148)

~ 1
)‘i - = = —
k; Vii 0.167;; 3

where )\; is the usual ion mean free path, which is related to the thermal velocity of
ions.
Many of the above formulas were obtained by using the following Gauss integrals

(V72 )y = PR (2.149)
(VI ) = :_:kBT7 (2.150)

(fa)w) = 7%\/359 T3, (2.151)
(VIS = — 1oV T, (2.152)

where n is the density of given particles, m is the mass of given particle, 7" is the tem-
perature of given particles distribution and the operator ()|y| is equivalent to (2.121)
in the case of electrons or (2.129) in the case of ions, and fy; corresponds to (2.137)

in the case of electrons and to (2.138) in the case of ions. In equations (2.140, 2.143),

the exact value % was approximated by the value —8_ which reflects the result of

ENC
(2.150).

This section can be closed by defining an approximate temperature of transported
electrons and ions, which are represented by the quantities I, and I;. Even though
the velocity distribution of electrons can, in principle, be absolutely random, the exper-
imental experience indicates, that the distribution approaches the Maxwell-Boltzmann
distribution. In the case of ions, the velocity distribution is even closer to the Maxwell-
Boltzmann distribution. This allows us to define electron and ion kinetic temperatures
as

2

MeT f Ie dw ) 3
T = S , 2.153
a kp (47Tneme\/§ ( )

2

; miw ([, Lidw )5
Ty = = , 2.154
a kp <4ﬂnimi\/§ ( )

which is a result of (2.151) further integrated over all solid angles, where dw = sin(¢)d¢dé.
In principal, we formulated our nonlocal BGK transport model (2.145, 2.146) in
such a way, that the energy transport is treated directly through I. and I;. However,
the particle transport, i.e. electron and ion densities, need to be evaluated as well.
The electron and ion density change due to the nonlocal transport can be expressed as

dn, 2 Qe dz
_ ¢ E—Ve qy )+ 2.155
dt 3ks 17, <k3 Te A qH> g (2.1%5)
_ | i E—Ve-dy) 2.156
dt Skp Tl <k3 i qH> (2.156)

which is based on the statistical distribution approach, i.e. that the change of number
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of particles can be obtained by dividing the change of energy by mean particle energy.
Equation (2.155) was obtained from (2.145) by dividing the I, related terms by the mean
particle energy %k: B 1§ and by dividing the Z related term by the mean thermal energy
3kp T.. Equation (2.156) was obtained from (2.146) by dividing the ; related terms by
the mean particle energy 3k T},. Any term related to ke, e, ki, i.e related to collisions,
in (2.145, 2.146) by definition cancels out, since collisions do not produce particles.
Since we know, that in plasma the charge density p? change is governed by the re-
lation i d d
L = < @mit ) = e (Zni—n.) | (2.157)
where e is positive charge related to one electron, we can see, that based on equations
(2.155) and (2.156) the charge density change due to nonlocal transport reads

dp? 27 e Ze . ; 2e e

i : _qi-E—-V,-d. = (V.- - —q% E].

dt ~ 3kpTj (kBT}{qH qH) +3I<:BT;_}< = g e >
(2.158)

The heat fluxes due to electron and ion transport are given by explicit formulas

dy = /nIedw, (2.159)
47

qy = / nl; dw, (2.160)
47

where the integration over all solid angles dw = sin(¢)d¢d#é is performed.

It is worth mentioning, that the energy flux hydrodynamic closure (2.75) is well
described by (2.159) in the case of electrons and by (2.160) in the case of ions, when
the velocity assumption (2.139) holds. The nonlocal transport treatment does not pro-
vide any term directly describing the viscous flux hydrodynamic closure (2.74). Nev-
ertheless, the viscosity effect is usually less important in plasma physics in general.

We provide an approximate expression of the anisotropic effect due to viscosity as

ke ~e
g = ‘;“ /4 nl, dw, (2.161)
; ki
gy = 5T /s n/; dw, (2.162)

where g¢; and g'; are the momentum source terms due to viscosity to be applied in hy-
drodynamics. The above approximations originate from the radiation transport treat-
ment presented in [6] and are valid when the velocity assumption (2.139) holds.



Chapter 2. Physics 31

2.4 Radiative Transfer

So far the description of plasma relied on the fluid equations continuum model. Nev-
ertheless, under the condition of high-temperature plasma, which is the case of laser-
heated plasmas, generation of radiation field due to plasma fluid photon emission be-
comes an important physical phenomenon. The effect of radiation added to the total
energy density and momentum of the system through radiation energy density, radi-
ation energy flux, and its contribution to the fluid pressure. It is necessary to define
these quantities for radiation and describe the way radiation couples to the plasma.

2.4.1 The Specific Intensity and Equation of Radiation Transfer

The radiation field, seen as a fluid of photons, is, in general, a function of position and
time, where at any given position poses distribution in both direction and energy of
photons. As in [2], we define the specific intensity I(x,t,n,v)erg/cm?/s/Hz/sr] of ra-
diation at position x and time ¢, traveling in direction n with frequency v, to be such
that amount of energy transported by radiation of frequencies (v, v + dv) across an ori-
ented surface element dS, in a time d¢, into a solid angle dw around n, is

dE = I(x,t,n,v)n - dSdwdvdt. (2.163)

The photon distribution function fr is defined such that fr(x,t, p)d®zd®p is the num-
ber of photons per volume d3z at (x,t) with momenta within (p,p + dp), where
p= %n (hv is photon energy). Using the momentum space defined in spherical coor-

dinates where d®p = p?dpdw = (%)2 hdvdw, we find that the number of photons can
be equally expressed as

3,2

M dBzdvdw = h—yfR(x, t,n,v) d*zdrvdw, (2.164)

hve 3
where we used that d®z = cdtdS and counted number of photons instead of their en-
ergy on the left hand side of (2.164). Since the distribution function fr is relativistically
invariant, the explicit relation of the specific intensity to fr is of great use in co-moving
frame coordinates formulation.

The monochromatic radiation energy density e, at frequency v is the number density of
photons at that frequency, summed over all solid angles, times their energy hv, which
according to (2.164) reads

1
€p = 2/4 Idw. (2.165)

The monochromatic radiation flux q% is a vector such that q% - dS gives the net rate of
radiant energy flow per unit frequency interval, at frequency v, across the element
surface dS. The net number of photons flux crossing dS per unit time and frequency
interval from all solid angles and multiplied by the photon energy hv gives the energy
flux

dr :/ n/dw. (2.166)
4

The net rate of radiative momentum transport across dS at frequency v is %qVR-dS, since
the momentum of a photon with energy hv is 22. Then, the radiation pressure tensor
described as radiative momentum transport per unit frequency interval, at frequency

v, across surface perpendicular to each of the coordinate axis and integrated over all
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solid angles is defined as
P%zl/ n®nl/dw. (2.167)
4

C

The principal task of this section it the formulation of the transfer equation, which de-
termines how radiation is transported through plasma and is the equivalent of the Boltz-
mann equation for photons. Then, the specific intensity of traveling photons at fre-
quency v along the direction n is governed by the equation

o o
c Ot 0s

=j" — kI, (2.168)
where s is the path length and % {n is the derivative of I with respect to the path length
s along the ray direction n. Since photons travel with the velocity equal to the speed
of light, we can observe, that the left hand side of (2.168) describes the transport (ad-
vection) of the photon energy propagating in the direction n. Terms on the right hand
side are plasma emissivity j”[erg/cm?/s/Hz/sr| and opacity k”[1/cm]. The meaning of
the right hand side of (2.168) is the rate of change of photon intensity at point x at time
t due to positive contribution of photon emission j”drvdw and negative contribution
—k¥Idvdw. When (2.168) is seen as the Boltzmann transport equation for photons, its
right hand side resembles to collision operators in section 2.2.2, especially to the BGK
form (2.46). Its resemblance resides in that kl—y = A, where \”[cm] is the monochromatic
photon mean free path corresponding to the photon frequency v.

The collision operator of the nonlocal model of radiation transport (2.168) has to
be further extended by assuming the scattering of photons by plasma background. Af-
ter being thermally emitted (due to j*), the photon may be scattered out of its direc-
tion many times before being absorbed by plasma (due to £”) and converted back into
the internal energy of plasma.

The mean intensity is defined as the average of the specific intensity over all solid
angles as

I(x,t,v) = %/ Idw. (2.169)
4m

7

The transfer equation of photons with extended collision operator by scattering reads

191 01

- _ v 1/[__ v VN T .
e + s j'+o (k" +0") 1, (2.170)

n

where o”[1/cm] is the scattering coefficient of photons with frequency v. An important
property of using mean intensity is that such an isotropic operator conserves number
of photons being scattered.

2.4.2 Moments of the Transfer Equation

The physical meaning of the zero-order and first-order moments of the transfer equa-
tion (2.170) resemble to the moments applied in section 2.2.3, i.e. the energy and mo-
mentum equations.

We define the specific intensity I(x, ¢, 6,v) to be a function of position vector x,
which can be, in general, expressed in a general curvilinear coordinate system, spheri-
cal coordinates ¢ and 6, where ¢ and 0 are the polar and azimuthal angles (see Fig. 2.1)
describe the direction n of traveling photons, and frequency v representing the magni-

tude of photon momentum h—c”



Chapter 2. Physics 33

The derivative with respect to the path length along the direction n, i.e. the operator
% |n of (2.170), then takes a specific form with respect to the coordinate system used.

The 1D Slab Geometry Transfer Equation

In the Cartesian coordinates the position vector is defined as x = (z, y, z), where the co-
ordinate axis vectors are constant (non-curvilinear). The slab geometry implies a re-
duced dependence of the specific intensity I(x(z),t,n(¢),v), and the resulting form of
the slab transfer equation reads [2]

7 _
—— 4+ cos(p)—=j4"+0"1 — (K" +0")1, (2.171)

which represents a 4D problem, i.e. the solution of (2.171) depends on ¢, z, ¢ and v.
The integration over all solid angles of photon directions applied to (2.171) leads to
the zero-order moment equation [2]

O, 09
ot 0z

21 ™
= / / 40T — (K + o¥) Isin(¢)dedo, (2.172)
0 0

where the definitions of monochromatic radiation energy density €” (2.165) and monochro-
matic radiation energy flux q” (2.166) were used.

In order to clarify the relation between the spatial coordinate system, in this case
the Cartesian coordinate system, and the directional coordinate system, which is al-
ways spherical coordinate system see Fig. 2.1. The reference axis z corresponds to
the direction n(0).

The 1D Spherically Symmetric Geometry Transfer Equation

In spherical coordinates the position vector is defined as x = (r, ¢, ), where the coor-
dinate axis vectors change according to the position dependence on (¢, ), i.e. system
is curvilinear. The spherically symmetric geometry implies a reduced dependence of
the specific intensity I(x(r),t,n(¢), v), and the resulting form of the spherically symmet-
ric transfer equation reads

101 oI  sin(¢) 91 _

—o T COS(¢)E . 00

e 4o’ T — (K + "), (2.173)

which represents a 4D problem, i.e. the solution of (2.173) depends on ¢, r, ¢ and v.
The integration over all solid angles of photon directions applied to (2.173) leads to
the zero-order moment equation [2]

v 1 a 2 v 2 ™ _
85;% ﬁ% - / / 7+ 0" T — (K + o) I'sin(¢)dpdd , (2.174)
0 0

where the definitions of monochromatic radiation energy density €” (2.165) and monochro-
matic radiation energy flux q” (2.166) were used.

In order to clarify the relation between the spatial coordinate system, in this case
spherical coordinate system, and the directional coordinate system, which is always
spherical coordinate system see Fig. 2.1. The reference axis of symmetry is chosen to
be aligned with the z axis and corresponds to the transport direction n(0).
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3

FIGURE 2.1: Graphical interpretation of the orthonormal curvilinear ba-
sis of spherical coordinates system [66].

It is worth mentioning that the origin of the derivative with respect to ¢ in (2.173)
is not obvious. The reader may refer to [2] for a better understanding.

The 2D Axis Symmetric Geometry Transfer Equation

In cylindrical coordinates the position vector is defined as x = (r, 6, z), where the co-
ordinate axis vectors change according to the position dependence on (f), i.e. system
is curvilinear. The axis symmetric geometry implies a reduced dependence of the spe-
cific intensity I(x(r, z),t,n(¢,0),v), and the resulting form of the axis symmetric transfer

equation reads [2]

1o + sin(¢) (COS(H)

3 ) os(¢p)— =j"+0o"1 — (K +0") 1, (2.175)

0z

oI  sin() 01 oI
c ot

which represents a 6D problem, i.e. the solution of (2.175) depends on ¢, 7, 2, ¢, § and v.
The integration over all solid angles of photon directions applied to (2.175) leads to
the zero-order moment equation [2]

Ocp 19 (ray)

aqu 2w 7r' B )
—= = v I — (kY "VIs dopdé 2.17
oh o ) S [T [T T (o) Tein(o)deds . (2170

where the definitions of monochromatic radiation energy density €” (2.165) and monochro-
matic radiation energy flux q” (2.166) were used.

In order to clarify the relation between the spatial coordinate system, in this case
cylindrical coordinate system, and the directional coordinate system, which is always
spherical coordinate system see Fig. 2.1. The reference plane of the cylindrical sym-
metry is chosen to be given by the x and z axes, which correspond to the transport
directions n(7/2,0) and n(0, 0) (see Fig. 2.2).

It is worth mentioning that the origin of the derivative with respect to ¢ in (2.175) is
not obvious. The reader may refer to [2] for a better understanding.
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FIGURE 2.2: Graphical interpretation of the orthonormal curvilinear ba-
sis of cylindrical coordinates system [67].

Monochromatic Radiation Energy and Momentum Equations

We have already shown the zero-order moment of the transfer equation for different
geometries, i.e. the slab geometry (2.171), spherically symmetric geometry (2.173), and
axis symmetric geometry (2.175). Independent of the coordinate system used, the zero-
order moment of the latter mentioned transfer equations (2.172, 2.174, 2.176) lead to
the energy equation of the radiation field

Oelp
Ot

—|—V-q7%:/ 740" T — (K +0¥) Idw, (2.177)
A

where V- refers to the divergence operator defined with respect to the coordinate sys-
tem and the monochromatic radiation energy density ¢}, and monochromatic radiation
energy flux q, were defined in(2.165) and (2.166), respectively.

The first-order moment, in particular the % moment, leads to the momentum equation
of the radiation field

1 0dp
2 ot

+V-P”:/ E(j”+a”f—(k”+a”)[)dw. (2.178)
47 C

where the monochromatic radiation pressure tensor P% was defined in (2.167).

It is worth mentioning that right hand sides of (2.177) and (2.178) are nothing else
than energy and momentum exchange due to collisions with plasma, more precisely
with electron specie of plasma. Thus, we write

g = - / 3+ 0" T — (K + o¥)[dw ~ kK’ cé¥ — drj" (2.179)
47

_ kV v
g = _/ D7+ o T— (k + o)) dw ~ T g (2.180)
4

x C &
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where g}, is the energy exchange term between plasma electrons and radiation field
photons at the frequency v, and g% is the momentum exchange term between plasma
electrons and radiation field photons at the frequency v. The right most terms of (2.179)
and (2.180) arise when the emission coefficient 5, scattering coefficient ¢*, and opacity
coefficient k¥ are approximated as being isotropic.

In the end, we write the monochromatic radiation equations

8 v

;fj YV g = At — ke, (2.181)
1 0dp kY + "
1 P — _ v 2182
C2 at + \4 R c qR ( 8 )

where the isotropic approximation of j*,¢” and k* in (2.177, 2.178) applies.

2.4.3 Equations of Radiation Hydrodynamics

In section 2.2.5, the two temperature single-fluid hydrodynamic model in Lagrangian
frame is defined. Even though we described the continuum equations to be used for
the fluid model of plasma in a very detail, such a model of laser-heated plasmas is still
missing a very important physical phenomenon the plasma-radiation coupling.

A straightforward way to include such a coupling is to treat the radiation field
(photons) as another specie and apply the collisional terms according to (2.179) and
(2.180). This leads to the plasma fluid model extended by the radiation coupling

dp

= TPVxr W, 2.1
at PVx -1 (2.183)
du
g = Vx@itpe) + Vi (0i+0e) +gR, (2.184)
85@' de aéidp ~
= TPy qr Pivxs it Vxu = Vx - d;i + Gife , 2.1
Por, dt Popar  PiVx utoi Viu—Ve-ait gy (2.185)
Oé. dT, . dp ' i
paTe dt - pap dt pevx u+Ue .qu vX Qe gl‘e—{—gR u-gpr.

(2.186)

where the coupling terms gr and gr must be integrated over the entire spectra of fre-
quency

gr = / k' cep — 4Amj dv, (2.187)
0

o0 ]’CV 7
gr = / ro qrdv, (2.188)
0

C

i.e. collisions with photons at any frequency has to be included.

Another way is to substitute the energy exchange term gr = — % —V-qrin (2.186)
following equations (2.177, 2.179, 2.187), where we define the radiation energy density eg
and the radiation flux qr as

€ER = / epdr, (2.189)
0

qr = / qrdv, (2.190)
0
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where the contribution from any frequency adds to the radiation field quantities.

We will refer to the following model as the equations of radiation hydrodynamics,
which describes two temperature single-fluid model including the inherent plasma-
radiation coupling. The model comprises the following equations

dp

a P 2.191

dt PV, (2.191)
du

pg = “Vitp)+V-(oito)+er, (2.192)

85@' de o aéi d,O ) ~
Pariar ~ Papar MY uToiiVusVeditgie, (2.193)
aée dTe dER i 856 dp ‘ )
Por.at T ar T~ F dp dt —peV-uto.:Vu—V-(ge+dgr) — Jije — U8R,

(2.194)

where equation (2.194) can be seen as the equation of "total energy" of electrons and
radiation, which treats the evolution of electron temperature 7, and radiation energy
density er inherently.

In order to solve the radiation hydrodynamic model (2.191-2.194), the radiation hy-
drodynamics closure

0¢; 0. 0&; 0é. _
ClRadHydro = a—T,ia G—TQ’ 6_,0’ a—p,Pz‘,Pe,Uz',Ue,Qi,Qeagi\e,GR,QR,gR ) (2.195)

has to be provided, which is an extension of the two temperature single-fluid hydro-
dynamic closure (2.94) by the radiation field quantities radiation energy er (2.189), ra-
diation flux qr (2.190), and radiation-plasma momentum exchange term gr (2.188).
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2.5 Radiation Transport Models

In principle, there is two different approaches to model the radiation transport used
in the literature. First one is the approach based on the moments of the fundamental
radiation transfer equation (2.170). In general, just the first two moments equations
(2.181, 2.182) are considered, and form a widely used model using emissivity j, opacity
k, and scattering coefficient o as plasma parameters. Also higher moments could be
applied, but the first two are widely used and considered to be sufficient [68]. Second
one is the approach based on a direct solution of the radiation transfer equation (2.170),
which is the one we apply in our nonlocal transport hydrodynamic model. The ad-
vantage of the latter approach is its first principle equation background, however, its
solution addresses a 7D full phase space problem. This is not the case of the former
approach, which relies only on time and spatial coordinates.

Anyway, both models have to obey the diffusion asymptotic with respect to the elec-
tron temperature, which is in a greater detail described in Appendix A .4.

2.5.1 Spherical Harmonics Approximations

As we have mentioned already before, the first two moments equations (2.181, 2.182)
are widely used to model radiation transport. In these, %, and q'; are the unknowns,
i.e. radiation energy density, and radiation flux, respectively. In principle, there is
one more unknown, and that is the radiation pressure tensor P%, which is defined in
(2.167). The way P, is treated addresses the following radiation transport models.

The Radiation Diffusion Approximation

First, we describe by far the most used radiation transport model nowadays. It consists
in approximating the specific radiation intensity by the zero and first order term of
Legendre polynomials, i.e.

I=Iy+pl, (2.196)

where 11 = cos(¢) refers to the projection of transport direction n(¢) into z axis, which
represents the axis of symmetry.

In the case of the approximate specific radiation intensity (2.196), the comparison
of the radiation energy (2.165) and the radiation pressure tensor (2.167) gives a very
important relation

v = 5157?, (2.197)

where I is a unit matrix. The relation (2.197) is very often called P; closure.
If we take the stationary form of radiation momentum equation (2.182) and we
apply (2.197), we obtain the following approximation of the radiation flux

Ve. (2.198)

Finally, the radiation diffusion model reads

Oelp c 1
\VAR v 4 -V 1 v )
it <3]{; VC€R> = 47m) -k C€R7 (2199)

which was obtained by inserting the radiation flux (2.198) in the radiation energy equa-
tion (2.181). Since we used the monochromatic equations (2.181, 2.182), the radiation
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diffusion equation (2.199) has to be adapted as

%—V-<E;Vg>—4 9 9 et (2.200)
ot 3kl +o . k)T T EP R '
where the index g refers to a wide group (interval) of frequencies. The opacities k%,
and k7, are the mean Planck and the mean Rosseland opacity. They differ in the their
weighting-over-frequencies model and the main distinction is that the mean Rosseland
opacity refers to the diffusive approach [6]. It is worth mentioning that the model
(2.200) inherently treats the transport velocity to be infinite in the optically thin limit
kr < 1 due to the negligence of the time derivative in the definition (2.198).

The P, approximation

In the previous section we defined the P1 closure (2.197). Its name is not a coincidence,
because the P1 model

B) g

SE1v.af = amj— kel (2.201)
10q% ¢
o T3VeR = —(kp+o%)ag, (2:202)

is obtained from the one group form of the radiation field equations (2.181, 2.182) by
directly applying the latter closure (2.197). On the first sight the radiation diffusion
model (2.200) and (2.201, 2.202) originate from the same approximation (2.197), how-
ever, the latter is less diffusive due to the exclusive use of the mean Planck opacity and
proper time derivative in (2.202). This treatment also keeps the propagation velocity to
be finite even in the optically thin limit kp < 1.

Nevertheless the P, approximation provides the propagation velocity c¢v/3/3 ~
0.577¢c rather than the correct value of ¢ [6] in this case.

The P,/; approximation

The problem of inaccurate propagation velocity in the optically thin limit was ad-
dressed in [68]. It was proposed a combination of one third of (2.202) and two thirds of
(2.198), thus giving the momentum equation

1 0q? c
10qh e

3o Bt 3V5§'% = —(k} + o)d%, (2.203)

which provides the appropriate propagation velocity ¢, and is called the P, 3 approx-
imation. The latter method has been analyzed in [69]. It was shown that both P, and
Py /3 are first order methods in the optically thick limit [70].

The Variable Eddington Factor Method

All the models above are based on the specific radiation intensity approximation (2.196),
which inherently indicates an insufficient treatment of highly anisotropic radiation
transport. Solution of such an inconsistency can be addressed by modifying the clo-
sure relation (2.197) as

PY =1f9%ceY,, (2.204)
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where the coefficient f is called Variable Eddington Factor approximation (VEF). Ac-
cording to proposed models [61, 71] f9 spans the interval (1/3, 1), which corresponds to
the low anisotropy models (2.200-2.203) and to the free streaming wave limit at the ex-
tremes of the interval, respectively. Unfortunately, an important class of states where
f9 < 1/3 are inherently excluded. In order to recover these states the value of f9 can
be obtained by solving the radiation transport equation (2.170), which keeps the neces-
sary information about radiation field anisotropy. However, once solved the equation
(2.170) we do not need to solve (2.200) neither (2.201-2.203).

2.5.2 The Nonlocal BGK Radiation Transport Model

The transfer equation (2.170) can be reformulated into the BGK form

101%
c ot

+n-VI =k (Is— L))+ oy (I, - 1)) , (2.205)

where the photon source at frequency v is given as j” = k; Is and the transfer operator

n - V refers to a general operator % n.
The angular mean of the specific intensity I, is defined as

TV 1 v
Iy (x,t) = e /47T I (x,t,n)dw. (2.206)

We define the total radiation intensity operator for a quantity g as

(9) = /O gdv, (2.207)

which brings up definition of the total radiation intensity

IP(X7 t? Il) - <I;l)/ (X7 t7 n)>l/ ’ (2208)
which can be interpreted as a one energy transport group specific intensity representing
the entire spectrum of photon energies, nevertheless, it keeps the information about
the angular distribution of photons.

The application of the (), operator to the BGK transfer equation (2.205) leads to

L0l oty = (W Tshs — (R2120) + (0w — VI2)) . (2:209)

c Ot

The BGK model requires a unique opacity and scattering coefficients. These are ex-
pressed based on the form of (2.209) as the following

R, (ks
k. = ~ 2.210
P Ty, Y U, (2.210)
5 — <UZIeV>1/ - <UZIS>V 2911
P, T 2210

where the right most terms express the radiation source function /g based approxima-
tions, which are, in general, easy to evaluate.
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Based on the form of (2.209) and definitions (2.210, 2.211) we write the BGK radia-
tion transport equation

101, _ )
za—tp +n-VI, =k, ((Is)y — 1) +6p (I, — Iy) , (2.212)

where the mean total radiation intensity is defined as
Ip(x,t) = (I} (x, 1))y - (2.213)

In order to address the plasma background, we define the source function I to be
the Planck photon energy distribution

2hv3 1
Tp(x,t,n,v) = == - , (2.214)
¢ exp ( kB’;R> -1
where for the Planck distribution holds
(Ig), = aTh, (2.215)

where a = Z, o being the Stefan-Boltzmann constant, 7r is the energetic radiation

temperature of the equilibrium distribution (2.214), which is under the condition of
local thermodynamic equilibrium equal to the electron plasma temperature, i.e. Tr =
T¢. Consequently, the gray-body BGK radiation transport equation in Eulerian frame reads

%% +n-VI, =k, (aT) — 1,) + 5, (I, — I,) . (2.216)

If weuse 14 =12 4 8y ~ 1.2 gince ¢ > |u| [65], we obtain the gray-body BGK

radiation transport equation in Lagrangian frame

1d7, - -
Ed—tp +n-VI, =k, (aT} —1,) + 5, (I, - L) , (2.217)
where the quantities T, k,, and &, are defined in the Lagrangian frame.
The BGK model requires a unique opacity and scattering coefficients. These are
expressed based on the form of (2.209) as the following

L kIn),

el mt (2.218)
o’Ip),
Gy ~ < <ZI’B§‘> . (2.219)

In the case of radiation, the transport velocity is always equal to the speed of light c.
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2.6 The Nonlocal Transport Hydrodynamic Model

The laser-heated plasma nonlocal transport hydrodynamic model describes two temperature
single-fluid model including laser-plasma coupling, radiation-plasma coupling, and
transported electrons-plasma coupling. The model comprises the following equations

dp

a - VW (2.220)
d
pd_ltl = —V@i+p)+p(E+uxB)+gr+gn, (2.221)
Og; dT; de; dp
b d = Papar PV utCie@-T), (2.222)
655 dTe dER o 856 dp | |
Por.a tar = Papar PV ou Volantar) - Gie(Te - T))

—u-(gr+8gn)+Qms, (2.223)

where (2.220) represents the conservation of the single-fluid mass, (2.221) are the single-
fluid momentum equations with the contributions of radiation and transported elec-
trons momentum exchange gr and gy, respectively, (2.222) is the energy equation of
ions comprising the ion-electron exchange term based on G, and equation (2.223)
can be seen as the energy equation of electrons and radiation, comprising the electron
specie (bounded plus free transported electrons) and the radiation field while the radi-
ation and electron transport effect is coupled in an inherent way. Here we use the elec-
tron heat flux notation qy. The term Qg stands for the laser-plasma coupling due to
inverse-bremsstrahlung mechanism. The appearance of the electromagnetic force in
equation (2.221) suggests that the single-fluid need not to be quasi-neutral, neverthe-
less the charge density will always tend to be small p? ~ 0.

In order to solve the radiation hydrodynamic model (2.220, 2.221, 2.222, 2.223),
the nonlocal transport hydrodynamic closure

Og; Oe. Ogi Oe. > , (2.224)

ClNonlocalHydro = <6—T’ 8?7 a_pa a—/)’piapm Giea €R, 4R, 8R,4H,8H
(2 e

has to be provided, which is an extension of the two temperature single-fluid hydro-
dynamic closure (2.94) completed by the radiation energy density er radiation flux
qr radiation-plasma momentum exchange term gr , electron heat flux qg, and trans-
ported electrons-plasma momentum exchange term gg.

We would like to stress that our proposed two temperature single-fluid nonlocal
transport hydrodynamic model can be distinguished by several properties. Firstly,
a special treatment of the specific internal energy of ions and electrons is applied, since
we track separately the time evolution of its density and temperature dependent parts

as
de 0edT Oedp

a—g—Ta—Fa—pa, (2.225)
for both ions and electrons. This approach allows a better insight into the processes of
entropy production during the evolution of plasmas. Secondly, not like the local dif-
fusion treatment of the electron heat flux qy [10] with a flux limiter [72] widely used
in the majority of hydro codes, as in [73, 74], we directly implement a kinetic solu-
tion of the electron transport, naturally nonlocal, which defines the heat flux. Further-

more, the electron temperature 7, refers to bound electrons, while the free transported
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electrons can possess a different temperature. However, these temperatures naturally
equilibrate when the electron mean free path is sufficiently short and plasma achieves
a local thermal equilibrium. This effect of localization can be seen in the asymptotic
approximation (A.29), where I, e(o) is the dominant isotropic term representing thermal
equilibrium. An overall description of the nonlocal electron transport model is pre-
sented in the next section.

In what follows, we provide a general formula of each closure term of (2.224).
The equation of state related properties are defined as
~T ( 0 <8fi> ) . (2.226)
dp
p

aei__T @ 9= _ (9fi
or; '\ oT? p’ op  \dp

Oze O fe Oge Bfe Bfe
or. e (aTg >p’ op ( . @227)
p
8fz> 2 (afe>
= Pe = , 2.228
=p < ap By . ( )

where fi(p,T;) and fe(p,T.) are Helmholtz free energies for both ions and electrons.
The f; and f. functions are provided by the equation of state libraries, QEOS [75, 76],
BADGER [77], and SESAME [78, 79, 80]. The energy exchange closure is defined as
Gie = p%—% Vie, Where v, is the ion-electron collision frequency [3].

Terms related to the radiation transport are defined as

1

€ER = —/ I,dw, (2.229)
C Jan

qr = /n[pdw, (2.230)
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];: —

on — PJCFJP / nl, dw (2.231)

4

where c is speed of light, Ep mean Planck opacity, 7, scattering coefficient and I, is
the one energy group radiation intensity, which is a fundamental quantity to describe
the radiation transport.

Terms related to the electron transport are defined as

ag = / nl. dw, (2.232)
4
126 ~€

gn = Jfa / nl. dw (2.233)
|V| 41

where k. is the inverse of electron mean free path, &, scattering coefficient, | V| the mean
transport velocity, and I. is the one energy group electron intensity, which is a funda-
mental quantity to describe the electron transport.
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element a r S
Be? 0.2 | 1.284 | -2.83
C6 1.35 | 1.063 | -2.38
o8 221 | 1.023 | -1.8

All3 342 | 148 | -241
Ti%? 85.84 | 1.44 | -2.08
Fe?6 | 8997 | 1.38 | -2.13
Cu® |100.8 | 1.35 | -2.12
Mo*? | 3159 | 1.31 | -1.56
Sn°0 | 3286 | 1.23 | -1.59
Ba®® | 324.0 | 124 | -1.64
Au™ | 6660 | 1.16 | -1.23

TABLE 2.1: The scaling law for the mean opacity as a function of density
and temperature powers k,[1/cm] = aT*[keV]p"[g/cm?] for different
materials.

2.6.1 The Nonlocal Radiation Transport Closure

In section 2.5.2 we have defined the BGK radiation transport model in Lagrangian
frame (2.217), which is an appropriate model for radiation transport related to the hy-
drodynamics equations (2.220-2.223) and reads

%% +n-VI, =k, (aT} —1,) + 5, (I, - L) , (2.234)
where Ep and o, are the mean Planck opacity and the mean scattering coefficients,
respectively.

The mean opacity (2.218) and the mean scattering coefficients (2.219) can be evalu-
ated with respect to density p and temperature 7T'. The evaluation is based on collision
radiative (CR) atomic codes calculations [7].

In the case of hydrodynamic model description of plasma, a quantitative scaling
law for the mean opacities as a function of density and temperature powers represents
an appropriate alternative to a detailed spectral description. Such a scaling law for
the mean opacities of different materials can be found in Table 2.1 [81].

2.6.2 The Nonlocal Electron Transport Closure

In section 2.3.3 we defined the BGK radiation transport model in Lagrangian frame
(2.145), which is an appropriate model for electron transport related to the hydrody-
namics equations (2.220-2.223) and reads

1 dI. e dZ 3
_— VI, = -E )T ——kpT,
L Ve (k:BTen e T Iigy gr B e
3
~ n \/5/{;5 3 B _
+ ke W—g \/m_f T2 — I, | + 0. (Ie — Ie) , (2.235)
where |V|. = 2.13v7, is the uniform electron transport velocity, ke = ﬁ = ;\i = ﬁ

the inverse to the uniform electron mean free path, where A7, is the mean free path of
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electron moving with thermal velocity v7,, and 6. = % the uniform scattering coef-
ficient of electrons. The uniform property means a unique value to be used for entire
energy spectra and all these quantities are described in section 2.3.3. E is the electric
field intensity and I is the angular mean value of electron intensity.

The nonlocal BGK electron transport model describes the processes of generation,
transport, and collisions (thermalization and isotropization) of transported electrons.
Every particular process can be related to a specific term of (2.235), i.e. transport (ad-
vection) of electrons is governed by the term

1 dI,
— = 4n.VIL, 2.2
Sia TR v (2.236)

the process of generation resides in the source/sink of electrons due to ionization/recombination
dz 3

ni—2 2

“dt 8

scattering (the idostropization part of collisions) is described by a simple collision op-
erator

kg T, (2.237)

Ge (I — I.) , (2.238)

thermalization comprises two parts: absorption, which takes a linear form

—kel. (2.239)

and its inverse, the reemission of thermal electrons, given as

3
- e V2KE ) 8
Fe | 2o V2ki T2 (2.240)
T2 me
and last but not least is the acceleration term
b . E)I. (2.241)
kT,

In principle, term 2.241 is more effective on slower electrons due to its inverse depen-
dence on T¢, thus it acts a source of return current electrons in the case of multi-group
approach.

The relevant two-temperature equation of state library resides in the model which
assumes that there are one ion population and two electron populations: a free (trans-
ported) electrons and electrons still bound to the parent nucleus. In general, the free
electrons can have a different temperature than the bound electrons, nevertheless, these
temperatures equilibrate due to electron-ion collisions. Such a model includes charge
screening and Coulomb interactions between free electrons, bound electrons and ions.
We prefer that ﬁ dée is explicitly set to zero in (2.235) and the corresponding change of

free electrons energy is included in the term

de.  Oe. dT. i Oce @
dt 90T, dt = 0p dt’

(2.242)

of (2.223), where €. comprises free electrons and bound electrons energy parts, i.e. . =

gfree 4 gbound - This treatment is especially important in the case of dense plasma in

order to not under-predict the electron energy and pressure [82].



46 Chapter 2. Physics

The electron transport model (2.235) captures the key features of nonlocal electron
transport, while obeying the diffusion asymptotic given by SH model with an accept-
able error as has been stated in section 2.3.3 and as is described in more detail in Ap-
pendix A 4.

2.6.3 Maxwell Equations for Nonlocal Transport Hydrodynamics

So far we have not touched the problem of the Maxwell’s equations role in the nonlo-
cal transport hydrodynamic model. A simple approximation of a electrostatic electric
field intensity has been introduced in section 2.6.2. Nevertheless, we aim to include
also the magnetic field effect, which brings more physics into our laser-heated plasma
model.

Asin [83] we assume the charge density p? to be distributed over three-dimensional
domain 2 with a surface boundary I' and an outwardly directed surface normal direc-
tion n. The domain (2 is filled with a multi-material specified at any position x by
the values of the electromagnetic material properties o, € and p, the electrical conduc-
tivity, the electric permittivity and the magnetic permeability, respectively.

The Maxwell’s equations in terms of the electric field intensity E and the magnetic
flux density B consist of Maxwell-Ampere’s and Maxwell-Faraday’s laws

OE __ 1 oB _
eﬁ—VXﬁB—UE, W——VXE,

and of Maxwell-Gauss’s and Maxwell-Thomson’s laws
V-eE=p?, V-B=0,

where we used Ohm’s law j = ¢E in the Maxwell-Ampere equation.
We impose the good conductor approximation condition

OE
i E 2.24
e5; <OE, (2.243)

thus neglecting the effect of the displacement current. Such a simplification leads to

the diffusion description
B 1 1
9B _ -V x=Vx-B, (2.244)
ot o 1
of electromagnetic field, rather than the electromagnetic waves description.

The electric field intensity E can be expressed in its potential form

0A - ~
E=-V¢— e E"" + EMd (2.245)
where E”” = —V¢ is the irrotational component of E and End = —%—‘? is the induced

eddy current component of E due to a time varying magnetic vector potential A.
We enforce the gauge condition

V-eA=0, (2.246)
which is equivalent to the condition

V.-eE™ =0. (2.247)
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Based on (2.243), (2.245), and (2.247), the Maxwell’s equations for nonlocal transport
hydrodynamics in Eulerian frame take the following form

V-eVe = p?, (2.248)
; 1
cEM = VxZB+oVog, (2.249)
W
0B nd
— = - | DR 22
Y V x (2.250)
The solution E = —V¢ + E™? and B than contribute to the nonlocal electron transport

model (2.235) and to the hydrodynamic momentum equation (2.221).

Even though the induced fields E™? and B may be important in the laser-heated
plasma, the implementation of numerical methods to solve the system (2.248-2.250)
would be too computationally demanding. Also, one of the aims of the nonlocal trans-
port hydrodynamic model (2.220-2.223, 2.235, 2.234) is to address the deviation from
the quasi-neutrality of plasma due to the nonlocal transport. We propose to employ
the electrostatic description

V-eVo = pi, (2.251)
E = Vo, (2.252)

should be a sufficient approximation to model electromagnetic contribution to hydro-
dynamics. The quantity of charge density p? is governed by equation (2.158).
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Numerics

In this section we derive and discuss a finite element-based numerical approximation
scheme for the nonlocal BGK radiation and electron transport equations (2.234, 2.235)
and energy equations of ions and electrons (2.222, 2.223) in slab, spherically symmetric
and axis-symmetric geometries.

In general, we can call the model a transport coupled problem, where we need to
solve a kinetic like transport problem represented by the BGK transport equation and
its coupling to the energy equations, which are also solved.

In order to make clear how the nonlocal transport contributes to the laser-heated
plasma model presented in section 2.6, we need to rewrite equations (2.234-2.223). In
principle, the energy equations describe the evolution of the ion temperature 7; and
the electron temperature 7., where the radiation field represented by the intensity I,
and the transported electrons represented by the intensity /. contribute significantly
(if not, then the transport can be neglected). Since the radiation and electron transport
are modeled in the same manner, we will consider only one specie of particles in this
chapter. Thus, we can introduce the nonlocal transport coupled problem model

T;
ai% = Gi(T. —T;) + P, 3.1
dT, 1dr
Sre S 4n-Vidw = Gi(T;-T.)+ P :
aeg, +/4cht+n VIdw Gie(T; = Te) + P, (3:2)
1dr -
EEHI'W = m-S+5)Te+S—(k+n-Y)I+0l,(3.3)

where temperatures T;(t,x) and 7. (¢, x), and the intensity I(¢,n, x) are primary vari-
ables. Ion heat capacity a;, electron heat capacity a., ion-electron exchange rate Gj.,
external source of ion energy P; (hydrodynamic effect), external source of electron en-
ergy P, (hydrodynamic plus laser effect), transport velocity c of given particles, extinc-
tion coefficient k = k + o, anisotropic extinction coefficient T, scattering coefficient o,
anisotropic source part S and isotropic source parts S and S, are all functions of time
t and position x. The mean intensity I is defined as

=L [ rdw. (3.4)
47 A

The appropriate way to write the operation n-V 1 should be % ‘n which is the deriva-
tive of I with respect to the path length s along the ray direction n defined in section
2.4.1. In this form, the definition is correct for any coordinate system. However, we
will write the corresponding transport operator explicitly with respect to the coordi-
nate system used in the following text. The integral term on the right hand side of (3.2)

49
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then corresponds to the energy density change and energy flux divergence of the trans-
ported particles energy. These quantities are defined in (2.229, 2.230) in the case of ra-
diation and in (2.232) in the case of electrons, where we do not consider the electrons
energy change.

Our interest aims to Lagrangian numerical methods for the problem (3.1-3.3), where
the equations are discretized and solved on a generally unstructured computational
mesh that moves with the fluid velocity u. The Lagrangian definition of transport
equation (3.3) is a general form of radiation and electron transport equations (2.234,
2.235).

3.1 The Discontinuous Galerkin Bhatnagar-Gross—-Krook Trans-
port and Temperatures (DG-BGK&Ts) Scheme

The name discrete-ordinates or Sy is often used for short-characteristic methods used
to solve the problem of transport of particles. The pioneering work done by Pomraning
[84] brought this method to public at an early stage. The problems associated with
inaccuracy and negative solutions vanished through the use of the discontinuous finite
element method [85, 86]. The originally proposed strategy of obtaining the solution to
the transport equation (3.3) resided in sweeping the intensity / along a set of discrete
directions (ordinates). A further progress in acceleration of such sweeping methods
was presented in [87, 88]. The modern form of the discontinuous finite element method
is referred as the discontinuous Galerkin (DG) method [89, 90, 91], which offers a high-
order discretization and computational efficiency capabilities [92, 93, 94].

Our aim is to define a high-order finite element scheme, which provides a full
discretization of the problem (3.1-3.3) , i.e. a discretization, which treats time, direction,
and spatial dimensions. We define a multidimensional domain

Qenx = At X Qp x Oy, (3.5)

where At is the time domain (a reasonably short time interval), the angular domain
Oy = (AfO x A¢) spans over the all directions in spherical coordinates (see Fig. 2.1)
represented by Af = (0,27) and A¢ = (0,7), and Qy refers to a general continuous
spatial domain. A simpler domain which does not include angular dimensions is de-
fined as

Qi x = At x Q. (3.6)

In principle, we can observe that the transport equation’s (3.3) main contribution
to the electron temperature equation (3.2) is the divergence of vector flux of energy
(we assume that the energy exchange term is minor). Mathematical models describ-
ing the evolution of scalar quantity based on the divergence of a vector flux quantity
have been widely used in continuum mechanics. Actually, a new numerical approach
called mixed finite element method [95, 96] was born to provide an accurate and stable
solution of the latter model.
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We propose a similar strategy to solve the model of nonlocal transport coupled
problem (3.1-3.3) based on the Galerkin variational principle of a mixed problem

1drI _
/ \I’[Ea%—n-VI%—(n%—n-T)I—UI—((n-S+SA)Te+5b) d%nx = 0,
Qt,n,x

/S;t,x

Yo e L2, (3.7)

[1]

drT. 1drl
|:ae¥+/47rga—|—n-v1dw—Gle(le—Te)—Pe dan = 0,

/S;t,x

where the test functions ¥ belongs to the functional space L?, which lies on the com-
putational domain €2, ,, x defined in (3.5), the test functions = belongs to the functional
space L26, which lies on the computational domain 2 x defined in (3.6), and the test

VE € L7, , (3.8)

[1]2

- Gie(Te - T’z) - PZ th,x = 07

VE2e L2, (3.9

7

a7
T

functions ¥ belongs to the functional space LQZ,, which lies on the computational do-

main (2 x defined in (3.6). The mixed problem resides in that the test functions =, =
possess a different polynomial order and that ¥ not only possesses a different polyno-
mial order but also refers to a vector quantity due to its span over the directions.

At this point we should stress that the above variational principle applies to the en-
tire computational domain §); , which is spatially discretized by an, in general un-
structured, mesh and a subsequent time-level discretization in the time domain. What
follows is a one element discretization, which is finally applied in the DG-BGK&Ts
solver in order to obtain a computationally efficient solution of the problem (3.7-3.9).

The Discontinuous Galerkin BGK Transport Scheme

In order to find the unknown I which solves (3.3), we use the strong form discon-
tinuous Galerkin (DG) variational principle on a functional space L{, which lies on
the computational domain f,, , defined on one element of the computational mesh.
The spatial part of the latter domain possesses a Lipschitz continuous boundary I"' with
a normal vector nr.

The discontinuous Galerkin variational form reads

/ v F%%—n-v.f%—(m%—n-T)I—JI—((n-S+SA)Te+Sb) dQedO,dy
e C

= / / / U[(F — F*) -nr] dTdQ.dQ, V0 € L5, (3.10)
Q4 nJI

where, in accordance with the strong discontinuous Galerkin principle, we applied the
divergence theorem firstly to the term Un - VI, when the numerical flux appeared, and
secondly to the term —In - V¥, which results in the fluxes difference (F — F*) on the
right hand side of (3.10).

In our particular case, we use the natural flux of the form

F=nl, (3.11)
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and we choose the upwind numerical flux

—_ {n(e,@{ .
n(6,4)f, n(,

where nr is the outward normal to I'. The meaning of the numerical flux definition
(3.12) is that the outgoing flux is represented by the cell internal quantity I and the in-
coming flux is given by an external quantity I, which is provided by the adjacent cells.

A direct consequence of definitions (3.11) and (3.12) leads to the explicit form of
the right hand side of (3.10) to be

0

b) >
0 (3.12)

9)

n(f,¢) - np(x)
n(f,¢) - np(x)

RHS = /Q | / ,. /F . v [(I — Dn(b, ) - np(x)] drdQndQ, ¥ € L6, (3.13)

where I'y.n. <o means the part of boundary I' where the projection of the transport
direction n into the surface normal nr is less than zero, i.e. n - nr < 0.

The Systematic Discretization of /, 7., and 7T;

The finite element form of time, angular, and space (Lagrangian) discretization is based
on the discontinuous Galerkin high-order finite element method. The high-order finite
element method naturally resides on construction of robust discrete bases and conse-
quent matrices. Moreover, we aim to discretize the problem defined in multiple dimen-
sions which are, by definition, of different nature, i.e. time vs. angular discretization vs.
spatial discretization in the case of the unknown /. In order to keep the discretization
process clear, we adopt a systematic construction of the scheme while treating the dif-
ferent dimensions as separated as possible.
One of the properties of every finite element is its domain of definition. We define
a multidimensional element domain
Qe

t,n,x

= At x Qp x Q% (3.14)
where At and (2, are the same as in (3.5), and a simpler domain
O x = At x Qg , (3.15)

where ()5 is a finite spatial domain represented by one cell of the computational La-
grangian mesh. One can observe, that €25 is a local domain of each of the mesh cells,
while At and 2,, are global domains.

In order to define the discretization of unknowns I, T, and T;, we start with the low-
est order discretization represented by the constant basis (a column vector)

wt = [1]7, (3.16)

which possesses only one degree of freedom. This basis is not used to discretize any of
the unknowns, nevertheless, assists in many steps of the scheme construction.
The set of bases written as the column vectors

wi = [wo(t), wn, (W], wp = [w1(0), -, wn, ()], wy = [wi(), - w, (9)]" . (317)

represents discretization of the time dimension ¢, the angle dimension 6, and the angle
dimension ¢, where 6 and ¢ are angular components of spherical coordinates. The
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numbers Ny, Ny, and N4 determine the number of degrees of freedom corresponding
to dimensions ¢, 6, ¢. The main feature of the bases of (3.17) is that they depend only
on one variable, i.e. these are 1D bases.

In the case of spatial discretization, we use a set of three different bases, i.e. for in-
tensity /, electron temperature 7; and ion temperature 7;. These bases are represented
by the column vectors

Y= [wl (X)7 0 wNI (X)]T , €= [El (X)7 a3 §NTE (X)]T > g - [gl (X)7 a3 gNTi (X)]T . (3.18)

where x € Qf and N, N7, and Ny, are the numbers of degrees of freedom corre-
sponding to spatial discretization of each of the quantities I, T, and 7;. In the contrary
to (3.17), the bases of (3.18) depend on up to three variables, in general, noted 1, x2, z3.

The discretization of the unknowns I, T,, and T; of the system (3.7, 3.8, 3.9) are then
constructed in the manner to work on the domain ; ,, x (3.5) in the case of I and on the
domain €2; x (3.6) in the case of T, and T}, and are defined as

I(t,n(0,¢),x) = ¥ (t,n(0,¢),x)-I, T.(t,x) =ZT(t,x)-T., Ti(t,x)=27(t,x)-T;,

(3.19)
which defines the discrete representations I, T, and T;, and where the interpolation
bases are constructed as

‘P:wt®w9®w¢®wv E:wt®§7 é:wt®57 (320)

i.e. using the elementary basis of (3.17, 3.18) and ® is the tensor product. Based on
the finite bases (3.20), we can define the discrete forms of the functional spaces used in
(3.7-3.9) , i.e. LG (¥) which comprises the solutions I, L%, (£) which comprises the so-
lutions T, and L7, () which comprises the solutions T;.

The definition (3.20) determines the number of degree of freedom of each of the un-
knowns, i.e. the discrete representation I possesses N 1= (N¢+1)-Ng- Ny - Ny degrees
of freedom, the discrete representation T, possesses Nz, = (N; + 1) - N7, degrees of
freedom, and the discrete representation T; possesses ]\NTTZ, = (Nt + 1) - Ng, degrees of
freedom.

It is worth noting, that the basis w; in (3.17) is indexed from zero, referring to
the zero time level (the initial condition). Consequently, the discrete unknown I con-
sists of the first Ny- Ny- N components referring to the initial time of At and of the "real"
unknown N; - Ny - Ny - Ny components. We define them as

1 = [, Ingngn )T (3.21)
' = [INyNy N1 o LN 1) Mg ] (3.22)

Since we use the same time discretization for the discrete unknowns T, and T;, we
also define the initial condition part and the "real" unknown part as

Tg = [Tel 5 ey TeNTe ]T 9 (323)
1 T
T = (Lo, vn o Tenyinng, ) (3.24)

of the discrete unknown T, and the same parts of the discrete unknown T are

) = [Ty, Ty, 1", (3.25)

17 (3.26)

1909

T = [T

(Ng+1)7 " E(Nt‘H)'NTi
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The definitions (3.21-3.26) allow us to write the explicit form of the discrete represen-
tations of our problem as

T T T T T T
=117, T.=[1, 7", T,=1Y 1. (3.27)

As can be seen in (3.20), the process of construction of our discrete scheme might be
very challenging, since the number of dimensions goes up to six in case of the discrete
unknown I, ie. t 4+ 0 4+ ¢ + 21 + 22 + x3. In order to employ a systematic concept
of discretization of a multi-dimensional problem, we remind some tensor product ®
operations which apply to any two basis of (3.17-3.18).

The first example is the tensor product operation on the basis of the time discretiza-
tion w; and on the basis of the spatial discretization (of T.) £, which performs as

Wi ® & = [w1(£) €1(%), oy w1 () Envg, (%), s i, (8) €1(%), oy 0, (8) €y, ()T, (3.28)

an results in a N; - N7, column vector.

The second example is the tensor product operation on the transpose to the basis of
the time discretization w] and on the transpose to the basis of the spatial discretization
(of T,) ¢T, which performs as

w? ® ET - [wl (t) &1 (X)v - W1 (t) §NT5 (X)v - Wy (t) &1 (X)v -~ Wy (t) §NT5 (X)] > (3.29)

and results in a IV; - N7, row vector.

The third example is the tensor product operation on the time basis and its trans-
pose w; and w] giving The third example is the tensor product operation on the basis
of the time discretization w; and on the transpose to the basis of the time discretization
w? , which performs as

w1 (t) w1 (t) .. w1 (t) WN, (t)
w @ wi = : : , (3.30)
wn, (B wi(t) .. wn,(t) wn, (1)

and the result is a N; x N; matrix.

The use of the operations (3.28-3.30) prove to be extremely useful in the construc-
tion of our DG-BGK&Ts scheme. In particular, the product of ¥ and ¥ bases gives
a N[ X N[ matrix

VU = (wow) e (wew)® (wyRw)) @ (veyp), (3.31)

which can be written as a product of matrices corresponding to separate dimensions.
A similar result holds for the product of ¥ and =T bases, which gives

‘I’®ET:(wt®wf)®(w9®w¢)®(1/1®§T) , (3.32)

a Nj x NTE matrix, and the product of = and P71 bases, which gives
E0¥’ = (wou)e (W o)) e (Eoy’) = (T, (3.33)
a N1, x Ny matrix and it is the transpose to (3.32). The product of = and E” bases gives

EQRET = (wow ) (¢, (3.34)
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a Nz, x Ny, matrix. The product of = and E” bases gives

[l

@8 = (wew) e (), (3.35)
a N7, x N7, matrix. Finally, the product of Z and = bases gives
Eeal = (wt®wf)®<§®§T> , (3.36)

a NTe X NTZ. matrix, which is the transpose to the product of = and E7 bases, i.e.

[11:

9" = (wow!)® (é ® gT) . (3.37)

The advantage of the property of separation of problem dimensions represented
in (3.31-3.37) resides not only in its simple formulation on the paper, however, more
importantly, it allows us to discretize the problem treating the dimensions ¢, 8, ¢, and
x in a separate way.

In general, we aim to discretize the slab, the spherically symmetric, and the ax-
isymmetric geometries. All of the discretizations of the unknowns I, T;, and 7; (3.19,
3.20) use the same discretization basis w; for the time dimension ¢. Even more, it can
be seen that the discretization of the angular dimensions 6 and ¢ is also independent
of the spatial dimensions x. Being so, we define the very complete part of the finite
element discretization process related to time and angular dimensions first, and then
we show how to treat each of spatial geometries in a separate section.

The Discretization of ¢, #, and ¢ Dimensions

In this section we show finite element matrices related to time ¢, angle 6 , and angle ¢
dimensions. Even though it is a little beforehand, since we have not defined the discrete
forms of the variational problem (3.7-3.9), the following set of matrices will prove to
be useful in later sections.

The finite element matrix is constructed by using a test function space basis and
a trial basis. In general, every such matrix will be denoted as

Bl (3.38)

where B is the matrix name, [ is the discretized unknown and refers to the test basis,
g is a contributing unknown and refers to the trial basis, and x represent coordinate
system the test and trial bases are defined on (z; points to a specific variable of x). In
general, the most important label is the coordinate system and other labels are very
often omitted.

The set of needed matrices related to the time dimension is

d T
D, = / w @ 2t qy (3.39)
A dt
M, = / we @ wl dt, (3.40)
At

M) = / wy @ wol dt, (3.41)
At
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where D, refers to the distributional derivative with respect to time ¢, M, is the so-
called time mass matrix, and M} is the contracted time mass matrix.

The lowest order time discretization is called backward Euler method, which com-
prises the zero time level and the final time level unknowns. Its particular form of
the time matrices (3.39, 3.40, 3.41) read

1
N - 0 - 0 0 - 0
— At — 0
Dt_[ 0 ﬁ} , M, = [O J , M} = [J . (3.42)

The backward Euler method will be the cornerstone of our scheme in laser-heated plas-
mas simulation due to its stability.

As the time bases, the bases related to dimensions # and ¢ of (3.17) are used to
discretize the unknown I independently of the spatial discretization. We define a nec-
essary set of matrices to be used in the DG-BGK&Ts construction.

The set of matrices related to 6 dimension reads

M, = / wp @ wy db, (3.43)
0
M 50y = /0 wp @ wy cos(0)do, (3.44)
™ dwT
D, .o = / wy ® —2-sin(0) dé, (3.45)
(0) | wo @ g sinf)

where Mp is the 6 mass matrix, M) is the cosine 6 projection matrix, and Dy )
refers to the distributional derivative with respect to 6 projected by sine function. The con-
tracted versions of the latter matrices follow

My" = / W' @ wp do, (3.46)
0
MZOTS(G) = /w°®w9TCOS(9)d9, (3.47)
0
g dwT
T 0 o
Doy = /Ow°® T sin(6) d6 . (3.48)

The set of matrices related to ¢ dimension reads

M, = /0 ﬂw¢®w£ sin(¢) do, (3.49)
Muniyy = [ ol cos(o) sine) do. (350)
D = /0 ﬂ%@d:f sin(¢) do, (3.51)
My = | womulsin@)sin(e)do. (352)

where My is the ¢ mass matrix, M) is the cosine ¢ projection matrix, Mg, (4) is
the sine ¢ projection matrix, and Dy;,4) refers to the distributional derivative with
respect to ¢ projected by sine function. The contracted versions of the latter matrices
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follow
M;T = /Ow°®w¢ sin(¢) do, (3.53)
Mgg;( 5 = /0 w® @ wy cos() sin(¢) de, (3.54)
D(s)ii(@ = /OW°® Sm(@)dsb, (3.55)
1Y @ = /0 w® @ wj sin(¢) sin(¢) de (3.56)

In (3.43-3.48) we integrate over § € (0,7) instead of the entire azimuthal range
(0, 27), since we expect a symmetry of I such that

I(t,0,6,%) = I(t,27 — 0,6,%), (3.57)

which is the case of the slab, the spherically symmetric, and the axis symmetric geome-
tries. Let the discrete form of the mean intensity (3.4) owing the symmetry (3.57) be
a relevant example

21
I = / )sin(¢)d¢dl =

- ( / / ) sin(¢)dpdd — / / (21— 0 ¢)sm(¢)d¢d9>

- / / wl ®wy @wy @17 sin(¢)deds - T = [th ® %MgT My ® wT] I
0 0
(3.58)

where we used (3.19). The right most term of (3.58) will serve as a basis to the construc-
tion of an energy conservative form of the discrete scattering operator.

3.1.1 The 1D Slab DG-BGK&Ts Scheme

The slab geometry provides a simple function dependence on one coordinate. We
choose to work in the z axis of the Cartesian coordinate system in space and in spherical
coordinate system of transport directions, where the reference axis is given by the latter
z axis (see Fig. 2.1).

In what follows, we show the strategy of one element partial discretization of the equa-
tions of transport (3.7), electron temperature (3.8), and ion temperature (3.9) in subse-
quent sections. Either I, T,, and T; unknown functions are piecewise continuous in
space and continuous in time polynomials. The unknown I is continuous in directions.

The last section explains the method of solution on the entire computational domain
which is the critical point of computational efficiency.

The 1D Slab Geometry DG-BGK Transport Scheme

In the Cartesian coordinates the position vector is defined as x = (z, y, z), where the co-
ordinate axis vectors are constant (non-curvilinear). The slab geometry implies a re-
duced dependence of the specific intensity I(¢,n(¢),x(z)), and the resulting form of
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the slab transfer equation reads

1dr7

pn + cos(qb)g = (cos(¢)S, + Sa) To + Sy — (k + cos(¢)Y,) [ + ol , (3.59)

0z

which represents a 3D problem, i.e. the solution I of (3.59) depends on ¢, ¢ and z. All
the coefficients

¢ R, TZ)O-) SZaSAaSba (360)

depend, in general, on time ¢ and position z.

The discrete form of the discontinuous Galerkin variation principle (3.10, 3.13) in
the case of the 1D slab geometry uses the discretization of I and 7. (3.19) where the bases
¥ and E of (3.20) are defined on the spatial domain using the coordinate system x =
x(z), in particular, the bases ) and £ of (3.18) depend on z.

The discrete 1D slab geometry variational form of the discontinuous Galerkin BGK
transport equation (3.59) reads

2 pm 1d‘I’T ‘ E ‘ .
/At/o /0 /AZ‘I’® [(ET‘FCOE(QS) B + (k4 cos(¢9)Y,) ¥

_ % / o’ sin(qﬁ)dqﬁd&) T — ((cos(®)S: + Sa) =T .7, + S)

21 ™
L bk e
At 0 0 Fn.nF<0

where Az is the spatial domain of the element and where I'y,.n. <o means the part of
boundary I" where the projection of the transport direction n into the surface normal
nr is less than zero, i.e. n - np = cos(¢)nr, < 0.

If one uses the property (3.31), the right hand side of (3.61) can be written as

dz sin(¢)dododt =

(\IIT I-wT. i) cos(¢)nr, |dl', sin(¢p)dedOdt, (3.61)

M, @My @ T T- M, oM, (T 1)

where we used the ¢ and ¢ matrices (3.40, 3.43) and the remaining matrices are defined,
i.e. the internal DG matrix I'] as

r; = / i / (wp ®w)) ® (Y @ ¥T) (cos(¢)nr,)sin(¢) dl'de, (3.62)
0 r

n-np <0

and the external DG matrix ' trough the term
M; ® M, ® <f‘; -i)r = M; ® My®

Z [/OW /I‘“dj (qu ® wg;) ® (w ® 1@@) <COS(¢)andj) sin(¢) dfadjd(b] . Jadi . (3.63)

adj n-np<0

where adj refers to all adjacent cells, i.e. ['*¥ corresponds to the part of the boundary T

. _ N\T
shared with an adjacent cell, where the discretization is I = (wt ®wy Qwy ® wadj) -L.

In the same way as we constructed (3.63), we can apply the products ¥ @ ¥7 of
(3.31) and ¥ ® E7 of (3.32) wherever they appear in (3.61), which leads to the 1D slab
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geometry DG-BGK scheme formulation

1
"Dy ® My © My © ML+ M, © My M) @ DL

cos(9)

_%Mt@)(Mg@zMgT)®(M;®M;T)®Mg—Mt®M9®F; 1=

T +5,Mj ©Mg M, M

[SZM,@Mg@MgOS( o OMET +SA M @M M @ M ™

~ M, @M, ® (f; -i)r . (3.64)

where apart from the already defined ¢, §, and ¢ matrices (3.39-3.41, 3.43, 3.46, 3.49,
3.50, 3.53, 3.54), we define the spatial discretization matrices

M= [ e d, (3.65)
Az

. ()"

D, = AZ?/)(Z)@ 9, dz (3.66)

ML = U(z) ®E(2)" dz, (3.67)
Az

M.° = (z) @wd dz. (3.68)
Az

The main goal of the 1D slab geometry DG-BGK scheme (3.64) of the transport
equation (3.59) resides in finding the linear dependence of the unknown I on the un-
known T, [97, 98, 99, 100, 51, 50] as

I=A, T.+b,, (3.69)

which can be directly obtained from (3.64) after some straightforward algebraic oper-
ations. It is worth mentioning, that the adjacent cells discretization I is absorbed in
the b, vector.

As was stated before, we want to make use of the lowest order backward Euler time
discretization. The 1D slab geometry backward Euler DG-BGK scheme can be obtained by
using the backward Euler time matrices (3.42) in (3.64), thus giving

1

cAtM9®M¢®M§+M9®MmS(¢) @D, +rMy@ M, M+

T.My © Mgy © ML= (Mg @ oavy”) @ (Mg @MY ) @ ML~ My @ ;| -T! =

[SzMg @M ® MLIT + S, M @ MY @ Mz "

1 )
0 o(0) - T + SpMj @ M, ® M.L°

.. 1 0
—M9®<I‘Z -11>F+EM9®M¢®M;-I . (3.70)

where the discretization I has been divided into its explicit part 19 and its implicit part



60 Chapter 3. Numerics

I' according to (3.21) and (3.22), respectively. The scheme also uses only the implicit
part of the unknown T, i.e. T! defined in (3.24).
In the case of the backward Euler scheme (3.70), we can explicitly write

A, = L. [Mgos(¢) ® S,ML" + M @ SAMQ“] , (3.71)
_ . 1
b, = L. MY, @ S,M:° — (rz -11>F + EM¢ ® ML - 10] , (3.72)

which includes the inversion of the element matrix

1
L. = | M, ® =ML+ M) © DL, + M, @ sM.+

Mg @ T-ML = (Mg @ MY ) @ TML - T

cos(¢) (373)

Finally, we can write the backward Euler solution to (3.59) as a linear function of the un-
known T, [51, 50]
I'=A. T!+b,, (3.74)

where the linear coefficient A, and the constant vector b, are defined in (3.71) and
(3.72), respectively.

It was opted at the beginning of this section that all the coefficients of (3.60) depend,
in general, on time ¢ and position z. Nevertheless, when used in the schemes (3.64) and
(3.70), we need to put some restrictions on the form of the latter coefficients.

In the case of the backward Euler scheme (3.70) any time dependence of (3.60) can-
not be included by definition. The best option is to use their mean values over At.
However, the dependence on z can be enforced in the finite element matrices construc-
tion, e.g. the spatial dependence of the extinction coefficient x can be included as

ML= [ ¢(2) @9(2) k(2)dz,
Az

which appears in (3.73) and other coefficients of (3.60) can be treated in the exactly
same manner.

The approach to be used in the case of the scheme (3.64) is equivalent, while we
impose the condition of separable dependence on time and on space of coefficients
(3.60). We show an example of the extinction coefficient x, which needs to be written
as k(t, z) = g(t) f(z). Then, the inclusion of the latter dependence reads

/@Mt®M9®M¢®M§:/ wewlgt)dteM, oM, ® [ () ® ()T f(2)dz,
At Az

which can be directly used in (3.64). The treatment of other coefficients of (3.60) simply
follows the example above.

It is worth mentioning that the spatial discretization matrices (3.65-3.68) are inte-
grated over a 1D interval Az, which is a simple quadrature rule operation using a map-
ping based on the Az scaling. One can observe, that the boundary matrices I' (3.62)
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and f‘; (3.63) can also be written separated as

r; = Z / w¢®w¢ (cos(qb)nFF> sin( dgb@/ V(z) @ h(z)T drr,

F=4,—

r; = Z / w¢®w¢ (cos(¢)nFF> sin( d¢®/ Y(z) @ ¥ (2)TdrF

F=4,—

since neither of the normals nr, and npeq; depends on the position z. In the slab geom-
etry, the boundary I" consists of two parts I'" and I'", which represented by constant
vectors np+ = [0,0,np+ = )7 and np- = [0,0,np- = —1]T. In the definitions above,
the integration over the angle ¢ applies only where cos(¢)npr < 0. A special atten-
tion must be paid when evaluating the mass boundary [.r 1(z) ® YF (2)T dI'F since
the neighbor element basis 1" is used.

The 1D Slab Geometry DG-T. Electron Temperature Scheme

The slab geometry implies a reduced dependence of the electron temperature T¢ (¢, x(2)),
and the resulting form of the slab electron temperature equation reads

2m 1dr or1
ae ©+ G T, + / / <za + cos(¢) (9z> sin(¢)do¢dl = P, + G T; , (3.75)
which represents a 3D problem, i.e. the solution T of (3.75) depends on ¢, z and ¢ due
to I. All the coefficients

C, e, Gie, Pe ) (376)

depend, in general, on time ¢ and position z.

The discrete form of the discontinuous Galerkin variation principle (3.8) in the case
of the 1D slab geometry uses the discretization of T;, I, and 7; (3.19) where the bases
E, ¥, and E of (3.20) are defined on the spatial domain using the coordinate system
x = x(z), in particular, the bases ¢, ¢, and € of (3.18) depend on z.

The discrete 1D slab geometry variational form of the discontinuous Galerkin electron
temperature equation (3.75) reads

[ =] ) s
At J Az

oo (1det owTy =T
</0 /0 <E ar +c ((b)—@z > Sln(¢)d¢d9> I-P. —Gi.B - T;|dedt =0,

(3.77)

where Az is the spatial domain of the element. .
We can apply the products E @ ET of (3.34), E @ ¥ of (3.33), and E ®@ ET of
(3.36) wherever they appear in (3.77), which leads to the 1D slab geometry DG-T,. scheme
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formulation

[aeDt ® MZ + GieM; @ MZ | - T, — P.MY @ MZ° — GieM; @ MZ*" - T

+ DI/ | .1=0, (3.78)

1
-D, ® 2Mj @ My @ M + M, ® 2Mj @ MY, ) @

where apart from the already defined ¢, §, and ¢ matrices (3.39-3.41, 3.46, 3.53, 3.54) we
define the spatial discretization matrices

Mz = t@eldz, (3.79)
Az

M = [ geylde= ML (3.80)

T
DIy = £€® oy dz (3.81)
Az 82

M0 = A EQuwl dz, (3.82)

M = t@eldz. (3.83)
Az

Now, the linear function solution (3.69) can be justified. The latter has the form
I=A, T.+ b,, which when plugged in (3.78) provides the 1D slab geometry DG-T,
electron temperature scheme

[aeDt ® MZ* + GieM; © ME* | - T, — .M} @ MZ®° — GieM; @ MZ©" - Tyt

1
EDt ®2Mj @ My @ Mz"" + My @ 2Mg @ MY, ® D23 | - (A Te+b) =0,

(3.84)

which is apparently a problem of the unknown T, and the unknown T;. Nevertheless,
the former unknown I is implicitly coupled via the matrix A, and the vector b,.

As was stated before, we want to make use of the lowest order backward Euler
time discretization. The 1D slab geometry backward Euler DG-T. scheme can be obtained
by using the backward Euler time matrices (3.42) in (3.84), thus giving

[ﬁMZS + GieMZ | - T — PMI° — Gie M= - T} +

At
L, 1
Mo (M o0 M M 9D ) | (AT ) =
a 1
K;MZE - To +2Mj © MY, @ EM?’I 1Y, (3.85)

where each of the discretizations T, and I have been divided into its explicit part, i.e.
T2 and I°, respectively, and its implicit part, i.e. T} and I! respectively, according to
(3.23, 3.24) and (3.21, 3.22), respectively. The scheme also uses only the implicit part of
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the unknown T}, i.e. T} defined in (3.26). The matrix A, and the vector b, are defined
in (3.71) and (3.72).

It was opted at the beginning of this section that all the coefficients of (3.76) depend,
in general, on time ¢ and position z. Nevertheless, when used in the schemes (3.84) and
(3.85), we need to put some restrictions on the form of the latter coefficients.

In the case of the backward Euler scheme (3.85) any time dependence of (3.76) can-
not be included by definition. The best option is to use their mean values over At.
However, the dependence on z can be enforced in the finite element matrices construc-
tion, e.g. the spatial dependence of the heat capacity coefficient a. can be included as

aMz* = | €(z) @&(2) ac(2)dz,
Az

which appears in (3.85) and other coefficients of (3.76) can be treated in the exactly
same manner.

The approach to be used in the case of the scheme (3.84) is equivalent, while we im-
pose the condition of separable dependence on time and on space of coefficients (3.76).
We show an example of the heat capacity coefficient a., which needs to be written as
ac(t,z) = g(t) f(z). Then, the inclusion of the latter dependence reads

aeDt®M§€:/Atwt®({i—t dt®/ £(z) ®E&(2)" f(z)dz,

which can be directly used in (3.84). The treatment of other coefficients of (3.76) simply
follows the example above.

The 1D Slab Geometry DG-T; Electron Temperature Scheme

The slab geometry implies a reduced dependence of the ion temperature 7;(t, x(z)),
and the resulting form of the slab ion temperature equation reads

ai% + Gieﬂ = PZ + GieTe7 (386)
which represents a 2D problem, i.e. the solution 7; of (3.86) depends on ¢, z. All the co-

efficients
a;, Gie, Py, (3.87)

depend, in general, on time ¢ and position z.

The discrete form of the discontinuous Galerkin variation principle (3.9) in the case
of the 1D slab geometry uses the discretization of T}, and 7, (3.19) where the bases é,
and Z of (3.20) are defined on the spatial domain using the coordinate system x = x(z),
in particular, the bases ¢, and ¢ of (3.18) depend on z.

The discrete 1D slab geometry variational form of the discontinuous Galerkin ion tem-
perature equation (3.86) reads

//é@
At J Az

where Az is the spatial domain of the element.

dl—l
< T Gy B ) T; — P, — G.BT - T, |dzdt = 0, (3.88)
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We can apply the products 2 ® E7T of (3.35), and E @ ET of (3.37) wherever they
appear in (3.88), which leads to the 1D slab geometry DG-T; scheme formulation

a;Dy @ M2} + GieM; @ ML - Ty — GieM; @ M2V - T, = BMY @ M2, (3.89)

where apart from the already defined ¢ matrices (3.39-3.41), we define the spatial dis-
cretization matrices

Ml = A f2&ldz, (3.90)

M0 = A EQuwldz, (3.91)

Mz = el dy = MIem T (3.92)
Az

As was stated before, we want to make use of the lowest order backward Euler
time discretization. The 1D slab geometry backward Euler DG-T; scheme can be obtained
by using the backward Euler time matrices (3.42) in (3.89), thus giving

a; ) ) ) X a; .
Mz GieME! |- T = GieME™ - T = BMEY + EME - T, (3.93)

where the discretization T; has been divided into its explicit part T? and its implicit
part T} according to (3.25, 3.26). The scheme also uses only the implicit part of the un-
known T, i.e. T. defined in (3.24).

It was opted at the beginning of this section that all the coefficients of (3.87) depend,
in general, on time ¢ and position z. Nevertheless, when used in the schemes (3.89) and
(3.93), we need to put some restrictions on the form of the latter coefficients.

In the case of the backward Euler scheme (3.93) any time dependence of (3.87) can-
not be included by definition. The best option is to use their mean values over At.
However, the dependence on z can be enforced in the finite element matrices construc-
tion, e.g. the spatial dependence of the heat capacity coefficient a; can be included as

a;ML = £(2) @ E(2) ai(2)dz,
Az
which appears in (3.93) and other coefficients of (3.87) can be treated in the exactly
same manner.

The approach to be used in the case of the scheme (3.89) is equivalent, while we im-
pose the condition of separable dependence on time and on space of coefficients (3.87).
We show an example of the heat capacity coefficient a;, which needs to be written as
a;(t,z) = g(t) f(z). Then, the inclusion of the latter dependence reads

T
oDioM! = [ weShotdte [ { i ¢) 8,
t z

which can be directly used in (3.89). The treatment of other coefficients of (3.87) simply
follows the example above.
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3.1.2 The 1D Spherically Symmetric DG-BGK&Ts Scheme

The spherically symmetric geometry provides a simple function dependence on one
spatial coordinate. The change of spatial coordinate is referred to the z axis of the
Cartesian coordinate system in space and in spherical coordinate system of transport
directions, where the reference axis is given by the latter z axis (see Fig. 2.1).

In what follows, we show the strategy of one element partial discretization of the equa-
tions of transport (3.7), electron temperature (3.8), and ion temperature (3.9) in subse-
quent sections. Either I, T,, and 7; unknown functions are piecewise continuous in
space and continuous in time polynomials. The unknown I is continuous in directions.

The last section explains the method of solution on the entire computational domain
which is the critical point of computational efficiency.

The 1D Spherically Symmetric Geometry DG-BGK Transport Scheme

In spherical coordinates the position vector is defined as x = (r, ¢, ), where the coor-
dinate axis vectors change according to the position dependence on (¢, 6), i.e. system
is curvilinear. The spherically symmetric geometry implies a reduced dependence of
the specific intensity I(¢,n(¢), x(r)), and the resulting form of the spherically symmetric
transfer equation reads

1dr oI  si oI
TS + cos(¢p)—— sin(¢)

or , a_¢ = (cos(¢)S, + Sa) Te+Sp—(k + cos(¢)Y,) I+ol, (3.94)
which represents a 3D problem, i.e. the solution I of (3.94) depends on ¢, ¢ and r. All

the coefficients
C R, TT‘7U7 ST‘7SA75b7 (395)

depend, in general, on time ¢ and position .

The discrete form of the discontinuous Galerkin variation principle (3.10, 3.13) in
the case of the 1D slab geometry uses the discretization of I and T (3.19) where the bases
¥ and E of (3.20) are defined on the spatial domain using the coordinate system x =
x(r), in particular, the bases ¢ and £ of (3.18) depend on r.

The discrete 1D spherically symmetric geometry variational form of the discontinuous
Galerkin BGK transport equation (3.94) reads

. LawT 0wt sin(e) 0w ,
Lo | (2 o 2 - SO

g

- — [ wT sin(¢)d¢d9> I — ((cos(®)Sy + Sa) E - T + Sp)

gy rdrsin(¢)dedodt =

27 ™
L Lk, e
At JO 0 Tnnp<o

where Ar is the spatial domain of the element and where I';,.,,. <o means the part of
boundary I" where the projection of the transport direction n into the surface normal
nr is less than zero, i.e. n - np = cos(¢)nr, < 0.

Since the procedure of obtaining the discrete scheme representing the solution of
transport problem in the spherically symmetric geometry is rather tedious, we show
directly the backward Euler solution to (3.94) as a linear function of the unknown T,

(@T-I—@T-i> cos(¢)nr, | D, sin(o)dpdodt, (3.96)
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[51, 50]
I'=A, - T! +b,, (3.97)

where the linear coefficient A, and the constant vector b, are defined as

A, = L. [Mgos( ¢)®STM£’T€+M;®SAM£’T€], (3.98)
. 1
b, = L'.|M°®S,M. — <r—-1) M, @M -1 .

which includes the inversion of the element matrix

L = M@ L ome M) ® DE, = Dy @ ML, + My @ kM4

cAt

M

r

® T, M! — (M% ® M;T) ® %M,{ . r—] . (3.100)

cos(9)

The reader should refer to Appendix B.1.1 in order to see details about the construc-
tion of the scheme above.

The 1D Spherically Symmetric Geometry DG-T, Temperature Scheme

The spherically symmetric geometry implies a reduced dependence of the electron tem-
perature T¢(¢,x(r)), and the resulting form of the spherically symmetric electron tempera-
ture equation reads

dT 2m 1 dI ol sm(qﬁ) or\ . -
dr / / <C dt os(0), or r 5_¢> sin(¢)dgdo + GieTe = Pe + GieTi
(3.101)

which represents a 3D problem, i.e. the solution 7 of (3.101) depends on ¢, and ¢ due
to 1. All the coefficients

C7 a67 Gi@? P@ 9 (3'102)

depend, in general, on time ¢ and position .

The discrete form of the discontinuous Galerkin variation principle (3.8) in the case
of the 1D spherically symmetric geometry uses the discretization of T, I, and 7; (3.19)
where the bases =, ¥, and = of (3.20) are defined on the spatial domain using the co-
ordinate system x = x(r), in particular, the bases ¢, ¢, and ¢ of (3.18) depend on 7.

The discrete 1D spherically symmetric geometry variational form of the discontinuous
Galerkin electron temperature equation (3.101) reads

At ~/Ar =
21 1dweT owT sin(gb) owT ;
</o /o <5T Feos(0) 5 - s > 51ﬂ<¢>)d¢d9> 1

rdrdt =0, (3.103)

<ae + Gze'—' ) : Te+

_Pe_GieéT'Ti

where Ar is the spatial domain of the element.
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As in the case of the 1D slab geometry, we define the 1D spherically symmetric geom-
etry backward Euler DG-T, scheme

-Te — PM;*" = GieMy=™ - T+

a
[K‘ZM?& + GieMze

1 _
oAt cos(s) ((Ar Tt by) =

Qe

At

1 Te,I Te,I Te,I
2M3 ® (M% ® —MT‘ + MO ® DT‘,T‘ - D(S)ln((b) ® MT/T‘

M7 - TY + 2Mj @ MY, & iMZ&I 19, (3.104)
where each of the discretizations T, and I have been divided into its explicit part, i.e.
T and I°, respectively, and its implicit part, i.e. T! and I' respectively, according to
(3.23, 3.24) and (3.21, 3.22), respectively. The scheme also uses only the implicit part of
the unknown T}, i.e. TZ-1 defined in (3.26). The matrix A, and the vector b, are defined
in (3.98) and (3.99).

The reader should refer to Appendix B.1.2 in order to see details about the con-
struction of the scheme above, where the definition of time discretization is defined in
its general form.

The 1D Spherically Symmetric Geometry DG-T; Temperature Scheme

The spherically symmetric geometry implies a reduced dependence of the ion tem-
perature T;(¢,x(r)), and the resulting form of the spherically symmetric ion temperature
equation reads
dT;
aza
which represents a 2D problem, i.e. the solution 7; of (3.105) depends on ¢ and r. All
the coefficients

+ Gien = PZ + GieTe 5 (3105)

a;, Gie, Py (3.106)

depend, in general, on time ¢ and position r.

The discrete form of the discontinuous Galerkin variation principle (3.9) in the case
of the 1D spherically symmetric geometry uses the discretization of 7;, and 7¢ (3.19)
where the bases Z, and = of (3.20) are defined on the spatial domain using the coordi-
nate system x = x(r), in particular, the bases ¢, and ¢ of (3.18) depend on r.

The discrete 1D spherically symmetric geometry variational form of the discontinuous
Galerkin ion temperature equation (3.105) reads

//é@
At J Ar

where Ar is the spatial domain of the element.
The 1D spherically symmetric geometry backward Euler DG-T; scheme is defined as

dET
<ai—d -+ GieET> Ty — P — GiBT - T |rdrdt =0,  (3.107)

a; ) ) a;
_ZM;Z + GieMZ} Klt

At T} - G M T = PME 4

M, - TY, (3.108)
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where the discretization T; has been divided into its explicit part Ti0 and its implicit
part T} according to (3.25, 3.26). The scheme also uses only the implicit part of the un-
known T, i.e. T} defined in (3.24).

The reader should refer to Appendix B.1.3 in order to see details about the con-
struction of the scheme above, where the definition of time discretization is defined in
its general form.
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3.1.3 The 2D Axisymmetric DG-BGK&Ts Scheme

The axisymmetric geometry provides a functional dependence on two spatial coordi-
nates 7 and z. We choose to work in the xz plane of the Cartesian coordinate system
(see Fig. 2.2) in space and in spherical coordinate system of transport directions, where
the reference axis is given by the z axis (see Fig. 2.1).

In what follows, we show the strategy of one element partial discretization of the equa-
tions of transport (3.7), electron temperature (3.8), and ion temperature (3.9) in subse-
quent sections. Either I, T,, and 7; unknown functions are piecewise continuous in
space and continuous in time polynomials. The unknown I is continuous in directions.

The last section explains the method of solution on the entire computational domain
which is the critical point of computational efficiency.

The 2D Axisymmetric Geometry DG-BGK Transport Scheme

In cylindrical coordinates the position vector is defined as x = (r, 0, z), where the coor-
dinate axis vectors change according to the position dependence on (f), i.e. system is
curvilinear. The axisymmetric geometry implies a reduced dependence of the specific
intensity I(t,n(¢, ), x(r, z)), and the resulting form of the axisymmetric transfer equation
reads

0z
(sin(¢) cos(0)S, + cos(¢)S, + Sa) Te + Sy — (k + sin(¢) cos(0) Y, + cos()Y,) [ + ol ,
(3.109)

ol 0) 01 oI
e + sin(¢) <cos( )67’ smr( )%> + cos(¢)=— =

which represents a 5D problem, i.e. the solution I of (3.109) depends on ¢, ¢, 0 and r, z.
All the coefficients
e, k, 1, Y.,0,8:,5.,54, 5%, (3.110)

depend, in general, on time ¢ and position r, z.

The discrete form of the discontinuous Galerkin variation principle (3.10, 3.13) in
the case of the 2D axisymmetric geometry uses the discretization of / and 7. (3.19)
where the bases ¥ and = of (3.20) are defined on the spatial domain using the coor-
dinate system x = x(r, z), in particular, the bases ) and ¢ of (3.18) depend on r and
Z.

The discrete 2D axisymmetric geometry variational form of the discontinuous Galerkin
BGK transport equation (3.109) reads

/At /2”/ 0. ¢ <ld 4 +sin(¢) (cos(e)a‘I'T _ sin(0) 3‘1'T> + cos(@) ow”

c dt or r 00 0z
+ (K 4 sin(¢) cos(0) T, + cos(¢) Y, )®T — % / vt sin(¢)d¢d9> o |

— ((sin(¢) cos(0)S, + cos(¢)S, + Sa) ET - Te + Sp)

LA e

rdQ,., sin(¢)d¢dodt =

\IrT I-oT. i) (sin(¢) cos(f)nr, + cos(qﬁ)nrz)]

dT,. sin(¢)dedodt, (3.111)
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where (), is a general spatial domain of the element and I'y,.,. <o means the part of
boundary I';. (in general curvilinear) where the projection of the transport direction n
into the surface normal nr is less than zero, i.e. n-nr = sin(¢) cos(0)nr, +cos(¢)nr, < 0.
Since the procedure of obtaining the discrete scheme representing the solution of
transport problem in the spherically symmetric geometry is rather tedious, we show
directly the backward Euler solution to (3.109) as a linear function of the unknown T,

having the following form
I'=A,. T +b,., (3.112)

where the linear coefficient A,., and the constant vector b, are defined as

_ —1 1,Te I1,Te
A, = L?“z ’ Mcos( 0) ® Msm(qb) ® Sy My A MO ® MEOS( ®) ® 5:Mr 3
+Mj © MY, ® SAMy: T"] : (3.113)
) o 1
b, = L' |MjoM,®S5My - <Fm : Il)r t M@ My @My -Io|

(3.114)

which includes the inversion of the element matrix

L,. = M9®M¢®—M +M

N cos(
+ My @ Moy @ Do + My @ My @ kM7, + M g) @ Mg, ) @ T, M]_+

o) ® M ® D7+ = Dgingo) © Mgy (g) ® M,

Sln( ) rz/r

M, ® M

cos(¢)

® Y.ML, — <Mg ® 2M§T> ® (M; ® M;T) ® %M#Z - I‘m] . (3.115)

The reader should refer to Appendix B.2.1 in order to see details about the construc-
tion of the scheme above.

It is worth mentioning that the spatial discretization matrices are integrated over
2, which can be, in general, a curvilinear 2D domain. This makes the quadrature
rule used to evaluate the scheme matrices exceptionally more complex and a special
curvilinear mapping must be adopted [101, 102].

The 2D Axisymmetric Geometry DG-T,. Temperature Scheme

The axisymmetric geometry implies a reduced dependence of the electron tempera-
ture T,(t, x(r, z)), and the resulting form of the axisymmetric electron temperature equation
reads

aedT / 7 / (EE + sin(6) <cos(a)% - Sin(e)%) + cos(qb)%) sin()dédo

r
+ GieTe = Pe + Gieﬂ ) (3116)

which represents a 5D problem, i.e. the solution 7 of (3.116) depends on ¢, r, z and ¢, ¢
due to I. All the coefficients
C7 aeaGi€7P€ 9 (3'117)
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depend, in general, on time ¢ and position r, z.

The discrete form of the discontinuous Galerkin variation principle (3.8) in the case
of the 2D axisymmetric geometry uses the discretization of T, I, and T; (3.19) where
the bases =, ¥, and = of (3.20) are defined on the spatial domain using the coordinate
system x = x(r, z), in particular, the bases &, ¢, and € of (3.18) depend on r and z.

The discrete 2D axisymmetric geometry variational form of the discontinuous Galerkin
electron temperature equation (3.116) reads

21 1d‘I’T
—_ =T
Ll == ( “dr Gw“) e +</ A <c ar

T sin T
sin(¢) <cos(9)a(;I; r( )8;; > + cos(¢) 651; > sm(¢)d¢d9> I

— P, — G BT T, |rdQ,.dt =0, (3.118)

where (), , is a general spatial domain of the element.
As in the case of the slab geometry, we define the 2D axisymmetric geometry backward
Euler DG-T, scheme

Qe T T, Te,0 Te, T,
Mr% + GieMrg - PeMr? - GieMrz !

— 2M9 M —M
Al Y &

cAt

@M S +2Mj ® M°

rz/r

+ 2M°

cos(0) ® MY

) b2y Drz K —2D?.

sin(0) @ Mgin) y ®@Drss

sin(¢ cos(¢

1
—M' 1Y, (3.119)

. . 1 — ae
(Arz Te + brz) N

e 0
A M T+ 2Mj @ My @

where each of the discretizations T, and I have been divided into its explicit part, i.e.
T2 and I°, respectively, and its implicit part, i.e. T. and I! respectively, according to
(3.23, 3.24) and (3.21, 3.22), respectively. The scheme also uses only the implicit part
of the unknown T}, i.e. Tzl defined in (3.26). The matrix A,, and the vector b, are
defined in (3.113) and (3.114).

The reader should refer to Appendix B.2.2 in order to see details about the con-
struction of the scheme above, where the definition of time discretization is defined in
its general form.

The 2D Axisymmetric Geometry DG-T; Temperature Scheme

The axisymmetric geometry implies a reduced dependence of the ion temperature
T;(t,x(r, z)), and the resulting form of the axisymmetric ion temperature equation reads

a7
YiTqy

which represents a 3D problem, i.e. the solution 7; of (3.120) depends on ¢ and r, z. All
the coefficients

+ G T = P+ G Te (3.120)

g, Gie, PZ ) (3121)

depend, in general, on time ¢ and position r, z.
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The discrete form of the discontinuous Galerkin variation principle (3.9) in the case
of the 2D axisymmetric geometry uses the discretization of 7;, and 7. (3.19) where
the bases E, and = of (3.20) are defined on the spatial domain using the coordinate
system x = x(r, z), in particular, the bases ¢, and ¢ of (3.18) depend on r and z.

The discrete 2D axisymmetric geometry variational form of the discontinuous Galerkin
ion temperature equation (3.120) reads

/ / E®
At TZ

where (), , is a general spatial domain of the element.
The 2D axisymmetric geometry backward Euler DG-T; scheme is defined as

=T N
<ai% + G2 ) ‘T — P, — G BT T | rdQ,.dt =0,  (3.122)

a; . X
K;M?z + Gie ML

Q;

(T} = GieML™ - Tp = BMGE® 4 &

ML - TV, (3.123)

where the discretization T; has been divided into its explicit part Ti0 and its implicit
part T} according to (3.25, 3.26). The scheme also uses only the implicit part of the un-
known T, i.e. T defined in (3.24).

The reader should refer to Appendix B.2.3 in order to see details about the con-
struction of the scheme above, where the definition of time discretization is defined in
its general form.
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3.1.4 Solver of the DG-BGK& Ts scheme

In the 1D slab geometry, the transport equation (3.3) and its variational form (3.7) can
be solved by the linear function

I'=A. T!+b.(I)), (3.124)
defined by (3.74), where we use the backward Euler discretization in time. The electron

temperature equation (3.2) and its variational form (3.8) can be solved by the scheme

a, .
M + G M| - T! — G M= . T+

At
1 € € 1
My e (M o M My, 9D )| -1
|
— P,M%0 4 &MT T4 2My O MY © oM T, (3125)

defined by (3.85), where we have kept the dependence on I'. The ion temperature
equation (3.1) and its variational form (3.9) can be solved by the scheme defined by
(3.93).

When observed in more detail, the scheme (3.93) solving the ion equation is com-
pletely localized within one element. This means, the solution of ion temperature T;
can be obtained by a small matrix inversion applied mesh-element-wise. However,
this is not the case of the solution (3.124). More precisely, the intensity I' can be eval-
uated in every element of mesh, nevertheless, its solution always depend on I;, which
are the degree of freedom I' of neighboring elements. This makes the scheme to have
a full matrix and its inversion is computationally demanding.

In order to improve the scheme’s complexity, we insert the solution (3.124) directly
into the electron temperature equation (3.125). This leads to the elimination of the un-
known I' and we get the temperature (electron and ion) scheme (3.85) which with
the ion scheme (3.93) provides a complete discretization of the problem (3.1-3.3).

Nevertheless, we still have the connection between neighboring elements by means
of b, (I;) of (3.124). The optimal way would be to use (3.124) recursively

I'=A, T!+b.(A. -T! +b.(I)) = .. (3.126)

where we used the linear function scheme (3.124) of the neighboring degrees of free-

dom il, which could be also applied to il and so on. This recursive approach would
eventually finished with a full matrix scheme for the temperatures unknowns. We
choose to avoid this recursive construction and we used an iterative approach, where
the DG-BGK& Ts scheme represented by the electron temperature part (3.85) and the ion
temperature part (3.93) is evaluated with explicit values of I;. These values are updated
after every iteration with the scheme (3.124). The loop runs until the temperature un-
knowns converge. This approach results to be very effective in the case of laser-heated
plasma simulations, where the number of iterations was usually kept under ten.

In the 1D spherically symmetric geometry, the transport equation (3.3) and its vari-
ational form (3.7) can be solved by the scheme (3.97). The electron temperature equa-
tion (3.2) and its variational form (3.8) can be solved by the scheme (3.104) and the ion
temperature equation (3.1) and its variational form (3.9) can be solved by the scheme
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defined by (3.108). The same definition is done in the 2D axisymmetric geometry.
The transport equation (3.3) and its variational form (3.7) can be solved by the scheme
(3.112). The electron temperature equation (3.2) and its variational form (3.8) can be
solved by the scheme (3.119) and the ion temperature equation (3.1) and its variational
form (3.9) can be solved by the scheme defined by (3.123). In every geometry, we use
the same strategy of iterative approach as in the 1D slab geometry case.
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3.2 The Hydrodynamics and DG-BGK&Ts Scheme Coupling

So far, we have been treating the construction of the DG-BGK&Ts scheme in the nu-
meric part of this work. Nevertheless, a big portion of section 2 is dedicated to the hy-
drodynamic model, which, as desired, contains nonlocal transport of energy. In order
to make our DG-BGK&Ts scheme a self consistent unit within the laser-heated plasma
simulation, we show a strategy of how the scheme will be coupled to any external La-
grangian hydro code. In principal, the only necessary quantities needed from the hydro
code output are the increment of specific internal energy Ae and the average fluid ve-
locity u related to the fluid time evolution over the interval At (in the case of explicit
hydrodynamic scheme given by the Courant-Friedrichs-Lewy condition [103]).

Let us introduce the simplest hydrodynamic model represented by Euler equations
of conservation of mass, momentum, and specific internal energy having the form

dp

@ —pV - u, (3.127)
du

rag = 7V (r+q) +sg, (3.128)
de

where additional terms g and Q1 related to external force (source of momentum due
to collisions with transported particles) and external source of energy (deposited laser
energy), respectively, were applied to accommodate the model (3.127, 3.128, 3.129) to
laser-heated plasma simulations. One more extra term appeared aside the thermody-
namic force represented by the artificial viscosity ¢, thus imposing an additional arti-
ficial force leading to numeric stability in simulation of the shock-wave phenomenon
[104, 105]. The hydrodynamic model (3.127, 3.128, 3.129) can be solved by well tested
numerical schemes, either staggered grid [106, 101, 107, 108, 109, 110, 111] or cell cen-
tered [112] methods. Our DG-BGK&Ts scheme then requires the following quantities

de  Ae 7_fAtudt
dt — At T A
which are provided by the hydrodynamic numerical schemes mentioned above.

Since this work aims to use the two temperature single fluid hydrodynamic model,
the specific internal energy, pressure, and viscosity of (3.128, 3.129) comprise the ion
and electron components, i.e. € = ¢; + €., p = p; + pe, and ¢ = ¢; + ge. Very important
quantities are the individual thermodynamic power given by either electrons or ions.
These can be extracted from (3.129) as

(3.130)

i+qi [ de

(pi+q)V-u = _PP+Z (pa+u-g—QIB>, (3.131)
€+ e dg —

(pe+ o) V-u = —pp+;’ (paw-g—Qm), (3.132)

where the mean values of (3.130) were used. Details about the two temperature single
fluid model can be found in section 2.2.5.

If one compares the ion and electron energy equations (3.1, 3.2) defined in the intro-
duction of section 3.1 with corresponding nonlocal transport hydrodynamic equations
(2.222,2.223) defined in section 2.6, the yet unknown explicit terms of the DG-BGK&Ts
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scheme can be determined, i.e. the ion and electron heat capacities enter the scheme as

Oe;

a = p a;’ (3.133)
Oee

ac = ,o—a;, (3.134)

and a little bit more elaborated quantities representing the source of heat of ions and
electrons result to be

pitqg ( de deidp

p - 9§, _ _ i 1
P ('Odt +u-(gr +8H) QIB> ng i (3.135)
Petqe ( de | _ dee dp

P(i = _— . — — _ . R
p <pdt+u (g8r +8H) QIB> Popar " (gr+8H) + QB

(3.136)

where the momentum sources gr and gy due to collisions of the transported photons
and electrons with the bulk plasma fluid are taken as explicit numbers.

The Application of the DG-BGK&Ts scheme to Nonlocal Transport Hydro-
dynamics

In section 2.6 we defined a complete hydrodynamic model to be used to simulate
the laser-heated plasma problem. Assuming that the hydrodynamic part has provided
us with necessary quantities g—i and u of (3.130), we can focus directly on the nonlocal
transport model represented by the energy (2.222, 2.223) and transport (2.234, 2.235)
equations.

The appropriate nonlocal transport model to which the DG-BGK&Ts scheme dis-
cretization is applied then reads

T;
WS+ GuTi-T) = B, (3.137)
dT. 1drI
¢ (T, —T) = P — P VI VI .
e~ + Gie(Te i) A /47r<C 3 +n-VI,+n Ve>dw, (3.138)
1dr, P P _ (T 4 = = 7
EE—’-DVIP = SAT6+Sb — (kp—i-ap) Ip‘i‘O’p[p, (3.139)

n.vi, — nge+sg—<k6+5e+n.re)fe+5e[‘e, (3.140)

where a;, a., P;, and P, were defined in (3.133-3.136), the extinction and the scattering
coefficients of photons Ep and &, were defined in section 2.6.1, and the extinction and
the scattering coefficient of electrons k. and &, were defined in section 2.6.2.

Apparently, the nonlocal radiation and electron transport equations (3.139, 3.140)
represent a specific form of the BGK transport equation defined in section 3.1, where
the photon source function based on (2.234) has the form

St = dkya (T0)°, (3.141)
S = —3ka(T0)", (3.142)
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and the electron source function based on (2.235), or more precisely, obtained from
(2.240, 2.237) has the following form

3
3711‘]{3 dZ ~ 3 Ne \/ikg 0 1
S 2 k2 T0)? 3.143
A sroar e\ 2.3 me (72) (3.143)
3
= [ 1ne V2k3 3
S = —k _”_ng (T9)% (3.144)
271'5 VMe

where ‘é—f is the ionization change rate provided by the equation of state. The very last
term results from (2.241) and reads
E
r--1
kpT?

(3.145)

where the electric field intensity E must be provided, e.g. as proposed in section 2.6.3.
The value T? refers to a reference temperature of Taylor series expansion used to
obtain the linear form of the radiation and electron sources (3.141, 3.142) and (3.143,
3.144).
The application of the DG-BGK&Ts scheme resides in application of the transport
scheme (3.74) to the photon and electron transport equations (3.139) and (3.140) as

I = AL.-T!+b2(I) (3.146)
II = A T!+biI), (3.147)

where the coefficients AL, b?, A¢ b¢ are finally used in the electron temperature scheme
(3.85), where both intensities (3.147) and (3.147) are used according to (3.138). These so-
lutions correspond to the 1D slab geometry. In the case of 1D spherically symmetric and
2D axisymmetric geometries the transport schemes (3.97) and (3.112) and the electron
temperature schemes (3.104) and (3.119) should be used.

The implementation of the latter strategy to solve equations (3.137-3.140) has been
developed and further presented at several conferences [113, 114, 115,116, 117, 118].
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3.3 Numerical Tests

A numerical scheme itself is a theoretical concept which aims to be applied to some
computations. In order to prepare the DG-BGK&T method to be used in practice, we
coded the appropriate parts of the scheme and benchmarked its capabilities on several
test cases against the appropriate analytical solutions. In the following text we are us-
ing the notation used in [101, 107], the original work using the MFEM finite element
library [102] for Lagrangian hydrodynamics. When using Qn, we refer to the nth order
polynomial basis of finite element used for discretization of the intensity I, the un-
known of the DG-BGK transport scheme; when using OnQm we refer to the nth order
finite element basis of intensity and mth order finite element basis used for discretiza-
tion of the temperature 7'. For example we use Q3Q2, which means a bi-cubic polyno-
mial basis of intensity and bi-quadratic polynomial basis of temperature. The notation
I[Qn] and T[QnQm] then stand for the numerical solution of intensity and temperature
using the appropriate discretization.

The first test focuses on the transport scheme only, where the temperature depen-
dent source function is supposed to be static, i.e. does not change in time. This brings
the advantage that we can find an analytical solution. Furthermore, we can find solu-
tions of any mode of transport, i.e. free-streaming, non-local or diffusive. The idea
of the second test case is to demonstrate the asymptotic behavior when approach-
ing the diffusive transport limit. According to our knowledge, it is not common for
transport numerical schemes to approximate diffusion in an appropriate way. In other
words, we want to stress the importance of the higher order scheme for both inten-
sity and temperature because with the low-order scheme the diffusive heat conduction
limit is not recovered.

3.3.1 The Exact Steady Transport Test of DG-BGK Transport Scheme

The slab geometry implies that the source function and the boundary condition depend
only on one coordinate; in our case, on z coordinate. We define ;1 = cos(¢) where ¢ is
the spherical polar angle, i.e. the angle between the intensity direction n and z-axis. We
apply the zero boundary condition, i.e. I(zp, ) = 0 and the steady state is represented
by % = 0. Consequently, we obtain a simplified form of (3.3), an ordinary differential

equation [100]

p E1 (1)~ 1) (3.148)

where the constant £ = A1 is the inverse of the particle mean free path, also called
absorptivity, and f(z) is an explicit source function. We can find a formal solution of
(3.148) as [6]

I(z,p, 29) = /Zf(é) exp <%(2 — z)> %dé. (3.149)

In our particular case, we use the source function

f(z) =sin(nz), (3.150)
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Lo Exact steady transport
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FIGURE 3.1: Numerical steady state solution to (3.148) calculated using
quadrilateral element Q3. Photons are generated by the static source
function sin(r z) and travel in the direction from left to right. We show
three different values of £k = 107%,1,10%, which correspond to free-
streaming, nonlocal and diffusive transport, respectively. The normal-
ized exact solution is represented with lines and corresponding numer-
ical approximation with stars. The maximum value of I in case of
k=10"%1,10%are [;ya; = 7.2-1079,0.51, 1, respectively. The maximum
value reflects the weakness of source function due to small k. Table 3.1
shows quantitative errors and convergence order of our method.

defined on the interval z € (0, 1). The corresponding solution of (3.149) reads

k(20 —2)\ (kmpcos(mzo) k% sin(r 2) n
0 1272+ 2 1272 2
k?2

272 1 k2

I(Z,,U,,Zo) = €Xp (
<sin(7r z) — MTW cos(m z)) . (3.151)

In order to find a numerical solution of (3.148) with p = cos(7/4), we used the DG-
BGK scheme (3.70).

The scheme has been iterated until the steady solution was obtained. The itera-
tion was stopped when the relative change of the L1 norm of I was less than 1071.
Fig. 3.1 shows numerical results of the steady state solution of (3.148) calculated using
quadrilateral elements Q1 and Q3. Photons are generated by the static source function
1 — cos(z) and travel in the direction from left to right. Table 3.1 shows quantitative
errors and convergence order of our method.

The intensity I is generated by the source function sin(w z), and photons travel in
the direction from left to right. We show three different values of k = 107%,1,10%.
One can observe that in the diffusive case the intensity aligns with the source function
sin(r 2), which is in agreement with (3.151) evaluated for k = 10*. Table 3.1 shows
errors and convergence order of our method. We used the L1 norm errors of computed
intensity compared to the analytic solution (3.151) with p = cos(7/4).

The test shows that our method is high-order accurate for values k € (10~4,10%).
This is equivalent to the range of Knudsen number K,, = \/L € (10% 107*) since
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k=10"1 k=10"1% k k=1 k=102 k=102
element | cells | £} a7 Ef i1 | BT 477

Q1] | 10 | 2.7e-07 2.3e-03 | 0.0 | 8.3e-03
Q1] | 20 | 49e08 | 25 |43e04| 24 | 1.6e03 | 24
I[Q1] | 40 | 12e08 | 20 | 1.1e04| 2.0 |3.7e04| 21
I[Q1] | 80 | 29e-09 | 20 |26e05| 2.0 | 9.0e-05| 21

1[Q2] | 10 | 4.6e-09 41e-05 | 0.0 | 3.5e-07
I[Q2] | 20 | 41e-10 | 35 |35e06| 35 |52e08| 28
[[Q2] | 40 | 45e-11 32 | 4.0e07 | 32 | 1.2¢08 | 21
I[Q2] | 80 | 54e-12 | 31 |47e08| 3.1 |28e09| 21

Q3] | 10 | 7.3e-11 2.6e-07 | 0.0 | 2.3e-06
Q3] | 20 | 28e-12 | 47 |84e09| 50 | 1.0e-07 | 45
Q3] | 40 | 15e-13 | 42 |43e10| 43 | 56e09| 42
Q3] | 80 | 89e-15 | 41 | 24e-11 | 41 | 33e-10 | 4.1

TABLE 3.1: Steady state test errors and convergence order. Our method
proves to be high-order accurate for values £ € (107%,10?) covering
transparent, non-local and diffusive transport regimes in plasma.

the characteristic length of the system is L = 1, i.e. half period of the source func-
tion sin(m z). The range of Knudsen number is large enough to cover conditions of
any specific transport, i.e. the transparent-like free streaming in the case of k = 1074,
the typically nonlocal transport represented by £ = 1, and the diffusion-like regime
corresponding to k = 10%.

We are particularly interested in the diffusive condition when k£ > 1. In that case,
the first term of (3.151) behaves as exp(—z/u k) and is immediately damped. The sec-
ond term tends to sin(wz) — 5~ cos(m z) which is nothing else than the asymptotic

formula I ~ f — p/k % corresponding to the diffusion of the BGK operator described
in [6]. In order to discuss the numerical results, we consider k = 10%. The anisotropic
part of (3.151), i.e. the term provoking energy transport, gives approximately
2

—m% cos(mz) ~ le4, (3.152)
for k = 10* p = cos(m/4). We can conclude that in the case of the diffusive regime,
the second-order element Q1 is not efficient because it gives an error 9.0e-5 on 80 cells
spatial resolution, which is of the same order as the diffusive term (3.152); meanwhile,
the error 2.3e-6 on 10 cells spatial resolution obtained by the fourth-order element Q3 is
in order of percents of (3.152), i.e. it satisfies the diffusion regime even on such a rough
spatial resolution.

3.3.2 The Multi-Group Diffusion Test of DG-BGK&Ts Scheme

The previous numerical test demonstrated that the transport scheme is high-order ac-
curate for any value of extinction coefficient £, i.e. it is also consistent with the diffusive
asymptotic of the BGK equation (3.3). This is an extremely important property. The
accuracy is not a question of the transport scheme only, it is also crucial that the tem-
perature scheme demonstrates accuracy in the case of diffusion.
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One can define a simple model of energy transport. The temperature dependent
source koT, where k™! is the particle mean free path and o a material constant, gen-
erates energetic particles, e.g. photons. These are transported with velocity c and re-
absorbed within the travel distance of k7!, thus producing a temperature profile evo-
lution due to the energy transport. We also want to represent two groups of ener-
getic particles with different mean free paths k', k!, where g; represents an energetic
group.

The model equations based on (3.3, 3.2) are

101,
- 8? +n-Vi, = kg (6T —1,), (3153
oT 101,
Cor + 2/4 (; 8? +n-v1gj> dnA,, = 0, (3.154)
j=1,274T

where the two-group intensity (1, , I,,) represent the transported particles, c is speed
of light, C,, is the heat capacity, and A, is an energetic group weight.

It is not easy to find an analytic solution to such a self-consistent system. The so-
lution can be found in the case of two asymptotic behaviors £ — 0 and £ — co. The
solution to the first asymptotic is trivial since there are no particles generated and, con-
sequently, the energy flux is zero. In order to find the solution to the second asymptotic,
one way is to apply the Hilbert expansion in a small parameter k1 [46]. This leads to
the local approximation of (3.153) as

1

o N o

9j 9j

where we have kept the terms to the first order only. When we use (3.155) in (3.154),
the following model equation arises

4 OT _ 4w ~ L, 0T
(Cv + 7(Ag1 + Ay,) a) o ?(Aglkgll + Ag?kg;)aﬁ , (3.156)
where we imposed the condition V - VT = %27{, i.e. that 7" depends only on z (due

to slab geometry), and k,,, ky,, and o are constant. Equation (3.156) is the usual local
formulation of transport, the heat equation.
In [5] the following analytic solution to the linear heat equation (3.156) is presented

Q 2z
T(z,t) = mexp (—m> , (3.157)

where @) is the amount of energy in the system and

4% (Ag, kg_ll + Ay, kg_Ql)U

O+ T (A, + A0

(3.158)

is the heat conductivity.

We expect the transport DG-BGK scheme (3.70) approximates accurately (3.155), i.e.
the diffusive asymptotic, if k,, ~ k;, > 1. If so, we expect the scheme (3.85) to bring
the numerical solution converging to the solution of (3.156), i.e. the solution (3.157). In
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Approximate multi-group diffusion
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FIGURE 3.2: The multi-group diffusion test results.

order to test this property, we choose the following simulation parameters
Cyp=0=24-10"¢=3-10"°,Q =1, (3.159)

and we let the computational domain span the interval z € (-1,
cused on the multi-group diffusion, we put the following values

1). Since we are fo-

kg, = 10° gy = 1.25- 104 Ay, = 0.5,A,, = 0.125, (3.160)

where the group absorptivity k,, and k,, meet the diffusive value of the Knudsen num-
ber K,, = =T L ~ 1075, and where L = 2 is the computational domain length. It is also

worth notlng that both groups are of the same importance in the diffusion conductivity
(3.158), since A, k' = A, kL

91"vg1 92"vg2
cells 32 64 128 256 512
T[Q1Q1] | 2.2e-01 [5] | 2.4e-01 (-0.1) | 2.3e-01 (0.0) | 2.3e-01 (0.0) | 2.3e-01 (0.0)
T[Q2Q2] | 8.7e-02 [4] | 9.5e-02 (-0.1) | 9.8e-02 (-0.0) | 9.6e-02 (0.0) | 9.1e-02 (0.1)
T[Q3Q2] | 1.2¢-01 [4] | 5.7e-02 (1.1) | 1.0e-02 (2.5) | 1.3e-03 (2.9) -
T[Q3Q3] | 7.6e-02 [4] | 4.6e-02 (0.7) | 9.8¢-03 (2.2) | 1.3e-03 (2.9) -
T[Q4Q4] | 2.9e-02 [4] | 9.6e-03 (1.6) | 1.3e-03 (2.9) - -
T[Q5Q5] | 2.3e-03 [4] | 8.2¢-05 (4.8) - - -
T[Q6Q6] | 1.7e-04 [4] - - - -

TABLE 3.2: The relative L-error calculated at ¢; = 246 of discretizations
QnOm to the solution (3.157) are shown. In the first column we also
present number of iterations [y] of the DG-BGK&Ts scheme to converge,
and in other columns we show the rate of convergence (g) of the scheme.
We can see that the solutions T[Q1Q1] and T[Q2Q2] do not converge.

Any higher order approximation does.

The computation starts from the analytical solution (3.157) at time ¢y = 150 and
evolves till the final time ¢; = 246. In Fig. 3.2 we present the exact solution (3.157) to
the linear heat wave equation (3.154) in the initial time ¢y = 150 (blue dashed line) and
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in the final time ¢; = 246 (green continuous line). Numerical solutions T[Q2Q2] and
T[Q3Q2] are figured using red dots and green stars, respectively. It can be seen that
the discretization Q3Q2 performs much better than the discretization Q2Q2, which is
also demonstrated in Table 3.2 and Table 3.3. . Table 3.2 and Table 3.3 show results of

cells 32 64 128 256 512
T[Q1QI1] | 5.6e-01 [5] | 6.1e-01 (-0.1) | 6.3¢-01 (-0.0) | 6.2e-01 (0.0) | 6.1e-01 (0.0)
T[Q2Q2] | 2.2e-01 [4] | 2.7e-01 (-0.3) | 2.8¢-01 (-0.1) | 2.8e-01 (0.0) | 2.6e-01 (0.1)
T[Q3Q2] | 2.7e-01 [4] | 1.4e-01 (1.0) | 2.5e-02 (2.5) | 3.2e-03 (3.0) -
T[Q3Q3] | 1.9e-01 [4] | 1.3e-01 (0.6) | 2.8e-02 (2.2) | 3.9e-03 (2.9) -
T[Q4Q4] | 7.5e-02 [4] | 2.6e-02 (1.6) | 3.6e-03 (2.8) - -
T[Q5Q5] | 5.5e-03 [4] | 2.3e-04 (4.6) - - -
T[Q6Q6] | 4.1e-04 [4] - - - -

TABLE 3.3: The absolute Lg-error calculated at ¢; = 246 of discretizations

QnOm to the solution (3.157) are shown. In the first column we also

present number of iterations [] of the DG-BGK&Ts scheme to converge,

and in other columns we show the rate of convergence (¢) of the scheme.

We can see that the solutions T[Q1Q1] and T[Q2Q2] do not converge.
Any higher order approximation does.

several high order approximations. Our analysis has shown that the scheme based on
Q1Q1 discretization does not approximate the solution (3.157). Actually, the solution
T[Q1Q1] stays static aligned to the initial solution. This shows that higher order ap-
proximation is necessary in order to model diffusive-like transport. In case of higher
order schemes, the decreasing error was appropriately reflected by the order of approx-
imation used; except for Q2Q2, which approximates the physical principle of diffusion
but does not converge when discretization is refined. This drawback was cured when
we improved the discretization order of I, i.e. we used the discretization Q3Q2, which
performs better then Q2Q2. It is also worth noting that we have encountered an in-
teresting behavior of the scheme, which is that the combinations Q(n+1)Qn seem to be
more stable in simulations. A similar behavior was observed in [95, 96], which will
serve as a basis for our future analysis.

The evolution of the solution (3.157) from the time ¢ty = 150 to the time ¢; = 246
can be found in Fig. 3.2. The numerical solution of the approximation Q3Q2 clearly
outperforms the approximation Q2Q2 and provides a reasonable accuracy for 128 cells
discretization.

One should be aware that our DG-BGK&Ts scheme does not use any kind of diffu-
sion operator, i.e. it uses the model equations (3.153, 3.154). Still, the relative errors in
Table 3.2 and in Table 3.3 prove the scheme is precisely accurate in the diffusive regime.

The Multi-Group Laser Absorption Test of DG-BGK&Ts Scheme

The numerical results of the multi-group diffusion test presented in the previous sec-
tion were obtained by solving the transport model (3.153, 3.154). It is worth mention-
ing that these equations solve a complete nonlocal transport coupled problem with two
different groups of photons and electron temperature.
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In order to show an extended application, we redefine equation (3.154) to include
a source of energy deposited by a laser as the following

or (101,
Codgr * > Aw (gw +n- Wg_,) dnAgy, = Qr, (3.161)

j=1,2

where (), is a constant source of energy and ¢; and g2 correspond to two groups of pho-
tons, which possess different extinction coefficients k1 = le-4 and ko = le4. The spatial
distribution of laser source pattern can be seen in Fig. 3.3. Apparently, we present a 2D
simulation in the Cartesian coordinate system, where the transport of two group of

photons leads to nonlocal transport of energy deposited by the laser.

Laser [Wcm 2] lel6 T K]
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FIGURE 3.3: Simulation results in time 300 ps after the laser source was
turned on.

The results of simulation are shown in Fig. 3.3. The top-left figure shows the ab-
sorption of laser energy in a sharp-shaped word ELI (Extreme Light Infrastructure
[119]). The top-right figure shows how the energy spreads in time. The bottom-left
and bottom-right figures show the distribution of intensity of long-path-transport and
short-path-transport (diffusive) photons described by the extinction coefficient k =
le-4 and k = le4, respectively. Obviously, this simulation cannot be compared to
an analytical solution, however, it shows the capability of solving a complicated spatial
geometry of the source of energy in 2D.
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Simulations of Laser-Heated
Plasmas

As a part of this work we developed a nonlocal transport hydrodynamic code Plasma
Euler and Transport Equation (PETE), which was used as the simulation tool. PETE is
based on our nonlocal transport hydrodynamic model presented in section 2.6, where
the Euler equations are solved by using the staggered grid scheme [106] and the non-
local transport equations for electrons and radiation are solved by our proposed high-
order finite element DG-BGK&Ts scheme presented in section 3.1. The necessary equa-
tion of state closure was provided by the SESAME tables [78, 79, 80] further comple-
mented by opacities given as in [81].

The actual implementation of PETE consists of one dimensional hydrodynamic
solver coupled to the slab geometry DG-BGK&Ts scheme, which discretizes one di-
mension in space and one dimension in transport directions. Even though the latter
geometry is rather simple, we used a higher order angular (¢) discretization Q3 in or-
der to address the transport anisotropy, and a higher order spatial (z) discretization
Q3Q2 in order to capture appropriately the diffusive regime of the energy transport.
In the case of time discretization we used the simplest backward Euler scheme, which
provides the most stable calculations.

4.1 L4 Beamline Prepulse

The project Extreme Light Infrastructure (ELI) [119] is a part of the European plan to
build a new generation of large research facilities selected by the European Strategy
Forum for Research Infrastructures (ESFRI). The main goal of ELI is to create the latest
laser equipment in the world. Research projects aiming to investigate the interaction of
light with matter at intensities being 10 times higher than those currently achievable in
the facilities around the world have started the first phase.

The facility will make available high-brightness multi-TW ultrashort laser pulses at
kHz repetition rate, PW 10 Hz repetition rate pulses, and kilojoule nanosecond pulses
for generation of 10 PW peak power. The most powerful laser referred as 10 PW was
named Krakatit and, in general, is labeled L4. It is based on the solid-state Nd:glass
laser technology using the chirped pulse amplification (CPA) [121], where the stretched
and subsequently amplified pulse undergoes a final step compression in time as shown
in Fig. 4.1. The use of mixed Nd:glass CPA laser providing spectral bandwidth allows
for effective pulse compression [122], and thus, the peak power of 10 PW. A schematic
depiction of the L4 beamline can be seen in Fig. 4.2, where the principal laser pulse can
reach the energy of 1.5 kJ, which should be compressed into the interval of less than
150 fs. In principle, the laser pulse will deliver a power P = A% = 150%0001155 =10
PW. An auxiliary 150 ] pulse can be used to accompany the main pulse. Both pulses

85
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Carrier frequency:

grating
w=0,+pt

the gratings introduce a frequency dependent time delay
chirp = a linear frequency sweep, do/dt

grating
The "blue" frequency component appears ahead of the "red" component = NEGATIVE CHIRP
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COMPRESSOR
——aA negative chirp
Y k power amplifier ‘
O
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FIGURE 4.1: A schematic depiction [120] of linear CPA concept to obtain

a high power laser pulse is shown. The concept of the frequency chirp

shown on the top is used to stretch the seed pulse, which is subsequently
amplified and again compressed by applying the negative chirp.

can also operate in an uncompressed long ns range. In the future, an optical parametric
chirped pulse amplification (OPCPA) [123, 124] technique could be adopted, which will
possibly offer an extremely short high energy laser pulse.

The extreme power of the L4 beamline is better expressed in terms of laser intensity,
which actually addresses the laser-matter interaction phenomena. Usually, the laser
intensity of approximately 10'® W/cm? is considered to be a maximum limit for hy-
drodynamic model to be valid. It is well known, that in the case of laser intensities
surpassing 10'® W/cm? the regime of classical physics breaks down and principals
of relativity must be applied. In any case, the proposed experiments to be realized
on the L4 beamline go well above the relativistic laser intensity limit possibly reach-
ing intensities of 102* W/cm?, which far beyond the hydrodynamic limit. However, in
the latter case, the high intensity laser pulse is unavoidably accompanied by a prepulse,
which, in the case of 10 PW, must be considered with a special care in experimental set-
tings. According to [120], the L4 beamline will generate a 10 ns laser pedestal, which
should be kept within the contrast of 107! with respect to the high intensity pulse. In
principle, the effects of laser prepulse lead to several scenarios due to the early laser
pedestal. The preplasma creation at the front side of the target is always observed once
the prepulse intensity exceeds the limit of plasma creation being approximately 10°
W /cm?. In the case of higher prepulse intensity the laser pulse launches a shock which
propagates inside the target, while a higher intensity implies a faster propagation ve-
locity of the shock. Yet another effect can occur and that is when the shock breaks out
at the rear side of the target, which produces a long plasma profile [125, 126, 127, 128].

All of the latter effects lead to a specific preplasma profile and its variation can alter
the final outcome of the high intensity pulse interaction with matter (preplasma). In
general, we aim to characterize such a preplasma profile by doing a set of hydrody-
namic simulations of the L4 beamline prepulse specified above. We believe that our
nonlocal hydrodynamic model presented in section 2.6 covers all relevant aspects of
physics, and so, brings a beneficial insight into the preplasma creation to be present in
the future experiments at the L4 beamline.
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FIGURE 4.2: A scheme of the L4 beamline [120] is shown. In principle,

the main kilojoule pulse can deliver the power of 10 PW. An auxiliary 150

] pulse can accompany the main pulse. Both pulses can also operate in

an uncompressed long ns range, as is shown. The shaded line including

OPCPA technique could possibly offer an extremely short high energy
laser pulse, though this is a future concept only nowadays.

4.1.1 Interaction configuration

The compressed laser beam is transported into the experimental chamber and appro-
priately focused to the location of a target, which leads to a laser-matter interaction
followed by the creation of plasma. The following configuration of the L4 beamline
will be considered

\ = 1.057um, E = 1.5k], FWHM = 150fs, d; = 11.29um, dy = 3.57um, d3 = 1.13um,
4.1)
where ) is the Nd:glass laser pulse wave length, E is the laser pulse energy, the full-
width-half-maximum (FWHM) refers to the effective time duration of the high inten-
sity laser pulse, and d;, da, and d3 are the focal spot diameters corresponding to focal
spot surfaces 107%cm?, 10~"cm?, and 10~8cm?. Thus, the corresponding intensities
generated by the 10 PW L4 beamline are

I} = 102W/cm?, I, = 10%*W/cm?, I3 = 10**W/cm? . (4.2)

With respect to the maximum intensities (4.2) and the expected contrast 107!, we as-
sume a flat laser pulse of duration 10 ns with a constant prepulse intensities I}” =
10MW/em?, I8P = 102W/em?, I? = 103W /ecm? [120]. The prepulses will interact
with a massive solid target of thickness of 100 pm.

In order to address a broad range of possible applications, we will use three dif-
ferent materials: hydrogen (H, Z=1), plastic (CH, Z=3.5), and iron (Fe, Z=26), where
Z is the atomic number. This will help us to better understand the relation between
the material target characterized by varied atomic number Z and corresponding phys-
ical regime, which dominates the preplasma dynamics in hydrodynamic simulations.

4.1.2 Simulation results

A set of hydrodynamic simulations has been carried out in order to predict the effects
of the prepulse corresponding to the L4 beamline.

We model the experimental situation when a constant laser prepulse of duration 10
ns is incident normally on hydrogen, plastic, and iron massive 100 um thick targets,
while the prepulse is due to the finite 107! contrast of the L4 beamline configured as
(4.1, 4.2). This leads to nine different simulations, where, as a result, the responses of
three different material targets to three different laser intensities are characterized.
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FIGURE 4.3: The region corresponding to the electron density n. > 0.1n.
in the case of the prepulse intensity 10'*W/cm? (corresponding to
the maximum intensity 1022W/cm?) is shown. Figure (a), (b), and (c)
show how the plasma density profile evolves during the 10 ns prepulse
of the L4 laser beam in the case of hydrogen, plastic, and iron targets,
repsectively. Profiles of electron and ion temperatures and electron den-
sity normalized to critical density of the L4 laser beam are shown in fig-
ures (d), (e), and (f) at the time corresponding to 100 ps before the arrival
of the high intensity pulse.
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FIGURE 4.4: The region corresponding to the electron density n. > 0.1n.
in the case of the prepulse intensity 10'?W/cm? (corresponding to
the maximum intensity 102¥W/cm?) is shown. Figure (a), (b), and (c)
show how the plasma density profile evolves during the 10 ns prepulse
of the L4 laser beam in the case of hydrogen, plastic, and iron targets,
repsectively. Profiles of electron and ion temperatures and electron den-
sity normalized to critical density of the L4 laser beam are shown in fig-
ures (d), (e), and (f) at the time corresponding to 100 ps before the arrival
of the high intensity pulse.
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FIGURE 4.5: The region corresponding to the electron density n. > 0.1n.
in the case of the prepulse intensity 10'¥W/cm? (corresponding to
the maximum intensity 1024W/cm?) is shown. Figure (a), (b), and (c)
show how the plasma profile corresponding to the latter density range
evolves during the 10 ns prepulse of the L4 laser beam in the case of
hydrogen, plastic, and iron targets, repsectively. Profiles of electron and
ion temperatures and electron density normalized to critical density of
the L4 laser beam are shown in figures (d), (e), and (f) at the time corre-
sponding to 100 ps before the arrival of the high intensity pulse.
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In order to address a relevant interaction region, we show the plasma with den-
sity higher than 0.1 of the critical density n., which refers to a characteristic depth
of plasma, where the high intensity laser pulse encounters a strong response of pre-
plasma.

In Fig. 4.3 we can see how the created plasma evolves during the 10 ns prepulse
of a constant intensity 10'1W/cm? in the case of hydrogen, plastic, and iron targets.
The corresponding profiles of electron and ion temperatures and electron density nor-
malized to critical density are shown at the time corresponding to 100 ps before the ar-
rival of the high intensity pulse. Equivalent results of hydrogen, plastic, and iron tar-
gets in the case of the prepulse of a constant intensity 1012W /cm? are shown in Fig. 4.4,
and last but not least are the equivalent results of hydrogen, plastic, and iron targets
in the case of the prepulse of a constant intensity 1013W /cm?, which are shown in Fig.
4.5.

In general, we can conclude that the 0.1 n. region of created preplasma will expand
approximately 200 ym in the case of the lowest intensity (10''W /cm?) prepulse. What
is quite surprising is that the expansion length vary just a little with respect to different
Z materials, i.e. 180 pum in the case of hydrogen, 205 ;m in the case of plastic, and
165 pm in the case of iron. One should notice the faster expansion of plastic then of
hydrogen, even though, plastic is much heavier. Quite similar tendency of preplasma
expansion can be found in the case of prepulse of the intensity 102W /cm?2. The 0.1
n. region of created preplasma will expand 460 pm in the case of hydrogen, 540 ym in
the case of plastic, and 430 pm in the case of iron, which is approximately 500 pm with
a small variation with respect to atomic number Z. Finally, in the case of the highest
intensity (10'3W /cm?) prepulse, we can observe the expansion length to be 670 ym
in the case of hydrogen, 1450um in the case of plastic, and 930um in the case of iron.
As in the previous cases, expansion of the plastic target overtakes the hydrogen target.
Further more, we can see, that in the case of the prepulse of the intensity 1013W/ cm?
the expansion scale length varies with respect to atomic number Z.

Apart from the temperature and density profiles, we are also interested in energy
fluxes, which are responsible for the plasma dynamics. We distinguish between three
different fluxes of energy, which are used in the nonlocal transport hydrodynamic
model presented in section 2.6. These are the hydrodynamic flux qzy4r. = pv, where
p is the total pressure and v is the fluid velocity, then nonlocal radiation flux qr,q ob-
tained from the nonlocal radiation transport equation (2.234), and nonlocal electron
heat flux q .4 Obtained from the nonlocal electron transport equation (2.235). In prin-
ciple, hydrodynamic flux is the essential energy carrier in plasma fluid. However, un-
der certain circumstances, the effect of qfryq4,, can be overtaken by particle transport as
electrons or photons.

In Fig. 4.6 which corresponds to the prepulse intensity 10'1W /cm?, it can be seen,
that in the case of hydrogen the radiation flux is almost negligible, which is due to low
Z. However, the heat flux competes with the hydrodynamic flux and surpasses it close
to the critical density. In the case of plastic, the radiation flux takes over both the hydro-
dynamic flux and the heat flux, however, in the region deeper then the critical density
the heat flux dominates and a several tens of microns thick layer can be observed as
the effect of the heat flux in Fig. 4.6(b). In the case of iron, the hydrodynamic flux is
negligible. Due to the high Z of iron the radiation flux dominates almost everywhere
except of a thin precursor resulting from the heat flux in the region close to the critical
density. In the case of the prepulse intensity 10'2W /cm?, the tendency of the energy
fluxes competition is quite similar, however, the radiation flux is more dominant in
the case of plastic and iron, and in the case of hydrogen the hydrodynamic fluxes is
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the one who dominates, which is shown in Fig. 4.7. Again, there is a thin precursor
due to the heat flux in the case of hydrogen. Last but not least is the case of the prepulse
intensity 1013W /cm?. In Fig. 4.8 we can see the tendency of increasing dominance of
the hydrodynamic flux in the case of hydrogen and of increasing dominance of the radi-
ation flux in the case of plastic. In the case of iron the radiation flux plays the dominant
role, nevertheless, the effect of the heat flux precursor is getting more significant. One
should note, that in the case of iron the radiation flux closely approaches the magni-
tude of the laser energy flux |qrqser|, i-e. the target is cooled down due to the radiation
transport significantly.

In order to conclude, we will remind the definition of the Knudsen number. It is
defined as K, = 2, where ) is the mean free path of a particle and L = % is
the characteristic temperature length scale of plasma usually related to the transport of
energy. The plasma background is considered to be reaching the diffusive asymptotic
of particle transport if K,, < 10~2. In the case of K,, > 102 the particle transport is non-
local, which reaches the transparent/ballistic transport regime if K,, > 10~2. The main
advantage of the nonlocal transport hydrodynamic model is that there is no physical
limitation of the transport models used, i.e. the usually used flux limiters (with ad hoc
coefficients) in the case of SH electron transport or the radiation diffusion transport do
not need to be applied, since we solve directly the appropriate forms (2.234, 2.234) of
the Boltzmann transport equation. Further more, using the flux limiters is a very rough
physical assumption, since the resulting fluxes do not obey any transport model.

If we observe the bottom part of figures 4.6, 4.7, and 4.8, we can see an impor-
tant observation. Radiation and heat fluxes contribute significantly only in the regions
where K¢ and K}, are larger than 10~2. This means, that the energy flux due to electron
and photon transport plays an important role exclusively inthese regions of the non-
local regime. On the other hand side, it is almost negligible when K¢ and K} are
smaller then 1072. An important outcome of the latter is, that the usual diffusion mod-
els also contribute the most in regions where K, and K? are larger than 1072, because
the flux is a linear function of the mean free path A (A.22). However, the diffusive flux
(A.22) overestimates the actual electron heat flux and must undertake a rough action of
the flux limiter. Our experience with the SH electron model in the hydrodynamic sim-
ulations of laser-heated plasma confirms that the major contribution in hydrodynamic
simulations of flux is localized where, actually, the flux limiter takes action.

Physical reliability is the main reason why we prefer to use a more complicated and
computationally more demanding nonlocal model in the case of laser-heated plasmas.
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FIGURE 4.6: Effective competition between hydrodynamic, radiation,
and electron heat energy fluxes accompanied by laser in hydrogen, plas-
tic, and iron targets at the time of 100 ps before arrival of the maximum
intensity 1022W /cm? is shown. The corresponding information about
electrons and photons Knudsen numbers show figures (d), (e), and (f).
The laser energy flux qrqser goes from right to left. Black, red, and blue
dashed lines correspond to the electron density to the critical density
ratio, the electron heat flux, and the radiation heat flux, respectively.
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FIGURE 4.7: Effective competition between hydrodynamic, radiation,
and electron heat energy fluxes accompanied by laser in hydrogen, plas-
tic, and iron targets at the time of 100 ps before arrival of the maximum
intensity 1023W /cm? is shown. The corresponding information about

electrons and photons Knudsen numbers show figures (d), (e), and (f).

The laser energy flux qrqser goes from right to left. Black, red, and blue

dashed lines correspond to the electron density to the critical density

ratio, the electron heat flux, and the radiation heat flux, respectively.
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4.2 Warm Dense Foam EOS Experiments at OMEGA

Warm dense matter (WDM) is a unique state of dense plasmas present in many astro-
physical objects, e.g. large gaseous planets, brown dwarfs, crusts of old stars and others
[129]. It is also a transient state during heating of solid materials to high temperatures.
It is naturally created when laser irradiates and consequently heats up solid targets or
during massive material compression like implosion of deuterium-tritium-fuel pellets
during ICF implosions [130].

At moderately high temperatures around 1-100 eV, material solid densities, and
pressures above 1 Mbar the plasma is created both by collisional and pressure ioniza-
tion thus resulting in a system where ions are strongly correlated and the electron pop-
ulation is partially or fully degenerate. It is obviously far from the model of Boltzmann
gas based on binary collisions. Such a high correlation makes the theoretical descrip-
tion of WDM very challenging [131]. A detailed knowledge of the equation of state of
light elements such as carbon is however essential to understanding of many processes
in material sciences, in the efficient ICF strategy, or in the formation and structure of
the massive astrophysical objects [132].
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FIGURE 4.9: The composite time profile of laser used in the experiment

at OMEGA facility, which consists of fourteen particular laser beams

which stacked together provided an almost flat 2 ns laser drive of in-
tensity 7.5 x 101* W/em? is shown [133].

In recent years interesting experimental and theoretical work on carbon has been
fueled by a rich supply of unique phases, material properties, and atomic structure. A
good example of theoretical work on this subject are extensive studies using quan-
tum molecular dynamics (QMD) simulations to describe the EOS and microscopic
properties of warm dense carbon and hydrocarbons including shock-compressed poly-
mers [134] and diamond [131, 135]. The EOS and electrical conductivity of shock-
compressed ICF ablators containing plastic has been studied in [136]. The first prin-
ciples simulations have been used to obtain an extensive phase diagram and EOS of
carbon [137]. Progress has also been made in experimental study of properties of dense
states in carbon. Different compression schemes are possible based on the laser-driven
shocks in solid targets [138, 139].

Here, we aim to do a theoretical study of a dynamically compressed low density
carbon foam based on the experiment at OMEGA laser facility [133]. Such foams are
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used in various laser experiment applications, in particular in ICF research [140]. Re-
sults of our hydrodynamic simulation of the generated shock and its velocity are used
to clarify the experimental results obtained in [133].

4.2.1 Experimental results

The experiments were performed at the 60-beam OMEGA laser facility at the Labo-
ratory for Laser Energetics (LLE) at the University of Rochester, NY [141]. Fourteen
beams were frequency-tripled to give wavelength of 351 nm and then used to drive
a strong shock in planar targets through ablation from a plastic CH layer. Each laser
beam had a square temporal pulse profile with 1 ns duration. The final drive was
created by stacking these pulses in time and through phase plate detuning that pro-
vided an almost flat drive with intensity 7.5 x 10'* W/cm?. The resulting time profile
of approximately 2 ns long drive when the fourteen beams (450 ] beam~!) were all
overlapped in time is shown in Fig. 4.9.

The main target consists of several different material planar layers arranged to form
a cylinder with 600 ;m diameter. The subsequent structure of layers consists of 25 ym
thick CH ablator, 3 ym thick Au radiation shield, 70 um thick Al pusher, followed by
a 300 pm thick CH foam. The CH foam was a porous polystyrene made by the hipe
process where the mass density was ~ 0.15 g/cm? [139, 133].

Al pusher (70 microns) CH ablator (25 microns)

VISAR Laser

SOP

CH foam (300 microns)

Au shield (3microns)

FIGURE 4.10: A scheme of a multi-layered target used in the WDFEOS

experiment is shown. The main target consists of 25 ym thick CH abla-

tor, 3 pm thick Au radiation shield, 70 ym thick Al pusher, followed by

a 300 pm thick CH foam with the mass density of 0.15 g/cm?®. The rear

side of the target is manufactured with three 40 ym steps in order to
capture breakouts of the shock.

In the case of the 0.15 g/cm? plastic foam, standard techniques as velocity inter-
ferometry (VISAR) [142] or streaked optical pyrometry (SOP) [143] cannot provide
a movie of propagating shocks, since the used foam is opaque to the visible light. In
order to address this difficulty, the target was manufactured with three steps of thick-
ness of 40 ym at the rear side as shown in Fig. 4.10. These steps are used to measure
breakout times of the shock, which actually can be measured with both VISAR and
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SOP techniques. The corresponding VISAR and SOP breakout measurements of laser-
driven shock in the plastic foam are shown in Fig. 4.11.

SOP VISAR 1

s s s s

Width (mm)
Width (mm)

Time (ns)

(b)

FIGURE 4.11: Experimental breakout measurements from the shot

80371. Figure (a) shows the measured output from the SOP diagnostic

and figure (b) shows the measured output from the VISAR diagnostic
used at OMEGA facility.

Apart from the VISAR and SOP diagnostics the novel x-ray Thomson scattering
(XRTS) technique to measure electron temperature was used to probe the shocked plas-
tic foam [133]. The signal of XRTS was then fitted with the XRS code [144] to obtain
the electron temperature to be ranging between 20 and 30 eV [133]. Based on predic-
tions from QMD [145], SESAME 7593 [146] and FPEOS [147] equation of state tables
for polystyrene, the measured shock velocities of 60-70 km/s correspond to a shocked
density of 0.6-0.7 g/ cm? [133], which reaches ~ 5 x compression. The details of these
measurements are described in [133].
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FIGURE 4.12: Figure (a) shows how the plasma density profile evolves

during approximately 10 ns after the flat pulse was triggered. Figure

(b) shows the atomic number, so material regions can be easily distin-

guished. The rainbow effect present in figure (b) is due to the image
interpolation. No material mixing occurs.
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From Fig. 4.11 can be seen, that the first and the last breakouts measured by SOP
correspond to times 6.1 ns and 8.1 ns, which gives an approximate shock velocity 60
km/s. In the case of VISAR the first and the last breakouts correspond to times 7.2 ns
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and 8.9 ns, which gives an approximate shock velocity 70 km/s. However, the first
breakout observed by SOP occurs more than 1 ns before the first breakout observed
by VISAR despite the fact that the shock velocity measured by VISAR is greater than
the shock velocity measured by SOP. We will to provide a physical explanation to
the latter discrepancy through the analysis of our hydrodynamic simulations.

4.2.2 Simulation results

In order to simulate the laser-driven shock in low density plastic foam described in
the experiment above, we use our nonlocal hydrodynamic code PETE. The correspond-
ing numerical parameters of the DG-BGK&Ts scheme was presented at the beginning
of this chapter.
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FIGURE 4.13: Figure (a) shows the line-out of the plasma density, elec-

tron and ion temperatures profiles at time 7 ns (refer to Fig. 4.12).

Figure (b) shows corresponding profiles of hydrodynamic energy flux

dydro = pv and electron heat flux qpeq:. As a measure of nonlocality
the electron Knudsen number K¢ is also shown.

Fig. 4.12 presents the results of a hydrodynamic simulation when the pulse shown
in Fig. 4.9 of laser radiation of wavelength A = 351 nm and maximum intensity 7.5 x
10'* W/cm? is incident normally on the target shown in Fig. 4.10. The front surface
of the multi-layer target is placed to the origin of z axis and extends to the left, where
the foam layer is placed in the interval z € (—100um, —400pm).

Fig. 4.12(a) shows how the plasma density profile evolves during approximately 10
ns after the laser pulse was triggered. Several shocks can be observed. Since the multi
layer target was used, Fig. 4.12(b) shows the atomic number of plasma ion fluid, so
each material regions can be easily distinguished. Three different materials can be
identified: plastic (A ~ 12) present as the ablative and the foam layers, aluminum
(A =~ 27) present as the pusher layer, and gold (A ~ 197) present as a thin shield layer.

Fig. 4.13(a) shows the plasma density, electron and ion temperatures profiles cor-
responding to the time 7 ns lineout of Fig. 4.12. Fig. 4.13(b) shows corresponding
profiles of the electron heat flux qfeq: , the hydrodynamic flux qpy4r0, and the elec-
tron Knudsen number K¢. The electron heat flux results from the model (2.235) and
the hydrodynamic flux is defined as qryq4-0 = pv, where p is the plasma fluid pressure
and v the plasma fluid velocity. The electron Knudsen number is defined as K, = %,
where )\, is the electron mean free path and L = IVZ—eTeI is the characteristic scale length
of plasma. The plasma background is considered to be reaching the heat diffusion
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transport if K¢ < 1072, It is worth mentioning that the electron heat flux is obviously
in the nonlocal regime of transport in the region of the plastic foam according to Fig.
4.13(b).

We can also see that the electron temperature is around 15-25 eV in the region of
shocked foam and the corresponding density is between 0.5-0.9 g/cm?, which corre-
sponds closely to experimentally measured results of 20-30 eV and 0.6-0.7 g/cm? pre-
sented in [133]. It should be mentioned that we use the same equation of state of plastic

foam as in [133], i.e. SESAME 7593 [146].
180
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In order to analyze the effect of energy transport nonlocality, we decided to run
the same laser-driven shock simulation where we artificially reduced the electron mean
free path tobe 10 x smaller, thus we made the transport to be more diffusive. The corre-
sponding results are shown in Fig. 4.14 and at time 7ns in Fig. 4.15. The shock velocity
decreased and, more importantly, the electron temperature is around few eV in the re-
gion of shocked foam and the corresponding density is between 2.7-3.3 g/cm?, which
does not reflect the experimental results at all. The nonlocal transport hydrodynamic
model presented in section 2.6 thus plays a crucial role in order to predict the results of
laser-driven shocked plastic foam.

Let us compare the nonlocal transport hydrodynamic simulation results with the SOP
and VISAR results presented in the previous section. Fig. 4.16 shows the time evolution
of density and temperature profiles.

Firstly, we analyze the results related to VISAR, which is designed to reflect a jump
in the density profile. In order to simplify the analysis of the shock velocity, in Fig.
4.16(a) we show the range between the Al pusher and plastic foam interface and the first
manufactured step at the rear side of the target shown in Fig. 4.10. This corresponds
to the first breakout of the shock. The first shock breakout time can be easily seen on
the left edge of Fig. 4.16(a) corresponding to the time 6.3 ns. Then, we show the entire
range of the plastic foam layer in Fig. 4.16(b). This corresponds to the last breakout of
the shock. The last shock breakout time can be easily seen on the left edge of Fig. 4.16(b)
corresponding to the time 8.0 ns. Consequently, the simulated mean shock velocity is
approximately 70 km/s, which is in a great agreement with the VISAR experimental
results.
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FIGURE 4.14: Diffusive regime. Figure (a) shows how the plasma density

profile evolves during approximately 10 ns after the flat pulse was trig-

gered. Figure (b) shows the atomic number, so material regions can be

easily distinguished. The rainbow effect present in figure (b) is due to
the image interpolation. No material mixing occurs.
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FIGURE 4.15: Diffusive regime. Figure (a) shows a line-out of the plasma

density, electron and ion temperatures profiles at the time 7 ns of Fig.

4.14. Figure (b) shows corresponding profiles of hydrodynamic energy

flux gqayaro = pv and electron heat flux qgeq:. As a measure of nonlo-
cality the electron Knudsen number K7, is also shown.

Secondly, we analyze the results related to SOP, which is designed to capture a rel-
atively high temperature on the target rear side. In order to simplify the analysis of
the shock velocity, in Fig. 4.16(c) we show the range between the Al pusher and plas-
tic foam interface and the first manufactured step at the rear side of the target shown
in Fig. 4.10. The first temperature breakout time can be easily seen on the left edge
of Fig. 4.16(c) corresponding to the time 5.0 ns. Then, we show the entire range of
the plastic foam layer in Fig. 4.16(d). The last temperature breakout time can be easily
seen on the left edge of Fig. 4.16(d) corresponding to the time 7.0 ns. Consequently,
the simulated mean velocity of the preheat caused by nonlocal electron transport is ap-
proximately 60 km/s, which is in a great agreement with the SOP experimental results.

According to our simulations the observed breakouts in Fig. 4.11(a) are related
to the temperature breakouts due to the electron transport preheat. This theory is also
supported by the profile of mass density of compressed plastic foam shown in Fig. 4.13,
where the contribution of the nonlocal heat flux is essential. We are also well aware of
the early occurrence of all the breakouts being about 1 ns earlier then in the experimen-
tal results. This could be the 1D effect of channeling during the plasma ablation stage
of the experiment. In any case we believe that our nonlocal transport hydrodynamic
model can reveal some important physical concepts, which are difficult to discover on
a pure experimental basis.
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FIGURE 4.16: Simulation results of density and temperature profiles
evolution in the plastic foam layer. The jump in density shown in figures
(a) and (b) can be related to the experimental results of VISAR shown in
Fig. 4.11(b). The preheat precursor surpassing the shock propagation
in the plastic foam layer shown in figures (c) and (d) can be related to
the experimental results of SOP shown in Fig. 4.11(a). The first shock
breakout can be easily seen on the left edge of figure (a) corresponding
to the time 6.3 ns. The last shock breakout can be easily seen on the left
edge of figure (b) corresponding to the time 8.0 ns. The first temperature
breakout can be easily seen on the left edge of figure (c) corresponding
to the time 5.0 ns. The last temperature breakout can be easily seen on
the left edge of figure (d) corresponding to the time 7.0 ns.




Chapter 5

Conclusions

The hydrodynamic model approximation is still the dominant approach for model-
ing plasmas under various conditions in high energy density physics (HEDP), e.g.
laser-heated plasmas. It is based on conservation laws of mass, momentum and en-
ergy representing macroscopic properties of plasma, which are further accompanied
by the equation of state closure which aims to include necessary microscopic prop-
erties of plasma. The proper description of plasma exhibiting a high anisotropy in
motion of its constituents (electrons and ions) must necessarily include the transport
closure. Nowadays, the majority of hydrodynamic codes relies on the Spitzer-Harm
(SH) heat flux transport closure, which is a version of the Chapman-Enskog small pa-
rameter expansion method adapted for plasmas. The popularity of this exceptional
mathematical approach resides in its simplicity and a strong theoretical background.
However, this theory prescribes clearly the range of validity of the SH model with re-
spect to the mean free path of plasma particles, and unfortunately, conditions reached
in current laser-heated plasma experiments very often leak outside the domain of valid-
ity of the SH model, thus leading to the loss of predictive capability of hydrodynamic
simulations.

A remedy to this situation may reside in a more fundamental approach based on
tirst-principle concepts. Such a method would reside in the solution of the Boltz-
mann transport equation representing plasma particles by a distribution function. This
method is referred to as the kinetic approach and provides a complete dynamics of
plasma, i.e. describes both macroscopic and microscopic properties of ions and elec-
trons (or other particles) by modeling their transport and collisions. However, the com-
putational cost of the numerical solution corresponding to the kinetic approach would
be prohibitive with respect to the time, space, and energy scales of experiments, and
its model of binary collisions is valid onlyfor fluids of low or intermediate densities.

As a result of an extensive analysis of the concepts of hydrodynamics and kinetics,
we concluded that an appropriate strategy would be a combination of the latter con-
cepts, while the simplicity and the efficiency would be inherited from hydrodynamics
on the one hand side, and the first principle concept of transport anisotropy result-
ing from kinetics would be also kept on the other hand side. The nonlocal transport
hydrodynamic model presented in the chapter devoted to physics provides a possible
solution to this problem. We believe that the properties of the BGK transport equa-
tion makes it an ideal candidate to represent kinetic effects in hydrodynamics, since
the BGK collision operator itself depends on the density and temperature, which are
the primary variables in the hydrodynamic model. Consequently, our nonlocal trans-
port hydrodynamic model results to be a self-consistent method describing the plasma
fluid. It is further extended by the effect of the radiation transport. It is not a coin-
cidence that we use the same transport equation based on the BGK collision operator
in the case of transport of photons. In principle, the formulation of the nonlocal BGK
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electron and ion transport model was inspired by the concept of the radiation transport
equation from the beginning.

Obviously, the application of the nonlocal BGK transport model provides a signifi-
cant improvement in plasma description with respect to the traditional diffusion trans-
port models for electrons, ions, and photons, while no extra treatment as flux-limiting is
necessary due to the fact that mean free path of particles embodies the relevant physics
into the model of transport. The nonlocal transport hydrodynamic model possesses
also an advantage over the pure kinetic approach, which lies in the inherent use of
the equation of state, since kinetics manifestly fails in the case of high density inter-
mediate temperature plasmas, where the concept of hydrodynamics is the only valid
model.

In spite of the simple form of the BGK transport equation, its solution belongs to
seven-dimensional phase space and is exceptionally challenging. In the chapter de-
voted to numerics, we have demonstrated the properties of our proposed DG-BGK&Ts
scheme on two academic examples. As its name indicates, we use the discontinu-
ous Galerkin high-order finite element discretization, which is constructed to solve
the BGK transport equation problem in up to 7D. The main reason for using the high-
order method is that additional degrees of freedom per computational element increase
the accuracy and robustness of simulations compared to low-order methods, which
have historically been used. A direct consequence can be observed in the academic
example of the diffusive regime of transport, which can be numerically recovered only
if we apply a higher order finite element method. The latter emphasizes the impor-
tance of the nonlocal transport hydrodynamic model, which provides a reliable bridge
between kinetics and traditionally used diffusive hydrodynamics.

The theoretical concept of the DG-BGK&Ts scheme has been implemented into our
Plasma Euler and Transport Equations code PETE, which takes as its basis the nonlo-
cal transport hydrodynamic model including the BGK kinetics of electrons and pho-
tons. The actual implementation of PETE consists of one dimensional hydrodynamic
staggered grid solver coupled to the slab geometry DG-BGK&Ts scheme, the SESAME
equation of state, and is completed by the mean Planck opacities.

Bearing in mind that the accuracy of the high-order discretization ensures an appro-
priate transport solution with respect to any mean free path of electrons or photons, we
performed a set of simulations to analyze the effect of the nonlocal energy transport in
laser-heated plasma experiments.

We did a theoretical study of the prepulse plasma generation on the future most
intense laser in the world, the L4 beamline at the Extreme Light Infrastructure (ELI)
facility. As a result we could describe the most important effects driving the plasma
expansion and address the importance of the nonlocal energy transport. Based on
the Knudsen number analysis we can conclude, that the main contribution of the en-
ergy transport occurs in regions, where the transport regime is far from being diffusive.
Consequently, we propose to analyze in more detail a same set of simulations based on
the traditional SH electron transport and address its physical reliability.

In the second case, we did a set of simulations related to the warm dense foam
equation of state experiments at the OMEGA laser facility at the Laboratory for Laser
Energetics (LLE) at the University of Rochester, NY. The original task has been to clar-
ify the experimental results obtained, which indicated a slight uncertainty in measure-
ments. The simulation results of laser-heated plasma experiment were compared to
the relevant experimental data reproducing them surprisingly well. For instance, sim-
ulation results were in a good agreement with experimentally measured mass density
and electron temperature of the shocked plastic foam. A similar match could be found
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between the simulated and measured shock velocities. We observe a purely nonlocal
effect in the form of a significant preheat surpassing the propagating shock in our sim-
ulations. This effect was originally addressed as uncertain in the experimental results
and our simulation provides a reasonable explanation.

Encouraged by the successful nonlocal transport hydrodynamic model implemen-
tation and, even more, by the good match between simulation and experimental re-
sults, we aim to continue in the development of the PETE code and extend it into higher
dimensions. Since the high-order methods have greater FLOP /byte ratios, meaning
that more time is spent on floating point operations compared to memory transfer,
we expect our DG-BGK&Ts scheme to perform optimally in parallel computing. Even
though the parallel implementation of the scheme is not an easy task, it is a crucial
step in order to perform serious laser-heated plasma simulations in multi-dimensions.
We believe that, since the DG-BGK&Ts scheme code inherits from the massively paral-
lelized MFEM library [102] developed at the Lawrence Livermore National Laboratory,
we will succeed.






Appendix A

Diffusive transport

In [47] the following form of the Boltzmann transport equation of electrons in laser-
heated plasma was proposed

9fe
ot

+ v vxfe + %E . vvfe = Cee(fea fe) + Cei(fea fz) + IIB(EL, fe) 5 (Al)

where f. and f; are the distribution functions of electrons and ions, respectively, g,
and m. mass and charge of electron, E is a plasma generated electric field, and Ey, is
an electric field related to laser. Apart from the transport operator in the phase space
placed on the left-hand side of (A.1), we can also identify collision operators, namely
collisions among electrons them selves C,. and collisions among electrons and ions C;,
and the last term describes the inverse-bremsstrahlung heating /75 of electrons due to
the absorption of laser energy. Also a ponderomotive laser field pressure effect could
be included, but we do not consider it in this work.

The classical diffusive approximation to the deterministic transport of electrons in
laser-heated plasma is presented in this section. The most frequently used such an ap-
proximation introduced by Spitzer and Harm [10, 48] is based on the expansion in
a small parameter further combined with the P, anisotropy approximation. We further
show the diffusive regime of our proposed nonlocal BGK electron transport (2.145)
presented in section 2.3.3.

A.1 The Spitzer-Harm Approximation in Laser-Heated Plasma

An appropriate analysis related to the diffusive approach to transport is based on
the combination of the Hilbert expansion in a small parameter A and the angular Leg-
endre polynomials expansion [52]

fo= i FAD " frPr(cos(9)) = £+ fD N cos(9) + F DA+ f) cos(¢) +O(N?, cos?(9))
=0 k

(A.2)
where ¢ is the polar angle (see Fig. 2.1) with respect to z-axis, and the right hand side of
(A.2) shows its explicit series to the second order. We will use the notation cos(¢) = p.
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In order to work with equation (A.1), we need to define its right hand side explicitly
[52]
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ated by the laser field Ez, g = (1 + wy 2% (|v])) is the resonant function, and

where v is the electron velocity, vy, = is the quiver velocity of an electron acceler-
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(A.5)

is the electron-ion collision frequency [3] and wy is the frequency of the laser. The col-
lision operator (A.3) considers electron-ion collisions to be dominant over electron-
electron collisions [4]. The right-most term shows its formulation in spherical coordi-
nates [52], which is also the case of formulation of the inverse-bremsstrahlung operator
(A.4) [47, 148].

It is convenient to define the electron mean free path

Vei

vl
since the electron transport equation (A.1) can be formulated as
1 afe de 1710 2 afe ’VLP‘VP 0 g afe
T *VxJe E've:_ ——(1 - T 5
Mar TR Vxlet gr B Ve =3 <23M( o T 6 aplvialy]
(A7)

where we made use of (A.3, A4, A.6).
It is extremely difficult to solve (A.7) analytically, however, it is satisfactory to find
an approximate axis-symmetric solution as

fe= 19+ fOxu, (A.8)

which reflects a small spatial deviation with respect to A and a small anisotropy effect

given by x from the dominant term féo), which is homogeneous in space and isotropic
in angle. )
When we insert f. (A.8) in the place of f. in (A.7), we obtain

1 6( O 4 fé”m)
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which is the fundamental equation of the diffusive transport.
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The following two equations
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result from the search for terms corresponding to A\, ie. zero order (A.10), and A}, i.e.

(0)
first order (A.11), equalities. In equation (A.11) we used V, fe(o) = —n‘(y‘{‘

, which is

true for isotropic functi (0)
pic function fo’ [2].
When the collision operator on the left hand side of equation (A.11) is evaluated,

the solution . .
1 — _ (afe( ) QeEz afe( )>

— A2

Je 0z |v|me O|v| ( )
is obtained in a straightforward way searching for terms corresponding to .

At first we discuss the case when E;, = 0, i.e. the inverse-bremsstrahlung operator

in equations (A.1, A.7), but most importantly in (A.10) is neglected. Then, the most

natural distribution function of electrons satisfying (A.10) is the Maxwellian velocity

distribution [39]
Ne me|v|?
FO =T e (—%) | (A13)
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where m,, n. and T, are electron mass, density and temperature, and kg is the Boltz-
mann constant.
Now, based on the explicit formulas

Vxn me [v]2 3\ VT,
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the approximate solution of (A.7) takes the form

f Ne < me\VP)

= exp|

e <7T2kBTe)g 2kp T,
Me

Vxne me [v[2 3\ VxTe q.E
<1_H'A<< ne T <2kBTe - 2) T. > CkgT.))’ (A-16)
which was obtained by inserting (A.13) into (A.12) and into the expansion based ap-
proximate solution (A.8). Yet unknown electric field E in (A.16) can be obtained in

a self-consistent manner by enforcing a zero electron flux, a condition also known as
quasi-neutrality. This corresponds to the condition

//|v|nfe|v|2d|v|dn:O, (A.17)
47 J|v|
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which leads to the following dependence of the electric field on the thermodynamic
variables

_ kpT. (Vxne n §VXT6

- Ge Te 2 T, .

In order to conclude, the electron distribution function satisfying the electron trans-
port equation (A.7) takes the form

B (A.18)

~ ne me|V|2> < <me |V|2>>
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where the transport function reads
i xTe
Dlw) = A (w— 4) 220 (A20)

The form of (A.19) follows the notation used in the original work of Spitzer and Harm
(SH) [10] and reflects the results of the Lorentz gas approximation [53, 54, 55]. The com-
monly used term SH transport refers more precisely to the work [48], where the trans-
port function D(w) was further extended by the electron-electron collision operator,
which had to be solved numerically. The latter concludes, that the mean free path of
electrons should be adjusted as

0247 4 0.058

Ao = - A21
SH 1+0247 7 (A.21)

with respect to the mean ionization Z.

Last, but not least, is the SH formulation of the electron heat flux, which provides
the transport closure to the hydrodynamic system. This formulation can be directly
evaluated by integrating the distribution function (A.19) over the velocity space as

3
q / vin[vLvi2dlvidn = — 2% %5 3o (A.22)
SH — e = - SH eVxdle, .
47 J|v| Vv 8T VMe

where the thermal mean free path is given by

- 0.24Z +0.058 - 0.24Z +0.058 n; 2% * mZ vy,

sy = —\ = — A23
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reflecting the electrons with thermal velocity vy, = %. It is also interesting to

consider the effect of the electric field (A.18). When (A.22) is evaluated using (A.16),
while E = 0, the resulting flux is 3.5 times larger than (A.22).

It is worth mentioning that in the case of Vxn. # 0 the electric field (A.18) is not
aligned to the axis of symmetry given by the temperature gradient and the theory is
not precise. The effect of density profile influence has been investigated in [149].

Now, we consider the case when (A.10) is solved by a super-Gaussian distribution
function due to the effect of inverse-bremsstrahlung, which is produced by applied
laser intensity E,. The super-Gaussian function depends on the parameter m [148, 149]
as

0 _ ;" v )
fe’=C (aTe)%eXp< 1% ) (A.24)
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where & = %%gg;% and C' = Wﬁi’i/m)' The parameter lies in m € (2,5) and is

governed by the laser field E;. In case of weak laser field m — 2 and the super-
Gaussian (A.24) degenerates to the usual Maxwell-Boltzmann distribution (A.13).
The generalization of super-Gaussian (A.24) distribution implies

_mﬂﬂF%)<W% §Wﬂ> (A.25)
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and finally, the electron distribution function satisfying the electron transport equation
(A.7) with the effect of absorbed laser energy takes the form

- Ne ox B ‘V’m - L
fe = C(dTe)% p( (dT)%) (1 D <(dTe);>> ; (A.26)

where the transport function reads

re)y - VxNe
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m . 5 D(2) , 3\n V..

Also the dependence m(x) could have been taken into account in (A.27). Such an ap-
proach can be found in [150].

A.2 Diffusion Asymptotic of the Nonlocal BGK Electron Trans-
port Model

Even though our proposed electron transport model presented in section 2.3.3 aims
to appropriately describe the transport of energy on the range of long distances, i.e.
the nonlocal regime of transport, it must also respect the classical SH diffusion asymp-
totic described in the previous section.

The following equation

n- Vi (10 + 1) - kgT 0B (10 105p) =

3
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was obtained from (2.145) without time derivatives by introducing an approximate
solution of the electron specific intensity

IMXep, (A.28)
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e

e =1 + 18 Ao, (A.29)

which reflects a small spatial deviation with respect to A, and a small anisotropy effect
given by p from the dominant term 1, which is homogeneous in space and isotropic
in angle. The approximate solution (A.29) follows the strategy of (A.8) while both orig-
inate from (A.2). The right most term of (A.28) corresponds to the electron scattering
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of (2.145). Since the scattering naturally contributes to the mean free path of electrons,
it can be characterized as scaling to ). trough a scaling factor o = &, \..

Like in the previous section, equation (A.28) is a basis for the search of zero and
first order terms in a small parameter, represented by ). (2.147). The following two
equations

e V2kZ ) 3
o - ”_é\/\/;l_B T2 (A.30)
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result from the search for terms corresponding to 5\2, i.e. zero order (A.30), and 5\2, ie.
tirst order (A.31), equalities.
The approximate solution (A.29) takes the form

3 ~
~ ne\/§ k% 3 e Vxne 3 VxTe de
I, = B 12 [1_ . = — E A.32
3 < n < ’I’le + 2 Te ij Te >> 9 ( 3 )

which was obtained by expressing 1 and 1V from equations (A.30, A.31).
At last, we evaluate the electron heat flux corresponding to the diffusion asymptotic
solution (A.32) as

3
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where we used relation 5\6 = 5. j\Te (2.147), where j\Te is the thermal mean free path
(A.23). It is necessary to comment, that we omitted the gradient of density, i.e. Vxn. =
0, and the electric field, i.e. E = 0 in (A.33). The argument for omitting the electric
tield is based on quasi-neutrality condition in the diffusion regime and that we use
the Poisson electrostatic model (2.251, 2.252) for E.

An observation between (A.22) and (A.33) gives that q%; ~ 0.4qgy. Thatis an ac-
ceptable error of the electron transport in the diffusion regime. One should also notice,
that we do not use Agy as in (A.22), since the effect of electron-electron collisions is
reflected by the scaling coefficient .

A.3 Diffusion Asymptotic of the Nonlocal BGK Ion Transport
Model

Even though our proposed ion transport model presented in section 2.3.3 aims to ap-
propriately describe the transport of energy on the range of rather long distances, i.e.
the nonlocal regime of transport, it also obeys diffusion asymptotic when appropriate.
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The following equation
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was obtained from (2.146) without time derivatives by introducing an approximate
solution of the electron specific intensity

=19 41X, (A.35)

which reflects a small spatial deviation with respect to \; and a small anisotropy effect
given by p from the dominant term I i(o), which is homogeneous in space and isotropic
in angle. The approximate solution (A.35) originates from (A.2).

Since the ion asymptotic equation (A.34) resembles to equation (A.28) with o = 0,
we can proceed to the ion heat flux evaluation as

3
256v/2n; kj
e

q = / nl;dn = — M TV T (A.36)
POK 4m 3z /T
where we used relation S\i = %5\;@. (2.148), where XTZ. is the thermal mean free path of

ions.

A.4 Diffusion Asymptotic of the Nonlocal BGK Radiation Trans-
port Model

In section 2.5.2 we presented a standard model of radiation transport. In order to ex-
tend the understanding about the transport of photons, its diffusion asymptotic should
be also described.

The following equation

«

n- Vo (10 + 103 ) = Ai (o = (10 + 1)) = 1N, (A7)

P Ap
was obtained from (2.217) without time derivatives by introducing an approximate
solution of the radiation specific intensity

I=10 + I, (A.38)

which reflects a small spatial deviation with respect to A, and a small anisotropy effect

given by p from the dominant term II(,O), which is homogeneous in space and isotropic
in angle. The approximate solution (A.38) originates from (A.2).

Since the radiation asymptotic equation (A.37) resembles to equation (A.28) with
E = 0 and different dependence on 7¢, we can write the approximate solution (A.38)
as

- 4\
I, =aT} (1 — Tpn : VxTe> . (A.39)
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Then, we can proceed to the radiation heat flux evaluation as

~ 1
dpor = / nl,dn = —%APTSVXTG, (A.40)
4
where we used relation )\, = EL Ep being the mean Planck opacity (2.218). In astro-
P
physics, the mean Planck opacity is very often substituted in (A.40) by the mean Rosse-
land opacity [6].



Appendix B
Details of the DG-BGK&Ts Scheme

B.1 The 1D Spherically Symmetric DG-BGK&Ts Scheme

B.1.1 The DG-BGK Transport Scheme

In spherical coordinates the position vector is defined as x = (r, ¢, §), where the coor-
dinate axis vectors change according to the position dependence on (6,0), i.e. system
is curvilinear. The spherically symmetric geometry implies a reduced dependence of
the specific intensity I(¢,n(¢), x(r)), and the resulting form of the spherically symmetric
transfer equation reads

%% + cos( )% - Sin:‘b) g—; = (cos(¢)Sy + Sa) To+Sp— (k + cos(¢)Y,) [ +oI, (B.1)

which represents a 3D problem, i.e. the solution I of (B.1) depends on ¢, ¢ and r. All
the coefficients
¢, K, Lry0,Sp, 54,5, (Bz)

depend, in general, on time ¢ and position r.

The discrete form of the discontinuous Galerkin variation principle (3.10, 3.13) in
the case of the 1D spherically symmetric geometry uses the discretization of I and
T (3.19) where the bases ¥ and = of (3.20) are defined on the spatial domain using
the coordinate system x = x(r), in particular, the bases ¢ and ¢ of (3.18) depend on 7.

The discrete 1D spherically symmetric geometry variational form of the discontinuous
Galerkin BGK transport equation (B.1) reads

LE L Lwe

_ % /\IIT sin(¢)d¢d9> T — ((cos(¢)S, + Sa) =T . T, + Sy)

2 ™
Lo bk, e
At JO 0 Fn'nr‘<0

where Ar is the spatial domain of the element and where I'y,.n. <o means the part of
boundary I" where the projection of the transport direction n into the surface normal
nr is less than zero, i.e. n - np = cos(¢)np, < 0.

If one uses the property (3.31), the right hand side of (B.3) can be written as

1dw” owT  sin(¢) 0T
<ET+Cos(¢) or _Smﬁ)) 5g T (kFcos(@) e

rdrsin(¢)dedodt =

(\IIT I-wT. i) cos(¢)nr, |dl'; sin(¢p)dedodt, (B.3)
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where we used the ¢ and ¢ matrices (3.40, 3.43) and the remaining matrices are defined,
i.e. the internal DG matrix I',” as

== / / (wo ® wg) ® (Y& P1) (cos(¢)nr, ) r sin(¢)dl'dg, (B.4)
0 Fn-nl—\ <0
and the external DG matrix f‘; trough the term
M; ® M, ® <f‘; -i)r = M; ® My®

Z [/Oﬂ /Fadj (qu ® UJ%) ® <¢ ® &gdj) (COS(qb)nF?dj) sin(¢) r dradjdqb] . Jadi ’

adj n-np <0

(B.5)

where adj refers to all adjacent cells, i.e. %Y corresponds to the part of the boundary T’

. _ A\T
shared with an adjacent cell, where the discretization is I = (wt ®wyp Qwy ® wadj) -L.

In the same way as we constructed (B.5), we can apply the products ¥ @W¥7 of (3.31)
and ¥ ® ET of (3.32) wherever they appear in (B.3), which leads to the 1D spherically
symmetric geometry DG-BGK scheme formulation

T

1

cos(9)
_

oM@ (Mg ® 2M3T> ® <M?¢) ® M;T) ©M! - M, @M, ® T

I=
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~M;®M, ® (f; -i)F . (B.6)

where apart from the already defined ¢, 6, and ¢ matrices (3.39, 3.40, 3.41, 3.43, 3.46,
3.49, 3.50, 3.51, 3.53, 3.54), we define the spatial discretization matrices

M. = U(r) @ ¢(r)rdr, (B.7)
Ar

D;, = N P(r)® a¢(§:)TTdr (B.8)

My, = (r) @(r)" dr, (B.9)
Ar

M = (r) @ &(r) rdr, (B.10)
Ar

M’ = (r) @ wlrdr, (B.11)
Ar

The main goal of the 1D spherically symmetric geometry DG-BGK scheme (B.6) of
the transport equation (B.1) resides in finding the linear dependence of the unknown I
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on the unknown T, [97, 98, 100, 51, 50] as
I=A,-T.+b,, (B.12)

which can be directly obtained from (B.6) after some straightforward algebraic oper-
ations. It is worth mentioning, that the adjacent cells discretization I is absorbed in
the b, vector.

As was stated before, we want to make use of the lowest order backward Euler time
discretization. The 1D spherically symmetric geometry backward Euler DG-BGK scheme can
be obtained by using the backward Euler time matrices (3.42) in (B.6), thus giving

1

CAtM9®M¢®M?I“+M9®MCOS(¢)®D7I",7"_M9®D (¢)®M£/T+I€M9®M¢®M7{+

sin

T, My & Mgy () © Mi = —- (Mp2omy”) @ (Mg @MY ) @My~ My @ T, | -T' =

[Sng ® M () ® Mr™ + S4Mj @ My @ Mp™

- T, + SyMj © M, @ M;*

S - 1
— - — .10
M, @ (rr 11)F + =M @M, @M - I°, (B.13)
where the discretization I has been divided into its explicit part I and its implicit part
I' according to (3.21) and (3.22), respectively. The scheme also uses only the implicit
part of the unknown T, i.e. T} defined in (3.24).
In the case of the backward Euler scheme (B.13), we can explicitly write

A, = L. [Mgos(d)) ® S, My + M ® SAM,{’“] , (B.14)
- ~ 1
b, = L' M@ S,M"° — (r; -11)F + M, oM .10] . (B.15)

which includes the inversion of the element matrix

1

L. —
" cAt

T o .
Mcos(qb) ® T?“Mf“ - (M% b2y M% ) ® §M£ - Fr] (B16)

Finally, we can write the backward Euler solution to (B.1) as a linear function of the un-
known T, [51, 50]
I'=A, -T!+b,, (B.17)

where the linear coefficient A, and the constant vector b, are defined in (B.14) and
(B.15), respectively.

It was opted at the beginning of this section that all the coefficients of (B.2) depend,
in general, on time ¢ and position r. Nevertheless, when used in the schemes (B.6) and
(B.13), we need to put some restrictions on the form of the latter coefficients.
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In the case of the backward Euler scheme (B.13) any time dependence of (B.2) can-
not be included by definition. The best option is to use their mean values over At.
However, the dependence on r can be enforced in the finite element matrices construc-
tion, e.g. the spatial dependence of the extinction coefficient « can be included as

kML = P(r)® Q,ZJ(T)TK(T)T dr,
Ar

which appears in (B.16) and other coefficients of (B.2) can be treated in the exactly same
manner.

The approach to be used in the case of the scheme (B.6) is equivalent, while we
impose the condition of separable dependence on time and on space of coefficients
(B.2). We show an example of the extinction coefficient x, which needs to be written as
k(t,r) = g(t) f(r). Then, the inclusion of the latter dependence reads

KMy ® My @ My @ ME = / wr ® wi g(t)dt ® My ® M, ® / V() @)L fryrdr,
At Ar

which can be directly used in (B.6). The treatment of other coefficients of (B.2) simply
follows the example above.

It is worth mentioning that the spatial discretization matrices (B.7, B.8, B.10, B.11)
are integrated over a 1D interval Ar, which is a simple quadrature rule operation using
a mapping based on the Ar scaling. One can observe, that the boundary matrices I,
(B.4) and T’ (B.5) can also be written separated as

r. = Z /7r We ® wg <cos(¢)npf) sin(¢) d¢ ® / »(r) @ () TrdrF
F=1,— 0 F

r, = Z /7r We & W¢T> <COS(¢)an) sin(¢) d¢ ® Y(r) @ P(r)Trdrt,
F=+,— 0 e

since neither of the normals nr, and 7.4 depend on the position r. In the spherically
symmetric geometry, the boundary I" consists of two parts I'" and I'~, which repre-
sented by constant vectors np+ = [np+ = 1,0,0]" and np- = [n- = —1,0,0]". In
the definitions above, the integration over the angle ¢ applies only where cos(¢)npr <
0. A special attention must be paid when evaluating the mass boundary [i.r 1 (r) ®
YF (r)Tr dT'F since the neighbor element basis " is used.

B.1.2 The DG-T, Temperature Scheme

The spherically symmetric geometry implies a reduced dependence of the electron tem-
perature T¢(¢,x(r)), and the resulting form of the spherically symmetric electron tempera-
ture equation reads

dT, T 1dl oI  sin(¢) Ol
e - R — ) si iele = P, ie L
Qe 1 —|—/0 /0 <C T + COS((b) ar . 8¢> Sln(¢)d¢d9 + G Te e + Gie i
(B.18)

which represents a 3D problem, i.e. the solution 7, of (B.18) depends on ¢, and ¢ due
to I. All the coefficients

¢, e, Gie, Pe (B19)

depend, in general, on time ¢ and position r.
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The discrete form of the discontinuous Galerkin variation principle (3.8) in the case
of the 1D spherically symmetric geometry uses the discretization of 7, I, and 7; (3.19)
where the bases =, ¥, and Z of (3.20) are defined on the spatial domain using the co-
ordinate system x = x(r), in particular, the bases &, ¢, and ¢ of (3.18) depend on r.

The discrete 1D spherically symmetric geometry variational form of the discontinuous
Galerkin electron temperature equation (B.18) reads

fo .=
At J Ar

2 14w’ owT sin(gb) owT .
</o /o (57“08(@ ¥ )Sln(¢)d¢d9>'1

=T
—Pe - Gz’e':

(ae + G B > - Te+

T;|rdrdt =0. (B.20)

where Ar is the spatial domain of the element.

We can apply the products E ® Z7 of (3.34), E® ¥ of (3.33), and E ® =7 of (3.36)
wherever they appear in (B.20), which leads to the 1D spherically symmetric geometry
DG-T, scheme formulation

4Dy ® MP + GieM, ® M% | - T, — P.MY @ ME° — GieM, @ M7 . T

1
Dy 2Mj @ My @ My + M, @ 2Mj @ My, ) @ Di

~ M, ® 2M§ ® D,

iy @M1 T=0, (B21)

r/r

where apart from the already defined ¢, 6, and ¢ matrices (3.39, 3.40, 3.41, 3.46, 3.53,
3.54, 3.55), we define the spatial discretization matrices

Ml = A ¢ rdr, (B.22)
Mt = [ ee OTrdr = MpTT (B.23)
DTE,I _ wT d

rr = £E® 5 rar (B.24)
Ar T
M = [ ceypldr, (B.25)
Ar
M0 = A EQuwlrdr, (B.26)
My = c@ & rdr. (B.27)
Ar

Now, the linear function solution (B.12) can be justified. The latter has the form
I = A, T, + b,, which when plugged in (B.21) provides the 1D spherically symmetric
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geometry DG-T, electron temperature scheme

[aeDt ® Mi* + GieM; @ M* | - T, — P.M{ @ M7= — GieM; @ My©™ - Tyt

1
Dy @ 2Mj @ My © My' + M, @ 2Mj @ My, ) @ DI

(¢)

- M, ®2My@DY @M | (A, -Te+b,) =0, (B.28)

(¢) r/r
which is apparently a problem of the unknown T, and the unknown T;. Nevertheless,
the former unknown I is implicitly coupled via the matrix A, and the vector b,.

As was stated before, we want to make use of the lowest order backward Euler time
discretization. The 1D spherically symmetric geometry backward Euler DG-T, scheme can
be obtained by using the backward Euler time matrices (3.42) in (B.28), thus giving

M+ Gi M

At -Tp — P.ME — Gie M= - T+

1 (=2
[21\/13 ® (Mg5 ® EM}J + Mgos(@ ® D! — ng(d)) ® Mf/f) ] (A, T! + b,) =

Qe

At

1

. AtM?’f 1Y, (B.29)

M7 - T¢ +2Mj @ MY, @
where each of the discretizations T, and I have been divided into its explicit part, i.e.
T? and 19, respectively, and its implicit part, i.e. Té and I' respectively, according to
(3.23, 3.24) and (3.21, 3.22), respectively. The scheme also uses only the implicit part of
the unknown T, i.e. Tzl defined in (3.26). The matrix A, and the vector b, are defined
in (B.14) and (B.15).

It was opted at the beginning of this section that all the coefficients of (B.19) depend,
in general, on time ¢ and position r. Nevertheless, when used in the schemes (B.28) and
(B.29), we need to put some restrictions on the form of the latter coefficients.

In the case of the backward Euler scheme (B.29) any time dependence of (B.19) can-
not be included by definition. The best option is to use their mean values over At.
However, the dependence on r can be enforced in the finite element matrices construc-
tion, e.g. the spatial dependence of the heat capacity coefficient a. can be included as

acM7* = (r) @ &(r) T ae(r)rdz,

§
Ar
which appears in (B.29) and other coefficients of (B.19) can be treated in the exactly
same manner.

The approach to be used in the case of the scheme (B.28) is equivalent, while we
impose the condition of separable dependence on time and on space of coefficients
(B.19). We show an example of the heat capacity coefficient a., which needs to be
written as a.(t,r) = ¢(t) f(r). Then, the inclusion of the latter dependence reads

T

d
aeDt®MT€:/ wi o g dre

[ (r) @ €Y7 fryrdr,

£
Ar
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which can be directly used in (B.28). The treatment of other coefficients of (B.19) simply
follows the example above.

B.1.3 The DG-T; Temperature Scheme

The spherically symmetric geometry implies a reduced dependence of the ion tem-
perature T;(¢,x(r)), and the resulting form of the spherically symmetric ion temperature
equation reads
d7;
g
which represents a 2D problem, i.e. the solution 7; of (B.30) depends on ¢t and r. All
the coefficients

+ Gieﬂ = PZ + GieTe ) (B3O)

g, Gie, PZ ) (B31)

depend, in general, on time ¢ and position r.

The discrete form of the discontinuous Galerkin variation principle (3.9) in the case
of the 1D spherically symmetric geometry uses the discretization of 7;, and 7¢ (3.19)
where the bases Z, and = of (3.20) are defined on the spatial domain using the coordi-
nate system x = x(r), in particular, the bases ¢, and ¢ of (3.18) depend on r.

The discrete 1D spherically symmetric geometry variational form of the discontinuous
Galerkin ion temperature equation (B.30) reads

//é@
At J Ar

where Ar is the spatial domain of the element.

We can apply the products 2 @ E” of (3.35), and E @ E” of (3.37) wherever they
appear in (B.32), which leads to the 1D spherically symmetric geometry DG-T; scheme for-
mulation

dET .
(aiw + GieET> . Ti — PZ — GieET . Te rdrdt = 0, (B32)

[aiDt @My + GeMy @ My | - T — GeMy @ My - T, = BM @ M, (B.33)

where apart from the already defined ¢ matrices (3.39, 3.40, 3.41), we define the spatial
discretization matrices

My = A E@&Trdr, (B.34)

M = R £® wgr dr, (B.35)

MET = [ ferdr =Mo" (B.36)
Ar

As was stated before, we want to make use of the lowest order backward Euler time
discretization. The 1D spherically symmetric geometry backward Euler DG-T; scheme can
be obtained by using the backward Euler time matrices (3.42) in (B.33), thus giving

a; ) )
A_ZISMZZ + GieM;{Z

Q;

- Tj = GieM"™ - T = PM; + At

M7 . T?, (B.37)
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where the discretization T; has been divided into its explicit part Ti0 and its implicit
part T} according to (3.25, 3.26). The scheme also uses only the implicit part of the un-
known T, i.e. T} defined in (3.24).

It was opted at the beginning of this section that all the coefficients of (B.31) depend,
in general, on time ¢ and position r. Nevertheless, when used in the schemes (B.33) and
(B.37), we need to put some restrictions on the form of the latter coefficients.

In the case of the backward Euler scheme (B.37) any time dependence of (B.31) can-
not be included by definition. The best option is to use their mean values over At.
However, the dependence on r can be enforced in the finite element matrices construc-
tion, e.g. the spatial dependence of the heat capacity coefficient a; can be included as

a;M; = E(r) @ E(r)Ta;(r)rdz,
Ar
which appears in (B.37) and other coefficients of (B.31) can be treated in the exactly
same manner.

The approach to be used in the case of the scheme (B.33) is equivalent, while we im-
pose the condition of separable dependence on time and on space of coefficients (B.31).
We show an example of the heat capacity coefficient a;, which needs to be written as
a;(t,r) = g(t) f(r). Then, the inclusion of the latter dependence reads

T
0D, & M — / we X gndie [ i) @i Frrdr,
At dt Ar

which can be directly used in (B.33). The treatment of other coefficients of (B.31) simply
follows the example above.

B.2 The 2D Axisymmetric DG-BGK&Ts Scheme

B.2.1 The DG-BGK Transport Scheme

In cylindrical coordinates the position vector is defined as x = (r, 0, z), where the coor-
dinate axis vectors change according to the position dependence on (f), i.e. system is
curvilinear. The axisymmetric geometry implies a reduced dependence of the specific
intensity I(¢,n(¢, 6),x(r, z)), and the resulting form of the axisymmetric transfer equation
reads

1drl ol in(6) ol ol

T + sin(¢) <cos(9)§ - smr( )%> COS(QS)% =

(sin(¢) cos(0)S, + cos(¢)S, + Sa) T. + Sy — (k + sin(¢) cos(0) Y, + cos(¢)Y,) [ +ol,
(B.38)

which represents a 5D problem, i.e. the solution I of (B.38) depends on ¢, ¢, 6 and r, z.
All the coefficients
C? ’%7 TT7T2707 ST7SZ7SA75b7 (B'39)

depend, in general, on time ¢ and position r, z.

The discrete form of the discontinuous Galerkin variation principle (3.10, 3.13) in
the case of the 1D axisymmetric geometry uses the discretization of / and 7. (3.19)
where the bases ¥ and = of (3.20) are defined on the spatial domain using the coor-
dinate system x = x(r, z), in particular, the bases ) and ¢ of (3.18) depend on r and
Z.
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The discrete 2D axisymmetric geometry variational form of the discontinuous Galerkin
BGK transport equation (B.38) reads
1dw” owT  sin(9) 0w’ wT

/At/ 2W/ o © (E ai +en) <COS(6) o v o0 >+C08(¢)8az

+ (K + sin(¢) cos(0) Y, + cos(¢)Y,)TT — % / o’ sin(gb)dqﬁd@) I

— ((sin(¢) cos(6) S, + cos(¢)S. + Sa) 7. T, + Sp)
2 pm
Jodi ke

where ), is a general spatial domain of the element and I'y,.,. <o means the part of
boundary I',. where the projection of the transport direction n into the surface normal
nr is less than zero, i.e. n - np = sin(¢) cos(f)nr, + cos(¢)nr, < 0.

If one uses the property (3.31), the right hand side of (B.40) can be written as

rdQ, sin(¢)dedodt =

(\IIT I-wT. i) (sin(¢) cos(f)nr, + Cos(d))npz)]

dr,. sin(¢)dedodt, (B.40)

Mt®I‘Z_-I—Mt®<f‘Z_-i)

where we used the ¢ matrix (3.40) and the remaining matrices are defined, i.e. the in-
ternal DG matrix I, as

I, = /0 /0 /Fn'nF<0 (wo®wj) ® (wg ®wy) ® (v@YT)

(sin(¢) cos(@)nr, + cos(¢)nr,) r sin(¢p)dl'dedd, (B.41)

and the external DG matrix I‘ . trough the term

LI L, @edeed)e (voil)

n-np <0

M (T 1) =Mie),

adj

(sin(¢) cos(0)nr, + cos(¢)nr, ) sin(¢) r dF“djd¢d9] I (B.42)

where adj refers to all adjacent cells, i.e. ['*Y corresponds to the part of the boundary T

. ~ AT
shared with an adjacent cell, where the discretization is I = (wt Rwh® wy @ T,Z)adj) - L

In the same way as we constructed (B.42), we can apply the products ¥ @ ¥7 of
(3.31) and ¥ ® E7 of (3.32) wherever they appear in (3.111), which leads to the 2D
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axisymmetric geometry DG-BGK scheme formulation

1
EDt®M9®M¢®M¥4z+Mt®M (0) ®Msin(¢) ®D£'Z,T'_Mt®D (0) oM () &M;

cos sin sin rz/r

+ Mt ® MG X Mcos(d)) X D7I“z,z + ’KLMt X M@ ® M¢ ® M7I“z + TTMt ® MCOS(G) ® Msin(d)) X M7I"z
Ty © My © Mgy ) © M, — =M, © (Mg @ omy”) @ (Mg @ MyT) @ My,

-M;,eT,, ® Mgmw)

@M + S M @ My @ M2\ @ M

cos(0) cos(¢)

= [Sth ® M

+ SAM, © My & My @ MJZ* | - T, + M © My © M} & M — My @ Iy, - 1)

(B.43)

where apart from the already defined ¢, #, and ¢ matrices (3.39, 3.40, 3.41, 3.43, 3.44,
3.45, 3.46, 3.47, 3.49, 3.50, 3.52, 3.53, 3.54, 3.56), we define the spatial discretization
matrices

M. = | U(r,2) @ ¢(r,z) ' rdQ,., (B.44)
oL, = [ vinae T, (3.45)
M., = /Q ”w(r,z)®¢(r,z)Tde, (B.46)
L. - [ ”wmz)@awg—jﬁrdﬁm (B.47)
M© = /Q U(r,2) @ E(r,2) rd,., (B.48)
ML = i U(r,2) @ wdrdQ,. , (B.49)

The main goal of the 2D axis symmetry geometry DG-BGK scheme (B.43) of the trans-
port equation (B.38) resides in finding the linear dependence of the unknown I on
the unknown T, [97, 98, 100, 51, 50] as

I=A,. - Te+b, (B5O)

which can be directly obtained from (B.43) after some straightforward algebraic oper-
ations. It is worth mentioning, that the adjacent cells discretization I is absorbed in
the b,., vector.

As was stated before, we want to make use of the lowest order backward Euler
time discretization. The 2D axisymmetric geometry backward Euler DG-BGK scheme can
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be obtained by using the backward Euler time matrices (3.42) in (B.43), thus giving

MG ® M¢ ® M 2t Mcos(G) ® Msin(d)) ® Df"z sln(@) ® Msm(d)) ® Mrz/r

At
+ M9 ® Mcos(d)) ® Df“z,z + ’{MG ® qu ® M’{‘Z + TTMCOS(G) ® Msin(¢) ® M{“z_{_

O- —
XMy © My © MY = 7 (M0 2M57) @ (M 9 MyT) o M7, - w] e
[STME"S“’) ® M) ® Mr® + 5:Mj © Mooy ) @ Mi® + SaMj @ MG @ My | - T

~ ~ 1
+ $My @ MYy @ M — (T - 11)F + oMo M, oM, 1%, (B51)

where the discretization I has been divided into its explicit part I and its implicit part
I' according to (3.21) and (3.22), respectively. The scheme also uses only the implicit
part of the unknown T, i.e. T} defined in (3.24).

In the case of the backward Euler scheme (B.51), we can explicitly write

A, = L;Zl ' Mcos(@) ® M51n(¢) ® S5 MdeTe T MO ® MgoS( ®) @ SZM:{ZTS
+Mj @ M, ® SaM; ] : (B.52)
b, = L' |MjoMY®S5ML - <f;z : il) + EMQ OM, @M., Ty,

(B.53)

which includes the inversion of the element matrix

L.=My® M¢ ® —— M7, + Mcos(e) ® Msin(¢) ® D7I"Z,7" o Dsin(@) ® Msln( ®) ® Mrz/r

A
+ My @ Moy @ Do + My @ My @ kM7, + M g) @ Mg, ) @ T, M]_+

MG ® Mcos(¢)

T T g -
® Y.ML, — (Mg ® 2M ) ® (M; % MY ) ® =M. - rm] (B.54)
Finally, we can write the backward Euler solution to (B.38) as a linear function of the un-
known T, [51, 50]
I'=A,. T +b,., (B.55)

where the linear coefficient A,, and the constant vector b,., are defined in (B.52) and
(B.53), respectively.

It was opted at the beginning of this section that all the coefficients of (B.39) depend,
in general, on time ¢ and position r, z. Nevertheless, when used in the schemes (B.43)
and (B.51), we need to put some restrictions on the form of the latter coefficients.

In the case of the backward Euler scheme (B.51) any time dependence of (B.39)
cannot be included by definition. The best option is to use their mean values over
At. However, the dependence on r, z can be enforced in the finite element matrices
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construction, e.g. the spatial dependence of the extinction coefficient x can be included
as
fML = [ 9(r,2) @ 9(r,2) K(r,2)r dQ.
QTZ
which appears in (B.54) and other coefficients of (B.39) can be treated in the exactly
same manner.

The approach to be used in the case of the scheme (B.43) is equivalent, while we
impose the condition of separable dependence on time and on space of coefficients
(B.39). We show an example of the extinction coefficient ~, which needs to be written
as k(t,r,z) = g(t) f(r, z). Then, the inclusion of the latter dependence reads

kKM @My@M,@M], = / wi@wl g(t) dt@M,e@M & W(r, 2)@(r, 2) T fr, 2)r dQ,.
At Qs

which can be directly used in (B.43). The treatment of other coefficients of (B.39) simply
follows the example above.

It is worth mentioning that the spatial discretization matrices (B.44, B.45, B.46, B.47,
B.48, B.49) are integrated over (2,. which can be, in general, a curvilinear 2D domain.
This makes the quadrature rule used to evaluate the latter matrices exceptionally more
complex and a special curvilinear mapping must be adopted [101, 102].

It is also worth mentioning, that the complex structure of the boundary matrices I';,
(B.41) and I‘ , (B.42) makes their evaluation the most difficult part of the DG-BGK&Ts
scheme constructlon since the dimensions ¢, 0, and r, z cannot be separated due to
the projection n - np = sin(¢) cos(0)nr, + cos(¢)nr, < 0.

B.2.2 The DG-T, Temperature Scheme

The axisymmetric geometry implies a reduced dependence of the electron tempera-
ture T,(t, x(r, z)), and the resulting form of the axisymmetric electron temperature equation
reads

ae dT /27r/ (EE +sin ¢) <C05(9) gi Sln(a) %) + COS(¢)%> 51n(¢)d¢d9

r

+ GieTe = Pe + Gieﬂ ) (B56)

which represents a 5D problem, i.e. the solution 7, of (B.56) depends on ¢, 7, z and ¢, ¢
due to I. All the coefficients
C, e, Gi€7 Pe ) (B57)

depend, in general, on time ¢ and position r, z.

The discrete form of the discontinuous Galerkin variation principle (3.8) in the case
of the 2D axisymmetric geometry uses the discretization of T¢, I, and T; (3.19) where
the bases =, ¥, and Z of (3.20) are defined on the spatial domain using the coordinate
system x = x(r, z), in particular, the bases &, ¢, and ¢ of (3.18) depend on r and z.
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The discrete 2D axisymmetric geometry variational form of the discontinuous Galerkin
electron temperature equation (B.56) reads

=T 27 T
[ [ =e| (B v amr) T+(/ [ (A
At JAr c dt

0wl sin(9) 0w” ow’
sin(¢) <Cos(9) 5 i 7°( ) 50 ) +COS(¢)W> sin(qf))dgbd&) I

— P, — G2 T, |rdrdt =0, (B.58)

where (2, , is a general spatial domain of the element.

We can apply the products E ® Z7 of (3.34), E® ¥ of (3.33), and E ® =T of (3.36)
wherever they appear in (B.58), which leads to the 2D axisymmetric geometry DG-T,
scheme formulation

[aeDt @My + GieM; @ My | - T — P.MY @ Mig® — GieMy @ Myg™ - T+

1
—Dt®2Mg®M2§®M "+ M, ®2M @M !
C

rz/r

COS(9)®M(S)IH( )®DTZT Mt®2D

MO
sm(G) sin(qb)

+ M; ® 2Mj @ M

COs

where apart from the already defined ¢, 6, and ¢ matrices (3.39, 3.40, 3.41, 3.46, 3.47,
3.48 3.53, 3.54, 3.56), we define the spatial discretization matrices

M = /Q ¢@rdQ,., , (B.60)
M = [ coutran. - Mt (B.61)
g = | o % rda,, (B.62)
e = 0 ¢ © ¢’ dQ,., (B.63)
bt~ [ 5@5\5&;”% (B.64)
MZe® = i E@wirdQ,., (B.65)
Mot = /Q E@ETrdQ,., . (B.66)

Now, the linear function solution (B.50) can be justified. The latter has the form
I=A,. - T.+b,., which when plugged in (B.59) provides the 2D axisymmetric geometry
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DG-T. electron temperature scheme

aeDy ® M7s + GieMy ® My | - Te — P.My @ Mt — GieMy @ MpZ™ - Tyt

1
EDt®2Mg®M2)®M,T§”+Mt®2M° Y

Te,I Te,I
cos(6) sin(¢) ®D7"Z77"_Mt®2Doin(€) ®Mgin(¢>)®M

s rz/r

+ M, @ 2My @ M2

& D;{Z,é] : (Arz -Te + brz) =0, (B67)
which is apparently a problem of the unknown T, and the unknown T;. Nevertheless,
the former unknown I is implicitly coupled via the matrix A, and the vector b, .

As was stated before, we want to make use of the lowest order backward Euler
time discretization. The 2D axisymmetric geometry backward Euler DG-T. scheme can be
obtained by using the backward Euler time matrices (3.42) in (B.67), thus giving

a , 1
M+ GieME |- T, — P.M7E® — GieM;2 " - T + [2M) @ MY, @ M

+2M ) ® MY ® DrZr — 2D

sin(¢) sin(6) ®M

gin(d)) ® Mz;ﬁ + QMg ® Mgos(zﬁ) ® DZZ,Q
1
ML - T+ 2Mj © My © —=ME" - T, (B.68)

Qe

. . 1 —
(Arz Te + brz) At

where each of the discretizations T, and I have been divided into its explicit part, i.e.
T? and 19, respectively, and its implicit part, i.e. Té and I' respectively, according to
(3.23, 3.24) and (3.21, 3.22), respectively. The scheme also uses only the implicit part
of the unknown T}, i.e. Tzl defined in (3.26). The matrix A,, and the vector b,., are
defined in (B.52) and (B.53).

It was opted at the beginning of this section that all the coefficients of (B.57) depend,
in general, on time ¢ and position r, z. Nevertheless, when used in the schemes (B.67)
and (B.68), we need to put some restrictions on the form of the latter coefficients.

In the case of the backward Euler scheme (B.68) any time dependence of (B.57) can-
not be included by definition. The best option is to use their mean values over At.
However, the dependence on 7, z can be enforced in the finite element matrices con-
struction, e.g. the spatial dependence of the heat capacity coefficient a. can be included
as

acMJs = E(r,2) @ E(r, 2) T ae(r, 2)r dQ,...
Q2
which appears in (B.68) and other coefficients of (B.57) can be treated in the exactly
same manner.

The approach to be used in the case of the scheme (B.67) is equivalent, while we
impose the condition of separable dependence on time and on space of coefficients
(B.57). We show an example of the heat capacity coefficient a., which needs to be
written as a.(t,r, z) = g(t) f(r, z). Then, the inclusion of the latter dependence reads

dw?l

a'eDt ® M?; - / Wt ® dtt g(t) dt ® E(r7 Z) ® 6(707 Z)Tf(r7 Z)T dQT‘Z )
At Q2
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which can be directly used in (B.67). The treatment of other coefficients of (B.57) simply
follows the example above.

B.2.3 The DG-T; Temperature Scheme

The axisymmetric geometry implies a reduced dependence of the ion temperature
Ti(t,x(r, z)), and the resulting form of the axisymmetric ion temperature equation reads

d7;
i ——
dt

which represents a 3D problem, i.e. the solution 7; of (B.69) depends on ¢ and r, z. All
the coefficients

+ Gie,I% = PZ + GieTe 5 (B69)

a;, Gie, P (B.70)

depend, in general, on time ¢ and position r, z.

The discrete form of the discontinuous Galerkin variation principle (3.9) in the case
of the 2D axisymmetric geometry uses the discretization of 7j, and 7. (3.19) where
the bases =, and E of (3.20) are defined on the spatial domain using the coordinate
system x = x(r, z), in particular, the bases ¢, and ¢ of (3.18) depend on r and z.

The discrete 2D axisymmetric geometry variational form of the discontinuous Galerkin
ion temperature equation (B.69) reads

/ / E®
At rZ

where €2,., is a general spatial domain of the element.
We can apply the products E @ E7 of (3.35), and 2 ® 27 of (3.37) wherever they
appear in (B.71), which leads to the 2D axisymmetric geometry DG-T; scheme formulation

d=T -
<aiT + GieET> ‘T, — P, — G2 - T |rdQ,.dt =0,  (B.71)

a;Dy ® Myt + GieMy @ Myt | - Ty — Gie My @ Mp2™ - T = PMy @ M;°, (B.72)

where apart from the already defined ¢ matrices (3.39, 3.40, 3.41), we define the spatial
discretization matrices

ME = /Q EoiTrdn,., (B.73)

ML’ = i E@wlrdQ,., (B.74)

My’ = / @ ¢rdn,, =M™ (B.75)
Q’I‘Z

As was stated before, we want to make use of the lowest order backward Euler
time discretization. The 2D axisymmetric geometry backward Euler DG-T; scheme can be
obtained by using the backward Euler time matrices (3.42) in (B.72), thus giving

a; . .
[—ZM?:; + GieML

Q;

(T = GieMyE™ - Te = PM2” + &

M/ . TV B.7
At 20 ( 6)
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where the discretization T; has been divided into its explicit part Ti0 and its implicit
part T} according to (3.25, 3.26). The scheme also uses only the implicit part of the un-
known T, i.e. T} defined in (3.24).

It was opted at the beginning of this section that all the coefficients of (B.70) depend,
in general, on time ¢ and position r, z. Nevertheless, when used in the schemes (B.72)
and (B.76), we need to put some restrictions on the form of the latter coefficients.

In the case of the backward Euler scheme (B.76) any time dependence of (B.70) can-
not be included by definition. The best option is to use their mean values over At.
However, the dependence on 7, z can be enforced in the finite element matrices con-
struction, e.g. the spatial dependence of the heat capacity coefficient a; can be included
as

a;Myi = £(r,2) @ £(r, 2)Tas(r, z)r dQ,., |
Qrz
which appears in (B.76) and other coefficients of (B.70) can be treated in the exactly
same manner.

The approach to be used in the case of the scheme (B.72) is equivalent, while we im-
pose the condition of separable dependence on time and on space of coefficients (B.70).
We show an example of the heat capacity coefficient a;, which needs to be written as
a;(t,r, z) = g(t) f(r, z). Then, the inclusion of the latter dependence reads

T

a;D; @ MyL = / wr @ dig(t) dt ® E(r,2) @ E(r, 2)T f(r, 2)r dQ,.
At di Q.

which can be directly used in (B.72). The treatment of other coefficients of (B.70) simply
follows the example above.
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