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1 - Introduction

1.1 - General remarks

In the field of kinetic theory of dilute gases [1], [2] much effort has already
been made to tackle the nonlinear Boltzmann equation (BE) which governs the
temporal evolution of the phase space distribution density of simple elastically in-
teracting particles. Current research expands upon the original BE in a way that
allows different kinds of interactions between various particles to be taken into
account. These extensions of the BE to particles in different quantum states as
well as to photon interactions and chemical reactions have become increasingly
important. The reason for this is that a macroscopic description fails if one has to
deal with non-equilibrium states. Fast exothermic gas phase reactions or dissocia-
tion and recombination processes in shock waves are typical situations in which
the equilibrium particle distribution is highly disturbed, and therefore, the usual
concept of evaluating the rate constants does not apply [3].

In general, the BE opposes a rigorous mathematical solution. Consequently,
one observes the trend to idealize the BE in order to gain mathematically rigorous
solutions - of course without violating fundamental physical laws [4], [5], [6], [7], [8],
[9], [10], [11], [12], [13]. This method provides important insight into the approach to
equilibrium for initially disturbed systems. Connections between anomalies in the
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temporal relaxation of the distribution function and the nonlinear structure of the BE
also become evident. These investigations have proven to be highly complex even for
spatially homogeneous gases with isotropic velocity distributions.

Due to its mathematical complexity, approximation methods for solving the
BE have been developed. Attempts in connection with a linearization of the BE
have led to various approximate solutions (e.g. the well-known Chapman-Enskog
perturbation method). However, today much effort is being made to solve the BE
in its nonlinear form. Stable and rigorously conserving multigroup procedures
[14] were applied to solve the BE for homogeneous isotropic gases and gas mixtu-
res. Interesting effects such as overshooting even at low energies were observed
[15]. The range of validity of the heat bath approximation which allows a lineari-
zation or the Rayleigh and Lorentz gas approximation were examined [16]. For
purely numerical solutions, Monte Carlo Methods [17] and Lattice gas automata
[18] are popular. Most activities in the field of analytical solutions focus either on
developing nonlinear perturbation methods or on solving equations by using Lie
groups.

Moreover, the discrete kinetic theory [19], [20], [21], [22], [23], [24] offers an
alternative way for treating such problems. The common feature of discrete velo-
city models is that particles may only receive values of a discrete and usually finite
set of velocities in one to three dimensions. Microscopic energy and momentum
conservation single out possible binary (or higher order) collisions. The ma-
thematical description of discrete velocity models results in a system of coupled
nonlinear partial differential equations, hence reducing the complexity of the ma-
thematical description in comparison to the continuous case, where one has to treat
an integro-differential equation. Although this approach seems to be very promi-
sing, current research activities exhibit that one is faced with some new difficul-
ties, e.g., a correct temperature definition [25], [26], scaling problems or dealing
with external force terms.

1.2 - Extension to inelastic scattering

The extended kinetic theory deals with the dynamics of a rarefied gas if ef-
fects of non-conservative interactions are considered together with the usual
elastic scattering mechanisms. It is the combination of nonlinearity and noncon-
servativity due to absorptions, creations, chemical and nuclear reactions that gi-
ves rise to the most interesting dynamical behaviors (cf. [12]). A successful step in
this direction was the generalization of the Krook-Wu-model in order to describe
these types of interactions [27] by means of scalar BEs. The thermalization of
«hot» posteollisional molecules in the «cold» gas led to an overpopulation of the
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distribution function at high energies and to remarkable deviations of the transi-
tion rates from those obtained by the macroscopic approach [28]. Pioneering con-
siderations in the case of inelastic scattering of particles with internal energy
levels have been made by Garibotti and Spiga [29] who suggest treating
unequal quantum states as different species and provide the corresponding
Boltzmann-like equations. They study the transport of point particles A which can
scatter elastically and inelastically with particles B,

@ A+B=A+B*

where B * denotes the excited particle B. For formal simplicity, the authors allow
only two discrete internal states separated by a fixed energy step and find exact
solutions of the BE for simple test cases related to the transport of electrons and
neutrons in gases. Normally, the density of electrons or neutrons propagating in
media is much smaller than the density of the medium so that nonlinear terms are
not required and the BE becomes linear. An H-theorem is derived and conserva-
tion of mass, momentum and total energy is proven.

By substituting in (1) the point particles A with monochromatic photons one is led
to the field of radiation gas dynamics [30]. A BE for a system of two-level atoms
interacting with monochromatic photons is introduced by Rossani, Spiga and Mo-
naco [31]. Their setup allows for all physically possible inelastic mechanisms of
exchange between the two internal energy levels. Rigorous Boltzmann elastic and
inelastic collision terms for particle-particle collisions are introduced and a kinetic
equation for photons describes the evolution of the radiation field. The approach
to equilibrium is proved by establishing a Boltzmann inequality for the system
whose radiation distribution is found to approach the well-known Planck function.
Rossani and Spiga [32] have generalized the model and taken into account an ar-
bitrary finite number of internal energy levels. Again transitions between diffe-
rent energy levels may occur by inelastic scattering as well as by absorption or
emission of photons of the self-consistent radiation field. The model shows a trend
towards equilibrium where a mass action law is valid and radiation intensities are
described by Planck’s law of radiation. On integrating the Boltzmann equation
Rossani and Spiga derive five fluid dynamical conservation equations correspon-
ding to the conservation of mass, momentum and total (kinetic and internal)
energy. A swarm of one level test particles diffusing in a scattering background of
N-level field particles is treated with the same methods leading to a linear BE for
the test particles. It is interesting to note that, in the Lorentz gas limit, the equili-
brium distribution of the test particles is only a Maxwellian if at least one ratio of
two internal energy jumps is irrational. This is due to an infinite number of colli-
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sion invariants (cf. [33], [34]), or, in the framework of hydrodynamics, to an infini-
te number of conservation laws.

In the study of chemical reactions, gas kinetic approaches based on Boltz-
mann-like equations have a long tradition. The first calculations in this field were
made by Prigogine and coworkers [35], [36], who solved the BE for a dilute
gas undergoing the reaction A + A — products. A short summary of the develop-
ment up to 1990 can be found in [37]. Furthermore, the authors considered a spa-
tially homogeneous mixture of rarefied gases of N different species interacting
through binary collisions.

By means of a multigroup discretization, Kiigerl [38], [39] solved scalar Boltz-
mann equations for a gas mixture of four species A, B, C, D in which a reversi-
ble bimolecular reaction A + B=C + D occurs. He found that due to translational
non-equilibrium effects, the correction of the chemical rate constants are notice-
able depending on the heat of reaction, the activation energy and the steric factor.
The result is a shortening of the reaction period by up to 25%. In [40], Rossani
and Spiga applied the extended kinetic theory to bimolecular chemical reactions.
Conservation of mass, momentum and energy were correctly taken into account.
The mass action law in equilibrium is recovered as well as the explicit form of the
collision terms discussed. In [41], inelastic scattering is described as a particular
case of binary reactions when products coincide with reactants; however, one of
the products is in an excited state (cf. Eq. (1)). An extension of the formalism to a
chemically reacting gas mixture whose particles are additionally endowed with in-
ternal energy levels can be found in [42].

Based on the formalism used in [29], Rossani [43] applies the linear BE for
inelastic scattering to the study of the distribution function for charged particles.
These particles propagate in a host medium reacting according to (1) with the
field particles. Furthermore, they are subjected to an external electric field. The
inelastic collision integral is studied and the equilibrium distribution is investi-
gated. Connections with the transport of electrons in a semiconductor are pointed
out. A Fokker-Planck approximation, usually applied in the Physics of Weakly Io-
nized Gases, is adapted to the situation and leads to a solvable system for the first
two moments of the distribution function. The author gives explicit results for the
cases of Maxwell and hard sphere interactions. In the framework of extended ki-
netic theory, Fontana and Spiga derive a linear one-dimensional BE that models
propagation of a swarm of test particles in an absorbing and inelastic down-scat-
tering background [44]. As a physical application, the authors use a rigorous algo-
rithm to calculate the penetration of a beam of test particles into a plane slab un-
der steady state conditions. Numerical results are discussed with emphasis on the
most significant parameters relevant to radiation shielding. In [45], Banasiak,
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Frosali and Spiga reconsider the same model from a more mathematical point of
view. Up scattering is again neglected compared to down scattering. This yields
to an energy interval in which test particles remain unscattered. In a natural way,
the model singles out a Knudsen number ¢ whose limit ¢ — 0 is investigated and
leads to hydrodynamic equations of the streaming type. After analyzing the colli-
sion mechanism, the hydrodynamic quantity, which is appropriate for the situation
of only down scattering, is introduced. The properties of the zero eigenvalue of
the collision operator are studied.

The model of a Lorentz gas (light test particles interacting with a given back-
ground of heavy field particles at rest), has proved to be very useful for clari-
tying different properties of solutions of linear and nonlinear kinetic problems
(for a historical example see [46]). Bobylev and Spiga [47] generalize this power-
ful tool to the linear extended kinetic theory by proposing a Lorentz-type model
which allows for absorption and for inelastic scattering between a swarm of test
particles and a background of heavy field particles. Attention is focused on the
case in which elastic and inelastic scattering are equally important and prevailing
with respect to absorption and streaming. Small mean free path asymptotics is
studied and an approximate equation at a macroscopic level with first order cor-
rections in the Knudsen number ¢ is deduced. Like in [32], the null space of the
collision operator is found to be infinitely dimensional and an H-theorem is
established.

In the spirit of neutron transport and nuclear reactor calculations, Caraffini,
Ganapol and Spiga [48] propose a multigroup approximation to the nonlinear BE.
Their starting point is the scattering kernel formulation of the BE, whose equiva-
lence to the standard formulation of the BE has been proved in [49] and [50].
They consider a single species gas diffusing in a scattering and absorbing back-
ground. In this framework, the presence of an external force and an external
source can properly be taken into account. The authors compare their approach to
the corresponding semi-continuous kinetic models showing quite a different math-
ematical structure unable to deal with external force terms.

In semi-continuous models, the velocity moduli are discretized while keeping
full angular dependence in the velocity space [51], [52]. In [53], Preziost and Lon-
go investigate the general discretization problem that is the link between the con-
tinuous and discretized BE. They propose a fully controllable model starting from
the actual continuous kinetic equations and discretizing the speed variable by a
suitable interpolation procedure. The paper clarifies what kind of approximations
are involved in the transition from the continuous to the semi-continuous descrip-
tion. The order of magnitude of the spurious terms appearing in the hydrodyna-
mic limit of a discretized BE is investigated as a «distance» between the discreti-
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zed model and the full BE. By applying an interpolation approximation like in
[53], Spiga [54] shows that on account of the microreversibility properties of the
scattering kernel, the conservation of mass, momentum and energy as well as an
H-theorem for the resulting semi-continuous model hold. Thus, the author esta-
blishes an intrinsic conservation of momentum and energy conservation and an
H-theorem for the multigroup approach of [48].

In [55], Rossani and Spiga present a two-group approximation of the non-
linear BE. By improving the approach in [48], the conservation of momentum
and energy is intrinsic to the paper’s setup independent of the number of groups
considered. It is shown that the macroscopic equations can be made self-consist-
ent by a Maxwell-Cattaneo equation for the heat flux. On the basis of assumptions
on the scattering kernels only, a correct trend versus time and a physically mea-
ningful definition of the transport coefficients are guaranteed by this very simple
model. A P;-approximation (a tool widely utilized in linear transport theory) is ge-
neralized to the nonlinear theory in order to get information on the fluid dynamics
of the model.

The 13 moment method, proposed by Grad [56], [57] for the solution of the BE,
has constituted the basis of a new theory in mathematical physics, namely the so-
called extended thermodynamics [58]. Grad’s procedure represents the distri-
bution function as a truncated Hermite polynomial expansion in which only the
moments of interest are retained. This leads to a closed set of moment equations
for the BE. In [59], Cavazzoni and Spiga take the first step towards the emplo-
yment of the 13 moment approach in the frame of the extended kinetic theory.
Confining themselves to elastic scattering of Maxwell molecules, the authors deri-
ve the relevant 13 moment equations for a mixture of several participating ga-
ses (TP) in the presence of one or more background species (F'P). Small mean free
path asymptoties show quite different scenarios depending on the relative impor-
tance of TP-TP collisions on the one hand and TP-FP collisions on the other.

Dealing with spatial dependent problems in extended kinetic theory requires
not only the treatment of the speed variable of the distribution function, but also
the direction dependence of the particle velocities. Semi-continuous models are a
very efficient way to treat the speed dependence. In order to deal with the direc-
tion dependence of the velocities an expansion in terms of spherical harmonics ap-
plies. Overlapping multigroup methods are an alternative way to treat the speed
dependence. These methods as well as the technique of non-linear spline interpo-
lations have — in contrast to the first method - the advantage that external fields
can be dealt with in a natural way.

This paper is organized as follows: After this report of recent approaches to
solve extended nonlinear BEs, Sec. 2 provides a set of extended semi-continuous
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kinetic equations governing the evolution of a gas mixture. The model takes into
account collision excitation and de-excitation processes as well as the interaction
with monochromatic photons. Conservation properties and an H-theorem are
established.

Section 3 is devoted to the derivation of the Py multigroup equations for arbi-
trary scattering models. The truncated moment equations display rigorously con-
servation of mass and energy, while showing the conservation of momentum re-
quires the numerical treatment of one integral.

In Sec. 4 the methods developed in Sec. 2 and 3 are applied to some test cases
like high frequency acoustic waves occurring in degenerate four wave mixing
(DFWM) experiments and the propagation of a hot spot within a cold me-
dium.

A semi-continuous model for chemical reactions is the content of Sec. 5. A four
species gas mixture undergoing chemical reactions is treated by means of a set of
semi-continuous BEs. The model is solved numerically by resorting to a P, appro-
ximation for spatially homogeneous situations.

The last part of the paper presents multigroup approaches to extended BE.
Section 6 sketches the overlapping multigroup approach that allows one to treat
external force terms in a natural manner. This is illustrated on a three-dimensio-
nal Lorentz gas model. Results are obtained in P; approximation. The following
Sec. 7 contains the ingredients of a more flexible approach. Instead of working
with rigid shape functions as in the overlapping multigroup approach, a spline in-
terpolation of the speed-dependence of the distribution function is proposed. Fi-
nally, Sec. 8 generalizes this idea. Expanding the speed dependence of the distri-
bution function in terms of Legendre polynomials within compact speed intervals
opens the possibility of a stable and numerically efficient scheme for the solution
of the nonlinear BE.

2 - Semi-continuous extended kinetic theory

In a recently published paper [53], Preziosi and Longo provide a semi-conti-
nuous formulation of the nonlinear Boltzmann equation. This formulation is done
in terms of a set of distribution functions f; depending on a solid angle €, the spa-
tial position x and time ¢. In discretizing the kinetic energies (i.e. the moduli of the
velocity) of the particles (subscript ), the authors reduce the complexity of the in-
tegrals in the collision term.

In fact, the collision operator of semi-continuous models contains only inte-
grals over compact domains (parts of the two-dimensional sphere). Physically
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speaking, this operator describes the hopping of the gas particles from one en-
ergy group % to another ¢’ due to binary collisions. In leaving a continuous set of
allowed directions of velocities, semi-continuous models provide a larger and more
realistic set of possible outcomes of binary collision processes than discrete veloc-
ity models, where only a finite set of different velocities is accounted for [22].

A great advantage of the semi-continuous approach in numerical implementa-
tions is that the remaining integrals can be treated, e.g., by resorting to an expan-
sion of the distribution functions in terms of spherical harmonics with respect to
the solid angles Q. This aspect is investigated in [60] and [61] and will be discus-
sed in Sec. 3.

2.1 - Semi-continuous kinetic equations

Here, we generalize the ideas of Preziost and Longo [53] in order to cope with
problems in the field of extended kinetic theory. To this end, we consider a gas
mixture composed of three species, namely A, B and B*, where B * is an excited
state of B. The energy gap between B* and B is denoted by AE > 0. We take into
account all elastic scattering processes of the form N+ M=N + M for N, M
=A, B, B* as well as the inelastic interaction (collision excitation and de-excita-
tion)

2) A+B=A+B*.

Furthermore, we assume that transitions between B and its excited state B* can
also be induced by monochromatic photons. Therefore, we include the reac-
tions

3) B+p=B*, B*+p—B+2p,

where p denotes a photon with frequency v = AE/h, (k is Planck’s constant). Such
a situation is, e.g., typical for laser induced thermal acoustics (LITA) experiments
[62], where photons (supplied by a strong coherent laser pulse) excite high fre-
quency acoustic waves.

By assuming equal mass m of the three species, we express the conservation
of energy £ and momentum R in binary collisions as

4) 2E/m=v"+v2=v2+viF &2,
5) Rim=v'Q +0v,QL,=0vQ+v, Q,,

where, for the purpose of the discretization, we have resorted to a polar decompo-
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sition of the velocity variable v = v with v = |v| and the unit vector Q=v/v. Pri-
med symbols refer to post-collision quantities. The quantity ¢ equals zero for ela-
stic collisions and is linked with the energy gap AE by

(6) AE = — ¢*

for inelastic collisions. The minus sign in Eq. (4) refers to an excitation event and
the plus sign to a de-excitation process.

We express the post-collision (primed) velocities by means of the sum of the
pre-collision velocities and the unit vector n’ pointing in the direction of the relati-
ve velocity g’ = v’ — v, after the collision:

@) v’=—+g—ﬁ’, vik:——g—ﬁ’,
2 2

where the relative speed after the collision is given by ¢’ =¢* ="\ g%+ 2¢? in
the case of inelastic collisions and by g’ = ¢ in the case of elastic collision. If the
post-collision velocity v’ results from an (de-) excitation event, we will denote it by
(v*) v™. The functions f=f4, f =2 and f =f%" describe the phase density of the
particles A, B and B *, respectively. According to Ref. [29], the inelastic collision
terms read

Ba)  JUA T, f1= [dvs[dn'gotg, vILf@") F0) = f@) Fw.)]

H3 SZ

+ [ do. [di’ g3tg, DILfw ) Fo:) —f@) f@.l,

RS SZ

@D JLA T 1= [dv.[dR gatg, vIFeT) flws) - F@) flwl,

R3 s
B0 JUL T, f1= [do.[dRgotg, vIf @) fod) ~F©) .01,
R3 s

where @(.) denotes the unit step function and cosy = n-n'. The microreversibility
condition [29] linking the up (0) and down (o) scattering cross section is given
by

@)  g%*(g, y)=0(g—\2e)g Polg ,y) and g%a(g,y)=(g")?a(g", 7).
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The collision terms describing the impact of elastic scattering between particles N
and M on the evolution of N are of the form

a0 I = [do, [ gotg, YL @) M0 = @) )],
R s?

with the elastic cross section o. These terms constitute the right hand side of the
continuous Boltzmann equations of the model:

(11a) 8_f + 0. ﬁ = 4 JAA 4 JAB 4 JAB®
ot ox
11d) % +00- ﬁ :j — R + J BB + JBA 1 JBB”
ot ox
a/\ O a/\ o Y- % %
(11¢) _f_{_vg-_f:;j_{_g{(])_{_JBB+JBA+JBB.
ot ox

The interaction with monochromatic photons of intensity / is modeled by means of
Einstein coefficients a (for spontaneous emission) and S (for absorption and sti-
mulated emission). Neglecting the Doppler effect, the photon-particle interaction
term reads

(12) R = [dR(BIER,) f(0) = (a+ BIRL) [©)),

s2

where I denotes the specific intensity of photons with energy AE. The evolution
equation for the specific intensity I(¢, x, ?)) is given by [63]

ol — ol ol . -
(13) -t = 7; —cAE [ do(BIf () = (a + BD) f(©)),

R?

where ¢ stands for the speed of light and I, (¢, x, €) is an impressed time depen-
dent intensity profile of light. The energy density e,, the energy flux @, and the
energy density S; of the impressed light are respectively defined by

1
(14) e,= —
c

Jl(?))d?l, Q,= j?zl(?z) @, 8, = % jIL(?z) Q.
s? st

52

The conservation of mass, momentum and energy as well as an H-theorem for
the inelastic collision terms of the above sketched model are provided in Ref. [29].
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A derivation of Planck’s law of radiation (for I; =0) and an H-function for the
photon transport equation can be found in Ref. [31].

In order to discretize the kinetic equations describing the evolution of the gas
mixture and the photon intensity constituted by Eqgs. (11) and (13), we apply a ge-
neralized form of the procedure introduced in [53]. Following these lines, we re-
strict the range of the particle’s kinetic energies to the interval I, =[E,,, Ey),
0<E, <Ey< o. The bounds of I, are to be chosen such that all particles with
kinetic energies outside of I, may be neglected. Next we introduce an arithmetic
sequence of energies

1
(15) Ei=Em+(i+ 5)6, 1=0,1,...,n,

with 6 = (Ey — E,,)/(n+1) that are the centers of the subintervals (energy
groups)

0

p)
(16) I,iz[Ei——,EiJr— . i=0,1,...,n.
2 2

Furthermore, we have to adapt the energy gap AE in such a way that it fits into
the discretization scheme. Therefore, we set AE = go with ge {1, 2, ..., 2n -1}
which implies £% = 2qd/m. When appearing as an integrand, any function of kine-
tic energy (and thus of the speed v) is approximated by a piecewise constant inter-
polant defined over the above stated discretization:

an g(E) = 20 9ix1,(E),

where y p(.) denotes the characteristic function of the set B.

Each energy knot E; corresponds to a speed v; = \/2E,/m. The combination of
conservation of momentum and total energy, i.e. Eqs. (4) and (5), implies a re-
striction on ?2* [64]. In fact, when fixing /Q, the variation of the solid angle /Q* is
restricted to

A
as) ()= {9* e 82

Figure 1 shows a graphical representation of these sets.

For elastic collisions (¢ = 0), the inner product Q-Q, is symmetric with re-
spect to zero. In this case we define D, = D, = D,.. For inelastic excitation (D,,)
and de-excitation (D.) processes this is no longer true.
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Fig. 1 - Domains of Q. as implied by the conservation of momentum for elastic scattering
(a), collision de-excitation (b), and collision excitation (c).

Furthermore, by introducing the angle ¥ between the pre-collision and post-
collision plane spanned by the pairs (g, R) and (g', R), respectively, the surface
element dn’ appearing in the collision terms can be written as

(19 dn' = v'dv'dv.

’

g

By following the considerations of Sec. 4 in [53], we obtain semi-continuous
versions of the inelastic collision terms. We integrate Eqs. (8) over one energy in-
terval I; with the appropriate measure \/2E/m?3dE = v?dv and approximate all
functions of kinetic energy by piecewise constant interpolants. If the cross section
is independent of the scattering angle, which we shall assume for simplicity, they
read

" " 2m . o v -~
@) 3L F.F1=C; 2y X [dy [ dAF@ Q0 fufif)
= h+lch:i_+j+q 0 5*(7)7:,7{7',%)

n n 27 - o N o
+Ci 20 X [d) | dRQAL@DIS FuSif ),
! htk=i+j—q 0  Dulwyvj,v)

n n 2z P o e o
@) S S F1=C 20 X [0 [ dRAFQQIFifiT i),
” hak=itj—q 0  Daiv;,u)

" " 2n . P v —~
@0 LSS =02y X [ [ A AY@Qi Tt
= h+k’=i_+j+q 0 lv)*(vi,vj,vh)
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where C, = d/m. The application of the same strategy to the elastic collision
terms, ie. Eq. (10), yields

n n 2n . o
@y JMNMN=C Y 2 Jao [ de.Al@ A £ -1,
hak=itj0  Dalwiv,00

for N, M =A, B, B*. The domain 5*(1)1-, v;, v,) already takes into account the
unit step function @(g — \/Qs). We have used the shorthand notations

(22) =@ =2, N=NR)="ue,,
(23) N =N =0, 2), N =R = (v, 2)),

where N =A, B, B*. Post-collision solid angles are functions of pre-collision
solid angles, of the speeds v;, v;, and v, and of the angle ¢J. The kernels are given by

o 49 G oo~ 4g O
, A’it.k(g.g*):_g@, Agk(g.g*):_gig)_
j J- R j g*

24) AR Q)=
@4 A ) B

40(g)
R

In these formulae, the quantities ¢, g * and R have to be evaluated at the speed
knots,

(25) g= \/vf +of - 2vivj§-§* , R= \/viz +0f + ZU,ivjﬁ-ﬁ*

and so on for ¢ * and g ~. By applying the same strategy to the streaming part
of the Boltzmann equations and equating the result to the above stated collision
terms, we obtain the semi-continuous kinetic equations

of; — of; .
(26a) ﬁwmﬁﬂiu;ﬂug"l”ufw,
ot ox
(26b) % +vf!§afi :ji—ﬂii(l)+JiBB+JfA+JfB*,
ot ox
a/\- /-\aA - *® Pk * *
(26¢) ;;1 +v; Q afl =4+ R+ JE B+ JE A4 JEB,
X

with R;(I) being defined as Eq. (12) evaluated at the speed knot ¢, i.e. for f i(ﬁ)
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and fi(/!}). The photon transport equation now reads

ol — aI I . -
27 — +cQ — = —= —cAdEPBIn—(a+ BI) n)).
27) 5 o gy B (a+ BI) n))

In the semi-continuous formulation, the macroscopic quantities of each species
N, namely particle density, the mean velocity, the momentum flux and the kinetic
energy flux are respectively given by

(28a) nN = C%éo i j (@) de,

E
(28b) = iN Z j?}ﬁN(?z) a9,
(280) K =C,m 3 o} (@007 @) de,
(28d) QY 72 g ngﬁN(?}) Q.

The kinetic energy density of species N is given by the trace k" = (1/2) tr K.
The total energy density e of the gas is the sum of the kinetic energy densities
plus the internal energy density of B *:

(29) e=k*+ kP + k8 +nP AE .

By using these definitions, we can integrate Eqs. (26) and (27) to obtain the ma-
croscopic equations for the semi-continuous model:

(300) o 2 ) =0
a, — — (nu) =0,
ot ox
(300) 9 m+n)+ 9 ‘pu+nu) =0
ot ox ’
o v . k) .
30c) m—mu+nu+nu)+ — - (K+K+K) =0,
ot ox
) . ... OS
(80d) —(e+e)+a— Q+Q +Q +Q,+AE n® uP") = atL'
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They reflect the conservation of particles A, B plus B*, the conservation of total
momentum and injection of energy due to external light sources. Proof of these
macroscopic equations involves important properties of the collision terms and is
presented in [64].

In order to state the properties of the semi-continuous collision terms for a set
of arbitrary functions ¢¥ (), N=A, B, B*, we introduce the notation

@%, ) =0, 3 v [ 2@ ¥ @.

52

Now we can summarize the main properties of the model: First, the expres-
sion

(o, ) =, J+T4+ T4 + JAE)

31) . ~
(@, +J BB+ JBA 4+ JBEYN 4 (@, y+J BB 4 JBTA 4 JBTB)

vanishes for the choices ¢;=1, ¢;=¢,;=0; ¢;=0, ¢;=¢;=1; @, = @;= @;
=v; Q2 and ¢;= ¢; =v?, §; =v?+ e They correspond to the conservation and
balance equations stated in Eqgs. (30). Furthermore, we obtain a space homogene-
ous H-theorem by setting ¢¥ = log fV. It reads

oH
(32) 5 = (log f,J) <O0.

This H-function is zero (collision equilibrium of the gas mixture) if and only if
(33) (@) = AV exp (v,b-2 — cv)),

with the constants AY, b, and ¢ = m/(2ky T), where T is the temperature and kg
denotes Boltzmann’s constant. The ratio between the densities of B* and B
reads

(34)

<)
I
&
ko)
|

which is exactly Boltzmann’s formula. Finally, in the absence of external light
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sources, the equilibrium intensity is given by Planck’s law [31]

o/f

(35) I= )
exp (AE/(kz T)) — 1

2.2 - Comparison with exact solutions

In [53], Preziosi and Longo investigate the fluid dynamic behavior of the semi-
continuous model. By working with local Maxwellians, the authors give estimates
of the errors in the fluid dynamics that are introduced by the discretization proce-
dure. However, little is said about the quality of the relaxation behavior of the
model. Therefore, we show here to what extent the local relaxation described with
the full continuous Boltzmann equation coincides with that of the semi-continuous
model.

For the nonlinear Boltzmann equation of gas dynamics, analytical solutions
exist only in very special cases and for particular interaction models. One exact
solution is known for Maxwell molecules whose cross section is inversely propor-
tional to the relative speed. This is the so-called BKW mode [6]. Thus it is possible
to test the accuracy of the semi-continuous model by performing a comparison
with this solution.

Since this analytic solution assumes spatially homogeneous and isotropic con-
ditions, we use the ansatz

— 1
(36) fi(2) = T

)

Apart from the multiplicative constant C,, the quantities

37) n; = v, jﬁ,(?z) iQ

SZ

represent the number of gas particles within the energy group I;. The evolution
equations for the quantities n; are obtained by integrating Eq. (26a) (simplified to
one only elastically interacting species) with respect to Q

n n

0?2
_ X 7 hk
oy 2 hE Lyt gy, — I mimy)

d’}’bi

38
(38) i

htk=i+]
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with the integrated cross sections

27)h Vy
5 arctan | ———— for v, v, < ;v
TK vy — v
(39) 1= v = v |
Vi ’U]’ 2 V; 'Ui
arctan : for v, v, > ;v
2 2
|vi =7 |

for Maxwell molecules, where the positive parameter k controls the strength of
the interaction.
In three dimensions, the BKW mode [6] for Maxwell molecules is given by

2V v V1 (3 v )}
40 ’t = - 1+ Pl ’
40 fx, t) \/E(1+y1)3/2exp( 1+V1)[ I+yi\2  1+y,

where x stands for the kinetic energy, x = v%/2, and the temporal evolution of v,
is given by

(41) y1(t) = ne 2!, -04<7<0.

The quantity 1, is a nonlinear eigenvalue of the collision operator. Its value is
linked with the strength of the interaction measured by x. For isotropic scatte-
ring, 4, is given by

w | Do
| =

For the solution of the semi-continuous model, the kinetic energy is resolved
using 175 energy groups. The strength of interaction is taken to be x =100 and
the initial data correspond to n = — 0.4.

Figure 2 shows the relaxation for different kinetic energies « in the case of
Maxwell molecules. For very low and very high energies (x <1 or & > 4), the par-
ticle density increases whereas for average energies (1<wx<4) it decreases dur-
ing the evolution. For high energies, the relaxation becomes slower and slower.
This behavior is partially due to the decreasing cross section. It is remarkable
that not the slightest difference between the BKW mode and the relaxation of the
semi-continuous model can be observed. The curves for both cases match.

Another way of showing the precision of the semi-continuous model is the in-
vestigation of the nonlinear eigenvalue 1,. For a given kinetic energy «, this is
the only parameter in the BKW mode. Thus, for some energies «, we take the cur-
ves of Fig. 2 and adapt the parameter 1, of the BKW mode by a least-squares fit.
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Fig. 2 - Relaxation behavior of Maxwell molecules at different kinetic energies. The curves
calculated with the semi-continuous model coincide with those of the analytical solution.
The initial distribution in these illustrations coincides with the starting point of the BKW
mode at n = —04.

It is very satisfying that they coincide with the exact value within less than 0.2%
for average particle speeds. We observe that the discrepancy increases for high
speeds. One reason for this behavior is the unphysical but necessary cut-off at v),.
Particles propagating with kinetic energies near the maximum ¢, have a very li-
mited possibility of scattering, because no particles with energies greater than ¢,
may result from the collision processes. Nevertheless, even here the discrepancy
is less than 1%.

3 - Py approximation

In non-homogeneous regimes the distribution function depends not only on
the modulus of the velocity but also on its direction. In order to treat the direction
dependence, moment methods are very convenient.

The Py method, e.g., has been used very efficiently in the neutron transport
theory [65], where a linear form of the Boltzmann equation applies. In the nonli-
near case, Jaffé [66] was the first to apply this particular method in the kinetic
theory. He confined himself to terms up to second order to obtain solutions of the
Boltzmann equation for the case of small Knudsen numbers. In more recent pa-
pers, the spherical harmonics method has been generalized to arbitrary order,
where the collision term has been included in the expansion scheme [67], [68],
[69]. An extension of this method by performing the expansion of the distribution
function for a moving reference system in velocity space can be found in [70]. Nu-
merical simulations of thermal and spatial relaxation behavior of a gas of Maxwell
molecules in P; approximation are given in [60].
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Here we discuss the Py method to the extended semi-continuous Boltzmann
equation. We confine ourselves to the one-dimensional case in real space. This
means that we expand the distribution functions for each discretized speed in
terms of Legendre polynomials with respect to the angle between the velocity and
the direction vector in real space. Inserting this ansatz into the semi-continuous
Boltzmann equation and projecting it over the Legendre polynomials up to a cer-
tain order N results in a closed, coupled set of nonlinear partial differential equa-
tions for the moments of the expansion. Since the discretization of the modulus of
the particle velocity is performed in such a way that the resulting kinetic energy
classes form an arithmetic series[53], we call our method the P multigroup
approximation.

For simplicity, we demonstrate the method only for the case of elastic scat-
tering (the strategy can easily be extended to inelastic interactions), where the
Boltzmann equation for the unknowns fi(/!}, X, t)d=eff(vi?2, x, t) read

o
== +’U,L'Q'Vi
ot /i

(43) n hyk<n 27 N o
=C;2 3 wfdy [ dRAPF@Q,, O ff),
j=0 h+k=i+j 0

Dg, (vi, vj, vp)

with the constant C, = 6/2 [53]. Conservation of momentum restricts the domain
of integration of the solid angle €. to the set

Vp, Uk

(44) Da. (v, v}, v,) = [’é |20, | <
Vi V;

The quantities A of Eq. (43) are related to the collision cross section o and the to-
tal momentum of the two colliding particles by

— o (-8, )

The symbol R denotes the modulus of the total momentum, and the angle 9 is
linked with the angle of deflection. The dependence of the cross section on the re-
lative speed g of the colliding particles is hidden by our notation. The quantities R
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and g are defined as

(46) RZ] (/Q . /g*)(izef\/viZ + ’U]’z + 2’1){1];’@ . ?2*, glj (§ . ﬁ*)tf\/?){z + 7)]'2 — 27)1"0]' ?} . /Q* ,

and are preserved under collisions.

We expand the distribution function for each speed in a truncated series of Le-
gendre polynomials P;. Thus, we assume azimuthal symmetry and account for the
N first Legendre moments and make the following ansatz:

N
47 fi(2,x,t) =fi(cos0,z,t) = ZE aP(z, t) P)(cos ).
=0

In order to evaluate the streaming term of Eq. (43), we insert the ansatz, Eq.
(47), in the LHS of the Boltzmann equation (43), multiply the result by P;(cos 8)
and integrate over the angle 6 using the measure sin 6d6:

3 5 N 3 N
(48) jsinOdGPi(cos 0)| — > a/?P,(cos ) +v; — cos(0) > a’P,(cosB)]|.
0 ot i1=0 Ox =0

In the case N = 3, i.e., when we neglect all Legendre moments higher than 3, we
are led to the following set of equations for 1=0,1, 2, 3:

(49) %Zaé“ +; % éZaf“ = 3§ (ag, a1, a3, a3),
(50) % gaf“ +; a% g(%‘” + %ag”) = 31, a5, a3, a3),
(51) a% gaz(“ : a% %(gaf” + %aé“) = 3 (g, a5, a5, a3),
(52) a% %a@ +; a% % %aé” = 3§ (ag, a1, a3, a3) .

These equations are obtained by exchanging the order of integration and summa-
tion as well as by exploiting the orthogonality relations of Legendre polynomials.
The collision terms for each Legendre moment A and speed ¢ are abbreviated by
). We use a vector notation summarizing all speeds of a given Legendre mo-
ment 4 to a; = {a”, ..., a;”}.

The collision terms 3¢ are inferred from Eq. (43) by taking into account the
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ansatz, Eq. (47), and integrating over the variable 6. They can be cast into the
form

n hk<n N
i k(a. k hk (1. i j
(53) 5512) = CXZ 20 . 2;[ kvjl lz 0(9?7 (17 l7 l*) al(h) a’l(*> - Oezly (/17 l7 l*) a/l(l) al(,;f)) ’
1=0 t+j=h+ o ba=

where the loss terms are given by

T 27
(B4) LML) = j sin 0 dO P, (cos 0) j i j AR, Al (u, 0) Py(cos 0) P, (cos 6,),
0

0 Dg,

and the gain terms read

7T 2
B5) GG 1) = j sin 6 d P, (cos 6) j do j AR A (u, ) Py(cos 0") Py, (cos 0}).
0

0 Dgy,

We use the abbreviation 4 = cosf = Q-Q,.

It is possible to carry out analytically all integrals [64] of the loss term by re-
sorting to an expansion of the collision cross section A(u) in Legendre polyno-
mials, which results in

LR, 1) = Zn‘[sinOdePl(cos 0) P,(cos 0) P, (cos0)
(56) '

2 Mo
x jdﬁ j du Py (u) Al (u, 9).

0 —Ho

While the integration over 6 can be performed easily, the integral over u repre-
sents the above mentioned expansion of the cross section in Legendre polyno-
mials. The symbol u, stands for u,= min {1, (v,v,)/(v;v;)}.

Due to the transformation of the argument of the distribution function f to
pre-collision velocities, the evaluation of the gain term is more complicated. In
fact, it was not possible to carry them out in general analytically but only by
means of a numeric quadrature scheme.

It is important to note that not all possible combinations of 4, I, [, yield non-
vanishing loss and gain terms, respectively. Therefore, in the P; case we can sim-
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plify the collision terms in the following way:

n h,k<n

6D JP=Cc:X X vjE)(%"(A;l,l*>af“a;f>—£%’“u;l,l*mf“aﬁ))-

J=0 i+j=h+k " Ix

3.1 - Macroscopic quantities, moment equations

In order to obtain the macroscopic quantities of the density o, momentum den-
sity ou and total kinetic energy density ¢ of the gas in the Py approximation, we
insert ansatz (47) into the relevant definitions [53]:

n . 4 n n . n .
B58) o= 4nmCX7§0 v al?, ou= 3 mijgoij al?, = anijgovﬁ ad?.

The conservation of mass, momentum and energy is expressed by the moment
equations derived from Eqs. (49-50). In fact, summing up the evolution equations
for the zeroth moment af”, Eq. (49), yields the moment equations for the mass
density and energy density:

Ie) dou) noo

(59) ?i t— = 2nmCxi§0viJ§}>(%, ay, Gy, ag),
a (9 2 n . " .

(60) ?i + % ( ?‘EWLCX ‘2:0/07;4 al(l)) = J'L'?’}/LCX ~§0,Ui338)(ﬂ), ﬂ’ a_27 %)’

From the evolution of the first Legendre moment a{” as stated in Eq. (50), we
infer the evolution of the momentum density:

(61)

dou) N ) (2 87
ot ox

— e+ —mC, En: v} az(i)) = 2nmCXi V23048 (ag, ay, as, as) .
3 15 i=0 i=0 - - —
Due to the knowledge of the explicit form of the gain terms for 4 = 0, conser-
vation of mass and energy can be proven rigorously for arbitrary N [64].
Similar considerations for the collision term of Eq. (61) show that for the con-
servation of momentum, the following relation is sufficient:

(62) vakg;{k(lv lv l*) + vlgvh jklh(]-’ l*7 l) - vizvj£%k(17 l7 l*) - vjzvioe]}‘bik(17 l*’ l) =0.

Since we have no explicit expression for the gain terms 93{;(1, l, ), we are not
in the position to show rigorously that this is really fulfilled. Numerically, how-
ever, this relation is satisfied to high accuracy, i.e. the LHS of Eq. (62) is of the
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order =~ 10~ whereas each term in this equation is of the order ~ 103, There-
fore, the moment equations expressing conservation of mass, momentum and en-
ergy under the evolution of the P; equations are given by

o Ie)
(63) S dew
ot ox
dlou) 9 (2 8« n A
(64) +—(—e+—mC > P ”)) =0,
ot or \ 3 15
Oe o [2m n .
(65) = + —(—mC v-“a(f)):O.
&  ox\ 3 Xzo s

4 - Simulations

The Py multigroup equations are a set of coupled nonlinear partial differential
equations. One way of solving them numerically is to resort to an operator split-
ting method [71]. This approach divides the evolution of the system into a free-
streaming part and a collision part within each time step.

An alternative to any operator splitting scheme is the expansion of the spatial
dependence of the distribution function f in a Fourier series. This can be done
with advantage in the case of cyclic boundary conditions. It has been shown in
[60] that this method conserves rigorously mass, momentum and energy. How-
ever, care must be taken when tackling the collision terms. Due to their quadratic
dependence on f, they introduce high spatial frequencies that must be dropped in
a numerical implementation. In order to mitigate the Gibbs oscillations, damping
coefficients shall be applied when expanding the initial distribution. A comparison
between different approaches to Gibbs damping can be found in [72].

4.1 - High frequency acoustic waves

First, we apply the P;-multigroup equations to a simplified model of the ther-
mal gratings as occurring in degenerate four wave mixing (DFWM) experiments
[73]. Two strong coherent laser beams interfere at a small angle within a gas mix-
ture. Their common frequency is tuned as to excite a rare species of the mixture
electronically. Within one interval of periodicity of the resulting intensity pattern,
called fringe spacing, the intensity variations of the laser light follow a cosine-
curve. This is due to the two beam interference. Thus, for small laser intensities,
the excitation of the rare species has the shape of a cosine within one fringe
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spacing. For higher intensities, saturation phenomena alter the shape of this
function: The slopes become steeper producing a plateau in the center of the frin-
ge spacing.

The excited species lose their internal energy due to inelastic binary collisions
with the dominant species. Thus, kinetic energy and pressure of the gas rise mai-
nly in the center of the fringe spacing. Since this effect occurs periodically accor-
ding to the interference pattern of the laser beams, a stationary acoustic wave is
triggered.

To simulate the evolution of these high frequency density oscillations in the
dominant gas, we choose an initial condition of the gas corresponding to the re-
sults of these de-excitation processes. Since these oscillations are triggered by a
spatially non-homogeneous de-excitation process, the initial condition is not a local
Maxwellian. The evolution of the gas is then studied by means of the P; multi-
group equations.

We choose a spatial interval of 1 = 2zzum. This is a realistic value for the frin-
ge spacing [73]. To implement the effect of the de-excitation concentrated in the
center of the interval, we alter the total thermal equilibrium. Taking into account
16 energy groups, we move particles from the highly occupied low energy groups
1 and 2 to the high energy groups i, and %, + 1 in the tail of the Maxwellian (e.g.
1y = 11). The spatial variation of this initial condition has the shape of a simple co-
sine function.

To illustrate the departure from thermal equilibrium, Fig. 3 shows the ratio
of the distribution function in the center of the fringe spacing to the global Max-
wellian. The time evolution is calculated by applying a Fourier expansion in real
space [60]. Because of the small Maxwellian tail, one can observe temporal oscilla-
tions for high energy groups.

When exciting acoustic waves with a two beam interference pattern it may oc-

time [ns]

Fig. 3 - Distribution functions ¢; (¢ labels the energy groups) divided by the global Ma-
xwellian in the center of the fringe spacing. The peak involving the energy groups 7 =11
and ¢ = 12 at approx. 0.18 eV results from the initial distribution. It relaxes and thus trig-
gers the oscillations.
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Fig. 4 - Solution of the P; equations at 7'=293 K and p = 0.1 bar. The left plot shows the
energy variations whereas density variations are plotted in the right graph. The mass and
the collision cross section of the gas particles corresponds to that of N,.

cur that the excitation has not the shape of a simple cosine. This is due to satura-
tion phenomena resulting from the nonlinear reaction of the absorption of the gas
for strong intensities. In an extreme case, the initial distribution resembles a rec-
tangular box. The higher spatial frequencies of the initial condition die out very
soon leaving a strongly damped stationary acoustic wave. This is illustrated in Fi-
gures 4 and 5. We observed no noticeable difference between the results of the
operator splitting algorithm and those of the Fourier algorithm.

In the next step we apply the P; multigroup equations, Eq. (49-52), to a less
simplified model of thermal gratings. We solve the equations numerically by
means of the the operator splitting method [71]. The free-streaming time step is
approximated by an implicit finite differencing scheme of order 2. The collision
time step is carried out on each spatial knot by the application of a Runge Kutta
scheme with adaptive step-size control.

The evolution of the high frequency density oscillations of the dominant gas is si-

3e+17 2.5e+23
moment 1 — 2.0e+23 moment 1 —
moment 3 — ) moment 3 —
moment5 - - 1.5e+23 moment5 - -

2e+17

le+17
1.0e+23

0e+00 ;o' 5.0e+22

e+17 | 0.0e+00 f',

-5.0e+22
-2e+17
-1.0e+23 f

-Se+l7 -1.5e+23

-4e+17 0 -2.0e+23

5 10 15 20 25 t/ns 30 0 5 10 15 20 25 t/ns 30
Fig. 5 - Solution of the P; equations at 7'=293 K and p = 0.1 bar. The left plot shows the
odd cosine-coefficients of the density variations whereas cosine-coefficients of the energy

variations are plotted at the RHS. Even coefficients do practically not occur. The amplitude
of the third coefficient is multiplied by 5 and that of the fifth coefficient by 25.
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Fig. 6 - Oscillations of damped, stationary sound waves generated by two interfering laser
beams. The waves are simulated by solving the P; multigroup equations within a one-di-
mensional slab geometry (thickness 10 um) for different gas pressures: p =1 bar (on the
top) and p = 0.01 bar (on the bottom). The pictures on the LHS show the energy density,
whereas the pictures on the RHS display the corresponding particle density. The more ra-
refied the gas is, the stronger the oscillations are damped.

mulated in a one-dimensional slab. The slab thickness is adapted to the fringe spacing
given by 10um. The intensity pattern implies periodic boundary conditions. We choo-
se an initial condition of the gas corresponding to the results of the de-excitation pro-
cess. Since the oscillations are triggered by a spatially non-homogeneous de-excita-
tion process, the initial condition is not a local Maxwellian. Mainly in the center of the
spatial interval, high energy groups are overpopulated.

The evolution of the gas can be split into two phases: At first, local thermal equili-
brium is approached within a few nanoseconds due to binary collisions. After that, the
collision term virtually vanishes and a damped acoustic wave propagates.

Figure 6 shows the result of such calculations using 13 energy groups for dif-
ferent gas pressures at room temperature 7 =293 K. We observe that the high
energy density in the center of the slab at £ = 0 leads to a flow of particles to the
borders of the slab. It results in a particle depletion in the center, whereas the
particle density increases at the borders. This, in turn, increases the energy den-
sity and thus the pressure at the borders, which implies a backflow of the gas to
the center of the slab. With increasing energy density in the center, the next
period of a stationary acoustic wave starts. The more the gas is rarefied, the
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higher the Knudsen number is and the more the waves are damped. The speed of
sound inferred from the Pj; calculation is 367 = 2m/s for the case of p =1 bar.
This value is in good agreement with the fluid dynamic expectation: the isentropic
speed of sound of a monatomic gas is 374 m/s.

4.2 - Evolution of a hot spot

In order to show that a P; approximation of the semi-continuous Boltzmann
equation deals well with hydrodynamic problems, we consider a more pronounced
flow problem: the evolution of a hot spot. We choose a spatial interval of length
[ =10 mm with cyclic boundary conditions and a gas density corresponding to a
pressure of p = 0.1 bar.

At the beginning of the simulation, the gas of constant density is in local ther-
mal equilibrium in each point of the space interval. We assume, however, a tem-
perature spot exponentially decaying from 352 K in the center to 293 K at the bor-
ders of the slab. Figure 7 shows the first 55 us of the temporal evolution of the
energy and particle density and the temperature. At first, the energy peak de-
creases to a certain amount and propagates to the borders of the slab. Here, the
energy density increases in order to be reflected. Then, the two counter propaga-

energy density — particle density —

density [mollma]

30
time [us]

0 space [mm]

Fig. 7 - Hot spot evolution within a one-dimensional slab. The pictures represent the pro-
pagation of the energy and particle density as well as the temperature over the time-space
plane.
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ting energy density peaks superpose in the center of the slab, where the next
cycle starts.

Considering the evolution of the particle density, we notice that this quantity
decreases in the center of the slab at first. The reason is the particle flow in direc-
tion to the borders triggered by the high energy density in the center of the slab.
On the one hand, we observe the propagation of a particle density peak to the
borders of the slab and its reflection similar to the propagation of the energy den-
sity peaks. On the other hand, we see the continuation of the particle density de-
pletion and the high temperature summit in the center of the slab, only periodical-
ly interrupted by the moving particle density and temperature peaks, respec-
tively. It is interesting to note that there are large unaffected parts of the space-
time plane during the first few cycles of the evolution. In course of time, however,
these flat regions disappear.

4.3 - Interaction of monochromatic photons with a mixture of gases

Here we present some numerical results of the extended semi-continuous
model. For simplicity, we confine ourselves to the case of a spatially homogeneous
and isotropic gas mixture. At this level, we study the impact of a monochromatic
laser pulse on the shape of the distribution functions of the gas mixture. The re-
sults demonstrate the power and practical usefulness of the model. For the nume-
rical simulations, we implement a P, approximation of the semi-continuous kinetic
equations.

Apart from the multiplicative constant C,, the quantities

(66) N =, j (@) de

SZ

represent the number of particles N, N =A, B and B*, within the energy group
I;. The evolution equations for the quantities n;, %;, %; and ey are obtained by in-
tegrating Eqs. (26) and (27) with respect to £2:

(670) QM QM QM
dhi b 5 BB BA BB*
(67b) =Q—S+Q7+QQ™+Q™,




[29]  CONSERVATIVE SOLUTION METHODS FOR EXTENDED BOLTZMANN EQUATIONS 137

(67¢) ddz = Qi+ Si+QEF +QEA+QEE,
d@R dSL n

(67d) — = —C,4E X §,.
dt dt TS0

These equations form a set of coupled ordinary differential equations. Here the
coupling of the gas particles with the radiation field reads S;= Bcepn;
—(a + feer) n; and the integrated collision terms are given by

2 n 3 n
C: S e
(68a) Q;= —E ;kZo L1, 0~ I ) + ,kZO (L= I ) ¢
=0 h, k= h, k=
htk=itjt+q htk=itj—q

“ 2 n n
% Vo 11 v
(680) Q= 2, Z , g’—o L my, — It my)
hik=itj—gq

2 n

(68c) Q;= 2 ) h;o Ui — 18 0,m;),
i= k=
htk=itj+q

Q

and

n n

2
68d) QM= ?’ > hzo Ly i = I n nM
7 h+k=i+j

The integrated elastic cross section for Maxwell molecules, e.g., is given by
Egs. (39).

Especially simple expressions for the integrated inelastic cross section are
obtained by the choice d(g) =d2g*/(4g), d(g) = O(g—\/2¢) d?>g ~ /(4g) as
sketched in Fig. 8 with a hard core of diameter d:

(69) 1 = 2md” (\/v +0f + 20,0 %1—\/%2+U;2+27)ﬂ%j%o)-
v;0;

Alternatively, the expression for down-scattering d(g) = x/g corresponding to an
up-scattering cross section 6(g)=kO@(g—\/2¢)g /g2 is also available analytically:

uy

U

2
y TK 2v;v.u — ¢
(70) I} = ——arctan L
Vi V; \/(viz+vj2)2+2ez(vi2+vj2+27)7;vju)—4?)21)2%
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Fig. 8 - Analytic model cross sections for inelastic interactions. The left plot shows excita-
tion and the right plot de-excitation. Speeds are measured in units of .

The domain of integration (1, 7;) coincide with the bounds of the product Q-2 ,,
as given in Eq. (18). The expression for hard sphere down-scattering including el-
liptic integrals is rather lengthy and shall not be given here.

In order to study relaxation phenomena, Eqs. (67) are solved numerically. Due
to the high speed of light ¢~ 3-10° m/s, the radiation originating from emission
and absorption processes of gas particles is always very close to its equilibrium
value. Thus, we approximate it by Planck’s law. For the calculation, we fix the
following parameters: a=10°s"!, f=10"m*J"!, m=44 amu., n®+n?"
=25x 102m 3, 4E =0.27eV, o(g) =5 x 10 "m3s~!/g. For the dominant spe-
cies A, we choose three different densities, namely 2.5 X 10® m 2 (low density),
2.5 x 10 m™3 (medium density), and 2.5 X 10® m 2 (high density).

The following scenario is considered: At time ¢ = 0, the gas mixture is in ther-
mal equilibrium with the radiation field at temperature 7 =293 K. Then a laser
pulse supplies additional photons. Its intensity is given by the function I, (%)
=1I,(t/r) exp (= (t/r,)*) with I, =100 W/m? and 7, =5 ns. A fraction of these
photons is absorbed by species B yielding B *. The excited particles B* interact
inelastically with particles A in collision de-excitation events (cf. Fig. 10).

The high internal energy released in such a process causes a distortion of the di-
stribution functions. The actual deviation of the particle distribution functions from a
Maxwellian depends critically on the assumed cross section and is most pronounced
for species B. Figure 9 shows the distribution function of particles B at different in-
stants of time for Maxwell molecules (o(g) =5 x 10 "m3s!/g) and a low density of
particles A (Fig.10). The deformation can be seen best for ¢ =30 ns.

The equivalent simulation for a hard sphere gas (diameter 3.5A) does not
show such significant deviations from mechanical equilibrium. The reason is that
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Fig. 9 - Evolution of species B. The left plot shows the first 8 ns where the laser pulse exci-
tes the particles and the number of B decreases. The right plot displays the re-appearance

of these particles due to inelastic collisions. Note the obvious deviation from a Maxwellian
distribution.

for hard sphere particles the collision frequency increases with relative speed and
consequently the depletion of the tails is accelerated.

On the other hand, the macroscopic quantities (excitation, energy, kinetic en-
ergy) of the gas mixture as depicted in Fig. 11 are relatively unaffected by the
choice of the elastic cross section. The curves calculated for hard sphere molecu-
les (HS) virtually coincide with those obtained for Maxwell molecules (MM). The
excitation is slightly smaller for hard sphere molecules because of the more effi-
cient Maxwellization of the tails. Consequently, the laser can inject more energy
into a hard sphere gas mixture (right column of Fig. 11) as can be seen best for a
medium density of species A.

Furthermore, Fig. 11 illustrates how the relaxation behavior depends on the

8 10ns — 20 10ns —
30ns —— 30ns ——
7 50 ns - 50ns - -
80ns ----: 80ns ----:
o 6 120ns — — 15 120ns —--
5 200 ns — R 200 ns —
=5 =
g g
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2 5
q
1
0 0
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3
energy [eV] energy [eV]

Fig. 10 - Evolution of species B * (left) and species A (right). Due to de-excitation processes
the number density of species B * decreases in the course of time. The distribution of parti-

cles A is shifted towards higher energies as a consequence of the conversion of internal
into kinetic energy.
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Fig. 11 - Temporal Evolution of macroscopic quantities of the gas mixture for medium den-
sity. The left figure shows the excitation (ratio 72" /n %) and the intensity of the laser pulse
(in arbitrary units) whereas the right one displays the evolution of the kinetic and the total
energy density of the gas mixture.

density of particles A: The less particles A the less collision de-excitation events
occur per unit time and the greater relaxation times are observed. For the same
reason, the excitation (ratio n2"/n®) reaches much higher values for low densities
of A than for high ones. In the latter case, internal energy is converted to kinetic
energy much more efficiently than in the former.

5 - A semi-continuous kinetic model for bimolecular chemical reactions

This section presents a generalization of the semi-continuous kinetic equations
to a mixture of four chemically reacting gases. A discussion of the continuous ki-
netic equations describing the evolution of the gas mixture can be found in [40],
[42].

The major new aspect as compared to the previous section is the introduction
of different masses of the interacting gas species. This feature gives rise to more
complicated expressions for the conservation of momentum and energy already at
the level of elastic binary collisions. In the rest of this section, we will denote the
four gas species by A, B, C and D, respectively, whereas the letters N and M
stand for arbitrary species, N, M =A, B, C, D.

For the introduction of the semi-continuous model, we first have to discuss bi-
nary collision events involving particles of different masses. After a polar decom-
position of the momentum space for any binary collision N + M=N'+ M', the
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conservation of momentum implies the restriction

(71) ((p' —piP—p2—p2) < 2-Q, <

((p' + pi)*—p?—pd)
2pp« 2pp«

as a consequence of —1 < Q'-Q,<1. Here P, Ps, --- denote the moduli and
Q, ?2*, ... the direction of the momenta. For a fixed @, the set of all ﬁ* satis-
fying the above condition will be referred to as D.(p, ps, p', Ps)-

For the purpose of speed-discretization for each species N, we introduce a dis-
crete set of allowed speeds according to

(72) viN=\/%(Em+(i+%)a),

where n =0, 1, ..., n, £, > 0 is the minimal kinetic energy and 6 > 0 is the size
of one energy group. The associated momenta are given by p =mYv¥.
This form of discretization has the advantage of a simple expression for the

conservation of energy. In fact, for elastic collisions, energy conservation is
expressed by ¢ +j = h + k. Moreover, as long as the difference in internal energy
Q@ is given by @=¢qd, qel, also the reactive collisions imply i+j=h+k=*q.

We introduce a set of distribution functions £~ (ﬁ, x,t),t=0,1, ...n for each
species N=A, B, C, D. The semi-continuous kinetic equations are obtained by
resorting to the discretization procedure of [53] and [64]. They are of the
form

oy oy

73 +oNQ L N> g
(73) ot ox J M

where JM denotes the influence of elastic collisions between species N and spe-
cies M on the evolution of the i-th energy group of species N. Similarly, 1Y con-
tains the impact of chemical reactions on the ¢-th energy group of species N.

First we tackle the problem of elastic collision terms in the semi-continuous
theory of the Boltzmann equation. The main problem is to introduce different
masses, say mass m” for species N and mass m™ for species M. The considered
interaction reads

(74) N+M=N+M.

The total mass of the colliding particles is given by M = m”~ + m* whereas the
reduced mass and the mass ratio read u™ =m~mY/M and »V =m" /M, re-
spectively. In analogy to the formulation given in [53] and [64], the elastic semi-
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continuous collision term reads

JNM[ N M Zv j v j a9,

/ h, k 0
(75) i+j=h+k 0 *(vaiN, ’!VL‘M’U;W, ’mN’u/‘lV, va,i.w)

X {Ai?k(?l'ﬂ*, NP Y =Py Y1,
and for the kernel one finds [74]

1 (mN_mM)Z
- W) UNM(g; 19),

- A4mN
76)  {AM@-8,, 0= 2 (1+
R 4 mem

where o™ = o™ (g, ) denotes the differential scattering cross section for the

elastic interaction, i.e. Eq. (74).
Next, we consider the bimolecular chemical reaction treated in [40], i.e.

(77) A+B=C+D-Q,

where € > 0 is the additional internal energy due to stronger chemical bounds of
C and D as compared to A and B. We assume that this quantity can be expressed
as a multiple of the energy gap 0 according to @ = qd with ¢eN. We intro-
duce the cross section 0G% relevant to the chemical reaction and the speeds
g2y =2Q/u™. Then the relative speeds after the chemical reaction are given

by

CD
(78) \/ - (g% —gip) and g+=\/%(gz+gc%

for the endothermic (—) and the exothermic (<) direction of the chemical reac-
tion, respectively.

For species A, the semi-continuous collision term for the chemical reaction
reads

n

¢ .igova 2 jdﬁ J’ dﬁ*

S = >

. A
(79) z+] h+k+ Dy (m? v, mE v, mE vy, m )

x {9 9*,19)}“’[ xkfc f*Jf]
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where, the kernel @ is given by

4gm° 1 (mP —m©)?
gg’R 1+Zﬁ oiB(g, 9.

(80) {AlF(Q-Q,, N} =
m - m

For species B, C and D one obtains similar expressions which can be found
in [74].

The obtained semi-continuous transport equations conserve particles, total
momentum and total energy [74]. As an impact of the chemical reactions, the indi-
vidual densities n" do not remain constant. Only their sum is preserved.

5.1 - Numerical results

In this section, some results of the semi-continuous model obtained by an im-
plementation of a P, approximation are presented. To this end, we consider a fast
exothermic chemical reaction taking place in the mixture of hard sphere particles
of diameter a = 3.46 A. The starting point is mechanical (but not chemical) equili-
brium of all four species at 7 =300 K. The initial densities are given by
n4 = 0.0416 mol/m?, n % = 0.00416 mol/m?, n ¢ = 4.16 mol/m?, n” = 41.6 mol/m® and
the masses are m“ =17, m% =17, m®=14 and m” =10 of the various species.
The difference in internal energy is given by @ = 125 meV. Chemical reactions are
described by o ~ g ~ /g, and the cross section is chosen 60 times smaller than that
for elastic interactions.

Figure 12 shows the evolution of macroscopic quantities during the first 80 ps.
Due to the initial rarity of species B, at the beginning, the increase of temperature
and particle number is most pronounced for this species. As can be seen in the
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Fig. 12 - First few picoseconds of a fast highly exothermic chemical reaction. The left plot
shows the evolution of temperature and the right plot the evolution of the densities of the
products A and B. In the considered time interval, the densities of the reactants C and D
remain virtually constant.



144 W. KOLLER and F. SCHURRER [36]

6 9
Fa speciesA — 8 speciesB —
E5 E -
2 3z
g 7 6
P M
S c4
§ 2 § 3 |
= 24
21 B
k=] T 1 l

0 = = O =

0 005 01 015 02 025 03 0 005 01 015 02 025 03
energy / eV energy / eV

Fig. 13 - First few picoseconds of a fast highly exothermic chemical reaction. The plots
show the distribution functions of the products A and B at different instants of time after
the ignition of the reaction. The lowest curves show the distribution at ¢ = 0 whereas the hi-
ghest curves correspond to ¢t =125 ps.

right plot of Fig. 12, the number of particles B is 100 times greater at ¢t = 80 ps
than at the beginning.

During the considered period of time, however, the generated particles A and
B undergo very few elastic collisions. For species A additionally, the mass ratio is
far from ideal for energy transfer through elastic collisions. Therefore, the pro-
ducts A lose their high kinetic energy very slowly, and their distribution function
shows extreme deviations from a Maxwellian. This is illustrated in Fig. 13, which
show the distribution functions of the products A and B at different instants of
time after the ignition of the reaction. The lowest curves show the distributions at
t =0, whereas the highest curves correspond to ¢ =125 ps. On the other hand,
the distribution functions of C' and D stay virtually constant during the first
80 ns. Due to the non-equilibrium distribution functions of A and also B, the appli-
cation of the concept of temperature is, of course, highly questionable.

Moreover, Fig. 14 shows the evolution of the temperatures and densities of the
various species for the first few nanoseconds of the evolution. We observe that the
temperature of the reactants C and D increase to the common limit of about
387. 48 K whereas the products A and B approach the limit from above.

After four nanoseconds, a common temperature is reached and the four par-
ticle densities have arrived at constant levels. The final densities of the four spe-
cies are in excellent agreement with the mass action law [40] that predicts in
equilibrium

—— | emT =329

nAnB mAmE\¥2
m°m
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Fig. 14 - First few nanoseconds of a fast highly exothermic chemical reaction. The left plot
shows the evolution of temperature and the right plot the evolution of the densities of the
various gas species. For convenience, the density of species D is divided by ten.

which has to be compared with the actual value of 32.8 obtained from the numeri-
cal results. The discrepancy is less than 0.3 per cent.

Very interesting new features appear as soon as we introduce a threshold for
the exothermic direction of the chemical reaction [28]:

1 2+ g2
(81) o%(g) ~ g—_(l— %) 09>~ (935 +92)),

where g2 is given by g2 = 276/u“? and r denotes the additional threshold. The dy-
namics of the reaction depends critically on this threshold ». Depending on the
magnitude of the », we observe a more or less rapid ignition of the reac-
tion.

Two cases are illustrated in Fig. 15, namely the case of a low and a high thres-
hold. For the calculations, the distribution function is resolved using 75 energy
groups. The energy gap of the chemical reaction is given by ¢ =50 X 6 and the
threshold equals r = 25 X §. The two different values for the threshold are obtai-
ned by modifying the width 6 of the energy groups. The values are given by
0 =6.25 and 11.25 meV, respectively. All calculations start at mechanical equili-
brium at 7 =300 K.

For a low value of », we find that the densities do not decay exponentially to
their final values as was the case without exothermic threshold, cf. Fig. 14. As
expected, the increasing temperature accelerates the reaction.

For medium and especially very high r, on the other hand, the ignition is delay-
ed for a long time. In the beginning, only a few gas particles react because the
gas is still cold. The reactions, however, constantly heat the gas mixture. As soon
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Fig. 15 - Low (top), and high (bottom) threshold.

as the temperature of C and D is high enough, the reaction starts very brutally
followed by a rapidly increasing temperature.

6 - Overlapping multigroup approach

In the following sections we present further methods to treat the speed depen-
dence of the distribution function in order to solve the Boltzmann equation. The
intention of these alternative approaches is to sustain the smooth character of the
velocity distribution. This will allow us to deal with problems where external for-
ces affect the considered gas particles.

Indeed, multigroup discretizations for solving scalar extended Boltzmann
equations are not new. A few years ago, the standard multigroup method original-
ly devised for neutron transport was generalized for nonlinear extended kinetic
equations [48]. Such an approach, which is the most straightforward application of
the method of weighted residuals [75], fits well to the collision term in the linear
frame, because it guarantees exact fulfillment of mass conservation at each level
of approximation. In fact, when considering the evolution of the test particles,
mass is the only quantity conserved under collisions since momentum and energy
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are actually exchanged with the field particles. When treating charged particles,
the external force term entails derivatives with respect to velocity. The standard
procedure [48] eliminates all such derivatives by integration by parts but brings in
additional unknowns. In a second step, these quantities must be expressed by suit-
able interpolation in terms of the actual unknowns and this introduces further
approximations.

For this reason, it is preferable to adopt a kind of overlapping multigroup ap-
proach [76], which still falls within the method of weighted residuals [75], allowing
an exact integration by parts within each group. This is due to the fact that the
support of the k-th expansion function consists of two adjacent intervals relevant
to the indices k& and k + 1. In addition, different weight functions can be used in
combination with the standard one yielding mass conservation. In this way, a bet-
ter description of the continuous macroscopic balance equations for momentum
and energy, although not strictly necessary, is built in the discretized multigroup
scheme. In any case, the output for numerical computations is a set of linear inte-
gro (with respect to the direction Q= v/v) differential (with respect to ¢, x and ?2)
equations for the distribution function evaluated at particular speed knots.

The advantage of this approach is that the external force term can be treated
in a natural manner avoiding any additional ad hoc assumptions. This, however,
has to be paid with a more complex structure of the multigroup equations: A ma-
trix appears in front of the time derivative linking the evolution of the various en-
ergy groups also on the left hand side of the Boltzmann equation. A refinement of
the method sketched in Sec. 8 circumvents this complication by working with or-
thogonal polynomials.

6.1 - Extended linear Boltzmann equation

To demonstrate the overlapping multigroup approach, we consider a linear
Boltzmann equation governing the evolution of charged structureless particles
scattering inelastically with heavy field particles. External electric and magnetic
fields are accounted for. Conservation of mass as well as balance equations for
momentum and energy transfer are discussed in the Lorentz gas limit.

For this physical problem the equation governing the evolution of the test par-
ticle distribution function reads as [29]

of . U
(82) a—t+v . + (a+vXxXDb) p =C[f],
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where the collision term on the right hand side C[f] is given by

as=21 Jd??’{nlvfalz(m, Q) fv, )
v
(©3) +n, 002 — 62) 0202 (v, R-Q') fv_ Q')
—f(0)[n, OW? - 62) v202 (v, R-2') + nyv? 6% (v, , R-2)1}.

The integration on the right hand side extends over the two-dimensional unit
sphere S2 Here, U denotes the unit step function and €, €' are unit vectors in
the velocity space such that the polar decomposition of the velocity vector v is
given by vQ with v = |v|. To simplify notation, the dependence on x and ¢ is not
explicitly shown, unless necessary. Furthermore, we have introduced the abbre-
viations

24KF
(84) v. =\v2x0%, o*=", a=qE/m, b=qgB/m.
m

For simplicity, only constant external electric (E) and magnetic (B) fields will
be considered. Field particles are taken to be in equilibrium at zero drift velocity
and temperature 7, with number densities 7, and n, for the fundamental and
excited species B, and B,, respectively. All quantities are assumed to be constant
versus x and . In thermal equilibrium, the densities 7, and 7, are related by the
Boltzmann factor

AE
(85) @=exp(— )
kg T

where AE = E, — E, > 0 is the difference between the energy levels of species B
and kp denotes the Boltzmann constant.

The cross section o'% refers to the scattering collision which transforms spe-
cies B, into By; the other cross section o for the de-excitation process has been
eliminated by means of the microreversibility condition

(86) 202, Q') =02 -6 vicH(v_, Q-Q).

One can easily recognize the four addends making up the collision integral: The
gain term contributed by down-scattering, the gain term due to up-scattering and
the corresponding two loss terms, respectively. Of course, any excitation (de-exci-
tation) process corresponds to decreasing (increasing) the test particle’s quadratic
speed by 6% The step function @ accounts for the relevant thresholds. In view of
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the planned speed discretization, it is useful to split the velocity gradient as

I _ g, 1Y

87 .
ov v v 0R

The properties of the collision term C[f] are discussed in [32]. For the pur-
pose of this paper, it is sufficient to note that it guarantees mass conserva-
tion, i.e.

©

(88) jvzvaC[f] d@=0 for all f,

0
and that collision equilibria are exhausted by the class of functions

2

(89) f(v®) = [(v?) exp ( -

with (62 + v?) = I(v?).
ZkBT) ( ) =T(v*)

These equilibria are a Maxwellian at the background drift velocity and tempera-
ture times any periodic function of v? with period 6%/k, keN.

We shall confine ourselves to small spatial gradients and small fields. This al-
lows a treatment of the angle variable € by resorting to the lowest order trunca-
ted spherical harmonics expansion (P;-approximation). Of course, the considera-
ble simplification achieved has a counterpart in the loss of generality associated to
the restricted range of validity of a linear anisotropy approximation for the distri-
bution function.

In the rest of this section, we shall drop the superscript 12 from the cross sec-
tion since the inverse cross section will not be needed.

6.2 - Overlapping multigroup approach

The strategy of the approach is the following: After discretizing the speed va-
riable v, we introduce shape functions y(v) bearing the v dependence of the distri-
bution function f within each energy group. Subsequently, we multiply the Bol-
tzmann equation by the non-negative weight functions v!, =2, 3, .... We then
obtain moment equations by integrating the weighted Boltzmann equation with
respect to v over the various energy groups. These moment equations are shown
to conserve the number of test particles.

For the introduction of energy groups, we consider a partition of the non-
negative real axis v € (0, + =) in terms of N intervals located between the N + 1
knots w;, 1=0, 1, ..., N (starting from w, = 0). The number N has to be large
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enough, so that the distribution function evaluated at the final knot, f(wy Q), can
be considered negligible. Introducing fi(?.?) = f(w; Q) as the new unknowns en-
tails that only N nonvanishing functions are left. The physical problem suggests
the following choice:

/M)O:O, wi+1:\/wi2+8, with 8:62:2AE/m

As in each weighted residuals method, we introduce N non-negative continuous
basis functions y;(v), 1 =0, 1, ..., N — 1. In particular, we choose them in such a
way that they meet the requirements

xiw)=0 for v<w;_, and >0
xi(w) =1

xiw)=0 for v=w; .

Remark 1. It is also possible to work with an adimensionalized system of
equations by using v? as new independent variable and measuring it in units of
2AE/m. This has the consequence that the knots are equally spaced and located
at integer numbers. =

For the purpose of the multigroup approach, we make the usual assumption of
separability. Therefore, the function f(v€) is approximated by

— N_ 1 —_—
(90) fR) = go fw; 2) x;(v).

The assumption of linear and continuous functions y; on the intervals [w; _, w;]
and [w;_, w;] (i.e. tent functions) is equivalent to the linear interpolation of f(v)
between the knots.

Remark 2. Since the ansatz of Eq. (90) provides values of f for each speed
v, it implicitly rules out any arbitrariness of the equilibrium distribution as stated
in Eq. (89). Notice, however, that this arbitrariness also disappears physically as
soon as we apply an external field. In this case, each velocity v is related to all
other velocities by the streaming term of the Boltzmann equation. =

A system of equations for the unknowns f;,(£2) is constructed by multiplying
the linear kinetic equation Eq. (82) by some weight function y(v) and integrating
over the intervals v e [wy,, w, ;] for k=0, 1, ..., N — 1. The original multigroup
method [48] corresponds to the option 1(v) = v? on all intervals, which guaran-
tees exact fulfillment of mass conservation. This choice remains appropriate here,
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but, for the sake of generality, we will take as weight function an arbitrary power
of v, say v/, with integer I.
For a general [ = 2, the system of N multigroup equations can be written as

0
5 LI+ fo 3 + Q30D + £ 30D
+a-Rwl, 1 fiyr —wifi— W3~ “+fk+15“ ™]

0
@ (F D 4 fo 30D + (R % b)- —( 50+ £, 1 30)
o) 7o Jed Jes1Jk Je Je+131i)

= [ A2 Lfi () GLAN (2 2) + fi o(2) G310 (R2- )]
o [ AL 1 (R) GILIVHE@R2) +£.(Q) GVH@2)

—Fr oma (LT [+ LI e ) = o v o1 (LEV* fo + LT fi D),

where we have used the abbreviations

Wi+ 1 Wi+ 1

(92) 4P = j i@ vldy  and  §P0 = j Yes1 (@) vldy .

W W
It should be noted that different power moments of the basis functions y ; are nee-
ded for a consistent approximation of different macroscopic quantities. The index
k ranges from k=0, 1, ..., N — 1. The integral fdﬂ is always extended over the
interval [ -1, +1]. In addition to the complementary Kronecker delta ¢} ;=1
— 0y, 1, we have introduced the following new symbols:

Wk +1

(93a) S = j vldvlv? 0w, w) 1, (w1,
(93b) S = T%ldv[v%(v,u) 21,

(93¢) L= T;ldv [2adulv? o(v, W) 1],
(93d) L5 = ZT+;)lva27tdu[vfo(v+,u)xi(v)].

Wy

As stated above, the choice [ = 2 yields a valid algorithm for numerical implemen-
tation, even though we miss the powers v® and v* needed to accurately describe
the evolution of momentum and energy density.
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We construct a consistent and closed set of multigroup equations in the fol-
lowing way. We choose an integer number L and consider Eq.(91) for all
=2, ..., L. This yields a system of (L —1) X N equations for the N unknowns
o, ---y fv—1, which is, except for L =2, overdetermined. This overdetermina-
tion is cured by adding L — 1 neighboring equations (with respect to k) to obtain
one new equation. For this reason, N must be chosen as a multiple of L — 1, and
N/(L — 1) equations are obtained for each value of [.

Remark 3. This procedure is equivalent to integrating over intervals of the
length (L —1) AE in energy space. For L =4 not only mass conservation, but
also momentum and energy balance are adequately accounted for. In any case,
the unknowns f, are representative for the energy groups and come from a
weighting procedure over energy intervals of length AE or multiples the-
reof. =

6.3 - Numerical treatment

By formulating an overlapping multigroup approach in Eq. (91), we have trea-
ted the speed variable of the distribution function. With respect to the direction €
of the velocity, Eq. (91) is still of integro-differential type. In the next step, one
has to reduce the system of multigroup equations to a system of linear partial dif-
ferential equations with respect to time ¢ and space x.

If both the spatial gradients and the electric field are small, we can achieve
our aim of reducing the integro-differential equation, Eq. (91), to a differential
equation by resorting to a truncated spherical harmonic expansion of fk(/!}). Up to
the first order, our ansatz for f(ﬁ) reads

— 1 —
(94) f:(82)= — (N, +32-J,),
47

where the symbols appearing in this definition are defined as
Ni= [f@d, I~ [Qh@ 0.

In order to simplify notation, we work with a coordinate system whose z axis
coincides with the direction of the electric field. Furthermore, we rotate the coor-
dinate system in such a way that the x component of the magnetic flux vanishes.
Therefore, we can write

(95) a=(0,0,a0)" and b=(0,by,b,)".
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The resulting P; overlapping multigroup equations can be cast after some algebra
as shown in [77] in a matrix form:

N C —aB 0 0 N
9 | J? —aD/3 F b, E 0 J*?
(96) — = ! ,
ot |J* 0 -b,E F b.E||J"
JY 0 0 -b,E F WY

where F stands for the unit matrix. We now write N, J7?, J* and J? for the N-
tuples (Ny, ..., Ny_1)', ..., respectively. For crossed fields, i.e. b, = 0, the equa-
tion for J? is not needed.

As the easiest test case, we illustrate the relaxation of an isotropic non-equili-
brium distribution to a Maxwellian. Its temperature is imposed by the field parti-
cles. Due to the special distortion of the initial distribution function, the kinetic
energy of the test particles first increases to a maximum and then slowly decrea-
ses to its equilibrium value. The 3d plot of Fig. 16 gives an impressive apprecia-
tion of the actual departure from equilibrium. It shows the ratio of the distribu-
tion function divided by the final Maxwellian versus speed and time.

Next we study the impact of an electric field on the distribution function f. Ac-
cording to the results obtained by a Fokker-Planck approximation [43], [78] for
AE K 3k T/2, this impact depends on the interaction law. It is, of course, much
stronger for the 1/v decreasing cross section of Maxwell molecules than for hard
spheres, where the cross section is constant versus v. Figure 17 shows the isotro-
pic part of the distribution function divided by the Maxwellian versus speed and
time. At time ¢ = 1000 the electric field is turned on and begins to act on the initial
distribution which is a Maxwellian with the temperature of the background gas.

It should be noted that the differently strong fields induce an almost equal di-
stortion of the distribution function for high speeds. For low speeds, however, the

Fig. 16 - Relaxation to a Maxwellian. The plot shows the distribution function N, versus
speed and time divided by the Maxwellian.
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WM
NWIME)

Fig. 17 - Ratio density distribution function/Maxwellian versus speed and time. A field of a
=25 a.u. acts on the hard sphere test particles (left plot) whereas a field of @ = 0.6 a.u.
acts on the Maxwell test particles (right plot).

[
bbb orNe s

Fig. 18 - 3d plot J,, versus J, and J,. The straight line joining the point (0, 0, 4) with the
origin is due to the application of the electric field only. After changing the sign of the elec-
tric field, the current J, also changes its sign. Because of the additional magnetic field, the
phase trajectory has the form of a spiral.

cross section of Maxwellian molecules tends to infinity. Therefore, the distribution
function is only very slightly below unity as compared to the case of hard sphere
particles.

Next, we introduce an external electric field giving rise to a current, and in a
further step we add a magnetic field acting on this current. Thus, we obtain a sim-
ple, spatially homogeneous kinetic model of the Hall effect. If we change the sign
of the electric field and simultaneously apply the magnetic field in both directions,
y and 2z, we obtain the most interesting behavior of such a model: When plotting
the (J,, J,, J.) projection of the phase space, we find a spiral on a cone. This phe-
nomenon can be seen in Fig. 18.

7 - Linear spline interpolation

The overlapping multigroup approximation as described in Sec. 6 represents a
first approach to incorporate external fields in a discretization of a linear Bol-
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tzmann transport equation. Although meeting the major physical requirements
(conservation of particles, balance of momentum and energy), this method turns
out to work well only for small electric fields. Numerical instabilities are found to
spoil the algorithm by inducing heavy and unphysical oscillations of the distribu-
tion function. This happens predominantly as soon as one tries to simulate the im-
pact of higher electric fields.

Here, we therefore present a more stable generalization of the overlapping
multigroup approach. Instead of working with rigid shape functions, we resort to
a spline approximation of the speed-dependence of the distribution function.
External fields can be naturally included in this multigroup scheme.

The method presented here has the advantage of great flexibility. The degree
of smoothness of the distribution function can be controlled by means of a certain
number of continuity conditions. Furthermore, in this way, one obtains many mo-
re equations per speed interval (in fact, as many as one wants to deal with) than
in the former approach and thus increases the accuracy of the approximation. Fi-
nally, the original overlapping multigroup method can be recovered as a special
case of the spline multigroup approach.

7.1 - Multigroup equations

For convenience, we absorb the factor v2 in the definition of the distribution
function and resort to a polar decomposition of the velocity variable v = v€,
where v = |v| and Q=y/v. In terms of the new dependent variable ¢(v, ?2)
=92 f(vﬁ), where f(v, x,t) stands for the phase density of particles A, the
Boltzmann equation reads

9 — 0 2 dp\~ 1 9 — o
©7) —(p+vﬂ‘—(p+a~(——cp+—(p 2+ = 2L 1 (@xb)r L =Clgl.
ot ox v 0 v 082 oQ

In the case of a Lorentz gas where (test) particles A collide inelastically with
heavy field particles B, i.e., the model described in the previous section, the linear
collision operator C describing the interaction A + B;=A + B, is given by

1~ S _ . B
C[(p]:_J-dg’{nlvzo-(er,Q,'Q)¢('U+,Q’)+/n/2 v_zo(vy Q,'9)¢(v—7 Q,)
98) v v?
—pW[n 2o, X-2) +nyviov,, X -D)}.

The density of B; (ground state of B) and B, (excited state of B) is denoted by 7,
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and 7y, respectively. The cross section o controls the rate of the above mentioned
interaction (excitation of B).

The positive real axis of speeds is partitioned in terms of N intervals located
between the N + 1 knots w, =0 <w; <... <wy. Henceforth it shall be assumed
that the influence of particles of speed higher than wy is negligible. On each inter-
val I, =[w,_{, w,), the distribution function is approximated by a polynomial of
degree A. The dependence on v and on € is separated by the ansatz

- N _ N A .
(99) @, 2) = ;%(v,ﬂ)= ; EOW)(S?)XIV(@)(?)—wH)‘,

where y p stands for the characteristic function of the set B and ¢, (v, /Q) is the
restriction of the distribution function ¢ to the interval I,. The (A +1) X N un-
knowns ¢ depend on space x, time ¢ and the angle Q. Thus the same number of
equations is needed. Part of them stem from the requirement of continuity of ¢ at

the speed knots w,,
@v(wiu /é) = gDVJrl(wv’ /'é)’

100) ¥y, Q=¢,.w, Q),

M M

d — o —
~ v(ww 9) = P (ww 9)7
a’[}M(p aquD +1

where primes refer to derivatives with respect to v. This yields a set of (N —1)
X (M + 1) equations. Combined with the natural and physically meaningful boun-
dary conditions

@100, @) =¢1(0,2) =0,

(101) — oM —
q),]’V(wNy Q) = ... = W@N(wNa 9) :0’

we obtain a set of (M + 1) X N equations. In terms of the new unknowns ¢ (),
the boundary conditions read

P(Q) =P (@) =0,

(102) 4 (2 . —
2 ( )(wN_wN—l)”mw%)(QFO, m=2,..,M.
A=m\m
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The continuity conditions are of the form

A —_ —_—
Eo(wv —w, PR =¢" (),

A — —
03 2w —w, T eP(R) = ¢l (D),

A
> (ﬂ )(wv —w, )M (@) = gD, ().
ASM\M

The other equations are, of course, obtained from the linear Boltzmann equa-
tion. To this end, Eq. (97) is multiplied by the weights v/, for =0, 1, ..., L and
integrated over the intervals I,. This procedure yields a set of (L + 1) X N spline-
multigroup equations. For the Lorentz gas model with inelastic scattering, these
equations take on their simplest form if the speed knots are chosen as w? = i6>
with i=0,1, ..., N and 02 =2A4E/m. In this case we find

4 o . — — 9 -
2, — P @)+ ('), @ — o P(Q)
I=0 ot ’ ox
_ _ 3 _ _ _
+(' ™, a| —2R¢P(2) + Y] P (@) |+ 1Y, 1a-2¢P(2)

(104)
—~ 0 —

D, (2%xb) — ¢ (2

+<7) >v,,1( X ) agfpv( )]

/1 — — —_ — —_ —_ — —_
=3 {[a218iD @ @ o @)+ 81D @ D g @) - £4] Vo @)

When introducing the complementary Kronecker delta ¢; ;=1—9; ;, the newly
appearing symbols can be written as

(105a) (v'), ;= Jdvvl(v—wv,l)’l,

Wy -1

05h) G D =md, x [ dov' v, —w, ) o, 29,
1

w,
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w,

1050) G4 P =maffsy [ dvo' S0 —w, ) 0 ) o, 20,

Wy -1

1 Wy
(105d) 0}V =27 [du [ dvv'"'w-w, )}

-1 Wy —1

XA, 1mv% o, ) + F, yna (v P o(vs, u)}.

In order to obtain as many equations as there are unknowns, we have to choose
L, M and A such that they satisfy the condition

(106) L+M+1=4.

One physically meaningful choice would be 4 =4, L =2, M = 1. In this way, one
recovers the exact conservation and balance laws of the kinetic model by working
with smooth distribution functions.

7.2 - Implementation

For the numerical implementation, it is advantageous to eliminate as many un-
knowns as possible. Provided L > M, this can be achieved by expressing the conti-
nuity equations, i.e. Eq. (103), at each speed knot v=1, ..., N—1 as

A _ . L .
2 o= w, ) () = @ (D) = 2w, —w, 1) 9 (D),

A +1

A A s — L (A ; _
S Dan-w e @-em@- 3 (Mo -u o ret@,
+1\m A m

A=L =m

A —~ — LA —
1(M) (wv - wv—l)liM(p(vﬂ)(Q) = @%-)1(9) - EM(M) (wv - wv—l)liM(p(vl)(Q)’

A
2
A=L+ A=

This can be interpreted as a set of M + 1 equations for the unknowns ¢? ()

with A =L +1, ..., A. It can be solved by inversion of the M + 1 by M + 1 matrix
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on the left hand side. The result can be cast in the form

(VR Y
L) (O B
(107) pO@ = | T B | AsLA LA
®01(2) v=1,..,N-1
o0,

with a M + 1 by L + M + 2 matrix IJI(, at each interior speed knot. At the upper
bound of the interval of allowed speeds, the situation is a bit different. From
Eq. (102) we find a set of M —1 equations,

A A . L+2 A _
E ( )(wN—wN_l)Am(p(ﬁ)(.Q)Z - E ( )(wN_wN—l)lnl(p(]é’)(Q)'
A=L+3\m A=m \m

By inversion of the matrix on the left hand side, we can thus express the M —1
unknowns @@ (@), A=L+3, ..., A in terms of ¢@Q(R), A=m, ..., L +2.

In general, the collision terms of the spline multigroup equations will still con-
tain integrals over the solid angles Q. Therefore, for a numerical implementation
of these equations, the dependence of the distribution function on this variable
has to be approximated appropriately. A well-established procedure is the expan-
sion of ¢(v, Q) in terms of spherical harmonics.

8 - Non-linear spline interpolation

In this section, we present a numerical method for treating the nonlinear
Boltzmann equation. In [79], a revised version of the multigroup approach to the
non-linear Boltzmann equation was proposed. That method intrinsically assures
the exact conservation of particles, momentum and energy and drops any ad hoc
assumption as well as restrictions [54] imposed on the form of the shape fun-
ctions. This is achieved by a kind of weighted residual method designed to fit the
specific requirements of the non-linear Boltzmann equation. A shortcoming of
that method, however, is the introduction of macro intervals extending over vari-
ous energy groups. Furthermore, the use of rigid shape functions ¢ ;(v) introdu-
ces a certain degree of arbitrariness and limits the accuracy of the approach.
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These restrictions can be lifted by introducing a more flexible interpolation of
the distribution function ¢(v) within each energy group. This is done in an equiva-
lent way as in the linear case. The Boltzmann equation then models the approxi-
mate distribution function in a more accurate and physically meaningful way.

We perform a polar decomposition of the velocity variable v writing v = v
with v = |v| and €= uv/v. Furthermore, the speed axis is subdivided into N
intervals I, =[w,_;, w,), v=1,2, ..., N—1 located between the N + 1 speed
knots wy=0<w; <...<wy. We introduce the centers of these intervals
v, = (w, +w,_1)/2 as well as their lengths Av, =w, —w,_;. All particles with
speeds greater than wy shall henceforth be neglected.

The dependence of the distribution function on the speed variable is now ap-
proximated within each energy group. In contrast to the usual multigroup approach,
we do not introduce shape functions but resort to a polynomial approximation of
the distribution function with respect to the speed variable v within each energy
group. This ansatz reads

P(vQ) =v2f(v Q)

(108) v N . . )
= glwv(’vﬂ) = ;lxh(")) Agopsl)(v) QO(VA)(.Q),

where 4 eNN is the order of the spline approximation and y z(v) stands for the
characteristic function of the set B. The polynomial P{*(.) is given by

2 2(v—w,)
109 PP (v) = — PP ——2 |,
(109) 2 () \/ y ( T, )

v

Here, PY(.) denotes the Legendre polynomial of degree 1 and consequently we
can say that the distribution function is approximated by a polynomial of degree
A within each energy group I,. The new unknowns of this approach are the
N x (A +1) functions ¢? () that, of course, also depend on x and on t.

At the borders of the energy groups, we demand the continuity of the distribu-
tion function ¢(v€2) and of some of its derivatives with respect to v, say up to the
M-th order. This yields a set of (M + 1) x (N —1) equations,

(110a) ©,(w0, ) =¢,. (w,R) v=1,..,N-1,

(110b) o (w, 2) =¢ 1 (w,R) v=1,..,N-1,

(110c) oM (w, Q) = ¢, (w, ) v=1,.,N-1,
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where the prime denotes the first and (M) denotes the M-th derivative with re-
spect to v. This is a set of (M + 1) X (N — 1) equations. Consequently, to retain
some degrees of freedom for the function ¢, M has to be chosen smaller than A,
M < A. Furthermore, from the definition of ¢, we have the boundary conditions
at the origin,

(111) P(0R)=¢' (002)=0.

If M >1 it seems natural to put the higher derivatives to zero at v = wy. We ob-
tain a set of (M + 1) X N equations from continuity relations if we demand

112) @"(wy Q) =¢"(wy B) = ... = M (wy Q) =0.

To derive the spline-multigroup equations, we insert the ansatz, i.e. Eq. (108), into
the nonlinear Boltzmann equation

3p(vR) 5. dp(vR)

113 + =Jlg, ¢l,
(113) m v lo, ¢l

where, as usual, J[¢, ¢] stands for the nonlinear collision term expressed in the
scattering kernel formulation,

Te, ¢1= fod”' fodv”fdﬁ' a2 gvr @ —v@ ) 1w @, v @ —0)
0

(114) 0

X', ) g(v", B") — ¢(v, ?z)jdv/jd?z' g([v8—v' Q) o', D).
0

This formulation of the scattering term is best suited for proving the conservation
of mass, momentum and kinetic energy of the gas. The symbol g stands for the
microscopic collision frequency g(V) = Vo (V), where o is the total cross section
depending on the relative speed V of the colliding particles. In the case of isotro-
pic scattering, the kernel T corresponding to the Boltzmann equation is given by
— — — 1 2 — — — —
115) I(v' 2, v"Q"—>v2)= — —————— (v —v' Q2')- (vVR2—-v" 2")).
mo|v' 2 —v"Q"|

Because of the Dirac delta function, the gain term in Eq. (114) actually collapses
to the familiar fivefold integral. Since the speeds of the gas particles are restric-
ted to the interval [0, wy), we put IT=0 whenever v>wy or v2=v"%+ 2% — 2
> w3

Then we multiply the Boltzmann equation by P”(v), where [=0,1, 2, ..., L,
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v=1, 2, ..., N and integrate over the energy group I, = [w, _;, w,). This yields
a set of (L + 1) X N multigroup equations. In order to reproduce the important
conservation laws concerning particle density, momentum density and kinetic en-
ergy density,

(116a) jdvfdﬁn(v'?z', V"R —>R) =1,
0

0 o . . . 1 . -

(116b) Jva'dQv QIv' 2, v"RQ"—v82) = E(v' Q +0v"Q2"),
0
* _ — — — 1 .

(116¢) jdvfdﬂvzﬂ(v’ﬂ’,v”Q”—>v9)= E(v’2+v 2y,

0

we will need at least L = 2. Of course, choices L > 2 are also permissible. As al-
ready stated in [79], with L = 3 it is possible to reproduce the left hand side of the
third order moment equation that gives rise to the constitutive equation for heat
flow.

The correct relation between the order of the spline interpolation A, the order
of continuity M and the maximal power L of v is given by

11 A=M+L+1.

In order to state the resulting multigroup equations in a compact form, we in-
troduce the following integrals:

w,

(118a) @ D= [ dov* PP ) PP (),
Wy —1

w,

aspy  9U@2)= [ WPPOPPW) [ dvPEPw)g([0R-0,8.)),

Wy —1 Wy, -1

w,

gl @@y @, X - = |
Wy -1

V dv PO (v) T dv’ f”dv v

v — Wy —1 Wy — 1

v, v

(118¢)
xPH @) PE ) g(|0' Q@ 0" Q') (' 2, v" Q" >0 Q).

Equation (118a) is an average over the energy group v of the k-th power of the
speed v. As a consequence of the orthogonality of the Legendre polynomials, we
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obtain for the case k=0

w,

2
119 PP = dvPP(v) PP(v) = ——— 8, ;.
(119) (1) jl @) POW) = =0y

Wy —
Equations (118b) and (118¢) are the integrated versions of the collision frequency
¢ and the scattering kernel 1, respectively.
By using these definitions and exchanging the orders of sums and integrals,
we obtain the following set of non-linear Legendre-multigroup equations

(O MO
2 a(pv (9) + ﬁl: </I}>(l)u)§‘ a(pv (Q)
20+1 ot i=o " ox
% N g g ’ "o, o~ NIM S~ o~ - ", ",
20= 3 3 [d@[dQghw @@ I (@2 - Bl @)e @)
LA =0v =1

A N . . —
- 2 V@ 3 [d2.00p @) 9000 (@9,

A Age= Vi =
approximating the continuous Boltzmann equation (113).

Remark. The advantage of working with Legendre polynomials lies in the
fact that the sum in front of the temporal derivative collapses to one single term.
When respecting the matching condition (117), the spline multigroup equa-
tions (120) combined with the continuity relations (110)-(112) represent a closed
set of (A +1) X N integro-differential equations for the (A + 1) X N unknowns
o

Following the lines of [79], it can be shown that the spline-multigroup approxi-
mation displays particle, momentum and kinetic energy conservation provided
A=2 and L =2,

9 - Conclusion

This paper reviews different procedures of kinetic energy discretization in the
extended kinetic theory and their applications. Boltzmann transport equations are
solved numerically within the approximations of a semi-continuous formulation or
a multigroup approach.

Semi-continuous Boltzmann equations are found to be well suited for treating
problems, where external force terms can be neglected. These models are obtai-
ned through a partition of the positive real axes of kinetic energies into a number
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of energy groups. Within each group, the distribution function is approximated by
a constant value.

Semi-continuous models display excellent properties. The relaxation behavior
of such models agrees to a high extent with the exact solution of the BKW mode
for Maxwell molecules. In fact, for a sufficient number of groups, the discrepancy
is found to be less than 0.2%. It can be expected that semi-continuous models re-
flect the correct relaxation behavior also for general interaction models.

An extension of the discretization concept to a mixture of elastically and inela-
stically scattering gas particles interacting with monochromatic photons is formu-
lated. The resulting model reflects all major aspects (conservation laws, equili-
bria, Planck’s law of radiation and H-functional) of the continuous kinetic descrip-
tion. The impact of an intense laser pulse that is in resonance with the transition
of a two-level atom is studied numerically. In case of Maxwell molecules, far-
from-equilibrium distribution functions are observed during the relaxation pro-
cess. Moreover, the extended semi-continuous kinetic model is applied to the si-
mulation of thermal acoustic experiments. To this end, it is solved by applying a
P; approximation in one-dimensional spatial geometry.

Different masses of the involved gas particles are considered to be the major
obstacle in the formulation of discrete velocity models for a mixture of chemically
reacting gases. Due to the greater flexibility of semi-continuous models, i.e. the
continuous solid angles in velocity space, the difficulty can be overcome in a semi-
continuous formulation. This is achieved for arbitrary mass ratios by adapting the
ranges of integration over the solid angles properly. The resulting semi-conti-
nuous model governs the evolution of a four component gas mixture undergoing
bimolecular chemical reactions. The major advantage as compared to scalar
Boltzmann equations is the capability of treating spatially dependent phenomena.
As a first step, however, space homogeneous problems are solved, and the evolu-
tion of the distribution function is studied. During fast exothermic reactions, espe-
cially the reactants exhibit highly athermal kinetic energy distributions. When a
threshold is also accounted for in the exothermic reaction, delayed ignition of the
reaction can be observed.

The overlapping multigroup approach is a first attempt to tackle consistently
kinetic problems involving an external force term within the framework of multi-
group approaches. Based on the method of weighted residuals, this scheme takes
into account electric and magnetic forces acting on charged particles without any
additional assumptions. It is applied to the study of an extended Lorentz gas
model. To this end, a P; approximation is carried out and solved numerically. Pro-
blems related to the use of rigid shape functions are expected to be overcome by
resorting to a spline interpolation of the speed variable.
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Due to the importance of all three conservation laws in nonlinear kinetic the-
ory, the concept of multigroup schemes has to be generalized if one wants to ap-
ply it to nonlinear Boltzmann equations. One single weight function is not enough
to satisfy the conservation of mass, momentum and kinetic energy. A fully conser-
vative scheme is achieved by introducing at least three weight functions and by
extending the speed-integration over so-called macro intervals. The scheme can
be made more flexible and numerically stable when working with orthogonal po-
lynomials within each energy group.
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Abstract

We review current strategies of energy discretization of the Boltzmann equation in
the framework of extended kinetic theory. When external fields can be neglected, the semi-
continuous Boltzmann equation yields a sound basis for various applications. A three
component gas mixture interacting with monochromatic photons as well as a four com-
ponent gas mixture undergoing chemical reactions are dealt with by means of this ap-
proach. The model equations reflect all major aspects of a continuous kinetic description,
such as, conservation laws, equilibria and an H-theorem. Spatially dependent problems
are treated by applying an expansion of the distribution function in terms of Legendre
polynomials with respect to the polar angle. The resulting PDE in real space and time
are solved by an implicit finite differencing scheme combined with an operator splitting
method. In the presence of external fields, an overlapping multigroup method (with a
spline-interpolation method as its extension) is developed for numerical studies. Further-
more, a formulation of a multigroup approach consistent with the non-linear Boltzmann
equation s presented.



