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ABSTRACT

This report reviews a hierarchy of formal mathematical models for describing plasma phenomena.
Starting with the Boltzmann equation, a sequence of approximations and modeling assumptions
can be made that progressively reduce to the equations for magnetohydrodynamics.
Understanding the assumptions behind each of these models and their mathematical form is
essential to appropriate use of each level of the hierarchy. A sequence of moment models of the
Boltzmann equation are presented, then focused into a generalized three-fluid model for neutral
species, electrons, and ions. This model is then further reduced to a two-fluid model, for which
Braginskii described a useful closure. Further reduction of the two-fluid model yields a
Generalized Ohm’s Law model, which provides a connection to magnetohydrodynamic
approaches. A verification approach based on linear plasma waves is presented alongside the
model hierarchy, which is intended as an initial and necessary but not sufficient step for
verification of plasma models within this hierarchy.
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1. INTRODUCTION

Modeling of plasmas at Sandia has historically concentrated on two distinct regimes in number
density. On the one hand, the low-density plasma regime has been modeled using the
Particle-In-Cell (PIC) approach, where the plasma is represented as a collection of charged
particles. On the other hand, interactions of continuum-scale materials with electromagnetics has
been modeled using magnetohydrodynamic (MHD) approximations, which couples material
motion and electromagnetic fields through Lorentz forces. This report provides a bridge between
these extremes by presenting a sequence of continuum-based models for describing multi-species
electromagnetically coupled plasmas.

Figure 1-1 presents a useful pictorial description of the spectrum of plasma modeling addressed in
this report, developed by Shumlak et. al. [19]. The horizontal axis shows the Knudsen number,
Kn, which is the ratio of the mean free path to a length scale of interest; this primarily defines
where the continuum approximation is valid. The vertical axis shows the charge separation
distance, A4, which represents the degree to which electrical charge is relevant. The limit Ay — oo
is the neutral limit (e.g., standard fluid mechanics) and the limit A; — O represents the bulk effect
limit of magnetohydrodynamics. Our historical modeling experience has been in one of these
limits, but the current challenge is to extend expertise and capabilities into intermediate charge
separation distances. Similarly, it is desirable to be able to efficiently model problems of interest
that range from the highly dense and collisional limit where fluid modeling is appropriate to
non-continuum (large Knudsen number) problems where PIC modeling utilizing the Vlasov or
Boltzmann or equations is appropriate.

[00]
1 Euler Navier-Stokes Boltzmann
—~~ 1
=]
< 4
— 5N-Moment Model 13N-Moment Model
S -3 Vi
ks) asov
-5
T Ideal MHD Non-ideal MHD
-0 :: ] ] ] L] | ] ] ] :H
-5 -4 -3 -2 -1 0 1 2 o
Underresolved Resolved Collisional Collisionless
Collisional Regime  Collisional Regime ' Transition Regime Regime
log,,(Kn)

Figure 1-1. The plasma modeling spectrum, shown on axes of Knudsen Num-
ber (Kn) against charge separation distance (A,). Courtesy of Uri Shumlak.
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This report provides a summary of a hierarchy of models available for investigating this problem
space. The report begins with the Boltzmann equation in Section 2, which together with
Maxwell’s equations, describes the motion of charged particles. The Boltzmann equation has
seven independent variables: time, three components in space, and three components in velocity.
For low-density plasmas, this system is feasibly solved directly using particle methods, but in the
relatively high-density regime of interest, it becomes computationally prohibitive to solve due to
the number of particles required, the complex interactions that occur between particles, and the
seven-dimensional space they occupy.

Continuum plasma models are derived by taking moments of the Boltzmann equation over
velocity space. This procedure reduces the problem to the familiar four independent variables of
time and three-dimensional space. The partial differential equations that result from the first three
moments of the Boltzmann equation are the familiar continuity, momentum, and energy equations
of fluid mechanics, with generalized closure terms for stress and heat conduction. With
appropriate simplifications, these reduce to the Euler or generalized Navier-Stokes equations that
contain additional Lorentz force terms. This is termed the SN-Moment model, referring to the
number of equations in the system: one for density, three for momentum, and one for energy.

Further moments of the Boltzmann equation can be taken, which yield more complex models that
have a greater range of validity (see Figure 1-1). The 13N-Moment model, for example, retains a
tensor energy equation which is closed by reducing the third moment of the Boltzmann equation
to a vector equation, for a total of 13 PDEs: one equation for density, three for momentum, six for
energy, and three for the vector heat flux. While the numerical behavior of Euler or Navier-Stokes
systems is well developed and relatively well understood, this is not the case for the
higher-moment system. Shumlak and his coworkers [20] have demonstrated some success in this
field, however.

In this report, we focus on variations of the SN-moment model in Sections 3 and 4. As derived
from the Boltzmann equation, the model is incomplete without closures for not only stress and
heat flux, but also for collision terms. These collision terms capture the effects of creation and
destruction of species (e.g., by ionization and recombination in a neutral-ion-electron plasma),
and momentum and energy transfers between species due to collisions. Modeling collision terms
is particularly challenging, because the effects they represent are difficult to integrate from the
microscopic (particle) scale to the macroscopic (continuum) scale. For two-fluid ion-electron
plasmas, a canonical closure is the Braginskii model [5], which uses various simplifying
assumptions to derive an analytic closure. Even for more complex collisional plasma modeling,
terms from the Braginskii model will often be used.

These multi-fluid plasma models directly specify the motion of charged fluids. Electrical current
is therefore defined directly and exactly as the net charge flux of the fluids. However, because the
mass of an electron is approximately 1/1800 of that of a proton (the lightest possible ion), the
coupled system of fluid plasma equations can be challenging to solve numerically. In fact, in
many situations, the mass and inertia of the electrons can be neglected as small compared to that
of the ion species. Deriving a consistent set of plasma equations in this limit begins by writing the
two-fluid equations in terms of a center-of-mass velocity and the current density. Using these
variables instead of the separate fluid velocities allows the approximation m; > m, to be
consistently applied, and yields a partial differential equation for the current density J. This is the
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most general form of generalized Ohm’s Law plasma modeling, as only the approximation of
negligible electron mass has been applied. These equations are derived in Section 5. Note that the
term “generalized Ohm’s Law” may be somewhat misleading, because while Ohm’s Law is a
constitutive relation that defines J in terms of the electric field, the PDE for J that results in the
“generalized” law is directly defined from the fundamental fluid equations for charged particles.
Ultimately, pursuing the limit of negligible charge separation will yield the equations of MHD.

Each of the continuum plasma models described describes a set of transport equations coupled to
Maxwell’s equations. These systems are primarily hyperbolic in nature, with complex dispersion
relations for multiple propagating waves. Further, simplifications of the multi-fluid equations will
not capture all of these waves, particularly in limits that may be of interest. Section 6 uses the
wave properties of the two-fluid equations to define a series of verification problems to ensure that
numerical models can capture the appropriate wave behavior of the system.

11



2. THE BOLTZMANN EQUATION AND ITS MOMENTS

2.1. Particle Motion

At a fundamental level, a plasma can be modeled as a set of charged particles moving in space
under the influence of an electromagnetic field. The following presentation follows [17]. Kinetic
theory defines an equation of motion for each particle in the plasma, from the density N,(x,Vv,)
of a single particle in phase space (X, V,?),

Np(x,v,1) = 0(x—X,(t))8(v—V,(1)), (2.1
where X,(#) and V() are the Lagrangian coordinates of the particle. The total density of a

particular particle species s (e.g., electron, ion, or neutral) is given by the summation over all
particles of that species:

Ns(x,V,1) 225(X—Xp(t))5(v—Vp(t)). (2.2)
p
Similarly, the microscopic charge density and microscopic current density are given by
q"(x,1) = qu/Ns(X,v,t))d3v 2.3)
s
s WAES qu/VNs(x,v,t)d3v (2.4)
N

where the superscript m indicate microscopic quantities and these values are used to evolve the
microscopic Maxwell equations. Taking the time derivative of the species number density, we
obtain

dN; dX,, 96(x—X,(1)) dV,, 9d6(v—V,(1))
Zs V(- . _ -X — . )
ot (X7V7t) ;( dr ) oxX 5(V VP<I)>+§5(X P(t))( dr ) ov
(2.5)
Observing the identity
dX,
— =V 2.6
dt po ( )
and the Lorentz-force Law (neglecting relativistic effects)
dv, g
—L ==(E" B" 2.7
dt M (E”+V, xB"), @.7)
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we can utilize the delta function identity o6 (a — ) = B (a — ) and the fact the ith delta
function velocity derivative does not interact with the ith velocity in the cross product term to
obtain the Klimontovich equation,

ON; ON; I N

qs m m
(R B™). =0 2.8
5 T Ig T B TYXBY-Z =0, (.5)

which when coupled to Maxwell’s equations gives the exact microscopic dynamical description
of the plasma [23, Chapter 2].

It is rarely useful, however, to determine all particle trajectories in the plasma. Instead, the
Boltzmann equation is used to track species distribution functions, f;(x,v,t), for each particle
species with an average macroscopic electromagnetic field. The distribution function describes
the probability that a number of particles occupy a differential volume in phase space and
statistically describes the plasma motion by the Boltzmann equation:

afs afs K afs_afs

The right-hand side term represents the effective source and sink term due to Coulomb collisions,
which arises from the averaging process. We will not dwell on collisions here, except to note that
the collision operator can be extended for more general collision chemistry. Specific forms of the
operator yield the Fokker-Planck equation [21], or if neglected, the Vlasov equation (for
collisionless plasmas). The plasma dynamics are completed by coupling E and B with Maxwell’s
equations (in this form, from [11]):

V.-D=g, (2.10)
JD
VxH— — = 2.11
X 3 J (2.11)
V-B=0, (2.12)
oB
VXE=—— 2.1
X R (2.13)
where
D = gE (2.14)
1
H=—B 2.15
Uo ( )
q=Y g, (2.16)
J= qunSVS7 (2.17)

and where the particle number density n; is defined as the zeroth moment of the distribution
function,

nsz/fsdv. (2.18)
13



For the remainder of this section, we switch to indicial notation, which is more convenient for this
analysis. The Boltzmann equation written as such is:
df  df q df _odf
—+Ws—+—=(Ei+&pviBr) =— = =-| , 2.19
3¢ TV T m (Bt EvBe) 50 =0 | (-19)
where the species subscript s has been dropped as implicit to avoid confusion with the tensorial
indices.

The Klimontovich equation may be implemented directly to simulate very low density plasma
dynamics, where volumetric averages are not accurate. This is the formal starting point for the
derivation of Particle-in-Cell (PIC) methods, which are formulated to include the continuous
Boltzmann solution, and effectively by discretization perform a similar smoothing. Therefore
low-density plasmas may be modeled by this approach with a much smaller number of discrete
particles than exist in the real plasma. However, as the number of particles becomes large, it
becomes computationally prohibitive to track all the particles and their interactions across
seven-dimensional space, so a continuum approximation becomes useful. This is the case that the
remainder of this section will address.

2.2, Moments of the Boltzmann Equation

Because the seven-dimensional space of the Boltzmann equation is unwieldy, dense plasma
models are developed by taking moments in velocity space. Depending on the number of
moments taken, increasingly complex models may be developed. The zeroth and first moments
are the familiar continuity and momentum equations (for each species), but depending on the
complexity of the model, the energy equation may be a scalar or a tensorial equation.

First, we identify moments of the distribution function, f, to define the fluid variables for each
species. Integrating over the volume element dv = dv;dv,dvs in velocity space, the zeroth through
third moments are defined as:

p=m / F(v)av, (2.20)
pm:m/wﬂﬂm, 2.21)
Py=m / v f(V)dv, (2.22)

D =m / v f(V)dv. (2.23)

Obviously, (2.20) is the species density, and (2.21) is the ith component of the species
momentum. Occasionally, the number density, n = p /m is also useful. The tensorial quantities
Z;j and 2;j; as defined in (2.22) and (2.23) do not have convenient physical interpretations, so
instead, the moments are taken with respect to the relative velocity w = v —u:

P,'j = m/Winf(V>dV, (224)
Qijk = m/Winka(V)dV. (225)

14



Then, P;; is a fluid stress tensor, and Q; j is a heat flux tensor. With a little manipulation, it is
straightforward to show that

P;j = P;j+ puju;, (2.26)
Dijk = Qijk +uiPji +u Py + wiPij + puju jug. (2.27)

Note that because the indices of the velocity components in the moment definitions are arbitrary,
P;j and Q; jx are symmetric tensors, with six and and ten independent components, respectively.

The fluid equations are derived by taking moments of the Boltzmann equation, multiplying (2.19)
by velocity and integrating over (all) velocity space. In general, and somewhat abusing notation in
the velocity vector exponents for the purpose of illustration,

d
/ dv+m/ —q/v" (Ei+£,~jkvak) a—‘]:dv—l—...,

we see that convective term for the evolution of a given moment variable will introduce the next
order moment variable. This presents a closure problem, and each plasma model chooses a
different level at which to approximate the higher-order moment term. Before introducing these
approximations, however, we will show the complete (‘exact’) set of equations in order to
properly illustrate how the system is simplified.

First, we derive the continuity equation. Integrating (2.19) over velocity space and multiplying by
the species mass, we have,

m/ 5 dv+m/vk—dv+q/ E "’ez/ijBk /a dV

In this derivation and all that follow, we will assume that f is sufficiently smooth for the
manipulations required. Proceeding term by term, the convective terms are straightforward:

af 9 ap

_ _ d(pux)
Vké?—xkdv B—Xk <m/kadv> = Ton

To evaluate the Lorentz force term, we integrate by parts:

0 d 0
q/(Ei—l—SijijBk) a—‘];dV:qu/a—\{;dV-i-qSijkBk/Vja—‘];dV,
:qu/fnidF—f-qujkBk (/fvjnidf—/fSijdv) .

Here, I" is the boundary of the velocity space, where we can assume that f — 0 because the
distribution vanishes at extreme velocities. Therefore, these boundary terms disappear, leaving
only the last term, where we note that & 6;; = 0, and so it too disappears. This yields the familiar
continuity equation, with a source term on the right-hand side:

dp d _dp
§+8—m<<puk) ~ o,
15
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To derive the momentum equation, we multiply (2.19) by v,, and again integrate over velocity
space:

af af PN af
m/vmgdv‘i‘m/vmvka—x](dv‘f‘Q/Vm (El—l-S,JkV]Bk) a—de—m/VmEdV C.

As before, the convective terms are straightforward:

af o _d
m vadV— 3 (m/vmfdv> = E(pum),

af .. d 0P
m/vmvka—Xde— a—xk (m/vmkadv> B

Integrating the Lorentz term by parts, and dropping the boundary terms as before, we have

q/vm (Ei+ eijeviBr) a—éd" = qu/Vma—‘];dV+qgijkBk/VmVja—‘{;dV,
— —qu/f3ide—q8,-jkBk/f (vj5im -}-vm&j) dv
= _% (Em +8mjkujBk) ;

Putting the terms together, using (2.26), and switching the independent index to i, we obtain the
momentum equation with a generalized stress tensor F;;:

d(pui)

J — d(pui)
o1 +&—xj(puluJ+Pl])

ot

_Pg

m

(Ei+ & jxujBy) + (2.29)

Cc

The next moment equation, for energy, is derived by multiplying (2.19) by v,,v,, and again
integrating over velocity space:

af af o 9f Jaf
m/VmVnEdV—Fm/VmVnda—xde— —q/vmvn (E,+8,jkaBk) a—wdv—i—m/vmvngdv C.

Proceeding as before, for the left-hand side we have

af d 0P
m/vmvnng— > (m/vmvnfdv> =3

af . J - 8°@kmn
m/VmVnda—xde = &—xk (m/VkaandV> = 4«9)6;{ )

and for the Lorentz term,

—q/vmvnEig—de — qE,'/f(vain + vpOim ) dv
Vi

— LBy (8Pt + SimpPitn)
m

= % (Eptt + Eputy,) -

16



af
—q / eijkBijVmVn—av.dV = q& kB / I (Vivn8ij + v jvu8im + v jvimGin) dv
1
= %gijkBk (Pwnbij + Pjnbim + P jmOin)
q
= %Bk <8mjkr-@jn +8njkgzjm) .

Assembling the terms, and switching the independent indices to i and j, we obtain an equation for
Pij,
8@,7 4 8Q,~jk _ %

NI . |
ot dxy, m (Eluj+Ejul) +m

8@,7
ot

(giklyijl + Sjkl@ikBl) + (2.30)

[

The third moment equation is derived in the same way, but since it is usually approximated, the
derivation of the complete tensor equation is left out for brevity. It introduces the next moment of
the distribution function,

%jkl = m/vivjvkvlf(v)dv, (2.31)
and is quoted here from [9]:
02k " dHijul _
ot 8)61

%(Eigzjk—’rEje@ik +Ek=@ij

i

ot

0
+ [&im 21k + €jim2itk + €um2iji] Bm> + (2.32)

c

Thus we have derived the set of ‘exact’” moment equations, (2.28), (2.29), (2.30) and (2.32),
corresponding to Egs. (19)—(22) of [9]. These correspond to (1+ 3+ 6+ 10) = 20 equations in
(14+3+6-+ 10+ 15) = 35 independent unknowns (due to the symmetry of the tensor quantities).
Closure of the system is achieved by approximating various terms in these equations. Three
standard approaches will be presented in the following sections.

2.3 The 5N-Moment Model

A standard reduction of the moment equations is to use a tensor contraction of the second
moment [21, 8], to define a scalar fluid pressure for each species:

Ds = %ms / w2 f(v)dy, (2.33)

where w? = |v — u|?. Dropping the species subscript for clarity as before, note that

1 1
=-tr(P) =P
p=zu(P)= P,
with summation over the repeated index. Cross terms in the stress tensor will still appear in the
equation system, so we define

Pj = p&i;+11ij, (2.34)
17



and note that IT; = 0.

The continuity equation is unchanged, and the momentum equation is trivially rewritten using the
definition (2.34). To proceed with the second moment, we need an additional contraction to define
a vector heat flux,

= %m / w2wif(v)dv. (2.35)

The second moment equation must be rederived now, so multiplying (2.19) by v,,v,, = v2, (with
implicit summation over the index in the squared term), and integrating gives:

) )
m/v2 —dv+m/v Vk—dV— —q/v%l (E,'—{—SijijBk) a—‘]:dv—f—m/vzmgdv .
i

c

Proceeding as before,

m/ dV— % (m/f(w%i—Fvaum —ui)dv)

= % (m/fwzdv+2umm/fvmdv—u,%,m/fdv),
2
d

- (B3p+pun),

m/v vka an( /f wkw —|—LtkW 42U Vi Vi — umvk) dv>

=5 ( /fwkw,ndv+ukm/fw dv+2umm/kavmdv—u m/kadv)
Xk

0
ﬁ (2hk + 3upp + 2 P — pu,%quk)

0
a e (th + Sugp + 2u iy + puy, uk)
For the Lorentz term,
d
—q/v,%,E,-—fdv = 2qE; /fv,-dv
8\/,'

%E,-ui.
m

=2
0
—q / gijkBijVrzna_‘{dV = q¢€;jx Bk / f (Vr2n5ij+2"i"j) dv
i
= Z%EijkBkgij
= Z%SijkBk (p5,'j + Hij + pu,—uj)
—0,

18



by symmetry. Dividing the reassembled system by two, this yields an energy-type equation of the
familiar form:

d /3 1 0 5 1
8t ( p+ pu ) —+ a— ( |:§p—|— Ep”zz} uj —f—uiHij —|—hj> = %E,’ui - src. (2.36)
Xj
A scalar energy can also be defined,
3 1
& =5ps+ Epsu,-z, (2.37)

which is often generalized with the pressure coefficient as 1/(y — 1), implying here that y =5/3
for this presentation. The proper generalization for nonatomic particles with other values for y
occurs in the definition of pressure as a tensor contraction of the second moment of the particle
distribution, i.e., in equation (2.33).

The complete set of equations for the SN model, so named because there are (1+3+1) =35
equations in the system, are therefore (for each species):

8p d ap

o T P = 5| (239)
d(pui) 9 Pq d(pui)
& 9 o 96

The system is closed by introducing models for the stress I1;; and the heat flux ;. This model is
essentially a standard formulation of the continuity, momentum and energy equations for each
component of the fluid, with the addition of Lorentz forces, and standard assumptions regarding
the fluid stress tensor and heat flux can apply. Note, for example, that /; is consistent with a
Fourier conduction approximation (h = kVT).

Due to the familiarity of this system, it is often convenient to express the SN equations in vector
notation, as follows:

aa;;s (o) 3£s (2.41)
3(gstu 5) V- (pstty @ g+ pyl +11,) = p’:i‘ (E4uy x B) + a(’;“tuS) C (2.42)
aaé;s_|_v.((é§—|—ps)lls+us-ng+h) p;ZSE us+% ) (2.43)

2.4. The 10N-Moment Model

A more complex plasma fluid model is presented by [9]. This retains the full symmetric tensor
form of the second moment equation, but closes the system by assuming that the divergence of
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Q; i disappears, which removes it as a variable from the system. Justification for this
simplification is provided by assuming a Gaussian distribution function, and it yields
(1 +3+6) = 10 equations in the following system:

8p d ap
TR ™ (pue) = =~ X (2.44)
dpui) | 9 Pq d(pui)
5 a - (puiuj+ Pij) = — (Ei+ & jBy) +—5 = K (2.45)
d 8
5 (Pj+ puiuj) + ey (ukPyj+ Py + uiPj + puju juy)
o7, (2.46)

pCI(

4
Eiu;+E; u,) Nix . (Sikle@ijl +8jklgzikBl) +

ot

c

This model spans the space between the SN and 13N models, and is motivated by a need to
capture finite Larmor radius effects. The system remains primarily hyperbolic in character, with a
strong dispersive effect caused by the collisional source terms that results in a complex dispersion
relation.

2.5. The 13N-Moment Model

Following [20], the third moment equation can be added to the system with a closure approach
very similar to that employed in the SN model. As in the 10N model, the full second moment
equation will be used, but Q; j; will be retained and a reduced fourth moment will close the third
moment equation:

Nij = ms/WZWinf(V)dV. (2.47)
For this derivation, we will also refer to the reductions defined for the SN model, (2.33), (2.34),
and (2.35).

We now proceed to derive the reduced third moment equation, multiplying (2.19) by v,~v§ and
integrating for:

d d
m/v,-v?;{dv%—m/viv?vk&—de: —q/ (Ek—l-ekmnvm dv+m/v,v —dv :
Xk
Proceeding as before, we have
LA 2 d
m v,ng V= 8t fw,w + w,ujwﬁ—w,u +uv) \%
( fwiw dV—I—Zujm/fw,dev—i—u m/fwldv+um/fv2dv)

2hi+2u;Pj+u; )

~ (
( pu +3p) u,+2P,juj+2h)
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where #;; =3p+ puf by retaining the definition of p from (2.33); and,

d
m v,v vk w,wzwk Uil; uk—i—u ukv,—l—u UV 200 Uy
8 k 8xk d d

— 2ujukv,'vj - u,-ukv§ - u?vivk - 2u,-ujvjvk

— ukvl-\% +2ujvivvg + uivivk)dv)
= < ik e 3pu,~u§uk = 2ujuk£”,~j = u;ukﬁjj = u?gzik = 2u,~uj32jk + 2ujQ,~jk
(P15 + 3p)ui + 2P, juj+ 2h;] + i [(pu +3p)uge + 2P ju; + 2y )

Nj. + 3pu,~u§uk = 2Ltjuk33,-j = u,-uk,@jj == M?@ik — 2u,‘uj32jk + 2ujQ,~jk

+ S8}

(pu +3p)ui+2Pjuj+2h;] +u; [(pu +3p)uk+2ijuj+2hk])

d
= o (Ni + (pus + 3p) it + 4P juj + u3 Py + wihi + wily + 2u;Q; ) -

For the Lorentz term, and following the previous arguments, we have

d
—m v,~v2~—fdv = &gm | fVidv+2m | fvividv
I vy J
= Su(pu5 +3p) +2 (P + puin),

and for the v x B part,

of
2 2 2
—mgkmn/vivjvm vy dv = Egun /f (akmvivj + 6ikaVj + 2VinVm) dv

=0+ Emn / f vaidV + 20 / f Vivivmdv
+ 28 (uiPkm + up P + um Py + Qikm)a
This simplifies by the symmetry of P when multiplied by B,,, because

EmnmPiaBn = Enink PimBn = — Exmnux PimBn,

such that:

af

dv—s,,,m(pu +3p)umBy
IV

2
—mMEupBy [ viv

jYm>—

+2 (8kanikm + Eimnlm + Simanjuj) By
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Collecting all the terms, and dividing by two, we have:

d d 1 1
5 (Eui+ Prjuj+hi) + Ty (éaui”k + E“?R‘k + 2upPijuj+ 2hiug + Qi juj + ENik>

= % (EE;+ (Py + pujug)Ey)

+ % (Simn(gum + Bpjuj+ /’lm)Bn + gkanikmBn) + sources, (2.48)

using the scalar energy definition (2.37).

The complete set of equations for the 13N-moment model, so named because there are
(1+3-+6-+3) = 13 equations in the system, are therefore (for each species):

dp 0 ap
r 7 = 2.4
It + axk (puk) ot Ca (2.49)
d(pui) 9 Pq d(pui)
=— (puiuj+ Pj) = — (Ei + & jxu;B ; 2.
0 0
o (P +puuj) + o (Qijk + wiPjx + P+ wiPij + puju juy)
2.51
:%(Eiuj—l-Ejui)—F%(Eikmgzkj—kejkm@ki)Bm (2.51)
-+ sources,
0 0 1, 1
E(gui+l:’ijuj+hi>+a—xk 5uiuk+EMjPikwLZMkPijuj+2hiuk+Qijkuj+§Nik
(2.52)

= % ((gaEi + PicEr+ [simn(égum + Bpjuj+ ) + ekanikm] Bn)

—+ sources.

As in the 5N model, this system is closed by introducing models for Q;jx and Ny, leaving the
variables to be solved for as p, u;, P;j and h;.

In the same way that the 5N model relates to the Navier-Stokes equations, the 13N model relates
to Grad’s equations [24]. Formal analysis will show that this system is second order in Knudsen
number, and hence extends the region of validity of the continuum approximation beyond that
accessible with the standard Navier-Stokes truncation. The 13N equations are generally
considered highly challenging to solve numerically in terms of closure models, boundary
conditions, and stability.
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3. THE GENERAL THREE-FLUID MODEL

3.1. Equations of the Model

For the vast majority of plasma modeling, the assumptions introduced by the SN-moment
equations—essentially, isotropic heat flux—are not restrictive. Also, because the SN system is
equivalent to the multi-species Euler or Navier-Stokes equations with a Lorentz force term, it is
much better understood numerically than the higher-order moment systems. In fact, significant
progress can be made in plasma modeling with even simpler systems of equations. The principal
modeling question then becomes the choice of representation for the components of the fluid
system.

First, however, we will consider the three-component fluid model in detail, starting with the SN
system to account for interaction of ions, electrons and neutrals, largely following [15], but
neglecting resonant charge exchange terms. This system is generalized for a particular plasma
system by adding ion and neutral equations for each species of interest, because no assumption
has been made regarding the mass of an electron relative to other species, and each species is
considered to have distinct dynamics. This implies tracking of only integer ionization states, i.e.,
qi = eZ where Z is a positive or negative integer, with a separate set of equations for each state
(e.g., NT, N?). We note that for plasmas with many species (e.g., an air plasma) this can quickly
become very expensive to solve numerically, analogous to a chemically reacting flow/combustion
model that attempts to follow a large number of species undergoing a significant number of
chemical reactions, but may be necessary for some applications.

In the three-fluid system, processes that ionize neutrals and recombine electrons and ions will
transfer mass between each species system. From (2.38), the continuity equations become:

% + V- (pa;) = mI"" —m; ", G.1)
8apte +V. (peue) = merion —meI™, (3.2)
aaptn +V. (Pnlln) =m, " — mnri0n7 (3.3)

where p; = m;n;, po = men,, Py = (m; +m,)n, = myn, define, respectively, the ion, electron and
neutral mass density in terms of the particle masses and the number densities. Note that this
definition implies singly ionized particles (Z = 1), but is easily generalized. The source terms,
"™ and "¢, represent the ionization rate per unit volume and recombination rate per unit
volume, respectively.
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The momentum equations follow similarly, with the addition of momentum transfer (drag) terms
that arise due to particle collisions. Using the general stress tensor P, this gives:

apiu; . . .
% V- (pw; @i+ P) = gini(E +w; x B) + R¥ + R™ 4 Tmu,, — T myu;, (3.4)
be . .

’;et“e + V- (peu; @u, + P,) = geno(E+u, x B) =R + R +T""m,u, — ["“meu,, (3.5)
dpnuy, _ in en ion rec

3 +V-(ppu,@u,+P,) = —R" =R —T"""myu,, + T (mu; + meu,), (3.6)

where R% is the source force density on species a due to scattering collisions with species b. In
order to conserve momentum, R?’ must be anti-symmetric in the a and b indices.

The equations for the total energy, &, account for energy exchange directly due to the previously
mentioned collisional effects, and allow for additional energy changes caused by elastic or
inelastic collisions:

dé; . .
a;l +V-(&ui+u;- P +h) = gnE-u+u;- R +u;-R"
ion | ; 1 . _
+Fl{)n§miu,% 4+ miQZm/mn . FrecimiuiZ . Q;’ec 4+ Qze + Qm, (3.7)
dé, .
8; +V-(&u,+u,-P.+h,) = gnE-u, —u,-R*+u, -R"
ion s 1 ; . 1 .
+rlon(§meu% _ (pzon) +meQ;10n/mn _ l—*recimeug . Qzec _ Qte + Qen, (3.8)
a@@n _ in en
o +V-(&u,+u,-P,+h,)=—u,-R"—u, R
. Fionlm uZ __ ion _i_l—‘reC(lm.uZ . lm u2) 4+ Qtjec + Qrec . Qin . Qen (3.9)
7 n%n n 2 17 9 e%e i e ’ :

where Q™" is the thermal energy associated with neutrals at ionization and Q”¢ is the thermal
energy associated with species @ upon recombination. The Q% terms are the rates of transfer of
thermal energy from species b to a due to collisional effects, and are anti-symmetric in a and b.
The ionization energy term, ¢'°" represents energy required to create an additional free electron
via an electron-neutral collision. This energy is correspondingly removed from the electron
energy equation. Upon recombination, a photon of energy hv = ¢ is produced, and is assumed
lost from the system (it may be tallied separately). Note that source terms presented here
implicitly assume single ionization of the neutral species, i.e., g; = e¢ and g, = —e.

The equations are also coupled via Maxwell’s equations

JB

E—kaE:O7 (3.10)
oD
LV xH=-J, (3.11)

where D and H are the electric displacement and magnetic field as defined previously. The fluid
plasma equations couple into Maxwell’s equations through the total charge density,

q = qin; + qehe, (3.12)
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and the total current density,
J=Ji+Je = giniv; + geneu,. (3.13)

Familiar observations regarding conservation can be made by summing the equations for each
species. From the continuity equations, we recover the statement of mass conservation for the
closed system:
dp
ot
where the total density is defined as p = p; + p. + p» and the momentum as
pu = pju; + P, + p,u,. Similar arguments for total momentum and energy impose the
symmetry constraints on the source terms. Also, from the right-hand sides of the momentum
equations, the familiar definition for the electrodynamic force density is recovered: gE +J x B.

+V(pu) :()7

Generalization of this system for multiple species and ionization levels modifies the relationship
between m,,, m;, and m,. Note that the momentum and energy equations as written assume single
ionization of the neutral species, i.e., m, = m; 4+ m,. This assumption appears in the terms that
account for momentum and kinetic energy transfers due to I"*" and I

3.2. Closure Models

The three-fluid system described by equations (3.1)—(3.11) remains to be closed with appropriate
closure relations for the plasma being modeled. For most plasmas, and all those that will be
considered in this report, an ideal gas approximation is usually suitable. For a monatomic gas,
this takes the form

3 i
b =5nakn T+ 5pauﬁ, (3.14)
3
e, = EnakBTa, (3.15)
Pa = nakpTy, (3.16)

where e,, T,, p, are the internal energy, temperature, and pressure, respectively, of species a, and
kp is the Boltzmann constant (cf. these definitions with the derivation of the SM equations). Note
that the Boltzmann constant is occasionally omitted (giving p = nT) when temperature is
specified in units of energy, but we prefer to retain kp in this presentation for consistency and to
remain in SI units. The ideal gas equations may be generalized for non-monatomic gases by
replacing the factor of 3/2 with 1/(y— 1), where ¥ is the usual heat capacity ratio that is related
to the number of degrees of freedom of the molecule. In this case, a monatomic gas is specified
using y=5/3.

Modeling of the deviatoric fluid stress tensor, I1, and the heat flux vector, h, typically follows
standard practice in fluid dynamics. An ideal fluid approximation ignores any dissipative effects
and drops both terms, which is the basis of the ideal two-fluid model described in the next section,
and yields an Euler-like system coupled to Maxwell’s equations. If dissipative effects are expected
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to be significant, a Newtonian fluid model can be incorporated by relating I1 to the velocity
gradient, and Fourier heat conduction can be incorporated by relating h to the temperature
gradient. This will yield a Navier-Stokes—like system coupled to Maxwell’s equations.

In this case, the stress tensor may be simply approximated by
I, = —& (Vug+ (Vua)T), (3.17)

where {, is an isotropic dynamic viscosity for species a. For the neutral fluid, {, can be
approximated using a rigid elastic sphere model following standard gas theory [15]. For the
charged particles, [5] presents an isotropic dynamic viscosity model for an incompressible
unmagnetized plasma, and a more complex anisotropic model for a plasma in the presence of a
strong magnetic field.

Assuming that scattering collisions dominate the particle motion, standard models may also be
used for the heat flux. For the neutral fluid, a standard Fourier-type model can be used, of the
form

h, = —x,VT,, (3.18)

where the conductivity k;, can be derived using a rigid elastic sphere model consistent with the
dynamic viscosity. For charged particles, the heat fluxes are strongly dependent on the magnetic
field, taking the form

YpeJ

__ Ped 3.19
nage(r—1) B2

h,=—(Kb®b+x (I-bxb)) VT,
4

kpT,
:_K”V”Ta_K'LVJ"Ta_ﬁnZ; ;
a'teye

where b = B/|B]| is the unit normal of the magnetic field direction, and the conductivities k|| and
K are parallel and perpendicular to the magnetic field direction, respectively. Braginskii [5]
again provides the relevant values; see Section 4.2 for full details of this model.

3.3. An Analytic Elastic Collision Model

Closure of the collisional source terms presents the greatest challenge for solving the multi-fluid
plasma system. A common form of the momentum transfer term is

ie ei
R* = _mene(ui _ue)vie = —R%,

where V;, is a collision frequency, a complicated function of velocity and temperature derived by
making appropriate assumptions regarding the statistical particle distribution and collisions. One
analytic example of this function is adapted from [16].

Starting from the SM equations, and neglecting ionization and recombination effects (which are
inherently inelastic collision effects), we can use the momentum equation to eliminate the kinetic
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part of the energy equation to write the following system for each species a:

0
£‘a + V- (pautg) =0,
0 0
Ipata) | . (Pally @ Uy + pal +11,) — P94 (B 4 u, x B) = (Pa¥a) ,
ot my at |,
3 d(nyikgT, 3 3 oT,
E(aa—f“) +V. (§nakBTaua +ha> +psV-u,+11,: Vu, = Enak38—ta )

Note that the right hand side of the temperature equation has been simplified because there is no
source for n, under these assumptions. To write closed analytic expressions for the source terms,
a very simple model for the collision of a particle of species a with a particle of species b is
required. We assume purely elastic collisions that result only in a change in direction of the
relative particle velocity, g = v, — v, such that |g'| = |g|. The change in angle is characterized by
a scattering cross section, and for these elastic collisions it is the total momentum transfer cross
section, 6(g), which is of interest. This is defined by integrating a differential scattering cross
section [ over all scattering angles dw (e.g., from [6]),

o(9)g =~ [ (& ~)I(z0)do. (3.20)

Note that contained in this definition of o is the assumption that the collisions have azimuthally
symmetric scattering.

The general form of the classical Boltzmann term for elastic collisions is

dfa
ot

= [ dv [ 4o (fulVo) fo(¥%) — Fulva) () 815, ). (321)

c

Moments are taken of this equation in the usual way, but a generalized expression may be written
for the collision term for a macroscopic variable ¥ in terms of the microscopic variable y:

8_‘1‘
ot

= / dv, / dvyfufpg / dol(g,0) (¥ —v). (3.22)

For density, v = 1 = y/ by conservation of particles, so as has already been assumed, there is no
continuity source term. For momentum, ¥ = m,V,, and for temperature, Y = m, (v, — ua)2 /2. To
make further progress, a specific form for f, is required. Here, we will assume a local drifting
Maxwellian distribution for each species,

ma  \" Mma(V—ug(x,1))?
fa(X,V,l) = l’la(X,[) (m) eXp |:— 2kBTa(X7t) (323)

Note that integrating this distribution according to the macroscopic quantity definitions, (2.20)
etc., will recover the expected quantities.

After extensive work, including a variable change that introduces the macroscopic velocity
difference U = u, —u,, the general form of the momentum term is found to be

d(paug)
ot

= _mabnaUV%ﬁ (3.24)

c
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where V% = V%(nb, vap,U) is a complicated function that defines the momentum transfer
collision frequency, and

T T;
Mmyp = e e , and vy = \/kB (_a + —b) .
Mg+ my, mg My

Similarly for the temperature source term,

30T, Mgp E mp (Mg Mp - 2.,M
= =—(T,—T; \Y — | =+ = Uusv,, 3.25
2 al‘ & ( “ b)ma +mb ab+ kBTb Ta * Tb Mab ab ( )

where vfb = vfb(nb, vap, U) is the temperature equilibration collision frequency.

A closed form expression for these two frequencies can be written down for Coulomb collisions,
which are typically the dominant process in plasmas. The momentum transfer cross section is
given by 6(g) = 0p/g*, with

1 2
Co = — <M> InA, (3.26)
41 EoMmyp

where In A is the Coulomb logarithm, which is an order unity quantity related to the Debye
length. Physically, oy ~ O(107) in SI units. This expression allows the frequency integrals to be

computed analytically, giving
] < U ) \F U ( 1 U2)
erf( ——= ) —\/——exp| —=—
VapV/2 Tva T\ 2 V2,

Vo (p,Vep,U) =n erf ; 3.28
ab( by Vab ) valzlb (Vab\/i> ( )

The key observation here is that these terms are functions of the field variables, not their
derivatives. This appears to be true even for more complicated models (e.g., see [9]). In terms of
asymptotic behavior, as U — 0, v and v¥ go to a constant multiplied by the number density, and
as U — oo, both go to zero (both functions are in fact monotonically decreasing functions of U).

0o
VY (npyVap, U) = np—

= , (3.27)

Finally, for completeness, the source terms for the momentum and energy equations in their
original forms are:

9(patta)

5 = —Mgphg (ua - ub)VaMb7 (3.29)

ag)a Mgp E

= — T, — Tp)n.kpv
at . ma+mb( a b)na B ab
—1
my, (m my
+ Tb (Ta—i_Tb) Uz_ua'(ua_“b)] mab”avc%v (3.30)
a

where the collision frequencies V% and vf;? are as given in (3.27) and (3.28).
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3.4. A Generalized Form of the Collision Terms

For computation of a variety of plasma and collision models, a generalized form of the collision
terms in the multi-fluid equations will be useful. The following form is proposed, with a view to
supporting a simple physical explanation of the nature of each term: for each species a, the
cross-section for an interaction with a particle of species b, 6*, is integrated to define a collision
frequency per unit volume, v, = (¢*). In general, v, # V; , because the partitioning between
particles of different mass is rarely equal, but usually a simple relationship will exist between
them. The collision frequency as written is typically a function of the species masses, velocities,
and temperatures, (e.g., (3.27)—(3.28), although for this section the notation is generalized to
explicitly show the dependence on both species number densities).

For the likely collision terms of interest, we define four collision frequencies, per unit volume:

1. \722,, the frequency at which species a is created from species b; e.g., ionization for an
ion/neutral interaction,

2. v, the frequency at which species a is destroyed to become species b; e.g., recombination
for an ion/neutral interaction,

3. \7%, the momentum transfer collision frequency tensor, a generalization of (3.27),
4. \_/fb, the energy equilibration collision frequency, a generalization of (3.28).

Each of these frequencies may be a function of some combination of number density, velocity,
magnetic field strength, and temperature. Also, most generally, the momentum term \7% is an
anisotropic tensor. The source terms are then as follows:

dpu

5| = L eV, = ) manaV g, (3.31)
P b+#a b#a
d
@ =— Z mang(uy —up)n, v 4 Z mpnppng V., — Z MaNgUanp V. (3.32)
4 c b+#a b+#a b#a
¢, _ _
0 2 == Z (Ta - Tb)ananbeb - Z MagnqUg - (ua - ub)”b"%
P b#a b+#a
+ Y naVh& =Y v, G+ 0. (3.33)
b#a b+#a

Note that in the momentum and energy sources, the momentum and kinetic energy gained by
species a from the creation of that species is the momentum and kinetic energy of species b. The
choice of sign should ensure that the collision frequencies are all positive quantities. An
additional term, Q*“, is added to the energy equation to capture additional energy sources (e.g.,
energy released by ionization) that do not fit into the aforementioned categories, and may be used
for other external energy sources acting on the system. The general multi-fluid plasma equations
with these source terms is summarized in Table 3-1 at the end of this chapter.

29



Comparing these source terms to the analytic collisional model given by (3.29)—(3.30), we see
that:

¥ =9 =0, (3.34)

M n_lbn%,meme% (3.35)

Vab = nlb (m:”j’r"’:i’b)zvfb, o0
=)

where vM - and v b are as defined in (3.27) and (3.28). The more general three-fluid model defined
at the beginning of this section can also be expressed in this form. Comparing notation, we have
for continuity and momentum:

" = many, 2 w;F (3.38)
m;

[ = nin, v, (3.39)
Rf“' = —mnin.(w; — ue)\'/fg, (3.40)
R = —mnin, (w; —u, )V, (3.41)
R = —meneny(u, —u,) v, (3.42)

gt = Melligs vE=v_ gt =ty

en m[ ne mn? ni mn’ ne ne n?

__ n; __ —_ _ __ Mme N; _

Ven = —Vin> Vi = vi—}i;’ Vie = 1—27
ne ml ne

oM _ i om oM _ i om oM _ e om

el e ni m? ne en?
me n mn

where we presume that v;l" A VA vl v vm , and v are given. For the source terms in the energy

equation, a close reading of [15] shows that

QlO}’l l—‘lOn ;k Tn,
Qrec l“}’ec%k '1"“

which arise because of the high electron thermal speed assumption. A little manipulation using
the above equations and the definition of & yields consistent ionization and recombination terms,
except for Q. This term does not simply reduce like Qﬁ”", because the moment integral cannot
be easily separated and related to usual thermodynamic quantities. Using our generalized
notation, this discrepancy, and the additional energy related to the ionization potential, can be
handled by the source term Q7, as follows:

3
;rc rl()l‘l ¢1()n ( rec zrlonk T > (343)
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The remaining interaction terms in the energy equation ( ;e ;”, etc.) can be arbitrarily related to
the V¥ energy transfer terms (note that [15] and [14] do not provide further information on these

terms).

3.5. Collision Coefficients

Cross-section coefficients are available for some elements based on direct Boltzmann calculation
calibrations for simplified configurations. Coefficients and transitions energies can be found in the
NIST databases [3]. The LXcat project provides electron scattering cross-sections and “swarm”
parameters as functions of the reduced electric field strength (E /n = ratio of electric field to
number density) [2, 18]. The CANTERA project provides open source information and code to
support chemical reaction networks [1].

Models for ionization and recombination are recommended by Meier [14, 15]. For ionization, the
model by Voronov [25] provides a formula for the first 28 elements, which in our notation is

m; _ _ 1+P\/ ¢i0n/T ¢ K 3
m—;v;; ~Vh=A X+ bon T, ¢ Z" exp(—@ion/T,) M’ /s, (3.44)

where the effective ionization potential ¢;,, and the electron temperature 7, have the same energy
units (e.g., eV), and the coefficients A, P, X, and K are tabulated for each ionization. For example,
for hydrogen, ¢;,, = 13.6 eV, and

A=291x10""m’/s, P=0, X=0232, K=0.39,

which generates a formula that is accurate to within 5% for electron temperatures from 1 eV to 20
keV. For recombination of an ion of charge Z to Z — 1, the model by McWhirter [13] specifies (in
our notation)

ZZ
Ly =26x 10717 =m’/s 3.45
e VR 04
where T, is the electron temperature in eV. This model is claimed to be accurate to within 100%
over a similar temperature range to the ionization model.

For the frictional collision terms (R or v™), it is claimed [15, 7] that for plasmas with any more
than a few percent ionization, the ion-neutral and electron-neutral collision effects are negligible
compared to Coulomb collisions between charged particles. Models exist for weakly ionized
collision terms, if required, but in many cases it can be assumed that \7{‘,14 = \7% = 0. The
remaining frictional term is the Coulomb collision term, R¥. An analytic model for this term is
presented in Section 3.3, but other approximate models exist that replace R with an anisotropic

resistivity of the form 7] - J, with tensor 7}, or even more simply with an isotropic resistivity, nJ.

If neutral-charged particle collisions are ignored, the only remaining terms to consider in the

energy equations are the Coulomb collision transfers, V2, and direct source terms, Q. We have

e’
an analytic model for \75 in (3.28). The only direct source terms likely to be encountered are
those related to ionization, appearing in Q3'“. Models for the ionization potential exist, and [15]

suggest that parameterization of Q% in terms of 7, should feasible if this term is required.
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3.6. Summary of the Multi-fluid Model

ap __
Density 5+ V- (pata) = bg, (naPb ¥,y = 1bPaV)
a

d(pau

Momentum (Paat 2. + V- (pag @ug + pol +11,) = gang (E+u, ¥ B)
- Z pa —Uup nbvab + ppupngV ab pauanbvab]
b#a

a(go" src

Energy Y +V-((&+ pa)ug+ 1, -u, +hy) = gangu, -E+ Q5

-Y |(Tu- Ty)kgVE — pauy - (ug —wp)np Vi —ngvh & +npv 6

b+#a
Charge and
Current q= ;Qk”k J= ;qknkuk
Density
Maxwell’s 1 JE q
VxB=uJ+—= V-E=2%
Equations Hod 2 9r £
B
V.B=0 viE__ 2B
dt
Pa
EOS Ey = -

Table 3-1. The multi-fluid 5-moment equations of plasma dynamics, including
collisional source terms.
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4, TWO-FLUID PLASMA MODELS

4.1. The General Two-fluid Model

Analytic progress using the three-fluid model is difficult in general. Every opportunity is
therefore taken to simplify the model, and one of the most obvious simplifications is to drop the
neutral fluid. It is argued by [15] that Coulomb collisions are the dominant collisional effect in
moderately ionized plasmas, which leaves only ionization and recombination reactions as
coupling terms between the charged particles and the neutral fluid. If even these reactions are
ignored (e.g., because the source of ionization is external), or the fluid can be treated as fully
ionized, then the problem can be reduced to a two-fluid model. Further, if the plasma can be
treated as a fully ionized gas having only electrons and one ion species, then the particle
dynamics can be treated using a perturbed Maxwellian distribution, and analytic closures can be
computed for each fluid. This forms the basis of the Braginskii closure model, described in the
following section.

Dropping the neutral fluid and ionization/recombination reactions from the three-fluid model, the
two-fluid model for a simple plasma may be written as:

aagi +V- (pu;) =0, k)

% 5 () =0 @

a(gitui) + V- (piw; @u; + pil +11;) = p’;Zi (E+u; xB) +R, (4.3)

a(’;et“E) V- (pee et pel +110) = P (B -, B) R, 4
%W 4V (%nikBT,-ui—i—hi) +piV-u;+Vu; 11, = O, (4.5)

%% +V. <%n,-k37;ue+he) +peV-u,+Vu I, = Qe (4.6)

where the energy equations have been expressed as temperature equations. Note that these
equations describe an electron-proton plasma, with Z = 1. Modifications for general Z are
provided in [5]. Note also that the analytic closure presented in Section 3.3 is compatible with
this model, as is the generalized form of the collision terms in Section 3.4.
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4.2. The Braginskii Closure

The canonical paper on plasma modeling by Braginskii, [5], contains a complete closure for the
simple two-fluid plasma. Here are reproduced the closure terms from that paper, converted to SI
units. The only exception is the conductivity model, which is instead taken from the NRL Plasma
Formulary [10]. Note that the neutral plasma assumption is built-in, i.e., n; = n, = n, and the
small electron-ion mass ratio (m,/m; < 1) has been used in these derivations.

The cyclotron frequencies for the electrons and ions are
qeB qiB

Wep = , and W, = —, “4.7)
e m;

where B = |B| is the magnitude of the magnetic field. Characteristic time scales are the electron
and ion collision times,

670+/207m, (kgT,)3/2€2 T2
7, = OFV20mme(keTe)" "€ g 7y qo-6Te"" 4.8)
101 Agdn An
6707/ 107m; (kgT;)?/ 22 e
5= mi(ksT) & 5 64104 (ML : (4.9)
101 Agin m, An

where A = InA is the Coulomb Logarithm, for which dynamic models exist but A ~ 10 is usually
adequate. Note that the numerical coefficient arises from the conversion from Gaussian/cgs units
to SI, where n has units of m—> and 7 has units of Kelvin.

The Braginskii model is applicable to a plasma that satisfies all of the following conditions
[5, 10]:

1. the rate of change of quantities is slow compared to the collision rate, i.e., d/dr < 1/7,

2. the plasma macroscopic length scale is large compared to the mean free path in either fluid,
3. the Coulomb logarithm A > 1,

4. the electron gyroradius is much larger than the Debye length, i.e., 2n.m, > €B2,

5

. the relative drift velocity is small compared to the thermal velocities, i.e.,
u, —w|* < kT, /me, kT; /mi,

6. anomalous transport effects are negligible.

Further, the product @, 7 should be either zero (no magnetic field) or large. The coefficients that
depend on B or the magnetic field direction b apply for ®.7 >> 1; if B = 0, the transport
coefficients are given by the values parallel to B alone. Also, if @7, > 1 > ®.;7;, the electron
closure for large B can be used alongside the ion closure for B = 0.

The interaction force R is partitioned into frictional and thermal parts, R = R, + R7 where the

frictional part is given by
JyJ
R, = ng, (—”+i), (4.10)



and the thermal part by

3 bV, (ksTo), @.11)

Ry = —0.71nV  (kpT,) —

T nV, (kpT.) ST,
where the parallel and perpendicular direction derivatives are relative to the magnetic field
direction, b. The conductivities are [10]:

o = 1.960y, and o, = Go(cocere)_z, (4.12)

where 5
ng-T,
Oop = —qe e.
me

For the ions, the heat generated by collisions with electrons is

_ 3m, nkp

0=

(=T, (4.13)

For the electrons, their small mass relative to the ions adds a frictional term:

Qc=—0i—R-(u, —u;). (4.14)

Closure for the fluid model provides values for the stress tensor and heat flux vector. The stress
model is a simple viscous model, such that the stress is linearly proportional to the rate of strain

tensor,
8u,- 8uj 2 8uk

W= —* — S 4.15
Y ox i dxg 3 Y dxy (4.15)

In the absence of a magnetic field, this is particularly simple,
IT;; = —noWij, (4.16)

but in a strong magnetic field (@.7 >> 1), the stress tensor becomes aligned with b. In the
coordinate system with the third axis parallel to the magnetic field, the components of the stress
tensor are:

1 1
I = _EWO(WII + W) — EWI(WH —Wn) - 13Wi2,

1
My =-—-mWi+ 5”3(W11 —Wx) =1y,
I3 = —mWiz —n4Was = 131, (4.17)
1 1
Iy = —ETIO(WII +Wa) — il (Wag —W11) + n13Wia,

I3 = —MaWasz +nyWi3 =113y,
[I33 = —noWs3.

Both fluids have this form, with the following viscous coefficients: for the ion species,

né = 0.96n;kpT;7;,
;3 nikpT;

1

. LnikgT;
1= 10 a)czlfc,- ’

. : (4.18)
l — 4 1 1 —
172 Th? n3 2 wci

, M4 =2ni,
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and for the electron species,

ng = 0.73n.kpT, .,

nekpT, 1 nekpT, (4.19)
T’le:OSl ;)21_67 775:4771€a n:’f:_i ea) 67 nfzznf
ce “€ ce

The heat flux vector is also dependent on the magnetic field direction. The ion heat flux has a
Fourier-type form (for @;7; > 1):

h; = —K""V”]}—KiVLYH—K}'\f)XVLY}, (4.20)
with the conductivities
2 2 2
K = 3.9”"kBT"T", K = 2——”1'1‘3;" , K= > nikTi (4.21)
m; m; . T; 2 m;;

The electron heat flux is split into drift and thermal components, h, = hJ + heT, which take the
forms

3 l’lekBTe A

h, = 0.71nckpTou) + 2 " bxu,, (4.22)
h! = —KkfV) T, — KV T, + Kb x VT, (4.23)
where u = u, —u;. The electron thermal conductivities are
nk:T,T, n k2T, 5 n k3T,
K‘ﬁ:3.1637, kS =4.66—5° ki =>—"52 (4.24)
me mewcere 2 mewce

In order to implement the Braginskii model numerically, care is required to properly handle the
extreme values in the coefficients without a severe loss of precision. Also, the terms that depend
on the magnetic field magnitude, B, must transition smoothly for any field value. The only
estimate for field magnitude provided by the model is the condition @7 > 1 for magnetic effects
to be present. Notably, coefficients in the model that depend on B are (or can be related to)
functions of w7. To smoothly transition these numerically, we arbitrarily choose @7 =1 as
condition at which magnetic field effects become relevant (although the model may not be
accurate at such intermediate magnitudes). The complete set of closure terms expressed in this
form is summarized in Table 4-1.

4.3. Heavy/Light Fluid System

Another approach for simplifying the complexity of source terms is to consider a fluid description
with some average ionization and recombination rates and ionization state. A gas ionized to a
maximum state Z can be described using (Z + 2) fluids (assuming no negatively charged ions),
where each ionization state of the heavy molecule is numbered 0 < i < Z (zero being the neutral
state), and the electrons are labeled e. The charge of each heavy fluid is given by ie where i is the
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3/2 = 3/2
BT /% BT,
Wit | 4229 % 10° B3 20 VMG 1395 x 1024 2
lp,' )Lpe
A
Me | 7,166 x 108 =P
O 7, /
R, 0.5102”?": R, (a,cefe)zn?qoe
Ry | 1.0764 x 107 p, Ry, |2.274x 107 P
“ Wee Te
A 2
0 |3.121 x 1039L§/2
m; T,
5/2 /= 5/2
. T2 J7 T
i | 3.500 10*2717’"’ ng | 878110725
i | 031250 n¢ | 0.6986 10
1 ((l)cifi)z ! (a)cefe)z
; ) g
i | 0.5208 ¢ | —0.6849
n3 WO T n3 ce Te
75/2 75/
ki | 1.1735x 10722 L — k¢ | 5.763x 10721 =2
- K] K
x| 05128 K¢ | 1.4747
L ((l)c,"C,') L (wcefe)z
Kl K¢
Kl | 0.6410—L kS| 07911 ——
D¢ T DceTe
Ko, | 1.0764 10 T,p,
e
kS| 2113 —L
wcere

Table 4-1. List of the Braginskii model terms with physical constants evalu-
ated. The electron density is used in preference to the ion density to define
the number density as applicable. The ion mass is expressed in proton mass
units, i.e., m; = m,-/m,,.
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ionization state and e is the elementary charge. A center of mass coordinate for species 0 <i < Z

is defined by
Z V4

Z
Mol =Y mini,  Magllg = Yy mn,  Eg=Y &. (4.25)
i=0 i=0 =

Additional mass-averaged quantities will be introduced as necessary. Summing over the atomic
conservation of mass equations we have

a Z Z—1 ~ .
3 min; +V - Zmn,u,— ZZninj(mjv;;—mivij)
i=0 =0 i=0 j#i
Z
+ Y nine(mevii —mivy,), (4.26)
i=0
where conservation of mass implies that
v+ Vi (4.27)

Noting that the ionization and recombination terms now vanish and we are left with

4

3, Ml +V -mgngug = Z nine(me Vv, —miv..), (4.28)
i=0

we then introduce the average ionization and recombination rates as
L +
ManaVy, = Y miniVy,. (4.29)
This yields the atomic and electron conservation of mass equations

_man(x + V * (manaUa) =] nane (me‘—/‘v;e - ma‘—/&e), (430)

ot

Mene +V - (Menoe) = none (Mg Ve, — mevy,). 4.31)

ot

For the averaged momentum equation we will assume that u; = uy for 0 <i < Z, i.e., that the
various ions do not drift apart under ionization, which is reasonable for a well-mixed relatively
heavy material. Summing conservation of momentum for each species we then have

0 V4 Z
E Z nimug +V - Z (nim,-ua Qugy + pil+ H,‘)
l'_

i=0
-1
= Zem, (E+ug xB)+ Z Y ning( mjvi; —miV;; g
i=0 i=0 j#i
i z
-+ Z nine(meViue —m;ivi ug) + Z mini\_/?g(ua —u,). (4.32)
i=0 i=0
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We now define the average ionization state, which we call Z by the identity

z
Zng =Y in;. (4.33)
i=0
To complete the system, we define the total pressure and deviatoric stress by
z z
pa=Y.pi» Ha=)Y TI, (4.34)
i=0 i=0

and introduce the average friction given by

manavae Z m;n; vV le —u,). (4.35)
Simplifying, we are left with atomic and electron conservation of momentum:

d _
E”’la”a“a + V 2 (manaUa ® lla _'_paI + Ha) = eZana(E +ud X B)

+ nghe(Ma Vg g — MoV, ) +meng Vi (g —u,), (4.36)

d
Emeneue + V- (meneu, @u, + pI+11,) = —en.(E+u, x B)

+ N (Mo Vgl — Mg Vg Uy ) + mene VM, (0, —uy). (4.37)

For the total energy system we will assume that each of the ion species is in thermal equilibrium,
T; = Ty for 0 < i < Z. Summing over all of the ion energy equations we have

b B
Zéa+V Z (& + pi)ug +11;-ug +hy) Zem,ua E+Q,+Zva & —n;v; 6
i=0 i=0 j#i
+Zn,~\7; —neV;y &+ (T, — To ) kpVie + minineug - v (ug —u,). (4.38)

First we will deal with the energy transfer between each ion species. Given that u; = u, for all
species, we know that the total energy of each component, &;, differs only in the internal energy
density, which obeys

1
&i— Emini!ualz =ejo<nli=nly. (4.39)

Assuming that the proportionality constant for each ionization state is identical we have

Y4
DN ITEITEES WY IR

i=0 j#i i=0 j#i

The energy exchange due to ionization and recombination is harder to average, but given our
assumptions thus far it is reasonable to conclude that

0. (4.40)

e=lLg (4.41)

Ng,
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The thermal collision term, heat flux, and external heating can be averaged in the obvious way:

Z Z. Z
Voe =Y Vi, hg=Yhi;, Qa=Y 0 (4.42)

Conservation of energy for the atomic and electron systems is then expressed as the two
equations

d _
Eé&a‘FV' ((éaa +Pa)ua+na Uy +ha) =elug-E+Qq

+ Vg, — Vg, Eo + (To — To ) kp VL, + manguy - (ug —u,) V4, (4.43)
d

Ege‘FV'((é‘ae+pe)ue+ne'ue+ha) = _eue'E+Qe

— 1oV, 60 +neV5, 8+ (To — To)ky Vi, +meneou, - V¥ (u, —ug). (4.44)

Given this derivation, it appears clear that if constitutive laws are available to close the (Z+2)
fluid system, then a constitutive law is required to define the ratio

T M g, eq) (4.45)

Ng Ne

at each point phase space. As we have assumed that the Z + 1 ions are in thermal equilibrium,
these statistics can be consistently computed at thermal equilibrium. Further, it may be reasonable
for heavier atoms to assume that m; = my, i.e., that mass changes due to the loss of electrons is
negligible.

4.4, The Ideal Two-fluid Model

From an analytical and numerical standpoint, the collisional source terms are the most
challenging aspect of the multi-fluid plasma equations. Most analysis of the multi-fluid plasma
system therefore idealizes the fluids, and neglects all interaction source terms between the
electron and ion fluids. This is reasonable if collision frequencies are sufficiently large that the
fluids equilibrate on time scales shorter than the time scales of interest, for example. The ideal
fluid assumption also drops the fluid stress tensor and heat flux terms, and so reduces the
multi-fluid plasma model to an Euler-Maxwell system (see [21]). In this case, the electron and ion
fluids couple only through Maxwell’s equations, although momentum transfer terms may be
retained if desired (not shown here). Note that the ideal two-fluid model remains considerably
more general than the MHD approximation, as it tracks separate motion of ions and electrons.

By treating the fluids as ideal, i.e., inviscid and perfectly conducting, a pair of hyperbolic
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Euler-like systems is obtained from (4.1)—(4.6) for the plasma model:

% + V- (piu;) =0, (40)

%P4V (pene) =0, g

’ (gitUi) + V- (piw; @u;+ pil) = Pnizi (E+u; xB), {=28)
o (I;etue) + V- (P, @, + pel) = p,;q: (E+u, xB), )
% +V-(gu;+ pw;) = p’;cjiE T (4.50)
4V (et pon) = PCE -, (4.51)

Note that it is occasionally convenient to rewrite the momentum equations in terms of the partial
current densities, J; = g;nsuy, to simplify the Maxwell coupling.

This idealized model (4.46)—(4.51) is useful for exploring the asymptotic limits of plasma
behavior [21]. A representative length scale is the Larmor radius, defined as the radius of gyration
of a charged particle in a magnetic field as it undergoes cyclotron motion, given by the ratio of the
particle thermal velocity (ur = /2ps/ps) to the cyclotron frequency (@, = \/qsB/msy),

rp, = ur/®.. A nondimensionalization of the equations shows that the right-hand side terms are
normalized by the inverse Larmor radius, so in the limit of 77 — oo, the neutral gas dynamic limit
is recovered and the usual Euler equations are obtained for each fluid. In the limit of r;, — 0, the
MHD limit is recovered and the fluids become tightly coupled to the magnetic field (i.e., charge
separation effects disappear). This relationship is also shown in Figure 1-1.

Other asymptotic approximations are also instructive. MHD models assume negligible electron
inertia, and in the case of ideal MHD, an infinite speed of light [8, 22], and therefore treat the
plasma as a single conducting fluid. The Hall-MHD model captures some charge separation
phenomena by allowing for different bulk ion and electron velocities, which permits finite Larmor
radii. A full discussion of the scalings for which the MHD, Hall-MHD, and two-fluid models are
valid is presented in [8].
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B. GENERALIZED OHM’S LAW

5.1. Recasting the Two-fluid Equations

To capture charge separation (displacement current) effects in a plasma, it is not always necessary
to fully describe the ion and electron motion. In particular, the electron inertia may be negligible
compared to the ion inertia, because of the physical difference in mass of each particle: even in a
hydrogen proton-electron plasma, the mass ratio m; /m, is on the order of 1800. With this
approximation, the two-fluid equations are rewritten in a center-of-mass frame to yield equations
describing the bulk fluid motion and charge separation effects. In particular, a PDE is derived for
the current density, J, which is cast as a generalized Ohm’s Law, hence the name for this

system.

The model begins with the ideal two-fluid model, (4.46)—(4.51) without momentum transfer
terms. We note that this derivation largely follows [12] in which momentum transfer source terms
are retained, however. First, we define quantities in the center-of-mass frame: the density,

P = Pi+ Pe = min; +mene, (5.1)
the charge density,
q = qini +qene, (5.2)
the center-of-mass velocity,
n= Pt Pelle (5.3)
p
and the current density,
J = qiniu; + geneu,. (5.4)

The separate fluid velocities may now be rewritten in terms of the new variables:

o= LU Per, 55)
ni(qem; — qime) P
", = —qipu-+m;J :u_&n (5.6)
ne(Qemi - Qime) P
where the Hall velocity, I" is defined as
F—u_u,=_ Pau-J) (5.7)

ning(qem; — qimy)
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Casting the continuity equations into the new variables is trivial. The mass conservation equation
is simply the sum of the single fluid equations, and the charge conservation equation is the sum of
the ion equation multiplied by g;/m; and the electron equation multiplied by g, /m,:

dp

a—t“f—V-(pll) =0,
dq B
E—FV'J—O.

Note that these equations are exact, i.e., the negligible mass approximation was not needed to
derive them.

The momentum equation is derived by summing the two-fluid equations and substituting the

velocity expressions (5.5)—(5.6). This yields

9pu
ot

pm;m,

nine(qem; — qime)

+V[pu®u+pl+ 2(q2u®u—q(u®J+J®u)+J®J)

=gE+JxB. (5.8)

Multiplying the ion and electron momentum equations by ¢;/m; and ¢, /m, and summing gives a
long expression for the current density:

aJ
3|

4iqeqP U U — gig.p* (U@ J+J @ 0) + (ginem? + genim?)J 2 J

nine(qem; — qim,)?

, 2, 2
+ (%pl+%pe> I:| — it (E+UiXB)+qene (E+ueXB) (59)

A .

i me

These equations are somewhat unwieldy in this form until the approximation of m, < m; is
applied. By inspection, the momentum correction term is O(m,/m;), and the simplified equation
can be written down:

dpu

ot
Note that this is the same form for the fluid momentum equation as is seen in MHD models; the
generalized Ohm’s Law differs by including the PDE for the current density alongside. To
simplify (5.9), note that p ~ m;n;, and

+V-(pu®u+pl)=gE+J xB. (5.10)

u; ~u,
1

gelle

(J —ginju).

ueN

With some further manipulation, the generalized Ohm’s Law equation for negligible electron
inertia is derived:

a e
8_J+V.{J®J+( 9 —1) (qu®u—u®J—J®u)+q—Pe1}
t gelle gelle ble

:£[q6n8E+(J+(1_ 1 )u)xB} (5.11)

e gelle
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The energy equations are derived for the total energy density, &, and the electron energy density,
&. The definition of &, is unchanged, but is now rewritten in terms of the new variables:

De 1 2 De 1 m, )
&, = — = — J—q; . 5.12
=y 1PN = S g (miJ —gipu) (5.12)

The total energy density & = &; + &,, is given by

1 1 ;
g:L‘}‘_Puz—i— mlmep

h 12
-1 2 Znine(Qemi_Qime)z(pu R 213}

Writing the electron energy equation requires only substitution of the appropriate quantities to
obtain

dé, miJ —gipu iJ —qgipu
ey { D GPY (5 1 pe)| = goB - T —diPY (5.14)
The total energy equation is the sum of the ion and electron equations,
—+V'[ L ‘ (54—]9—@@5—]96)4— l cila (56‘*‘176)}
ot ni(qem; — qime) Ne(qem; — qime)
qem; — giMe qeMi — giMe
Now applying m, < m;, with a little algebra we obtain for the total energy,
& J—qu
—+V-[(<f+p)U+(o@e+pe) : 1=E-J, (5.16)
ot oMo
and for the electron energy equation,
dé, J—qu
"+V[(5g+p6) (u+ 9 )} =E- (J+ (¢—gene)u), (5.17)
ot gelle
where
5:L+lpu2—|—l Me (J — qu)? (5.18)
y—1" 27" T2 g, ’
2
Pe 1 J—qu
& = — . 5.19
e y—1 0 zmene (ll—|— deTle ) ( )
5.2. Nondimensionalization

In order to derive the generalized Ohm’s Law presented in [12], a nondimensionalization of these
equations is required in order to make scaling arguments for terms that can be neglected. First, the
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complete dimensional system:

P4V (pw) =0 (5:20)
0
P14V (pusu+ pl) =qE+J xB (5:21)
& J—qu|
= V- [(é”+p)u+(<§e+pe) e ] =E-J, (5.22)
dq B
E—I_V.J_O’ (5.23)
d e
8—J+V-{J®J+( | —1) (qu®u—u®J—J®u)—|—q—pe1
t gelle geNe Mme
_ % [qenem(J_( 4 —l)u) XB] (5.24)
me qelle
dé, —
V- [(@%pe) (u+Jq nqu)} =E: (J—(¢—gene)u). (5.25)

Next, we define the reference scales for the nondimensionalization, listed in Table 5-1. Two
important reference velocity scales are defined: first, the Alfvén speed,

By

Vi = , (5.26)
“ \/Pollo
which is the reference speed of the fluid center-of-mass flow, and second, the Hall speed,
B
Vig = ————, (5.27)
GeNeyMoLo

which is the reference speed for the charge flow. Note that the reference charge density, go, has an
unexpected definition that is a function of both Alfvén and Hall velocity scales to be consistent
with [12].

Replacing the dimensional variables with dimensionless equivalents, denoted by a tilde, the
continuity and momentum equations are:

== 6' oul :O,
57 +V - (pu)
Jpa - (~ Po ) £ 5=
—+V a®u+ pl) = -32GgE+JxB
ot p pOVaZO (Z)C]
2 N~
@%jﬁ J=0
c(z) or ’
AV = | Vi ~ ~ ([ VauVi V2 . De
—+V |2 )]+ | 221 ) | Raaei-ao)-Jou | + ——2—p.]
8t VaoﬁeJ J < ﬁec(z) d C% q J J meneOVhOVaope
BolLg | ~ Vi, = Vi Vi -
delle OO{E-{—( h(i J_(fo ;lo~_1)ﬁ XB}
mthO Vaone n€CO



Length x | Ly

Time t | to=Lo/ug
Density p | Po

Velocity u | Vg

Pressure P | po

Electron number density | n, | ne,

Charge density q | 90 = geneyVayVi,/ c%
Current density J | Jo = gene, Vi,
Electric field E | Ey = Boug
Magnetic field B | By

Energy & | &= pou%
Electron energy Ee | Eoy = Mehe, u%

Table 5-1. Reference quantities for nondimensionalization of the generalized
Ohm’s Law system (5.20)—(5.25). The reference Alfvén speed, V,,, and the
reference Hall speed, V,,, are defined in (5.26) and (5.27), respectively.

To simplify some of these terms, we introduce the following definitions:

pPo . PoMo .
_ _ , (5.28)
B o2l = g
V2
q =34, (5.29)
€0
v
V,= 10 (5.30)
Vaofie
Peg = Peo.UOPO ~
= , 5.31
ﬁe mene0V2 PeOB% Pe ( )

v 5 a2 —
Gy = nje ho ~Co2 Geley _ Aey/ ﬁeL(z)_ (5.32)
geiieBoLg neLO me&py

This last quantity is a normalization of the reference electron inertial length, A, = co/@pe,,
which is defined in terms of the plasma frequency

2
qeneo
= ) 5.33
a)peo My € ( )
For the energy equations, the nondimensional forms of (5.18) and (5.19) are

~ B L., 1P . 2

&= +pi + = 22055,V (J - : (5.34)
y—1 2p 3o eV I=d9)

o — Pe (u—i—Vh(J qu))z. (5.35)
y—1 2
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With a little manipulation, and using the quantities identified above, the complete nondimensional
system is as follows:

P 49-(pw) =0 (536)
agf“ +V-(pu®ia+pl) =q¢E+J xB, (5.37)
38 = [.5 e 13 - <.
V| B PG o (3 )| < T B, (539)

/ I
%qf +V.J=o, (5.39)
aj =[x = ! I o~ o~ o T oo Vao
=tV Vid@J+ (Vig' = 1) (i@i—-a@J-Jou) + -2 .1

t i Vho

1 e . N

= 73 [E+ (Vid = (Vag' —1)8) xB], (5.40)
b, = 14 N T 1 Vig 1o = e
55 + V- [(Gt Be) (8 V(T —q'W)] = 75 72 (Vid — (Vig' — D)) -E. (5.41)

e "dadg

From this system, scaling arguments can be made to simplify the equations (and the equation for
J in particular) to derive a models of intermediate complexity between the full two-fluid system
and MHD.

5.3. Simplified Generalized Ohm’s Law Models

We can simplify towards an MHD model by neglecting charge separation effects due to ¢/, the
flow of free charge relative to the current density, ¢'i < J, and electron energy/pressure terms.
Thus

% +V.(pi) =0, (5.42)
agf“+?-(pﬁ®ﬁ+ﬂ1) =JxB, (5.43)
08 - 8 -

5 TV (0(&+p)) =T E, (5.44)
g - <~

o7 +V-I=0, (5.45)
dJ

E+ (V,J+u) xB]. (5.46)



Note that the energy, &, is now defined as

1 pe,

= B 272
E=—— — n.VieJe. 5.47
2p0 " >47)

+ 152y
—pPu
y—1 2P

Further simplification can be made by assuming that the electron inertial length goes to zero to
yield the Hall MHD approximation,
E+ (V,J+1a) xB=0. (5.48)

Note that a conductivity term would appear in this equation if collision terms had been kept in the
ion and electron equations.
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6. TWO-FLUID VERIFICATION USING LINEAR PLASMA WAVE
SOLUTIONS

The general two-fluid plasma equations have a rich and detailed mathematical structure even in
the limits of low temperature and limited collisionality. This can be understood by a simple
counting argument. In three spatial dimensions there are five equations for each species (mass,
momentum and energy) and three equations each for Faraday’s and Ampere’s laws. Thus the
basic two-fluid system has sixteen degrees of freedom and is hyperbolic with interacting source
terms. A useful starting point for building understanding of the system is a dispersive linear wave
analysis about a reference base state. This will be used here, along with some additional
approximations, to provide a verification approach for the two-fluid system.

For cold plasmas, a comprehensive picture of the possible wave modes is possible using the
Clemmow-Mullaly-Allis (CMA) diagram (e.g., in [4]) to classify waves at different frequencies.
This diagram provides a visualization in density-magnetic field space of the waves supported in
different frequency regions and their character. The waves are generally anisotropic with respect
to the magnetic field direction. Capturing both phase and group velocity (ray velocity, wave front)
surfaces as a function of wave-normal direction are of interest for numerical verification purposes.
Since plasma waves are highly dispersive, the wave analysis is much more complicated than
simpler non-dispersive systems.

A very large class of analytical and semi-analytical solutions to propagating small-amplitude
waves in plasmas exists [4]. These solutions are obtained by assuming a traveling wave form
exp(ik - x — imt) for the solution fields and appropriately linearizing the governing equations. To
maintain tractability of the plasma wave solutions developed here, we will restrict our attention to
single-fluid (electron) and two-fluid (electron-ion) cases. For the latter, denoting the electron fluid
with subscript e and the singly-ionized fluid with subscript i, the continuity and momentum
equations from the two-fluid model are given by

dpe. _
o+ V- (peue) =0, (6.1)
Ipi
alz +V- (py) =0, (6.2)
a(getue> +V. (peue XU, +p€1) - _% (E+ue X B) +Ren’ (6.3)
‘)(g;“i) +V- (piu;@u;+pil) = % (E+u; x B)+R". (6.4)

We are neglecting ionization/recombination reactions and the viscous stress tensor, but retaining
collisions with a background neutral species. The pressure terms are modeled by an adiabatic
equation of state for species a where p,n, ¥ is constant, which results in V Pa = YkpT,Vn,. Here,
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the adiabatic constant is for one-dimensional (single degree-of-freedom) compressive waves,
which is set to ¥ = 3. For the collision terms, we assume a stationary neutral species (u, = 0)

yielding R = —myn u,Vgy,.

Maxwell’s equations for free space are repeated here for completeness,

V.Ezi,
&
V.B=0,
B
VxE=-2
% ot’
1 JE
VB = ol 5

where the charge density is ¢ = e(n; — n.) and the current is J = e(nju; — nou,).

For harmonic traveling waves in the k direction, the solution fields can be represented as

Ne = Pe/Me = ng + il exp(ik - x — iot),
n; = pi/m; = no+njexp(ik-x—iwt),
u, = t.exp(ik-x—imr),

w; = ;exp(ik-x—ior),
E=Eexp(k-x—iwt),

B =By + Bexp(ik-x—iot).

(6.5)
(6.6)

(6.7)

(6.8)

(6.9)
(6.10)
6.11)
(6.12)
(6.13)
(6.14)

Here, the tilde versions of the variables refer to small amplitude perturbations with respect to

plasma number density ny and external magnetic field By.

As shown in [4], the sole requirement for linearizing the system above is that the particle

velocities are small compared to the wave phase velocity, i.e. ||u|| < @/k. Under this

assumption, the nonlinear terms in the continuity, momentum, and Ampere’s Law equations are

approximated as

8pa - ong
ot +V'(paua>’vma(at +n0V‘ua>7
d(pauy) du,

Y + V- (pauy @u,) ~ M= =,

E+u, x Bx~E+u, x By,

J = e(nju; — nou,) =~ npe(u; —u,).
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(6.18)



The overall system of equations in harmonic form thus reduces to

Wi, = nok - U, (6.19)
oi; = nok - 4;, (6.20)
. kV2
@i, = — (B 4+ i, X Bo) — i1, — Venile, 6.21)
me no
. kV2
—iou; = i(E +1; X Bo) ——L7; — v, (6.22)
me I’Z()
ieck - E = e(ii; — ii,), (6.23)
k-B=0, (6.24)
k x E = 0B, (6.25)
igoc’k x B = noe(ii; — ii,) — iggK. (6.26)
Here, the adiabatic sound frequencies are Vs, = \/YkpT,/m,. These equations can be solved to

obtain the fundamental mode shapes and corresponding dispersion relations @(k), where the
number and character of the modes depend strongly on many factors, including the existence and
alignment of B relative to k, species temperatures, and collisionality.

The dispersion relations for these modes are described in detail in [4], while the full expressions
for each verification problem are given the following sections. For convenience, we will assume
without loss of generality that the wavevector k = (k,0,0) is pointing in the x; direction, and
consider external magnetic fields which are zero (By = 0), aligned with the direction of
propagation (Bg = (By,0,0)), or normal to the direction of propagation (By = (0, By,0)). For
consistency in treating these linearized waves, we introduce a dimensionless perturbation
parameter

k
& = max{[[u]], [Juil|} <1
to ensure that the linearization condition is always satisfied.

Since we do not discuss any particular numerical method in this report, the dots (labeled "sim"
on some of the plots that follow in the sections below give representative results to show how
specific frequencies can be computed at a given wavenumber and cross-plotted on the exact
dispersion curves. Each dot represents a single computation in which numerical initial conditions
are chosen to match the desired mode and thus isolates the wave mode of interest.
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6.1. Cold Unmagnetized Electron Plasma Waves

The cold unmagnetized collisionless electron plasma waves are the simplest version of the

general formulation above. Here, the ion species is assumed to be immobile and represented

exclusively as a constant charge density n; = ng used to balance Gauss’ Law for E via

&V -E(x,t) = e[n;(x) —n.(x,7)], B=0, and T, = 0. Under these assumptions, both longitudinal
electron plasma (LEP) and transverse electromagnetic (TEM) waves propagate. The longitudinal
electron plasma wave has a complex dispersion relation that is independent of k and is simply:

eZng
O = Wpe = .
Eom,

The full LEP wave mode solution is:

Pe(X,1) = mengp[1 + 8 sin(kx; — ot )]
@ .
u,(x,1) = ;5<sm (kxy — 601‘),0,0)7
_ o _
E(x,t) = 80k5<cos(kx1 wt),0,0),
B(x,7) = (0,0,0)

Note that this is fundamentally an electrostatic mode since V x E = 0.

The transverse electromagnetic wave has a dispersion relation given by:

0= \/02, + .

(6.27)

(6.28)
(6.29)

(6.30)
(6.31)

(6.32)

This asymptotes for small k to @ = ®),, and for large k to @ = ck. This mode is linearly polarized

and has the following form:

Pe (X7 l) = niehg,

u(x,1) = %5 (o, sin (kxy — cot),O) ,

E(x,1) = ZOLZ 1 _5172 (O,cos(kxl - a)t),0>,
0
B(x,1) = ;L;)) — (o,o,cos (kxy — wr)),

where the index of refraction is ) = ck/ ®.

The dispersion relation for these two waves is shown in Figure 6-1.
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Figure 6-1. Dispersion plot for collisionless LEP (blue) and TEM (green) un-
magnetized cold plasma waves, with 1y = 10'® m—3.
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6.2. Cold Magnetized Electron Plasma Waves

The magnetized plasma waves considered here differ from the previous section due to the
presence of an external magnetic field By, which results in a richer set of wave modes. These
cases are useful to test the interaction between magnetic fields and charged particle currents,
which was not represented in the unmagnetized wave solutions. For tractability, we only consider
the collisionless (V,, = 0) case. In addition to the plasma frequency, the electron cyclotron
frequency @, = eBy/m, now appears.

Fundamentally different classes of waves propagate in directions along and normal to Bg; we
consider each class separately by considering By = (By,0,0) and By = (0, By,0) cases while
maintaining a common wave propagation direction k = (k,0,0). The modes that propagate along
the magnetic field are the LEP wave, right-hand circularly polarized (RCP), and left-hand
circularly polarized (LCP) waves, for which the dispersion relations are shown in Figure 6-2. The
modes that propagate normal to the magnetic field are the ordinary (O) and extraordinary (X)
waves, for which the dispersion relations are shown in Figure 6-3.

10°

108

n
5
5 107
e
3
LEP, exact
— RCP, exact
10°} — LCP, exact |7
e LEP, sim
e RCP, sim
e LCP, sim
10° !
102 101 10° 101

k [radian/m]

Figure 6-2. Dispersion plot for magnetized cold plasma waves along the mag-
netic field, with np = 10'> m—3 and By = 10~* T.

The LEP wave appears in the magnetized case completely decoupled from the magnetic field.
Thus the dispersion relation is again

0 = Wpe, (6.37)
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Figure 6-3. Dispersion plot for magnetized cold plasma waves normal to the
magnetic field, with 7o = 10'> m—3 and By = 10~ T.

and the wave mode solution is

Pe(X,1) = meng[1 + 6 sin(kx; — wt)],

u(x,1) = %6<sin(kx1 - an),o,o),
_ 9 _
E(x,7) = ek <cos(kx1 a)t),0,0),

B(x,1) = (Bo,o,o).

For a magnetic field aligned with the wave vector, the RCP wave has an implicitly-defined

dispersion relation given by

2
;5,0
242 _ 2 _ _pe

C §
o—Q.

(6.38)
(6.39)

(6.40)

(6.41)

(6.42)

This equation has two solutions for @(k), resulting in two distinct branches. The lower branch
propagates for @ < @, where the asymptotes for small and large k are ® = @,.c’k>/ Wpe and

W = @, respectively. The upper branch propagates for @ > wy = 4/ a)l%e + ia)cze + %a)ce, where

the asymptotes for small and large k are ® = wy; and @ = ck, respectively. The wave mode
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solution is

Pe(x,1) = meno, (6.43)
u,(x,7) = %% <O,Sin(kx1 — ot),cos(kx; — a)t)), (6.44)
E(x,) = %I_an (0,cos(kx1 — 1), —sin(kx; — wt),O) : (6.45)
B(x,1) = (BO, 0,0) + %%ﬂz (0, sin(kx; — or), cos(kxj — an)). (6.46)

The LCP wave admits only a single solution branch, with the dispersion relation

2
-, 0

) 2 pe

ckf=w"— ——r. 6.47
O+ Q. ( )

This mode propagates for @ > wy; = 4/ a)ge + iQ%e — %ch. The asymptotes for small and large k

are @ = p] and ® = ck, respectively. The wave mode solution is

pe(x,1) = meno, (6.48)
u,(x,7) = %% (O,Sin(kxl — ot),—cos(kx; — cot)), (6.49)
E(x,1) = %Ookl—inz (0, cos(kxy — @r), sin(kx; — wz),O), (6.50)
B(x,1) = (Bo,o,0> + \/.;_ngwl_inz (0, —sin(kx; — o), cos(kx; — an)). 6.51)

In a transverse external magnetic field, By = (0, By, 0), the ordinary (O) wave has a dispersion

relation given by
W=/ wge +c2k2. (6.52)

Asymptotes for small and large k are ® = @), and @ = ck, respectively. The wave mode solution
is

Pe(X,1) = meno, (6.53)
u(x,1) = %5 (o, sin(kx; — W:),o), (6.54)
eng O
Ex,f) = 512 o (O,cos(kxl _ 0)@1‘),0) , (6.55)
_ eny 90 _
B(x,1) = (o,Bo,o) g (o,o,cos (kxy w,%t)). (6.56)

The elliptically polarized extraordinary (X) wave has dispersion relation

0? — 02 (0?* — ?
pjo_ (@ 0B (@ o) o)
w?— 0?2,
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where @, = 4/ (U[z)e +Q2, is the upper hybrid frequency. This mode has two distinct branches: a

lower branch that propagates for wy; < ® < ®,;, and an upper branch that propagates for

@ > ;. The lower branch has asymptotes for small and large k of @ = @wy; and © = @,
respectively, while the corresponding asymptotes for the upper branch are ® = @y, and ® = ck.
The wave mode solution is

Pe(X,t) = meng[1 + &' sin(kx; — wt)], (6.58)
v 2
w . w”— o 0]
u,(x,1) = E& (sm(kxl — wgt),0,—(1— nz)Tuhw—cos(kxl — a)t)> , (6.59)
pe ce
w— w2
E(x,1) = ;iza/ (cos(kxl — wyt),0, ?hwﬂ sin(kx; — wt)) , (6.60)
w? — w?
B(x,7) = By <o, =8 sin(kv) - wt)), (6.61)
ce

where the scaled perturbation strength &’ is related to & by

(6.62)
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6.3. Cold Collisional Electron Plasma Waves

Analytic progress can be made for the simple collisional case of a cold unmagnetized electron
plasma interacting with a stationary neutral fluid, where a single collision frequency V,, describes
the interaction. It serves as a damping term for the waves described in section 6.1. A dispersion
plot of the real part of the frequency for varying collisionality is shown in Figure 6-4.

1011
1010} 1
7Y 0 0
& 0.5 1
® . 15
= . 1.8
3 1.9
10° 1
=—— LEP
— TEM
108 - -
10° 10! 10? 103

k [radian/m]
Figure 6-4. Dispersion plot for LEP (blue) and TEM (green) unmagnetized

cold plasma waves with various levels of collisionality and ny = 10'® m—3.
Here, the numbers for each curve are values of v,/ @p,.

The collisional LEP wave has the complex-valued dispersion relation

0 = /02, — (Ven/2)* — iVen /2. (6.63)

Here, we split o into real and imaginary parts via @ = @0y — i®_», where @4 and @ » are both
positive real numbers. The real part @z is interpreted as the frequency of oscillation while
@ > 0 is the damping factor; note that w_» < 0 would imply a growing (or unstable) mode,
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which is not expected for linear plasma wave theory. The corresponding wave mode solution is

Pe(X,1) = meng[1 + 8¢~ " sin(kx; — wyt)], (6.64)
u,(x,7) = %&—wﬂ (sin (kxy — @yt —arctan(@.y /)0, o) , (6.65)
E(x,7) = %&—W (cos(kxl _ a)%t),0,0), (6.66)
B(x,7) = (0,0,0), (6.67)

where |0| = /02, + 0%,

In the collisional case, the transverse electromagnetic wave has the implicitly defined complex
dispersion relation

2 4
(0] @, (Ve / @
R - D i peVen/ )2. (6.68)
1+ (Ven/ o) 1+ (Ven/ )
This mode is linearly polarized and has the form
Pe(X,1) = meny, (6.69)
e (x,1) = %&W (o, sin (kx; — @yt — mEM),o), (6.70)
eny o . _
E(x,r) = 20 19 5, “’f’(o,cos kx| — ot ,0), 6.71)
(x,7) P — (kx) — wgt)
B(x,t) = _O0 st ((),O, Ccos (kx1 — gyt + arctan(av/ag))) , (6.72)
€ WTEM
where the the frequency @wrgym and phase shift ¢rgy are
1
o = o303 (0 7+ 03 (o 26 673)
0z (|o|*+c%?)
t = . 6.74
O = (0P — ) e
(6.75)
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6.4. Warm Electron Plasma Waves

The introduction of temperature to the electron fluid modifies the linear dispersion wave behavior
of the system by changing the asymptotes of longitudinal oscillations in the large-wavenumber
limit. It is convenient to define a set of normalized parameters to describe the relative strength of
thermal and electromagnetic effects. A normalized representation of electron temperature is given
by the ratio of the electron sound speed to the speed of light:

2
Vse kgT,
= = . 6.76
2 myc? ©.70)
A normalized electron density is given by the ratio of the wave frequency to the plasma
frequency:
2 2
0) W
=T (6.77)
5, e’n,
The background magnetization can also be normalized by the electron plasma frequency:
. 2 2
; B 1
e _0__ M (6.78)
®;,  Homene ¢ c
which is effectively a normalization of the electron Alfven velocity,
B
Vae = ——=, (6.79)
HopPe
by the speed of light. Finally, the wavenumber can be normalized by the electron skin depth, J,:
20 S o
O ki = o) k. (6.80)
pe

The dispersion relations for the warm electron fluid case are plotted in Figures 6-5 and 6-6 for the
cases of the applied magnetic field being parallel to the wave vector and normal, respectively.
These show the thermal effect in asymptotic behavior compared to the cold case shown in Figures
6-2 and 6-3.

For the warm LEP wave, the dispersion relation now depends on the electron temperature:

wz

2 —_—
w2,

Vs 2,2
se
1+ C—Zdekx, (6.81)

with the resulting wave mode solution, now including the pressure term:

Pe(X,1) = meng (14 6 sin(ky — wt)), (6.82)

u(x,1) = 5% sin (ke — 07) R, (6.83)

P.(x,t) = Py (1 + yd sin(ky — wt)), (6.84)

E(x,1) = 8 2 cos(ky — w13, (6.85)
8()k

B(x,1) = 0, (6.86)
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102

Figure 6-5. Dispersion plot for warm plasma waves parallel to an applied
magnetic field. For RCP and LCP, the ratio of cyclotron frequency to plasma
frequency is a constant ../ w,. = 1/4. The leftmost diagonal dashed line rep-
resents the speed of light, while the rightmost one represents the speed of
sound, v,, = 0.1c.
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Figure 6-6. Dispersion plot for warm plasma waves normal to an applied mag-
netic field. The left diagonal dashed line represents the speed of light, while
the right one represents the speed of sound, v, = 0.1c.
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where the reference electron pressure is

Wlel’l()C2 V?e
Y c

Note that the solution remains independent of the magnetic field along the direction of
propagation.

Solutions to the other wave modes can be derived by the same procedure as before.
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6.5. Warm Unmagnetized Electron-lon Plasma Waves

The warm ion-electron plasma waves introduce two fundamental complexities to the cold electron
waves described to this point. First, the introduction of the much slower ion species results in
significant stiffness in the numerical system. Second, the adiabatic pressure gradient term appears
when a finite temperature is specified for each species. In the unmagnetized case, LEP,
longitudinal ion plasma (LIP), and TEM waves propagate, which are described below. The
dispersion relations for the LEP, LIP, and TEM waves are shown for an ion mass of 100m,
(chosen for computational expediency) in Figure 6-7.

1011
1010__
w
B
5 1071
©
3
108} ;
2" ’ — LEP
. . — P
/7 /
A 40 — TEM
107 / 1 1 Z 1 1 L
10° 10! 102 103 104 10° 106
k [radian/m]

Figure 6-7. Dispersion plot for unmagnetized warm electron-ion plasma
waves with 100m, ions and ny = 10'® m—3.

For the LEP wave, the dispersion relation is given by

A+ VA2 —4C
0= +—, (6.88)
2
where the constants A and C are
A= 0F,+ o+ (Vi +ViK, (6.89)
C = (0p, + W+ Vo + VK + VR ViK', (6.90)
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This asymptotes to & = @, = , /a)[%e + a)fn. and @ = Vi k for small and large values of £,
respectively. The LEP wave mode solution is

Pe(X,1) = menp[1 + &' sin(kx; — o1)], (6.91)
]
e (x,1) = Es’(m () — an),o,o), (6.92)
0’ — w5, — KV o,
pi(x,t) =ming |1 — 7 0'sin(kx; — wrt) |, (6.93)
5,
2 2 2172
w0 —w;, —k°V;
w(x,1) = -2 LR 5’<sin (kx; — cot),0,0), (6.94)
k w5,
2 _ 2y2
0°—k°V,
E(x,1) = @72“6’@05(1@. _ a)t),0,0), (6.95)
gk  f,
B(x,7) = (0,0,0), (6.96)
where the scaled perturbation parameter is given by
s 02 — 02 — k2V2
< =max < I, p‘; o N (6.97)
o 5,
For the equivalent ion wave, the LIP, the dispersion relation is
A—+A2—4C
W= — (6.98)

with the same constants as for the LEP wave. This asymptotes to @ = Vi,k and @ = Vj;k, where

Vip = \/ VS% + (me/m;)?V2, for small and large values of k, respectively. The wave mode solution
is

w? — w3 —k*V?
Pe(X,1) = meng |1 — - 28’ sin(kx; — a)t)] , (6.99)
@y,
w? — 0% — kK2V?2
u(x,1) = _% o 6’(sin (kxy — cot),0,0), (6.100)
pi
pi(x,t) = mng[1 + &' sin(kx; — ot)], (6.101)
w(x,7) = %&(m (ks — cot),0,0), (6.102)
2_p2p2
E(x,f) = — 02 X ki g (cos(kxl - an),0,0) , (6.103)
&k ,;
B(x,7) = (0,0,0), (6.104)
where 3 . -
0 — o —k°V:
ﬁ/ — max{l, - 2 } . (6.105)
o) ,;




The warm electron-ion TEM wave has dispersion relation

® =/ 02+, (6.106)

where @, = 4 /0)1%6 + (9;2;1'- This mode asymptotes to @ = @, and @ = ck for small and large
values of k, respectively. The wave mode solution is

Pe(X,1) = meny, (6.107)
u(x,1) = %5'(0,sin (k) — wz),O), (6.108)
pi(x,1) = myno, (6.109)
0? — 3, — k*c?
wi(x,1) = _% a’)’é 5 (o,sin (k) — wt),O), (6.110)
2
_ mew? , B
E(x.1) = 758 <cos(kx1 an),o,o), 6.111)
B(x,1) = <25 (0,0,cos (kx) — ar)), 6.112)
e
where ) ) -
0 —w:;,—k
LA— e = ° |1 (6.113)
0 5,
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6.6.

The magnetized versions of the warm electron-ion plasma waves are significantly more complex
than for the cold electron waves. As in the cold magnetized case, different waves propagate
parallel to and normal to an imposed magnetic field. For B parallel to the wave vector, LEP, LIP,
RCP, and LCP modes propagate, and these are shown in Figure 6-8. For By normal to the wave
vector, LEP, LIP, transverse O, and partially transverse X waves propagate. Note that the LEP and
LIP waves propagating normal in the By = (0, By,0) case are very different from those
propagating along By, while the O wave is the same as the TEM mode from the warm two-fluid

unmagnetized case.

Warm Magnetized Electron-lon Plasma Waves
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Figure 6-8. Dispersion plot for magnetized warm electron-ion plasma waves

104

parallel to an applied magnetic field with 100, ions and ny = 10'2 m 3.

The expressions for the dispersion relations in each of these cases are significantly more complex
and tedious to extract, but can still useful for code verification since there are few other analytic

solutions in this regime.
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7. CONCLUSION

We have summarized in this report numerous details associated with a hierarchy of plasma models
that are appropriate for modeling plasmas from very low to high density and varying levels of
charge separation. The models include the multi-species Boltzmann equation and various moment
models leading to useful fluid plasma approximations. Focusing on five-moment models, we
discussed a three-fluid model, a two-fluid model, and an associated Generalized Ohm’s Law
model including additional possible simplifications. Each of the plasma fluid models describes a
set of transport equations coupled to Maxwell’s equations. These systems are primarily
hyperbolic in nature, with complex dispersion relations associated with multiple propagating
wave types. We demonstrated a linear-wave verification approach for verifying the dispersive
wave characteristics of various forms of the two-fluid equations. A similar approach can be used
to help verify the numerical implementation of any of the equation sets discussed in this report.
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