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Nazev prace:

Modelovani nelokalniho transportu energie v plazmatu

Autor: Ing. Jan Nikl

Obor: Fyzikalni inzenyrstvi
Druh prace: Studie k dizertacni praci

Vedouci prace: Doc. Ing. Milan Kucharik, Ph.D.
Konzultant: Dr. Stefan Andreas Weber

Abstrakt: Numerické modelovani transportnich déji v plazmatu typicky nasleduje kla-
sickou diftizni teorii. Existuje vSak rozpor mezi vysledky simulaci a experimentalnimi
daty v pripadé intezivnich laserovych impulzi, jelikoz energetické elektrony a fotony
pronikaji hluboko do terce. Musi byt proto tato nelokalita transportu modelovana, coz
ma zasadni dilezitost pro aplikace jako je inercidlni fize, predpulzy laserti o ultra-
vysoké intenzité, magneticky drzena fize nebo studie teplé husté hmoty. Tato prace
shrnuje podkladovou teorii a prispévky k vyzkumu tohoto komplexniho jevu. Je nasle-
dovano nékolik pristupt, jednak kinetické simulace problému v ramci Vlasov—Fokker—
Planck-Maxwell modelu a stejné tak hydrodynamicky model opatieny dopliujicimi
modely pro nelokélni transport elektronového tepla a radiace. Jsou navrhnuty nové fy-
zikalni modely a numerické metody, které jsou demonstrovany na fyzikalné relevantnich
simulacich.

Klic¢ova slova: nelokalni transport, laserové plazma, kinetické modelovani, Fokker—Planck,
lagrangeovskd hydrodynamika, transport tepla, absorpce laseru, radiacni transport

Title:

Modelling of non-local energy transport in plasma

Abstract: Numerical modelling of transport processes in plasma follows the classical di-
ffusion theory typically. However, a discrepancy between the simulation results and the
experimental data exists in the case of intense laser pulses, since the energetic electrons
and photons penetrate deep into the target. Hence, non-locality of the transport must
be modelled, which holds a significant importance for applications like inertial fusion,
prepulses of ultra-high intensity lasers, magnetic confinement fusion or warm dense
matter studies. This work summarizes the background theory and contributions to the
research of this complex phenomenon. Multiple approaches are followed, it is the kine-
tic treatment of the problem in terms of Vlasov—Fokker—Planck—Maxwell simulations
as well as the hydrodynamic model equipped with additional closure models for the
electron heat and radiation non-local transport. New physical models and numerical
methods are proposed and demonstrated in physically relevant simulations.

Key words: non-local transport, laser plasma, kinetic modelling, Fokker—Planck, Lagran-
gian hydrodynamic, heat transport, laser absorption, radiation transport
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1 Introduction

Plasma, the fourth state of matter, is the primordial origin of all matter, as the quark—
gluon plasma dominated the early stage of the universe, and maybe its ultimate end
at the same time, when becomes trapped on the accretion disk of a quasar. Plasma
also accompanied our kind from its very beginning, as our civilization would not exist
probably, when fire, a form of plasma, was not discovered. And it may also define its
future, as it provides a nearly unlimited source of energy due to the thermonuclear
fusion. Hence, its mysterious nature has attracted attention of scientists for long time.

Unless being absolutely still and homogeneous, plasma exhibits transport pro-
cesses. Therefore, their understanding is a cardinal discipline of the plasma research
from its beginning. Actually, it can be tracked even before its foundation to the studies
of gases. It was as early as 1905, when Lorentz described the transport processes in
metals in a simple collisional manner by what is hence known as the Lorentz gas [1].
Another landmark is then the formulation of the theory of gases by Chapman in 1916
[2]. However, plasma is not a neutral gas, even though it behaves like that in certain
aspects. The important distinction is that long range forces are involved unlike the
close encounters in a gas. A fundamental yet incomplete description was then given
by Landau for the Coulombic interaction [3]. Later, the notion of dynamic friction
in the astrophysical context originally was formulated by Chandrasekhar [4], but its
statistical basis predetermined it to be generalized to other fields. However, the effect
of electron—electron collisions was not clear and a strong belief existed that the theory
of gases should be simply extended for plasma as done by Cowling [5]. The influential
paper of Cohen, Spitzer and Routly then described the collisions in a consistent man-
ner as the dynamic friction and diffusion [6]. The theory was then further improved
in the work of Spitzer and Hérm [7], which defines what is till today referred to as
the classical diffusion theory of plasma. In the context of magnetized plasmas, it was
rather the work of Braginskii [8] based on the earlier formulation of Landau, which
presents the cornerstone of the description. However, the models relied only on the
small anisotropy approximations, limiting their accuracy. A systematic formulation
was then provided by Rosenbluth [9].

In parallel, the research of lasers started. However, it was recognized with their
increasing power [10] that the diffusion theory does not reflect the phenomenon of heat
flux saturation for steep gradients in plasma and the heat flux limiting technique was
proposed for the numerical solution [IT]. The physical findings were then confirmed
by the dedicated experiments [12]. Kinetic simulations suggested that there may exist
such a limitation [13] [I4], but it was believed that the diffusion description can be just
simply corrected. The flux limiting techniques could solve with a partial success the
problem of the excessive heat flow, but they could not describe the pre-heating effect
occurring on the downstream of the gradient. Empirical methods were proposed then
[15], delocalizing the electron heat flux and introducing the notion of non-locality to
the hydrodynamic simulations. However, the ground-shaking mathematical analysis of
the problem showed that such treatment may produce severe non-physical effects [16].
From that time, various models of non-local transport have been proposed [17, [18, [19],
but all possessing their own inherent advantages and disadvantages.



This defines the starting point of our research, which focuses on the phenomenon
of non-local energy transport in plasma. This topic has a great importance for multiple
fields of applications like the inertial fusion research [20], pre-pulse physics of ultra-high
intensity lasers [21, 22, 23], magnetic confinement fusion [24] or warm dense matter
research [25]. The complex nature of the non-local energy transport is given by the
fact that it originates from the microscopic phenomena in the plasma, but becomes
manifested on the macroscopic level. Therefore, also the numerical modelling must be
reformed to reflect this multi-scale problem adequately. This text addresses several
aspects of the non-local transport in the context of laser—target interaction, which
cannot be attributed to the electrons solely as discussed so far, but also to the radiative
transfer, where energetic photons may penetrate deep into the target. Moreover, the
laser absorption methods are deeply connected to both phenomena, when an intense
laser beam impinges a solid target and its power drives both effects. Finally, it is
the hydrodynamic modelling which provides the vessel for integration of all mentioned
methods together and simulation of plasma formation and expansion, which must be
also improved to accommodate the new models and follow the shift of paradigm in the
modelled detail.

The text is organized as follows. The introduction to the basic kinetic theory
is given in chapter [2, which is reduced to the hydrodynamic description in chapter
However, the hydrodynamic model is incomplete as it misses exactly the transport pro-
cesses we are mostly interested in. This is addressed by chapter [, which reintroduces
the phenomenon of heat transport, followed by chapter [5| dedicated to the radiative
transfer. Finally, a brief overview of the methods for laser absorption is given in chap-
ter [6l When the theory and the status of the current research are summarized, our
contributions to the them can be put into the right context as done in chapter [7]



2 Kinetic theory

Kinetic description of plasma originates from the statistical picture, where the exact
population of species is replaced by the distribution function through the averaging
process. It is assumed that there exists sufficiently high number of species on every
observable scale, so the statistics of such ensemble converge to the average values and
the continuous description is valid. The distribution function f, = f.(%,¥,t) is then
function of the phase space coordinates and describes the number of particles « in the
differential volume d¥, dv/, where ¥ is the spatial coordinate and ¥ is the velocity space

coordinate and ¢ is time. Following Liouville’s theorem, the total derivative % can be
expanded to form the Boltzmann equation:
0fs F, 0 fa
_"vfa_i'vﬁ’a: YR . 1
ot o I Ma / ( ot >coll B

The symbol F= F(Z, U, t) represents the generalized force exerted on the « species and
myg is their mass. The term on the right-hand-side represents the collision operator,
where it is assumed that the collisions involve only strongly localized transient fields.
Therefore, they can be separated in the averaging process and F does not include these
microscopic contributions.

In the context of plasma dynamics, the electron distribution f. is of a significant
interest as it is responsible for the most transport phenomena described in later chap-
ters. Because its frequent occurrence in the text, the lower index is omitted henceforth.
The collective behaviour of the plasma is intermediated by the macroscopic electric field
E = E(Z,t) and magnetic field B = B(Z,t) acting on the electrons through the Lorenz
force. Inserting it to , yields the kinetic equation:

of T - of
—4+10-Vzf ——(EF+1UxB) -Vzf = | = , 2
Vel (B B) Vet = () 2)
where e is the elementary charge.

The description is enclosed by the Maxwell’s equations for the macroscopic fields,
which are composed of Ampere’s law and Faraday’s law taking the following forms
respectively:

1 0F 4 .
—5 5 VX B =, (3)
0B ,

The quantity j = ;(f, t) is the electric current and its relation to the distribution
function is defined in chapter The symbol pg represents the vacuum permeability.



2.1 Collision operator

The kinetic description cannot be complete without a particular definition of the col-
lision operator operating on the right-hand-side of the kinetic equation . In the
simplest case, when the plasma is ideal in the sense that the collective phenomena
completely dominate over the close range interactions, it can be modelled as nearly
collision-less and the collision operator is set (0f/0)con = 0. This form of the equation
is known as the Vlasov equation.

However, the collisions cannot be neglected in the applications of the primary
interest here. In order to reduce complexity of the collision term, it is expanded to
the BBGKY hierarchy in the number of interacting particles [26, 27]. This expansion
is then truncated after the first term, i.e. the binary interaction between the species.
This approximation is related to the Debye-Hiickel theory of shielding, where potential
of a single particle over the distances longer than the Debye length Ap,. is effectively
shielded and decays exponentially. Therefore, even in the case of long range inverse
square forces like the Coulomb interaction between the particles, only the close range
interaction on the distances < Ap. must be modelled within the collision term and the
long range interaction is intermediated by the macroscopic fields. The collisions then
present local fluctuations and do not contribute to the mean values of the fields. This
kind of wavelength splitting is applicable only when the electrons are weakly coupled,
i.e. the kinetic energy of the species is significantly higher than the potential energy.

2.1.1 Fokker—Planck operator

In order to simplify the collision operator, several additional assumptions are made.
First, the observed time scales are relatively short compared to the collision time that
it takes an average particle to be deflected to the perpendicular direction. However,
the number of single events is high per that time, implying that the deflection can be
considered as a series of small angle collisions. It is in an agreement with the fact the
plasma parameter Np = 4?”ne)\?]je > 1, so there is a high number of particles in the
Debye sphere and the statistical treatment on this scale is meaningful. Moreover, the
binary collisions are also elastic, conserving the relative velocity during the encounter.
Finally, they can be superposed within the Debye sphere (i.e. distances < Ap.), as
they are not correlated, and form a Markovian chain, where the event can be modelled
by the probability . In particular, the probability ¢ = (¥, A¥) is introduced for
the transition of the distribution function from velocity ¢ to v+ Av. The distribution
function then can be expressed as [28]:

F(@,5,1) = / (T — AT, AD) f(Z,5 — AT, t — At) dAG. (5)

These considerations enable to expand the collision term to the Taylor series in
the velocity increments. When this procedure is ceased after the second term following
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the assumption on short time increment At, the Fokker—Planck operator is obtained:

af AT 1 . /AuAG
(&) S e ) o

The physical meaning of the terms can be identified. The first term is known as
the dynamic friction and describes the slowing down process, while the second term
of diffusion is responsible for spreading of the distribution function and increase of
entropy. The averaged collision coefficients appearing in @ are defined as follows [9]:

AU 1 A A 1
<At> = E/w(v,Av)Av dv, (7)

ATAT 1 e
<At> = E/Q/}(U,AU)AUAU dAv. (8)

Then, transition to the center of mass system for the colliding particles o and 3
is performed, where the relative velocity ¢ = vz — ¥, is introduced (g = |g]). For an
interaction with the differential cross-section o, the probability is given by the volume
of the collision cylinder ¢ dAT = At fzgo dvs. Substitution to yields [29]:

AU mg o =
<At> = %:W/Aggfﬁo—dvﬁa (9)
ATGAT mg \’
= _ AGAG Ug. 1
< Az > 25: (ma+m5> / GAgg fso dvs (10)

The derivation is continued by insertion of the Coulomb cross-section, which takes
form [2§]:

b2 - 4243 oy = Ml
0 — ) - )
ATE o g? o Mo + Mg

(11)

where x is the deflection angle, § azimuthal angle, ¢y vacuum permittivity, g, charge
of the a species and pqp reduced mass in the center of mass system. The integration
is elaborated, while the divergence of the collision integral is overcome by limiting
the impact parameter of the collisions to only the Debye length A\p, following the
assumptions [30]. Finally, the form with the Rosenbluth potentials are obtained after
some manipulations:

AU mg
— ) =) ———Y,5Va, - Hap, 12
<At> Zﬁjmaerﬂ 5V - Hag (12)
A_.A_. 2
< v “>:Z<mﬁ ) Yas Vi, Vi, : Gags, (13)
At 3 ma+m5
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where the potentials themselves are defined as:

-1
Hos = [ folfa = | a, (14)
Gy = /fg’ﬁa — | dds. (15)

The name potentials stems from the fact that they satisfy the Poisson equation in the
form:

ViH,.5 = —4r f3, ViGas = 2Hp. (16)
In the previous, it is assumed that Y3 is slowly spatially variable and is given
by:
2 2
7,43 ADa
Yos = —55—InAgys, Ao = , (17)
’ Amedpidg ’ ’ bo

The term InA,s is known as the Coulomb logarithm. The relative velocity g in the
definition of the impact parameter b is approximated by the thermal velocity
of the species usually. It is worth noting that A,z ~ Np, so the Coulomb logarithm
attains high values in ideal plasma, where Np > 1. This correlates again with the fact
that the small angle deflections are more frequent in the plasma as it can be shown
that the ratio between the contribution from subsequent small deflections a single 7 /2
scattering is ~ In A [31].

The Coulomb logarithm can be interpreted as a ratio between the maximal impact
parameter b,,,, and "minimal" impact parameter b,,;,. The maximum cut-off is given
by the Debye length, conforming with the assumptions made. The "minimal" value is
given by by, which can be interpreted as the impact parameter of the /2 deflection.
However, this parameter does not present a true cut-off in the physical sense. It can be
viewed as a mere convenient approximation of a more exact treatment [32]. Moreover,
the definition is usually modified in case of dense plasmas, where electrons undergo
partial degeneracy [33]. In the first approximation, the quantum treatment of highly
energetic encounters can be reduced to limiting the value by the reduced thermal de
Broglie wavelength A, [28]. The impact parameters are then defined as:

leokpT, h
bmam - )\De - (;13;2 ) bmm - max(b(b /\ﬁ)7 /\h - W? (18)
e evBle

where kg is the Boltzmann constant, A reduced Planck constant, n. electron density,
T, electron kinetic temperature.

In addition to the Rosenbluth formalism used here, there exists a different ap-
proach based on the work of Landau [3], which treats the collisions as an anisotropic
diffusion process in phase space. However, both formulations are equivalent and the
Landau form of the operator can be derived from (6] by using the differential identity
Vi Vi.g=1/g—Gg/g®, where I is the identity tensor. After some manipulations, the

12



Landau form of the Fokker—Planck operator is obtained:

O fa uaﬁ 9*L— gg Ja I
R A L

The operator holds many convenient properties like full symmetry of the integral part
in the index of the species and other, which are further explored in the subsequent
chapters.

It is also of an interest to investigate the limit m, < mg, which will be the case
for the electron—ion scattering for example. Under these conditions, the second term
in the Fokker—Planck—Landau operator can be neglected compared to the first
one. Furthermore, approximation of the relative velocities as § =~ v, for nearly static
scatterers yields the simplified form of the operator:

afoc ﬁi - Uaﬁa
( 8t )coll Z Yaﬂ nﬁvva <U3 . vﬁ&fq) 7 (20)

«

where ng = [ f3dvs is the density of the 3 species.

2.1.2 Bhatnagar—Gross—Krook operator

The Fokker-Planck operator presented in chapter has inherently non-linear struc-
ture. Its numerical solution is demanding consequently. However, when the physical
system is close to the collisional equilibrium, even only a linearized form can be suffi-
cient for the description of the relaxation processes. A linear operator of this kind was
constructed by Bhatnagar, Gross and Krook [34]. It can be written as:

0 fa
< ot )coll ZV&B = fe) (21)

where v,4 is the collision frequency between a and (3 species. This kind of operator
is called empirical, as the a priori known equilibrium distribution functions f,o for a
single specie plasma appear in the definition. In addition, an apparent drawback of
this approach is violation of the conservation laws. Unless the collision frequency is in-
dependent of velocity, it does not conserve neither of mass, momentum nor energy [35].
On the other hand, convergence to the equilibrium is guaranteed and the distribution
function remains positive.

This can be compared to the Fokker—Planck operator from chapter [2.1.1] which
conserves all three mentioned collisional invariants as shown in chapter 2.2l Moreover,
it satisfies the H-theorem, so the entropy S = — | flog f dv increases in time. In order
to prove this, is simplified to the single specie case and rewritten as:

0fa 92£_§§ / / AN
<8t>w”~V~/gg~ff (Viog f — V'log f') dv, (22)

where ' = f(#,7",t) and V' is the velocity derivative with respect to ¥ analogously.
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The Fokker—Planck-Landau operator in this form is multiplied by —(1 + log f) and
integrated to obtain:

N
af N//ff’g]g?)gg : (Viog f — V'log f') (Vlog f — V'log f') dvdd?,  (23)

where Green’s theorem was applied, assuming that f vanishes when || — oo, and
symmetry of the inner part of the operator was utilized. Due to symmetry and pos-
itivity of the expression for any f > 0, it can be concluded that 05/0t > 0 and a
unique maximum exists. The maximum of entropy is attained when the distribution
function reaches the Maxwell-Boltzmann distribution, which takes the following form
for electrons:

3/2 IR

L o Me me|U —
t) = e 7Tea = Tle 5 24
Fu(%,08) = far(ne, @, Te, 0) = m <27rkBTe> eXp( 2kpT. ) (24)

where « is the mean velocity. This provides the sought equilibrium solution, as it also
zeros the collision operator itself. This function is then inserted to the Bhatnagar—
Gross-Krook (BGK) operator usually [34].

As a final remark, it should be noted that a conserving form of the BGK operator
exists, where the parameters of density and temperature are unknown functions [36].
In order to determine them, a system of coupled integral equation must be solved, so
the method its convenient tractability.

2.2  Velocity moments

The kinetic description of plasma presented so far used functions defined in the phase
space. However, macroscopic measurable quantities like electron density or electric
current appear in the configuration space only. The link between the two is provided
by the velocity moments of the distribution function.

Proceeding further, elastic binary collisions are considered following chapter
Under these conditions, mass, momentum and energy are conserved during the scatter-
ing event. In particular, they present special cases of summation invariants. In other
words, the sum of the quantities before and after (denoted by prime) the collision is
equal:

o + b5 = O + D, (25)

where ¢o € {mq, MaTa, 3ma|Ua]?}.

The conservation properties for a continuous collision operator can be proved as
well. Restricting ourself to the single specie case again, the Fokker—Planck-Landau
operator in the form is taken and multiplied by one of the summation invariants
¢, which we consider as functions of velocity now. Integration over the velocity space
is performed and the expression is rearranged in a similar manner to to obtain:

/¢<an> de// Vo V&) _gg S (Vog f —V'log ') d7dd'. (26)

coll
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This formulation shows that mass, momentum and energy are collisional invariants of
the Fokker—Planck operator or any linear combination of 1, ¥ and |#]? is conserved
more generally. Note that the property of the central tensor was used here, that its
product with a vector collinear with g is zero.

The governing equations for the velocity moments of the distribution function are
obtained using the mean value operator defined as follows for functions X = X (v):

J X () fo(Ua) dvs
J fa(0a) At

Multiplication of the kinetic equation by ¢, and integration over the velocity
space yields the moment equation:

(X)a = (27)

a 0% —

ar <na¢a>a + vf : <naﬁa¢a>a 1 < (E + UOé X B Vg ¢a & /¢a 8fa dUa,

ot me ,B;éa coll
(28)

where the Lorenz force was inserted. The collision operator on the right-hand-side is
expanded to the contributions from different species, where the contribution from the
identical species o vanishes, since ¢, are collisional invariants. Due to the symmetry
of the Fokker—Planck operator , it can be recognized that the sum of the kinetic
equations gives on the right-hand-side:

/ZZ% (%ﬁ“) dv, =0, (29)

so the total mass, momentum and energy are conserved by collisions.

2.2.1 Mass equation

The first invariant ¢, = m, represents the zeroth velocity moment of the kinetic
equation. Insertion of ¢, to the moment equation yields:

8at (Mmana) + V- (manyi,) =0, (30)
where we restricted ourselves only to the single specie case, so the collisional contribu-
tions to the equation are zero due to the collisional invariance and this simplification
is applied even for other velocity moments for brevity.

In the previous, the definitions of the integral and mean quantities of the particle
density and mean velocity were used respectively:

1
- /fa A7, @ = (Go)e = n—/ﬁfa 4. (31)

It can be recognized from the form of that it represents the law of mass
conservation, since integration over the whole volume €2 of the configuration space
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yields:
dM,
= a_;oz . ﬁdF? 2
% ﬁp Uy - T (32)

where p, = myn, is the mass density, M, = [, po dZ the total mass and 7 the outer
unit normal defined on the boundary I' = 0€). Provided that the system is closed, i.e.
there is no exchange of particles over the boundaries, the total mass is conserved.

A closely related phenomenon to the mass conservation is the law of charge con-
servation. Taking divergence of the Ampere’s law (3) and Faraday’s law yields:

9v.p-_1lv.7

atV €0Vj, (33)
) .

~V.-B= 4

-

where j, = ¢uNale is the electric current. Assume that Gauss’s law for the electric
field and magnetic field holds at the beginning of the reference time in the form:

. pq =
v-E=f  v.B-o, (35)
0

where the charge density is defined as p? = g,n,. Substitution back to and
yields the law of non-existence of magnetic monopoles and continuity equation for
electric charge:

B .
o Pht VY Ja=0. (36)

Similarly to , the total charge Q. = [, ¢aned® is conserved when the electric
currents through boundaries are zero. Therefore, the electrodynamic theory behaves
consistently with the kinetic theory for the collisional invariant ¢, = q,.

2.2.2 Momentum equation

The first velocity moment of the kinetic equation (|1)) governs the momentum p,t,. It
is obtained from by choosing the invariant ¢, = m,uy,:

s, Lo -
pn (Patle) + V - (palictie + po(WW)) = pLE + jo X B, (37)

where W = v, — 1, is the chaotic part of the velocity. The two components of the
stress tensor appearing in the divergence can be identified as the dynamic pressure and
kinetic pressure:

D" = paialia = Ma [ Taliafa 7, (38)

P = o) = me [(7 = 0)(F — ) fa 05, (39)

Similarly to the continuity equation , the integral over the domain give rise
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to the law of momentum conservation:

dB,
dt

_%(QO‘—FBQ)-ﬁdF—F/PZE_;“‘jaxgdf? (4())
= = Q

where the total momentum of « species is defined as ﬁa = [ patia dZ. The contribution
to the boundary integral from D® is zero, when the system is closed, since , - @ = 0.
The pressure part can be interpreted as the macroscopic normal and tangential forces
acting at the boundary and becomes zero for an isolated system. However, the Lorenz
force action do not vanish in general, since the momentum is exchanged with the fields
as illustrated further.

The field counterpart of the momentum equation is obtained by vector multipli-
cation of and by B and E respectively:

E — — — 1_,\ —_
aath—CQ(VxB)xB:—goij, (41)
— B — —

Exa(%Jr(VxE)xE:O. (42)

The antisymmetric products are reduced to a symmetric tensor through the differential
identity:

-, — - =

. L1 IR T
(Vx &) x A= (AV)A - SV|AP = V.- (AA . 2|A|21> (V- -A)A (43)

When applied to the system (41H42)) considering the Gauss’s law , the sum of the

equations results in the equation of electromagnetic momentum:

o0 N ~
VM — V- (IE + IB> = —poE — ja X B, (44)
ot = =

where Ygy = g 'E x B is the electromagnetic momentum vector and zE ,zB are the
electric and magnetic parts of the Maxwell’s stress tensor:

T L1
18—z (BE-JIBPL). 1% " (BB 5IBP1). (15)

Integration of over the configuration space yields the law of electrodynamic
momentum conservation:

dﬁEM_%
dt

(TF + TP 7dl —/ p1E 4. x Bdz. (46)
Q

The boundary term is obviously zero for the normal components of the fields and
the second term is again the interaction part or the action of Lorentz force in other
words, which appeared in . Together, they give the sought law of total momentum
conservation for ﬁa + YEM-
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2.2.3 Energy equation
The last, but not least, collisional invariant is the kinetic energy ¢o = 3m.|v]* and
the corresponding second velocity moment of the kinetic equation . Insertion to the

moment equation yields:

d (1 1 1 1
o (5ot gpatutda) 49 (o + 0ot

+{(WoWa)a + <wiwa>a> = ja : E) (47)
where identification with the kinetic pressure tensor , kinetic energy density €& =

1/2pu?, internal energy density €/, and heat flux ¢, can be made. The latter are

defined as:

| 1
€0 = graluie = gma [10 =il fods (1)
1 1
Go = SPa{Weila)a = M / |7~ o] (7 — ) fu 7. (49)

After the substitution, the equation of energy reads:

a k ) k = 7 = a = — rd —
o (e et) + V- (ehita + b+ B+ 42) = Ju - E. (50)

Integration of over space provides the law of energy conservation for the
total energy of a species E, = [, €® + ¢!, dZ, which takes the form:

dE, _ i ke = - - Z R
== f (e + )i+ P it + @A) AT+ [ Jo-Baz o (51)

The first boundary term is convective and is zero when there is no mass flow over the
boundaries. The pressure part describes the action of the boundary forces and becomes
zero together with the normal heat flux for an isolated system. The last part describes
the total amount of Joule heating, which presents an interaction term between the «
particles and electromagnetic fields.

The field counterpart of the energy equation is obtained from and when
multiplied by E and B respectively. The system then takes the form:

10 = [ R
§§|E|2—C2V><B-E:—€—Oja-E, (52)
L0 \Br v BB (53)
2 Ot -

A linear combination of the equation then gives the energy equation for electromagnetic
field after some manipulations:

B L.
aEEM‘f'V'S:]a'Ea (54>
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where the density of electromagnetic energy and Poynting vector are defined as follows:

1 1 g — —
€N = 550|E|2 gV | B2, S=—u'E x B. (55)

The law of electromagnetic energy conservation can be derived from by
integration over space:

E
d o fs fdl — /ja Edz. (56)

Provided that the Poynting vector S is zero at the boundary, the electromagnetic
energy is conserved except the action on particles through the Joule heating term
Ja E. However, comparison of . with . reveals that the total energy E, + Egy
is conserved.

2.3 Cartesian tensor expansion

The kinetic theory described the distribution function f = f(Z,v,t) in 7 dimensions
of the phase space essentially. Consequently, solution of the kinetic equation ([1)) is
cumbersome, when a non-linear collision operator like the one presented in chapter
[2.1.7) is applied especially. For this reason, it is desirable to expand the distribution
function and solve only a finite set of equations in a lower number of dimensions.
Expansions in spherical harmonics or Cartesian tensors belong to the most frequently
used. The rationale of this choice can be seen in the fact that spherical harmonics
present eigenvectors of the diffusion operator, greatly simplifying the structure of the
Fokker—Planck collision operator. Moreover, the Maxwell-Boltzmann distribution (24))
is modelled by the zeroth mode already and higher modes present only anisotropic
corrections to it. Alternatively, an expansion in Cartesian tensors can be made, which
is also pursued here, but the two approaches are formally equivalent [37].

In the following, the distribution function f is expanded in Cartesian tensors as:

f(@,0,1) = f(7,

BN

v,t) = fo(Z,v,1) + fildv,t) - 7T + fo@v,8) i+ ..., (57)

where v = |¢] and 7 = ¥//v. The term fy is the isotropic part of the distribution
function, fl the first order tensor (i.e. vector) anisotropic correction and f is the
second order tensor anisotropic correction, etc. Note that the series is infinite, but it is
truncated after several terms typically, as mainly electron—ion collisions isotropize the
electron distribution function due to the high mass ratio of the species, which leads
to a high momentum exchange during an encounter. However, the energy exchange is
significantly slower due to this ratio, so rather the direction of momentum is affected.
In a typical collisional plasma, the ordering fo > | ﬁ| > |f;| holds consequently.

The velocity moments of the distribution function, which were defined in chapter
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[2.2] then take the form:

+o0 14
Ne = 47?/ fov? du, U, = T f1v3 dv, (58)
0 Ne 3
1 +o0 1 4t
el = fme47r/ fov' du, g = fme—ﬂ frv° do, (59)
2 0 2 3 Jo
while the pressure tensors are obtained in the form:
D+ Pf = ( / fo' dv) I+ / oo du. (60)

I must be noted that € and ¢’ are rather the total quantities related to . 19)) by
the following relatlons.

el = e Q' = q. + € i, + P°- .. (61)
It is enlightening and also serves for the purposes of later reference to derive the splitting

of the pressure tensor P° = p.I + II to the scalar pressure p. and the anisotropic part
II:

4 oo | 8 oo |
Pe = ?ﬂ-me </0 f()’U4 dU) - gpeuga Ee = Tgme 0 £U4 dv + gpeuz - peﬁ@ﬁ@'
(62)

From the given expression, it is clear that fy contributes to the scalar pressure and f,
to the anisotropic part only. o

To proceed further, the expansion is inserted to the kinetic equation ,
where the equations for the first two contributions parts of the distribution function
give:

Ofg v - e 1 0 /o2 2\
§+§v'fl_m78@%(vE.fl)_CO’ (63)
8]‘: e dfo =
E—i_vvfo_me 8UE_HGBXJ£1+

2 2¢ 0 [ 55
+5UVﬁ—Wm(UEf2>—Cl (64)

The equations for higher anisotropic corrections can be found in the literature and are
not detailed here [37].

The symbols Cy and C represent the tensor expansion of the collision operator on
the right-hand-side. Their complete prescription for the Fokker—Planck operator can
be found in the literature [28]. However, we are particularly interested in a simplified
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form of the collision operator for a two-specie plasma:

8f Vei 82 .
<at>60” - Cee + Oei - Oee + ? % f -

Vei 1 0 . 0 1 82
= Cee T 2 (singp 0y <Sm¢8¢ ) * sin? 892f) , (65)

where ¢ is the polar angle and # the azimuthal angle of the velocity vector in spheri-
cal coordinates. The symbol C,. represents the Fokker-Planck operator for electron—
electron collisions following the definition @ and C,; is the electron—ion collision op-
erator in the approximation (20). The simplification made here is that electron—ion
collisions lead to pure scattering of the electrons on a static background of ions. This
procedure assumes that the thermal velocities of ions are significantly lower than that
of electrons, i.e. vp; <K vre (v, = kpTn/m,). Moreover, the system is observed for
notably shorter times than the thermal relaxation time 1/v5, ~ m;/mcv.;. Due to the
high mass ratio between the ions and electrons typically, the approximation is justified.
The collisional terms Cy and C; then take the form:

6= 5 (ctmd+ DU G2 ) + culFi o (66)
Cy = —veif1 + Cor(fo, f1), (67)

where the Rosenbluth potentials of friction C' and diffusion D are defined as:
C(fo) = 4r /U fo()v2dv’, (68)
0
4 v +o0
D(fo) — %/ 2]/2/ fo(l)”)"U”dU”d’Ul. (69)
0 v’

It is evident from the form of (66{67]) that the tensor expansion separates the maxwelliza-
tion process mediated by Cj and isotropization process mediated by C. The angular
diffusion operator (also known as Laplace-Beltrami) from simplifies substantially,
manifesting the convenient construction of the expansion basis, where spherical har-
monics are eigenvectors of this operator. It can be immediately recognized that the
basis function cos ¢ coincides with the scalar product of 7i. The collision term Cp; is
responsible for the electron—electron scattering and holds main importance for low-Z
plasmas, otherwise electron—ion collisions dominate due to favourable charge and mass
ratio. In the Lorentz approximation (for Z — 00), this term is neglected completely.
Finally, the term C}; describes growth of fy due to electron—electron scattering, but it
presents a second order effect ~ | fl |> and can be neglected usually (assuming | f:| < fo).
Definitions of both can be found in the literature and it is not detailed due to their
complex formulation [2§].

21



For completeness, the formulae for the collision frequencies read:

Vee(V) =

Vei (U) =

4 4
Voo S = ;T; nev 2 log A, (70)
4 4
e Z*nv 3 log A, 71
B g

me

where Z is the mean ionization. The expressions can be derived from the Fokker—
Planck operator @ after substitution of the Maxwell-Boltzmann distribution as
the target distribution fz, which linearises the operator effectively. It can be shown
that a solution exists in the form of Chandrasekhar function [38], which behaves as
~ v~3 in the high velocity limit and yields the sought formulae when the approximation

me/m; = 0 is made.
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3 Hydrodynamics

The fluid model describes plasma as a continuum governed by the equations for macro-
scopic quantities. The single-specie model was derived in chapter from the kinetic
theory through velocity moments of the kinetic equation . In particular, it is com-
prised of the mass equation (30]), momentum equation and energy equation .
These macroscopic quantities then parametrize the shifted Maxwell-Boltzmann distri-
bution (24), which presents the assumed solution of the kinetic problem within the
fluid description. Only infinitesimal perturbation are considered classically, in order to
model the transport processes as described in chapter 4l This procedure is valid only
for well thermalized plasma (¢ > v.}), isotropized (¢t > v;'), where v, is the total

scattering frequency) and dominated by kinetic phenomena (¢!, > €gys). Under these
conditions, the solution attains the near (collisional) equilibrium limit.

3.1 Multi-specie fluid model

The single-specie model derived in chapter [2.2]can be then extended to the multi-specie
case by adding the inter-specie interaction according to (28)):

0pa .
LV (patla) = 0, 72
2V i) (72)
apaﬁa - = e - 2 =4 —
T + V- (paliata) = =V - P*+ plE + jo X B + Gug, (73)
8 OCST — — — = —
p@t <+ V- (paegua) =—V - (P* U) =V qo+Ja E+ gas, (74)

where eI = €I'/p, is the total specific energy of a species. The collisional coupling
between the species is mediated by the exchange terms:

— — 8 (8% B —
Gop = /mava Z ( 8]:5 ) dv,, (75)
B#a coll

B
BF#a coll

The multi-specie model ([7274)) considers only momentum and energy transfers

between the species based on the form of the collision operator ((19), where contribution

to the zeroth velocity moment is always zero. In other words, the processes resulting

in exchange of particles like ionization or recombination are not modelled dynamically,
but left for the stationary closure model described later in chapter [3.4]

3.2 One-fluid hydrodynamic model

The multi-specie model of chapter [3.1] offers a complete fluid description of the plasma
when the self-consistent fields are obtained from the electromagnetic closure, i.e. the
Maxwell’s equations (3{44]). However, the model represents a non-linear problem, ex-
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pensive to solve on long time scales. Therefore, the model is reduced to the one-fluid
description, provided that a quasi-static electric field develops between the species and
couples them together effectively (¢ > wp_al). Hence, the electrically charged particles
of different species are separated only on distances of the Debye length \p, and the
plasma can be considered quasi-neutral (3>, pZ ~ 0). The flows of the particles do not
need to be modelled separately as their profiles are inter-dependent. Consequently, the
plasma is described with the one-fluid quantities like the mass density p, center of mass
velocity « and specific internal energy e:

p= Z/mafa A7, (77)
Yo S MaUa fo dUy

7= —, (78)
o ) Mafadl,
Za f %ma|ﬁa - ﬁoc|2fa dﬁa
= — ) (79)
In particular, the velocities are © ~ 1w, =~ ; and densities are n, = Zn; for

electron—ion plasma, where Z is the mean ionization. Finally, the one-fluid model is

obtained by summing over the « index the system ([72H74)):

O 0+ (i) =0, (30)
2 (pi) + V- (o) =~V - P~V - PP, (31)
D 1) 4 V- (b 1 )iy = -V - (P-0) - V-7+] B (82)

ot

where ] = S, j. is the electric current, § = 3, ¢, heat flux, P =3,P, and
PB = -T B is the magnetic pressure tensor. The contributions from the collisional
momentum and energy exchange terms cancel out according to and the Lorenz
force densities vanish due to the quasineutrality condition. However, solenoidal currents
can exist even under the quasi-neutrality requirement, because the continuity equation
(36)) only restricts the potential (or divergent) part. In magneto-hydrodynamics, where
the interplay with a magnetic field is modelled, the solenoidal currents are given by the
electrostatic Ampere’s law j = 'V x B. Their substitution to the Hall term J X B
yields the magnetic pressure term —V - EB . Although, the term is proportional to the

magnetic energy 1/(240)|B|? according to the definition and the kinetic pressure
tensor P to the internal energy pe, so it can be neglected in ideal hydrodynamics, where
the assumption eg); < pe is enforced strictly.

The expression for the electric field can be obtained from the momentum equa-
tions when multiplied by p/p, and summed over the « index, while the velocities
are considered equal already. This procedure can be seen as relative temporal varia-
tions of the contributions to the total momentum and the electric field is constructed
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in such way to zero them all. Finally, the expression for the electric field is obtained:

-1
B=—ixB+o'j+ (an> S v P (83)
a Ma a Pa

where o is the total electric conductivity originating from the collisional terms gng,
where a collisional friction between the species exists. In the case of electron—ion
plasma, the situation simplifies notably, because the mass and charge ratio favours the
electron pressure contribution —V - P¢/(en.).

The procedure leading to the one-fluid model (80H82)) assumed that there exists
a single equilibrium distribution for all species. However, the electron—ion energy
exchange time is related to the electron—electron thermalization time as (v)™' ~
m;/m.Z2v_', so the condition ¢ > v ! can be satisfied securely, but ¢ > (v5)™*
may not. In other words, the equilibrium is reached significantly earlier for electrons
separately than the common equilibrium between the species. It is then possible to
retain the separate energy equations for electrons and ions instead of the common
one . This approach is known as two-temperature one-fluid model. The energy
equations then read:

0 o
5 (pe(3u® +0) + V- (pe(3u* +0)id) = =V - (P°- @) =V - . + jo - E+

0 A -
o7 (032 4 €0) + V- (p(Gu? + )i) = =V - (B 0) = V-G + ;- E+

where most of the terms cancel out as in , because the quasi-neutrality still holds,
but G;, G;. are the heat exchange coefficients for the linearized heat transfer approx-
imating g.;, gic terms respectively. It is applicable only for gentle deviations from the
common equilibrium, i.e. G¢;|T. —T;|At < 1 holds ideally (At is a typical resolved time
scale). Moreover, the symmetry G.; = G, is required to satisfy energy conservation.

3.3 Lagrangian hydrodynamics

The fluid model presented in chapter used the Eulerian description, where the
reference frame is fixed (the laboratory frame normally). However, ablative processes
during laser—target interaction lead to enormous expansion of the matter, where the
Lagrangian description is preferable.

The hydrodynamics is modelled within the reference frame co-moving with the
fluid. Only the Galilean transformations of the coordinate system are used, respecting
the assumption of non-relativistic motion of the fluid. It is convenient to define the
differential operator of substantial (or material) derivative:

Dh  Oh T
Di 9t + (aV)h, (86)
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for a vector function h (or for a scalar function analogously).
Equipped with the substantial derivative, the one-fluid model (80H82) can be

rewritten as:

D —

D= —pV - 4, (87)
D .
pﬁu:—V~£—V-£, (88)
D — —
pD—tE:—Q:Vﬁ—V-(f—l—fE, (89)

where the lower velocity moment equations were substituted to simplify the formula-
tion.

The next step is transformation of the coordinate system itself. The hydrody-
namic equations are primarily hyperbolic, so the quantities p, pii, 1/2pu® + pe
are advected along the characteristics. Therefore, the time-dependent flux 1Et X o 7
of the equations can be defined, which assigns the coordinate of an infinitesimal volume
of the solution at time ¢ to its initial (or material) coordinate X, so it ideally holds
p(r(X),t) = p(X,0), etc. Provided that this assignment is bijective and difeomor-
phic, so the characteristics do not intersect and no singularities exist, a well-defined
invertible transformation of the coordinates (X,¢) — (Z,t) can be defined. The pair
of the space-time coordinates ()Z' ,t) is called the Lagrangian coordinates. A function
h = iz()? ,1), defined in the Lagrangian coordinates and corresponding to the function
h = h(Z,t) in the Eulerian coordinates, is then differentiated as follows:

o, Oh

G Ot OF

oh|  Oh

‘ oh _0h
otlg, Ot

P (X))t B a

 Dh

= — 90
"Ei (X)vt Dt ( )

Jt()f),t’

where the fact was utilized that the slope of the characteristics 61@ /Ot is equal to the
velocity of the convection .

In addition to the time derivative, the divergence operator is needed. It can be
transformed as follows:

7 qut Po()?)
Ve hlg,=|—=| Vi blsg,= o Va-hls g, 91
X |X,t dX X |¢vt(X),t p(@bt,t) |qpt(X),t ( )

where po(Z) = p(#,0) is the initial density. This fact already reflects the fact that
p|J| is an invariant of the flow, i.e. Dp|J|/Dt = 0, where J = di;/dX is the Jacoby
matrix. This can be seen as a consequence of the mass conservation law , provided
the relation D|J|/Dt = V - #|J| holds, as can be verified from the definition [39]. The
continuity equation then gives:
Dp ~_Dp D|J] DplJ|

R AR AT Y

Following these considerations, the system (88-H89) can be transformed to the

+plJ|7! 7|7 (92)
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following form:
i=-Vg P-Vg P (93)
i E. (94)

where the functions in the Lagrangian coordinates are denoted by the upper tilde.

Finally, it must be explained how the Maxwell’s equations are transformed.
The procedure is not as straightforward as in the case of the hydrodynamic part.
The fields must be transferred to the Lagrangian frame by the proper Lorentz trans-
formations in the low velocity limit. In the simplest case of Lagrangian magneto-
hydrodynamics, the local electric force can be identified with the classical local Lorentz
force, giving the expression for the electric field [40]:

— —

B4 (@),t) = BT, 1) + @(7,1) x B(T,t). (95)

The Faraday’s law maintains its form even in the moving frame and becomes:

e B=-VXxE, (96)
where the differential operator in Eulerian coordinates is retained, because the formula
cannot be applied here and the final expression is more complex. It should be
noted that together with the definition of the electric field and can be
interpreted in such way that the convection of the magnetic field was eliminated by
the change of the reference frames similarly to the rest of the quantities.

3.4 Equation of state

The (magneto-)hydrodynamic equations together with the equations for the
electric field and magnetic field eventually still do not pose a closed system
of differential equations. The prescriptions of the pressure tensor and heat flux are
missing in the hydrodynamic picture. The reason is that both are given by higher
velocity moments than appearing in the hydrodynamic system, as in the case of the
heat flux according to the definition , or multi-directional correlations rather than
the scalar in the case of the pressure (39)). Discussion of the former is left for the
dedicated chapter about the heat transport processes |4, while the latter is the subject
of this chapter.

3.4.1 Ideal gas

Based on the kinetic theory, it was recognized after the Cartesian tensor expansion
(62) (and also the definition (39)) that the higher order tensors contribute to the
anisotropic part of the tensor only. The scalar part was obtained directly from the
isotropic part of the distribution function. Considering the equilibrium distribution
used throughout the macroscopic model, the scalar pressure can be related
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to the internal energy of the plasma:

p=(y—1)pe. (97)

This can be recognized as the ideal gas equation of state, where ~ is the Poisson
constant. As the degrees-of-freedom of the species motion were not restrained anyhow,
the constant attains the adiabatic value v = 5/3 in the kinetic model of chapter
Because the reduced hydrodynamic description does not self-consistently provide this
value, it can be varied depending on the given physical problem, so the value v = 7/5
can be used for simple diatomic molecules for example. The ionization is not provided
by the model and is assumed constant for the ideal gas.

3.4.2 Quotidian Equation of State

The Quotidian Equation of State (QEOS) [41] is one of the most popular models in
hydrodynamic simulations of plasma. It provides the analytic formulae for a wide range
of temperatures and densities in the one-temperature or even two-temperature model.
Conceptually, it is based on the formulation in terms of the Helmholtz free energy:

Ftot(pa Tea Tz) = Fz(pa Tl) + Fe(ﬂa Te) + Fb(pa Te)? (98)

where F; is the ion contribution, F, electron contribution and Fj, bounding correction.
The ion part is approximated by the solid and liquid scaling laws and by the Cowan
model [42]. The term F}, supplements the model by semi-empirical bonding corrections,
which serve to decrease the total pressure for solid material and give correct bulk
modulus [43]. The bulk modulus of solid and solid density are externally entered
parameters in this model. Finally, the electron term is based on the Thomas—Fermi
theory [44].

The basic assumptions behind the Thomas—Fermi theory are such that electrons
move in the electrostatic field of a point-like ion. As the model originates from the sta-
tistical description in the continuum limit, there should be statistically representative
number of electrons at any distance from the nucleus, so the model is fully valid only
for infinitely ionized atoms. In essence, the total energy of electrons is given by:

ETF_C’“”/ 5/3(f)df—/ @2 a7 +f // |x_f,’ Vazaz,  (99)

7]

the symbol CK2 is a positive constant. The first term is the kinetic energy of the
electrons distributed to Fermi spheres in the phase space, i.e. the volume of phase
space occupied by fermionic matter in ground state. The second term is the potential
in the field of the ion, which is calculated from the classical solution of the Poisson
equation in an agreement with the assumptions already stated. The last term is the
expulsion potential of point-like electrons. This energy is then minimized through
variations of the density profile for the given total number of electrons. From the form
of the equation, it is clear that the resulting solution is only function of the radius,
so no higher spherical modes are present and no notion of electron orbitals exists,
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except the spherically symmetric ones, but no quantization exists either. On the other
hand, the solution scales with the ionization Z, so it can be precomputed once and
applied on all ions. Another drawback of the theory is the absence of a proper electron
energy exchange term, which would respect Pauli exclusion principle. An answer to
this deficiency is given by the Thomas—Fermi-Dirac theory, but the model shares the
other inaccuracies and the solution cannot be scaled directly, which presents a notable
practical inconvenience. Therefore, the classical Thomas—Fermi approach is applied
usually.

The convenient simplicity and versatility of the QEOS model stemmed develop-
ment of many equations of state originating from it. The model was later adopted in
the library MPQeos [45] and further extended in FEOS package. It provides in addi-
tion to the basic QEOS model proper treatment of mixtures, where the properties of
the modelled atoms do not need to be averaged a priori. There are also improvements
of the cold curve and the region of liquid—vapour coexistence is treated rigorously [46].

3.4.3 Other equations of state

The Thomas—Fermi model used in the plain QEOS disregarded shell structure of the
atoms, making the model applicable only for high-Z materials approximately. This
crude simplification of the atomic description was addressed by many other authors.
One of the more advanced models is the BADGER library [47]. The ion model is
essentially the same as in the one used in QEOS. However, the correction for the
atomic bounds do not use the empirical parameters, but a model based on scaled
binding energies (SBE) instead. The ionization model is then separated from the
electron equation of state and can be switched independently. The model based on the
Thomas—Fermi model described in the previous chapter is one of the options, but the
continuum treatment predetermines it only for high-Z materials as already stated. On
the other, the screened hydrogenic model with [-splitting (SHM) can be used instead,
where the notion of the atomic structure in the approximation of the principal and
azimuthal quantum numbers is present. Another option is the individual electron
accounting model (IEM) model, where the electrons in the approximation of discrete
particles are part of the quantum system of the ion. Finally, the electron equation
of state models not only the free electrons, but also the bound electrons, which were
disregarded in the QEOS(-like) models, using the already mentioned SHM model. All
species then interact through the Coulombic forces and partial charge screening is also
present between them.

In addition to the analytic models presented so far, there is another wide group
of empirical models. One of the major members of the family is the SESAME library
[48,/49,50]. The experimentally measured values of quantities like pressure or ionization
are tabulated for various temperatures and densities. Interpolation of the data is then
necessary between the discrete point of the thermodynamic space.

The interpolation routines are part of HerEOS (Hermite-interpolated Equation
of State) [51, 52]. The library provides thermodynamically consistent interpolation of
the quantities rather than direct interpolation between the given values of pressure and
other. In particular, all thermodynamic potentials are calculated from the Helmholtz
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free energy F' = F(p,T), where the temperature is the common one for one-temperature
models, electron or ion, depending on the given equation of state. For example, the
specific internal energy and pressure are calculated as follows:

af , (OF

on=r-1(3) . wen=r(5) (100)
where the thermodynamic notation of derivatives is used, so the lower index denotes
the quantity constant during the process. This approach guarantees that the derived
quantities are true potentials as in the theory of thermodynamics. The potentiality
is not self-provided for interpolated functions as inconsistencies arise between the dis-
cretely approximated quantities, which may lead to violation of the thermodynamic
laws. In contrast, the calculation from F' gives fully consistent results provided that
the interpolated function F' is smooth enough. This is achieved by high-order Hermite
polynomials used for the interpolation. Another merit of the interpolation in general
is the acceleration of the computation, where the analytic model does not need to be
evaluated at the points of the thermodynamic space repeatedly during the numerical
simulation.
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4 Heat transport

The term heat refers to the energy confined in the chaotic motion of the plasma species.
Collisional processes thermalize the plasma and lead to establishing of the collisional
equilibrium as explained in chapter [2. However, the physical system rarely attains
the full global thermal equilibrium (TE). Due to the presence of strong energy sources
like an impinging laser beam (see chapter @, the physical system is deviated from the
global equilibrium and only local thermal equilibrium (LTE) is attained. The heat
transport process then emerge, equalizing the thermodynamic conditions.

The kinetic theory provided a description of the heat transfer implicitly together
with the rest of the velocity moments of the distribution function (see chapter [2.2)).
However, the reduction of the kinetic model to the fluid description of chapter [3] trun-
cated the velocity moments expansion yet after the energy moment. Principally, the
expansion can be extended further, but higher velocity moments are not invariants of
the collision operator according to chapter[2.2] Consequently, they are not governed by
conservation laws resembling those of the lower ones. Therefore, heat flux correspond-
ing to the third velocity moment is not provided by the classical fluid model and must
be supplied externally. This is circumvented by construction of a closure model for the
heat flux, relying on the lower moments only. Various approaches to this problem are
subjects of this chapter.

4.1 Diffusion transport

The diffusion treatment of the heat transport is the most frequently adopted one due to
its simplicity. Moreover, it is also positivity of the diffusion operator, which guarantees
monotonous increase of the entropy in an agreement with the Onsager relations of
irreversible processes. Fundamentally, it is based on the linear perturbation theory, so
its predictions are valid only for small deviations from the equilibrium. In particular, it
will be shown that the perturbation of the Maxwell-Boltzmann distribution scales
with mean free path of the electrons \,. Therefore, the assumption A\, < L is made,
where L is the characteristic length scale of the plasma profile (it is Ly = 1. /| V1| for
the temperature and L,, = n./|Vn.| for the density approximately).

Under the conditions stated above, the distribution function f can be formally
expanded using the Hilbert expansion in a small parameter A combined with the ex-
pansion in Legendre polynomials in the directional cosine p = cos ¢ of the polar angle
¢ B3: o

F= N> fiPi() = foo + forre + fiod + fudp + O(N, ). (101)

=0 j=0

The Chapman-Enskog approach then defines the methodology how to successively solve
such a parametric expansion, where the procedure should start with the unperturbed
coefficients neglecting the corrections [2, [54] 55]. However, it is clear from chapter
that the solution is the Maxwell-Boltzmann distribution for collisionally dominant
plasma so it can be identified that fog = fi; and fi9 = 0, as it is isotropic. Then, the
first order correction are sought, but fy; correction can be neglected compared to fy,
for the linear theory, so only fi; remains to be solved. When the higher order terms
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are neglected, this truncated expansion exactly coincides with the Cartesian tensor
expansion in chapter 2.3} For convenience and brevity, the equations are not derived
again for the expansion , but the discussion continues with the the equivalent
tensor formulation (57]).

The solution of the kinetic problem has an analytic formulation only for the
Lorentz approximation [I]. In this limit, the electron—electron collisions are neglected
compared to the electron—ion ones. Moreover, the sought solution should be stationary
to depend only on the thermodynamic potentials, so the transient term is 0 ﬁ /Ot = 0.
Finally, we restrict ourselves to the case without a magnetic field. The equation for ﬁ

gives the solution:

—

Ji= e (VfM — 8]"}]5> : (102)
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where A.; = v/v,; is the electron—ion scattering mean free path. Using only the defini-
tion of the equilibrium distribution , the gradient term can be evaluated as:

Vn, mev?: 3\ VT,
Viu= ( ) + (2]€BT€ — 2) T ) far. (103)

The expression for the stationary self-consistent electric field can be directly de-
rived under the condition of quasi-neutrality. Essentially, it implies, based on the
continuity equation , that the electric current must be zero for a single-directional
perturbation of the distribution function, so the definition gives the condition:

+oo
/ fiv*dv = 0. (104)
0

Inserting the solution of ﬁ (102) to it, the diffusion electric fields is obtained:

kBeTe (vn +§1VT6>’

E-= 105
7 7 (105)

where the factor ! = 5/2 for the Lorentz gas.
Finally, the electric field (105]) is inserted to the f; formula (102)) and the full
distribution function is constructed from the expanded form to obtain:

m, 3/2 m Uz m U2
= (e SRS Ny Y AN 106
f=n <2kaTe> eXp( 2k;BTe> <2kBTe ") (106)

where D is the transport function taking the form:

D(Ca ﬁ) = feri(C - 4>ﬁ ' Vj—,Tea (107)

e

The notation with the transport function D follows the work of Spitzer and Harm [6, [7]
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and agrees with the classical results for the Lorentz gas [1]. Considering also electron—
electron collisions throughout the derivation is non-trivial and the system must be
solved numerically. The results obtained with an expansion in Legendre polynomials
were tabulated in the influential paper [7]. The findings were later fitted by analytic
formulae giving the correction factors [56]:

Z+0.24 37 +0477
Z)y="—"" W2y =14+ ="0—"—. 1
&) Z+4.2 &) +2Z+2.15 (108)
Finally, the diffusion heat flux reads according to the definition ({59):
4 [+ 1 - 128
Gon=— [ Sma’fidv = ———Asporen.kpVT,, (109)
3 Jo 2 37
where the Spitzer—Harm mean free path is defined as:
3vh.m
sy = Le ° 110
st 427 Ze* In A, (110)

To conclude, the diffusion approximation for a small perturbation of the equi-
librium distribution resulted in the Fourier’s law for heat diffusion ¢sy = —ksygVTe.
The electric field had a significant role in eliminating the dependency on the density
gradient, which is only true if both gradients are aligned as was tactfully assumed. In
the opposite case the solution is more complex and kinetic simulations are needed [57].
The electric field also reduced the heat flux significantly as the electrons cannot free
stream in a single direction, but a return current balancing the flow is formed when
the quasi-neutrality condition is enforced. Actually, the main contribution to the heat
flux is not provided by the electrons with the thermal velocity vr., but super-thermal
species with velocities about v ~ 3.7vr, [58]. The dependency on the electron—electron
collisions manifests that the electron—electron collisions make the transport less effi-
cient, but the densities are lower for low-Z plasmas typically, outweighing the effect by
the value of the mean free path.

4.1.1 Diffusion transport in a magnetic field

The diffusion model presented in this chapter did not assume presence of a magnetic
field. The theory considering also this effect was summarized by Braginskii [§]. Instead
of the simple Fourier’s law, the following expressions are given:

) . ixB -

FooYPe )X +a-j—p- VI, (111)
Ne€ Nee = =

{=—k-VT,-T.B-7, (112)

where o is the resistivity coefficient, 8 thermoelectric coefficient, £ heat conductivity
coefficient. All coefficients are tensors depending on the magnetization of the plasma.
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In essence, their structure is following when applied on a vector 7
A-7F=Ayb- )b+ ALbx (Fx D)+ A X T, (113)

where b = B/|B| is the unit vector in the direction of the magnetic field and A AL AL
are transport coefficients parallel, perpendicular and cross-component contributions re-
spectively. The parallel terms are not affected by the magnetic field classically and the
values are identical with the findings of Spitzer and Harm [7]. However, the perpen-
dicular coefficients are strongly dependent on the magnetization and the heat flow is
limited across the field lines, while the resistivity grows. The most interesting term is
the one proportional to the temperature gradient, which is responsible for the Nernst
effect in the case of the thermoelectric term - VT, and Righi-Leduc effect in the case
of the anisotropic heat conduction term s - VT,. It means that an electric field and
heat flux perpendicular to the both gradients, of the temperature and magnetic field, is
generated. These terms then become non-local when the Knudsen number of electrons
Kne = A/ L grows [59].

4.1.2 Heat flux limiting

The heat diffusion model is widely used for plasma simulations for the reasons already
mentioned in the introduction of this chapter about the diffusion transport. However,
it was recognized based on experimental data that the predictions of the diffusion
theory significantly overestimate the heat flux in the upstream of a steep front and
underestimate in the downstream [I1]. It was proposed to use the heat flux limiting
techniques to cure this problem crudely. The heat flux is limited to a fraction of the
free streaming value qys = n.m.v},, which is the absolutely highest value the heat flux
can attain when all electrons propagate in a single direction. The heat flux is then
limited by one of the formulae typically [60]:

dsu
L+ |Gsul/(f"qzs)

¢ =min(1, f'""qss/|Gsn|)Gsm, or q= (114)

where f!™ is a factor between 0.02 and 0.15 based on experimental data and Fokker—
Planck simulations [61], 62]. However, the redefinition of the flux using the local values
of the temperature changes the structure of the diffusion equation, which becomes
hyperbolic instead of parabolic locally. This can have unforeseen consequences as the
entropy may not increase and non-physical artifacts may appear in the simulations [60].
Therefore, limitation of the conductivity is preferred, which does not guarantee that
the flux is lower than the given value, but maintains the parabolic structure of the
equation, so the behaviour remains purely diffusive. They are defined as follows:

o — RSH
L+ |gsul/(f"qps)

Kk = min(1, flimqf8/|(ng|)/15H, or (115)

The problem associated with the flux limiting techniques is given by the fact
that the value g5 depends on the local temperature and density without any notion of
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the actually transported species. Consequently, the limiter fraction ™ is temporally,
spatially and physical problem dependent factor, which can be accurately estimated
only on the basis of fully kinetic simulations [63, [64, 65]. This problem led to the
development of semi-empirical methods, designed to feasibly cure this loss of predictive
capabilities of the hydrodynamic simulations.

4.1.3 Convolution extension

One of the major representatives of the semi-empirical methods is the method of Luc-
ciani, Mora and Virmont (LMV) [I5]. The idea was to propose a convolution of the
classical diffusion results to take into account the emerging non-locality. The heat flux
is then calculated as:

7= | K(F#)isn 7. (116)
Q
where K is the convolution kernel defined in 1D as follows:
1 fxl ne(z”) dz”
K(z,2') = ——————exp | | , 117
( ) 2)\[/]\/[\/(23/) P )\LMv(ZL'/)TLe([L'/) ( )

where Appsv is a function defined in the reference [15]. The convolution introduces the
notion of non-locality, where the flux is dislocated on the length scale comparable with
Arnmv. However, a shortcoming of the theory is the asymmetric convolution kernel,
where only an ad hoc density correction is present in the form of a path integral. As
revealed later in the influential paper, negative entropy is generated and non-physical
instabilities may arise [106], [66].

A multi-dimensional extension of the method based on less empirical foundation
was proposed by Schurtz, Nicolai and Busquet (SNB) [I7], which remains the most
widely used non-local transport model probably and has been implemented in large
ICF codes [67, 20]. The generalization is made by reformulation of the problem in
multiple dimension in terms of the equivalent linear stationary transport equation:

S 1 3. S
n-Vq= <n “Qsg — q) : (118)

It can be recognized that the integral solution of the linear transport equation (118)) in
1D is the Fredholm equation of the second kind, which nearly coincides with (116)), but
the kernel is symmetric. The transport equation can be solved by the discrete ordinates
method or by angular moments as in the case of radiation transport described in chap-
ter 5] The authors also propose a multi-group extension of the method, so non-locality
of the species varying with their velocity can be taken into account approximately.
However, one of the most cumbersome simplifications of the model is the non-existence
of a non-local electric field. Instead, the mean free path is merely limited by the local
value of the Spitzer-Hérm electric field based on the work of Bendib, Luciani and
Matte (BLM) [68]:

1 . 1 4 |GESH|

_ , 119
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where a is a problem dependent positive constant. It is apparent that the configuration
of the electric field and non-local fluxes can significantly more complicated in multiple
dimensions unlike the 1D case considered by BLM and the local diffusion field is not
representative of the actual non-local transport conditions. An effort was then made
to reformulate the method with self-consistent electric and magnetic fields [69]. Also
the electron—electron collision operator used for theoretical foundation of the model,
which was originally approximated by the BGK operator of chapter was replaced
by the more accurate model of Albritton, Williams, Bernstein and Schawrtz (AWBS)
[70, [18].

4.2 P1/M1 model of non-local transport

The chapter about the diffusion transport revealed that the problem of heat trans-
port becomes non-trivial when steep gradients of the length scale L comparable or
smaller than the mean free path of the species A\ are present in the plasma. In particu-
lar, the condition was specified to \e;/L < 0.06/+/Z for electrons [71]. This shows that
the non-locality emerge very early and a discrepancy between the diffusion predictions
and more accurate kinetic simulations arise [63]. The extensions of the diffusion model
in chapter approached the problem empirically or semi-empirically, but did not
possess a solid theoretical foundation and empirical factors had to be adjusted for the
given physical scenario, decreasing the predictive capabilities of the models. However,
solution of the full kinetic problem was and still is prohibitively computationally ex-
pensive on the hydrodynamic scales. Therefore, simplified non-local transport models
were proposed.

A simplified model directly originating from the kinetic theory is the P1 and
M1 method using the terminology of radiation transport (see chapter . They are
based on the angular moments technique, formally equivalent to the Cartesian tensor
expansion of chapter [2.3] which is truncated after the first term. The collision operators
on the right-hand-side of the system (63H64) do not involve the full non-linear collision
operator, but they are simplified in the work of Del Sorbo et al. as follows [18] [72]:

0

C(]:VeeU%<f0_fM)7 (120)
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Cl = VeeU % f1 — (Vee + Vei)fl‘ (121)

The Fokker—Planck operator for electron—electron collisions uses the linear AWBS ap-
proximation [70], which is valid for high-velocity species near the equilibrium. However,
it has an apparent advantage over the BGK operator described in chapter in the
aspect of conserving mass, but it is still rather an empirical operator as the equilibrium
distribution function must be entered explicitly.

The P1 and M1 models then differ in the definition of the closure relation replacing
the f, contributions to the system of equations . Setting f; = 0 yields the

P1 model, which is applicable only for very small anisotropy | f] < fo. It must be
noted that form of the closure appearing in the reference is different. The reason is
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that formally equivalent technique of angular moments is followed there instead of the
tensor expansion .

In contrast to the P1 model, M1 method is designed to approximately treat
strongly anisotropic media. The idea is that f; should maximize the entropy as random
scatterings do in long term. The procedure is not detailed here as it is essentially
identical with the one performed in the case of radiative transport in chapter [5.2] The
system is solved in the stationary limit, i.e. dfy/0t = 0,0 f: /Ot = 0. The electric field
is also calculated as stationary, where the solution can be derived immediately from
in the Lorenz limit for the zero current condition in the form:

+o00 7
me/o V fov' dv

6e Foo
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This formula gives the Spitzer—Hérm electric field @ for the Maxwell-Boltzmann dis-
tribution . The electron—electron collisions in @ are taken into account through
a correction factor. The whole procedure of solution is performed iteratively until
quasi-neutrality is achieved [18].

4.3 BGK model of non-local transport

A problem of the P1/M1 methods is given by their originally kinetic nature, which
requires to solve the global system of equations for tens or hundreds of velocity bins as
in the case of VFP codes, making it expensive to compute. The reason can be seen in
the fact that the equilibrium distribution function is described as any other distribution
function without any distinction. Secondly, the anisotropy of the distribution function
is strongly limited by the truncated Cartesian expansion. It was assumed that | ]?1| < fo
and when this condition is not fulfilled, a strong flux of electrons causes negativity of
the distribution function in the opposite direction as both directions are artificially
connected though a single component of fl vector. The entropy maximizing closure
then leads to an excessively diffusive system even for nearly coherent electron fluxes [73].
These drawback led us to the construction of a model based on the first-principles
similar by its nature to the discrete ordinates method used in radiative transport of
chapter [5.3] The primary quantity in the description is the electron specific heat
flux intensity I? = IY(Z, 7, v,t) [19, [74, 60]. Essentially, it determines the differential
amount of energy dE, transported by the electrons with velocities in the interval (v, v+
dv) along the unit vector 7 in time dt across an infinitesimal oriented surface d.S into

the solid angle dn:
dE, = I°(Z, 7, v, )it - dS d7i dov dt. (123)

Taking the phase space volume expressed in the spherical coordinates similarly to
chapter the intensity is defined as follows:

1 1
1,1, 0,0) dE it dv = Sm [0 (&, 1) dT AT = Jmeo fo(, 71, 0,8) dE dit dv. - (124)
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The connection to the definition of the heat flux is obvious and the heat flux
becomes then: .
i = / ridide = [ LAdd. (125)
0 47 A

This expression also defines the total electron intensity /., which is the velocity integral
of IY.

The BGK non-local electron heat transport model is based on the kinetic equation
in the stationary limit (considering long times compared to the collision time v ')
equipped with the BGK operator (21)):

9 i B=="e(f - ar), (126)

where presence of a magnetic field is not considered. Next, the averaging operator is
defined for a function of velocity h as follows:

+o0 1
(h)! :/ ~mev°hdv. (127)
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Application of this operator on the kinetic equation ((126)) yields:

4 1 . I 1
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where A\, = v/v, is the electron mean free path. Approximating the unknown distri-
bution function by a Maxwellian, the averaging can be performed to obtain:

e = 1 2
i-VI, = —@Jﬁ B+ e (W\g_ﬂpev%e - Ie> : (129)
Following this approach, a problem arises in the case of the electric field term, where the
zero current condition is related to a different velocity moment of the distribution
function. Approximation of the third velocity moment of the angular distribution func-
tion by the fifth, i.e. by the intensity, would only non-physically shift the equilibrium
intensity and the mean free path. Therefore, the electric field is approximated only by
the corrective factor a of the mean free path, which is adjusted to give an agreement
of the method with the diffusion heat flux in the limit. The calculation shows
that it has the value [19]:

B 64€
C3V2r

The main benefits of the method can be seen in an arbitrary anisotropy of the
transport, which depends only on the numerical quadrature used for the solution of the
steady state transport . It is also the tractable formulation making the calcula-
tion inexpensive and solvable by various numerical methods, while the intensity-based
formulation guarantees that the method is always conservative. It can be also extended

a(2) 0(7) =8.51£°(Z). (130)
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to an arbitrary number of velocity groups by performing only partial integration in the
averaging operator . However, the main drawback of the method is the absence of
a self-consistent non-local electric field. It is this field that limits the heat transport in
the non-local limit and couples the energy groups together. Still, the method provides
good results when the mean free path is known experimentally for example [25].
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5 Radiation transport

The description of the transport processes in plasma in chapters [3, ] was limited to
only convection, i.e. transport by means of an ordered motion, or conduction, i.e. by
a chaotic motion, of massive particles. However, strong changes of momenta of the
charged particles lead to emission of the thermal radiation, which presents the third
mean of energy transport. There exist two fundamental approaches to derivation of
the equation of radiative transport similarly to the light itself possessing the wave and
particle descriptions.

Considering its wave nature, it can be modelled as an electromagnetic wave prop-
agating through space following the Maxwell’s equations . This methodology is
applied in chapter [6] for description of the coherent radiation of a laser, but it is not
feasible for the thermal radiation having a broad frequency spectrum. However, the
short wavelengths allow to treat the radiation as an energy continuum described by
the radiometric quantities, where the final model coincides with the particle approach
followed here.

The particle description is chosen to support the analogy between the radiative
and heat transport of chapter [ which is most pronounced in the case of the non-local
transport and led us to formulation of the model of chapter .3, Within the framework
of the particle theory, the radiation can be seen as an ensemble of photons, quanta
of electromagnetic force. Similarly to chapter [2 they can be described by the photon
distribution function fr = fr(Z, 7, v,t) [75]. It determines the number of photons with
frequencies in the interval (v, v+dv) in the volume dZ propagating along the unit vector
77 at position 7 and time ¢. The distinction of the formalism is given by the presence
of the frequency v instead of the velocity, which was related to the non-relativistic
kinetic energy of the species, but becomes meaningless for the massless particles. The
correspondence can be recovered through the relation p¥ = (hv/c)fi for the momentum
of a photon.

Considerations about the fundamental processes in the medium like absorption
and scattering lead to reformulation of the Boltzmann equation for the photons
distribution [76]:

afR — v v oo v,/ =) = /=
7+Cnva—q —ck fR+C O-s(yvyan'n)fR<V7n)_
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ot
—o(v, Vi) fr(v, i) dn’ dv/. (131)

The isotropic emission is modelled through the emission function ¢ = ¢”(v, Z,t) and
absorption by the absorption coefficient k¥ = k¥(v,Z,t). The scattering processes
are treated by the Bolzmann collision operator with the isotropic differential scattering
coefficient o (v, V', i-11') = o¥ (v, V', 7i-ii’, Z, t), such that the the probability of scattering
from v to v/ and from 7 to 7’ in time dt and spectral interval (v,v + dv) is given by
cot(v, V', n-7i')dvdrdt.

Similarly to chapter the specific radiation intensity I}, = I%(Z,7,v,t) can
be defined, which describes the infinitesimal amount of energy dEg transported by
radiation with the frequency in the interval (v,v + dv) along the unit vector 7i at
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position & and time ¢ across an infinitesimal oriented surface dS in time dt and solid
angle dn:
dER = I}(Z, 7, v, t)ii - dS di dv dt. (132)

The relation between the distribution function and the specific intensity can be found
by transforming the phase space volume to the spherical coordinates. Realizing also
that the energy of a photon is hr, the formula reads:

h4 1/3

I4(Z, 7, v,t) AT it dv = huefg(Z, 7%, 1) A7 dF =
C

Fr(@, v, t) AT ditdy.  (133)

Equipped with these relations, the Boltzmann equation of radiation can
be rewritten for the intensity. The Boltzmann integral is further simplified for nearly
isotropic media by approximation of the BGK operator of chapter 2.1.2] but the re-
laxation is made towards the implicitly defined angular mean of the intensity I% =
1/(4n) [, I, dr. This choice guarantees that the radiation energy is conserved as
shown later. The equation of radiation transfer then reads in the form most commonly
found in the literature [75]:

191
c Ot

+ 71 VI =" — kTG + 0¥ (I — I%) = —X"I% + 7% + 0¥ I}, (134)

where j¥ = h'v?/c3q” is the (spectral) emissivity, o” the scattering coefficient and
x” = k¥ 4+ 0" the total extinction coefficient.

Following this notation, the spectral radiation energy density €%, radiation flux
¢% and radiation pressure QR’” present angular moments of the intensity:

L T A / radi,  pRv =1 / rardi.  (135)
¢ Jan 4 = ¢ Jax
An analogy can be seen here with the velocity moments of the distribution function
elaborated in chapter 2.2 The difference is given by the fact that the velocity of
propagation is assumed to be constant. Practically, it can be reasoned that way the
refractive index in the X-ray range, which is mostly spectrally covered by the high-
temperature laser plasma [77], are close to the vacuum values in the coronal region. In
contrast, the transport is dominated by many subsequent absorptions and reemissions
in the dense regions rather than the behaviour of a single photon [78]. Therefore, the
velocity of photons and the related transient term in the radiation transfer equation
(134)) are of an lesser importance here. Furthermore, the transition to the fluid reference
frame is not performed as the mean velocities in the hydrodynamics were assumed non-
relativistic, i.e. |u| < c.
Integration of over all solid angles yields the zeroth angular moment equa-
tion for the radiation energy:

O€r,
ot

+ V- qp =4nj" — k"€l = — g (136)

Similarly to the energy conservation equation for massive particles , it has form
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of a conservation law, where an interaction term appears on the right-hand-side of the
equation. Consistently with other species, this term provides coupling with the elec-
tron distribution function, where the emission and absorption processes symmetrically
exchange the energy, so the total energy is conserved. Analogously, the first angular
moment of provides the equation for the radiation flux in the form:

1 0%

S TV = —20h =~ (137)
where the momentum exchange term appears on the right-hand-side for coupling with
the equation of electron momentum ([73)).

In order to simplify the equation of radiative transfer even further, the
source spectrum is approximated by the gray body emission, i.e. the black body
emission reduced by the opacity of the medium. This is a great simplification, because
the matter is not in an equilibrium with the radiation in general and the source function
S¥ = j¥/k¥ is not known a priori [75]. However, following this approximation under
the assumption that the physical system is not far from the LTE regime, the gray body

radiative transfer equation for the total quantities becomes:

1 8]R 5 0SB 4 =
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where ogp is the Stefan—Boltzmann constant, I = [;7> I% dv is the (total) radiation
intensity, kp the Planck specific opacity and op the (total) scattering coefficient. Here,

the mean opacities were used, which are defined as follows:
B B
pkp = S5 / KS%dv,  op=S; / o S%, dv, (139)
0 0

where S% = S%(v) represents the Planck’s law of radiation and Sp = ogp/7T2 the
Stefan—Boltzmann law for the total emission.

As shown in the chapter dedicated to the radiation diffusion [5.I] the averaging
procedure is not the only one. Essentially, it depends on the regime of transport
how the averaging should be performed. In the optically thin limit, £¥L < 1 holds
as it takes a photon a long distance to get absorbed. The gradient term on the left-
hand-side of dominates over the right-hand-side and the intensity is only weakly
attenuated like ~ exp(—k”s), where s is the path integral. The Planck averaging is
then justified. However, the diffusion limit k¥ L > 1 leads to a strong coupling between
the emission and absorption and the Rosseland averaging of chapter [5.1] will be more
appropriate. This problem is tackled by splitting the transport to more energy groups,
which is known as the multi-group transport, or definition of an transport conditions
dependent averaging process [79].

5.1 Radiation diffusion

Similarly to the velocity moments of the electron distribution function, the system
(1136 | is not closed. There are still three unknowns €%, g% and £R”’ for all spectral
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frequencies. It remains also here to define an appropriate closure relation. In the
diffusion limit kL > 1, the photons perform only close random walks in the medium
and the radiation can be considered nearly isotropic. In an analogy to chapter [4.1], the
intensity is expanded in the Legendre polynomials and the small parameter (k)~! to
the first term:

Iy =I5+ u(k) 17, (140)

where = cos(p) is the directional cosine for the polar angle ¢ from the z axis.
The solution for I§ is found from the transport equation immediately, since all
terms multiplied by the small parameter can be neglected and only the source function
remains [80]. Having the zeroth approximation, the first one is obtained when [{ is
inserted instead of the unknown intensity, so the solution reads:

0

Ig=5" If=-55" (141)

Substitution of the solution to the definitions of the angular moments ((135) gives:

4 4
=S Gr=—3 VS, EW=Sl=cdil o (142)

The procedure led to the Eddington’s approximation of the transport, where the radi-
ation pressure tensor is isotropic and given by the value of the energy density.

The equation of diffusion is obtained by insertion of the flux to the energy
equation , which yields:

ey, im © 7 v _v
8: -V (fll% ?)XVVER> = 4mj" — ck¥ey. (143)

The factor fi™ = fEm(Kng) is the flux limiter depending on the radiation Knudsen
number Kng = |Veg|/(kVeg) [81]. In the diffusion limit Kng — 0, it must converge to
the unity. However, it should attain values of 3/Kng in the free streaming limit, i.e.
Kng — 400. The reason is that this value eliminates the gradient term in the diffusion
operator of and changes the whole equation to a hyperbolic wave equation for
€. Conceptually, this is a similar approach to the flux limiting performed in chapter
412l There exist numerous formulae in the literature for the definition of the limiter.
As the most common can be considered the "sum" flux limiter, the limiter of Larsen
[82], Levermore and Pomraning [83] or Minerbo [84], which are defined as follows
respectively:

/(1 Kng/3), B = (L4 (Kng/3)) 70 ne R, (144
2
JI%P _ 2+ Knp %inerbo Y RSV = yory Knp < 3/2 (145)
2+ Kng + Kn% /3 3 Kn >3/2’
1+Knp++1+2Kng R

All of them are based on different assumptions and their description is beyond the
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scope of this text. A better insight is provided in chapter by relating to a different
method, the variable Eddington factor. However, the variety of the formulations shows
already the inconsistency of the diffusion model, which cannot model the non-local
optically thin regime correctly.

Finally, the diffusion equation can be simplified to the gray body approxi-
mation by integration over the frequencies:

Oer c
— = V.| fim _— _Vegr| = cprplagT? — €R), 146
T <R3PRR R) prp(arTy — €g) (146)
where ar = 4osp/c presents the radiation constant. The scattering opacity can be
included in principle, but laser plasmas are typically dominated by the absorption
processes [85] [78]. The Rosseland opacity kg is calculated as:

~ 055\ " e OSY
1 _ vy\—1 B
(o)™ = <8Te> /0 (K°) a1, (147)

e

This kind of averaging procedure originates from the equilibrium diffusion approxima-
tion, where the temperatures of the radiation and matter are approximately the same,
i.e. Tr ~ T,, where the radiation temperature is defined as eg = arTp. The diffusion
flux (142) is then given only by the gradient of the source, so the intensity reads [76]:

1 08" |

Iy =5 — — .
R X”@Ten

VT.. (148)

The gray body approximation crudely simplifies the transport, but provides the
first quantitative estimate for many radiation-hydrodynamic codes [86] and solution of
the coupled non-linear radiation—diffusion problem , is non-trivial numerically
[87, 81]. Radiative shocks may propagate in the medium and exactly the intermediate
regime of transport is attained [85].

5.2 Angular moments method

A problem of the diffusion treatment of the radiate transfer was inability to described
optically thin regime self-consistently, which led many authors to proposition of various
flux limiters to at least crudely approximate the non-locality of the transport. However,
the diffusion equations still possesses the infinite signal velocity of the radiation and
parabolic nature of the differential operators.

The basic improvement of the model is generalization of the derivation of the
diffusion theory performed in the previous chapter. The Legendre expansion method is
followed until the closure relation for the pressure tensor is obtained in (142)). Rather
than taking the definition of the radiation flux directly, only the closure relation is
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inserted to the system (136({135]), which yields:

861’/? P v 47T v v

BT +V .- qp=ck (CS eR>, (149)
1 a(jy v —
p 78151% +cV(fee”) = —xqr, (150)

where fr = |P™"|/¢" is the variable Eddington factor, which reflects anisotropy of the
transport. The formulation of the closure is identical with the formula for the
value fr = 1/3 defining the method known as P1 approximation [82]. This provides
already the simplest non-local model of radiative transfer; as the system is hyperbolic
and combination of the equations gives a single wave equation for one of the quantities,
ignoring the right-hand-side for the moment. However, it is apparent that the velocity
of propagation is ¢/v/3 = 0.58¢, which is far from the correct speed of light. A simple
improvement is scaling the velocity in the first term of by one third as well,
which gives the correct velocity of the transport, but leads to excessive attenuation in
the optically thin limit [88]. In principle, the value of fr should be within the interval
(1/3,1) and numerous interpolating formulas were proposed [82]. For example, a simple
yet popular expression is fr = 1/3 4+ 2/3(|qr|/(cer))? [89].

It cannot remain unnoticed that there exists a relation between the flux-limiters
and the variable Eddigton factor [90]. Based on fundamental properties of the pressure
tensor and existence of symmetries due to numerical construction of the schemes for
example, an improved prescription of the pressure tensor is given (for the total radiation
for simplicity):

(151)

PR = (1(1 ~ Fe)L+ (3 1)
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The flux limiter and the Eddington factor are related based on implicit constraints
between ¢r and QR by:

A method of particular interest is the one proposed by Minerbo [84]. The idea
was that the ensemble is close to the Maxwell-Boltzmann distribution and entropy is
maximized. It must be noted that this concept is applicable on both, fermionic and
bosonic, species, which attain Maxwell-Boltzmann statistics in the high velocity limit,
so this method was also applied in the electron heat transport in chapter [£.2 The
Eddington factor then reads:

|

) CER

fpmerte = SN I - (153)
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where a cut-off for low anisotropies is made, since it was believed that the value should
not be lower than 1/3, but other authors suggest that this is not a true physical

45



requirement [82].

As a final remark, it should be noted that the angular moments method can be
extended to an arbitrary order, which is known as the Py method. However, there exist
multiple variants depending on the closure relation for the last angular moment [76].

5.3 Discrete ordinates method

In addition to the angular moments method presented in chapter there exists an-
other large family of methods known as the discrete ordinates method or Sy method.
Unlike the Py methods, where a series of coupled equations for the Cartesian tensors
of an increasing order, the Sy methods give freedom in the choice of the angular dis-
cretization and the structure of the solved equations remains identical. They are based
on the work of Chadrasekhar [91], but became widely used later due to Pomraning [76].

In essence, the method is based on the approximation of the angular integral over
the unit sphere as follows:

417r[1ﬂ Tg(7i) ~ D Wilj(7i;) = 3 WilTR)i, (154)

where W, are weights of the quadrature, 7i; are its abscissae and (I%); are values of the
intensity along the discrete directions (ordinates). The weights must satisfy at least the
conditions of partitioning of the unity and symmetry, i.e. >, ¥; =1 and >, ¥;n; = 0.
The equation of radiative transfer after the substitution splits to the series of
equations:

10

c Ot (
The function I% = 3, ¥;(I%); is the discrete angular mean of the intensity.

The linear system of equations is solved numerically in an explicit manner clas-
sically, where the domain is swept by the discrete rays, i.e. the characteristics of the
hyperbolic equation (155). However, a problem arise for the laser plasma, where the
spatial scales are minuscule and the radiation crosses the domain quickly. Rather than
the transient transport, the steady state transfer is modelled, but strong coupling with
the matter may exist. Therefore, it was proposed in [92] to solve an implicit set of
equations for the radiation and matter, where the source function is expanded to the
Taylor series in temperature S* = ST, 4+ Sy, which enables the implicit coupling.

Another problem of the classical models was the locking phenomenon, where the
methods were unable to treat the diffusive regime correctly and infeasible number of
cells was needed to resolve the mean free path of photons A\g = (prp)~' [93]. This
remedy was solved with the advent of the high-order discontinuous Galerkin (DG)
methods effectively [94], 92] [74].

Finally, the method traditionally suffered from the ray effects, i.e. artificial effects
originating from the fact that preferred directions of the quadrature exist in space
[95,196]. An answer to this issue can be application of the angular finite element method,
which enables the local refinement techniques to be employed straightforwardly [97].

Tp)i + 1 - V(Ig); = j¥ + oI — X" (Tx)i- (155)
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6 Laser absorption

Laser absorption has a major role in the laser plasma modelling as it presents the
main driving force. Similarly to the kinetic theory of chapter [2 the interaction of
the laser radiation with plasma can be divided to collisional and collective effects
[32]. The former originates from an interaction of a single particle of the medium
with the incoming radiation, while the latter is given by a resonant excitation of the
collective fields. For dense plasmas and moderate intensities of the laser and/or rather
short wavelength of the laser, the dominant mechanism of the laser—plasma interaction
is the collisional absorption. More specifically, the limit is about the value Ip\? <
1-10" W/ecm?pum?, where I, is the intensity of the laser and Ay, its wavelength [98]. For
higher intensities or longer wavelengths than the given value, the resonance absorption
is dominant and other collective effects may contribute significantly like parametric
instabilities or Landau damping.

In order to understand the collisional absorption for moderate intensities of the
laser, the linear model of the plasma response is sufficient as the distribution function
is not distorted significantly. Essentially, the description of motion of a single particle
provides the full picture of interaction as already stated. For this purpose, the equation
of motion for a single electron in the electric field of the laser E is considered in the
form: .

mei{;@ = —¢FE — MoDei,. (156)

The linear dumping of the oscillations, through the BGK operator with the mean
electron—ion collision frequency \.;, is applied. The ions are considered relatively cold,
so their thermal velocity vp; is negligible compared to the velocity of the oscillating
electrons v,. Also non-relativistic intensities of the laser are considered, so the effect
of the magnetic field can be neglected in the first approximation.

The electromagnetic field of the laser is governed by the Maxwell’s equations
(3H4). For the purposes of the derivation, the laser radiation is approximated as a
monochromatic planar wave with the angular frequency w; and wave vector /;, which
has the harmonic amplitude ~ exp(iE - T —iwrt). Tt is also assumed that the electron
is only weakly dumped and its quiver velocity is synchronous with the driving field.

Insertion of the harmonic profile to (3H4]) and (156|) then yields:

iwrt, = —F + 00, (157)

ik x E = @wZE, (158)

ik x B = —;iwLE — [N €T, (159)

where the current j = —en,U, is inserted simply averaging the process over an ensemble

of particles provided that the interaction is linear as already stated. Multiplication of
(158) by xk and subsequent substitution of (157)) and (159) gives the stationary wave
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equation for the electric field:

A S A S Y (160)
2 Al 4 i wr)

;2>e = e?n./(egm.). The wave

equation gives the dispersion relation of the transverse electromagnetic waves (lg E = 0)
and the definition of the complex relative refractive index n as well as the dielectric
constant &:

The electron plasma frequency is defined classically as w

w2

N ~2 pe
E=n"=1— —————, 161
wi(wp + V) (161)
where the relation |k| = fwy, /¢ = fikg holds. It is evident from the expression that a
resonance occurs when wy, = w,. (despite the fact that this phenomenon is not modelled
correctly by the formula due to the assumptions made). In other words, the density
must be smaller than the critical density:

MeEo o

MeEo
wi = 4n?c?
)

2)2°
eiN;

Ne = (162)

where A\, = 27¢/wy, is the vacuum wavelength. Beyond the critical surface where n, =
n., only evanescent field exists there, exponentially decaying on distances comparable
with the penetration depth d,e, = Ar/(27Im 7).

The resonance absorption mechanism is caused by a p-polarized laser, which
has a longitudinal component of the electric field. This causes stimulation of the
plasma waves near the caustic of the beam, which reach the resonance conditions at
the critical plane. To see this, the dielectric approximation can be applied using the
dielectric function (161)). The macroscopic Gauss’s law then gives the equation for the
longitudinal waves:

0=V (E)=¢V-E+Veé-E. (163)

It was observed that & has a resonance at the critical point, so once the plasma waves
and the corresponding longitudinal oscillations with V - E # 0 are generated, the
dielectric function having the values Re € — 0 close to the critical plane causes their
resonant excitation and absorption due to the collisions (correlating with the non-zero
imaginary part).

When the main absorption mechanisms are understood, the modelling within the
framework of the kinetic and hydrodynamic models must be explained. As already
mentioned in the chapter about the radiative transfer 5 the small dimensions of the
plasma justify stationary treatment also of the laser radiation on the hydrodynamic
time scales. The equation of energy conservation for the electromagnetic field then
misses the inertial term and only the convective and interaction parts are present. Sub-
stitution of the latter in the energy equation of the particles results in the usual
form of the equation, where O¢L /Ot ~ —V - S. The contribution to the momentum
equation is neglected normally, since the assumption ez < €/, was made to guar-
antee dominance of the collisional effects. However, mild effects of the ponderomotive
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force can be included even within the hydrodynamic description [32]. The content of
the following chapters is then to present the basic methods giving the closure model
for the Poynting vector S.

6.1 Ray-tracing models

Modelling of laser absorption in the context of the hydrodynamic models like the one-
fluid model of chapter [3.2] limits the response frequencies of the medium strongly.
Unlike electrons, ions cannot swiftly react on the field local field due to their higher
inertia and the center of mass system of the one-fluid model is tightly coupled with
them due to their the m;/m. > 1 mass ratio. Moreover, the laser is typically modelled
within the hydrodynamic description as only a source of energy as already reasoned, so
its dynamic effects are limited. Therefore, the frequency splitting between the slowly
evolving envelope and high frequency carrying wave can be made, i.e. L > Aj. The
electric field is then described as:

E = E(Z,t) exp(i®(Z,1)), (164)

where E = E(&Z,t) is the aforementioned amplitude and ® = ®(Z,t) is the phase.
Further, the analysis of the of propagation of transverse electromagnetic waves in the
plasma made in the introduction this chapter is used. Following the derivation of the
system , the stationary wave equation for the transverse waves reads:

V xV xE—kAa*E =0. (165)
Inserting the expression (164]) to (165]) yields:
(V®)’E — (E - V)V — k2’E. (166)

Considering that k=Vo essentially, the central term is zero for the transverse waves
and the eikonal equation is obtained:

(V®)? = k3n’. (167)

This procedure separated the phase from the amplitude and the rays in the geometric
approximation follow the gradient of the phase. The phase can be also seen as a
potential, where the Fermat’s principle minimizes the (optical) path integral and defines
the unique metric of the space [99]. The widely used ray equation can be obtained by
differentiation along the path element ds:

dk 1 - = 1 _ = k I R k
— = = (kV)k= —=VI/k? - = xVxk=—=V/k[’- = xVxVd. (168)
ds k| 2|k| || 2|k| 14

The second term is evidently zero and the ray equation reads:
dk
— = koVn. 169
1 =~ Vi (169)
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Another common formulation is known as the equation of motion of the rays
and can be readily obtained from the definition of the group velocity v, = dw/0|k| =
c|V®|/ko, which gives [100]:

d2fRT - dURT . £ dVo c ,

42 ke At ko (Unr - V)V
c? ? , A,
kg(v V)(V) %gvyv 2= Va2 (170)

where Zpr is the trajectory of the ray and Z'rr its (group) velocity vector. This can be
also seen as the Hamilton’s equations [101]:

dvgr
dt

dZpr
dt

—

= URT,

2
=SVt H= () =R, (7Y

where H = H(Zgp, Ugrr, t) is the Hamiltonian of the system.

Either way, the incoming radiation is modelled as a bundle of independent rays
following the density gradients, since Re 7% ~ 1 — n./n, as can be recognized from
the definition . The common approach is then to simply replace the dielectric
function by the normalized density n./n. [L02]. The geometric optics is then limited
to the cases where Im é < Re €. However, it is also possible to solve the equation
or in the complex domain, which is known as the complex geometrical
optics (CGO) [103]. It has the advantage of being able to solve the behind the
caustics. A fundamental problem of the methods is the missing diffraction, where a
high number of the rays must be used, but artificial effects can be still noticed as the ray
models the behaviour of the wave only on its axis. This led to formulation of numerous
paraxial methods [104] (and the references therein). A recent method method of this
kind is the paraxial complex geometrical optics (PCGO), which expands the eikonal
equation around the central ray in a Taylor series to describe the curvature of
the wave front [I0I]. This results in an additional Riccati type ordinary differential
equation, which must be solved along the ray, but reduces the number of rays greatly.
Rather then a simple average, the energy deposition is calculated from a mesh-less
interpolation of the Gaussian beamlets [73].

Finally, the absorption rate must be specified. The phase ® is integrated along
the characteristics £rr = [ Urr dt provided they are known already:

O(7,1) = i[ FdF — wt = iko/ A ds — wt. (172)
Zo

S0

The Wentzel-Kramers—Brillouin (WKB) solution for the Helmholtz equation (165 is
obtained in the form [32]:

1/2 . ) 8
E = (%) (E+ exp <z'k:o /50 ﬁds) + E, exp (ik:o /SO ﬁds)) exp (—iwt) ,

(173)
where ) = Q(s) is the "cross-section" of the beam (a function of the path). Substitution
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to ([165)) reveals that dQ/ds = 0, i.e. the beam is not attenuated by gradual reflections,
when the second derivatives are neglected compared to the first. The conditions are
precisely:
2B . dn 2B dE dE .
— L ko —, — L kn—, = — <k, 174
ds? 07 ds 52 " ds ds " (174)
where E(s) = (Q(s0)/((s)Q(s)))"/2. This relation can be translated to the refractive
indices as |df/ ds| < |A|>. However, this criterion cannot be satisfied near the critical
plane, where rather the opposite is true. Hence, WKB approximation can never self-
consistently describe the interaction in the vicinity of the critical density [9§].

The intensity of the ray is taken as the average magnitude of the Poynting vector,
which gives after substitution of (173)) the relation:

1 =——= 1 -, s / 5 /
I (s)= —|E x B| = §8ocanE exp(—Zk’O/ n;ds’) = 1(sg) exp(—/ arp ds'),
,LLO S0 S0
(175)

where N, = Re n, 7; = Im 7N and the upper line means averaging over a period
and the asterisk denotes the complex conjugate. Finally, the absorption coefficient
is ay, = —2koIm n. In other words, the intensity of the ray follows the differential
Beer—Lambert law in the form:

dly,

=V S=—aLl,. (176)

This means that the intensity carried by a ray is linearly attenuated along its path.

6.2 Stationary Maxwell’s equations

It was recognized in chapter that the optical approximation is mostly valid in the
coronal region, where the densities of the plasma are low and vary slowly compared to
the wavelength of the laser. However, it is unable to self-consistenly model the vicinity
of the critical plane, where |VE|/|é| > kon, always holds. The problem is circumvented
by formulation of an empirical factor for reflection and absorption at the critical density
typically [I05]. An alternative approach presents the wave optics, which relies on the
fundamental principles of electrodynamics without retreating to strongly simplifying
assumptions of optics. On the other hand, the differential treatment of the stationary
wave equation is prohibited by the requirement on the spatial step, where a single
wavelength Az /7, must be resolved classically. Moreover, the microscopic conditions
for the electromagnetic fields are not known as the hydrodynamic model requires only
the period averaged value of the Poynting vector. Therefore, the phase of the field is
not involved in the model and can be considered as an independent unknown.

These considerations led to development of the approach based on the stationary
Maxwell’s equations (SME) [106], [107]. Rather than solving the Helmholtz equation
directly, the method relies on the Maxwell’s equations rewritten for the
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harmonic waves (following the introduction of chapter @ in 1D:

H' +ikyn*E =0, (177)
B +ikeH =0, (178)

where the prime denotes the spatial derivative. It must be noted that the Gaussian
system of units is used here in accordance with the references [106] [107]. The key
idea of the method is then decomposition of the field to the incoming wave P = P(x)
(from the left hand side without the loss of generality) and outgoing (reflected) wave
R = R(x):
E=P+R, H=n(R—-P). (179)
Substitution to the system (177H178) yields the governing equations for both waves:
ﬁ/
P' = +ikynP — 2—A(P - R), (180)
n

~1

R = —ikoiR + %(P ~R). (181)

The next step is definition of the (complex) reflection coefficient V' (z) = R(z)/P(x).
This procedure implicitly assumes that the incoming wave P does not vanish, but we
are interested only in such solutions. Reformulation of the coupled system (180H181))
to the new primary variables P and V' yields:

~1
V' = —2ikonV + %(1 — VY, (182)
A~/

P = +ikohP — %Pu — V). (183)

The solution of the given system is equivalent with the wave solution in terms of £ and
B as back substitution can be made. However, the complex amplitude of the incoming
wave P can be reduced to the real function A proportional to the magnitude of the
incoming wave ~ |P|?> = PP*. The governing equation then reads:

)
A’ = —2kgi; A — Re (7}(1 - V)>A. (184)
n

The new formulation in terms of A and V is no longer equivalent to the original
system as the piece of information about the phase is lost in the case of A. However,
the solution fully suffices for the purposes of the hydrodynamic simulations, where only
the Poynting vector ]g | ~ A is needed. In particular, the expression for the Poynting
vector reads [107]:

S| = A(kop(|V]? = 1) — 2kof;Im V). (185)

It can be recognized that the Beer—Lambert law is obtained in the limit
|7 /11| < ko|n|. Therefore, the theory is fully consistent with the WKB approximation,
but the additional terms represent the exact gradual reflections of the wave and the
theory then holds even in the vicinity of the critical plane. As the derivative of the
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refractive index goes to infinity, the reflection coefficient V' closes to the unity, i.e. the
wave is completely reflected at the critical point.

The cornerstone of the method is the observation that the equation for the reflec-
tion coefficient is decoupled from P or A and can be solved independently. After
the solution for V' is known, the complementary equation for A or P can be solved.
Unlike the classical methods for the Maxwell’s equations, the boundary conditions are
known even in the macroscopic description, since the reflection coefficient can be set
V' = 0 several penetration depths d,., behind the critical plane. The other boundary
condition is given by the known magnitude of the intensity of the laser outside the
domain, i.e. |S| = I, at the outer boundary.

Another important advantage of the method is the fact that it can be directly
reformulated for an oblique incidence of the of the laser. The structure of the equations
remains nearly the same and the refractive index is replaced by the effective value
[TO8]. As the approach is fully wave-based, the resonance absorption in the dielectric
approximation is naturally included in the solution, but it is not modelled directly as
only the perpendicular components are simulated.

The equation for the reflection coefficient presents a non-linear ordinary
differential equation of the Riccati type. We proposed two possible approaches to its
solution in [I07]. The first one is semi-analytic, where the equation is integrated over a
computational cell, where the density profile is approximated by a piecewise constant
profile [109} 110, 60] or later extended to arbitrary profile as we proposed in [107]. The
advantage of the semi-analytic treatment is the fact it is not principally limited by the
constrained on the resolution of the wavelength Aj /7., so it can be readily applied
even in the coronal plasma. However, the solution itself is still oscillatory, so aliasing
effects may be encountered, but strongly rarefied coronal plasma can be considered
nearly transparent and a cut-off can be applied [60]. Another fundamental approach
is the differential solution of the equation or an equivalent set of linear first order
equations not asimilar to the system (182}H183). We proposed to use the high-order
finite element method for this purpose, where an arbitrary order of convergence can be
attained depending on the choice of the basis only [I07]. This is in a contrast with the
semi-analytic method, where only the second order convergence is attained.

Concluding the chapter of laser absorption, the methods of geometrical optics
and wave optics can be seen as mutually complementary. The former is ideally suited
for modelling of the absorption in the far coronal plasma, where the dynamics of
the plasma involves remarkably longer length scales that the wavelength of the laser,
ie. L > Ap/fn,.. On the other hand, it fails to describe the vicinity of the critical
plane, where abrupt heating of the plasma occurs and highly non-local electrons are
produced [I11,[112]. The coupling of the laser and non-local transport of these is crucial
for the fusion research for example [I13]. The wave optics provides an answer to this
problem by modelling the processes self-consistently, but its inherent complexity makes
full simulations of the wave propagation for multi-dimensional hydrodynamic codes
infeasible. The method based on the stationary Maxwell’s equations then presents an
attractive option for solution near the critical point. A combination of the geometrical
and wave approach was then proposed in the literature [114], but remains a topic of the
future work to accommodate for the SME method, where its benefits could be utilized.

53



7 Contributions of the author

The theoretical background and the current status of the research of the non-local
transport in many aspects was presented the previous chapters. However, the topics
cannot be considered exhausted even by far. There remain unsolved problems and
unexplored frontiers of the non-local transport research. This motivated us to continue
in this endeavour and contribute to the theoretical understanding of the non-local
effect.

Our work was already referred where appropriate, but no compact summary was
given. This is the subject of this chapter to map the scientific efforts made in the past
years. As the non-local transport is rich on the physical mechanisms involved, also our
research can be divided to more than one category. Therefore, there are presented four
chapters schematically sorting the scientific publications. Chapter is dedicated to
the hydrodynamic description and simulation of the plasma, chapter follows with
the non-local electron heat transport model extending the discussion of chapter [dl The
chapter about the non-local radiation transport follows the lines of chapter [5| and
the laser absorption modelling of chapter [7.4] extends the methods of chapter [0

7.1 Lagrangian hydrodynamics

Despite the fact that hydrodynamics in general and Lagrangian hydrodynamics with
no exception is a well-established discipline, the classical numerical schemes rather rely
on the low order discretizations typically. This correlates with the macroscopic physical
phenomena typically studied, but makes them inappropriate for modelling of the small
scale effect important for the description of the non-local transport. Moreover, the
rigid structure of the classical simulation codes makes integration and testing of new
physical models difficult.

For this reasons, the development of our new multi-dimensional hydrodynamic
code started as reviewed in the proceedings [115]. This new simulation code named
Plasma Euler and Transport Equations version 2 (PETE2) was preceded by PETE,
which is an older 1D code originally developed by M. Holec as part of [74] and partially
described in [92]. Further extensions of PETE were implemented to investigate the
radiation transport effects and are detailed in chapter [7.3] Returning to PETE2, it
essentially relies on curvilinear high-order finite elements. This modern numerical
approach provides the code flexibility in the choice of the polynomial order of the
elements and connected spatial order of convergence of the method. Moreover, it is
easily extensible and scalable due to use of the MFEM library [116].

Fundamentally, the numerical code is based on the two-temperature Lagrangian
one-fluid model of chapters and [3.3] but extended by additional models of other
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chapters. The solved system of equations reads:

Dp .
-r_ _ . 1
DI pV -, (186)
Du ,
— — _V. (P Pt 1
DT@ — — o
peve Ty = —P°:Vu+Gu(T;, - T,) — V- (¢ +5), (188)
pCViﬁ = —El :Viu + Gie<Te — ﬂ), (189)

where cy., cy; are the specific heats. They are introduced to the model in order to tackle
the classical problem of the hydrodynamic codes that the functions of internal energies
ee(p, Tb.), €i(p, T;) must be inverted to obtain the temperature. i.e. the inverse equation
of state is evaluated. This is a time consuming iterative procedure in classical codes.
Therefore, PETE2 differentiates (similarly to PETE) the term to use the temperatures
as the primary variables. However, the problem of this approach is the consequent
violation of energy conservation. This is circumvented by use of corrections similar
to the Symmetrical Semi-Implicit (SSI) method [117], which guarantee the asymptotic
conservation of energy. The equation of state is taken from the HerEOS library detailed
in chapter [3.4.3]

The hydrodynamic scheme implements the high-order curvilinear finite element
method [I1§], which has many appealing features. It conserves mass, momentum and
energy numerically for arbitrary orders of the finite elements. Moreover, the thermody-
namic quantities are conserved locally as their basis functions are discontinuous, which
provides robustness of the scheme in treatment of propagating shocks in the medium.
This discretization is also compatible in the lowest order of the elements with the com-
patible staggered hydrodynamics [119] used in the numerical code PALE2 that is being
developed at our faculty [120, 121], which enables their interoperability. Finally, the
method relies on the isoparametric elements, meaning that their spatial mapping uses
the identical basis as the interpolation of the values. In other words, the elements are
curvilinear, which prevents entangling of the mesh.

The electron heat flux ¢, closure is provided by a diffusive model, which was
covered in chapter from the physical point of view. However, the coupled system
of equations for the heat flux and temperature must be solved together.
Instead of solving the equation for temperature, it is reformulated to the dual form
for the heat fluxes, which guarantees numerical conservativity. For the purposes of
numerical solution, we have developed a diffusion solver based on the mixed hybrid
FEM (MHFEM) method [122]. It matches the hydrodynamic discretization perfectly
and the use of the hybridization technique reduces the size of the resulting sparse matrix
greatly, so the solution of the linear system is computationally inexpensive even for the
high-order finite elements.

Finally, the laser absorption is modelled by the simple Beer-Lambert law ({175|)
in the normal direction to the target. Numerically, the discontinuous Galerkin FEM
(DGFEM) elements are employed with a simple upwinding [123]. However, this point
constrains the applicability of the whole code to only the physical scenarios where the
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spot size of the laser is significantly wider than the ablation depth as no notion of
beam convergence exists. An additional model of absorption is present in the code as
described in chapter[7.4] but it is also a one-dimensional model in principle. Therefore,
an extension of the code by a multi-dimensional ray-tracing method, explained in
chapter [6.1] is highly desirable.

The first results were obtained in 3D for ablation of an Aluminum target at the
room temperature irradiated by a laser with the intensity I, = 110 W /cm? and
spot size r, = 5pm. The simulation details can then found in the reference [I15].
The situation is illustrated for the time ¢t = 30 ps in Figure [1, The deformation of the
curvilinear elements is clearly visible as well as the high-order interpolation.
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Figure 1: The plasma profiles in the simulation of Aluminum ablation in the 3D Carte-
sian geometry at 30 ps. Quadratic thermodynamic and cubic kinematic finite elements
were used.

Another direction of the current research is promotion of the PETE2 code to the
magneto-hydrodynamic model and extension of the PALE2 code by the mechanisms
of the magnetic field generation as we outlined in [I124]. The mechanism of particular
interest is the Biermann battery effect [125], which originates from the electron pressure
term appearing in the equation of the quasi-static electric field . The effect on
generation of the magnetic field can be seen when inserting the term to the Farraday’s
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law , which yields:

B k
9B g YPe _Fog, L vr (190)

ot ene €N,

This implies that gigantically strong magnetic fields can be generated in laser plasma
at the places where the gradients are not collinear as can happen due to (non-local)
heat transport processes (see section [4)) acting on top of the pure convection of the
hydrodynamic model [126].

7.2 Electron non-local transport
7.2.1 Hydrodynamic closure models

The state-of-the-art hydrodynamic codes PETE and PETE2 are unique due to the
fact that they are equipped with the BGK Sy non-local transport model detailed in
chapter The topic of this chapter is a short review of the closure model for the
non-local electron heat transport.

We proposed the method of the BGK transport model in [I9]. The identical
derivation of the model as done in chapter[d.3|was presented there, but in a slightly more
detailed manner. My contribution was on the side of implementation and explanation
of the laser absorption code, which was already based on the stationary Maxwell’s
equations of chapter [6.2] but without the high-order extension, which is subject of
chapter [7.4, Furthermore, it was implementation of the reference diffusion solver to
PETE. Another part of my work are the numerical tests and some of the realistic
simulations. Finally, it was also a critical assessment of certain parts of the model,
which led to its correction.

Understanding the foundations of the model, attention can be turned to the
numerical tests and comparison with other methods. One of the basic tests of the non-
local transport is known as the Short—Epperlein test [56] [127]. It is an asymptotic kind
of problem, which investigates the behaviour only for infinitesimal perturbations of the
quantities. In particular, the temperature is perturbed as T, = T? + 67, cos(kz), where
the Ty = 1000 eV and 6T, = 10~*T?. Other profiles are kept uniform. The average heat
flux magnitude is evaluated for different values of the wave number £, which changes
the regime of the transport from strongly diffusive for kA® < 1 to moderately non-local
for kA® ~ 1. The symbol \° represents the thermal mean free path, but the models of
transport are independent of its specific value in this test. Instead of the heat fluxes
themselves, the effective heat conductivities k = |q.|/(kT.) are assessed. The results
are plotted in Figure 2l The reference profiles for the LMV model [15], AWBS [70] and
the Fokker—Planck (FP) are taken from [56]. It is clear from the analysis that the BGK
Sy model behaves similarly to the other simplified models, having the non-local limit
(kX®)72. As was recognized based on a Fourier analyses, this is the case for all models
based on a linear transport equation [16]. The kinetic simulations exhibit rather the
dependency ~ (kX¢)~!. While being closer to the FP curve for the stronger non-local
regime, the results are relatively far from it for the weak regime, where the model tends
to overestimate the values of the heat flux.
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Figure 2: Effective heat conductivities normalized to the results of the diffusion theory
as a function of the Knudsen number kA°. The curves correspond to different non-local
electron transport models.

Another problem of interest, which is non-asymptotic unlike the previous one, is
the hotspot relaxation problem [128]. The initially Gaussian profile of the temperature
with the base value 1keV and the maximum 5keV is let to relax by means of the heat
transport methods. As the profile non-linearly relaxes, also the regime of transport
changes from highly non-local at the beginning to nearly diffusive at the end. This
problem has a better relevance to real simulations and clearly shows the importance
of the non-local transport modelling. The results are plotted in Figure [3] for different
models of the transport closure along with the reference kinetic solution taken from
[128]. At the very early stage of the simulation, the unlimited heat diffusion greatly
overestimates the heat fluxes, while the flux-limited diffusion and our non-local model
relatively well agree with the reference solution in temperatures. However, the fluxes
show that they are departing from the reference dynamically, while the unlimited dif-
fusion closes. The later stage shows that the heat flux limiting excessively inhibit the
transport and its non-linear nature causes the "heat flux starvation', where a non-
physical profile of the temperature appears. In contrast, the BGK Sy model gives
smooth profiles of the temperature and very closely copies the profile of the reference.
The unlimited diffusion slows down and becomes more accurate as the system transits
to the diffusion regime.

Another approach to the non-local transport we proposed in [129], where the P;
model is used as described in chapter [£.2] but the BGK operator is applied for the
electron—electron collisions. An implicit numerical scheme for f, and fl based on high-
order finite elements is formulated and an implicit coupling with temperatures of the
temperatures of the bulk electrons is made through the expansion of the equilibrium
distribution as fy;(T"") = 0 fy JOT (T —T") + fa;(T™), where the upper index de-
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Figure 3: The hotspot relaxation problem for different models of electron heat transport
at two different times. The profile of the electron temperature 7., heat flux ¢. and
Knudsen number Nn, are plotted. The curves corresponds to the following: blue —
diffusion solution with f“™ = 0.05, orange — unlimited heat diffusion, green - BGK Sy
non-local transport, dashed red — reference Fokker—Planck.

notes the time level. This procedure is similar to the one used for the radiative transfer
in chapter 5.3l An advantage of the P; approach over the Sy is the existence of the
stationary electric field formula (122)), so the effects of the electric field on the trans-
port can be evaluated correctly. However, a basic numerical analysis of the resulting
linear system reveals that the electric field destabilizes the transport numerically even
for relatively small magnitudes when treated explicitly.

7.2.2 Vlasov—Fokker—Planck—Maxwell

Our latest effort to simulate the non-local transport was made in [130], where a reduced
Vlasov—Fokker—Planck—Maxwell (VEPM) code was developed, which principally solves
the problem of non-local transport in the greatest detail of the methods mentioned
in this chapter. In spite of the fact that the computational costs are higher than in
the case of the hydrodynamic closure models, its implicit nature enables to choose the
temporal step relatively long compared to the collision times 7., = v_!

ee *°

In essence, the code solves the equations of the Cartesian expansion to the first

order (63H64]) with the collision operators (66H67)), where the contributions Cpy; and
Ch1 are neglected. The system is closed by the coupled and fully implicit Maxwell’s
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equations . A similarly composed method appeared in the literature for studies
of non-local magnetic fields generation and inertial fusion [I31) [132], but the novelty is
given by the fact that the method conserves not only mass, but also energy. Moreover,
its multi-dimensional construction enables 2D as well as 3D simulation. Finally, high-
order finite elements are employed, implying that the method has an arbitrary order
of convergence in space (depending only on their polynomial order virtually).
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Figure 4: The total heat flux of the solution (a) and its error (b) in the problem of
diffusion transport in the presence of a magnetic field. The computational mesh has
8 x 8 cells with the cubic finite elements and 160 velocity levels. (The values are in the
normalized units).

Following the lines of chapter the velocity moments can be elaborated and
the full magneto-hydrodynamic system is obtained with the only exception
that the dynamic and kinetic pressure tensors are rather scalars than tensors. It
is also evident that the diffusion analysis of chapter is fully applicable as only the
first order Legendre expansion was applied (actually the tensor expansion was used for
convenience). Therefore, the full Braginskii transport solution (111H112]) is obtained in
the diffusion limit. However, the transport coefficients are given self-consistently and
there is no need of a closure model in contrast to the hydrodynamic simulations. This
is also one of the numerical tests in the paper. An rectangular domain is considered
with the initial conditions:

Ne(Z,7) = 1 + 0ne(cos(r/AT) + cos(miy/Ag)), (191)
[(Z,7) = 1+ 0T, (cos(nz /&) — cos(mij/AF)), (192)
B(#,7) = 0Bsin(ri/AZ) sin(mj/Ag), (193)

where 67, = 6T, = 6B = 1073. Note that the values and the whole system are
normalized to the initial values of temperature and density. The normalized magnetic
field value represents the magnetization, i.e. the product of the electron—ion collision
time and cyclotron frequency B = eB/(meve;). The size of the domain is AZ =
Af = 10*, where the spatial unit is the electron-ion mean free path. The system is
solved in the diffusion approximation, i.e. for stationary fl, E, B and fo = fau. Other
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simulation details can be found in the article [I30]. The solution along its error at the
final time t = 10~%r,; is drawn in Figure 4 The results manifest that the symmetry
of the solution is maintained to a great extend and even a low number of elements
with a higher polynomial order is able to capture its features precisely. Physically, the
transport is dominated by the conductive term o - j and the corresponding convective
heat flux ~ 5/2v2,j. Therefore, the flux follows the electric field lines mostly and
circulates around the domain.

0.001042

a) b) 1.02

0.000781 1.015

0.000520

0.000260 1.005

Figure 5: Magnetic field magnitude (a) and electron temperature (b) in the magnetic
diffusion problem. The computational domain has 5 x 5 x 5 cells with the cubic finite
elements and 40 velocity levels. (The values are in the normalized units).

A similar kind of problem, but with a non-stationary magnetic field and evolving
Jfo, is the magnetic diffusion problem. An initially Gaussian profile of the magnetic
field B(Z) = 6 B exp(—|7|2/o) diffuses due to the eddy currents. The solution for the
magnetic field then can be obtained readily:

— — 1 —
E=aj=—aV x B, (194)
Ho
OB .1 o _
— =-V X E~—aAB =ngAB 195
ot ,uoa B ) ( )
where « is the scalar resistivity and 775 = &6 is the normalized diffusivity of the

magnetic field. The size of the domain 10* in the normalized units in each dimension
and 6 = 0.15-10%. The magnetic field strength is chosen 6B = 1073 in each Cartesian

component of the B vector. The 3D solution at the time ¢ = 107,; is illustrated in
Figure | The diffusion of the magnetic field notably progressed and the Joule heating
process heats the electrons. Numerically, a reasonable detail of the solution is provided
despite the low number of cells and also the discontinuity of the finite elements used
for the temperature is apparent.

The last, but not least, problem regards the non-local transport. As already
stated, the non-locality is inherently modelled with the VFPM method. The physical
scenario is similar to the hotspot problem of chapter [7.2.1] but the temperature profile
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is asymmetric here. In particular, it has the transition profile:

T.(%) =1+ 5T€72T arctan(z/ar). (196)
The parameters are set 67, = 0.9, 57 = 67,/(2Kn.). The Knudsen number is chosen
Kn, = 107!, which corresponds to moderately strong non-local transport. The simula-
tion is performed in 1D on the domain AZ = 200. The rest of the details can be found
in the article [I30]. The initial condition and the final solution are plotted in Figure [6]
The temperature profile is smeared, but the heat flux is strongly asymmetric pointing
to the non-linear regime of the transport.
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Figure 7: Energy weighted isotropic part (a) and heat flux weighted anisotropic part
(b) of the distribution function in the heat bath problem at the final time ¢t = 107,;.
(The values are in the normalized units).
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A better insight is provided by the kinetics of the transport. The energy weighted
fo and heat flux weighted fl are evaluated at the points designated by the vertical
lines in Figure [6] These distributions are then plotted in Figure [} It is visible on
the isotropic part that the initially equilibrium distribution in the upstream splits to a
two-temperature distribution down the stream due to the non-local species. It is clear
that such significant deviation is far beyond the perturbative regime of the classical
diffusion theory. The heat fluxes confirm this trend and the classical heat flux structure
is completely destroyed in the downstream.

7.3 Radiation non-local transport

The non-local transport of energy on the hydrodynamic scale is not only an effect of
the drifting high-velocity electrons, but also of the photons as explained in chapter
Bl The numerical codes PETE and PETE2 include both approaches presented there,
the radiation diffusion and discrete ordinates method for non-local radiation transport.
Their effects and the interplay with the non-local electron transport are then of a great
interest not only from the theoretical point of view, but also for various applications.

We presented a comparison of the impact of the diffusion and non-local radiation
model on the numerical simulations under realistic conditions in [8I]. In addition,
the article overviews the numerical code PETE, which was already briefly described
in chapter . Physically, it also solves the system , but the additional
radiation coupling term is present following the energy equation of radiative transfer
(136). However, the conservative form is preferred, where the equation of electron
energy ([188)) is modified as follows:

pcVe%—i—% = —P°: Vi + G(T; = T.) =V - (G + qr + S). (197)
Dt Dt =
The newly appearing terms ¢gr and er are obtained from the radiative transfer closure.
The non-local radiation transport method is based on the discrete ordinates method
described in chapter[5.3] Numerically, it relies on the high-order discontinuous Galerkin
finite elements (DGFEM), which was presented in [92] and its implementation was
developed as part of [74].

The radiation diffusion model follows chapter [5.1] and solves the coupled system
and , where the operator splitting technique is employed, so only the electron
temperature and the terms related to the radiation transport are evolved in the latter.
As part of my work, I developed an implicit numerical scheme for its solution. It
extends the method of mimetic operators from [I33] for the purposes of the radiation
diffusion, where the physical system is reformulated in terms of the energies:

n+1

€p  — €r c

RTtR -V fngR Vertt = corp(@™ — eth), (198)
De 1, ..,
— = (e — 0O 199
= = (i - ©), (199)

where © = axT* and the upper index denotes the discrete time levels. This semi-
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discrete form can be solved for ©"*! where the solution can be written @"*! = 30" +
(1 — B)estt as inspired by [I34]. Two options for the coefficient 3 were given, where
one is obtained from a fully implicit discretization of and the other one solves
the relaxation analytically provided that the diffusion operator does not contribute
significantly. While the former maintains symmetry of the problem, but assumes only
weak relaxation, the latter has exactly the opposite properties. Both methods operate
correctly only on the time scales comparable with the relaxation time, so splitting of
the time step is necessary. The details about the method and the final form of the
numerical scheme in terms of the mimetic operators can be found in the article [81].
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Figure 8: Dependencies of the radiation flux on the function k/(pkp) ~ Kng. The
curves corresponds to the following: blue — Sy non-local model with Planck opacity,
orange — Sy non-local model with the average opacity, the rest — the radiation diffusion

model with the respective flux limiters (({144))—(145))).

A similar problem to the Short—Epperlein analysis of the non-local transport
made in chapter [7.2.1] was also performed here. The equilibrium is assumed initially,
i.e. T, = Tg, and the base temperatures are chosen 7° = 1keV and 67 = 5 - 107277,
The results are plotted in Figure [§] The findings are similar to the ones of chapter
, the linear transport equation has the non-local dependency ~ (Kng)~2 for the
single-group transport, but the flux-limited diffusion gives rather the flux saturation,
i.e. the dependency ~ (Kng)~!. However, the value of the limiting flux depends on the
base temperature 7°, which should be independent of the perturbations 67", meaning
that the value of the limit is arbitrary in this idealized configuration. This manifests
the non-viability of the flux-limited methods. Another important observation is that
the radiation equation with the Planck opacity does not converge to the diffusion limit,
but an average opacity formulation does, following the discussion from the introduction
of chapter . In particular, the average opacity formula is taken from [79].

A comparative study of the laser—target interaction simulations was made then for
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Figure 9: The profiles of the temperature T, density n., Knudsen numbers Kn., Kng
and Boltzmann number Bo for the laser interaction with a solid Aluminum target.

different intensities of the laser, materials and the diffusion vs. the non-local radiation
transport method. It was concluded that the effect of the radiation transport depends
on all the mentioned physical parameters, but also on the choice of the numerical
method strongly. This implies that an attention must be paid to the conditions in the
plasma and the numerical treatment must be chosen adequately. However, a relatively
strong non-locality in the radiation transport was observed even for the laser intensities
as low as 1-10¥ W/cm? in the given configuration. An example of the simulation
results is presented in Figure [9] and Figure [I0] The Aluminum target of the room
temperature and density p = 2.7 g/cm? is irradiated by a flat-top laser (pre-)pulse of
the length 10 ns with the intensity I;, = 1- 10 W/cm? and wavelength Az = 0.35 um
(a small Gaussian ramp of FWHM 1.2 ns is present at the beginning). The resulting
profiles have the classical structure [78], where the different zones are designated by
the Roman numbers in the figure. They can be classified as follows: 0 — unperturbed
target, I — shock wave, II — conduction zone, III — corona. The full discussion of the
interaction is beyond the scope of this text. However, the non-local effects are worth
of mentioning. The electron heat transport operates only in the close vicinity of the
critical plane, i.e. between zones II and III. This is given by the short mean free
path of the electrons, which is A\ < 1pm in this case. The physical conditions are
not favourable for the electrons as the short wavelength of the laser leads to mostly
collisional absorption according to the introduction of chapter[6] The absorption profile
is relatively smooth and no significant amount of electrons is generated at the critical
surface. In contrast, the photon mean free path is remarkably longer and comparable
with the length of the conduction zone. The strong conversion to the thermal radiation
then causes formation of the double ablation front (DAF) structure known from the
inertial fusion research [I35], which is manifested by nearly the flat high density profile
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Figure 10: The profiles of the density n., laser absorption rate |V - ¢r|, heat flux
e, radiation energy flux qr, Poynting vector g and convective flux gy for the laser
interaction with a solid Aluminum target.

of the conduction zone. This can be understood as a dynamic equilibrium between the
hydrodynamic convection and the radiation transport, which is the best expressed by
the Boltzmann number Bo = 5/2(p, + p;)|ii|/ospTs. As can be noticed, its profile is
nearly flat in the conduction zone, so the mechanisms of energy transport are nearly
perfectly balanced.

The prepulse effects can be illustrated on the results of a different study we made
[23], where T authored most of the text and performed the hydrodynamic simulations.
An Aluminum target is considered with the identical parameters as before, but the laser
has the intensity in the pre-pulse 1- 102 W/cm? and the wavelength Ay = 1.057 pm.
The length of the pre-pulse was 6ns in this case. A particle-in-cell (PIC) simulation
then followed and simulated the interaction of the main pulse with the created pre-
plasma, where the intensity at maximum was 1-10%* W /cm? and FWHM 150 fs. Two
cases were studied, where the radiative transport was modelled in one and was not in
the other. The results drawn in Figure In the case with the non-local radiative
transport (NLRT), a strong filamentation can be observed as the laser interacts with
the DAF structure. This increases the overall absorption from 27 % to 38 %, but the
effect of filamentation might be more important for the non-linear interaction with the
target.

We also presented the effects of the prepulses with similar parameters in [22],
where my contribution was elaboration of the final simulations and formulation of the
laser absorption and introductory text. Unlike the previous scenario, a plastic target
with density n. = 86n,. was considered, which favoured more the electron transport.
The length of the pre-pulse was 10ns again and the intensities of the main pulse
1-10*2W/cm? and 1 - 10% W /cm?, where also radiation-reaction effects were modelled.
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Figure 11: The profiles of the density n. and laser intensity I in the particle-in-cell
simulation of the interaction with a pre-plasma at time 54 optical cycles or 189 fs from
the beginning of the main pulse. (The underlying PIC simulation data were provided

by M. Jirka).

Without going into details, let us note the final result that the simulations with the
DAF structure due to the energy transport increased the absorption of the pulse from
18.5 % to 54.8 % in the first case and 13.7 % to 61.1 %. Moreover, a strong filamentation
was observed in the pre-plasma. This shows that the pre-pulse physics has a significant
impact on the main pulse and cannot be neglected in the assessments of the experiments
for intense lasers [21].

7.4 Laser absorption

The brief introduction to the topic of laser absorption in chapter [6] pointed to the
fact that the optical methods are unable to precisely determine the behaviour of the
laser beam in the vicinity of the critical plane. This is not an important consideration
in the classical hydrodynamic models as the overall energy balance can be recovered
by introduction of a semi-empirical factor of laser reflection at the critical density for
example [105]. However, the simulations of the non-local transport in chapter
clearly show that exactly this delicate region near the singularity point is crucial for
generation of the non-local electrons. Consequently, more detailed methods of laser
absorption are required.

Our effort in this direction is the further development of the stationary Maxwell’s
equations method in [I07] continuing along the lines of chapter The original semi-
analytic method is extended to an arbitrary order of the polynomial approximation of
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the density profile (or complex refractive index 7 more precisely) in the computational
cells. This is achieved by the analytic solution of the Riccati equation for the complex
reflection index . The final form of the expression for V' is non-trivial and involves
calculation of a matrix exponential over the cell, but the formula for the amplitude of
the incoming wave P and its magnitude A simplifies greatly and is proportional to
~ exp(i [ kondx) (for slowly varying V). This is a predictable result as the linear
interaction should lead to dependency only on the average values in the weak reflection
limit. However, the expression also conceptually shows why the method is limited to the
only second order of convergence. Provided that the space is sufficiently well resolved,
the differential approach is not only applicable, but may provide an arbitrary order of
convergence to the method. As both approaches are complementary in this sense, a
local switching technique is proposed for them, where a local criterion is formulated:

. 1 n'
nrko — ZIH’I <'f]/>

where Ax, is the size of the cell and p. the polynomial order of the elements in the
cell. This can be seen as a slightly modified version of the classical expression Az, 2
AL/fN.. The constant C is a dimensionless factor and the numerical tests showed
that C'y = 0.025 seems to be an optimal value. When the criterion is satisfied, the
semi-analytic solution should be used and provides more accurate results than the
differential treatment. When the opposite is true, the differential solution based on the
finite element method gives better results usually. The construction of the numerical
scheme is also not detailed here, but it follows more or less standard procedure for
the linear system of the first order differential equations obtained from the backward
decomposition of to the form similar to the original system . It is worth
noting that the profiles of the refractive index do not need to be continuous in neither
of the methods. An analytic solution for the discontinuity can be formulated [109] 110],
which increases the overall robustness of the method and enables to correctly treat the
plasma—vacuum boundary.

The numerical model was tested on the transition layer profiles also known as the
Epstein profiles [136]. They present one of the few problems with an analytic solution
for the full Hemholtz equation in a dissipative inhomogeneous medium. The profile of
the dielectric function is defined as follows:

1 (€
exp(—¢)+1"’ AL AL

JAN/
Pe

> Oy, (200)

Pr=g=8+ (1 -¢é (201)

where &' and &" are the limit values of € in —oo and +o0 respectively. In the example
presented here, they have values e/ = (10724 107%)% and &” = (5-107% +107%)2. The
width of the profile A& = (&, — &)o, where § = —4007 and &, = 4007 are positions of
the boundaries. The profiles are illustrated in Figure [12]

The analytic solution in terms of the Poynting vector and its divergence, which are
of the primary importance for the hydrodynamic simulations, is plotted in Figure[I3] It
shows the complexity of the exact solution, where its wave nature is manifested as well
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Figure 13: The normalized values of the Poynting vector S (full lines) and magnitude
of its divergence |S’| (dash-dot lines) as functions of the phase ¢ for the transition
profiles of the different widths o.

as the dependency of the local wavelength on the steepness of the transition profile.
It is evident that the classical WKB methods described in chapter [6.1| cannot capture
these phenomena even approximately.

The reflection and absorption on a steep profile is not the only interesting effect
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for hydrodynamic simulations. It is also the skinning effect, which may play a vital
role. In fact, the full wave based method gives a non-propagating solution even behind
the critical point. Normally, the penetration depth is minuscule, but the situation
changes in strongly rarefied media like low-density foams. We recently performed this
kind of experiments and theoretical calculations in [I37], where my contribution were
the hydrodynamic simulations in the code PALE2. It is also equipped with the SME
based solver in the classical semi-analytic formulation, which was made numerically
applicable in 2D for normal incidence of a broad laser beam as part of my previous
work [60].
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8 Conclusions

The theoretical aspects of the non-local transport and the background theory necessary
for its understanding were given in chapters 2H6| The fundamental principles of the
kinetic theory were covered in chapter 2] describing plasma in an unmatched detail.
However, solution in the full phase space is infeasible, as it poses a 7D problem in
general. Hence, the model was reduced to the hydrodynamic framework described
in chapter [3] where the simplifying assumption of the kinetic equilibrium was made.
This procedure eliminated the notion of non-locality from the description completely
as only the convective processes are present in the ideal hydrodynamics. The topic of
chapter [4 was then to reintroduce the heat transport processes. At first, it was achieved
by allowing only infinitesimal deviations from the equilibrium in the classical diffusive
paradigm of chapter The additional models of non-local electron transport in
chapters partially borrowed from the kinetic description again, but only in a
limited extent to maintain feasibility of the methods. Along the same lines, also the
radiation transport description continued and a good analogy between the descriptions
of both species, electrons and photons, was recognized, which underpinned construction
of some of the methods actually. The laser absorption modelling described in chapter [§]
circumvented the problem of the non-existent high-frequency fields by formulation of
the closure models for the electromagnetic energy flux vector (Poynting vector), which
reduced the laser model to a mere energy source from the hydrodynamical point of
view. The optical approximation in chapter separated the envelope from the phase
completely. However, the assumptions of the slowly varying envelope break down in the
vicinity of the resonant points like the critical density in the context of laser plasma.
This was addressed by the wave-based method of chapter but only in a single
dimension, making the methods complementary in essence.

Chapter [7] then summarized our scientific efforts in understanding and modelling
of the non-local transport phenomenon. The variety and plurality of the research
directions reflects the complexity of its nature. An overview of the structure of the
new multi-dimensional hydrodynamic code was given chapter where its possible
extension to the magneto-hydrodynamic model was also envisioned. The flexible nature
of the code design enables to integrate additional models and a high numerical precision
is achieved thanks to the curvilinear high-order finite elements used.

The subject of chapter[7.2.Twas then extension of the hydrodynamical description
by an additional closure model of non-local transport. Our model, based on the solution
of a linear transport equation for heat flux intensities of the electrons, provides a
feasible option for simulations of this effect. However, certain shortcomings of the
model were recognized theoretically and also on the numerical tests performed. In
contrast, chapter presented our new fully kinetic code, which can describe the
non-local transport in a great detail, but at expense of higher computational costs.
This inconvenience was addressed by its implicit formulation, which enabled to choose
longer computational time steps and increased overall robustness of the approach. The
numerical performance was then illustrated on test problems, showing also consistency
with the classical diffusion methods. However, the strength of the method in treatment
of the non-local transport in a physically relevant scenario was also presented. This
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new numerical tool then might present a nearly perfect reference for the simplified
transport models of the hydrodynamic codes.

Non-locality of the radiation transport was topic of chapter [7.3] The previously
developed method of non-local radiation transport was compared to the flux-limited
radiation diffusion method, where limitations of the latter approach in treating the
non-locality were identified. For the purposes of this analysis, a new numerical scheme
of the radiation diffusion was proposed. Both methods were then applied in realistic
simulations of laser (pre-)pulses, revealing significant impact of the modelling on the
results. The effects of the radiation transport were even more pronounced in the inter-
action of a ultra-intense laser pulse with a solid target, where the particle simulations
showed drastic filamentation and notable increase of absorption in the pre-plasma.

The final topic regarded the laser absorption as described in chapter [7.4] As the
plasma is formed under an intense laser irradiation in our context, an accurate model
of the absorption mechanisms has an essential importance. Moreover, the detailed
description of the vicinity of the critical plane is crucial for the non-local electron
transport, as it originates from the steep gradients in the plasma. Inability of the
geometrical optics to self-consistently model this region led us to an extension of a
wave-based method. Its validity and completeness was demonstrated on the physically
relevant problem of the transition profiles, where an analytic solution exists.

In conclusion, various physical models and numerical methods were proposed to
address the problem of non-local energy transport in plasma. They approached the
topic in multiple aspects and contributed to the global research in this field. Our plan
is to continue in this effort and further refine the methods of non-local transport and
related models in hydrodynamics and laser absorption. The final goal still remains the
formulation of a single robust yet computationally feasible method of the non-local
transport.
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