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Preface

The first part of this book grew out of the lectures from the principal grad-
uate plasma physics course at Auburn University in 1989-1990. Significant
additions were included in 1996. The principal text for this first part was the
assigned text by Davidson, Introduction to Plasma Theory, and the early
chapters generally follow that text. The portion relating to the kinetic theory
of plasma waves and Appendix A is largely drawn from my text, Plasma
Waves, 2nd Edition. The last three chapters and Appendix B is largely
from W. Marshall’s Kinetic Theory of an Ionized Gas, parts I, II, and III
(unpublished, issued as A.E.R.E. T/R 2247, 2352, and 2419). I have edited
and corrected some parts of these reports and expanded his Appendix. These
chapters were included because there is not an easily accessible source for the
transport coefficients or their derivation.

The first four chapters and perhaps chapter 6 are suitable for an intro-
ductory course in plasma physics, but the other chapters are more appro-
priate for an intermediate or advanced course in kinetic theory. Chapters
4, 5, and 6 could be used for a course in plasma waves except that cold
plasma waves would need to come from another source (check my webpage
at electro.physics.auburn.edu/~swanson/ for download). My text, Plasma
Waves, 2nd Edition, provides a complete source for such a course.

If typographical or other errors are discovered, please report them to
swanson@physics.auburn.edu. Errata will be posted on my webpage.

SI units are used throughout, although sometimes the temperature or en-
ergy may be given in electron volts. In such cases, a subscript is added, such
as T,y or Wey.

D. Gary Swanson
Physics Department
Auburn University, AL
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1
INTRODUCTION

1.1 Overview

Before we examine in detail the behavior of plasmas in a wide variety of limits
and configurations, we first need to establish what a plasma is and learn some
of the basic parameters which characterize a plasma. While one may speak
quite generally of a collection of charged particles as being a plasma, there
are restrictions which require that the interactions of the charged particles be
dominated by electrostatic forces (as opposed to collisions with neutral atoms
or boundaries), and that the force on an individual charged particle should be
dominated by weak interactions from a large number of particles rather than
by stronger interactions with its nearest neighbors. For example, cosmic rays
produce ionization in air, but the collection of charged particles so formed is
dominated by interactions with neutral molecules so that the charges effec-
tively fail to “see” one another, and hence fail to form a plasma. In another
limit, an electron beam is a collection of charges, but their mutual interac-
tions are typically weak compared to the external fields, so only in very dense
electron beams do plasma effects begin to play a role. While most plasmas
are “quasineutral,” which means that the deviation of the charge density from
neutrality is a small percentage of the total charge, one-component plasmas
do exist, even though the self-consistent electric field is not small.

In order to characterize a plasma, we will nearly always begin without a
magnetic field in order to simplify the analysis, but will subsequently include
magnetic field effects because of the rich variety of effects and applications.
We will begin with a brief examination of a characteristic time (or frequency),
length, and velocity, although we will see that any pair determines the third
of these plasma fundamental quantities. The addition of a magnetic field will
introduce additional frequencies and velocities which will further characterize
the plasma state.

www.mana



2 Prasma KINETIC THEORY

1.2 Plasma frequency

In order to estimate the characteristic
time for an unmagnetized plasma, we
shall displace some charge from equilib-
rium and estimate the time for the sys-
tem to return to equilibrium. For this ex-
ample, we shall imagine moving a slab of

electrons to the right as in Figure 1.1, and
assume the background ions are immobile. From Gauss’ law, where we draw

a Gaussian surface as indicated by the dashed lines, we obtain the electric
field from the now unneutralized ions as

FIGURE 1.1
Electron slab displacement.

%D-dSzeoEwAzszAa::neAx,

where A is the area of the displaced charge, n is the particle density (#/m?),
and e is the electron charge (1.6 - 10719 Coul.). From this, the electric field is
E, = nex/eg. This electric field acts on the displaced electron charge, drawing
it back towards equilibrium so that
d*x
F =QE, = (—neAx)(nex/ey) = nAxme@ ,

d’z ne?
—_—= - . 1.1
de? <meeo) v (1.1)

This is the simple harmonic oscillator equation with frequency wy. given by

or

2
9 ne

= 1.2
o= (12)

and indicates that instead of simply relaxing to equilibrium, the disturbance
will oscillate at the plasma frequency. The characteristic time is just the
inverse of the electron plasma frequency.

Problem 1.1 Plasma frequency. Determine the accuracy of the simple for-
mula fpe = wpe/2m = 9/Nc.

1.3 Debye length

There are several ways to infer a characteristic length in a plasma, depending
upon which physical principles one wishes to emphasize. That each method

www.mana



INTRODUCTION 3

of estimation gives essentially the same length is indicative of its fundamental
nature.

The first and simplest way is to relate the characteristic time and velocity
to find the length. Even though we frequently call a plasma “cold,” it still has
a mean thermal speed which characterizes the motions of the charges about
equilibrium. Neglecting the subtleties between the most probable speed, rms
speed, etc., we take the fundamental speed to be v = y/kpT/m, so that the
length is given by

T
L =vt =\/kT/m/wpe =1/ 50:@32 . (1.3)

This length is called the Debye length, usually denoted by Ap, and is funda-
mental to plasmas and even to the definition of what a plasma is.

The most definitive way to estimate this fundamental length is to investigate
what is called “Debye shielding.” In order to get an idea of what causes
shielding, we imagine that in the presence of a positive/negative test charge g,
ions will in general be deflected away/toward the test charge as they stream by,
and electrons will be deflected toward/away. The result is that on the average,
there will be less positive/negative charge inside any sphere than there would
be if the streaming particles were undeflected. From Gauss’ law, this means
the net charge seen from outside the sphere will be reduced, or that some of
the test charge will be “shielded,” and the amount of shielding will increase
with distance since the effect is cumulative. Debye originally estimated the
shielding of ions in an electrolyte. In order to make this estimate, we use
Poisson’s equation with a test charge at the origin, so that

P q €
Vip=—-2=—-25(r)— —(n;—n
p=—L=—Lsr) - Stni—no).
where n; and n. are the ion and electron densities. These densities will be
influenced by the potential, so we estimate the effect by using a Boltzmann

factor, such that

— ) ep
n: = n.ine ep/kpT; ~n: 1—
% 30 20 kBT’z

_ ep/kpTe ~ 1 ep
Ne Neo€ Teo ( + kBTe ’

where we have assumed that the electrostatic energy is small compared to
the thermal energy. If the unperturbed plasma has no net charge, so that
N30 = Neg = No, then Poisson’s equation becomes

1
V2o — 53 = —-d(r), (1.4)
D €0
where )
1 nge 1 1
— = . 1.5
)\ZD €0 (kBTz + kBTe> ( )
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4 Prasma KINETIC THEORY

The solution of this equation is

plr) = ——o ., (1.6)

dmegr

While equation (1.5) gives the definitive expression for the Debye length,
it still has inadequacies when we begin to consider what a test charge means.
The calculation is made for a test charge at rest only, but we may want
to know what electron potentials are like, and while we may easily imagine
electrons shielding other electrons, the thermal speed of electrons is so much
higher than that of ions and the ion mass is so much larger, that it is difficult
to imagine how ions could screen electrons. We also expect the faster elec-
trons in the distribution to be less shielded than the slower electrons, so we
have probably overestimated the shielding for a typical plasma particle, which
is not at rest. One way to estimate this effect is to assume that we have a
thermal distribution of test particles of specified mass and temperature, and
have velocity vy = /kpTi/m;. This idea is developed in Section 4.3.2. Av-
eraging the screening over the distribution, to lowest order, one finds from
equation (4.65)

1 w? w?

k2 = — = pe P 1.7
b AL v§+vf+vf+uf (1.7)

If the test particles are electrons, then v? > v? and the ion terms drop out
(order m./m;), while on the average, the electron shielding is only half as
effective as for a test particle at rest. If the test particles are ions, then
the electron contribution is undiminished (to order m./m;) while the ion self-
screening is halved. This calculation is not rigorous, but supports our intuitive
expectations.

From this understanding of the fundamental length, it follows that a plasma
must be many Debye lengths in overall dimensions. This is because we require
external fields to be largely excluded from a plasma, and any external electric
field will be shielded over this length scale. A collection of charged particles
which is smaller in extent than this length will be dominated by the external
fields, minimizing the mutual interactions, and while we may have a many-
body problem, we do not have a plasma.

Problem 1.2 Debye potential. Show that the potential of equation (1.6) is
a solution of Poisson’s equation, equation (1.4), for r # 0 and r = 0.

1.4 Plasma parameter

Having estimated the characteristic length for a plasma, we are now in a
position to define a plasma more definitively. If the electrostatic potential of
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INTRODUCTION 5

an individual particle extends about a Debye length, and we require a particle
to be influenced more by many distant particles than a few nearest neighbors,
we must have many particles in a Debye sphere, or

4
Np =nVp = ?ﬂ-n/\SD > 1. (1.8)

Np is called the plasma parameter, although sometimes the numerical factor is
ignored. As will be clear in Section 1.7 when we study collisions more closely,
the condition that the plasma parameter be large is a sufficient condition that
the trajectory of a single particle will be relatively smooth, making a finite
deflection via a succession of many small deflections rather than a few large
ones as occurs in interactions among neutral particles.

In deriving the Debye shielding potential, we assumed that the electrostatic
energy was small compared to the thermal energy. In order to estimate this
ratio, we take the thermal energy per particle to be %kBT and the mean
electrostatic energy per particle to be e?/4regAp, so the ratio is

€2 3 2
— / —kpT = ——.
4megAp /2 B 9Np

This result shows that the largeness of the plasma parameter guarantees the
validity of the Debye potential for a stationary test charge.

1.5 Distribution functions

Because of the enormous number of particles in a typical plasma, we never try
to describe the motion of each of the particles (although certain plasma sim-
ulation computer codes do try to follow the motion of pseudo-particles which
represent many real particles), but resort to describing them by a distribution
function, f(r,v,t), which gives some description of “typical” particles and al-
lows the equilibrium to be characterized. Although rarely in true equilibrium,
we most commonly describe the plasma by a Maxwellian distribution,

— m 2 —muv? /2T
f(v) (Qﬂ'kBT) e , (1.9)

which is normalized to unity so that f(v)dv represents the probability of
finding a particle with velocity v between v and v + dv. This is frequently
normalized to the number density of particles, so that one obtains the number
of particles with velocity v between v and v + dv, but we shall try to be
consistent with the definition given above.

www.mana



6 Prasma KINETIC THEORY

We frequently will need to distinguish between various species, and shall
use the notation
Ang = g fs(r,v)

where fis = Ns/V is the mean density per unit volume, with N, being the
number of particles of species s in volume V. In this expression, An, is the
number of particles of species s per unit volume between r and r + dr having
velocity v between v and v + dv, and

//ﬁsf(r,v)drdv = N;. (1.10)

1.5.1 Moments of the distribution function

Using the distribution function, we can evaluate the mean kinetic energy of a
plasma, with the result

3
/%mv2fdv = ikBT' (1.11)

This is exact for a Maxwellian distribution, and is effectively a definition of
temperature. If the distribution is not Maxwellian, then the system is not
in equilibrium, and there is no true temperature, but if the distribution is a
quasi-equilibrium, or one which is near equilibrium and very slowly changing
in time, then we may use the integral above to define an effective temperature.
If the actual distribution is not close to a Maxwellian, then the temperature
determined by this method will not be a good estimate of temperature, since
none exists, but it is still useful to think of the mean kinetic energy.

Other important features of a plasma described by a distribution function
are given by the various moments. In fact, a complete description may be
given either by a distribution function or by all of the moments. Since all
of the moments represent an infinitely complex system, we usually restrict
ourselves to the first three or four, such as

ng = ﬁs/fs dv, (1.12)

o= L2, e
p. — Mams [ (v = (wa))(v — {vs))fi dv (1.14)

J fsdv ’

where the first gives the density, the second the mean velocity, and the third
the pressure tensor. The next higher moment is the heat flux tensor, but it
becomes harder and harder to give concrete physical interpretations to the
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INTRODUCTION 7

higher moments. These parameters give a macroscopic description, whereas
the distribution function gives a microscopic description of the plasma. We
note that for an isotropic distribution at rest, the pressure tensor reduces to a
scalar pressure p; = ngskpTs times a unit tensor, so we can neglect the tensor
character of the pressure.

1.5.2 Magnetic pressure

In many plasma examples, a magnetic field is either imbedded in the plasma
or surrounds the plasma boundary. From the Maxwell stress tensor, a mag-
netic field may be characterized as having a pressure of p,, = B?/2uy N/m?
perpendicular to the local magnetic field. Since a plasma is characteristically
diamagnetic, a sudden application of a magnetic field will subject the plasma
to a pressure differential at the boundary which is balanced with the plasma
pressure in equilibrium. When the magnetic field is imbedded in the plasma,
it is useful to compare the ratio of these pressures, which is given by the
parameter

n,-k:BTi + TlekBTe
B2 /240

B = (1.15)

This plasma B should not be confused with the relativistic 5 = v/c. For
confinement of a plasma, a low 3 plasma means that the plasma pressure is
only a perturbation (though not necessarily unimportant) to the equilibrium,
while in a high 3 plasma, the plasma pressure plays a dominant role in the
equilibrium and its stability.

1.6 Cyclotron frequencies

With the addition of a magnetic field a plasma adds two or more additional
characteristic time scales or frequencies, and some additional characteristic
lengths. These are the frequencies of the gyro motion of the charged particles
as they rotate about a local field line, and the corresponding radii of these
gyrations are the fundamental lengths. The cyclotron frequencies are given by
we = ¢B/m and the corresponding Larmor orbit radii are given by pr, = v;/we,
with v; = \/2kpT/m. Some authors let w. be a positive or negative quantity,
depending on the sign of the charge, but we shall adopt the convention that
we = |¢B/m| and ew. = ¢B/m or € = q/|q| = £1.
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8 Prasma KINETIC THEORY

1.7 Collisions

Although we usually like to describe plasmas where collisions play a minor
role, we cannot shove collisions under a rug and ignore them because they
are fundamental to all relaxation processes, and put limits on the validity of
all analyses that ignore them. We have also required that individual particle
motions be determined by many small deflections from many distant particles
rather than a large angle binary collision which seems to be much simpler to
comprehend. Thus collisions play a role in our very concept of what a plasma
is, and hence we must carefully analyze the physics of the collision process in
plasmas.

1.7.1 Binary Coulomb collisions

T1

Vo
Zle

FIGURE 1.2
Sketch of scattering event between two ions with charges Zje and Zse.

We begin with simple binary Coulomb collisions which involve only two
particles, a projectile with charge Zye and mass m, traveling with speed vy
and an initially stationary target particle with charge Zse and mass msy. The
scattering encounter is illustrated in Figure 1.2. The equations of motion of
these two particles are given by

d2’l"1 o 212262(7‘1 — 7"2)

= 1.16

m dt2 47‘(60""1 — ’I“Q‘?’ ( )
d2T2 Z1Z2€2(7'2 — 7‘1)

= . 1.17

2" dmeglry — rof3 (1.17)
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By adding and subtracting these, we find

2 2 2,
ml% +m2%:(m1 +m2)%:0, (118)
d27"1 d27‘2 . d2’I" AL + mo Z1Z2€2’I” 1.19
W_ dt2 h @ - ( mimso ) 47T€0|7‘|3 ’ ( ' )
where
p= ATl e T —Ty.
mi + mo

Equation (1.18) describes the motion of the center of mass, and shows that
the center of mass does not move. Equation (1.19) shows that the motion
of the relative distance is the same as if a single particle of reduced mass
1w =mims/(mi + ms) moved about a fixed center.

In polar coordinates, we must solve

= Kr/r, (1.20)
with K = Z;Z9e? /4meop. Using

T =Tré,

= 1e, + 16 = e, + 108

P =ie, + 2i0eg + rheg — r6%é,
we have from the 7 and 6 components of equation (1.20)

i—r? = K/r? (1.21)
270 +76 =0, (1.22)

Equation (1.22) gives 726 =const., and from the initial angular momentum,
we have r20 = vgb where vy is the velocity of the projectile as r — oo, and b
is the impact parameter, which is defined as the distance of closest approach
if the trajectory were undeflected.

To solve equation (1.21), it is convenient to let u = 1/r, and let 6 be the
independent variable, so that

1
r=—

U
i b
I
. -d%u 222d2u
T:’UQbQW:—UObUW7

so that equation (1.21) becomes

d*u
—v%bQuQ@ —vdb*u® = Ku?
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or )
d“u
— =——=. 1.23
a2 T T (1.23)
The solution of this equation is
1 K
u:;zAcos(Q—i—é)—W. (1.24)
The initial conditions are #y = m, rg = 00, 79 = —vg, SO
v2b
tand = —— 1.2
an 7 (1.25)
1 K2 41,2
e _—v+b/”ob . (1.26)

From the solution of equation (1.24), the asymptotic deflection angle is given
by
Acos(f. + 6) = K/v3b?. (1.27)

One solution is of course . = m which was an initial condition, and the other
is . = m — 20, since cos(m + d) = cos(m — ¢§). Using the expression for J, this
gives )
tan& = £262 = cotd. (1.28)
2 4meqpuvgh
We now deduce that all of the particles which are incident with impact
parameters such that they pass through the annular ring between radius b
and b + db will be scattered into angles between 6. and 6. + df.. This fact,
and the definition of differential cross section, gives the flux scattered into
solid angle df? as

do(b.) = o(0.) dQ = o(6.)27 sin b, db, , (1.29)

since 2 = 27(1 — cos ). Conservation of particles then requires the number
entering the annulus to be the same as the number leaving through the solid
angle, so that

2rbdb = o(0.)27rsin 6. db.. , (1.30)

from which we obtain
b db

)= — 2
o(6c) sin 6, dd,

This leads to the Rutherford scattering cross section using equation (1.28),

(0,) = (K) | (132)

2 o
2v3 sin 5

(1.31)

(A negative sign is discarded because an increase in b leads to a decrease in
0..)
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/\Yb b+ db 9.\ \0c +doe

FIGURE 1.3
Sketch of scattering event between two ions with charges Z;e and Zse showing
the differential areas for the incident and scattered particles.

It is convenient to define an impact parameter which leads to 90° scattering
for an electron from a singly charged ion (so p ~ m.). From equation (1.28),
this is

e2

bo 5 (1.33)

= b
dmegmev;

with the corresponding cross section

e2 >2N1.63-10_18 )

Jgpe = Wb% =T ( W2 m-. (134)
eV

2
dmegmevg

Problem 1.3 Unit vectors. Show that ér = éég and ég = féér.

1.7.2 Deflection by multiple Coulomb collisions

For this calculation, we wish to find the multiple Coulomb collision cross
section for electrons on massive ions of charge Z. Assuming it begins traveling
in the z direction, it will acquire a transverse component of velocity as a
result of these many collisions. In a single collision, where we assume the z-
component of the velocity to be unchanged (weak collision), the perpendicular
energy is changed by an amount

(AUL)2 = v?sin? 0. = 4v?sin? § cos? § (1.35)
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12 Prasma KINETIC THEORY

and since 25
1 tan
2 .2
0= ———— d )= ——
€08 1+ tan?§’ and. s 1+ tan?§’
Equation (1.35) becomes
4v? tan? §
Av 2= — " "
(Av.) (1 + tan? §)2
402 (b/bg)?

= 1 1.36
L+ (b0 P 139
where tan é = b/by with by = K/v3.
Now the number of encounters/second is 2wbdbnv, so averaging over b we
find

brm /bo 3
< (Avy)?> = 4“2<2”””>b3/0 W

Tm 3
_ 3 19 r°dw
=smtd [

= 47vinb? {ln(l +a2) + )

~ 8mvnbt In(z,,) , (1.37)

for ., = by, /bo > 1 where by, is the maximum impact parameter which we
take to be the Debye length so that z,, = A = 9Np where Np = 4?’7)\3}3 is the
plasma parameter we introduced in Section 1.4. In Appendix B we will find
this same value for the logarithmic term from a different analysis. If we now
consider the number of collisions in a time corresponding to the distance L
that the particle travels, so that vt = L, then we can divide by v? to estimate
the mean angle over this distance, so that

< (Avy)? >

< (Af)? >= 2

= 8mnLbiInA. (1.38)

At about 36 eV, some quantum mechanical diffraction effects modify the A
term. As discussed by Spitzer[1], an electron wave passing through a circular
aperture of radius p will be spread out by diffraction through an angle \/27p
where A is the electron wavelength. If this deflection exceeds the classical
value, then we must reduce A by the factor 2ac/vy where o = 1/137 is the
fine structure constant. This is equivalent to multiplying A by /36.2/T,y for
Tev > 36.2 for temperature measured in eV. Some values for In A are given in
Table 1.1.

If we now approximate that a large angle corresponds to {(Af)?) ~ 1, which
is of the order of 90°, then we have an immediate estimate for the distance
the electron must travel to accumulate this deflection, so that

nZz2et -t
Lopo =~ | ————1In A . 1.39
%0 (2776%77131}3 . ) ( )
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TABLE 1.1
Values of In A with Z = 1.

electron density, ne, m~3

kgT, eV | 10% | 10% | 10° | 10'2 | 10 | 108 | 10%' | 10%*
107! 23.5120.0|16.6 | 13.1 | 9.65 | 6.19

10° 26.9 | 23.5|20.0| 16.6 | 13.1 | 9.65 | 6.19

10! 30.4 1269|235 |20.0]|16.6 |13.1 | 9.65 | 6.19
102 33.3 1299|264 2301|195 |16.0 |12.6 | 9.14
103 35.6 | 32.2 | 28.7 | 25.3 | 21.8 | 184 |14.9 | 11.5
104 37.9134.5|31.0 | 27.6 | 24.1 | 20.7 |17.2 | 13.8

The corresponding collision frequency is given by v.L = vy so that

nZ2e*
Ve N ——o——er
2me2m2ud

InA. (1.40)

We can finally relate the multiple collision deflection rate with the single
collision rate by comparing the cross sections. For the multiple collision case,

we use 5
1 1 [ Zze?
oy=—7——=—|——5 ] InA 1.41
go0°M nLgoo 2w (eomev(%) nas ( )

so comparing with equation (1.34), the ratio is

TO0°M _ g1nA. (1.42)
090° 5

This shows that our claim that the multiple scattering dominates is based on
the largeness of the quantity A.

1.7.3 Charge-neutral collisions

When the plasma is not fully ionized, as is frequently the case in the iono-
sphere, the principal collisional mechanism may be collisions between charged
particles and neutral atoms or molecules. Contrary to the conclusion for
Coulomb collisions, this type of collision is more likely to lead to a single
large angle deflection rather than a large number of small angle collisions.
The effects of this type of collision are somewhat simpler to analyze, because
a simpler model for their effect is possible. When we consider the various
effects that cause the distribution function to evolve, the evolution equation
takes the form

af _ 9f
dt Ot |y
where the left-hand side is expanded, since f = f(r,v,t), to
df _of

i 8t+v-Vf+a-Vuf,
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14 Prasma KINETIC THEORY

where a is the acceleration, typically a = (¢/m)(E 4+ v x B). For the right-
hand side, the expression depends on the type of collision. For Coulomb
collisions, the expression on the right must include effects of the drag on
the charged particles whereby particles traveling faster than the average are
slowed down, and the effects of diffusion, which tends to bring the distribution
back to equilibrium, which is a Maxwellian. These effects and the model for
the right-hand side collisional term are described in Chapter 3. For charge-
neutral collisions, however, we can use a much simpler model such that

of

ot :_V(f_fo)a

coll.

where v is the charge-neutral collision frequency and fy is the equilibrium
distribution function. This model is generally called the Krook model, due
to Bhatnagar, Gross, and Krook[2] who showed that it satisfied the critical
conservation laws.*

1.7.4 Charge-exchange collisions

Another type of collision in a partially ionized plasma is the charge-exchange
collision, where an electron on the neutral particle “jumps” to the charged
particle passing by. This is especially important for hydrogen where the cross
section for such transfers is significant. In this “collision,” it appears as a
head-on collision for same-species transfers as the ionized neutral (the neutrals
are presumably at a lower temperature so effectively at rest compared to the
plasma) suddenly appears as a nearly stationary ion, and the higher energy
ion suddenly disappears (and promptly leaves the plasma). This looks like a
billiard ball head-on collision where the cue ball stops and the target moves
ahead in the same direction and with the same velocity as the cue ball had
originally. In a fluid model, this type of collision can be modeled as a “pseudo-
ion mass,” where the neutrals appear to be partially carried along with the
charged ions, effectively reducing the charge-to-mass ratio since the ion charge
remains the same, but the mass effectively increases [4, 5].

1.8 Particle drifts

While the majority of the study of plasma physics is the exploration of col-
lective effects, many single particle effects are also important. The motions

*Although sometimes referred to as the BGK model, this must not be confused with the
BGK mode that is a nonlinear plasma wave with a non-Maxwellian distribution due to
Bernstein, Greene, and Kruskal[3].
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of charged particles in electric, magnetic, and gravitational fields which may
be homogeneous or inhomogeneous must first be understood and appreciated
before many of the collective effects can be put in proper perspective. In a uni-
form magnetic field, without any collisions, a charged particle follows a helical
trajectory following a single magnetic field line. The rotation frequency is the
cyclotron frequency, w,., and the gyration is circular with radius pr, = v, /w,,
which is the Larmor radius. The particle streams freely at uniform velocity
along the magnetic field line.

When an electric field is added, an additional motion is added, called the
E x B drift since the center of gyration drifts with velocity vy = E x B/B>.
This drift is obtained by assuming there is no net force on the center of
rotation, so the Lorentz force vanishes, or

0=q(E+wvyx B),

whose only nontrivial solution is the E x B drift velocity.

More commonly, drifts occur because of some additional force, such as a
gravitational force, or due to some inhomogeneity in the magnetic field. It is
common to refer to this kind of drift motion as guiding center drift, since it
is the center of gyration which is drifting. For a gravitational field, this drift
is given by
mgx B
q B?
If we generalize the concept of the gravitational force to be any kind of average
force on the particle, then we can see that curvature in the magnetic field will
lead to centripetal acceleration, which induces curvature drift. This clearly
depends on the velocity parallel to the magnetic field, and will be described in
more detail in the next chapter. There is also a drift due to an inhomogeneity
of the magnetic field transverse to the field. This is due to the fact that as the
particle rotates with a finite Larmor radius, it samples a stronger field on one
side and a weaker field on the other, so the trajectory is no longer a circle.

Udg =

(1.43)

1.9 Waves

Although we will devote a large effort to the study of wave phenomena in
plasmas in subsequent chapters, it is useful to introduce some of the funda-
mental wave types first, since they will be involved in many phenomena, and
because we do not wish to lose sight of the fundamentals amidst the later
complexity. We will also encounter both linear and nonlinear waves, where
the distinction is based on wave amplitude. We will usually assume the am-
plitude is small, and linearize in order to simplify the analysis and extract the
basic character of the wave, but we must always be aware that all waves in
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16 Prasma KINETIC THEORY

plasmas are fundamentally nonlinear, and in some cases we must focus atten-
tion on the effects of finite amplitudes. The amplitudes of linear waves may
be written as A(r,t) = Agexpli(k - r — wt)] where Ay is a complex constant.
The characterization of waves is commonly indicated by the phase velocity,
LN
Vp = 7€k,

k

where k is the wave vector, and the group velocity,
Vg = ka ,

which is often written as dw/dk in an isotropic medium. The phase velocity
indicates the speed and direction of a phase front of the wave, while the group
velocity gives the speed and direction that energy is transported by the wave.

1.9.1 Sound waves

Sound waves are not unique to plasmas, but they do occur there. For wave
frequencies well below the collision frequency, the characteristic speed is given
by v = \/’yp/p = \/Wk‘BT/m where + is the usual ratio of specific heats.

When the electron temperature is much greater than the ion temperature,
there is a type of sound wave that is unique to a plasma called the ion-acoustic
wave, which is characterized by the electron temperature (since the electron
pressure dominates) and the ion mass (since the inertia is dominated by the
ions). The waves propagate with speed

\/ZvekBTe + ’YikBTi
Cs = .

m;

(1.44)

These waves are strongly damped unless the electron temperature is much
greater than the ion temperature and the frequency is much higher than the
collision frequency.

1.9.2 Electromagnetic waves

Just as in any homogeneous dielectric medium, electromagnetic waves propa-
gate in a plasma with the wavenumber given by

K, (1.45)

where K is the relative dielectric constant. In a cold plasma with no magnetic

field, this is given by
2

Wy
K=1-. (1.46)

The corresponding dispersion relation (w = w(k)) for electromagnetic waves
is

k= ——2L. (1.47)
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From this relation, it is apparent that electromagnetic waves propagate only
for w > wp, and since k is imaginary for lower frequencies, a plasma will
reflect electromagnetic radiation below the plasma frequency. These simple
conclusions will be modified for inhomogeneous or magnetized plasmas or
boundaries.

Problem 1.4 Plasma dielectric constant. Derive the plasma dielectric con-
stant for a plasma of cold electrons and stationary ions by assuming a plane
wave solution to the Maxwell equations using the equation of motion for the
current. Also show that the product of the phase and group velocities is
vpvg = 2.

1.9.3 Alfvén waves

In his book, Cosmical Dynamics|[6], Hannes Alfvén postulated the existence
of waves whose speed was proportional to the magnetic field by considering
an analogy between waves on a stretched string and the motion of a highly
conducting fluid in a magnetic field. For waves on a stretched string, the speed
is given by v = \/T/ pyn, where T is the tension in the string and p,, is the mass
per unit length. By analogy, a magnetic field is under tension via the Maxwell
stress tensor, with 7' = B? /o per unit area, and in a highly conducting fluid,
the mass is tightly bound to the magnetic field lines (provided the frequency
is well below the cyclotron frequency), so he proposed a wave should travel
at a speed given by

Va = /B?/popm = B/\/tonims, (1.48)

where in this case, p,, = n;m; is the volume mass density. These Alfvén
waves were subsequently found experimentally, and are a new fundamental
velocity characterizing a magnetized plasma. As one would expect from the
nature of the analogy, these waves are transverse waves and travel along mag-
netic field lines, and any low frequency perturbation in a magnetized plasma
travels at this speed. Another analogy may be made with sound waves,
since the Maxwell stress tensor also indicates the plasma exerts a pressure
pm = B?/2u0. Using the expression for sound speed, we find

| 2B2
v=/p/p= Sopn Va, (1.49)
m

if we take v = 2. This is also a sound-like wave that propagates in all di-
rections, and is called a compressional wave since the magnetic field lines
are alternately compressed and expanded, while the original Alfvén wave is
torsional, since the field lines are twisted. The compressional Alfvén wave
continues to propagate above the ion cyclotron frequency, while the torsional
Alfvén wave does not.
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18 Prasma KINETIC THEORY

1.9.4 Electrostatic waves

Both the Alfvén waves and the electromagnetic waves described above have
significant transverse components, but there are a number of waves in plasmas
that are essentially longitudinal and have no appreciable wave magnetic field.
These waves may be characterized by an electric potential, and hence are
called electrostatic waves.

1.9.5 Plasma waves

Without any magnetic field, these electrostatic waves are called plasma waves,
space-charge waves, or Langmuir waves. These are the finite temperature
generalization of simple plasma oscillations, with dispersion relation

3kpT,

Me

2 _ 2
w —wp—i—

k%, (1.50)

and are exponentially damped even in the absence of collisions. It is obvious
from the dispersion relation that the waves travel near the electron thermal
speed for w > wy,.

Problem 1.5 Plasma waves. Find the phase and group velocities for plasma
waves if w ~ wy,.

1.9.6 Bernstein waves

When a magnetic field is added to the finite temperature plasma, an entirely
new set of electrostatic waves appears near each harmonic of both the electron
and ion cyclotron frequencies. These waves are called Bernstein waves and
propagate without damping (in a collisionless plasma) across a magnetic field,
and their group velocity is typically of the order of the ion thermal speed near
the ion cyclotron harmonics and near the electron thermal speed near the
electron cyclotron harmonics.

1.9.7 Wave damping

The exponential damping mentioned above in connection with plasma waves
is a fundamental process in plasmas, and will need careful analysis, since it is
a dissipationless damping mechanism. Without any collisions, there is no loss
of information with such damping, even though the potential dies away. The
damping is caused by the thermal spreading of the particles which initially
formed the wave. If the distribution function is monotonically decreasing
with velocity, the wave is always damped, but if the distribution function has
a bump, then the damping may change to growth and with a finite amplitude,
nonlinear effects modify the distribution to eliminate the bump. The damping
is called Landau damping, and leads to very interesting nonlinear phenomena,
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such as plasma echoes where apparently lost information can be recovered.
It may be shown that nonlinear phenomena eventually dominate linear pro-
cesses without some collisions, so that very weak collisions are required for
the validity of linear theory. In addition to damping plasma waves, this same
kind of collisionless damping is involved in waves near the electron and ion
cyclotron frequencies and their harmonics.

1.9.8 Large amplitude waves

As the amplitude of a wave grows in a plasma, a variety of nonlinear pro-
cesses may dramatically change the propagation characteristics of the wave.
The wave energy density may be large enough to actually expel some of the
background plasma, creating a density cavity, or caviton. This can lead to
collapse and filamentation of the wave. It is also possible that solitary waves
may propagate where the nonlinear processes support a single, localized dis-
turbance whose velocity is amplitude dependent. In some cases, these may be
solitons, which are solitary waves which are very stable and survive collisions.
It is also possible for a large amplitude wave to modify the distribution func-
tion to such an extent that Landau damping no longer occurs. Keeping in
mind that all plasma waves are fundamentally nonlinear, it will be important
to note at what levels these effects become noticeable.

1.10 Plasma radiation

Even as there is a variety of ways a plasma may absorb energy, there is a
variety of ways plasmas may radiate energy. From the fluctuation-dissipation
theorem, every absorber is an emitter, so we expect plasmas to radiate. The
radiation may be grouped into two major categories: (1) radiation from atomic
processes and (2) radiation from accelerated charges. Some of this radiation
is of concern because it represents a plasma energy loss mechanism, and some
is of interest as a diagnostic for the interior of a plasma, and some falls into
both categories.

1.10.1 Bremsstrahlung

While in the strict sense, Bremsstrahlung refers to both free-bound and free-
free transitions, which could include almost everything, we restrict our use
of the word in plasma physics to the free-free radiation when particles make
large angle collisions. The radiation intensity for a hydrogen plasma is

Pg =5.35-1073n?T7  Watt/m® . (1.51)
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Since this is calculated under the assumption that none of the emitted ra-
diation is reabsorbed, this is the lowest radiation rate possible. For fusion
plasmas, even for temperatures as high as 100 keV, this is an insignificant loss
rate compared to the fusion production rate.

1.10.2 Blackbody radiation

Blackbody radiation assumes that all internal radiation from whatever source
is absorbed, so that only surface radiation escapes the plasma. From the
Stefan-Boltzmann law, the radiation is given by

Pbb = O’T4 Watt/mz,

where o = 5.67 - 1078 W/m?K*. In contrast to Bremsstrahlung radiation,
this radiation would greatly ezceed the fusion production of a fusion plasma,
but this is not of great concern since fusion plasmas are optically thin over
most of the radiation spectrum.

1.10.3 Impurity radiation

When high Z impurities enter high temperature plasmas and become highly
stripped, they emit both line emission and Bremsstrahlung radiation at very
high rates. By impurity control, this otherwise serious energy loss can be
kept within acceptable limits, so the principal interest is in plasma diagnos-
tics. Impurity atoms provide spectroscopic information which is invaluable in
estimating the internal temperature, and even the density if it is high enough.

1.10.4 Cyclotron or synchrotron radiation

Substantial radiation is measured from high temperature plasmas in a mag-
netic field at harmonics of both the electron and ion cyclotron frequencies. In
fusion plasmas, the electrons are even weakly relativistic, so that some syn-
chrotron radiation is also emitted. If electron temperatures in fusion plasmas
exceed the ion temperature by a large amount, synchrotron radiation could
exceed the fusion production, so it is desirable to keep the electron tempera-
ture similar to the ion temperature.

1.10.5 Cherenkov radiation

Cherenkov radiation is emitted whenever a particle travels faster than the
speed of light in the medium. In a plasma, energetic particles commonly
exceed the speed of various waves, and hence emit some Cherenkov radiation.
Though not important for energy balance, this radiation could provide some
diagnostic information on velocity distributions.

www.mana



2
BASIC KINETIC EQUATIONS

2.1 The Klimontovich equation
2.1.1 Introduction

It is possible to give either a formally exact microscopic description of plasma
behavior which has too much information for use, or to give a macroscopic
description which has less information, but is tractable for many problems
of interest. We shall begin with the exact description, for it can give us
some information, but then give the alternative description which we shall
use subsequently. The exact microscopic theory is given by the Klimontovich
equation, and its average, if taken with suitable precautions, will enable us
to glean some macroscopic information, and also give us something of the
ordering so that we can estimate what is left out in the zero-order approxi-
mations. Then we shall examine the Liouville equation, which again is exact,
but is more readily adaptable to an ordering scheme so that we can examine
the zero-order equation and get a more detailed form for the first and higher
order corrections.

2.1.2 The density function

We first describe the plasma in terms of the individual particles by introducing
a density function which describes the location and velocity of each particle,

No
No(r,v,t) =Y dfr — Ri(t)]6[v — V(1) (2.1)
i=1

where there are Ny particles of species s. We note that R;, V;, are the La-
grangian coordinates of the particles themselves, while r, v, are the Eulerian
coordinates of a 6-dimensional space we call phase space. Integrating over
phase space, we obtain the total number of particles, so this is a density of
particles in phase space. Integrating over a small volume (A7r)(Av) gives the
number of particles in that particular volume of phase space, and because
of the delta function character of the density function, this number is not
smoothly varying. If one chooses the volume large enough to include many
particles, but small enough to show variations in the density and electromag-

21

www.mana



22 Prasma KINETIC THEORY

netic fields, we may be able to approximate the function by a smooth function,
but it is not smooth as it stands. In order to include a complete description
of the plasma, we must include all species, so this we indicate by the sum over
species

N(r,v,t) Z Ns(r,v,t) (2.2)

S=e€, i

Knowing the exact location and velocity of every particle at one point in time,
we in principle know the position and velocity at every time, since

Ri(t) = Vi(t) (2.3)

for all 7. The velocity is related back to the coordinates through the Lorentz
force law, since

msVi(t) = g {E™[R;(t), 1] + Vi(t) x B"[R;(t),1]}, (2.4)
where the superscript m denotes that the fields are a combination of external
electric and magnetic fields and the self-consistent fields from all the particles
except particle i. These fields then satisfy the Maxwell equations:

V-E™(r,t) = p"(r,t)/eo, (2.5)
V-B™(r,t) =0,

V x B (r,t) = —%, 2.7)
V x B™(r ) = jod™(r, 1) + i%. (2.8)

ot
The charge and current densities are given by

qu/va r,v,1) (2.9)
qu/dva r,v,t). (2.10)

These equations comprise a set of 6Ny differential equations which in classical
mechanics completely determines the system. The difficulty of solving this
large number of equations prevents us from learning anything significant. The
number of equations must be reduced and in the process, we will lose some
of the information. Before reducing the set of equations, we examine the full
set in more detail.

2.1.3 The Klimontovich equation

To find the time evolution of the plasma, we use the time derivative of the
density function, Ng. In order to see how the derivatives are taken we note

OR;, 0

dlr — Ri(t)] = 5" 5ol — Rult)] = R <_38r) 5lr — Ry(1)]

It
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= —Ri : VCS[’I" — Rl(t)] s (211)
so that

%Z lr—Ri(t))[o-Vi(t)] = 3 R Volr—Ru(t)] =3 ViVudlo-Vi(t)].

(2.12)
We know V; from the Lorentz force equation, however, so this becomes

aé\tfs ==YV Volr - Ri(0)3lo — V(1)

-> 7%"‘S(Em +Vix B™) - Vud[r — Ri(t))6[v — Vi(t)]. (2.13)

But, since the delta functions guarantee that they will be evaluated only where
there are particles, we may let V; — v, so that

ON,
ot

- Zv - Vo[r — Ry(t))0[v — Vi(t)]

=0 (B 4w % B™) - Vadlr — Ra(t))dlo — V(1)

0V Y0l — Ri(t))3lo — Vi(t)

~ (B 1o x B™) -V, 8lr — Ri(t)]d[v — Vi(0)]

ms

ds
mg

=—v- VN —

(E™ 4+ v x B™) - V,N,. (2.14)

This may be written as a conservation law

D 8Nq m m
i =t O YNk (BT £ x BY) VN, =0, (215)

which expresses the “incompressibility” of the plasma.

2.1.4 Kinetic equation

The complexity of the Klimontovich equation makes it of little direct use, but
by averaging over a small volume, we may be able to resolve many features of
plasma behavior. The size of the averaging volume must be chosen carefully,
since if it is too large, we lose resolution in the variations of the plasma which
we may wish to investigate, while if the volume is too small, the change in
density from one volume to its neighboring volume may be too large for a
description in terms of continuous functions, which is our goal. In order to
guarantee “smoothness,” we will require many particles (so changes of a few
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particles will represent small percentage changes), and this can be obtained
by letting the volume in coordinate space be of the order of a Debye sphere
and make the plasma parameter Np large. We will then be able to resolve
variations on the Debye length scale and larger, but variations smaller than
a Debye length will not be well described. The volume is six dimensional, so
we must also pick a velocity range large enough to include many particles.
One way to get many particles in a given volume is to consider not one group
of N particles, but to pick an ensemble of groups of N particles, and take
ensemble averages. This adds some complexity, but allows greater resolution.
For cases where the scale lengths of the electric and magnetic fields are
much longer than the Debye length, we choose a distance large compared to
the mean interparticle spacing, but less than the Debye length, and if Np > 1,
we know there exists such a distance. The smoothed function is then given
by
Nr<ri<r+dr,v<wv;, <v+dv,t)
AzAyAzAv, AvyAv, '

flrivt) = (2.16)

If we now distinguish between the exact and averaged value of Ny, we may
define the variations from average by

N@ = fs + 5N€ 5 (217)
E™(r,t) = E(r,t)+ 6E™(r,t), (2.18)
B"(r,t) = B(r,t) + éB™(r,t), (2.19)

where B = (B™) so that (0B) = 0, etc. Then averaging the various terms of

equation (2.15) leads to
ON.\ _ 0f.
ot/ ot

(v-VNg) =v-Vfs,

since (6N,) = 0, and

L (B™ 4 v x B™)-VoN,) = L (E+vx B)-Vyfs

Mg mg
+ &5 (5E + v x 6B) - VuoN,)
since (0E™f;) = (6B™fs) = (EJNs) = (BON,) = 0. Combining these
elements, we establish the Kinetic equation,

Ofs
ot

—l—v-st—i—%(E—i—v X B) -V fs = —%<(5Em+v X §B™) - V,0N,) .

) (2.20)
Since fs is smooth by construction, all of the discrete, particle-like behavior
is on the right hand side of equation (2.20), which is due to collisions and
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correlations. The average behavior is on the left, and describes the macro-
scopic behavior, while the microscopic variations from average are on the
right. Estimating the importance of collisions, if we take vg ~ \/kpT./m.
in equation (1.40), then the ratio of the collision frequency to the plasma
frequency is
ve  ImA 2InA
wpe 2mnA3,  3Np '

so collisional terms are small compared to the average plasma terms by the
order of N 1

In order to estimate the importance of the discrete behavior more carefully,
we imagine a scheme where we subdivide each of the particles, so that we
will have in the limit an infinite number of particles, but each is too small
to influence its neighbor. To this end, we let e — 0, m. — 0, but hold
e/m. constant. We also let n — oo, holding ne constant. In order to hold
the thermal speed, v, ~ \/kgT./m., constant, we also must let 7, — O.
Neglecting ion motions, we shall assume there is simply a uniform positive
background charge density to neutralize the plasma on the average. We may
now write the Debye length as

kT, kT, € m
A2 = SOFBLe  (BBLe) €0 (e 2.22
ne? Me (ne)(e)’ (2.22)

(2.21)

which is constant. This means that the plasma parameter, Np ~ nA3, — oo,
so the collisional terms will vanish as In Np/Np from equation (2.21).

Another way of estimating the smallness of the collisional term is to use the
law of large numbers which indicates that deviations from average scale as the
square root of the total number, so that § Ny ~ Ng/z ~ NE/Q‘ Then, since 0 E
and dB are produced by dN, through the Maxwell equations, we can argue
from Poisson’s equation that JE ~ edN, ~ NO_IN(:)L/2 ~ N(;l/Q ~ N51/2.
Since the right hand side of equation (2.20) involves products of these kinds
of terms, the right hand side will be approximately constant as Np — oco. As
the density tends toward infinity, however, the left hand side will also tend
toward infinity, so in relative terms, the right hand side will again vanish as
1/Np. This leaves us with

%J;s+v-st+%(E+va)-v,,fs=o. (2.23)
Along with the corresponding Maxwell equations
V- E(r,t) = p(r,t)/eco, (2.24)
V-B(r,t) =0, (2.25)
V x E(r,t) = 7% , (2.26)
1 OE(r,t)

B(r,t) = -~
V x B(r,t) = poJ(r,t) + 2 o
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with the charge and current densities given by

qu/dv fs(r,v,t) (2.28)
ZqS/dvvfS r,v,t). (2.29)

Equations (2.23) through (2.29) form the Viasov equations, although equa-
tion (2.23) alone is frequently called the Vlasov equation. This set of equa-
tions forms the foundation for most of plasma physics when collisions are not
a dominant effect.

2.2 The Liouville equation
2.2.1 Introduction

In deriving the Klimontovich equation, we used a six-dimensional phase space
to describe Ny particles, whereas in this section, we will describe systems of
particles. We will use this description to derive the Liouville equation, which
will also give an exact result which is also too difficult to use, but will lead
to a systematic method for ordering our approximations. One result of this
approximation method will be to give an explicit form for the right-hand side
term which describes collisions and correlations, and gives us an ordering with
which to estimate the error.

In using the description of systems, we first consider a system consisting
of one particle, then two particles, and then generalize to Ny systems of Ny
particles. For the one particle “system,” we describe the location in terms of
the coordinate 71, and the particle is located at Ry (t) at time ¢. The velocity
of this particle is measured in the velocity coordinate system v, where the
particle velocity is given by V'1(t) = R, (t). Thus the trajectory is described
by 71(¢) and v1(¢) in a six-dimensional phase space 71, v1. In such a simple
system, the subscript is of course unnecessary, but as we add more particles
to our system, particle one will always be described in the same coordinate
system. Although it is trivial for one particle, we can also define a system
density in this space as

N(T’l,’Ul,t) = (5[1"1 - Rl(t)]é[vl - Vl(t)] . (230)

When we consider two particles, we want a system of two particles, and in
this system, we will use separate coordinates for the second particle. The sec-
ond particle’s trajectory is described by Rs(t) and Vo(t) in a six-dimensional
phase space 73, v2, resulting in the system having a twelve-dimensional phase
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space. We can similarly define a system density in this twelve-dimensional
space as

N(T‘l,'l)l,’l"g, ’Ug,t) = 5[7"1 - Rl(t)]é[vl - Vl(t)]5[7'2 - Rg(t)](s[’vg - Vg(tﬂ .

(2.31)
In this space, there is one system which occupies the point vy = R4 (t), v; =
V1 (t), T = Rg(t), and Vg = Vg(t) at time ¢.

Note that this density is completely different from N4 in the previous chap-
ter, where there we had the density of particles in a six-dimensional phase
space, whereas here we have the density of systems (each of which has two
particles) in twelve-dimensional phase space. Generalizing to Ny particles,
we wish to describe Ny systems, each comprising Ny particles in a 6Ny-
dimensional phase space, using a separate coordinate system for each particle.
By analogy from equation (2.31), we have the density

No
N(ri,v1,72,02,..., TNy, UNg, b)) = H5[Ti - R;()]o[v; — Vi(t)],  (2.32)
i=1
where [17_, fu = fifo--- fa.

2.2.2 Liouville equation — standard form

We now wish to describe the evolution of the system density as before. Since
our system density now involves the product of 6Ny terms, its derivative will
involve the sum of 6Ny terms. Using relations of the form

0 OR;
we find
No No
2V T] ol — Ry(o)fe; — V(0
i=1 j=1
No No
+> ViV, [[0lr; — R;()]6[v; — V(1) = 0. (2.34)

Using the same delta function relations as in the previous chapter, we can
write for V; the expression

Vi(t) = L (E™(ri,t) +vi x B™(1,1). (2.35)

ms

Then if we note that the products are just the density, then we may write
equation (2.34) as

ON No No
= V, V.. N V, Vy.N=0, 2.
o +; Vo, +; Vo, N =0 (2.36)
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which is the Liouville equation. Along with the Maxwell equations and equa-
tion (2.35) for the acceleration, this is a complete and exact description of the
evolution of the plasma, but is of little practical use, since we still cannot deal
with a 6 Nyp-dimensional phase space. Before we try to reduce the complex-
ity of the system, we note that again the equation is of the form of what is
called a convective time derivative except that in this case the dimensionality
is higher, such that

ﬁN(Tl,vl,T’Q,'vg,...,TNU7'UN07t):O (2.37)
where

D 0 & o,

— == i+ Vo, i+ Vo, . 2.

o afr;”l v,.,l+§vz Vo, (2.38)

This is again the expression of the fact that the density of systems is incom-
pressible.

We can also put the Liouville equation in the form of a continuity equation
by noting some vector identities. First, from V - (ab) = b-Va +aV - b, we
have

v; Ve, N =V, (viN) (2.39)

since r; and v; are independent. Also, we find
Vi -Vo,N =V, - (V;N) (2.40)

since
qs;

Si

Vo, Vi=V,, - { [E™(ri,t) +v; X Bm(ri,t)]} =0,

since E™ and B™ are independent of velocity and V,, x v; = 0. Then we
may write the Liouville equation as

N o No ,
ot +;Vn : (vz'N)Jr;Vm (Vi;N)=0. (2.41)

In this form, the Liouville equation expresses the conservation of systems in
our 6/ Ny-dimensional phase space.

2.3 System ensembles

If now we consider not one system, but an ensemble of Ny systems, each
described by the same set of coordinates in 6 Np-dimensional phase space, then
we can introduce the probability of finding any one of these systems inside
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a particular volume in phase space. Each of these individual systems will be
initialized at ¢y and evolve separately, each one following a single trajectory
in this phase space. Denoting the probability by

fno (1,01, 72,02, ..., TNy, UN,, t)dridvrdrados - - - dry,doy, , (2.42)

we interpret this fy, as representing the probability that there exists a sys-
tem at the point (r1,v1, 72, Va2,...,TN,, UN,,t) in the 6 Nyp-dimensional phase
space, or that Ry (t) lies between r; and r1 +dry, and V1 (t) lies between vy
and v +dvq, and Ra(t) lies between r9 and ro +dra, and Vo(t) lies between
vy and vy + dvs, and etc. If we integrate over all space, the probability is
unity that a system will be found. In this picture, each system has a single
trajectory, and since each trajectory is smooth, with no system being created
or destroyed, then this probability density must likewise satisfy a conservation
of probability density, or

N N
af 0 . Sy
ajtv +3 0 Ve g + > Vi Vo, fr, =0, (2.43)
i=1 =1

which may also be written, using equation (2.39) and equation (2.40), as

DfNo
Dt

—0. (2.44)

Again, this indicates that the probability density is incompressible.

2.3.1 BBGKY hierarchy

In addition to the probability of finding a particle at some point in phase
space, we may consider reduced probability distributions, defined by

_ k— N
fr(ri,vi,ro,va, .. TR, v, ) = VIO /drk+1dvk+1 <--dry,don fag

(2.45)
which gives the joint probability of finding particles 1 through & in the volume
between (ri,v1) and (r; + dry,v; + dvy), and... and between (ry,vy) and
(re + drg, v + doy), irrespective of the coordinates of the other particles
k+1, k+2,..., Nyo. In equation (2.45), V is a finite spatial volume where
fn, is nonzero. In the following development, we shall assume that fy, — 0
as |v;] — oo in order that the energy be bounded, and either use periodic
boundary conditions in space, or assume that fy, — 0 as |r;] — oco. We
shall assume the particles are indistinguishable, so that the distribution is
symmetric with respect to the exchange of any pair of particles. This means
we do not care which particle is labeled 1, or which is labeled 2, etc. If we
were to reduce the function by integrating over all the sets of coordinates but
one, so that only one set of coordinates were left, we would have fi(ry,v1,t)
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which now is the probability (within a normalization constant) of finding a
particle between (r1,v1) and (r; +dry, vy + dvy), and then this distribution
function would be equivalent to the function f,(r,v,t) which appeared in the
kinetic equation and the Vlasov equations.

We now wish to actually do these integrations and reduce the complexity
of the equations. To simplify this calculation, enabling us to see the structure
of the arguments without becoming too complex algebraically, we will

1. Consider only one species of particles (could be extended, but will con-
sider ions to be a uniform positive background),

2. Exclude any external electric and magnetic fields,
3. Ignore the self-generated magnetic fields, and

4. Adopt the Coulomb Model where only mutual electrostatic forces are
considered.

In this model,

No
Vi) =) ai, (2.46)
j#i
2
qz
= s —(r; —71;), 2.47
@ij 47T€0ms|7°7; —’I"j|‘3 (7’ rj) ( )

where a;; is the acceleration of particle ¢ due to particle j, and the sum
obviously excludes self forces (j = 7). The Liouville equation may then be
written in the form of equation (2.44) as

No Np

of T Z Vi Ve frg + 3D @i Vo, frn, = 0. (2.48)

i=1 j#i

Now we integrate over ry, and vy, to obtain fy,, so that

/d’f‘]\rOd’UI\[0 gto /drNova(]Zv’L V fNo

No No

+/dTNovaOZZaij . me]\/‘o =L+L+1I3=0. (249)
=1 j£i

Treating the first integral first, we have

Ofn, 0
ot ot

since the coordinates are independent of time, noting that

0
Il = /d’I‘NOd’UNO /d"'Novao fNo = tVfNofl, (250)

1
fNo—l = V /dTNOdUNO fNO . (251)
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For the second integral of equation (2.49), coordinates of the first Ny —1 terms
are independent of the integration variables, so we can interchange the order
of the integration with the v; - V,., operator, with the result

No—1
I, = Z v; - V«,-i /d’r‘NOd’UNO fNo + /d’l"NOd’UNO VN, - V'I‘NOfNo . (2.52)
=1

Looking at the form of the second term, however, we can integrate by parts
to obtain

0 0 0
/d’rd’u (vw&r—l—vy(,?y—i—vth) f—/dydzdvvmf

—/drdva-sz (2.53)

oo

+ cyclic perm.

— 00

using either periodic boundary conditions or f — 0 as |r| — co. The second
integral thus becomes

No*l
L=V Y vV fy1- (2.54)

=1

To do the final integral, we first split up the acceleration sum such that

No No No—1No—1 No—1 No—1
Zzgij = Z Z gij + Z INoj + Z GiNy - (2.55)
i=1 jAi i=1 i j=1 i=1

In the double sum, the variables in the operator are independent of the vari-
ables of integration, so the order may again be reversed. The integral over
the next sum,

3fN Vny—0
/vaoaNoj ' WN: - aNOj fNU VUny——00 - O’ (256)
so I3 becomes
No—1 No—1 No—1
13 =V Z Z Qij - vvifNofl + Z /drNOvao a; Ny - vving . (257)
i=1  j#i i=1

Combining these pieces, and dividing by V', we finally obtain

8 Nofl N071 Ng*l
N1+ > 0 Ve fno-1+ D D @i Ve, frg
i=1 i=1  j#i
1 No—1
+ 3 > / dr N, dvn, @ing - Ve, fng = 0. (2.58)
i;ﬁNg
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From this expression, we first note that the equation for fy,_1 depends on
fn,, and secondly we note that as we have made no approximations, this
is still exact. As we integrate over each set of coordinates successively, we
will again obtain a similar equation, where fj depends on fj1, leading to a
chain of equations. To see how this develops, we will integrate one more time
(following the pattern of 1,2,...,N), this time over ry,_1 and vy,—1. Noting
first from equation (2.45) that

1
fNU*Q = W/drNovaodrNO*lvaoflfNo
1
= W/d’l“Nofld’UNofl/d’r‘NOd’UNOfNO

1
= W/drNo—lvao—lvao—la (259)

where we have used equation (2.51), so we find

/dTNO_1d’UN0_1fNO_1 = VfNO_Q. (2.60)

Using this result, we have that the integral of the first term of equation (2.58)
gives VOfn,—2/0t.

The integral of the second term in equation (2.58) again splits into two
parts as in equation (2.52), one whose sum terminates with Ny — 2 terms
whose variables are independent, and one where we can do the integration
and evaluate at the end points and obtain a null result. The corresponding
result to equation (2.54) is then

No—2
L=V > Ve frn2. (2.61)
=1
The third term is broken again into a double sum and two single sums as in
equation (2.55), indexing Ng — Ny — 1, so that

No—2 No—2 No—2
I3 =V Z Z a;ij Vo, [Ng—2+ Z /dTNoqvaoq aiNy—1* Vo, [No—1
i=1 A i=1
No—2
+ Z /dTNo—ld'UNo—l aN,—1j V'UND—lfNO—l , (2.62)
=1

where the last term vanishes upon integration as before.
Upon integrating the fourth term in equation (2.58), we have

1 No—1
L= >
=1

No—2

1
:V;

/dTNquUNoA drnydvn,aing - Vo, fr,

/d’l"]\/'nd’v]\r0 a;N, * Vvi dTNO,1d0N0,1 fN0 s (263)
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where the No—1 term in the sum vanishes upon doing the integral over v, _;.
Now the variables of integration in equation (2.63) are dummy variables, so
we can exchange the subscripts Ng and No — 1, with a;n, — a;n,—1. Since
fn, is symmetric with respect to the interchange of coordinates, it remains
the same. But from equation (2.51), the last integral is simply V fn,—1, so we

have
No—2

L= Z /drNo—ld’UNo—l @iNg—1* Vo, [No—1- (2.64)
=1

This term is identical to the second term of I3, so the final result is (after
dividing by V):

P No—2 No—2
afNofz + Z Vi Vo, fNo—2+ Z aij - Vo, fng—2
i=1 i

2
+ V/d’I'NO_ld’UNO_l a;Ny—1 ‘meNO_l) =0. (265)

Note that the equation for fy,_o involves the next higher term, fn,—1, as
noted above.

Generalizing now, we can see from the pattern above what the result will
be from integrating over all but k variables. The result is

8fk k k
E + ; Vi Vo, [ +Zaij Vo, fx

J#i
Ny — k
+ (()T)/drk+1dvk+1 Aift1 - Vvifk+1> =0. (2.66)

This chain of equations is the BBGKY hierarchy (Bogolyubov[7], Born
and Green[8], Kirkwood[9], and Yvon[10]).

2.3.2 Truncating the BBGKY hierarchy

As it stands, the BBGKY hierarchy is still exact and as impossible to treat
as the Klimontovich equation or the Liouville equation because it still has Ny
equations to solve. Only if we can reduce the order of the system of equations
to a reasonable number will we be able to make progress. If we start at the
bottom of the chain, with k = 1, we have

0
&fl(Th’Ul,t)-i-’Ul'Vrl fi+

Ny —1
0 /dr2 dvs @12V, fo(T1,v1,72,v2,t) = 0.

%

(2.67)
This is coupled to the k = 2 equation through f5, which is coupled to the
k = 3 equation, etc. Only if we can truncate this chain can we make any
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real progress. In order to do this, we need to be reminded of what informa-
tion is contained in each of the various fi, and especially what the meaning
of fi1, fo and f3 is. From our previous discussions, we can conclude that
f1(r1,v1,t)dr1dv; is the probability that a particle will be found in the vol-
ume between r1 and r; + dr; and in the region of velocity space between v,
and v1 + dv;. On the other hand, fo may be interpreted as the joint proba-
bility of finding particle 1 at (r1,v1) and that particle 2 is at (r2,vs) (where
at means in the differential neighborhood of the point). Presuming still that
all of the particles are of the same species, this means that fo — 0if 7y — 7o,
since two particles cannot occupy the same point in space (they could have the
same velocity). We also know that fa(7r1,v1,72,v2,t) = fo(ra,va,r1,v1,1)
since the particles and coordinates were interchangeable in fy,, and the prop-
erty is not lost by our integrations.

In fact, we know a little more about fo if we remind ourselves of the prop-
erties of conditional probability distribution functions. If one considers two
separate events, each characterized by the probability P(x) if taken alone,
while denoted P(z,y) if considered together, then we must first ask if the two
events are correlated, that is whether the second event depends on the first.
If the two events are statistically independent or uncorrelated, then the prob-
ability of the event x,y is characterized by the joint probability distribution

P(z,y) = P(z)P(y), (2.68)

or by the product of the two probabilities taken independently. For example,
with a pair of fair dice, where the probability of getting any specific digit of
the six possible is 1/6, the probability of snake eyes (1+1 = 2) is (1/6)(1/6) =
1/36, so that it is to be expected once in every 36 rolls of the pair. On the
other hand, if the two events are correlated, so that one depends on the other,
then we can write the more general relation as

P(z,y) = P(x)P(y) + 6P(z,y), (2.69)

where dP(z,y) = 0 if the events are uncorrelated. For example, if one wants
the probability of two specific cards to be dealt from a well shuffled deck in
a particular order, the probability of the first is 1/52, while the probability
of the second is 1/51 since there are only 51 cards left after the first is dealt.
For this example,
6P (z,y) = P(x,y) — P(x)P(y)
1 1 1 1 1

T 52 51 52 52 52251
In this example, the correlation term is the order of N (=52) smaller than
the uncorrelated term because the first event had only a small effect on the
second event.

For our problem, we will define the correlation function in a similar way, so
that

fo(r1,v1,72,09,t) = fi(r1,v1,t) fi(ra, ve,t) + g(r1,v1,72,v2,t), (2.71)

(2.70)
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so that g is the correlation function. Since there are only two particles in
the correlation function, it is called a two-particle correlation function, or
often a two-body correlation function, especially if the particles are of different
g/m. Breaking the two-body function fo into these components is the first
step in the Mayer cluster erpansion. We may now insert this result into
equation (2.67) to obtain

0
e 1T L) o1 Ve, fitno / dry dvy a1z - Vo, [fi(r1,v1,8) fi(72, 02, t)
+9(r1,v1,72,v2,1)] =0, (2.72)

where we have approximated (Ng — 1)/V = ny, the average particle density,
since Ny is assumed to be large compared to 1.

If we now take the case where the correlations are small enough to be
neglected, then we can reduce this even further to

0
—fi(r1,v1,t)+v1-Va, fi+[no /dT‘Q dvg a12fi(r2,v2,1)]- Ve, fi(r1,v1,t) =0,

ot

(2.73)
where some terms have been rearranged, but the term in brackets now may
be simplified. If we examine this term, it represents the integral over the coor-
dinates of particle 2 of the acceleration weighted by the distribution function
for particle 2. This is simply the ensemble averaged acceleration experienced
by particle 1, so that we may introduce the notation

(1(1“1, t) =N /d’l’gd’l)g a12f1 (7’2, Vo, t) . (274)

With this substitution, equation (2.73) becomes

%+v1~vrlf1+a-vv1flzo, (275)
which is the kinetic equation we encountered before. In this context, the
kinetic equation must be considered the correlationless kinetic equation, since
collisions have not been introduced in this section. We can see from the
earlier discussion of dividing the particles so that e — 0, m — 0, etc., that
this process would lead to an absence of correlations, since no particles would
interact. It is likely that collisions are the most important component of the
correlation function, but other processes such as the generation of plasma
waves and electromagnetic radiation could affect the correlations. While the
Vlasov equation is the most important equation in investigating kinetic effects
in plasmas, and will receive nearly all of the attention in subsequent chapters,
we would like to have some firmer handle on the collision or correlation term
in order to better establish the limits of validity and the first order deviations.
In order to do this, we eventually want an equation in f; alone, so the system
of equations is closed. Finding an expression for g in terms of f; will be
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difficult, and will be approximate, but it is necessary to find some rationale
for closure which depends on collisions. To do this, which means finding an
expression for g, we need to examine the second equation in the hierarchy
using equation (2.66) with k = 2, which is

0
g + (V1 - Vp, + 02+ Vo, fo + (@12 - Vo, + @21 - Vo) fo

+ ng /d’f’g'l)g(alg . Vvl + as3 - va)fi?‘ =0. (276)

As before, we will let f2(12) = f1(1)f1(2) + ¢(12), and with the appearance
of f3 in equation (2.76), we will need to introduce the next step in the Mayer
cluster expansion, or

B2 = AR + A0 + HC)03) + HE902) +1012).

2.77
where the numbers 1,2,3 in the parenthesis refer to the coordinate set for the
respective particles. In this expansion, the three-body correlation function
appears, but our first truncation approximation is to neglect h(123). If we
can prove that ¢ is small compared to f, then it follows that h will be small
compared to g. Examining the terms of equation (2.76) separately, we find
for the various terms

L= fi()A©2) + A(2) (1) +g(12), (2.78)
I = f1(2)vy - Ve, f1(1) +v1 - Vi, g(12) + {1 < 2}, (2.79)
13 = f1(2)l112 . Vv1f1(1) + a2 - Vvlg(IQ) —|- {1 — 2} , (280)
Iy = no/d3al3 Vo, [f1(1) f1(2) f1(3) + f1(1)g(23) + f1(2)g(13) + f1(3)g(12)]

1o 2), (2.81)

where d3 = drs dvs, and {1 « 2} implies the same terms repeated with labels
1 and 2 interchanged. Now we can simplify this by using equation (2.72), if
we take the first terms of I; and I> and the first and third term of I, we have

{f1<1> o Ve i) 4o [ @y Vu A G) +g<13>}} f1(2) =0

(2.82)
by equation (2.72). In the same fashion, the second term in I; combines with
some of the interchange terms to vanish (using ¢g(12) = g(21)), leaving us with

9(12) + (v1 - Vo, +v2 - Vi, )g(12)
= —(a12+ Vo, + a2 - Vy,)[f1(1) f1(2) + g(12)]

— {no /d3a13 Vo, [f1(1)g(23) + f1(3)g(12)] + {1 < 2}} . (2.83)
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This equation, along with equation (2.72), written using the average acceler-
ation from equation (2.74) as

fil) +v1- Ve fita Vo fr = —no/d2012 Va,9(12), (2.84)

completes the set of two equations in two unknowns, f; and g. Thus, by
neglecting the three-body correlations, we have closed the set. We note that
equation (2.84) is essentially identical to equation (2.20).

Problem 2.1 BBGKY Hierarchy.
Integrate equation (2.65) over all rn,_2 and vy,—2 to obtain the k—Ny—3
equation of the BBGKY hierarchy, and compare your result to equation (2.66).

Problem 2.2 Three-Point Correlations (Coins).

In equation (2.77), we defined a three-point joint probability function f5 in
terms of the one-point probability f;, the two-point correlation function g,
and the three-point correlation function, h. Suppose we apply this kind of
thinking to the case of three coins, each of which can come up heads (+) or
tails (—). What is the meaning of f3 in this case? Write out f3 in the form of
equation (2.77), and evaluate f3, f1, g, and h for each of the following cases:

1. All three coins are “honest,” that is, each coin is equally likely to come
up heads or tails, and each coin is unaffected by any other coin.

2. Because the coins are mysteriously locked together, in any one throw
all three are heads or tails, the result changing randomly from throw to
throw.

3. All three coins always come up tails.

4. The first two coins always come up heads, while the third is honest.
Note that here the probability functions are not symmetric, so that, for
example, f1(1) is not the same function as f1(3).

Problem 2.3 Three-Point Correlations (Dice).

In equation (2.77), we defined a three-point joint probability function f3 in
terms of the one-point probability f;, the two-point correlation function g,
and the three-point correlation function, h. Suppose we apply this kind of
thinking to the case of three dice, each of which can take on integer values
from one through six. What is the meaning of f3 in this case? Write out f3
in the form of equation (2.77), and evaluate f3, f1, g, and h for each of the
following cases:

1. All three dice are “honest,” that is, the value of each die is equally likely
to be one through six, and is independent of the value of any other die.

2. Because the dice are mysteriously locked together, in any one throw all
three always show the same value, the value changing randomly from
throw to throw with all six values equally likely.
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3. All of the dice always come up “five.”

4. The first two dice always come up “two,” while the third is honest.
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3
THE LENARD-BALESCU EQUATION

While we have reduced the BBGKY hierarchy to two equations in two un-
knowns by neglecting three-body correlations, the two equations are so com-
plicated that we can learn little from them as they are virtually unsolvable.
We will thus begin making a series of approximations, which are generally
quite good except for exceptional cases, and finally obtain a solution of this
reduced problem. One of the fundamental concepts in the approximation has
to do with our assumption that a large angle collision is the result of many
small collisions, so that trajectories are only changed a small amount in a sin-
gle encounter. This was dependent upon the plasma parameter being large,
so the largeness of Np (or A = 9Np) will be our fundamental assumption.

3.1 Bogolyubov’s hypothesis

Suppose we consider a spatially uniform ensemble of plasmas. If truly uniform,
then any function of one coordinate must be independent of location, so that
flri,v1,t) = f(v1,t), and a(ry,t) = a(t) = 0. Considering two particles at
a time, any function which is averaged over the ensemble must depend only
on the difference between the locations of the two particles, so that

9(12) = g(r1 — r2,v1,v2,1). (3.1)
With these assumptions, equation (2.84) reduces to

O f1(v1,t) = —no/dr2 dva ais - Vy,9(12), (3.2)

where we denote /0t — J;. This assumption also simplifies equation (2.83),
since two of the integrals are of the form

[no /d3 a13f1(3)] Vu,9(12) = a - Vo, g(12) = 0. (3.3)

The remaining terms in equation (2.83) may be written

0rg(12) + v1 -V, 9(12) + vo - V., 9(12)

39
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+((112 . Vvl +asg - v’uz )9(12)
“+no /d3 a3 - Vvlfl(]-)g(23) + nO/d'?’ aszs - vU2f1(2)g(13)
= —(a12 Vo, + @21 - Vo, ) f1(1) 1(2) . (3.4)

We now wish to estimate the order of the various terms in equation (3.4).
Consider the “pulverization procedure” where e — 0 and m — 0 but e/m =
const., nge = const., and v, = const. This requires ng — oo and T, — 0
but leaves w2, ~ (nge)(e/m) and Ap ~ ve/wye constant. Even though Ap
is constant, Np — oo, so collisions cease. As each charge vanishes, there
are no longer any correlations, since @ ~ e*/m — 0, so that ¢ — 0 as
1/Np. Since wy. remains constant, however, the collective effects will survive
the pulverization, so that g is of order 1/Np compared to fi, as is a. The
integrals in equation (3.4) are multiplied by ng, so there is the product of
noe?/m = (npe)(e/m) =const., so these terms are of the same order as g.
Thus all of the terms are of order NBl except the fourth term on the left
which is of order NV 52. Discarding this term, we write the equation in the
form

g+ Vig+Vag=S5, (3.5)

where V7 and V5 are operators given by
Vi(12) = 01 Vo,g12)+ o [ darsal@d)] Vo i), (36)
Vig(12) = o2 V0og12) + [0 [ Bang(9)] - Vosi2). @)
and the source term S is given by

S(r1 —ro,v1,02,t) = —(a@12 - Vo, +a21 - Vi) f1(1) f1(2) . (3.8)

The set, Egs. (3.2) and (3.5), are now simpler, but still very difficult to solve.
With the help of the suggestion of Bogolyubov, called Bogolyubov’s hypothesis,
we can make one more significant step in making the system tractable. The
suggestion is that the time scales for the relaxation of g(¢) and f1(t) are very
different, and may be treated independently. Going back to our discussion of
the nature of the collision process in plasmas, we expect that the particle-
particle correlation function will relax on the time scale of a single, small
deflection angle encounter, which is the time scale for a particle to transit
through the Debye sphere of the interacting particle. This time is the limit
for the interaction of two nearby particles. On the other hand, the change
of the distribution function as a whole requires substantial momentum and
energy changes, and a significant momentum change corresponds to a 90°
deflection, so the time scale is longer by a factor of Lgge /Ap = 6Np/In A from
equation (1.39). The fast time scale for electrons is then 7y = Ap/ve = 1/wpe
where v, is the electron thermal speed, and this is the time scale over which

www.mana



THE LENARD-BALESCU EQUATION 41

g(12) relaxes. The longer time scale is the usual collision time scale, 7. = 1/,
where v, is given by equation (1.40). On this longer time scale, we expect g
to have relaxed completely to its ¢ — oo limit before f; has begun to change
significantly.

We implement this approximation by assuming f;(1) and f1(2) to be in-
variant in time in equation (3.5), so that the source term from equation (3.8)
becomes

S(r1 — 72, v1,v2,t) = —(a12 - Vo, + a1 - Va,) fi1(v1) fi(vz2) . (3.9)

We then solve equation (3.5) to find the time asymptotic limit, or g(rq —
r9,v1,V2,t — 00), and use this in equation (3.2) to find the time evolution
of f1(v1,t). As we evolve f; forward in time, we must of course reevaluate
g(t — 00) with the current fi, but the time variable in the two steps is entirely
independent. To emphasize this independence, we will introduce the variable
7 for the fast time scale, so that g = ¢g(7), and we solve equation (3.5) using
the source term from equation (3.9), and then g(7 — o) in equation (3.2) to

find fi(t).

3.2 Solution via Fourier and Laplace transforms

In order to reduce the remaining problem to manageable proportions, we will
use Fourier transforms in space and Laplace transforms in time to eliminate all
but the velocity derivatives and integrals. To this end, we define the Fourier
and inverse Fourier transforms by

A = = [ dwe (o), (3.10)
P = )= [ Gret e, (3.11)
and the Laplace transform and its inverse by
£ = )= [ a0, (3.12)
e =i0= [ e, .13

where o (¢ > 0) is to the right of all singularities of f,. The Fourier transform
is equivalent to letting

flr) = flR)e®™, (3.14)
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so that V,., — ik;, but the Laplace transform must be treated more carefully,
since the Laplace transform of the time derivative is

t=0

(i{)p =pfp+ [f(t)e—f’tr%o =pfp — f(0). (3.15)

The Fourier transform of the acceleration can be performed after writing the
acceleration in terms of the difference variable, » = ry — 79, so that

62

ai(r) = WT, (3.16)
with the resulting transform
- —ik _
a12(k) = -~ o(k), (3.17)
where .2
o(k) = e (3.18)

is the Fourier transform of the electrostatic potential energy function (See

problem 3.1)
2

= 4;0r . (3.19)
We will also find useful the results of the double Fourier transforms
Flf(r1 —m)] = 2m)36 (k1 + ko) f (1) , (3.20)
and
/drle_i"“”’1 /drge_ikz"'2 /d’l"g filry —r3)fa(ra —r3) =
(2m)*3(Fer + ko) fi (K1) fo(—Fe1) (3.21)

where the transforms are over both r; and 75, and

/ dr f1(r) fo(r) = (27) / dk fy (—k) fak) (3.22)

for any functions f; and fs.

Problem 3.1 Fourier transforms of the potential and field. Prove the Fourier
transforms of Egs. (3.17) and (3.18). (Hint: use spherical coordinates with
k-r=kFkrcos#.)

Problem 3.2 Fourier transform identities. Prove the identities of equations
(3.20) through (3.22).
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3.2.1 Transforming the evolution equations

Using the results of Eqgs. (3.17) and (3.22), equation (3.2) may be written as

iTLo ~ ~
—val- dvo dky k1¢(k1)g(k1,v1,v2, 7 — 00). (3.23)
Using the identities (3.20) and (3.21), the double Fourier transform of equa-
tion (3.5) may be written as

Oi f1(vy,t) =

879("’171713'0277')+V1§+V2§:S(k1a'vl,’02)7 (324)

where the common factor, (27)35(k; + k2), has been deleted, and

- . - . - n -
V19(12):1k1'v19(12)_1k1'vvlfl(vl)@(kl)mio/dv3g(k27v3ﬂ'v2>7—)7 (3‘25)

e

V29(12) =—iky -v2§(12)+ik1 'sz f (’Ug)(ﬁ(kl):f /d’l]gg(kh v3, V1, T), (326)
where ~
S(ks o, v2) = ik (9, - Vo) file)a@) . G20

Our first task is to solve equation (3.24) for g(7 — o), which we will accom-
plish using Laplace transforms over the 7 time scale. Using equation (3.15),
equation (3.24) becomes

5'(k1,v1,v2).

(3.28)
In this expression, the operators Vi and V5 are independent of time and so
independent of p, so we treat them as constants. Equation (3.28) is now an
algebraic function which we may solve for g, to find

hSRE

_g(khUh’UQ, 0) +pgp(k17 V1, v21p)+‘/1§p(12p)+‘/2§p(12p) =

_ 90 +5/p

_ . 3.29
AT VAT A (3:29)

In order to find §(T — o00), we need the inverse Laplace transform of g, or

) = /a+1oo dip'ep‘r g(0)+ S/p ' (3.30)
o—ioco 2mi p + ‘/1 + V2

It is apparent from the form of the integrand that there are poles at p = 0 and
at p = —(V7 + V2). From later discussions of Vlasov theory, we will find that
stable distribution functions f(v) lead to positive real parts for V; and Vs, so
there is one pole at the origin and one (or more if V; or V4 are multivalued) in
the left half of the p-plane. The specified contour requires us to go to the right
of all singularities, as shown in Figure 3.1, but we can just as well deform the
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Im(p)
|
deformed normal path of

contour | integration
o
—l

Re(p)

N
1/

—)

singularity

- D - - wP - a—

FIGURE 3.1
Deformed contour. The normal path is shifted to the left but remains to the
right of all singularities and branch points.

contour to the left as long as we loop back to stay to the right of each pole
(or branch point, if any).

By deforming the contour, the vertical portion of the contour may be ne-
glected if we move it to —oo, since the inverse transform in equation (3.30)
has the factor eP” which vanishes as Re(p) — —oo. The horizontal segments
toward the poles will cancel each other out since there is one going each way.
Hence, unless there is a branch cut, and we have none in this case, the integral
is simply the sum of the residues. Furthermore, the pole at the origin is the
most important one, as the others will decay away as 7 — oo since the poles
are in the left half of the p-plane. We then focus our attention on the pole at
the origin whose residue gives

S

- T R
g(m — o0) P%p“’_Vl"_‘/Q

(3.31)

We will not take the limit at this time, since the limiting behavior will be
useful in what follows.

We now invoke a sneaky trick to separate the operators V; and V5. Noting
that we can write

1

oo
— dt e~ (PHVi+Va)t
p+Vi+ Vs, ,/0

:/oodtefpt?f dps e f dpy e
0 c 27Tip1+V1 Cy 2mip2 + Vo

- f 5 1 o o) () = 0
¢, 27 Jo, 27 \p1 + W1 p2+Va) p—p1—p2’
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where the contours C; and Cs must be chosen so they include the poles at —V;

and —V3 and so that Re(p) >Re(p1)+Re(p2). Using this separation technique,
we can write equation (3.31) as

g(t — o0) = lim dpl}{ dp?( >( 1 ) S
=0 Jo, 2mi Jo, 2mi \p2+ Vo) \ 21+ Vi) p—p1—D2

(3.33)

3.2.2 Inverting the operators

In the expressions above with V; and V5 in the denominator, where Yl and V5
are operators, we must interpret an operation such as (p1 +V1)71S = U as
equivalent to (p; + V1)Uy = S. Hence we must find Uy (k1,v1,v2) such that

S(k1,v1,v2) = (p1 + V1)Uy(k1,v1,v2)
= (p1 +ik1 - v1)Ur(k1,v1,v2)
in -
Okl . vvlfl(’l)l)ga(kl)/d’l)gUl(kl,’Ug,’Ug) . (334)

€

In order to solve this integral equation, we recast equation (3.34) as

1 ~
Ui(k = — | Sk
1(k1,v1,v2) p1+ik1.vl{ (k1,v1,v2)
l’n,o
v, (’Ul) (kl)/dngl(kl,vg,’Ug)], (335)

and integrate over vy to obtain

[t w1, = [, S 21202)

p1 +iky - vy

(k1) v
+1’fl0<,0 ! /d’l)3U1 k1,1)3,'02 /d’l)lv—lfl(vl).
p1 +ik1 - vy

We note, however, that vs is just a dummy variable in the integral over vs, so
that integral is equivalent to the integral on the left. Solving for this integral,
we may write (with the dummy variable v)

1 g(kl,v,vg)
dv Uy (k1,v,v92) = dv - 3.36
/ 1k 2) e(k1,p1) p1+iky - v (3:36)
where we define
ingp(k) / k-Vyfi(v)
=1- .
e(k,p) . dv PERTEE (3.37)

which we will later show to be the dielectric constant for the plasma. Having
solved for the integral of U, we can return to equation (3.35) to give the
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solution for U; as

1 ~
= —— | Sk
Ui(k1,v1,v2) T "U1|: (k1,v1,v2)
inokl-Vvlfl(vl)gZ(kl)/ g(kl,’l],’vg)
+ dv - . (3.38
mee(k1,p1) p1 +iky - v (3.38)

Unfolding equation (3.33) from the right, the next inversion involving V5
is similar, except that this time we need (pg + V2)~'U; = Us. From equa-
tion (3.23) we see that the integral [ dvsg is required, and since V3 is equiva-
lent to V; except for a change in sign of k; and an interchange of v, and vo,
we can do the inversion by analogy to equation (3.36), so that

1 /d'U Ul(k?l,'vl,'UQ)

e(—k1,p2) 2 py—iky vy

/d’UQUQ(kl,’Ul,'Ug) = (339)

Having done the inversion, we return to equation (3.33), and after integrat-
ing over vo, we obtain

dpy dp2
d k =li
/ vog(ky,v1,v2, T — 00) = pli% 2 %02 2 ¢ k1,p2)

Xi/d’l]QM. (3.40)
P—Dp1—p2 — ik -

3.2.3 Integrating over ps

At this point, we do the integral over ps first, noting from the previous con-
dition that Re(p) >Re(p1)+ Re(p2) and that the pole at po = p— p; is to the
right of the prescribed contour, as shown in Figure 3.2. Since the integrand
varies as 1/p3 for large ps, we may close the contour to the right and inclose
only the one pole, with the result

dpy 1
d k — = li i
/ v2g(k1, 01,03, 7 = 00) = PIL% o, 2mi e(—k1,p —p1)

U,(k
y /dwl(h—w. (3.41)
p—p1 —iky - v

Expanding this expression using equation (3.38) for U; and equation (3.27)
for S, we find

/dv2§(k17vlav277— - OO)

—hm dvj{ dp1 N+ + T3+ T,
° Jo, 2mie(—ki,p—p1)(p — p1 — ik - v2)(p1 + iky - v1)

,(3.42)
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Im(ps)

p2=1iki-vy ¢

¢ P2=p—DN
Re(p2)
6(_klap2). g
FIGURE 3.2
C5 contour which closes to the right and incloses one pole.
where
ip(k
T = ifz 1)"31 Vo, fi(v1) f1(v2), (3.43)
ip(k
Iy = 7%"’1 - Vo, f1(v1) f1(va) , (3.44)
=2
nop?(k1)k1 - Vo, f1(v1) / ki-V,
T3 = — 4
3 m2e(kr,p1) p1+ik1-vf1(v)f1(v2)’ (3.45)
=2
nop” (k1)ky1 - Vo, f1(v1) / ki-V,,
T, = . 3.46
! mZe(k1,p1) vpl + ik - Ufl(’v)fl(vz) ( )

Using the definition of the dielectric function in equation (3.37), the integral
of Ty over vq is

T, fi(v1)
dvo—————— =[1 —e(—k1,p — —_. 3.47
Jaoe B - k) Y (3.47)
Using equation (3.37) again for the integral over v, the integral of T5 over vq
is

Ts dvs { 1 ] . @ fi(v2) dvs
- = —1|iky-V v)— | ———————.
/P—P1—1k1'vz e(k1,p1) 1 Vo il 1)me p—p1—ik1 v
(3.48)
The integral over the last term gives
Ty dvs [1—e(—ki,p—p1)]. % fi(v) dv
= ki - - .
/P*plfikl"vz e(k1,p1) e vvlfl(vl)me p1+iky v

(3.49)
The integral of T cancels the second term in the integral of T3, so collecting
the pieces again, we have

/dvgg(kzl,vl,vg,r — OO)

- hmyfc dp1 L {L( 1 = 1] (To + Tp) +Tc}(3.50)

p—0 ITﬂ(p1+ik1'U1) —k1,p—p1
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where

Ta = fl('vl)/nm (351)

iki -V, fi1(vi) ¢ / f1(v)
T, = S Ve il do—I10) 3.52
b e(k1,p1)  me vpl +iky v (3:52)

ik - Vo, fi(vi)) & / f1(v)

T. = - [ dv——"-—"—. 3.53
e(—ki,p—p1)e(k1,p1) me UP*IH —iki v (8:53)

3.2.4 Integrating over p;

Turning our attention now to the integral over the contour C7, we note the
location of the poles in the p;-plane in Figure 3.3. The integral of the term T,
is simple, since as |p;| — oo, the factor in square brackets in equation (3.50)
varies as 1/p1, so we may close the contour to the left and pick up only the
pole at py = —ik; - v; [the pole due to e(—ki1,p — p1) is to the right of C],
with the result

dp1 1 1 o 1 fl(vl)
5 - . -1 Ta— . -1 .
¢, 2mi (pr+iky - v1) [e(—k1,p—p1) e(—ki,ptiky - v1) ng

(3.54)
Im(py)
o e(ki,p1) oec(—ki,p—p1)
p1=—iki-v1 ¢
Re(p1)
p1=—ik;-v ¢ 1 op1 =p—iki-v

FIGURE 3.3
C contour and poles.

Multiplying the T} term by the (—1) term in the square brackets, the only
poles are along the imaginary axis, so closing to the right will pick up no pole,
so we have no contribution from that term.

Combining the remaining terms, we have

[—1im § P ik - Vo, f1(v1)@
r=0 Jo, 2mime(pr +iky - vi)e(—ki,p —pi)e(ki, p1)

1 1
X d - . 3.55
/vfl(w[pmkw e erd BRCLD)

Noting that the integral is to be taken in the limit as p — 0, it appears at first
glance that the velocity integrand vanishes, so that we have no contribution.
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We must be careful, however, since the two poles are on opposite sides of the
prescribed contour, and as p — 0, these two poles “pinch” the contour. Also,
the pole at p; = —iky - vy is fixed, while the other two poles move as we
perform the integration over v, and one passes through this fixed pole.

It is necessary at this point to introduce the Plemelj formulas,

1
lim ——— = — | £ind(p —a), 3.56
=0 (52 ) £ a) (3.56)
where the upper sign is used when a contour passes to the right of a pole, and
the lower sign when it passes to the left, and p signifies the principal part. It
will be advantageous at this point to recognize from equation (3.23) that we

only need the imaginary part of the integral of g, which comes from the real
part of

1 1 1
Re lim - . - i
p—0p; +iky - vy |p1+iki v p1—p+ik; v

1 . . 1
= Re {p (pl T ik, ‘U1> +imd(py + ik -’Ul):| {@ (pl T ik, ~v>

= —21%6(py + iky - v1)d(py + ik - V). (3.57)

+i7r5(p1 +ik1 . ’U) — p(

Using the first delta function to do the p; integral, we get

iﬂ'kl . V'vlfl (1)1

= ) ¢
e ~vl)|2ﬁ6/d”f1(”)5[k1-(v—vl)], (3.58)

where we have used the fact that e(—k, —p) = €*(k, p).
To complete this part of the problem, we also need the imaginary part of
equation (3.54) integrated over vy as p — 0, or

lim Tm L( ! ) —1} hv)

p—0 —kl,ikl - U1 no

and the —1 is real, so we need

1 —€;
Im - = —.
(er + 167;) le|?

From the definition of the dielectric constant, we have

lﬂoga(k) / k . V,Ufl('l))
k =1- d
(k. p) Me vp+ik~v

and letting p = o — iw (where o is real and positive) and factoring out —ik
from the denominator, we have

i) [ g, _k: Vulie)

k,p)=1
(k. p) + mek w/k —v+io/k
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5(k k. vv )
- nzri(k) {p/de +imk - Vo fi(0)lomok|  (3.59)

and if we represent the pole contribution (imag. part) by irk - V, f1(v)d(p +
ik - v), then we have

(ko ity - v1); = TP E g G )6k (0 - o)

e
so our final result for this term is

I [ 1 B 1} filv)  w@(k1)ks - Vo fi(v)d[k - (v —v1)]
6(7’61,1’61 . ’Ul) no m€|e(7k1,ikz1 . '1)1)|2

so that combining this term with the result from equation (3.58), the combi-
nation gives

T
me|e(—k1,ik1 . ’U1)|2

X/d’l) kl . (Vvl — Vv)fl(v)fl(vl)ﬂkl . (’U — ’Ul)}. (360)

dvag(r — o0) =

We are now ready to put this result back into equation (3.23), with the
result

k19* (k1)

» k

atfl(vla ) {1 2 v 1 d 1/d kl,—lkl 'U1)|2
—Va)f

><k1 (Vo, 1(171)f1( )olk1 - (v —wv1)],  (3.61)

which we rewrite as

8f(8’l;;t) =—V,- /dv’Q(v,v’) . (vv _ vu/)f(’v)f('v'), (3.62)
where Q is a tensor given by
_no dk  kkp?(k) ,
Q= iz | 2T e )
_ e N\’ [ kk bk-(v—1)
= (47760m> /dkk/“‘lH(dJ/W’ (3.63)
where —
v) =02 B Vo JAU)
vk k-v) =, /dv k-(v_v) (3.64)
since

3 2 . , /
e(k, —ik -v) =1 - —2° /dv’ k- Vo /()

meeok? —ik-v+ik-v’
v2 k- -V f(v)
=1 do/—22 "2 3.65
+k2)\2/ k- (v—0v) (3.65)
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3.2.5 Integrating over k

We now wish to do the integral in k-space, and to do this, we first orient éj,
along the v — v’ direction, so that the @);; tensor components are given by

2 2
(w0f) = 2 ¢ /dkdkdk ! :
Qij(v,) ”0<4mme) PR o — o[ [T+ (/R0

(3.66)
The integral over k; is trivial because of the 6(k;) factor, since if either i = 1
or j =1, Q;; =0, and k? is reduced to k* = k3 + k3. Using cylindrical
coordinates, with ko = kcosf and k3 = ksin 6, and setting the upper limit of
k to be kg, we find for Q33 (for example),

e\ 1 ko dk 1
=-2 dé sin? 0 _—— .
Qas = =2no <4mome) o=/ / i / B L+ (/NP
(3.67)
Now 9 is in general a function of 6, but not of k, so we can do the integral

over k with the result

ko dk 1 1 k2 )2 P k2\2
e ——— O N SR AT o1 PR PN <1+ OD>. 3.68
[ % rrwmmge =gt e s (14 55) - w9
The cutoff at kg = 1/bmin (the maximum k corresponds to the minimum

distance over which there is significant variation) is the same as the distance of
closest approach in Section 1.7.2, and since A = byax/bmin Where byax = Ap,
A
1+ —

the integral may be written
/’“Odk 1 1 ¢iag<1+A2)
- - T _ r el
o kIL+@/EA)P 2 V| 2 ¥

~InA, (3.69)

2

since the dimensionless v is of order unity, and we take both A and In A to be
large. The integral over 6 is then trivial, with the result that Q23 = Q32 = 0,
and

4megmee

2 2
Q33(v,v") = Qa2(v,v") = —2mny ( c ) " j o InA. (3.70)

With only these two components of the tensor nonzero, we can represent the
tensor in terms of the unit tensor I, so that

wpe INA g%I — gg

Q(v,v") = — , (3.71)

8mng g3

where g = v — v/, recalling that é;, = é,. This form of the tensor is known
as the Landau form for Q.
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Problem 3.3 Analytic behavior of e(k,p). Prove that e(—k,—p) = ¢*(k,p)
if Im(p) = —w and Re(p) — 0, and show that

2

Tmle(k, p)] = fm% dvk - Vo fi(v)d(w —k-v). (3.72)

Problem 3.4 Integral over k. Verify the integral in equation (3.68), and
examine the approximations of equation (3.69) for v real and for ¢ imaginary.

3.3 The Fokker-Planck equation

With a few manipulations and partial integrations, we can cast equation (3.62)
into the form of a Fokker-Planck equation, which enables us to interpret the
terms more clearly. Noting first that

2
| —
Vvvvg = ggiggg 5 (373)

we can write equation (3.62) as

Of (8) = Qoo - (Vo) VoV / ' f(o)g— f(w) / v’ Vo Vg Vo f(0')],

(3.74)
where Qo = wj, InA/87ng = vev? from equation (1.40). Integrating the
second term by parts, and using V., g = —V,g, the two terms can be written

Q1 = QuVa Vs [(0)VaV, [ a0 g (o). (3.75)
Q2 = —2Q0V - [[0) [(W/Vu(T0Talaf @], (376)

where we define

VoV : fVeVoh = Vo - (Ve - fVe)Voh]
= VU : [f(v'v : vv)vvh] + vv ° [(vvf) : VUV,,h} 5 (377)

for any scalar functions f(v) and h(v). Using V2g = 2/g, the second term is

Q2 = —4QoVy - [f(v)vv /dv’f(gv)} . (3.78)
Combining these, we obtain the Fokker-Planck equation,
O0cf (v, t) = =V - [Af (0,1)] + 5Vo Vo « [f(v,1)B], (3.79)
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where
,1)
A = v.03V, /d'f” (3.80)
B=11v.02V,V, /dv’ v —2'|f(v',t). (3.81)
With these coefficients, this is known as the Landau form of the Fokker-Planck

equation, where A is the coefficient of dynamic friction and B is the diffusion
coefficient.

3.4 Dynamic friction and diffusion

The Fokker-Planck equation is the basic equation which describes the relax-
ation of a nonequilibrium distribution function towards equilibrium. We can
see from the general form of the equation that it contains a slowing down or
dynamic friction term, which tends to keep the distribution centered about
zero and pulls high velocity particles back into the distribution, and a spread-
ing or diffusion term which maintains a finite width. The balance between
these two effects leads to the Maxwellian distribution in steady state unless
some other source or driving term is added.

Simpler forms of the Fokker-Planck equation are possible, but these in-
variably give a less accurate or incomplete description of the thermalization
process. More complicated expressions are needed to include the effects of a
magnetic field, which adds anisotropy so that the rates are different along and
across the magnetic field.

An example of a simpler form for the Fokker-Planck equation is

of 1,2

yri VeV - [(v—v0)f + 302V, f] , (3.82)
where v, is the electron collision frequency and vy is a constant velocity (such
as the velocity of a beam injected into the plasma). While substantially
simpler, it leaves so much out that it is useful only as a first step. The
principal weakness of this form is that for v > v, both the friction term and
the diffusion term fall off as 1/v™ with n > 2, so it is only useful for velocities
of the order of the thermal speed or less.

An even simpler form introduced in Section 1.7.3 is the Krook model, de-
scribed by

of _

5 = Y= fo), (3.83)

where fy is the appropriate Maxwellian equilibrium distribution function.
This is clearly simplistic, but tractable when added to the Vlasov equation
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to represent the effects of collisions on waves. In the next chapter, these two
simple models will be compared for collisional corrections to Landau damping.

In the last three chapters, we will investigate the effects of collisions on
the various transport coefficients, without and with a stationary magnetic
field, among them the conductivity. These calculations will largely ignore the
friction and diffusion effects, and will assume that a steady state distribution
exists and is nearly Maxwellian. It is worthwhile to examine these assumptions
when there is a steady electric field or an oscillating electric field near a
cyclotron resonance, since in both of these cases, the steady state either does
not exist or differs substantially from a Maxwellian.

Problem 3.5 Dynamic friction for large velocities. For large velocities, find
approximate expressions for the integrals in equations (3.80) and (3.81), keep-
ing the lowest and next higher order nonvanishing terms in v./v. Then show
that the diffusion term varies as 1/v3.

3.4.1 Runaway electrons in a steady electric field

If one assumes a steady electric field and sets out to calculate the current, the
simple dynamic friction term of equation (3.82) will not, in general, suffice.
Because particles in the tail (we shall use “tail” to denote those particles with
large velocities relative to the thermal velocity) of the distribution see little of
the drag the main body of the distribution sees because of the rapid decline of
the dynamic friction with velocity, they will not be pulled back by collisions
and will continue to accelerate in the electric field. H. Dreicer[11] has shown
that there exists a critical field, E. = m.v.v./e, where a particle is accelerated
from zero to the thermal velocity in one collision period. Because the time
between collisions depends on both temperature and density, this critical field
will vary as Joule heating due to the field will increase the temperature. In
fact, there is no true steady state, since as runaway particles are drawn away
from the main body of the distribution, the diffusion term in the Fokker-
Planck equation will tend to fill the void and these new particles will be
steadily drawn out by the electric field. In a tokamak, or other toroidal device,
the runaway electrons will continue to accelerate until they lose containment,
sometimes reaching relativistic energies.

To see how this comes about, we begin with the equations of motion for
electrons and ions, neglecting the effects of a magnetic field, since with F
perpendicular to B, it simply causes a drift velocity E x B/B? and for E
parallel to B, it has no direct effect, so we write

Ofe e _(9fe

8t +U~er*HeE'vvfe— < 8t >C (384)
ofi e _ (9fi

o +v-Vfi+miE-vai—<at>c (3.85)
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The collision terms are represented by the Fokker-Planck equation

(%)C =X {—;w[fa<Avi>aﬁ] “1‘;615;1)k[fa<AUjAvk>aﬁ]} (3.86)

B=e,i

where the repeated indices, i, j, k are to be summed, and the sum over species
0 = e, i indicates that each type of particle has collisions with both electrons
and ions. The average velocity increments are given by the Rosenbluth H and
G potentials[12] through

0Hup
(Avg)ap = o (3.87)
0?Gop
(Av;Avg)ap = B0;908 (3.88)
where
!
Heg(r v, 1) = 2ot mﬁra/ Jor.v's) ga,s (3.89)
meg w
Gap(r,v,t) = I‘a/wfg(mv’,t)dgv’ (3.90)
and
w=|v—17] (3.91)
62 2 )\D
I'y=4n|—) In{ — .92
* 7T<47T€0ma) n(po) ’ (39 )

where pg is the average impact parameter for a 90° Coulomb deflection. Defin-
ing the average velocity for each species by

Vo = %/favd% (3.93)

and n is the electron (or ion) particle density. Assuming a uniform plasma,
we then take the first moments of equations (3.84) and (3.85) by multiplying
by mwv and integrating to obtain

Ov, M 3

Me ot +eE = 7/f€(v,t)VvHezd v, (3.94)
ov; _omy 3

mzﬁ —elb = 7 /fl(vvt)va’Led v. (395)

These equations state that the time rate of change of momentum for each
species is a balance between the electric force and the dynamical friction
arising from electron-ion encounters. Encounters between like particles do
not alter the momentum of the gas and therefore do not contribute to the
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dynamical friction. The total momentum with a steady electric field must
be conserved, and this can be shown by demonstrating that the dynamical
friction force obeys Newton’s third law. Using equations (3.89), (3.91) and
(3.92), we find

ctmi 1
/fe(v,t)VvHeid?’vf Me + M / Folo, ) fi (v, D)V (> o dy’
w
_ / fi(v', £) V. Hyo d30'
Me

and adding equations (3.94) and (3.95), we find

81}6 m; 81)7;
ot~ me ot (3.96)

which shows that electrons carry nearly all of the current.

In the limit of either weak or strong electric fields, this problem simpli-
fies somewhat. For strong fields, we may consider the effects of electron-ion
collisions to be a small perturbation on the motion which electrons and ions
execute in the applied electric field. To a first approximation, then, we may
assume that the electrons and ions are accelerated independently and at a
constant rate. The distribution functions will largely be determined by like-
particle collisions and approach asymptotically a Maxwellian which is shifted
by the drift velocity. If we consider displaced Maxwellian distributions, given
by

n(r) lay_ 2 /2
falr,v,v4(t)] = 3723 © V=@ /vt (3.97)
ta
where
o 2kpTy,
ta — Ma

defines the thermal velocity for each species, then a more careful analysis
shows that many correct results may be obtained even for weak fields. Using
this form for the distribution function, the H.; function may now be evaluated
by substituting equation (3.97) into equation (3.89). Integrating, we find

me + my erf(q/vy;)

Hei = Fe 3.98
(g) =, e 2 (3.98)
where erf(x) is the error function
x t2
erf(z) = “Udt
\/>
and ¢ = |v — v;|. In many problems, the electron thermal speed greatly

exceeds the ion thermal speed and in this limit, we may approximate the ions
as being at zero temperature, in which case, H.; simplifies to

H.;=nl./q (3.99)
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where we have neglected terms of order m./m,. With this simplification, we
may write equation (3.94) as

me% +eE = —eE.0(2) (3.100)
where ;
erf(z) — zerf' (2
by = )zl ()

z
where the prime denotes a derivative with respect to the argument and

z = |ve — ;| /Vte

ek, = nmel"e/vfe )

AR —

| | |
OO 1 2 3 z 4

FIGURE 3.4
Variation of the dynamical friction coefficient ¥ as a function of the relative
drift velocity z = |ve — v;|/vte.

The variation of ¥(z) is shown in Figure 3.4 and it may be noted that the
maximum occurs where z = 1. Having established the form of the dynamical
friction, we now solve equation (3.94) by successive approximation. There are
two types of solutions for weak and strong fields. For weak fields, such that

E/E, < (1) = 0428,
the drift velocity rises monotonically to the steady state value (9/0t = 0),
E=E(1). (3.101)
For stronger fields such that

E/E.> (1),
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there is no steady state as the particle acceleration is always positive and both
ve and v; increase without bound or “run away.” The critical field may be
expressed in terms of the collision frequency or in terms of the Debye radius,

as
€

.= ——InA, 3.102
47T60)\2D . ( )
or
nl'e e E.
V= 3 = — —
Vp, Me Vte

which is related to the acceleration

e
VeV = —FE,.
(4

In the weak field limit, we may solve equation (3.94) for v.(t) using the
small argument expression for ¥(z),

U(z) ~ z, z<1

4
37

to find the solution with initial condition v.(0) = 0 to be

3T E
ve(t) = — \/th = (1 - e—4”t/3ﬁ) . (3.103)
(&

Problem 3.6 Rosenbluth H-potential. Show that H;(q) is given by equa-
tion (3.98) and that equation (3.100) is the appropriate equation for the dy-
namical friction for electrons, after making the appropriate approximations.
(You will probably need to look at the paper by Rosenbluth, MacDonald and
Judd[12].)

Problem 3.7 Weak-field velocity. Show that equation (3.103) is a solution
of equation (3.94) with v.(0) = 0 using the small argument expression for

3.4.2 Resonant wave heating

As our final example of using the Fokker-Planck equation to see how external
fields may modify the distribution function, we examine the heating of a
plasma at either the fundamental ion cyclotron frequency or its first harmonic
via the fast Alfvén wave. The treatment is due to Stix[14] who begins with
a two ion component plasma. The two ion components lead to resonances
at each ion cyclotron fundamental, the two-ion hybrid resonance, and for
minority hydrogen in deuterium, the two-ion hybrid resonance nearly coincides
with the hydrogen fundamental and the deuterium harmonic since w.yg =
2(4)0 D-

One way to understand the mechanism for resonant damping is to move into
a rotating reference frame at the resonant frequency in which case the particles
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“see” a stationary electric field depending on the wave amplitude. For the fast
Alfvén wave, the effective electric field is B} = 1(E,+iE, ). The objective is to
see how such a resonant wave can influence the distribution function. Because
of the constant acceleration in the rotating frame, the runaway effect of the
previous section tends to pull out a “tail” so that the high energy portion of
the distribution is enhanced and substantially non-Maxwellian. The Fokker-
Planck equation for this case includes the quasilinear diffusion coefficients in
the Boltzmann equation which are given by Kennel and Engelmann[15] so
that the kinetic equation takes the form

t Z2 2 Bk
825, ) - Vlgnoo — = / 3VL”UL5( k””l)” — nwcz) |9n k‘ ULLf
(3.104)
where

_ Fjogy 1.0 Ky 0
L= (1 w v, v, + w 611”

1 . kiv 1 . kv
O, 1 = 2elw(Ex—1Ey)kJn+1< = L) +5e w(Ez—i—lEy)kJnl( L L>

ci Wei

Y| kivy
Jn
m( )k (wci >,
k =k, cosye, + ki sine, + ke,

and V is the plasma volume and the Ej are the Fourier amplitudes in the
complex analysis of the wave fields. For our purposes we can drop the parallel
velocity effects in the L operator and also neglect the F, —iF, and the E,
contributions to 6, , and assume 7 = 0 and a monochromatic spectrum.
With these simplifications, carrying out the integral over k, we have

of (w) _ nZ?e?
ot 8m2|k“| By +1Ey ‘

1 0 , kivy
Tt e ()

where the sum is over the cyclotron harmonics. For acceleration at the cy-
clotron fundamental, n = 1, and the Bessel factor, Jo(k v, /we;) — 1, in the
small Larmor radius limit.

The applicability of equation (3.105) depends on geometry, such as is found
in tokamaks where this type of resonant heating is most relevant. For the
validity of the quasilinear diffusion coefficient, it is assumed that the phase
of the wave is random and that there is a spectrum of wave frequencies and
wave numbers. We are assuming a fixed phase and a single frequency and
wave number during any single pass of a resonant ion through the resonance
zone, where the particle gets a small increment of velocity. The validity thus

2
5 <v|-— “’_'”“&”> L 9F 3 105)

k” vl 8UJ_
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depends on particles making multiple passes through the resonance zone (the
magnetic field is assumed to vary in space so the resonance zone is a finite
width slice through the plasma whose width depends on the velocity spread)
and “forgetting” their phase on each pass so that the phase is essentially
random. This is a good approximation in tokamaks since individual particles
have relatively long trajectories between passes and the dephasing effects of
collisions occur more rapidly than significant deflections upon which the usual
collision frequency is based.

From the form of the quasilinear diffusion through the operator L in equa-
tion (3.104) and especially in the reduced form of equation (3.105), it may
appear that cyclotron heating occurs only in the perpendicular direction, but
this is not so. The operator L has a gradient in velocity in the direction of a
circle defined by

9 W — NWe; ?
vl + 1y — T = constant

in velocity space. This is illustrated in Figure 3.5 where the resonance con-
dition is the dashed vertical line and the diffusion is always along a circle, so
that both parallel and perpendicular diffusion occurs.

L~ z
+

esonance zone

7
3
:
e o

Y| —>

=
=

FIGURE 3.5
Contours for quasi-linear diffusion. Diffusion takes place only along the arc
direction and only in the resonance zone.
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We now wish to write a kinetic equation which combines the effects of
quasilinear diffusion and Coulomb thermalization. A convenient form for the
Fokker-Planck equation is

of
ot
the first term representing drag and the second term diffusion.

For a specific example, we choose a plasma with majority tritium and mi-
nority deuterium and examine the resonance at w = w.r so there is only a fun-
damental resonance and no two-ion hybrid resonance in the vicinity of the res-
onance and the nonresonant background ions may be considered Maxwellian.
For the Coulomb collision effects, we use the coefficients of Spitzer[1] in veloc-
ity space given in terms of (Avy), ((Avy)?), and ((Avy)?). In this case, the
parallel and perpendicular subscripts indicate directions relative to the test
particle velocity v and not to the direction of B. Changing from cartesian co-
ordinates to spherical coordinates in velocity space, such that (Av) = (Av))e,
and (AvAv) = ((Av))?) e, + ((AvL)?/2)(égeg+epey) and then adding the
quasi-linear terms to the Coulomb terms[16], the kinetic equation is

= -V, ((Av)f) + iV, - [V, - ((AvAv)f)], (3.106)

of
2=+ (3.107)
where
C(f) = —7}12 % [Uz <<A11|> + 21v<(Av¢)2>> f]

1 82 2 2 1 9 2 9 2
+ﬁ% [0 ((Avy)?) f] + m@(l — i )8TL [{(Av)?) f],

Zan [wm (w k’nW)}Rm(f)’

19 9 L, il O
Rm(f) = (17‘u2)m+17702m+171}f+v2m 2871111(17#2) +17,“f

v2 Ov Ov ou
0 0 o 0
_ .2m=2 . 2ym+1 o o m+1 2m—2
Y 8uu(1 ) (%vf (=) 8,u'u8vv

0
—9m(1 — /1/2 m+1v2m727’uf ,
( ) o

where p is the cosine of the angle between v and B and @, (7) is the coef-
ficient of v3™ in the power series,

Z2 k/’J_UJ_ 2
> Q" = o= B2l ( = (3.108)
where for n = 1, the first few of the Q),,1 are
7TZ2 2
QOl = 3m 2 |E +iFE |2
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kL2
Q11 = —2Qu 5
Wei

4
Q= S0m (52 )

2Wci

We can eliminate the delta function in R,,(f) by averaging over a toroidal
magnetic surface of minor radius 7 and major radius R such that

(w —Kyvy)

%/dé)@mn(x,y)(% [wm- — :| ~ R an(iﬂoa |y0|)

Twe;T| sin G|
where tanfy = |yo|/zo, and zo, yo are the coordinates where the selected
magnetic surface intersects the central (v = 0) resonance surface. This as-
sumes that Q.. (x,y) is symmetric for y = +|yo| and is well represented over
the resonance zone by its value at zg.

The next step in solving this kind of partial differential equation is to expand
f(r,v,t) in Legendre polynomials such that

(r,v,t) Zgy 0, 6) Pag(p1) . (3.109)

This expansion is particularly useful if Q(f) = 0 since then the Py(u) are
eigenfunctions of the C(f) operator. For Q(f) # 0, however, the various
Py () are mixed, but since the integrals over p are simple, it is still a useful
expansion. Since we have selected only the n = 1 case for our example, we
will keep only two terms in the expansion so that

f(v,t) = A(v,t) + $B(v,t)(3p® — 1)
and we find from the Py and P, moments of equation (3.107)

0A 1 0 9 0 5 5, B B
5 = viDw [ av A+8 (3Bv A)—I—Kva U(A—5>—K<A+5)v](3.110)
0B 10

OB _ 10 oy, L O pap 3B KO 0 [ 5
ot 2 v (av”A) + 202 Ov? (Bv"B) 21}2 2ov v A+ 7B
K 30 K 0
where
_ 2R _ P
K= 3mwe;r| sin G| Qo1 (o, [yo]) = 3n;m;
1

a = (Av)) + %<(Am)2>

B = {((Av))?)

v = ((Avy)?) (3.112)
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and where

(Avy) = =" Cpl5(1+ m/mg)G(Lsv)

f
(ao) = 3 D)
f
(d01) = 32 Dlent(tye) - Gty
f
ngZ2%e*In A
Cr= e
Uy = 1/vg

G(z) = 39(2) (3.113)

where the subscript f denotes the background particles. A useful identity in
working with these coeflicients is

1d v?
2 2y _
—av” + >dv (Bv7) = Ef Cf_vff G(v/vtf) . (3.114)
Because the error function and G(x) are so complicated, we introduce ap-

proximate forms so that the integrals can all be solved in closed form. We
let

ex(3 + 222)

1+ 2ex3
ex

T 14 23

erf(z) ~
G(x)

where ¢ = 2/3y/7. Some simplified forms of the Coulomb diffusion coefficients
may be derived in certain regions according to Table 3.1 where Range I is for

TABLE 3.1
Ranges and simplified diffusion coefficients.
Range «@ I6] ~y
I D/v D 2D
3 V3 V3
mo| 2 Y} e () | A
ts 3 ts v3 vig

v < v; and Range 1II is for vy; < v < vge, and where, summing over the f
species of background ions and electrons,

D= ZCfff
f
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QZ an? (mee>1/2 kT,

. Ne meTf mts
f
8 6.65-1014AT?
ts = Melre _ eV seconds
emC, Z2n.In A
and summing over the j species of field ions,
L7123
1 A3 ;7
—mV2=148-10"3T.y 2
2 Ne - Aj
J
, 2/3
1 _ 1/3 A3/2 an»kBTj
—mV3 = 1.48-107°T, J
2m B eV Ne zj: eA,;
2/3
1 2 -3 241/ 2
3V = 148107 Ty | = - > n;Z;
J

where A and Aj; are the atomic masses of the test and field ions and n. is in
m™3.
Problem 3.8 Q.2 coefficients. Find the first three @Q,,,2 coefficients.

Problem 3.9 Ewvolution of A(v,t) and B(v,t). Show that equations (3.110)
and (3.111) result from taking the Py and P» moments of equation (3.107)
with m =0 and n = 1.

3.4.2.1 Steady state — lowest energy range

If we assume that the wave heating is of sufficient duration that a steady state
is reached, then 9f(v,t)/0t = 0. The existence of a steady state, however,
may be limited to the lowest energy range and to fundamental resonance
heating, since for n = 2, the wave energy is primarily transfered to the tail of
the distribution due to the higher order in k; v, /w¢; in the @y, terms. This
leads to a runaway condition for that part of the distribution function much as
we encountered in the previous section for a constant electric field. Even in this
lower energy range, significant effects can be noted, and equations (3.110) and
(3.111) may be integrated to find A(v) and B(v). With A/t = OB/t =0,
we can integrate equation (3.110) once immediately, and using the condition
that A — 0 as v — 0o, and using equation (3.114) and the Range I expressions
for «, B, and v, we find

A(v) = const. e ko
D+ 2K
kBTcﬁ' =
€2 ¢(Cyly/kpTy)

4K mv? \?
B(v) = A
) = 7510k (2kBTCﬁ»)
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If all the Ty are equal, such that Ty = Ty, then kpTeg = (D + 2K)kgTy/D.
It follows that if K — 0, then Tog — Tp and B = 0. When K # 0, the reso-
nant velocity distribution is still approximately Maxwellian with an elevated
temperature. The complexity of the diffusion coefficients makes a full analysis
of the angular distribution difficult, but by integrating equation (3.111) over
v2dv from 0 to oo, many of the terms vanish with the result

/Ooo (7(;) + = K) - —K/ Av (3.115)

which suggests that
10
B(v) ~ —KA(v) /(7(2”) + 7K>

as a first estimate.

3.4.2.2 Steady state — f(v) solution

If we drop the angular dependence, the problem simplifies greatly, so that the
Fokker-Planck distribution is truncated at

f(w) = A@w) = } / £(0, 1) dp

which is equation (3.110) with B = 0, and is immediately integrable such that

() = £(0) exp [_ ’ dvm(ﬂ”zy]

3.116
0 Bv? + 2K v? ( )

where the Coulomb diffusion coefficients are given in equations (3.112) and
(3.113) and the identity of equation (3.114) provides a convenient form for
the numerator in the integrand. For the background electrons, we may use
G(z.) = ex, since v K ve. With only one background ion species and using
the approximate forms for G(x), the result is

E R'(Te - 1T5 +€Te)
1 =— J J H(E/E; 3.117
M) =Ty e LT R +6 ) BT
where
E = %va
f 1/Utj
n. 720
.= ‘7 JJ
By = nele
¢ = 2K 2773/260m<P>11te

eC.l, nenZ2etIn A
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1+ R; +¢])*°
E. = | —T = < E;(0
J(f) Uty { 26(1+£) } = J( )
E;(0) = imVj
1 /*  du
H(z) = — —_—
() =~ /O i
2 (A= vedey L (m i 2VE ]
x |6 1+ 2y + = V3 \2 V3
o~ 17%z3/2+%x371—21x9/2+~~, lz] < 1
~ 24184771 — 20732 + 17— 20792 4 2] > 1.
100
fp(v)
10—t
102
10—3
1074 | | [
0 50 100 150 200 E(keV) 250
FIGURE 3.6

Plots of the distribution function versus F (in keV) for various values of £
where ny = 5-10 m™3, np = np/20, kT, = kgTr = 4 keV. The solid lines
are for fp(v) and the dashed lines are for fp(v,).

For a specific example, we show fp(v) as a function of E in Figure 3.6
for a deuterium minority in tritium where the deuterons are resonant. The
variable £ is proportional to the wave power absorbed per unit volume, (P).
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It is evident that as the applied power is increased, the deviation from a
Maxwellian (£ = 0) becomes extreme with a power-law distribution on the
tail.

Instead of the distribution of the velocity magnitude, we may be more
interested in the distribution of the velocity perpendicular to the magnetic
field since the primary driving force is in the perpendicular direction. Defining

fen = [ " f(o)dy,

Stix[14] has shown that the steady-state Fokker-Planck equation for this case
becomes

1 9 1 02 1 9 3K 0  9f
0——E%(amf)+E@(ﬁv¢f)+m%(7f)+§aﬂv¢%~
(3.118)

The steady-state solution may then be obtained by integrating twice to obtain

Flor) = £(0) exp {_ /0'“* v, —4ov; +2(Bvy) +’Y] .

28v, + 6Kv,

Following the same steps that led to equation (3.117), we find

 2E Ry[(2A4+ A;)(2 + 36)T. — 4AT}] |
o) = kBTe(2+3£){ AT 22k, 50 H(E/EJ)}
_AKTy [2+2R; +3¢]%°
B==3 { 22 + 30 ] (3:119)

It has been tacitly assumed to this point that the wave dispersion relation
is not extremely important in estimating the distribution function. Since,
however, the two-ion hybrid resonance is close to the minority fundamental,
and in an inhomogeneous plasma the two-ion hybrid resonance is a mode con-
version layer where the incident wave may be transmitted, reflected, or mode
converted to a Bernstein wave, the details of the mode conversion analysis
make a huge difference. For the parameters in Figure 3.6, there is virtually no
tunneling, and with kj = 0 there is no absorption at all. Both the reflection
coefficient and the conversion coefficients are strongly dependent on k|, with
the reflection coefficient varying as |R|? ~ exp(—ak‘ﬁ)[l?] where a depends on
the local plasma parameters and requires an integral equation to be solved
numerically. The conversion coefficient is even more complicated. As the
power is applied with a given &, the distribution function approaches a steady
state value given by equation (3.117), and the effective temperature increases
in time. A peculiarity of the two-ion hybrid resonance is that as the minority
temperature increases, the resonance moves so that reflection vanishes and the
wave energy not absorbed is mode-converted, eventually heating electrons[18].
For this example, the transition occurs near £ ~ 45. The amount of incident
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energy absorbed ((P)), and hence £, then will change as the process changes in
time, complicating estimates of the heating of the minority and the majority
as the two species relax via collisions.
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4
THE VLASOV-MAXWELL EQUATIONS

The first and simplest approximation including the effects of kinetic theory in
equation (2.84) is to neglect any effects due to correlations. This zero order
equation (in 1/Np) along with the Maxwell equations are called the Vlasov
equations, although frequently this collisionless Boltzmann equation alone is
referred to as the Vlasov equation. In the singular, we prefer to refer to this
fundamental equation either as the collisionless Boltzmann equation or as the
kinetic equation, and refer to the system of equations as the Vlasov-Maxwell
equations or simply as the Vlasov equations (plural).
The Vlasov equations, then, are comprised of the set

of;

4;
5 +U~ij+ﬁ(E+UXB)'vaj:0 (4.1)

J

for each species, and the Maxwell equations, with

p(r,t) = qu /d3v fi (4.2)
J(r,t) = qu/dSUUfj (4.3)

as the sources and E = E(r,t) and B = B(r,t). This set of equations is
nonlinear and its solutions in the linear, quasilinear, and nonlinear approxima-
tions comprise the majority of kinetic theory. The other major topic in kinetic
theory is to assess the effects of collisions or correlations, which are ignored
in the Vlasov equations, on the distribution functions, waves and transport
coefficients such as electrical conductivity, viscosity, thermal diffusion, etc.

4.1 Electrostatic waves in an unmagnetized plasma

In the unmagnetized plasma, the preferred direction is the k direction, and
motions of particles parallel and perpendicular to that direction will have
different effects. We will focus particular attention on the classic problem
that serves to illustrate the most important effects of thermal plasmas on

69
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waves. This classic case is the K,, = P = 0 solution of cold plasma, or the
Bohm-Gross solution in the fluid plasma, namely an electrostatic wave near
the plasma frequency.

We are first going to try a simple way to find the solution following the 1945
analysis of Vlasov[19], which will lead us to a dilemma because the method is
not well posed. We will then back up and start again with a more carefully
posed problem that will provide a recipe to be used with the simpler method
so that it may be used as a foundation for the study of more complicated
cases.

4.1.1 Vldasov method

We first linearize the Vlasov equations by separating out zero and first order
terms that are assumed to vary as

fj:fOJ( )+flj( ) (e —wt)
E= E,cilkr—wt) (4.4)
B — Blei(k~7'—wt)

and v is now an independent variable so is not linearized. This is equivalent
to having Fourier transformed in both space and time. We choose the normal-
ization of the velocity distribution function so that [ d3v fj = n;. Using these
results in Eqs. (4.1) through (4.3) along with the Maxwell equations, and as-
suming only a single species of ions plus electrons so that charge neutrality
requires n; = n. = ng, the equations to be solved are

_i<w_k"u)f1j+%E1 “Vofoj =0, j=e,i (4.5)
J

p=c [do(u- fi) (4.6)

J:‘f/d?’vv(fu*ﬁe), (4.7)

ik x El = inl (48)

ik x By = poJ — ICL;El. (4.9)

There is no By term by assumption and no B; term since for an electrostatic
wave, k || E so that from Maxwell’s equations, B; = k x E/w = 0.

From FE; = —V, Poisson’s equation gives
e
V==L =% /d% (f1i — fre) - (4.10)
€0 €0

Solving equation (4.10) for the potential and equation (4.5) for fi;, we find

& k-Vfo,
k d3 1y )
ok, w) eokz2z/ (w—k-v)’

www.mana



THE VLASOV-MAXWELL EQUATIONS 71

but since ¢ appears on both sides, this requires

k -V, fo;
3 )
1+§ eoka /d i (4.11)

We are free to align k with v,, and then the integrals over v, and v, are trivial,
leaving the remaining integrals over u = v, /v;, where ’UJQ- = 2kpT;/m;, which
may be written as

e~ du

1+Zk2 z\f w/kv] ’

(4.12)

where we have introduced the Maxwellian distribution (in one dimension),

o4 2/,2
ij (Uz) _ Uji\/%efvz/uj )

Now the difficulties begin. It is clear that the integral over u has a pole
along the path of integration, at u = w/kv;, and is hence undefined unless
we specify that the path should always go above or below the pole. At this
point in the problem, Vlasov chose to take the principal part of the integral,
or the average of the two paths above and below the pole[19]. This provides
symmetry in time, but ignores some of the physics. We shall examine one of
the two paths, and try to determine the implications of making one choice
or the other after we see the effects of our choice. Let us assume first that
Im(w) > 0, so that w has a small positive imaginary part which puts the
pole just above the path of integration. This choice corresponds to “turning
on” the perturbation slowly from ¢t — —o0o, and happens to coincide with the

definition of the Plasma Dispersion function which is a tabulated function[20]
defined by

Z(¢) = Im(¢) > 0, (4.13)

f/ooéC

and whose properties are listed in Appendix A. In terms of this function we

find
1—Zk2 > (kw) =0. (4.14)

The asymptotic forms of the Plasma Dispersion function, listed in Appendix
A, vary for real argument as

Z(C)=iﬁe<2—l<1+l+3+ )

¢ 2¢2  4¢t
7'(¢) = —2ivace ¢ + a ( + % + 41—;4 + ) . (4.15)
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Using the expansion for Z’ for the electron term (the ion terms are of order
me/m; unless T, > T;), the dispersion relation becomes

3 /v 2 ve w2, v v, 2
1+(e> +O<e> 2L exp —(”) =0,
2 \vp Up Vg Ve Ve

k
(4.16)
or since v, /v, < 1,

w:wpe{1+i <Z>2—iﬁ <Z>3exp l— (;@)2” (4.17)

where we see that w ~ wp and Im(w) < 0! Unfortunately, our assumption
about the imaginary part of w being positive has led us to the conclusion
that the imaginary part is negative. It is not difficult to show that if we had
chosen the imaginary part to be negative, then the analysis would have led
to a positive imaginary part! There is no consistent solution, because the
problem is ill-posed. While this seems to justify the approach of Vlasov in
keeping only the principal part, so that there would be no imaginary part to
w, the question of whether there is or is not any damping of the wave was left
unresolved. It did not stay unresolved for long, however, since the solution
was provided within a year by Landau, although the result was disputed for
over 20 years until unequivocally verified by experiment.

2
1 pe
2

+2iy7

Problem 4.1 Properties of the Plasma Dispersion function.

1. Prove from the definition of equation (4.13) that the Plasma Dispersion
function satisfies the differential equation

Z'(¢) = =214+ ¢Z(¢)]. (4.18)

2. Expand the denominator of equation (4.13) to obtain the asymptotic
expansion of the Plasma Dispersion function ({ — co0). Compare with
the result in Appendix B and discuss why this simple expansion fails to
get the imaginary part right.

3. Derive the power series expansion for the Plasma Dispersion function
from its definition and its differential equation, and show that the series
may be grouped into two series, one of which may be summed to get an
analytic expression.

4. If you were to make a numerical subroutine to evaluate the Plasma
Dispersion function for real argument, using only the power series and
the asymptotic series:

(a) Show how to pick the crossover between the power series and
asymptotic series for optimum accuracy. The error in a numeri-
cal representation of a power series usually comes from subtrac-
tion errors between successive (largest) terms rather than from the

www.mana



THE VLASOV-MAXWELL EQUATIONS 73

smallest (last) term. The error for an asymptotic series comes from
the last term kept because the series must be truncated when the
terms no longer decrease.

(b) Find the optimum crossover point for an 8-digit computer and for
a 14-digit computer, and estimate the relative accuracy obtainable
on the two machines.

4.1.2 Landau solution

In 1946, Landau[21] recognized that the difficulty could be resolved by treating
the problem as an initial value problem rather than using the Fourier trans-
forms of Vlasov. Because of the importance of this and other related problems,
we follow the Landau development closely, restricting our attention to longi-
tudinal plasma oscillations only and consider only the initial value problem
in time rather than include the time harmonic antenna problem (which is
treated, however, in Landau’s original paper). We will also neglect ion mo-
tions, since they play little role (unless T, > T; as noted above), and since
the ion terms are so similar in form to the electron terms.

For the electrostatic case, k || E, so k x E = 0 and E = —Vp. The
equations to be solved are then

0 e

%—&-U-Vﬁ—me-vao:O (4.19)

2 € 3 P
V- E=-Vp=——x [vfi=——. (4.20)

€0 €0

Taking the Fourier transform in space,

fi(r,v,t) = f(k,v,t)e™" (4.21)
p(r,t) = a(k, )e'r (4.22)

the equations become, with k = ké,,

dfo
ov

of .+ e. 0fo
aJrlkvszrm—lkcp =0 (4.23)

k23 = —% /d%f (4.24)

where f(v) is given and f(v,0) = g(v) is the given initial perturbation.
For the initial value problem in time, it is convenient to use the Laplace
transform of the time variable

Xp(v,p) =/ e P X (v,t)dt (4.25)
0
and its inverse )
o+ico dp
X(v,t) = / e’ X, (v, p) — (4.26)
o—ioco 27i
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where o is real (o > 0) and the path is to the right of all singularities of X,,.
The Laplace transform of the time derivative is

dX _t—oo
<E)p =pXp+ [Xe pt]zzo :

The condition on o comes from the assumption that | flo,t)] < |Me, i e.,
that the growth of f is bounded, and that Re(p) > |vy|. The Laplace trans-
forms of equations (4.23) and (4.24) are

N (CXOR) (1.27)
kK23, = —é / v f, (4.28)

e :1.~ 9fo
folk,v,p) ) ;E;ifpmt (4.29)
~ € 3 g(v) - ﬁsik¢pg_£
p = Tk / p+ ikv,
_E/dSU 9(v)
_ 0 p+ ik . (4.30)

2 gfo
1 APy —2=—
+ Me€oik / Y P+ ikv,
We integrate first over v, and v,, using the notation
/ / dvmdvy
) _ [~ [ 080,
8112 Ve @ly

and we let v, — u. The remaining pair of equations is now one-dimensional,

g(u) — ik, o)

fo(k,u,p) = ke (4.31)
e [ g(u)du
_ € J_oo P+iku
Bp(k,p) = ° (4.32)

k2

e? / > %iu)du
+ - :
meeoik J_oo p+iku
The inverse transformation is

o—+ioco d [ee] dk ~
oat= [ 5L oH G, (k) (433)

oo 2wl J_ 27
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The normal path of integration as defined in the complex p-plane is to the
right of all singularities. If, however, we deform the contour far enough to
the left, the large negative real part of p eliminates the contribution from the
vertical portion of the contour. Landau proposed moving the path to the left,
but keeping to the right of all singularities and around all branch cuts as in
Figure 4.1. Since the vertical portion of the contour no longer contributes,
only the singularities (residues) and branch cuts need be evaluated. Consider
the contribution from singularities, assuming there are no branch cuts. Then,

- dp ..
SO(k’t) - /deformed%eptsop(k7p) (434)
contour
=" e [(p = pu)Gp(k,p)p=p, - (4.35)

n

Due to the ePr? factor, after a short time, only the rightmost pole in the
p-plane will contribute to @(k,t), so the sum collapses to a single term.

Im(p)
, i branch line )
deformed
contour

—)

singularity

normal path of
integration

g

N
1/

—_ > = = > ==t - 5 -
@
o)
3
=

FIGURE 4.1
Landau contour. The normal path is shifted to the left but remains to the
right of all singularities and branch points.

In order to evaluate this remaining expression, we need to know ¢, in a
region where it was not defined, since it was defined for Re(p) > |v|, and we
need to know @, for Re(p) < |vy|. It is precisely this point which led to the
difficulties in the Vlasov method. Here, however, we can study the analytic
continuation of ¢, as we deform the contour. Since ¢, is the ratio of two
terms, we must investigate the numerator and denominator separately. In the
numerator of the expression for ¢, in equation (4.31), we may take g(u) to be
an entire (analytic) function of u (no poles in the complex u-plane), so that
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the integral

o(})=-0 [ &5k (430

can be evaluated by the residue theorem

i i .
(%) ~a(%) =gl
(1) (2)

where the paths (1) and (2) are shown in Figure 4.2.

Im(u)

FIGURE 4.2
Paths above and below the singularity. Path (1) is the prescribed path.

The contour (1) is the prescribed contour, but note that it is equal to the
contour (2) plus a contribution from the pole. As Re(p) goes to negative val-
ues, contour (2) remains analytic, and since g was assumed analytic, G(%’)(l)
is also always analytic provided we integrate under the pole (sometimes called
the Nautilus convention) as in Figure 4.3. With this convention, the numer-
ator is always an entire function of p, or analytic.

Similar arguments apply to the denominator of ¢, since f(u) is also assumed
to be an entire function of u, or analytic. Thus the only poles of ¢, occur at
the zeros of the denominator, and there are no branch cuts.

The value of p that makes the denominator vanish is the value such that

e2 00 dfé)(“)
1 L —du=0,R 0
+ Me€oik /Oo(l)p—i—iku u =0, Re(p) >

=0, Re(p) <0
u=ip/k

/ dfo u) *2mi dfo(u)
du

meeolk; oo(2) P —|— 1ku meeo(ik)?2  du

where both integrals are along the real axis.

The principal value of an integral through an isolated singular point is the
average of the two integrals along paths just to either side of the point. We
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Tm(u)
/"\ @)
Re(u)
(1)
[ ]
u="%

FIGURE 4.3
Analytic continuation by deforming the path to remain below the pole when
Re(p) < 0.

can use this concept to combine the two equations above into one that is valid
for all p by writing

e2 /°° —dfdoiu) du— mie?  dfo(u)
meeoikp oo DHiku meegk?  du

—0. (437
u=ip/k

If we now let ip = w and use equation (4.16) to approximate the principal
part, we may write this as

12)6 3 [ ve 2 .
where e afo(w)
€=y = =0 (4.39)
u=w/k

if we normalize [ fodu = 1 (instead of | fodu = ng). Then, breaking up w
into real and imaginary parts, equation (4.38) becomes

(wy +17)? ~ wie[l + O(ve/vp)?] +iw?e;
so if v < wy., then the imaginary part is given by

1 _ mwpe dfo(u)
7= Ew’r‘ez = Wy 2]{72 T 3 (440)

u=w,/k

and the sign of the imaginary part depends on the slope of the distribution
function at the phase velocity.
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If we take fy to be Maxwellian, then equation (4.37) becomes

+ wpe L du (711,2/7}3)](1
k%epﬁ o £ —u

Integrating by parts, this becomes

+2f1 Yemw/kv® (. (4.41)

2
exp(— /U ) pe o~ (W/kv )2
— ¢ 192 ) =0. 4.42
k2U2 \f/ u—%) - fl ( )

For this case, the Landau damping rate is the imaginary part of w, given by

w%w? _ 2
—Vrl e (wr/kve)™ (4.43)

e

and the dispersion relation is equivalent to

1- wﬁez'(‘“)—o (4.44)
k202 kv, ] '

which is the same result we got by following the Vlasov method when we
assumed Im(w) > 0.

Up to this point, we have assumed that k > 0. If this is not the case, then
we must change our prescription. If £ < 0, then the pole lies below the path of
integration, so we must integrate over the pole (Byrd convention)*. Ouly the
sign of the imaginary part changes, so that sometimes the Plasma Dispersion
function is written

Z(m) ok of & w/kve (|I/z>1fe_(w/m) 44

It may seem surprising that the same result is obtained by both the Vlasov
method and the Landau method, but actually the Landau solution serves to
justify the assumption we made that w should have a small positive imaginary
part in the Vlasov method. The initial value problem and the assumption that
the perturbation was “turned on slowly” from infinitely long ago both result
in the recipe that the velocity integral should go under the pole. The fact that
w has a negative imaginary part (for k£ > 0) is now seen as resulting from the
initial value problem, guaranteeing that disturbances decay away if there are
no sources of free energy, and is called Landau damping. Having done this
problem both ways, we can now choose whichever is most convenient in the
future as the meaning of the recipe is now clear. When magnetic field effects
are included, it will be much simpler to use the Vlasov method with Fourier
transforms in both time and space with Im(w) > 0 than to do the initial value
problem.

*Just as the Nautilus submarine first sailed under the North Pole, Admiral Byrd first flew
over the pole.
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Problem 4.2 Landau damping with a Lorentzian distribution.

1. Find the normalization constant A for the Lorentzian velocity distribu-
tion function fo(u) = A/(v? + u?).

2. Find closed form expressions for both fp(kz, u,p) and @, (k, p) with g(u) =
fo(u)Au with A a constant.

3. Do the inverse Laplace transform for both f(klu, t) and ¢(k, t) and show
that the potential ¢ decays in time but that f has a term that does not
decay in time.

Problem 4.3 The Ordinary wave in a hot unmagnetized plasma. For the
cold ordinary wave, it was shown in problem 1.4 that v,v, = ¢? so that the
phase velocity always exceeds the velocity of light. In terms of the physical
picture of Landau damping, what does this imply about the Landau damping
of the ordinary wave?

4.2 Effects of collisions on Landau damping

The analytic treatment of collisions in the context of Landau damping has
long been problematical because of the difficulty of representing the collision
frequency in a kinetic treatment. Coulomb collisions have a significant range of
velocities where the cross section varies as v, and such behavior is generally
intractable in solving the kinetic equation. If one considers electron-neutral
collisions or weak Coulomb collisions, however, an analytic collision operator
can be formed, and even solved. For this analysis, we assume at the outset
that we are looking for waves that have the dependence expli(kz — wt)], and
our equations to be solved are the linearized kinetic equation and Poisson’s
equation,

of af e Ofo .,

8 kBTe af
o T meaw o (”f Ry a) (4.46)
OF e [
%= = _Oofdv. (4.47)

The collision term comes from equation (3.82) and has the properties that it
conserves particles and derives from a Fokker-Planck treatment of collisions.
This set of equations was first analyzed by Ng, Bhattachargee, and Skiff[22],
but we shall follow the development of Short and Simon[23] except that the
notation is changed to be consistent with previous calculations.

We first change to dimensionless variables such that u = v/v;, ( = w/kvy,

g = vtf/n07 Jgo = 71.71/2677127 n= a(@go/au), Q= wge/kZUtQa and H = V/kvt-
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With these changes of variable, equations (4.46) and (4.47) become

o0

(u— C)g(u) — n(u) /

—0o0

/ .0 19
g(u)du' = —ing- <ug + 285) . (4.48)

We next Fourier transform in velocity so that

G(w) g (u) du
\/277 /
so that Eq. (4.48) becomes
. dG in o i 2
1 — - = —we " /*G(0). 4.4
i( +uw)dw+<C+2w)G 5 we G(0) (4.49)

Changing variables so that z = 1 + pw, Eq. (4.49) may be written (with
G(w) — H(x)) as

Wl h () - = S [ -+ )

= ab(p) (1 - i) o=@ DY/4 (1) (4.50)
where
) = 53
a(C, p) = % = %

Equation (4.50) is a first-order ordinary differential equation with solution

z a 1 ’
H(z) = b(2e—a?/2) y—a [C + abe*b/QH(l)/ x’ (1 — ,> e b? dx’] (4.51)
0 X

where C is a constant of integration. We find g(u) from the inverse Fourier
transformation,

1 *
g U —nuuG ) — 76171//1. e—lufE/ILH(l,) dz.
m/ V2mp o0

Note that the first term in H(x) blows up as * — 0 as 1/z® with b > 0.
This means that for small p (large b), the inverse Fourier transform will not
converge, requiring that we set C' = 0. Evaluating the remaining expression
for H(x) at « =1 and dividing by H (1), we have the consistency relation

1
1= abeb/ (% — 2 Ve t?dx (4.52)
0
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which is our dispersion relation. The integrals may be expressed in terms of
the Incomplete Gamma function v(a,z) = f; e~*¢t*~* dt, such that

1
/0 (2% — 22 Ve "de = [b=%(a — b)y(a,b) —e~t]/b

where the recursion formula from Appendix A has been used. The dispersion
relation may then be written as

tadis Baeendoae il =0 @)
where the dependence of a and b on ¢ and p are again displayed. A form
more amenable to calculation may be obtained from the relation ~y(a,z) =
I'(a) — I'(a,z), where I'(a,z) = [ e ‘"1 dt and may be evaluated by the
continued fraction given in Appendix A.

For very weak collisions, p is very small, and the numerical evaluation of the
roots becomes more and more difficult. It is possible to expand the dispersion
relation in a power series in p of the form

e 1+iu”fn(é)] =0 (4.54)
n=0
where Short and Simon[23] find
fo(€) = ¢Z(C) (4.55)
F1(Q) =i¢[2(1 = ¢*) +CZ(Q)(3 — 2¢))/3. (4.56)

A table of roots for e = 9 for several values of u is given in Table 4.1, where
the last entry with g = 0 is the Landau result. It is apparent that the damping
rate for the electric field increases as collisions increase. These values agree
with those of Ng, Bhattachargee, and Skiff[22] who used a different numerical
scheme, except for the real part of ¢ for p = 0.01, which has a typographical
error (corrected here).

In problem 4.2, it was shown that the potential decays at the Landau rate
but that the distribution function has a component that does not decay away.
In the collisional environment, the perturbation to the distribution function
will also decay, but at a slower rate than the potential. The calculation of this
rate is beyond the scope of this book, but an analysis of the decay rate in space
away from a localized antenna has been investigated by Short and Simon[23].
The differential decay rates are crucial for the observation of plasma wave
echoes where the potential of one antenna decays away and the potential from
a second antenna at a different frequency and location also decays away, after
which an echo is observed at yet another frequency, providing the collisions
have not damped the waves away.
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TABLE 4.1
Roots of the dispersion relation as a function of u, the collisions term.
Exact roots from equation (4.53) are shown in the first column for v = 9.
The middle column of roots are from equation (4.54), and the third column
of roots are from equation (4.14) with w — w + iv. The bottom root for
each case is the Landau root, (. In the third column, one may notice that
Re((¢) is unchanged from Re((y), and Im(¢) is simply Im((z) — p.

Prasma KINETIC THEORY

I

¢ [Eq. (4.53)]

¢ [Eq. (4.54)]

 [Bq (414]

10~ 1
1072
1073
10~*
10-5

0

2.5177324—0.1270101i
2.5428465—0.0622458i1
2.5455167—0.05562371
2.5457849—-0.0549602i
2.5458124—0.0548937i
2.5458154—0.0548864i

2.5160641—0.1381947i
2.5428231-0.0623408i
2.5455164—0.05562461
2.5457855—0.0549601i
2.5458124—0.0548937i
2.5458154—0.0548864i

2.5458154—0.1548864i
2.5458154—0.06488641
2.5458154—0.0558864i
2.5458154—0.0549864i
2.5458154—0.0548964i
2.5458154—0.05488641

Problem 4.4 Collisional dispersion relation.

1. Show that H(x) in equation (4.51) is a solution to equation (4.49).

2. Fill in the steps leading from equation (4.51) to equation (4.53).

4.3 The Debye potential
4.3.1 Potential of a stationary test charge

The original Debye potential was derived from rather elementary considera-
tions with little regard for the complexities of kinetic theory. It is interesting
to note that an examination of the static potential for a test charge may be
derived from kinetic theory. A test charge, by definition, has a small enough
charge that the background plasma may be described by a plasma dielectric
function which does not include the test charge, but the plasma will still have

some response. We begin with the Maxwell equation,
V-D=p, (4.57)

where D = ¢E, E = —V(r,t), and p = ¢d(r). Taking Fourier transforms in
space and time, equation (4.57) becomes

ke(k,w)p(k) = q,

where for the unmagnetized plasma,

2
_ Yoi w
(o) =co 1Y 7 (k>
j=eyi J

(4.58)
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We are looking for the potential for a stationary test charge, so w = 0. Solving
for ¢(k), we find

p(k) = g

_ q
60k2 [1 +

_ , 4.59
N R e R
where k3, = 2w2; /v7 and k7, = kp, + k7, having used Z’(0)
that the potential is given by

= —2. It follows

a eo/// k2ﬁ:f2) (4.60)

In order to execute the inverse Fourier transform, we will align the k, axis
with 7, and use spherical coordinates in k space. The potential then becomes

q 27 k2e ikr cos 6
o(r) = @) 60/ d¢/ dé sme/ dk——+—.

k? + k3%,
The integral over ¢ is trivial, and if we let p = cos 0, the angular integral is

™ 1 .
i . . 1 . ) k
/ sin felFrcosf qp - / elkrudﬂ : (elkr e—lkr) _ QM '
0 -1 ikr

kr
The potential is therefore given by
(r) = 4dmq /°° ksin kr dk
A= on 3eor k2 + k2
0 D
_ q /°° ksin kr dk
(2m)2er o K24+ K2
) D
Tq
=———(I1 — I
(27r)3eoir( 1= k),

where we used the evenness of the integrand to extend the range of the integral
and where

I /oo keik'rdk,
YT (k—ikp)(k+ikp)
/°° ke ik dk
I, = - - .
s (/C — lkD)(k + lkD)

The integral I; may be closed above in Figure 4.4, picking up the pole at

k = ikp, so that I; = wie™*P". Similarly, the integral I, may be closed below
picking up the pole at k = —ikp, so that I

= —7ie %P7, The result is that

=4 _ekor 4.61
Plr) = et (461)
which is the Debye potential.
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FIGURE 4.4
Poles in the k plane for integrals I; and I5.

4.3.2 Average potential of thermal test charges

For the potential of a moving test charge, whose location is given by r = x—wvt,
the corresponding potential is given by[24]

ey | [ [ o

The only difference from the static case is that w =0— w =k - v.

This potential is not symmetric, and studies have shown that there is a kind
of bow shock ahead of the moving test charge and an elongated tail following
along behind[26, 27]. Furthermore, the moving charge launches plasma waves.
When a test charge moves very fast, however, the plasma particles do not
have time to respond to the charge and create very little shielding, so that the
only significant effect is to launch plasma waves. One would thus expect that
since electrons traveling at their thermal velocity are moving much faster than
the typical ion, the slower moving ions would be ineffective at shielding the
fast moving electrons, suggesting that when considering electrons, kp ~ kpe.
It also seems that since the typical electron is not at rest, the average self-
shielding of electrons might be reduced from the value estimated for a particle
at rest. It is of interest to estimate, therefore, what the average shielding is
for a distribution of test charges. For this example, we will assume that the
number density of test charges is insignificant relative to the overall plasma
density, so that they do not shield one another. We will assume them to
have a thermal velocity, v;, independent of the velocities of the background
plasma. We also can argue from symmetry that the asymmetric potential of
a single moving test charge will result in a spherically symmetric potential
when averaged over the test particle distribution. This average potential,
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designated ¥(r), is described by|[25]

U(r) = / p(r,v) fi(v)d*v, (4.63)
where (7, v) is given by equation (4.62), and f;(v) is the Maxwellian

LI

)=

with vf = 2kgT;/m; for the test particles. We now orient the z axis in
velocity space along k, integrate over v, and v,, and define u = v, /v;. We
also introduce the quantity

w?; uv
o= ¥ Bz (M),
j J

Jj=e,i J

so that

" \/_60/ /// k2::kl2kr \/—/ du(u,r)e™

where
_ 4 &’k elkr __ 1  —ko(wr
wlur) = €0 /// (2m)3 [k2 + k2 (u)] 47r60re '

Now from the form of t(u, ), we know

V2¢: _kg(u)wv 7’7&07

so that
VQ\II———/ dye= ko w).

Thus we may write
VA + k(1) = Lo(r).
0

where
7. du e’“zkg(u)w(u, 7)
fix;o due=**v(u,r)
[ dukg(w)e ol
[, duewi—ko(w)r

kp(r)

(4.64)

We now assume that kp(r) is slowly varying, so that we may make a WKB
approximation for ¥(r) to find

~gi i) [ f o]
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We need the quantity \/k%(r), so we expand about r = 0, finding
e Rl = 1 — ko(u)r + Lk (u)r? + -
and integrate so that

kp(r) = (kg) — ((k§) — (kg) (ko))r + -

where
) == [ due k),
and
(k) :—i/m due™" w—%"z' <“”t> =Y 22”’2”'2.
VT o jmei Ui Vi jmei VY

(4.65)

Since the principal behavior of the potential in the near region is determined
by kp(0) = (k3)'/2, we examine (kZ) from equation (4.65) more carefully. We

note three cases in particular:

1. With v; = 0, the result from equation (4.65) is identical to the result

for a stationary test charge.

. If the test charges are taken to be electrons with the same temperature
as the background electrons, then the effective Debye wavenumber is
given by

kD (0) ~ 5k + O(me/mi), (4.66)

so the ions don’t screen the electrons at all, as one would expect since
the electrons are going much too fast for the ions to respond. We
also note that the electrons do not fully screen themselves since the
slower moving electrons are unable to screen the higher velocity elec-
trons. Numerical calculations of kp(r) from equation (4.64) indicate
that at kper = 1, kp(1/kpe) ~ %[kD(O) + kpe), so it lies midway be-
tween the classical wavenumber and that from equation (4.66), while
for kper = 2, kp(2/kpe) ~ kpe, so that kp(r) varies smoothly between
kp(0) and kp. over the first two Debye lengths.

. If the test charges are taken to be ions of the same temperature as the
background ions, then the effective Debye wavenumber is given by

kD (0) ~ kD, + 5k, + O(me/my), (4.67)

so the ions are fully screened by the electrons (except for a term of the
order m./m;), and the ion contribution is halved because the slower
moving ions are unable to screen the faster moving ions. Numerical
calculations for this case show that kp(r) ~ kp(0) from equation (4.67)
within a few percent for the first several Debye lengths. Even at kp;r =
4, kp(4/kpi) is much closer to kp(0) than to kp;.
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The general conclusion is that in an average sense, kp(0) from either equa-
tion (4.66) for electrons or from equation (4.67) for ions is a better represen-
tations of the effective Debye length than the classical result which is appro-
priate only for a test particle at rest. For large r, numerical calculations show
that the averaged potential falls off faster than the Debye potential, eventu-
ally oscillating due to the excitation of plasma waves. This “average Debye
wavenumber” has little practical use, but it helps us to better understand the
shielding process from a kinetic theory analysis.
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5

WAVES IN A MAGNETIZED HOT
PLASMA

5.1 The hot plasma dielectric tensor

The calculation of the response of a hot plasma in a magnetic field to a wave
is considerably more formidable than the unmagnetized case. For this case,
all nine of the dielectric tensor components are nonzero when thermal effects
are included, and we shall find the symmetries of the tensor will be even
more involved when the full kinetic effects are included. This difficulty relates
to the additional effect that the zero order motions of electrons and ions in a
uniform magnetic field are spirals, drifting uniformly parallel to the field while
they execute circular motion at the cyclotron frequency with their individual
Larmor radii around a field line.

The technique we shall use is due to J. E. Drummond[28], R. Z. Sagdeev
and V. D. Shafranov[29], and M. N. Rosenbluth and N. Rostoker[30], but we
will follow the development of Stix[31] most closely. The idea of the method
is to find the perturbation of the distribution function due to the wave by
integrating along the unperturbed orbits. This is called the method of char-
acteristics, and we have effectively used it already, except in a trivial fashion,
since up to this point the unperturbed orbits were straight lines.

5.1.1 The evolution of the distribution function

We begin by describing a zero-order trajectory by

and calculate the rate of change of the distribution function along this trajec-
tory by

df af of dr Of dv

- ==4 = —4 = — 5.1

dly "ot Tor @ o0 @ (5.1
where dr/dt = v and dv/dt = a where a is the acceleration along the zero-

order trajectory

dv
a:&:%vao. (5.2)

89
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We then write equation (5.1) as

as| _or

q
= -V — By -V,f. 5.3
dt |g 8t+v f+7n'v>< 0 ! (5:3)

The zero order distribution function, fy, is, of course, independent of r and
t, so

dfo _ dfo q
at ~ dt|p ome 70 vfo (54)
The most general form of fy that satisfies equation (5.4) is
fo(v) = fo(vi,v:) (5.5)

where v} = v2 + 02

tion (5.3) leads to
df
dt |

. Adding and subtracting the wave field terms in equa-

:{%{_FU.VJ"—FEL[El—i—’UX(B0+B1)]'Vv.f}

—%(E1+UXB1)-va (5.6)
and the term in curly brackets vanishes due to the collisionless Boltzmann
equation. If we now separate the distribution function into f = fy + f1, then

| _dfe| |, dh
At |p ~ dt |g | dt

= LB +vxB)) V.f (5.7)
R m

where the zero-order term vanishes by equation (5.4). This leaves us with a
total derivative of fi, so if we integrate equation (5.7) along r, we obtain

fi(r,v,t) = —%/t [E1(r',t") +v" x By(r',1)] - Vi fo(v') dt' + fi(r,v,t0) .

(5.8)

The recipe we developed from the Vlasov-Landau analysis that w should have

a positive imaginary part corresponds to growing waves in time, but it guar-

antees that the waves vanish as tg — —o0, so if we change the lower limit in

equation (5.8) to —oo, we may neglect the effects of the initial conditions. This

is effectively equivalent to the Landau prescription of the initial value prob-

lem, but will be easier to manipulate. The perturbed distribution function is
then described by

t
fl(rvvat) = -4 [El(r/vt/) + o' x Bl(r/at/)] : vv’fO(v/) dat’ (59)

mJ_—

where we are to integrate along the trajectories, »(r’',v’,t'), that end at
r(r,v,t) when ¢’ — t.

Problem 5.1 Zero-order distribution function. Prove that any zero-order
distribution function having the form of equation (5.5) will satisfy equa-
tion (5.4) as long as it is differentiable.
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5.1.2 Integrating along the unperturbed orbits

In order to evaluate the integral of equation (5.9), we shall assume that the
wave electric and magnetic fields are of the form

E, = Eelb' =) (5.10)
B = Bk’ =t (5.11)

so we may use the Maxwell equations to obtain

kx E kxE . /_
_ X £ _ X el(kv‘ —wt’)

By =—" ~ (5.12)
so that equation (5.9) may be written
t . /k Y k ) , ,
fl(r,’v,t) = _i/ d'E (1 + H) ,V,U/fo(,v/)el(kﬂ' —wt’)
m J oo w
(5.13)

The trajectory that reaches 7’ = r when ¢’ = ¢ is governed by the equation
of motion from equation (5.2)

dv’ , R

W= X Weé, (5.14)
where € = ¢/|q| and we suppress all other species specific notation until we
begin to combine each species’ contribution to the total current. The solution
of equation (5.14) that reaches v' = v at t/ =t is

V), = Uy COSWET — €Uy SInW.T

v, = €Uy S W,T + Uy COS W T (5.15)
!

vl =,

where 7 = t — t’. Integrating these to find the zero-order trajectory that ends
at v =7 at ¢’ =t we find

f=z-= sin w7 + Yy (1 — cosw,T)
We We
y =y 2 (1 — cosw,T) — W Sinwer (5.16)
c We

/
2 =2z—0,T.

The phase factor in equation (5.13) becomes

ik-r —iwt' =ik r—iwt + w—x[fk:m sinw. — eky (1 — cosw,T)]
We
+1:j—y[—ky sinweT + €ky (1 — cosweT)] + i(w — kyv,)T. (5.17)

c
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Because v and v, are constants of the motion, we know that fo(v' ,v) =
fo(vi,v,). If we now define

9fo
— E .1
B0, foL (5.18)
0fo _
B, = fos (5.19)
then
0 - 0
Jo_tep o O _ vy
v, vy Jvy  vi

Using these definitions, the remaining factor in equation (5.13) may be written

Wk—v -k
B (1 5 ) V)
k, !
= (Eyv, + Eyv,) {fOJ‘ +— (fOz - sz(uﬂ
(AR w v

kgl + kyv! v
+E, |:f()z -== ¥ (fOZ — Mfmﬂ

w
Ea: Eackz_Ezkx z
b BBl (s, g

= (Vg COSWT — €Uy SInW,T) [

(8 w
E E k., — E.k 2
+(evy sinw,T + vy, COSW,T) [ vlo. + . (fOz - Ufm.)]
: V1 w 1
+E. fo- - (5.20)

We complete the variable change by writing the integral in the form

t oo
fl(rvvat) = / dtl cee = ei(k'r_u}t) / dr---
0

— 00

where we have factored out the leading terms of the phase factor and will
subsequently suppress this factor, interpreting the remaining integral as the
Fourier amplitude of the distribution function.

We conclude this section by noting that we need only integrate over 7 and
average the current density over velocity for some particular fo(v,,v,) to
obtain the mean current density from

j :q/d% vfi. (5.21)

From this current density, we can construct the effective dielectric tensor and
obtain the dispersion relation.
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5.1.3 General fo(vy,v,)

It is possible to execute the integral over 7 without specifying the zero-order
distribution function, fo(vy,v,). This is done most conveniently by using
polar coordinates for the velocity and wave vector such that

vy =v) cos¢p k, = k) cosyp
vy =vy1sing ky, = kisiny
so that the phase factor of equation (5.17) may be written,
ei(k-r'fwt') _ ei(k-'r'fwt)efib[sin(¢7w+ewc7')7sin(¢71b)]+ia7'
— ei(k.rfwt)z Jm(b)Jn(b)ei(mfn)(qbfw)ei(wfnewc7kzvz)r’ (522)

where a = (w — k,v,), b =€k v, /w., and we have used the Bessel identity

eibsinez Z Jn(b)einﬁ. (523)

n=—oo

Assuming that w has a positive imaginary part, the integral over 7 can now
be done immediately with the result (again suppressing the el(kr=wt) g5 that
the result is the Fourier amplitude)

= T (b)elmmm(@—v)

filk,v,w) = _iaq Z Z

m=—0o0 N=—00

(w — newe — kv,)

X {nJZ(b) [fOJ_ + %(vl_fOz - szOL)} (Ez cos 9 + By sine))

+iJ,(b) {fOL + %(Ulf()z - sz(u)] (—E,sint + E, cos)

+%wﬂhf—“%(hf-mQ} }. (5.24)

In obtaining equation (5.24), we have used the Bessel identities

Tea(6) + Jea(8) = 270

Jo—1(b) = Joy1(b) = 2J;(b)

and have let n £ 1 — /¢ so that, for example, with ¢ = 0,

Z Jn l(m n)p—inew. TCOS(¢ + EWCT)
_ Z JnQ(b) |:ei(m+1—n)¢—i(n—1)ewc7—+ei(m—1—n)¢—i(n+1)ewc7—]
n=—o0
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2
l=—o0

oo
¢—ilew.T

_ i |:JZ+1(b)+JZ—1(b) ei(m7€)¢7ifewc‘r
%Jg(b)e‘( -

{=—o00

Then for ¢ # 0,

cos(¢p — 1 + ew.T) — %Jn(b)

cos(¢ + ew.T) — %Jn(b) cosp —iJ] (b) sin ) (5.25)
sin(¢ + ewer) — %Jn(b) sin® +1J],(b) cos 1 .

In order to complete the integrals over velocity to obtain the mean current
density, we note that the volume element of the integral is

27 [e%e) [e’e)
/ d3v = / do / vy dvy / dv.
0 0 —00

and it is convenient to use the orthogonality integral over ¢ which takes the
form (for (vs), (vy) and (v,), respectively)

nJ, (b)

cos ¢ ; costp +iJ} (b) sin e
o / d¢ei(m—n)(¢—w) ) )
m;m sin ¢ nJZ(b) sin® — iJ],(b) cos
1 Jn(b)

(5.26)
Using these elements, the effective dielectric tensor may be expressed as

K, +sin? K, Ky —costpsiny Ky costpKy + siny) K

K=]| —K; —cosysiny Ky K + cos? YK siny Ky — cosy K5
cos W Kg — sin K7 siny Kg + cos K7 K3
(5.27)
where
w?; b J’ —n2J2(b;)
_ Zpj d2 ntJ’p 5.28
zj: w nzoc/ — nejwcj k.v,) L ( )

K, = 1+Z “bi Z /d2 n°Ja(b) Fi (5.29)
b2 — nejwej — kov,)

n—=—oo

wz- > nJn(b;)J) (b))
Ko =1 _PJ 42 n\Yj)'n\"j Ia ]
2 IZ w Z / Ubj(w—nejwcj—kzvz) + (5.30)

J n=-—0o0
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2(by)
K;=1 E ”’ § d?v by F, 5.31
3 + / (W — nejwe; — k2v2) ( )

w2- = nJ2(b;) v
K=Y 2 a2 nJ =LF, 32
’ ; w n_zoc/ Ubj(w — nejwe; — kzvz) v (5.32)
J/ ( ) V1
_ m v g .
IZ n_z_oo/ - ne]wcj kyv,) v, (5:33)
Ko = Z “bs Z /d2 Ju(bs) o (5.34)
it —nejwej — kyv,) v
)0, (b ( ;) v
_ PJ v e .
RSP e U

where fd2v =27 ffooo dv, fooo vy dv, and

_ af()] B kzvz szJ_ 8f0]
FL_UL[8L< w>+ w O,

aij + NEjWej <Uz3f0j 8f0j>:|

v Ovy ov,,

F, =, -
v [6112 w

When the distribution function is isotropic (v dF/0v, = v,0F/0v, ), then
K¢ = K4 and K7 = K. Also, only the K7, Ko, and K3 components survive
in the cold plasma limit, so all of the others are first order or higher in the
temperature.

Problem 5.2 Polar coordinates in velocity space. Fill in the steps leading to
equations (5.22) and (5.25).

Problem 5.3 General tensor elements. Fill in the steps leading to any (ex-
cept K., = K3) of the composite tensor elements K;; in equation (5.27).

Problem 5.4 Sum rules.

1. Using the Newberger sum rule[32],

o0

Z Jn(Z)Jnfm(z) _ (_1)m7rjm,a(Z)Ja(Z), m >0, (536)

a—n sin ra

n=—oo

prove the identities

S n2J3(z)  ma?
ne—oo 27T ~ sinTa a(2)J-a(2) —a (5.37)
T I T
n:z_oo a—n SinﬂaJa(Z)J*a(z) + 22 (5.38)
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>, MO e 6
i Jnizzlji@ = Sinﬂm‘]a(z)Jia(Z) +§ (5.40)
_i najé(fz) = g (M-al2) =1 (5.41)
i % - SinﬂWaJa(Z)Jfa(Z). (5.42)

2. Show that the dielectric tensor elements of equations (5.28) through
(5.35) can be written in terms of eight alternative integrals without any
Bessel function sums by use of equations (5.37) through (5.42), the first
four of which are

S L = T
R R e R
el R o N
A = Z Z:’if d%%ﬂ (5.46)

with a; = (w — k,v.)/€ejwe;.

3. Show that four of the dielectric tensor elements may be alternatively
represented by

Kpp =1+ Agsin® ¢ + Ay cos? ¢ — A, cos 20 (5.47)
Ky, =1+ Agcos® ¢ + Ay sin® ¢ + A cos2¢ (5.48)
Kyy =1As + $(A1 — Ag)sin2¢ + A (i — sin2¢) (5.49)
Kyp = —i4s + 3(A1 — Ag)sin2¢ — A, (i+sin2¢).  (5.50)

Problem 5.5 Isotropic distribution function. Prove that K4 = Kg and K5 =
K7 if the distribution function is isotropic.

5.1.4 Maxwellian distributions

When the distribution function is Maxwellian, the integrals over the perpen-
dicular and parallel velocities can be done in closed form (although an infinite
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sum remains). We shall treat first only the perpendicular form of the dis-
tribution function, leaving the parallel distribution function until later, so
that

fo(vr,v.) = F0) ot i (5.51)
TU;

where v? = 2kgT) /m denotes the transverse thermal speed (we shall intro-
duce vy, the longitudinal thermal speed later), and 7', is the perpendicular
temperature. It is unlikely that a plasma will ever be truly Maxwellian with
different perpendicular and parallel temperatures, but it is not so unlikely that
the perpendicular and parallel distributions will differ, especially if a wave is
preferentially heating one or the other, as is often the case. The deviation
from equilibrium will occasionally lead to instabilities, as we shall show in a
subsequent section.

5.1.4.1 Integrating over perpendicular velocities

It is possible to evaluate the integrals of equations (5.28) through (5.35), but
the preferred method is to return to an earlier step and integrate over the
perpendicular velocities before we integrate over 7. With the distribution
function of equation (5.51), the Fourier amplitude of f; may be expressed as

q oo
filk,v,w) = mﬂ'vf/o dr(Agvs + Ayvy + )
2 2
v v
X exp [iaxvz — -5 —layv, — —‘g +i(w — kv )7| (5.52)
Ut Ui
where
1
ay = w—[kgg sinw.T + €ky (1 — cosw,T)] (5.53)
1
ay = w—[ky sinw.t — €k, (1 — cosw,T)] (5.54)
Ay = 0y COSWET + €y Sinw, T (5.55)
Ay = ay COSw.T — €y sinw,eT (5.56)
ar= 2o+ (4 Zpp) (R (5.57)
V7 V3 w
2F 2v k,E, —k,FE
N ) F! ay Ty YR 5.58
o =SBy () (BRRE) (55
a, = F'E,. (5.59)

Since we need to calculate the mean current density from equation (5.21), we
will require integrals over the perpendicular velocities of the type

1o
Gn(a) = = / e /vl gy (5.60)

— 00
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which by completing the square are

Gola) = e~vi/1

(5.61)

(5.62)

(5.63)

Now each integral is of the form G,,(a;)Gm(ay), so they all have the common

exponential factor exp[—(a? + a2 )v7 /4], which may be written

2
Yt

2 2
(G’ZE + ay) 4

= A1 — cosw,T)

where A = 1k2 p? and pr, = v;/w, is the Larmor radius.

The pertinent integrals then lead to

0 r: 9
<f1>J- = % 0 dr ed) ﬂ(Azar + Ayay) - az:|
o) :'1)4 ’(}2 )
(vaf1)1L = % | dre? Zt(Am% + Ayay)as + é(lamaz -
e8] :7)4 U2 .
(wufi)e =0 [ dre? |5 (Aaar + Ayay)ay + 5 Gaya -

where now ¢ = i(w — k,v,)T — A(1 — cosw,7), and

(5.64)
(5.65)
Az)] (5.66)
Ay)} (5.67)

1
Agag + Ayay = w—[(aka + ayky) sinwet + €(ayky — agky)(1 — coswT)].

C

Problem 5.6 Mazwellian distribution.

1. Fill in the steps leading to equation (5.52).

2. Fill in the steps leading to equations (5.53) through (5.59).

Problem 5.7 Integrating over the perpendicular velocities.

1. Verify equations (5.61) through (5.63).

2. Verify equation (5.64).

5.1.4.2 Integrating over time

In order to integrate over 7, it will be convenient to introduce another Bessel

identity,

oo

e)\coswc'r: Z In()\)einwcT

n=—oo

(5.68)
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where I,,()\) is the modified Bessel function of the first kind. We may use this
identity in a similar fashion to the other Bessel identity and its use in the
orthogonality relation of equation (5.26) to obtain

1
00 o COS WeT
Z / drl, ()\)ei(“”L”wC_kz”Z)T Sin weT
n=—o0 "0 SIN WeT COS WeT
sin? WeT
i1, ()
00 il (N)

1

= 21 (N) .
n;m - [)\I,’:\()\) “LoV (w+ nwe — k,vy)
3z (AL (A) = n? L ()]

(5.69)

Using these relations in equation (5.65) through equation (5.67) accomplishes
the integral over time, and the results may be summarized as

002 =X X : ’ 2
ivfqe kanl, /XN +iek_(I, — 1)) — 20w, Jv;
= 5.70
(Fds 2w.m n;@ w4+ nw, — kv, ( )
002 A=A X : 2 !
ivfqe kanly, + (1eky — k_kyvi Jwe) AL, — 1))
(vati) s 2wem n;oo AMw + nwe — k,v,) ( )
002 =X X : 2 /
ivfqe kynl, — (ieky — K_kgvf Jwe) AL, — 1)
= 5.72
ufi)s = LS e b o) (5.72)
where ki = agzk, + oyky, ko = ayky — agky, K = agnwe — aky, and

Ky = Oynwe — azky.

5.1.4.3 Integrating over the parallel velocity

In order to integrate over the parallel velocity distribution, we must specify
the form of the distribution, and we shall choose a shifted Maxwellian, or
equivalently, a Maxwellian with a drift velocity such that
1 (v, — vp)?
F(v,) = exp | ———— 5.73
(1) = e |5 (5.73)
where vy is the longitudinal thermal speed given by v} = 2kpTj/m. Since
Qz, oy, and o, may be expressed in terms of F, v, F, and F’, and since
2(v, — o)

F/(UZ) = *TF(UZ)
4

the required integrals are all of the form

1 [ mp(y,
Fp = / L OO B—— (5.74)
N, w4+ nwe — kv,

— 00
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Changing variables to u = (v, —vg)/ve, these moments of F' may be expressed
as ,
(v + uvg)™e ™™ du

1
Fn(n) = k7 /_Oo u—Cp

(5.75)

where
w ~+ nw, — k,vg

k.ve

Using the definition of the Plasma Dispersion function of equation (4.13), the
required moments are

Fo(Gn) = —kz Z(Gn) (5.77)
Fi(Gn) = k,i B (Q,)} (5.78)
Fo(G) = 3 [( )Z’(cn) :; (@)} (5.79)

and using these, the integrals involving F” are

/ do,— L) L g (5.80)

W+ nwe — kv, kovg

v F'(v) B 1 ,
/_OO do, 2 = (cn ) Z'(Ca) . (5.81)

The total current density is finally constructed from

j = Z’I’qu]' /Oo dvz[(vwﬁjﬂég + <’ny1j>Léy + Uz<f1j>Léz} . (582)
j —00

Problem 5.8 Parallel velocity integrals. Verify equations (5.78) — (5.81).

Problem 5.9 Lorentzian distribution. Evaluate the integrals corresponding
to equations (5.77) through (5.81) for the Lorentzian distribution function:

F(vs) = A/[(v: = v0)* + v7].

5.1.5 The dielectric tensor

From the current density of equation (5.82), all of the dielectric tensor ele-
ments may be constructed from the mobility tensor, M, where (v;) = M; - E
by

_ WIS
K7|+ZTWEOM]. (5.83)
J
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The final forms are not unique, since

oo

i nly= Y (I,—1I,)=0, (5.84)

n=—oo n=—oo

so certain terms can be added or subtracted. The general components may
be expressed as

KO_QZwme j i A [( kzwﬂ> Z(Cnj)

zvlg

et (1 %) @] (5.85)
wiie™ N p2l, k- voj
e DY [(1 - T) 2(Coy)
et (1 %) 2] (5.56)
DY S =i (1- 52 2
+% (1 - %) % (5.87)
{1 20 26
Ll 2+ f+—ffij] } (5.8)
K=Y S 5 b (Mot
e
Ks = 12 kLZJ s A n:iioo([n —1I) {M#J;OJZ(CM)
SR o
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and K¢ = K4 and K7 = K5, so the hot plasma dielectric tensor of equa-
tion (5.27) reduces to the form

Ki +sin?¢YKy, Ky — costsintKy cos Ky + sintKs
K= | —K; —cosysintyKy K +cos? Ky sinyKy — cosyKs

cosY Ky —sinyyKs sinyY K4 + cos K K3
(5.91)
where k, = ki cosy and k, = ki siny. The proof that K¢ = K, and
K; = K5, where Kg and K7 come from (v,) and K4 and K5 come from either
(vg) or (vy) is only apparent when the Bessel identities of equation (5.84) are
used.

The dielectric tensor, which is not, in general, hermitian, does have the sym-
metry property that K;;(By) = K;i(—Bo) (wej — —wej), since Ko(—By) =
—K5(By) and K5(—By) = —K5(Bg) while the other components are invariant,
and this is a general result from the Onsager relations.

It is customary to set ¢ = 0 so k, = k; and k, = 0, which can be accom-
plished by merely rotating the coordinate system, but the full symmetry is
more apparent in this presentation.

5.1.5.1 Special Case: isotropic Maxwellian without drifts

When vg; = 0 and T';; = T|;, then the tensor components simplify signifi-
cantly, and may be represented by

Ko = ZZ o v Z A )Z (Cnj) (5.92)

Aj > 27
K =1+ Z ok > Z(Cnj) (5.93)
K —izﬂ i (In = I')Z(Cos) (5.94)
2 — : wkzv] niin n nj .
J n=-—oo
2 =
K = 1—27“]”6 : i 1,6 Z' (Cnj) (5.95)
3 — : wkzv- nSnyj nj .
7 n—=—oo
/@_w e N X2 nl, ,
K= ity 2o 2o (5.96)
kiejwlie ™ & o
Ks = lzj: W n;m(ln —1,,)Z"(Cnj) - (5.97)

Problem 5.10 Cold plasma limits. For vo; = 0,

1. Calculate the six dielectric tensor elements as T, — 0, T} # 0.
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2. Calculate the six dielectric tensor elements as T} — 0, T # 0.

3. Calculate the six dielectric tensor elements as T},7, — 0. Show that
this reduces to the cold plasma dielectric tensor. Does the order in which
these limits are taken matter?

5.1.6 The hot plasma dispersion relation

The vector wave equation when k, # 0 takes the form

Kgpw — k:g — k:g Kgy + kaky Koz + kak. E,
Kyw + kyke  Kyy — k2 — k2 Ky + kyk, E, | =0 (5.98)
Koz + koke Koy +koky Koo — K2 E,

where the various tensor elements are given in equation (5.91) and we define
Kj = (w?/c?)K ;- The dispersion relation is given by setting the determinant
of coefficients to zero, and may be written either in terms of Kj;;, ns, n,, and
n, (dimensionless quantities), or in terms of k;;, ks, ky, and k, as written
here.

While it is apparent that the components of the wave equation depend on
1, the hot plasma dispersion relation (HPDR) does not, and may be written
as

V(v = ko + k1) + Kd]ws + K [(v — ko + kT k1 — K3
+ra(y — ko + k1) (2k L ks + Ka) — ks[vks + 2ka (ki k. +r4)] =0 (5.99)
where we have introduced v = k2 — k.

Problem 5.11 Hot plasma dispersion relation. Show that the determinant
of coefficients of equation (5.98) results in the hot plasma dispersion relation
given by equation (5.99).

5.1.7 Examples of hot plasma wave effects
5.1.7.1 Parallel propagation

For parallel propagation, k; = A = 0 and the tensor elements simplify since
the infinite sums reduce to either one or two terms. In addition, we find
Ky = K4 = K5 =0, so the dispersion relation reduces to

(Y2 + k3)ks =0 (5.100)

so the roots are k3 = 0, and kf = k1 * ikg. The first root is the plasma
wave which is unaffected by the magnetic field, so it is the case treated in
Section 4.1 with the dispersion relation of equation (4.44). The other two
roots are the R-wave and the L-wave, whose dispersion relations reduce to

ny =Ky +iKs
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w2, 1+e; 1¥Fe;
=1 Pl 7, 1)+ 74, J 101
Y [ (52) 2 (52)] e

where

kv kv T
Zi1:<1_ wO)Z(<i1)+ é(l—L

- 7 ) Z'(Ce1). (5.102)

The structure of this dispersion relation confirms the general character we
had observed with the cold plasma waves except that now resonance has
a different meaning. The R-wave is here seen to be a function of Z((3;)
and Z(¢_1e), and assuming that w > k,ve;, then there is virtually no ion
damping associated with the R-wave since |(1;| > 1 and the ion damping is
exponentially small. Near the electron cyclotron resonance, however, |(_1.| ~
0, and in this limit Z({_1.) ~ iy/7 so there is no longer any resonance at the
electron cyclotron frequency, but now there is strong damping. If we neglect
drifts and anisotropic temperature effects, and assume that |(_1,| is large, but
not too large, then the R-wave dispersion relation reduces to

k2 2 w2e 1 wze - Wece 2
e VW exp —(M> . (5.103)

w? w(w — wee) wk,ve k,ve

Assuming weak damping such that w; < w;., the damping is approximately

o — (W —we)?] P [_ <W>21 (6109

W wrk,ve[2 + w2 Wee /wrr kv,

which indicates the damping is exponentially small far from resonance, but as
resonance approaches, the exponential term grows but the denominator also
grows, suggesting a maximum value of the damping rate before resonance
is reached. This is misleading, however, since the growing denominator de-
pended on the weak damping assumption and this is no longer valid where
this growing term dominates. In fact, it may be shown that for w, = wee
that w; > w,. Except near this resonance, the damping is weak, so the cold
plasma dispersion relation is relevant except near resonance.

The transition to an electron-acoustic wave is much more questionable, how-
ever, since the transition does not occur until the influence of the resonance
has slowed the phase velocity to the neighborhood of the thermal velocity. In
order to see the difficulty more clearly, we write the dispersion relation in-
cluding the next higher order term in the expansion of the Plasma Dispersion
function. This leads to

kECQ —1_ wz%e [1 + kgvg :| + iﬁwze exp [ <w - ch>2]

2(w — wee)? wk,v,
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where now we can see that for the thermal term to become important, which
is a necessary condition for the acoustic branch, we require k,v./(w — wee) >
1 and before this happens we have entered or passed through the strong
cyclotron damping region. For waves dominated by the derivative of the
Plasma Dispersion function, Z’({), rather than Z(({), as was the case for the
ion-acoustic wave in Section 4.1, there is a weakly damped wave on the other
side when || < 1, but such is not the case for the R-wave or L-wave with
T, =Tj.

Problem 5.12 Damping rate at resonance. Show that w; > w, for the R-
wave at w, = Wee.

5.1.7.2 Finite Larmor orbit effects

The addition of magnetic field effects to the hot plasma adds another effect
that is entirely independent of the Landau or cyclotron damping we have
discovered in the unmagnetized plasma or in the case of parallel propagation
in a magnetized plasma. These effects are generally called finite Larmor orbit
(FLR) effects and introduce two new general kinds of effects, one of which
is the addition of higher cyclotron harmonic effects, indicated by the infinite
sums in each of the dielectric tensor components, and of a class of electrostatic
waves that have no counterpart in the cold plasma, and differ dramatically
from the warm plasma electrostatic waves we have already encountered. These
latter waves, commonly called Bernstein modes after I. Bernstein because of
his analysis of the hot plasma electrostatic dispersion relation as k, — 0 [33],
will be treated in the next section. In this section, we investigate the lowest
order FLR effects by treating A\; = %ki p%j as a small parameter.

Before expanding the tensor elements in \;, we first discuss the physics of
this new phenomenon. When the wavelength perpendicular to the magnetic
field is infinite (k; = 0), then as each particle executes its circular orbit,
it maintains the same phase relation relative to the driving wave since the
driving wave has no spatial dependence across the orbit. If we consider a case
where w = 2w, and k; = 0, and follow an ion making a counterclockwise orbit
beginning at point a in Figure 5.1(a) where the vectors indicate the direction
of the wave electric field at various points along the orbit, it is clear that the
particle gains energy from the wave at a where the motion and the field are
parallel. Following it around, it is moving perpendicular to the wave field at
b, so it is neither accelerated nor decelerated there. It is moving antiparallel
to the wave field at ¢ so it is being slowed down there, and the point d is
essentially equivalent to b, where there is no effect on the orbit. We can see
that for this case, on the average, there is no net effect at this frequency, so
the particles and wave show no special effects. If, however, we consider a
case where the wavelength across the orbit is twice the orbit diameter, the
situation is as shown in Figure 5.1(b) (with the wave traveling to the right).
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b b

(a)/\l—>oo (b)/\l=4pLi
FIGURE 5.1

L-Wave electric fields on an ion as it follows its orbit counterclockwise with
w = 2w;. (a) With k; =0. (b) with k) pr; = 7/2.

For this case, the phase is chosen so that the electric field is again parallel
to the motion at a, but now it is antiparallel at b, and parallel again at both
¢ and d. From the indicated directions for the wave field at the intermediate
points, it may be seen that the interaction nearly cancels on the upper half of
the orbit, while the ion is being accelerated continuously on the lower half of
the orbit. This difference is due to the fact that in the upper half of the orbit,
the particle is moving to the left and the wave is moving to the right, so the
phase changes rapidly, while in the lower half, the particle is moving in the
same direction as the wave and the particle nearly stays in phase with the wave
field. For any finite k,; there is a nonvanishing contribution at every harmonic
when averaged over the distribution, but for small %k, p;,, the interaction is
progressively weaker as the harmonic number increases.

Keeping only first order terms in the expansion parameter ); (not to be
confused with the perpendicular wavelength A, in Figure 5.1), the isotropic
temperature tensor components of equation (5.92) through equation (5.97)
are

2(.02»)\]- L
Ko=2 #;)‘{Z(CO) —3[2(¢) + Z(¢-)l}, (5.106)
Ky=1+ Z Dok v “1)+ Z(Q))(X = A) + AZ(C-2) + Z($2)]}5(5.107)

€W,
Ky =iy 2;,{—”% [Z(C-1) = Z(C)I(1 = 2X0) + A[Z(C-2) — Z(¢)]}; (5.108)

2

Ky=1-3" {602 (Co)(1 - A) +

AL Z(C) + Gz (), (5.109)

wk,v; 2

— P]\/i )
Ky = Z%ﬂuk o Z'(¢1) = Z'(¢-1)l; (5.110)
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> f”wf (G0) = 312/ (60) + 2/ (G0l (111)

From these expressions, several things are immediately evident. To zero
order in )\j, it is apparent that only K, K5, and K3 are nonzero, and they
have no cyclotron interactions above the fundamental resonance (which we
shall call the first harmonic so that n = 1 is the first harmonic, n = 2 is the
second harmonic, etc. Other authors sometimes use n = 1 as the fundamental,
n = 2 as the first harmonic, etc.). From these it is easy to recover the cold
plasma dielectric tensor by using the large argument expansion of the Plasma
Dispersion function. It is also apparent that through first order, only K3
and K5 have an interaction at the second harmonic (n = £2). Thus if one
wanted to examine effects near the second harmonic, it would be appropriate
to neglect all other first order terms in A; except the harmonic terms, because
the harmonic resonant terms can be taken to be large near their resonance (a
large term times a small term could be considered zero order, while all other
first order terms would be small by comparison). It follows that near these
harmonics, we only need K7, Ko, and Kj.

Some comments about the order of K4 and Kj5 are in order since they
appear to be of order \/E in equations (5.110) and (5.111). That these are
properly considered as first order in A; is evident first by noting from the
hot plasma dispersion relation, equation (5.99), that both K, and K5 appear
multiplied by k.k; or one another, so their terms appear in the dispersion
relation as first order in A;. If we use the large argument expansion for Z(¢)
in equation (5.110) for K4, for example, we find

2 2

o Z ijkzkj_'l}j

Ky = (W2 — w2.)?
i cj

and the expression for K5 is similar. This means that multiplying either by
k.k1 or by one another produces a term of the order of \; in the HPDR.
Hence we have not included any higher order terms for these components.

Problem 5.13 Third harmonic. Find the tensor elements corresponding to
equations (5.106) through (5.111) near the third harmonic. (Neglect n + 2
terms, but go to order \? for n + 3).

5.2 Electrostatic waves
5.2.1 Electrostatic dispersion relation

For hot plasmas, where the tensor elements are so formidable individually and
the dispersion relation virtually defies any analytic analysis for any but the
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simplest cases, the simplifications of the electrostatic approximation make it
even more attractive than it was in either the cold or warm plasma approxi-
mations. The general hot plasma electrostatic dispersion relation is

k3 k1 + 2k koka + k2k3 = 0. (5.112)

While it is possible to combine the terms in the expressions for Ki, Ks,
and K4 to simplify this dispersion relation, it will be useful for a large k|
approximation to begin again with the integrals over the unperturbed orbits.
We start with the electrostatic restriction that wB; = k x E1 = 0 so the
Fourier transform of the electric field may be represented by E = —ikep.
Then equation (5.65) reduces to

° Fk?
(fi)L = —%/ dre® < L sinwer — ikzF'> . (5.113)
m Jo We
Integrating over time, this becomes
(f)L = _age i nERL g ) ) (5.114)
e m Awe i w +nwe — kv, '

n=—oo

and finally, integrating over the parallel velocity distribution, this becomes

2qpe™ W+ nwe(1 =T /TL) — k.vo
= 1 Z(Co) | In(N) .
== 3 i o (o) | TV
(5.115)
Then we use Poisson’s equation,
1
V20— ko= P — N i
2 ¥ % 60; 054 (f15)
to obtain the hot plasma electrostatic dispersion relation
k — 5 1 Z(Cni) [ In(X;) = 0.
+ ; .z n;@ + T (Gng) | Tn(y)
(5.116)

Problem 5.14 The hot plasma electrostatic dispersion relation.

Show that the hot plasma electrostatic dispersion relation, equation (5.116)
(with 7'y = T}, and vp; = 0), can be obtained from the general hot plasma di-
electric tensor elements. First show that k-K-k = 0 leads to equation (5.112).
Then use the tensor elements from equations (5.92) through (5.97) for ', = Tj
and vo; = 0. (Hint: A Bessel identity is required.)
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5.2.2 Perpendicular propagation — Bernstein modes

We have seen a variety of hot plasma effects due to Landau and cyclotron
damping, but another important result has no damping associated with it
at all in the absence of collisions, and this is the case for perpendicularly
propagating electrostatic waves. As k, — 0, the dispersion relation reduces
to

&0 2
K=Y 2k h Y IR#, (5.117)
b n=1 J

where again k:2Dj = 2w?; /v is the Debye wavenumber and v; = w/w,;. This
dispersion relation has a resonance at every harmonic of both cyclotron fre-
quencies but the “strength” of the resonance indicated by I, (A;) becomes
small for large n. We also note that there is no absorption here to damp
out the wave at resonance. Within the framework of the collisionless theory
outlined in this chapter, these resonances remain unresolved.

Examining equation (5.117) for small \; (which means A, < 1 since A./\; =
T.me/T;m; < 1), we shall approximate I,,(\) ~ (A/2)™/n! and consider cold
electrons. In this case, the dispersion relation can be approximated by

V3 1 A 32
4 = + +
2 v2-1 12—-4 8w2-9)

S (5.118)

where we have neglected m./m; and taken e= = 1. If we investigate the

behavior near v ~ 2, letting ¥ = 2 in the nonresonant terms, then to lowest
order,
3\

= 2 _—
Y A(1-3V2/e2)’

(5.119)
so the wave propagates below the second harmonic, and for large A;, the
dispersion relation approaches the fundamental. This is shown in Figure 5.2(a)
where the dispersion relation falls away initially from v = 2 with linear slope
for small ;.

Using the same technique near v ~ 3, the result to lowest order is

22

— 3 _—
g 21— 8V2/c2)’

(5.120)

so this wave begins at \; = 0 with zero slope in Figure 5.2(a) and then falls
toward v = 2 as \; gets large. We can generalize this analysis to

(n? — AT

YT e DI = (2 - )V3/]

(5.121)

so for the higher harmonics, v deviates less and less from the resonance for
fixed \;, but eventually approaches the next lower harmonic.
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(a) (b)
FIGURE 5.2
Ton Bernstein wave dispersion relations. (a) The first few modes with w <«
wrh (Wi, /w2, =10). (b) Higher order modes near wrp (wpe/wee = 0.1).

For sufficiently high harmonics, or for sufficiently low density, however, the
character of these dispersion curves changes, since for A; = 0, equation (5.117)
reduces to

w? w2

_ pe p?
l= 2+ 5P (5.122)

ci

which is the condition for the hybrid resonances. Hence one curve begins at
v = wrpg/we for A; = 0 and then falls to the next lower harmonic as \; — oc.
The wave whose dispersion curve starts at the next higher resonance then lies
above the resonance, rising to a maximum at some finite \; (but below the
next higher resonance) and then falls back to the same resonance as A\; — oo.
This behavior is illustrated in Figure 5.2(b).

5.3 Velocity space instabilities
5.3.1 Anisotropic temperature

While it is often difficult to do anything more than estimate the damping or
growth rate when the imaginary part of w is much smaller than the real part,
there is one case where we can calculate exactly the threshold condition, or
the marginal stability condition. For either the R-wave or the L-wave, only
one species contributes any damping or growth, and the condition that w be
exactly real is that Z_; from equation (5.102) have no imaginary part. The
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imaginary part of Z_; may be written

{1 R (1 ~ ﬂ) w—’“’o—”} i/re—t = 0. (5.123)

w w

With vy = 0, since we are considering only the anisotropic temperature effects
here, this leads to the marginal stability condition

Wy = ( - qu') We . (5.124)

Instability occurs when Im(Z_1) < 0 or whenever w < wy,, provided that k,
is real. To check this, we note that for w = wy,,

(5.125)

which is purely real, and the dispersion relation for the R-wave, from equa-
tion (5.101) (neglecting the ion term), is

T\ 2 T
22 _ 2 A 2 L
kic® = w?, ( TJ_) + Wpe (T” 1) . (5.126)

Thus, with T} > T}, the wave is propagating and it does go unstable beyond
the marginal condition. This implies that for any 7} > T, the plasma is
unstable, but unless w ~ w,, the growth rate is very small as the exponent
is very large. In practical terms, the anisotropy must be very large, in which
case the marginal frequency may approach the cyclotron frequency closely
enough to have significant effects.

Another way in which this effect of marginal stability may be perceived
is the occurrence of a transition from strong absorption to transparency in
plasma heating experiments using either electron or ion cyclotron waves. In
this scenario, we imagine, for example, an L-wave propagating toward reso-
nance in a very slowly decreasing magnetic field that is termed a “magnetic
beach”[34]. If we imagine that any wave energy absorbed leads to increas-
ing T'; only, then the wave is absorbed very weakly far from resonance, but
more strongly as resonance is approached. This stronger absorption increases
T, locally, raising w,, to w whereupon the plasma absorbs no further wave
energy. Of course, as w approaches w,, the transparency condition requires
T — o0, so some absorption must always occur. It is clear from this example
that this type of wave heating could never lead to an instability unless the
plasma with higher 7', drifted back towards the source at higher magnetic
field, a result that is unlikely due to the magnetic mirror effect which would
confine the higher T} plasma particles to the lower field region. In an inter-
esting experiment on the Model C Stellarator, an L-wave was launched in a
predominantly hydrogen plasma with a deuterium minority that was locally
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resonant in a narrow depression in the magnetic field (w ~ wep /2 so no signif-
icant hydrogen absorption occurred). Since the mirror was only a few percent
deep, it was possible to raise the Tp, to nearly a hundred times the average
temperature, trapping this small population in the mirror in the process.[35]

Problem 5.15 Anisotropic temperature instability.

1. Fill in the steps leading to equations (5.124) and (5.126).

2. Estimate the maximum k,;/k,, with wee/kzrve = 3, wpe/wee = 2, for
TJ_/TH = 2 and TJ_/TH =10.

5.3.2 Bump-on-the-tail instability

As another example of an instability due to the velocity distribution function,
we discuss a double-humped distribution that has a background Maxwellian
distribution with another shifted Maxwellian added as if there were a beam
of streaming particles with a thermal distribution passing through the back-
ground plasma. We found in equation (4.40) that the sign of the imaginary
part of w depended on the slope of the distribution function through the
relation,
= 1w € =w muf,e dfo(w)
TR TR T du [

In Figure 5.3, such a distribution function is illustrated, and the slope of the
distribution function is positive between v; and v, indicating that v > 0 in
this velocity range, or unstable. This type of instability is sometimes called
the beam-plasma instability or if the beam intensity is small and the beam
temperature is high enough that the bump is “gentle,” it is referred to as
a weak bump on the tail distribution. The amplitude of the wave begins to
grow so that the linear approximation soon fails. With a finite but not too
large an amplitude, this case can be analyzed using quasilinear theory. It is
shown in this theory that as the wave amplitude grows, a wave-driven diffusion
begins to develop, consisting of two parts, a resonant quasilinear diffusion that
occurs in the range where the slope of the distribution function is positive,
and a nonresonant quasilinear diffusion that spreads the entire distribution
and drives it back towards equilibrium.

The first phase, due to resonant diffusion, works rapidly to eliminate the
positive slope, and leads to what is known as a plateau region, illustrated
in Figure 5.4. When this plateau is reached, growth ceases, but the wave
amplitude is still large enough that nonresonant diffusion will continue until
equilibrium is reached. The area where the dashed line (original distribution)
is above the plateau is equal the area where the dashed line is below the
plateau. This conserves energy, but not momentum, so the figure is only
indicative of the distribution function.

In the final phase, nonresonant diffusion begins to smooth out the distri-
bution and relax toward equilibrium. This is illustrated in Figure 5.5 where
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fO(Uz)

Vg
U1 V2

FIGURE 5.3
Bump-on-the-tail distribution showing initial unstable region between v; and
V2.

fo(vs)

(’%)min (;:t>max
FIGURE 5.4

Quasilinear plateau between end points of k, spectrum.

the smoothing is evident and the slight shift in the maximum to higher en-
ergy is also shown. This process occurs on a much longer time scale than the
resonant diffusion, but ultimately, a true equilibrium requires collisions as the
wave amplitude decays away too rapidly for quasilinear diffusion to accom-
plish it alone. A discussion of quasiliinear theory and more details about this
example may be found in chapter 7 of Swanson[5].

Problem 5.16 Weak bump-on-the-tail instability. For the distribution func-
tion,

F(v) = Age V"V 4 Ape~(wva)* /v
with Ag =1, v9 =1, Ay = 4, vg = 2, and v, = .6,

1. find v; and vg, the bounds of the velocity range where the distribution
is unstable.

2. find the equilibrium distribution function if this system relaxes com-

pletely to equilibrium and sketch both the original and equilibrium dis-
tribution functions in the same figure.
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fO(Uz)

Uz

FIGURE 5.5
Original bump-on-the-tail distribution(solid) and form of fy(v, t)(dotted) after
only nonresonant decay remains.

5.4 Conservation of energy and power flow

In vacuum, we saw in Chapter 1 that energy conservation and power flow
were related by the Maxwell equations, and that the energy was stored in
the electromagnetic wave fields, and the power flow given by the Poynting
vector was dependent only on the fields. In Chapter 6 we will find that the
plasma particles contribute both to the power flow and to the stored energy.
In this section, we use a more general formalism to include the effects of the
plasma and the effects of dissipation through an antihermitian component of
the dielectric tensor and/or the effects of a complex frequency. We treat first
the temporal problem, where we obtain the stored energy density and the
effects of dissipation. We then examine in more detail the concept of group
velocity, and obtain the kinetic flux component of the power flow.

5.4.1 Poynting’s theorem for kinetic waves

When the angular frequency w is assumed to have an imaginary part, es-
pecially in the case where this imaginary part may vary slowly in time to
represent the slow turning on of the wave, the steady state results of Chap-
ter 1 are not the most fruitful in understanding energy density and power
flow. Using the more general representation of a wave field amplitude by

R . t
A(t) = Re [A(w)e‘@(“} . o) = / w(t')dt', (5.127)
the general product of two vectors may be represented by
(A)(B] = & {[A[Ble 240+ (|A)[B*]+[ A7) [B)e?* O+ A7) Br1e2" @}
(5.128)
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If we now take w; < w, and integrate over a period T' = 27 /w,., then

l/T [ ./t / /} 1%(0) —2i¢(0
— exp |—2i w(t)dt'| dt ~ i¢(0) |
T, B (@) ¢

This means both the first and the last terms in equation (5.128) may be
neglected so that a general product of this type reduces to

[Al[B] = 1 ([A][B"] + [A*][B])e?* . (5.129)
Using these expressions, the complex Poynting vector is represented by
P = Y(E x B + B x )0 (5.130)

and the conservation law from the Maxwell equations,

v Exm) = (1B D)

ot ot
becomes aW
V.-P= T (5.131)
where
%/ =1H (—wB)* + H* - (—iwB) + E - (~iweoK - E)*

+E* - (—iweoK - E)]e2#:®)
= i[Qwiuoﬁ CH* + wiegE* - (K+ KN - B+ w0 B - (KT —iK) - E]
xe2¢i(t) (5.132)
where we have used E - (K- E)* = E*.K!. E and K is the hermitian adjoint

of K given by Kt = K*. We define the hermitian and antihermitian portions
of K by

1
K, = =(K+KFf K, = =(K—K.
SOKHKD and (K=K

It is apparent from equation (5.132) that if w is real and K is hermitian,
there is no loss, so any dissipation must arise from the antihermitian portion
of the dielectric tensor or the imaginary part of w.

If we now expand the dielectric tensor about the real part of w, we find

K
K(w) = K(wr) + o0 ek
so that
Ki(0) = Kn(wr) + 20 e (5.133)
K
—iK(w) +iKT(w*) = 2K, (w,) + 2w; % o (5.134)

www.mana



116 Prasma KINETIC THEORY

2w B - Kalwy) - E} 0 (5.135)

and the energy term of equation (5.132) becomes

ow 1 N

and we can identify the total energy as being comprised of the stored energy,

1 A oA A A
WO = - [MoHH* +60E* . E(th) - B

Wy

;i o (5.136)

and a dissipative term associated with the antihermitian part of K. We can
also see that some of the stored energy is electromagnetic or electrostatic, and
some is in the particle kinetic energy, even in the cold plasma.

It is often useful to relate these two terms through the quality factor, which
is given by the ratio of the stored energy to the energy lost per cycle, or

o w,Wo o poH - H 4 6B O(wKy) /0wl - E
OW /0t (loss) 2e0E* - Ko(wy) - E

Q (5.137)

so that a high @ indicates that the stored energy lasts many cycles and a
low Q may mean that there is very little energy circulating, as if it were all
absorbed on a single pass, or nearly so. Since in subsequent discussions, we
deal nearly universally with the amplitudes, we will delete the hat from now
on, but recall the recipe when questions about power or energy are desired.

Problem 5.17 Power and energy.
1. Fill in the steps leading to equation (5.129).
2. Fill in the steps leading to equation (5.135) and justify equation (5.136).

Problem 5.18 Stored energy. Show that for simple cold plasma oscillations
(w = wp) that the electrostatic stored energy is equal to the particle kinetic
energy.

5.4.2 Group velocity and kinetic flux

The discussion of group velocity in the context of a hot plasma is much more
complicated than in a cold plasma, since now we need to include the power
flow due the particles, which we call the kinetic flux. For this discussion, we
restrict ourselves to a lossfree plasma and introduce the Maxwell operator, M,
which represents the Maxwell wave equation, such that

1
- dpow

M-E kx(kxE)—i—%Kh-E (5.138)
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and the wave equation is then simply
M-E=0. (5.139)
The hermitian adjoint of equation (5.139) is
E* M =E*-M=0 (5.140)

where the last equality holds for real w and real k in which case M is hermitian.
The idea at this point is to make small displacements in w, k, and in the

plasma parameters, or what is essentially a variational calculation, and the

extremum will yield the group velocity. The perturbed wave equation is

M-E =0 (5.141)
but if the perturbations are small, then we can expand

oM oM
M =M + dw 8—+5k %+6M

We now take the scalar product of E* with equation (5.141) and use equa-
tion (5.140) to obtain

. M M ,

where §/0k = V. Since the perturbation is small, the differences between
E and E’ lead to second order corrections, so we may write to first order

N oM 8M

Examining each of the terms in equation (5.142) separately, we find

oM €0 0
E-— . E=E". kx(kxE)+—E*. Kn)- E
Ow 4w 1o x (k< E) + 4 &u(w "
_ 1 H* -H +¢E" 3( Kp)-E
! Ho €0 O WAp,
= W (5.143)
oM 1 weg 0
EF' — FE= - (E"xH+ExH"+E" Kn) - E
ok (B H A Ex H)+ BT =2 g (Kn)-
= -—-P-T (5.144)
where 9
WED
= ——E E. 14
() (5.145)

The vector T is the kinetic flux for the hot plasma, and represents the general-
ization of the kinetic flux of a cold plasma. From the form of equation (5.145),
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it is apparent that T = 0 in a cold plasma or any other case where K does
not depend on k. In the thermal or streaming plasma, this term represents
the power flow carried by the particles themselves, and is essential for the
conservation of energy.

The final term in equation (5.142) is given by

E*.aM.E:E*.faKh-E

_ E* WEO

w
S IKn — (5KW)T] - B+ B S0 5K + (3K,)T] - B
where we have broken the right hand side into antihermitian and hermitian
components. Referring back to equation (5.132), we have

ow

-OM - E*fd
(%

> + hermitian terms, (5.146)
loss

and for this term the changes are due only to variations in the plasma param-
eters. Since the hermitian terms represent reactive or oscillating terms, and
not energy flow, we will neglect them and write equation (5.142) as

ow
Wodw — (P +T) - 5k + 5( ) =0. (5.147)
ot loss

For the discussion of group velocity, we are not concerned with losses, pro-
vided they are small, in which case the last term in equation (5.147) may be
ignored and the result written as

0 P+T fl
vy= 0 - F L cnergy Bux (5.148)
ok Wo energy density

If, on the other hand, one wishes to consider losses, then another relation-
ship can be derived from equation (5.147) for the temporal decay of the wave

(0k = 0) where
i ow
ow=——+0|—— 5.149
2Wo ( ot )loss ( )

and for the spatial decay, we have the corresponding relationship (dw = 0)

i 15144
(P4+T) -0k==4 () . (5.150)
2 ot loss

We find then from equation (5.147) the three basic components involved in
energy conservation, namely the transport of energy in the direction of the
group velocity, given in equation (5.148), and the temporal and spatial decay
of wave energy through dissipation, indicated by equation (5.149) and equa-
tion (5.150). Together, these give a good picture of the transport of energy,
and the expressions for Wy, P, and T give the balance between electromag-
netic stored energy and power flow and the kinetic components of each.
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5.5 Collisional effects

The effects of collisions in a magnetized plasma are more difficult to analyze
than in an unmagnetized plasma. The most common collisional models are
either simplistic or intractable. We shall note two cases.

5.5.1 Collisions via the Krook model

In Section 1.7.3, it was noted that for charge-neutral collisions in a partially
ionized plasma, the Krook model was useful because the collisions were often
large angle events so the drag and diffusion terms of the Fokker-Planck model
were less important. This model is simple enough that the dielectric tensor
modifications are relatively simple, such that the arguments of the Plasma
Dispersion function are changed so that

W+ NWee W+ Ve 4+ NWee

Cne = i
Eyvte k) vte
w + Nwe; w4 iv; + nwe;
Cni = 2 - L
|| Vti | Vti

It may appear that the change is simply w — w + iv, but this is not the
case since any w coming from the Maxwell equations is not changed. While
this may be adequate for collisions between charged particles and neutrals, it
ignores both the drag and diffusion effects. Because it is so simple to include,
it is often used as a first approximation.

5.5.2 Collisions via a Fokker-Planck model

A more appropriate model for collisions between charged particles includes
dynamic friction and diffusion through a slight modification of equation (4.46)
that was used for an unmagnetized plasma. We may write our kinetic equation
as a modification of equation (5.6)

df| 1,2 q

Tl = vV [(v—u)f+ 307V, f] — —(E1+v x By) - V,f,

tg m

where we have replaced the term in curly brackets (which vanished when we
used the collisionless Boltzmann equation) with the the collision operator that
includes both drag and diffusion. Even this term is probably too simplistic
because the diffusion is likely to be different parallel and perpendicular to the
magnetic field which would require a tensor coefficient for the diffusion term.
This form of the collision operator has been used by Dougherty|[36] to assess
these effects, but the various integrals that result require numerical evaluation
and no numerical results have been included.
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Dougherty examines some limits, especially when k = 0 where waves are
undamped with many cyclotron harmonic resonances without collisions. The
usual limit for weak collisional damping is 0 < v; < wc;, but for this perpen-
dicular propagation case, the more pertinent condition is kivfll/j /ng <1

J
or

which means that if

even with v; < w,; the resonances may be damped out.

5.6 Relativistic plasma effects

While some plasmas are relatively hot, in that thermal effects beyond those
included through the pressure term are important, few plasmas are truly rel-
ativistic such that the mean thermal speed begins to approach the speed of
light. On the other hand, some relativistic effects occur at relatively low
temperatures when one encounters cyclotron fundamental and harmonic res-
onances and k| — 0. In fact, the typical argument of the Plasma Dispersion
function, ¢, = (w — nw.)/k)v), is indeterminate as both the numerator and
denominator may approach zero at cyclotron harmonics with &k = 0. Since
the behavior of the Plasma Dispersion function is dramatically different as
Cn — 0 or ¢, — oo, we need to consider the physics more carefully, since the
mathematics suggests some discontinuous behavior in this region of parameter
space, and we suspect there is no such discontinuity in the physical world.

The fundamental weakness in our model is that we have taken the cyclotron
frequency to be a simple constant, independent of velocity, whereas from
special relativity, we know that this is not so, since we should write w, =
qBo/~ym. In the integral over velocity, then, the singularity in the denominator
is significantly changed, and the numerator of (,, effectively never vanishes.
Thus the indeterminate nature of the appropriate limit to take as k| — 0 is
resolved, since it is possible to impose k| = 0 externally, but the cyclotron
harmonic resonances are broadened to some finite (though frequently small)
extent and prevent the argument of the Plasma Dispersion function from
blowing up.

It would seem from the above discussion that since hot plasma theory has
already indicated that k| = 0 implies no absorption, even at cyclotron har-
monics, and the relativistic corrections appear to lead to large arguments for
the Plasma Dispersion function in this limit, that there is still no absorp-
tion. This, however, is not the case, and in fact the absorption at k = 0
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is considerably stronger than one might guess, since nontrivial absorption is
encountered at the electron cyclotron fundamental and harmonics at temper-
atures of only a few keV. In order to see how this comes about, we will review
the development of the relativistic dielectric tensor, including only electrons,
and eventually pay particular attention to the k = 0 case.

5.6.1 The relativistic dielectric tensor

In this section, we follow the development of Trubnikov([37] for the general
development of the dielectric tensor, and present an outline of the derivation,
noting the similarities to and differences from the hot plasma derivation.

We begin with the relativistic collisionless Boltzmann equation, and shall
assume again that we may Fourier transform in both time and space, taking w
to have a small positive imaginary part when it becomes necessary to resolve
the singularity in the momentum integrals and guarantee convergence. The
kinetic equation is

of

a""U'Vf‘FQ[El—F’UX(B0+Bl)]'vpf=0 (5.151)

where the zero-order distribution is an equilibrium distribution given by

fo = Ae=€/r8T /fo(p) d*p =ny E = /p3c2 +m2ct. (5.152)

We note that the Boltzmann equation is unchanged except that now the
distribution function is a function of momentum rather than velocity. The
distribution function is of the standard form, except that now the energy is
the relativistic total energy (or relativistic kinetic energy by redefining the
constant A).

At this point, we take the usual coordinate system, with By = Byé,, and
choose k| = k; (k, = 0) and use cylindrical coordinates in momentum space
such that p, = py cos ¢, p, = p1 sin¢. We then choose to write the first order
distribution function in terms of another function, defined by

fi(r,p,t) = e ® 70 £ (p) @ (p) (5.153)
so that with p = ymw, the first order Boltzmann equation becomes
i(k’“p” + k1p, cos )
ym

q
+%(p X Bo) - Vpfi =0 (5.154)

—iwf1 + fi+q(E1+vxB1)-V,fo

since (p x By) - V, fo = 0 along the unperturbed orbit. Then we note that

_ foc’p
kpT&

Vpfo= S0 (vx By)-Vpfo=0

www.mana



122 Prasma KINETIC THEORY

and
Vpfi = fi+ h V i)
b k TS
* P
q €we W
TR(I’XBO)'fol:— foelm t)6¢
(where e = —1 for electrons as before) and
__JgE-p
Vilo = ymkgT

since & = ymc? (and we drop the subscript on E). Using these relations,
equation (5.154) may be written as

kypy +k oS 0P -E
(o ke tRipicosg o 09 p-E (5.155)
€we mew, O¢ BokpT
This is a first order differential equation whose solution may be written as
1 . ) do )
B(p) = —— L cilap-bsing) / ~iav—bsin®) () . B). d 5.156
(p) = —5 7. 7° L (p- E)ydy (5.156)

with a = yw/ew. — kyp|/mew., b = kipy/emw., and (p - E)y = p E. +
pi(Eycosy + E,sinty). We may now let ¢9 — —oo and be guaranteed of
convergence since we have assumed that w has a positive imaginary part.
Using the variable change ¢ = ¢ — &, this result may also be written as

1

The current is then given by

ZQJ/’Uflj (k,w) d°p = /fo pd®p. (5.158)

We may now proceed in either of the two directions we discussed in Sec-
tion 5.1.3, where we integrated over 7 first, or in Section 5.1.4 where we did
some of the velocity integrals first. In this case we integrate over £ first and
find that ®(p) may be written as

/ eiaﬁfib[sin(ffzi))Jrsin ] (p . E)g{)—é‘ df . (5157)

Bp) = g LB 4+ LOF, +nLEOE]  (5159)
with
Lg)= iJ”;((ab)fi")(b)e“"W (5.160)
L= Y J”gib)‘]i)(b)e“”‘"w (5.161)
I.(¢) = i weﬂ"—mw (5.162)

m,n=—o0
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where b = p, v, with p = p/mjc so that y; = (14 p%)"/? and v| = n) w/ew,.
We next integrate over ¢, but because of the complexity of the several dielec-
tric tensor components, we will calculate only K., and then list the results
for the complete tensor. This component is given by

Ka:w =1 + — 10'193
wWeQ
i 2
14510y
+2j:eomjw4ﬂ'm c(kpTj)2 K (1) Bo/ pll/ pL pJ_/ d¢
fe%s) e Hivi 9 (b)an(b) i(m—n)¢
Z v py cos ¢ bla—n) e

m,n=—0o0

e Hivi
=1 d dp
—I—Zwejwq 47rK2 / pu/ pLdpL

o

Z p%;‘ﬂb) 2 In) / zﬂe“m—")%oww

m=

=1 d dp
+; WEjWej 2K2 #] / p“/ pLdpy

f: (pm;j"(b)> nia (5.163)

n=—oo

e Hivi

where p; = m;c?/kpT; and we have used

Z I / (MM cos pdp = m[Jp_1(b) + Jpy1(b)]

m=—00
2y (b)
==

The remaining components may be obtained with the integrals

(5.164)

Z,]m / im=)9 sin p dgp = —im[Jp_1(D) — Jny1(D)]=—2miJ., (b)(5.165)

Z Jim / ("= dg = 277, (b) (5.166)
m=—00

so that including only the electron component of the dielectric tensor (only
electrons are assumed to be relativistic), we may write

d d e —HeVe
wQ 2K2 / pu/ D1D1L

Z Ye = 1P| ¥ NWee /W

n=—oo

Kij = bij —

(5.167)

www.mana



124

Prasma KINETIC THEORY

where
n?
P;:Lx = VTJWL(VLﬁl) (5168)
T
n 7 l]jJ_’I’L _ _
Py = =Py = = Jn(vipL) T (v1pL) (5.169)
p|n
Pr = Pl == 2 (vup) (5.170)
il
no 2 2, -
Py, =p1J, " (vipy) (5.171)
Py = =Pl =ippLJn(vipL) ], (vipL) (5.172)
P = piJi(vipL). (5.173)
This representation is equivalent to that of Brambilla[38], except for notation
such that his Q. = ew, = —we for electrons. If we change the definition of

v, to be positive so that v) = njw/wee, then we must change the signs of
P}, and P, in equations (5.170) and (5.172), respectively.

Problem 5.19 Normalization constant. Find the normalization constant A

for fo(p).
Ans. A = nou/4dn(me)® Ko (p).

Problem 5.20 Calculating ®(¢). Integrate equation (5.157) over £ using the
Bessel identity (5.23) and show that the result is given by equation (5.159)
along with equations (5.160) through (5.162).

5.6.2 The relativistic dielectric tensor without sums

We may use the Newberger sum rules from equations (5.36) and (5.37) — (5.42)

to eliminate the sums and cast the sums of the F;} into the form

= P 1 a2
P _ A ma L VT (ipy) — .
n;m a+n V¥ Linﬂ'aj (vipr)J—a(vipy) a} (5.174)
iﬂ:_g " Ja(wipi) G (vipy) + (5.175)
ne e 8T v, |sinma™® 1LPL)J o\V1DPL il .
— Pr D [ Ta ) i
P _ P Ja Joa -1 5.176
n;m a+n v, lsinma (vip1)J—a(vibl) ( )
w P2 4 = / _
atn " / J 53 5.177
n:z—oo a+n PL [Sinﬂa a(ylpl-) 7a(VJ_PJ_) + Viﬁi:| ( )
n=-—oo a+n £+ sin Ta a\V1lPL)J _oq\VL1PL yJ_ZSJ_ .
9] pn -
22 _ Ja 0 J*a — 5179
n:z_oo a+n Pl sina (vip1) (vip1) ( )
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where now a = (w/wee)(ve —nP)) and v = njw/we. The dielectric tensor
then assumes the form

wpe  p2 AU SN .

Kij = 0ij — Fm /_Oo dpy /0 dpy pie #<7Il;; + ion terms (5.180)
where
L= o Mimw 7o Lsmra e @I 1] (G181
MLy = My =~ H;“ﬁlw o LiZi)mJa(b)Jl“(b) + 1] (5.182)
oz = oo = " weeny (a :‘—}Z;LHHISHW/WC(E) [siz(jm Ta(0)T-a(b) = 1] (5.183)
2

Iy = o ntﬁw o L:; bm T (B)T" . (b) + a] (5.184)
(L 00 +1) (5155)
mo- 7 7 (5)]a(b) (5.186)

w2, (a +npjw/wee) sinma
and where now b=v,p, .

Problem 5.21 Off-diagonal tensor elements. Pick one of the off-diagonal
dielectric tensor elements, and verify it is given by equation (5.180) along
with either (5.182), (5.183), or (5.185), starting from equation (5.158).

5.6.3 The weakly relativistic dielectric tensor

In this section, we return to equation (5.158) and integrate over the momenta
first instead of the phase. We can obtain another expression via the identity,

)= i/ b sV 1tpP—irp _ Ki(Vs? +71?)
dn ] \/14 p? Vst +r?

and its derivative where K, is the modified Bessel function of the second kind
of order n. The dielectric tensor is then given by

I(s,r (5.187)

K(WR) . K(VR)

lng 'u2 0
K=1 —_— d T T 5.188
+¥ P K2(H)/0 3 R 1 a2l ( )
where )
R= <u—i§€_w ) +2yi(1—COS§)+nﬁ§2,
jWej
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where now nj = njw/e;jwe;, and

cosé —siné 0
Ty = sin¢ cos€¢ 0 |, (5.189)
0 0 1
and
v sin? ¢ -1 sing(l —cosf) viy€sing
To= | visiné(l—cosf) —vi(l—cos&)® viy&(l—cosé) |. (5.190)
viv€sing —v1€(1 — cos &) I/ﬁfz

Up to this point, the analysis is exact, but is valuable only for numerical
integration of the tensor components. In the weakly relativistic limit, we
follow the development of Shkarofsky[39] and take pe > 1 (u; is generally so
large that relativistic effects are negligible, so that the ion contributions will
be ignored from this point on and we shall delete the subscript on p). Since
this quantity appears in the argument of the modified Bessel function, we can
use the asymptotic limit so that K, () ~ \/7/2xe™®. If we also take the limit
of small A = 1k2 p? = 12 /p, then we can simplify the expression for R such

that
. 2 2
(o) () e
Hce 2

. 2 2 1~
iw v
(i) <) e
[iWee 0
Now we will need to keep the A(1 — cos&) term in the exponential of the
K, terms, because the oscillating phase in the exponent is important, but
it is safe to neglect it otherwise since p > A. This approximation leads to

k3 c?/ RY/ 2w2, = A except in the exponent. For the oscillating exponential
term, we will use equation (5.68) to write

1
2

+ A(1 — cos§)

M=

R

where
1
2

A=)

et = N T (A)em (5.191)
cos el o8 = Z I (A)e~in¢ (5.192)

and other similar results as in equation (5.69). Then by changing variables to
t = —&w/jwee so that v/ R becomes

VR = p[(1—it)? + nﬁtz]% + A(1 —cos)
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and exp(—inf) — exp(inv,t) with v, = npuwee/w, then the weakly relativistic
dielectric tensor may be written as

“Aexp{u — p[(1 —it)? + nﬁtQ] Z 4 11/nt}

_|+17M Z / [(1—it)2 + n2e2)

n=-—o00 I
(5.193)
where ok
_ 2570 | L HC ® 9
with
nly —in(I, — I,) 0
2
T = [ in(I], - I,) ™= +2A(1, — 1)) 0 (5.195)
0
0 0 L (1 +hy 3’“\\)
R
™= 0 0 W1 —1,) | . (5.196)
(I —1,) 0

For small A, we can write this in terms of the F; function that is defined by

©  ex — 1—it2+n2t2%+iunt
Fovmimy) = —i/ p{n — pl( ) I ] } (5.197)

[(1—it)2 + nit2]3

although the most common definition is a further approximation in the small-
ness of nﬁ given by

*  expliz,t — at? —1i
fq(zn,a)z—i/o ar ol 21—1;5){1(1 2l (5.198)

where z, = p+ vy, = p(w + nwe) /w and a = 1 unﬁ. This generalized weakly
relativistic dispersion function is real for z,, > a and complex for z, < a. Some
of its characteristics are shown in Figure 5.6 for ¢ = 1 and in Figure 5.7 for
a = 5. Its mathematical properties are given in Appendix A in Section A.2.2.

Then for the case with small A, assuming the same dispersion function for
each power of A, the dielectric tensor elements are given by

w? > n?I,
Koy~ 1— wfgue** > = [Fusssa(zn, ) + Fugsp(zon,a)]  (5.199)

n=1 A
w2 e’}
Ky ~i—Gpe™ Z n(Iy = 1) [Frsss2(2n, a) — Fuisja(z-n,a)]  (5.200)
w n=1
K ~1—w—’% oy L, {(1 - 4a)F
2z = o2 He Z n{( a)Fri5/2(2n, a)
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—|—2a[.7-'n+3/2(zn,a) —|—.7:n+7/2(zn,a)]} (5201)

w2
Ky~ Kup + ;gue_AQA {(Io — 11)F5/2(1, a)

+ Z(In = I)) [Futs2(2n,a) + Frysj2(2-n,a)] } (5.202)

n=1
2
wy nily,
Ky: >~ —7,% nHVL Z n+5/2(znaa) — Futas2(2n, a)
n=1
— fn+5/2(2',n7 a) + fn+3/2(27n7 CL)] (5203)

(AJ2
Ky, = —i—Lpmyvie™ S (I — Io) Fr/a(p, a)

WWe

+ Z n n+5/2(zn7 ) + fn+5/2(zfn7 a)] } (5204)

n=1

where Ky = —Kuy, Ko = Ky, Kby = =Ky, and 21 = p(w £ nwee ) /w and
now the argument of I, is A (which is independent of t) instead of A (which
is a function of t).

5.6.4 Moderately relativistic expressions

When one keeps higher order terms in the Bessel function expansions, higher
order dispersion functions should be used for those terms since A appeared
inside the integral of equation (5.193). In fact, if we define the function of A
associated with K,, as fy.(n,A) such that

fra(n, A) = Z alk) A (5.205)
then we could write a more nearly precise expression for K, as

Kyp=1-— —,u Z Z a;’;)n)\ [Fris/2(2n, a) + Frrs2(z-n,a)] . (5.206)
n=1k=0

Although this is a doubly infinite sum, usually only an n = 1 and perhaps
one other n needs to be included, and k£ = 0 through k& = 3 will usually suffice
unless A is approaching unity, in which case an exact treatment is needed.
Extending this same type of expansion to the other dielectric tensor terms
leads to the Moderately Relativistic approximation.

As an example of the moderately relativistic expressions, the expression for
K, through order A3 is given by
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FIGURE 5.6
Generalized weakly relativistic dispersion function, F,(z,a) for half-integral
q and a = 1, showing both real (solid) and imaginary (dashed) parts.
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FIGURE 5.7

Generalized weakly relativistic dispersion function, F,(z,a) for half-integral
g and a = 5, showing both real (solid) and imaginary (dashed) parts.
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w21 A
Kyp=1- w’;u{ {]:%(Zlaa) +]—‘%(2_1,a)] -3 {]:%(Zl,a) +~7:g(2—17a)]

2
5/\2 7)\3
+ﬁ [.7:%(21,@) +.7"%(z_1,a)} Ty {f%(zl,a) +.7:%(z_1,a)}
)\ /\2
+3 [f%(227a) +7:%(Z_2,a)} ) {fg (22,a) +J—"%(z_2,a)} (5.207)
7/\3 3)\2
o [P0+ Py a0 + Tp |y (0,0) + Fy(o-0,0)
33

2

)\3
ST [.7:%(23, a) + f%(z_g,a)] + 21 [.7-"1?1(24, a)+ Fu (z_4,a)} } .
This expression is better than the weakly relativistic approximation, but not
exact. This approximation still uses the asymptotic form of K(x) and is still
based on the smallness of nﬁ for the Fy(zn,a).

Problem 5.22 Moderately relativistic K, and K,,. Work out the moder-
ately relativistic expression for K, and K, corresponding to equation (5.207)
(through order \3).

A further simplification we examine for both the weakly relativistic and the
moderately relativistic approximations is the nj — 0 limit (or the a — 0
limit), where

) es} elzt
and for ¢ = %, we have the relationship to the Plasma Dispersion function
(see equation (A.31))

e ] eizt 1 \/’
il = —dt = —=Z(iv/z2) . 5.209
b= Gt A (5209
This weakly relativistic dispersion function, often referred to as the Dne-
strovskii function, is illustrated in Figure 5.8. Other properties are listed in
Section A.2.1.2.

The higher order functions may be obtained from the recursion formula,

(¢ —1)Fy(z) =1—2F,_1(2) (5.210)

and the analytic continuation for Im(w) < 0 is given by the properties of the
Plasma Dispersion function. Also, in this limit, K, = K., = K. = K., =0,
so the leading terms above are the only terms, not merely the dominant terms.

5.6.5 Exact expressions with n =0

It is possible to obtain the exact dielectric tensor expressions in terms of a few
relatively simple integrals when n = 0. For this analysis, we return to the
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2

251 3 2 1 0 1 2 3 4 z 5

FIGURE 5.8
Weakly relativistic dispersion function, Fy(z) for half-integral ¢, showing both
real (solid) and imaginary (dashed) parts.

dielectric tensor elements without sums given in Section 5.6.2. Although the
dielectric tensor terms are complicated, since the order of the Bessel functions
is not integral in the general case, by changing into polar coordinates in mo-
mentum space, the integrals over the angle can be done analytically, leaving
us with either a single integral for each n or even with a single integral for
the sum over n. The derivation for K,, will be worked out in detail, while
the others will be left as an exercise.
With n) = 0, we may write an exact expression for K, as

2 o0

_ wp (n)
Koo =1-—3> F

n=1
where each term in the sum is given by
212 2 T oo J2 Bsin 0
Fm = £ ”7/ do sme/ dp ey InWLPSIO) o
Ka(p) vi Jo 0 7?2 —nPw?/w?

After integrating over the angle using equation (A.58), equation (5.211) may
be expressed as

2 2n2 oS} er—u’y
oy — _H / dp v F: $in+ 3,20 +1; -0
TR A+ ) Sy T —p2 ! 2t gint 3y )
(5.212)
where v(p) = /1 + p2, p2 = n?w?/w? — 1, b? = pp?, since v| = v jw/w. =

v pA. Alternatively, using the Newberger sum rule, we have a single expression
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for the sum as

2 —py
szui/ dé sm0/ d"2e wa
2K (1) wer?

[ a Ja(prsinH)J_a(Vlj)smﬁ) 1] (5.213)
sinTa
where @ = wy/w.. Integrating this expression over the angle (see equa-

tion (A.59) in appendix A), the result may be expressed as
w2
Kpp=1- —”—2[11(;; A\ ) —1] (5.214)
w? vi

where I is the integral (not a Bessel function)

7
K (p)
The dependence on z = z_, = p(l — nw./w) is through a(z) = nvy/(1 —
z/u). The integrands utilize the hypergeometric functions that are defined by
equations (A.56) and (A.57).

Ii(z,\ ) = / dpp®e "5 F3(3,1;3,1 — a, 1+ a;—App®) . (5.215)
0

Problem 5.23 Remaining exact tensor elements. Show that the remaining
dielectric tensor elements with n = 0 may be written as

2
w
Kpy =1 22 [Ia(z, A, ) = I3(z, A, p) + 1] (5.216)
2
K,,=1- —,uL;(z A, 1) (5.217)
w2 2%
Ky = Kyz — —’27—2[1—1—[5(2,)\,/1)—Ig(z,)\7u)] (5.218)
ni
where
D) =~ [ dppte 1y Fy(2,1: 3,1 — a, 4 —Aup? 5.219
2(27 7:“1)_ K2(‘LL) o ppe 2 3(27 ’ 9 a, a; /pr) ( : )
L) = = [ dppre By (L 1323, —a,1 + a; —Aup? 5.220
3(Za mu)_ KZ(/J/) 0 ppe 2 3(27 59 a,l+a; N“p) ( . )
N R SCRGRN PR

)‘UZ N 1o.5 2

Problem 5.24 Hypergeometric function identity. Prove that Ig = I, — 1
where

Ap? > ple HY 3 15
I = = o F3(2.1:2.2—q,1 —
6(2, A, ) () /0 dp Sa(a—1)° 5(2,1,2,2—a, 1+ a; —Auwp?) .
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The imaginary parts of the tensor elements may be obtained rather directly by
examining the poles of the integrands. In this section, we simplify the notation
by dropping the electron subscript, and note that the pole in equation (5.212)
is at p = p,. Evaluating the integral at this pole yields

2 2 —pnwe/wp2n+1
©we mnce o/wp2

n . . 2
Im[F;z(:z)] = _Kg(,u) (2n+1)!(u)\)3/2 1 (n—i—%,n—&—%ﬂn—i—l,—bn)
(5.223)

where b2 = pA(n?w?/w?—1). This expression is exact, but in order to compare
it with the weakly relativistic approximation, we take e* Ko(u) ~ \/7/2u, so
that the exponential term becomes e*~. If we write the corresponding weakly

relativistic expression as WQEZ), and examine the imaginary part, we find, using
equation (A.36),

pun?e M, (\) m(—2)9"te?
A I'(q)
where ¢ = n + %, then expanding both the Bessel function terms and the

hypergeometric function, the ratio of the exact to the weakly relativistic ex-
pression may be written as

Im[W{) = —

Im[Fggg)] B 1+ Xz/qg+---
W] 1=A+¢)2/(2¢—1)+--"

(5.224)

From this ratio, we observe first that the exact expression is a function of the
product, Az, not a function of A times a function of z as the weakly relativistic
expression indicates. Secondly, we see that the higher order terms in the Bessel
function expansion do not improve the accuracy, so this justifies the truncation
of the Bessel functions to the lowest order terms in equations (5.199) through
(5.204). There is another interesting feature observable in comparing these
imaginary parts in Figure 5.9 for two different values of A. After factoring
out some leading factors, it is apparent that the peak of the exact expressions
always exceeds the peak of the weak expression, but for large negative z, the
weak expression exceeds the exact expression. In fact, if one approximates
b2 = —A\z(2 — z/u) ~ —2)z, then the integral

/ dz e*wxl/z/ df J2(V2X xsinf) sin = /e () (5.225)
0 0

guarantees that each curve has equal area. Similar identities exist for the other
dielectric terms. It is also apparent that the moderately relativistic approx-
imation (with terms through %) is much better than the weakly relativistic
case with A = 1, but the difference is small for small .

Problem 5.25 Weakly relativistic identities.

1. Use equation (5.225) to prove that the integrals over z for Im[K ()]
for the exact result and the weakly relativistic result are identical.
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FIGURE 5.9

Im(—Fy,;) vs. z with g = 50 for the exact (solid), moderately relativistic
(dashed), and weakly relativistic case (dotted) with n = 0 for (a) A = 1.0
and (b) A =0.2.

2. Use the identity

2/ dx e_wx?’/Q/ df J2(V2\x sin 0) cos® Osin O = /me *1,,(\)
0

0

(5.226)
to prove that the integrals over z for Im[K,,(2)] for the exact result and
the weakly relativistic result are identical.

When g is not so large and A is of order unity or greater, the deviations
from the weakly relativistic approximation are significant and the differences
between K, and K, are no longer ignorable. A strongly relativistic case
where p = 20 and A = 1 is illustrated in Fig. 5.10(a) for Fy, in the exact
and two approximations and in Fig. 5.10(b) for F, and Fy, for the exact
case only. It is apparent that the exact and moderately relativistic cases are
still close, but that the weakly relativistic approximation is no longer reliable.
Figure 5.10(a) also shows the effects from the third and fourth harmonics
which occur at z = /3 = 6.67 for n = 3 and at z = /2 = 10 for n = 4.

5.6.6 The relativistic X-wave

The exact X-wave dispersion relation with n) =0 is

KooKy +K§y

2
TLL:
Kfl:'fl)

(5.227)

This case leads to no damping at all in the nonrelativistic theory, so the
relativistic effects are especially apparent. Figure 5.11 shows an example
dispersion relation with y = 50 (T, ~ 10 keV) illustrating the differences
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between using the exact relativistic tensor components and the weakly and
moderately relativistic expressions.

~~~~~ For Weak Rel.
— — - Fyy Mod. Rel. |
— F,. Exact
| | | |
2 4 6 , 8 10

4 I I I I I I I I

3+ Re(F),) Exact Fy, and K, -

2 T -Im(Kyy) -

1 \\/k"’

0 - 7 =< N // —

1k N i
\ /

2+ \/ —

3k _

4 ! ! ! ! ! !

I I
-0 -8 -6 -4 -2 0 2 4 6,8 10

FIGURE 5.10

Plots of (a) the real and imaginary parts of F,, for the exact, moderately
relativistic, and weakly relativistic approximations for ;= 20 and A = 1 and
(b) the exact real part of Fy, and imaginary part of K.

For this comparison, we let w?/ wg = 4 and solve for A in the neighborhood
of the second harmonic (2 = 0 corresponds to w = 2w,), assuming that the
variation in z is due to changes in the magnetic field only. The dispersion is
plotted for five separate cases. The cold plasma result is a simple curve show-
ing no significant features near the second harmonic, while the nonrelativistic
hot plasma case shows no absorption, but it does indicate a mode conversion
region. The exact result and the moderately relativistic cases nearly overlay
one another while the weakly relativistic case shows that even with p large
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and X small, the differences are significant in the dispersion relation. The peak
of the imaginary part of \ for the weakly relativistic case is approximately
half the value for the exact case while the peak imaginary parts of Fi;, Fyy,
and F,, are about 3.7% low for A = 0.05. For the moderately relativistic
case, the peak imaginary part of X is only 5.5% below the exact value while
the individual component differences are less than 2.5% low for A = 0.05.

.100
.075
A
.050
——=---Mod. Rel.
.025 / — - — Weak Rel.
— N I/ — — — Hot Plasma
; A Cold Plasma

/ .
)

025 1 | 1 ! 1 ! ! ! !

-0 -8 -6 -4 =2 0 2 4 6 8 » 10
FIGURE 5.11
Variation of A with z for the X-mode with y = 50 and w?/w? = 4 (from
reference [40]).
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MOMENT EQUATIONS AND FLUID
PLASMAS

The analysis of hot plasma waves in the previous chapter is so complicated
that even the simplest results are very formidable to obtain. In this chap-
ter, we shall reduce the complexity, keeping only the lowest order pressure
terms to include some finite temperature effects, but none of the kinetic ef-
fects such as Landau damping. First, we shall examine two different moment
expansions in a simple electron plasma with no magnetic field in order to il-
lustrate the method of using moment expansions. Then we shall examine the
more general fluid equations for each species including the effects of a uniform
magnetic field, and will examine several different approximation methods for
studying wave propagation, including the derivations of the low frequency
dispersion relation (LFDR), the electrostatic dispersion relation (ESDR), and
the warm plasma dispersion relation (WPDR). Each of these dispersion re-
lations has something different to offer and each has its own limitations, but
their advantage is that we can come to understand some of the effects of fi-
nite temperature without all of the complexity of the hot plasma dispersion
relation.

We begin with the Fluid Equations, which come from a moment expansion
of the Boltzmann equation, equation (2.20),

of _df

coll.
where A is the acceleration due to electric and magnetic fields through the
Lorentz force.

Whereas in the kinetic equation we talked about motions of individual par-
ticles via a distribution function and averaged the motions to find the currents,
in the fluid plasma we describe the motion of a fluid element which is an aver-
age over many particles of the same species and we assume that the separate
fluid elements for each species move freely among one another, except as colli-
sions exchange momentum between them. The averaging process we shall use
here is to expand the kinetic equation for each species in a velocity moment
expansion, truncating the expansion at some suitable level, depending on the
particular problem. The effects of collisions will be included in subsequent
chapters.

137
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6.1 Moments of the distribution function
6.1.1 The simple moment equations

If we neglect collisions for the time being, then equation (6.1) can also be
written as
of

5 TV @)+ V.- (Af) =0, (6.2)

since fV-v =0 and fV, - A = 0 since r and v are independent variables.
We then introduce a scalar function of velocity, Q(v), and define the moment
process by an average over the velocity as

(Q(v)) = Q(v) averaged over velocity

d3
f %fdg / Qf dv, (6.3)

where n(r) = [ f d®v is the density in configuration space.
If we now multiply equation (6.2) by @ and integrate over velocity, we have

[eZ v [av-wnao+ [Qu,-(an =
Since @ is a function of v only, this becomes
%/QdeerV-/Qvfdswr/vi~Afd3v=0. (6.4)

The first term of equation (6.4) is simply %(n(Q» while the second is V -
(n(Qv)). The third term expands to

[av.-arao= [1v.- @A) - 14-v.Qd%
:7( (QAf)-dS,U—/fA~VUQd3v,
Sy

and the surface integral in velocity space vanishes because we assume the
distribution function vanishes as |v| — co. We can then write equation (6.4)

2 (0(Q)) + V- (n{Qu)) ~ n{A - 7.Q) = 0. (6:5)

6.1.1.1 0" moment.

Let @ = 1. Then (Q) = 1 and (Qu) = (v) = u where u is the mean
or average velocity of the fluid element. Then equation (6.5) leads to the
Continuity equation

on
5+ V- (nu) =0. (6.6)
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6.1.1.2 1% moment.
Let Q@ = mw,. Then (Q) = mu, and V,Q = mé,, so (A-V,Q) = m{ay).
This leads to

g(nmul) + V- (nm{vvg)) — nmlaz) =0.

ot

Now we let v = u + w, where w measures the perturbation from the average
velocity ({(w) = 0). Then

(vug) = ((u + w)(uy + wy)) = wu, + (wWw,) .

We then define nm(ww) = P, the stress tensor. The last term is

nm{a,) = q/(E+v x B),fd*v

=nq(E +u x B),,

so that by taking all three such component equations from letting Q) = muv,,
muy, and mv,, we obtain the first moment equation

%(nmu)—&-v-(nmuu)—i—V-lIl—nq(E—l—u><B):0. (6.7)

This equation is generally written, using equation (6.6) and the identity
V- (nmuu) = nm(u - V)u + muV - (nu),

as the Momentum equation

nm[%l:Jr(u'V)u}JrVJPnq(EJruxB)—O. (6.8)

This equation is the first moment of the Boltzmann equation, and represents
the conservation of momentum in the plasma:

0
— (momentum density) + flux of momentum density = force density .

ot

6.1.1.3 Higher moments.

Equation (6.6) gave the evolution of n as a function of u, equation (6.8) gave
the evolution of w as a function of ¥, and to find the evolution of ¥, one needs
the next higher moment, etc. This process must be truncated in order to use
the moment equations. If we assume the higher rank tensor (which would
appear in the second moment equation) vanishes, then we may represent the
stress tensor by a scalar pressure so that V- ¥ = Vp = V(nkgT).
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6.1.2 Plasma oscillations

In order to illustrate the moment expansion method, we shall investigate
plasma oscillations in an unmagnetized plasma. For this case, we assume k is
parallel to E, E = Eé, so that k = ké,, and By = 0. The moment expansion
for the '™ moment is obtained by multiplying the collisionless Boltzmann
equation by v* and integrating(for electrons only):

o [ d [ i1 e < oLof
En 7001} fdv—|—8$/700v fdv—mE/ v avdv—().

—0o0
Integrating the last term by parts leads to

0 > o 0 > a+1 ack > a—1 _
o 70011 fdv+%[mv fdv+ - [mv fdv=0. (6.9)

We then define the first few moments in terms of v = u + w where u is the
average velocity and w = v — u is a measure of the deviations from average
due to thermal processes.

n = h dv nu = h vdv
| _rav. | o,
:/ fw?dv, Q / fw?dv,
/ futde, = i ete

These lead to the set of simple moment equations for « =0,1,2,3, ...

S\ZU 3l

On  O(nu) 0
ot Ox
o) + % <nu2 + Z) + =0
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where we linearize the variables such that

E = Eei(kac—wt)
n = + nelkr=wh
u = ﬂei(kacfwt)
P =P Peitkeu)
Q _ Qei(kw—wt)
R

- R + Rei(k:x—wt)

and note that only the even order moments have a zero-order value. Us-
ing these moments and keeping only zero and first-order terms, the moment
equations reduce to

—iwn + ikna = 0 (6.10)
P .
—iwnil + ik — + —AE =0 (6.11)
m m
P P )
Sl psn e —o (6.12)
m m m
p ) R P -
RS R S VIE L CE i (6.13)
m m m mm

We then solve Poisson’s equation,

T op— (6.14)
€0

using successive approximations, truncating the equations with successively
higher values of P, @, R, etc. The first step is to neglect all thermal motions
sothat P =P =0 along with all the higher order terms. The set of equations
(6.10) through (6.13) reduces to the set

—iwn + kAt =0
—iwni + —nE =0
m
ikE = —6’5/60
with solution w? = w2, which is the cold plasma result. To include thermal
results, we add a Maxwellian distribution, f(v) = Aexp(—w?/v?) with A =
(n/y/mv;) so that f(v) is normalized to the number density, and we find
nv?  nkgT

— = * 2 —w? 2 = — =
/_oow Aexp(—w?/vi) dw 5 —
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where we define the thermal speed as v, = (2kgT/m)'/2. The successive
stages are first from equation (6.13),

Q 3( eE R NP
— == - —au | hvy
m 2 \iwm

so that from equation (6.12) we find

and from equation (6.11) we find

N 3k%v? eE
u = 1 + N )
202 ) iwm

and finally from equation (6.11) and equation (6.14) we find

)

5 3k%v? kneE ikeoF
n=|{1+ : ==
20?2 ) w?m e
and equating the last two terms, we have the Bohm-Gross dispersion relation,
3k2 2
W? = W? (1 4o > . (6.15)

2w?

Keeping terms through the fifth moment, the result is

3k2v2  15k%0}
2_ 2 t t
w'=w, (1+ 52 + e >,

so it is evident that keeping higher order terms leads to an asymptotic series
for w? in the expansion parameter (v;/v,)? where v, = w/k is the phase
velocity.

Problem 6.1 Simple moment expansions.

1. Second moment. If we take P # 0 and @ = 0, show that

3k22 k44
o1 B o ()]

2w? w
2. Fourth moment. If we take R # 0 and S = 0, show that

3k2vt2 15,164112L o k%f
22 4w w8 '

wzzwf) [1—|—

3. Fifth moment. Show that if we let S # 0 that the term, O(v{/v5),
disappears.
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6.1.3 The kinetic moment equations

It is possible to extend the moment equations to contain some of the informa-
tion in the collisionless Boltzmann equation by defining the various moment
integrals as

Fl@) = /v"‘f(v) dv, (6.16)

where the velocity v = u + w is comprised of the average velocity, (v) = wu,
and the random part, w. If we look at the first few moments, we find

FO —p

FO = ny

F® =nu?+ M3

F® = nud 4 3uM® + M®

FW = put 4 6u2M® + 4uMm® + M@

where we have introduced modified moments depending only on the random
part of v,

M@ = /w“f(v) dv. (6.17)

The first few of these moments are M) = n, MM =0, and mM® = p.
Since we wish to linearize the moment equations, and since u is a first-order
quantity, we may write the linearized moments as

F(Qk) _ M(Qk) + M(Qk)
=2k
2 ’ ’
F(Qk-‘rl) — (Qk + 1)]\_4(2]6),&_1_ M(2k+1)

(2k + 1)!lv2k

= Tﬁ + Mk (6.19)
where 4 = ﬂei(‘w—m)7 etc. and we have used a Maxwellian distribution to
obtain

— (04) _ n o - 711)2/1)? o ﬁ'Uta(Oé — 1)”
M) = N [ww e dw = ez (6.20)

for even o with v; = /2kT/m and (—1)!! = 1. It is evident from equa-
tions (6.18) and (6.19) that for « even, there is a zero order and a first order
term, while for « odd, there are only first order terms.

We then write equation (6.9) in terms of the F(®) with the result

%F(“) + %F(O‘“) — %EZFW—U =0. (6.21)
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Assuming F is first order and that n has both zero and first order terms, the
linearized moment equations for & = 0 through a = 4 are (with 9/0z — ik
and 0/0t — —iw)

—iwA+ikAa =0, a=0 (6.22)
—iwia 4+ ikM® - LaE=0, a=1 (6.23)
m

—iwM® + (37;vt i + M(3>> =0, a=2 (6.24)

=012 B B 702
—iw (?’”;tu + M<3>> kM@ — SZﬂE =0, a=3 (6.25)
m

~ N2 ~
—iwM @ + ik (5“2‘” i+ M<5>> =0, a=4. (6.26)

The subsequent terms can be obtained from the two general expressions for
« even and « odd:

DNlpv
(a+ ViAo

—iwM (@ +ik{ T2 MW“)} =0, aeven, (6.27)

a”nv a—1 ~

Np®—1
{O‘ = ot M(a)} KA 2(a—1)/2
m a—

= =0, «odd. (6.28)

We may then use equation (6.22), written as 4 = (w/k)n/7, to eliminate @ in
equation (6.27) so that the pair may be written as

. i
—iw {M(Q) - WN] +ikM©@+Y) =0,  « even, (6.29)
n —1
W@ (at1) &(; ~_g~> -
iwM ) 4+ ikM + -z (Wi mE =0, «odd. (6.30)

By taking these equations two at a time, we may generate higher and higher
order approximations in a systematic manner. Defining

f=—iwi— %E (6.31)

and using equation (6.30) with & = 1, we first obtain

f= ke (6.32)

n
Then taking the = 2 and a = 3 cases together,
1 t2

—iwM® 4+ ik MG —l— iw

—iwM® 4+ kM4
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and eliminating M®) between them, we find

7 (1 + 23!) - —% <3”2”f ZZ M<4>) (6.33)

where ¢ = w/kv;. Continuing on two at a time, the general result may be

written
;_ Ik 2 ~ AN (2m+2)
Smf = 02 (S — 1)+ ” M , (6.34)

where equation (6.32) is the result for m = 0, equation (6.33) is the result for
m =1, and

S () = f: GitDh oy, (6.35)

2
= 20 (2

Equation (6.34) must now be solved along with Poisson’s equation,
ikE = —. (6.36)
Using equation (6.36), we may write f as

f k:ln (w2 - wz)n
Using this result along with equation (6.34) results in
E\ 2™ ppem+2)
2 2 2
= w:Sm kX[ — _ 6.37
w* = w, 5 (¢) + (w) = (6.37)

This is an asymptotic series in ¢ with the remainder term set to zero for some
m. No matter how many terms are kept, there will never be any imaginary
part. As more terms are kept, ( must be larger and larger since each term
must be smaller than the previous term.

The lowest nontrivial approximation is to let M®) = 0 to obtain

1+ ;’ <Zp>2] : (6.38)

which again is the Bohm-Gross Dispersion Relation[41] with v2 = 2kgT./m..
Keeping terms through the fifth moment, the result is

2 4
3 (v 15 [v
I+ (=) +— (= , (6.39)
2 \ v 4 \v,
as before, so it is apparent that the moment expansion is an expansion in the
ratio of the thermal velocity to the phase velocity. The Bohm-Gross dispersion

w2—w

w
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relation now resolves the pure oscillation in cold plasma theory, since this
dispersion relation describes a wave with a cutoff at wp. which propagates
near the electron thermal speed for high frequencies.

We have thus learned from this example that the fluid equations which are
based on moment expansions are valid as long as the phase velocity is large
compared to the thermal speed. When this approximation fails, then we must
solve the equations without expansion, as was done with the Vlasov equation
example. It should be noted that using the real part of the asymptotic ex-
pansion of the Plasma Dispersion function to solve for the dispersion relation
for this case, the result corresponds exactly to the result found here by the
moment expansion. Furthermore, if one examines the smallest term in the
asymptotic series (for a given value of {), which is always a good estimate
of the error in the series, that smallest term is of the same order as the pole
term in the Plasma Dispersion function.

Problem 6.2 Kinetic moment expansions.
1. Zero order moments. Verify equation (6.20).
2. Moment pairs. Fill in the steps leading to equations (6.29) and (6.30).

3. Fifth moment. Continue with the @ = 4 and a = 5 terms beyond
equation (6.33) and verify that equation (6.34) is valid for m = 2.

4. Using Poisson’s equation, complete the steps from equation (6.34) to
equation (6.37).

6.2 The fluid equations

Having used the notation in the previous section that v is an independent
variable and that w is the velocity of a fluid element, we now denote the fluid
velocity by u; since now it relates to a specific species j. We shall also use the
definition of the mass density as p; = n;m; which is the mass per unit volume
for a fluid element of species j. With these definitions, the fluid equations are

Yy
% + V- (pju;) =Z; Continuity equation, (6.40)
where Z; is the ionization rate for species j and
a’LLj .
il 5 + (u; - V)u;| =gjn;(E+u; x B)—Vp;, Momentum equation,

(6.41)
where collisions have been neglected for now. We normally take p = nkgT
but for a magnetized plasma, we might want to take p; # p|. Then we use
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the equations of state, p; = v);p1; and p1; = v1;p15. As By — oo, there is
only one degree of freedom due to the parallel motion, so v = (f +2)/f = 3.
For transverse motions, there is one degree of freedom for rotational motion
and one for parallel motion, so v, = (f + 2)/f = 2. For weaker fields and
collisions, these constraints on the degrees of freedom may be relaxed for one
or both species, in which case v, =y = 5/3.

For particle conservation, the ionization rates among the various species
(including neutrals) must satisfy

> zj=o0.
J
The linearized fluid equations are

Ip1;
ot

where ionization has been neglected and

+po;V-uy; =0, Continuity equation, (6.42)

I
poj% = q;n0j(E1 +u1; x Bg) — Vpy;, Momentum equation, (6.43)

since all zero order quantities are assumed to be constant in space and time
and here we assume FEy = ug; = 0, although these restrictions can be relaxed
to study beams and drift waves in inhomogeneous plasmas.

These equations with a separate set of equations for each species form the
basis for the two-fluid equations (multi-fluid equations for multiple ion species)
which are joined by including the Maxwell equations.

Problem 6.3 Fluid equations with zero-order drifts and fields. Write the
zero-order and first-order continuity and momentum equations when ug; # 0
and Ey # 0.

6.3 Low frequency waves

The waves from the fluid equations conveniently break up into two regions
when m, < m;. For the high frequency waves, ion motions are completely
neglected, while in the low frequency region, we neglect terms of order m./m;.

6.3.1 The low frequency dispersion relation

Beginning with the linearized fluid equations for electrons and one species only
of singly charged ions, following the development of Stringer[42], we write for
each species the continuity equation,

Ip1;
ot

+po; V- v1;, =0, (6.44)

www.mana



148 Prasma KINETIC THEORY

and the momentum equation,

ov
Poj 8t1 = qjnoj(E +v1; X Bo) = Vpy; . (6.45)

By adding the momentum equations for electrons and ions, we obtain the
result,

Jdv
Pog, =3 % By, - Vp, (6.46)

where po = poi + pPoe, P = Pi + Pe, and
_ P0iV1i ¥ PocVie
Poi + Poe

The other fluid equation is obtained by multiplying each of the momentum
equations by ¢;/m; with ¢; = e, g. = —e, and adding, whereby the result may
be expressed as

Jj= noe(’Uu‘ - Ule) .

Me 6.7 m; Ov 1
Y _ g By - %% 2 gy, 6.47
noe2 ot T X Bo evP ( )

where terms of order m./m; have been neglected.
We next assume that all first order quantities vary as exp(ik - 7 — iwt) so
that the Maxwell equations lead to the wave equation,

2
2 (1 I:;Q)E k(k-E) = iwpoj - (6.48)

Introducing the thermal speeds, defined by c? = ~,;kpT;/m;, where v, is the
ratio of specific heats for species j and comes from the equation of state (an
alternative to truncating the moment equations), we may relate the pressure
and density as p; = 02- p1; so the continuity equations give

nom;c(k - v;) _ gnomic 2(k-v;)  gnomic?

pi = ~ *k-v, (6.49)
w w w
= ocmitme), (1= g)mi (1 - Cz) k-j
w we cs
2, i 1_ 2 7 .
P0Gy, (L g)emiy o (6.50)
w we
where T nT nT
=0T a2z kel ThikeTi (6.51)

’Yzcrz + ’YeTe me + My
and c; is called the ion-acoustic speed.
If we now solve equation (6.46) for v, using equation (6.50) to eliminate p
we obtain

1 9 w?
v = I [k’ (1 2 2) (E x Bg) — (k- E)(k x By)
c2 ieo(1 — g)c?
= 15 (koo - 0TS 1 Bk
+55 (ko - 2% gy
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but if v = u+a(k-v)k, where u is any vector, then v = u+a(k-u)k/(1—ak?),
SO we may write

= k> 1+ﬂ (E x By) — (k- E)(k x By)
w20 w? — k2¢2 0 0
iweg(1 — g)c2
—-———2 (k- E)k 6.52
noe(w? — k%g)( )k, ( )
where we have neglected w?/k?c? compared to unity. If we make this same
approximation in equation (6.48), then k- j = 0 and the last term in equa-

tion (6.52) disappears, with the result

v 1 g2 1+ﬂ (E x By) — (k- E)(k x By) (6.53)
— w2popo w? — k22 0 0/ ’

We then use this equation for v and equation (6.48) for j and equation (6.49)
for p; in equation (6.47) to obtain

(1 L Be kQVj) B VA K2(E x &) — (k- E)(k x )]

w%e W2 WWeg
Vi_ < Vi :
" <w2 T2, (k- B+ — [k°E; — (k- E)k:Jé (6.54)
ke [V s VA=) A
Ry [sz (kx &)k x &) + = —=B- (k x &:)k| =0,

where V) is the Alfvén speed and where we have chosen By = Byé,. We can
now multiply equation (6.54) successively by k, é,, and k x é, to form the set
of equations whose determinant of coefficients set to zero,

K3, CiR2VR(W? - gh2e?) kv
2 wwei(w? — k2c2) w?
14 k2c? 7iszj(1 — g)k?c? 71@02 _0 -
w2, wwei (w? — k2e2) wi, | (6.55)
_ikQVj o1t k‘2262 3 2]4:21/22 i (1 B kf;}f) ik2V3
WWei Whe w? — k3c? w WWei

leads to the low frequency dispersion relation (LFDR),

w? w? k2c2 sin%6 w? w? w? cos?0
=555 — + 23 2.2 cos®f — 272 = 2 )
B2V weewer  w? — k%c2 E2VE  weewei w

“(6.56)
where 6 is the angle between the direction of propagation and the static mag-
netic field. This dispersion relation is equivalent to that given by Stringer[42]
and Braginskii[43]. If one lets y = w/w¢; and @ = keg/we;, then the dispersion
relation may be written as a cubic in 3? as

azy® + azy* + a1y® +ap =0, (6.57)
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where
ap = —15cos* 0
ay = [1+2(8 + ex?) + 2%z cos? 0
ag = —[(z® + B + ex?) cos? O + (B + ex?®)(1 + f + ex?)]z?
az = (B + ex?)? (6.58)

where the only constants are € = m./m;, 8 = ¢2/V3, and the angle. The 3
as defined here is the same as the plasma pressure divided by the magnetic
pressure if 7; = 7. = 2. The Stringer diagrams are usually plotted with
several constants listed, but equations (6.57) and (6.58) show that only three
are needed to specify the warm plasma dispersion relation. This form of the
equation is useful because Stringer diagrams are usually plots of log;,y vs.
log o .

Problem 6.4 Fluid equations. Show that equation (6.47) may be written
exactly as
Me a3 m; ov 1
——————=F+vxBy——(1—-¢)— — ——V(p;
noe2(1+¢€) Ot + 07 e (1=€) ot mnoe(l+e) (pi + epe)
where € = me/m;, so the approximation includes neglecting ep. compared to
p; as well as neglecting € compared to unity.

Problem 6.5 Determinant of coefficients. Show that equation (6.54) can be
written as

a1 ai2 a13 E,
a21 G22 (23 E,1=0
agy azz 433 £,

and find the coefficients. Then show that this determinant of coefficients is
equivalent to that of equation (6.55).

Problem 6.6 Derivation of the low frequency dispersion relation. Show that
equation (6.55) leads to equation (6.56).

Problem 6.7 Simplified form of the low frequency dispersion relation. Show
that equation (6.56) can be written as equation (6.57).

6.3.2 Stringer diagrams

Plots of the low frequency dispersion relation which exhibit the character of
the various waves in the low frequency region have been given by Stringer[42].
In these plots, w/w,.; is plotted against kcs/w.; on logarithmic scales so that
regions of constant phase velocity appear as straight lines.

www.mana



MOMENT EQUATIONS AND FLUID PLASMAS 151

6.3.2.1 Variation with angle and temperature

In order to illustrate some of the features of the LFDR, we examine Figure
6.1 where the figures on the left are high-5 (or overdense) cases for different
angles and on the right the figures represent the same cases for a low-3 (or
underdense) plasma. One feature of these figures is that there appear to be
places where the roots cross, indicated with a box labeled either as A, B, or
C. On this scale, the upper two branches appear to cross at boxes A and B
while the lower two branches appear to cross at boxes C. In fact, there are no
crossings for 0° < 6 < 90° as is shown in Figure 6.2 which are expansions of
the boxes in Figure 6.1. Only when 6 = 0° does crossing occur. This is because
in between these limits, the polarizations of the two wave fields always have
a component parallel near the apparent crossings which causes the different
waves to couple and prevent the crossing. When 6 = 0, the polarization of
the branches are orthogonal with one longitudinal and one transverse, so no
coupling occurs and there is a true crossing. It may also be noted that in the
neighborhood of the near crossings, 0 makes little difference as there is only
one figure for box A and for box B in Figure 6.2 since the cases with different
(§ are within a line width of one another. For box C, the difference is still
small as shown in box C of Figure 6.2.

6.4 High frequency waves

In the derivation of the LFDR, we made approximations based on the phase
velocity relative to the speed of light and assumed low frequency, even though
the dispersion relation was carried to high frequencies. In this section, we
make no assumption about the phase velocity or the frequency, but do keep
first order terms in pressure to include finite temperature effects, leading to
the Warm Plasma Dispersion Relation (WPDR).

6.4.1 Warm plasma dispersion relation

For high frequencies, we may use the WPDR, where we neglect ion motions
entirely. We do this by effectively letting m; — oo . Using only the fluid
equations for electrons and deleting the subscript denoting the species (except
for ¢, ), the linearized time and space harmonic fluid equations are

—iwpr + poik-v1 =0 (6.59)

and
—iwpev1 = —eng(E + vy x Bg) — ikpy (6.60)
along with the equations of state, py = chpl and p;; = vic2p1, where

¢? = kpT/m.. These may be combined to give an expression for the velocity
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FIGURE 6.1

Dispersion curves from the low frequency dispersion relation for an overdense
(8 =1072%) and underdense (3 = 10~°) for several angles.
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FIGURE 6.2

Expanded dispersion curves from boxes in Figure 6.1. For box C, the solid
lines have 3 = 102, and the dashed lines have 3 = 10~°. For the other boxes,
(3 does not make a discernible difference.
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as

C ~ ~
v = (E + vy X Bo) €2(k . Ul)('}/ukzez + ’)/kaex) s (661)

iwm

where k, = ksinf, k, = kcos6, and k, = 0. Solving for the components of
v1, we find, after some tedious algebra,

e

Vig = & [(WE, — iwee By) (w? — k*cZy cos® 0) + wE.k*c2y. cosfsin 6]
e

vy = % [(WEy (w? — k*c2v cos® § — k*cZy, sin® 0)
Hiwee By (w? — K2 Q’yH c0s? 0) + iwee Bk 2y cos 0 sin 6]
e

v = [(WE. (w? — w2 — k%c?y, sin? 0)

+k? QVH cosOsinf(wE, iwceEy)]

where D = w?(w? — w2) 4+ w2 k2c?y| cos? § — w?k?c2 (v sin® @ + ~ cos §).

Using j = —ngevy = o - E and K = | — o /iwey, the dielectric tensor has the
form
Kacac Kacy Kacz
K= | —Kuy Kyy Ky (6.62)
where

w2 (w? — k*c2y) cos® 0)

wa =1-
D
X iweews, (w? — k22 cos® 0)
2y = wD
w2 k2c2y | cosfsind
sz =t ks = Esz
D N
w2 [w? — k*c2(7y) cos? O + .1 sin?6)]
Ky, =1- )
iweew? k22~ cosfsin
Kyz _ pe eV L _ _’Yij_sz
wD ’)/H ’
w2 w? — w2, — k22 sin? 0
Koo—1 - el - 71 5in76) (6.63)

These dielectric tensor elements may easily be extended to include ions (let-
ting wee — —we;) by making a sum over species, but are very complicated for
general use, except that they are valid in both electrostatic and electromag-
netic regions. For cases where more than one ion species is involved, however,
both the one-fluid model and the WPDR, are very complicated with simple
dispersion relations difficult to obtain, but the straightforwardness of the di-
electric tensor method may be preferred for numerical work. In Figure 6.3,
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both ion and electron terms are included for comparison with the LEDR us-
ing the WPDR with v, = 7| = 2, equation (6.65), indicated by the dot-dash
lines.

With this dielectric tensor, which has all nine components (although only
six are independent), the wave equation generalizes to

K, —n?cos?6 K.y, n?cosfsind+ K,, E,
K., Kyy — 1’ K, B, | =0 (6.64)
n?cosfsinf + K,, —K,, K., —n?sin’0 E,

where n = kc/w. The determinant of coefficients of equation (6.64) gives
the WPDR, which is considerably more complicated than the cold plasma
dispersion relation (where K,, = K,, = 0), but may be written as

(K — 1% cos® 0)(Kyy —n®) + K2, K. —n?sin® 0K, (K, —n%) + K2,]
+sz(Kyszac - szK’IZ) + szn2 COS@SinH(KﬂZ - sz)

—(Kpp—n? c0s® 0) Ky, K y— (K yy—n?)[n? cos 0sin 0(K .y + Koo )+ Ky K]

0 (6.65)

This warm plasma dispersion relation (WPDR) is very formidable, but sim-
plifies in certain limits. Its general form is identical to that of the hot plasma
dispersion relation, which included finite temperature effects through kinetic
theory and was the subject of Chapter 5. It may be noted that K. as given
here does not have the same form as the K, from the hot plasma dielectric
tensor when only first order terms in temperature are kept, although the other
tensor elements do agree to terms of that order. This is attributed to the use
here of the equation of state to close the system of moment equations where
we use the Vlasov-Maxwell equations for the hot plasma case. It may also be
noted that, effectively, v, =7 = 2 in the Vlasov-Maxwell equations.

Problem 6.8 Derivation of the warm plasma dispersion relation. Fill in the
steps from equation (6.59) to equations (6.63) and (6.65).

Problem 6.9 The warm plasma dielectric tensor elements are similar, but
not equal to, the hot plasma dielectric tensor elements. Compare K, and
K, for each case for electrons only, keeping only the lowest order terms in
v2, and setting v, = 7 = 2 for the warm plasma terms.

6.4.1.1 Parallel propagation

When 6 = 0, the tensor elements simplify greatly, such that K,, = K,. =0
and

2

wpe
ce
: 2
lwcewpc
Koy = w(w? —w2)
ce
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wQ

K.=1—— P

ZZ w? — k2c2y
so except for K., waves are unchanged from the cold plasma results (with
m; — oo for the high frequency cases described here) by the fluid pressure
terms. There is only one change, namely that the K., = 0 root leads now to

w? = w2, + ke (6.66)

which is equivalent to the Bohm-Gross dispersion relation for plasma waves if
we take v = 3 and the thermal speed is small compared to the phase velocity.

6.4.1.2 Perpendicular propagation

When § — 7/2, we have K., = K,. = 0 and now K, takes its cold plasma
form so the ordinary wave is unchanged, but

w2

K,y =1-— 7
- W — w2, — K221

whe(W? — K2ciy1)

K,,=1- pe 6.67
w T e B (667
; 2
ny _ lwccwpe
w(w? —wZ, —k*cZyL)
so that the extraordinary wave (X-wave) is now given by
2 2 2\(,,2 2 _ 12,2 2,2
TL%( _ meKyy + Kacy _ (w - wpe)(w —We — k Ce7l) - wpewce (668)

Kx:z: B w2(w2 - wg - k2cg/yl)

where w? = wf,e +w?2,, and it is apparent the upper hybrid resonance has been

shifted by the thermal term. The upper branch of the extraordinary wave
then propagates from its cutoff up to the upper hybrid resonance as in the
cold plasma X-wave, but when it reaches v, ~ ke, it couples to the electron
sound wave.

6.4.1.3 Arbitrary angle

The general WPDR is very complicated, but it may be approximated in cer-
tain regions. The cutoffs, of course, do not depend on the angle. Away from
the cutoffs, we may approximate the high frequency branch of the R-X-wave
by

w2, (1 + cos?0)

) + k2 sin® 0y, , (6.69)

provided the denominator is not too small. The O-P-wave branch may be
approximated by a similar expression
2

.2
2 2 Wee Sin” 6 2.2 2 2.2 .2
w w1+ + k“c”sin” 0 + k¢, cos” Oy . (6.70

P ( wge—wge—&-krzc?sinQH) - (6:70)
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These are sketched for an overdense plasma in Figure 6.3 and for an under-
dense plasma in Figure 6.4.

6.4.2 Electrostatic dispersion relation

When kAp. > 1, equation (6.56) is inaccurate because of the neglect of space
charge effects through the neglect of the k-5 term. We could include this term
through the charge continuity equation, whereby k- j = wp = we(ny; — nie),
but it is easier to use the electrostatic dispersion relation (ESDR) where the
electric field is derived from a scalar potential. The large k& limit, or low phase
velocity limit, is a sufficient condition for the electrostatic approximation.
For this analysis, we may write the momentum equations for each species

as
. . Pj

—iwmjv; = q; |—ik
V5 = 45 { <n0qj

where ¢ is the scalar potential. This may be solved for the velocity compo-
nents with By = Bgé, such that

1 Dj
k-v;,= (J +qjg0>
wmj \ no

Then using the continuity equation and gas law (p; = c? p1;) for each species,
this may be written as

k2 k? wq;ip k2 k2
2 L z L z
k-v; [1—;7 <w2—w2»+uﬂ>] :Tfj S—+t5] (673)

J cj

- <,0> +v; X BO] (6.71)

k2 + K
1 —wfj/w2

+ kﬁ] . (6.72)

We may combine these expressions for each species through Poisson’s equa-
tion,
nopeé
o=-""(k-v,— k-v.),
weQ

and the result may be written as

1 1 1
1+ + = _
KX - KXo wad, [1— ke (2 + ot
1
+ — - , (6.74)
R, [1 - ke (2 + )|

where Ap; = ¢;/wp;. This dispersion relation is quartic in w?, but one root
is the electron plasma wave and not a low frequency wave, so as long as
w K kce, we may neglect the last term and reduce the dispersion relation
to a quadratic in w?. This reduced dispersion relation may be used to plot
the regions beyond D and H in both Figure 6.3 and Figure 6.4, but only the
LFDR and the WPDR are actually plotted.
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Problem 6.10 FElectrostatic dispersion relation. Fill in the steps leading to
equation (6.74).

6.4.2.1 Overdense case (high )

Figure 6.3 shows the three roots of the LFDR (solid lines) in a low § hydrogen
plasma (c2/V3 = 8 = 0.01, m;/m. = 1836) which is overdense (wpe > wee).
There are also roots of the warm plasma dispersion relation and the electro-
static dispersion relation.

We can identify the R — X wave as the branch beginning at O; where it is
a compressional Alfvén wave until A, after which it gradually changes slope
until B where it enters the whistler wave region until it reaches C where it
has a resonance. There is an apparent crossing of an ion-acoustic branch at
D. In the original Stringer diagrams, these branches do not cross, since the
ion-acoustic mode bends over and tends toward L while the first branch turns
upward toward E, but they are not resolvable from equation (6.56).

The torsional Alfvén wave runs from O, to F where it approaches the ion
cyclotron resonance at G, but for these parameters, it quickly couples to the
ion-acoustic branch at H and is a simple ion-acoustic wave from | to D where
it apparently crosses the first branch. The third branch that starts at O3 does
not occur in a cold plasma and is an ion-sound wave below M and approaches
a resonance beyond P.

The warm plasma dispersion relation (WPDR), given by equation (6.65)
with both electron and ion terms, is shown in figures 6.3 and 6.4 by the dot-
dash lines. The corresponding roots of the WPDR generally follow those of
the LEDR, but several additional roots are shown (the WPDR with both
ions and electrons is 15th order in w?, but many roots are virtual double
roots, so only 7 are distinct in this case). One additional root begins near
O3 as a magnetized ion-sound wave that experiences the resonance at the
ion cyclotron resonance. Another begins at the ion cyclotron frequency and
then becomes an unmagnetized ion sound wave. Yet another is a magnetized
electron sound wave until it experiences the electron cyclotron resonance. The
highest frequency branch shown begins at the electron cyclotron frequency and
then follows the electron sound wave. Three more higher modes are beyond
range of the figure.

One important difference between the LFDR and the WPDR is evident
as one follows the LEFDR (solid line) above |. As this root approaches J, the
WPDR indicates a gradual transition from an ion-acoustic wave to an ion
sound wave, so the LFDR is unreliable in describing this high frequency region.

6.4.2.2 TUnderdense case (low j3)

For an underdense plasma (wpe < wee), the roots of both the LFDR and
the WPDR are shown in Figure 6.4 where now we have c;/V4 = 1073 and
¢/V4 = 10. For this case, the first branch is little changed except that above
B the LFDR indicates that the phase velocity exceeds ¢ so the neglect of those

www.mana



MOMENT EQUATIONS AND FLUID PLASMAS 159

1 4
0 T P f Iy I 4
w s /7 E
P /
Wei 7/ Wee e
. 7_—————C ----- 7/ weec0s D g
, 3
103 , 7/ K L
7
7/
/
7
/

102 ¢ /

101 | '/ /3 — 1072 _
M/m = 1836
0 = 45°
100 F=-—-7- Wei cOS 6 -
10—1 | | |
0; O 101 100 10 102 103 104
kps = kcs/wci
FIGURE 6.3

Dispersion curves for an overdense plasma. Solid lines are from the low fre-
quency dispersion relation (LFDR), equation (6.56), while the dot-dash lines
are from the WPDR, equation (6.65).

terms of order w/kc is not valid in this region. Here the LFDR continues to
the electron cyclotron resonance while the WPDR indicates that this root
bends over near C to follow the electron plasma frequency until it makes an
additional pair of transitions, first to the magnetized electron sound wave and
finally to the electron cyclotron frequency. The other significant deviation
from the LFDR is the transition from an ion-acoustic wave to an ion sound
wave in the region between J and K which occurred at a much higher frequency
in the overdense case of Figure 6.3. The figure is somewhat confusing near D,
where it shows a crossing of two LFDR roots, but as noted above, the rising
branch has already moved over to the ion sound root, so no crossing occurs
near D. The crossing does occur just to the right of D, and even the WPDR
cannot distinguish between a crossing and a transition (there are five separate
roots in this vicinity, and some are barely distinct, but no transition is evident
even at high precision).

The third branch of the LFDR is basically unchanged from the overdense
case, since the acoustic waves are relatively insensitive to changes in the den-
sity. The three additional high frequency branches of the WPDR which were
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off scale for the overdense case are seen here. The highest frequency branch
makes a transition to v, = ¢ at N which is seen more clearly in Figure 6.5
which is a magnification of the box in Figure 6.4.

Two distinct roots are barely resolvable in the figure, the lower of which
was also present in the overdense case. The two lower branches begin to
asymptote to the velocity of light, but the upper one crosses the electron
cyclotron resonance while the lower one experiences the resonance, finally
making a transition to the electron sound wave.

Both figures 6.3 and 6.4 are similar to figures given by Stringer[42], but
differ in some important ways. Some transitions which occur slowly in the
original diagrams occur much more rapidly here or not at all, so the nature
of the transitions is less evident. Several transitions in the original figures are
not due to the equations given here or there.

10* T T T 7 T T T

w /" // E /7

Wei WUH w, /

, s s 5 & — ce -—*7 Wee cos O D /)
10° - Wpe V. // ./L
e — 4 wpecosl .- 7
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’ Vs e 0 = 45°
10° P 7/ wei cos 6 .
7
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102 ! /1 /4 ! ! ! !
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kps = kcs/wci
FIGURE 6.4

Dispersion curves for an underdense plasma. Solid lines are from the low
frequency dispersion relation (LFDR), equation (6.56), while the dot-dash
lines are from the WPDR, equation (6.65). The box near N is magnified in
figure 6.5.

The region which has both high frequency and large &k, which we may call
the electrostatic region, we may neglect w.; compared to w and also take
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FIGURE 6.5
Magnified area near N from the warm plasma dispersion relation (WPDR) in
figure 6.4.

w K ke, (except where w >~ wee cos ). In this case equation (6.74) reduces to

w? 1
S R 6.75
AL (02— B22) R, 1 D) (6.75)
with solution
T,
Al I L — 6.76
M T na e, (6.76)

This gives w = kcg for kAp. < 1 and w = ke¢; for kApe > 1. The transition
occurs when kps ~ ¢/V4 which is equivalent to kAp. = 1. This transition
is evident in both Figure 6.3 with kp, = ¢/Va = 10® and Figure 6.4 with
kps = ¢/Va4 = 10. This transition is missing from the LFEDR, but evident
from either the ESDR or the WPDR.

The other root behaves as w = wee cos 8 as k — 0o, which is the K to L— oo
branch in Figure 6.3. This may be seen by multiplying equation (6.74) by
k*)\2,, and letting k* — oo (holding w fixed) whereupon the left hand side
tends towards infinity as k%A%, , the first term on the right tends toward zero,
and the second term also tends towards zero unless the denominator vanishes,
so we have

2(,,2 2

COS29—w (wce_w ) Nw2

ce 2.2 — “ee
k2c?

2 2

we~w ce

6.77
= (6.77)

cos2 0 {1 _ wQstH]
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6.4.3 Parallel and perpendicular propagation

The general character of the waves does not change greatly from the results
above until § — 0 or 8 — 7/2. As the angle of propagation approaches
zero, the only significant change is that the transition regions become more
localized and the transitions become sharper so that the coupling between
the cold plasma waves and the thermal waves occurs only when the phase
velocity is very close to one of the acoustic speeds. At 8 = 0, the R-wave and
the L-wave are decoupled from thermal motions, but the plasma wave (a high
frequency mode) remains coupled.

As the angle 8 — 7/2, the lowest frequency branch is essentially unchanged
except that the resonant frequency w = wg;cosf — 0 as cosf — 0.

The intermediate frequency branch, however, which is the shear Alfvén
wave at the low frequency end with w/k = V4 cos 6, never experiences the ion
cyclotron resonance when V4 cosf < ¢, and propagates relatively smoothly
up to its resonance at w = wg, cos K w. where it makes a transition to
resonance.

The higher frequency branch, which is the magnetoacoustic branch at low
frequencies, propagates at the Alfvén speed until it reaches the greater of
wee cos 6 or the lower hybrid frequency where it makes a transition over to the
ion-acoustic wave with v, = ¢, or in the extreme case, to c;.

6.4.4 Summary of fluid waves

The differences between cold plasma waves and the fluid plasma waves may
now be seen to be due to the coupling of acoustic branches with the cold
plasma waves. The L, R, and X waves simply tend towards infinity as they
approach resonance, and the new feature is an acoustic wave with much lower
phase velocity than the Alfvén wave which would cross these resonances if
there were no coupling. The coupling, however, prevents a simple crossing
and instead takes each resonant cold wave and converts it to an acoustic wave,
and the original acoustic wave then converts to the resonant wave. Whether
the acoustic wave propagates at the ion-acoustic speed cg or the ion thermal
speed (or for the high frequency branches, the electron thermal speed) is less
obvious, and depends on the details of the dispersion relation.

In a homogeneous plasma, these waves are all linearly independent and
energy does not couple from one branch to another in the transition regions.
In inhomogeneous plasmas, however, where a transition region is approached
in space, the waves are no longer independent and energy is coupled from one
branch to another. For example, wave energy originating on branch Oz, the
low frequency ion-acoustic branch, may couple some energy across from L to
| by tunneling across the transition zone, and the remaining energy proceeds
along the normal branch towards M. This kind of coupling is called linear
mode conversion.

We also note that each of the transition regions violate the conditions for
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the validity of the fluid equations, except for the ion-acoustic wave transitions
with T, > T;, since the moment expansion depended on the phase velocity
being large compared to the thermal speed. Thus we would expect significant
modifications of the dispersion relation near these regions from a full kinetic
analysis, and we saw in Chapter 5 that both collisionless damping and mod-
ification of the dispersion do indeed occur when thermal effects are kept to
higher order. The value of the fluid equations thus lies more in their ability
to indicate the kinds of cold plasma wave — acoustic wave couplings that do
occur than in an accurate description of all the thermal effects.

www.mana



www.mana



7
TRANSPORT IN A NONUNIFORM GAS

In the next three chapters, we will calculate the various transport coefficients
that depend on collisions. These will include the pressure tensor, viscosity,
thermal diffusion, and in electron-ion plasmas, the electrical conductivity. In
the process, we will discuss entropy and show that maximizing the entropy
will give the recipe we need to evaluate these various coeflicients. We will
also prove that the Maxwellian distribution is the equilibrium distribution.
In each successive chapter, we will treat progressively more difficult plasma
models and will apply the general methods introduced in this chapter to each
case, ending with a plasma in a magnetic field.

In this chapter, we consider a simple nonuniform gas with only one charged
species and no magnetic field. We assume a charge density of infinitely mas-
sive particles of opposite sign so that the gas is charge neutral. In the next
chapter, we will extend the treatment to two species, electrons and one ion
species, still with no magnetic field. In the final chapter, we will add the
effects of the magnetic field in a one-fluid model, developing the equations
of magnetohydrodynamics (MHD). The general development follows that of
Marshall[44].

7.1 Boltzmann equation

Our basic equation for a simple gas is the Boltzmann equation
0
E+v-v+a-vv F=AF (7.1)

where a is the acceleration. The AF represents collisional effects. If ¥ is any
function of r, v, and t, we define the average of ¥ by

(W) = % / dv FU (7.2)

where we use the shorthand expressions dv = dv; dvy dv, and dr = dx dydz
and where

nz/dvF. (7.3)

165
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The average or drift velocity is

u = (v) = %/dvF'u. (7.4)

The random velocity is
w=v—u. (7.5)

The kinetic temperature is defined by

kT =

[ ][9]

m{w?) = %/d’u Fimw?®. (7.6)

N

The pressure tensor is given by
P = pap = nm(wawg) = m/dv Fwawg (7.7)

where o and (8 run through z, y, z. We use the summation convention that if
« or 3 are repeated, they are to be summed. There are only six independent
components of the pressure tensor since pog = pgo. The heat flux is given by

1
q = —nm(w’w) = /d’uF§nmw2w. (7.8)

DN | =

Integrating over v, we find

0
8—1; +V-(nu)=0, Continuity equation. (7.9)

Since particles are conserved, the collision term vanishes. Multiplying by mwv
and integrating, we find

ou

Por +pu-Vu=-V-P+pla), Momentum equation  (7.10)

and again the collision term vanishes because momentum is conserved in
collisions. If we now multiply by %va and integrate over velocity, we find

oF
/dv%vaE —|—/dv %vav~VF+/dv%mv2a-VvF: /dv%mvaF.
(7.11)
The first two terms may be written

+
<
£}
3
S
B
&
+
<
o
3
3
Sl\')
&
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while the third term may be written as
/dv%vaa-VvF = 2m/de v?al) m/dvFV (v?a)
= %m%Fv a-ds, —fm/dvFUQV
—m/dvFv a
=—pu-a—plw-a)
where the surface integral in velocity space vanishes as |v] — oo because

F — 0, and we assume a is velocity independent in the absence of a magnetic
field. These result in

D 3 Dn
i < nkBT> kBTE -V.-q—P-Vu+plw-a) (7.12)
o 3 DT
571]63 for =-V.q—-P -Vu+plw-a) (7.13)
where D 0
— == V.
o

Problem 7.1 Fill in the missing steps between equations (7.11) and (7.13).

7.2 Collision symmetries

Without specifying the interaction force law, there are certain symmetries
characteristic of any collision model. We begin by specifying one particle
with velocity v before the collision and velocity v’ after the collision, and
the other particle has velocity s before the collision and velocity s’ after the
collision. The velocity of the center of mass is invariant in the collision, such
that

Vem = (v +38)=1(v + 9 (7.14)

and the relative velocities are

g=s—v g/:s/—vl
so that
S = Vem + %g s = Vem + %g/ (715)
and
V= Vem — %g v =vem — %g’. (7.16)
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Since energy is conserved, we have

im(v® +s%) = %m(v'2 +5%) (7.17)

and using equations (7.15) and (7.16), we find that
9=9 (7.18)

or that the magnitude of the relative velocities is equivalent before and after.
The geometry of a collision is illustrated in Figure 7.1 which shows the relative

FIGURE 7.1
Collision trajectory.

velocity g before the collision and the relative velocity g’ after the collision,
having been deflected through an angle §. The asymptotic distance from
the action center is b before and after the collision from the conservation of
angular momentum and is called the impact parameter. The deflection angle
0 will be determined from the law of interaction as a function of b, but this
law will be discussed later. The plane of interaction (the plane of the paper)
is taken to be at an angle ¢ relative to a fixed plane.

We consider collisions that occur in a volume dr in a time interval between
t and t + dt between particles with velocities between v and v+ dv and s and
s + ds, respectively and with impact parameters between b and b + db and
the azimuthal angle between ¢ and ¢ + d¢. Assuming that we can neglect
correlations with other particles, the number of collisions is proportional to
the number of particles in the range drdwv, i.e., to F(r,v,t)drdv and to the
number of particles in the range ds that are in a cylinder in space of length
gdt and of base area bdbd¢. The number of such collisions is therefore

F(r,v,t)F(r,s,t)gbdbdgdrdvdsdt. (7.19)

For these collisions, the final velocities lie between v’ and v’ +dv’ and between
s’ and s’ + ds’ where v’ and s’ depend on v, s, b, and ¢ through the law of
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interaction. It may be shown quite generally that
dv'ds’ = dvds. (7.20)
There is a close relationship between inverse collisions, illustrated in Figure
7.2, where the initial velocities are v’ and s’ and the final velocities are v and
s with the same b and ¢. The number of these inverse collisions is

F(r, o' t)F(r,s',t)g bdbde dr dv’ ds’ dt

which is equivalent to

F(r, v t)F(r,st)gbdbd¢drdvdsdt. (7.21)
b
0
g
9K b

FIGURE 7.2
Inverse Collision trajectory.

The collisions of equation (7.19) scatter particles out of the range dv while
the collisions of equation (7.21) scatter particles into the range dv, so the net
number of particles scattered into the range dv is

2 d
dvdr dt/ds/o dqb/o dbbg[F(v')F(s') — F(v)F(s)]

where d is the maximum value of b which we take to be the Debye length, Ap.
Hence, the expression for AF in equation (7.1) is

27 d
AF(r,v,t) = /ds/o d(b/o dbbg[F(v')F(s") — F(v)F(s)] (7.22)

where v’ and s’ are functions of v, s, b, and ¢ through the law of interaction.
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7.3 Collision theorems

If ¥ is any property of the particles that depends on the position, velocity,
and time, then the mean value of ¥ is (¥), and the rate of change of this
mean value is from equation (7.2),

(AT) % / dv WAF(v) (7.23)

% /dvdsd¢db bg¥(v)[F(v')F(s') — F(v)F(s)].  (7.24)

We could also derive an expression for (AW¥) from equation (7.19). Equation
(7.19) is the number of collisions of a specified type in which v changes to
v’. For each collision, ¥ changes by an amount ¥(v) — U(v’). Therefore, the
total rate of change of (¥) due to collisions can also be written as

(AT) = %/dv dsdgdbbg[¥(v') — ¥ (v)|F(v)F(s)]. (7.25)

We prove that these expressions are equivalent, beginning with the first term
in equation (7.24) which is

% / dv ds dé dbbgW(v')F(v) F(s') (7.26)

We can then change variables from v and s to v’ and s’ and by equation (7.20),
the Jacobian is unity. Then from equation (7.18), we may replace g by ¢’ so
that this becomes

1 / /! / ! /
ﬁ/dv ds’ d¢dbbg' ¥ (v)F(v')F(s").

Now by symmetry, v is the same function of v’, s/, b, and ¢ as v’ is of v, s,
b, and ¢. Hence, this last expression may be written as

% /dv dsdgdbbg¥ (v')F(v)F(s). (7.27)

This result along with the second term of equation (7.24) is equation (7.25).
Because all particles are equivalent equation (7.25) may also be written as

(AT) = % /d'v dsdgdbbg[¥(v') + ¥(s') — U(v) — ¥(s)|F(v)F(s),

which, in the same way that equation (7.26) is equivalent to equation (7.27),
can be shown to be
1

(AT) = f%/dv dsdepdbbg[¥(v') + ¥(s') — ¥(v) — ¥(s)|F(v')F(s").
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By adding these last two equations and dividing by 2, we have yet another
formula,

(AT = ﬁ/dv ds dé dbbg[T(v') + (') — U(v) — U(s)]

X[F(v)F(s) — F(v')F(s)].

These various formulas may be summarized as

(AT) = %/dvlll(v)AF('u) (7.28)
= %/d’u ds dpdbbg¥ (v)[F(v')F(s") — F(v)F(s)] (7.29)
= %/dv dsd¢dbbg[¥(v') — ¥ (v)|F(v)F(s) (7.30)

= %/dv dsdepdbbg[¥(v') + ¥(s') — ¥(v) — ¥(s)]F(v)F(s) (7.31)

- _ﬁ /dv dsdgdbbg[¥(v') + U(s) — ¥ (v) — U(s)]
x[F(v')F(s') — F(v)F(s)]. (7.32)

The derivation of these expressions has depended only on the symmetries
of the problem. It is evident that if ¥ is 1, mwv, or %mv2, then (AW) vanishes
from the conservation laws. Because these laws uniquely determine the final
velocities in terms of the initial velocities and b and ¢, it follows that only for
these choices of ¥ does (AW) vanish. It also follows that if (AW) vanishes, then
¥ must be a linear combination of the “collision invariants,” 1, mwv, and %mvz.
Since the particles also have spin, there are other invariants, but because the
Coulomb force is so much stronger than the spin interactions, we neglect
them. If the analysis were extended to include ionized molecules instead of
particles, then some modifications would be necessary because molecules may
convert kinetic energy into internal rotational and vibrational energy, so the

conservation of energy would need to be changed.

7.4 The equilibrium state

It is the purpose of this section to show that the system, if left to itself,
will approach an equilibrium state in which the distribution function will be
Maxwellian. Further properties, such as the uniformity of the temperature
and some restrictions on the drift velocity, will be included.

We begin with the quantity

S(t) = ka/dr/dvF(r,v,t) InF(r,v,t). (7.33)
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We will show that in equilibrium, S will be the entropy of the system within
a constant. Differentiating with respect to time, we find

ds oF
— =k d dv(l+InF)—. .34
- B/T/v(—l—n)at (7.34)
Substituting OF /0t from equation (7.1), we find

1
b :/d'r/dv(l+1nF)v'VF+/dT/d”(1+lnF)a'VvF (7.35)
B

— [dr [ do(1+ I F)AF. (7.36)
Jorf

Taking the terms on the right one by one, the first may be written as

/drV-/d'vFlnF

which can be transformed into a surface integral over the boundary of the
system

f{ dA - / dvoyFInF (7.37)

where d A is a surface element and v is the normal component of the velocity
at the surface. Assuming the wall of the container is either infinitely large
so the integral vanishes since ' — 0 as v — oo or smooth so that every
particle bounces back elastically in which case F' is an even function of vy
and equation (7.37) is an odd function of vy so the integral vanishes by
symmetry. Provided equation (7.37) does vanish, then the system must tend
to an equilibrium state with a Maxwellian distribution function, but if the wall
is not smooth or the wall leads to inelastic collisions, then the system will not
approach a Maxwellian. If, for example, the wall is continuously absorbing
energy, then the system cannot approach an equilibrium state.

Assuming equation (7.37) does vanish, then we are left with the second and
third terms in equation (7.36). The second may be written as

/dr/dva~VvFlnF

which may be integrated by parts to obtain
> / drdvgdu,[a, F In F]2e=>
[e%

which vanishes because F' tends to zero more rapidly than In F tends to infinity
as |vy| — oo. The last term is

f/drnV<1+lnF>.
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Then using equation (7.32), we have

% = %/dr/dvdsd¢bdbg[lnF(’u’)—l—lnF(s') —InF(v) —In F(s)]

X[F(v')F(s") = F(v)F(s)]

which may be rewritten as

% = %B/dr/dv dsdpbdbgF(v)F(s) [W 1]1 Flo)F(s)

Fo)F(s) | F(u)F(s)

The two factors, [F(v')F(s")/F(v)F(s) — 1], and In[F(v")F(s")/F(v)F(s)],
are both positive or both negative depending on whether F(v') F(s') is greater
than or less than F'(v)F(s). The product is therefore positive definite or zero,
so we may conclude that

ds

i >0. (7.38)
This requires that as the distribution function varies, it does so in such a
fashion that entropy increases. We will show later that it changes in such
a manner as to maximize the rate of change of entropy, subject to certain
restraints. It cannot increase indefinitely, since it can be shown that this
would require the energy content of the gas or plasma to increase indefinitely.
Therefore, it must eventually reach a state where S no longer increases, which
is the equilibrium state and the equality in equation (7.38) holds. In this state,
we have

F(W')F(s') = F(v)F(s)

for all collisions, and furthermore,
InF(@)+InF(s)—InF(v)—InF(s) =0. (7.39)

This requires that in the equilibrium state, F'(v) must be a linear combination
of the collision invariants, so that

In F(v) = a1 + azmv + Lazmv® (7.40)

where a1, ag, and ag are independent of v. Equation (7.39) leads directly to
the solution

1 2
F(v) = age”2m®(v700) (7.41)

where ag and a4 are new quantities independent of v and are related to the
quantities a, as, and ag.

The significance of these quantities may be seen first by substituting F'(v)
from equation (7.41) into equation (7.3) and integrating to find the number

density as
( 27 )3/2
n=ay| — .
mas
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The drift velocity from equation (7.4) is
u = ay

and the temperature as defined in equation (7.6) is

1
kT = —.
as

Hence the equilibrium state is characterized by

F(v) = f(v),
where n (o) o2
_ —(v—u) /v
f(0) = Sraae ' (7.42)

where v; is a thermal speed given by

B <2kBT)1/2
Vg = — .
m

When we consider the spatial dependence of n, w, and T in this equilibrium
state, we find the possibilities by inserting equation (7.42) into the Boltzmann
equation, equation (7.1), and assuming no variation in time, we find

(v-V+a-V,)f(v)=0

since the right-hand side is zero. This gives, after dividing by f(v),

Vn 3VT w?VT wVu a-w
SR AT S T ) = 4
(w+u) <n 5T Jrvtz T + 02 ) 5 0, (7.43)

Ut
where
w - wVu = wawgVaug .

Equation (7.43) must hold over all space and for all velocities w. This means
the coefficient of each power of w must vanish independently. We assume for

the remainder of this section that the acceleration, a, is independent of w.
2

The only term of order ww is
w? VT
W — ——
v: T
SO
VT =0,

which means that the temperature is uniform in the equilibrium state (pro-
viding, of course, that collisions with the walls are elastic). The only term of
order w? is

m
—— WawgV W
kpT @ PYorP

www.mana



TRANSPORT IN A NONUNIFORM GAS 175

which requires
Vaug +Vgus, =0, (7.44)

for all @ and 3, and the only nontrivial solution of this is
U=uy+wxr,

where ug and w are constants. This means that the only drift motion is a
uniform drift plus a rotation with constant angular velocity w. The term of
order w is
ugVgug —a
Wy |V Inn + 2(35—30‘)
Ui
and from equation (7.44),

Vgua = 7vau5

so we have from setting the linear term to zero the result

a=1iV(;lnn—u?). (7.45)
It follows that the curl of a vanishes so that it can be derived from the gradient
of a scalar

a=-VV, (7.46)

so the force is conservative. Solving equations (7.45) and (7.46) for n, we find

Vv 2
n = ng exp <—]Z;T + Zz) , (7.47)
¢

where the unexpected positive sign is correct. The term in u? is due to the
centripetal acceleration and is largest where the velocity is greatest, or at the
outside of a rotating system.

The constant term in w is

which requires

But from equation (7.44),
w-Vu? = 2uqugVaug = 0.

This implies
u-VV =0,

which leads to the conclusion that flows can only occur along equipotential
surfaces.

www.mana



176 Prasma KINETIC THEORY

Now that we know the equilibrium distribution function, we can calculate
the pressure tensor and the heat flow from equations (7.7) and (7.8) with the
result

Pag = POap =nkpT0as, (7.48)
q=0. (7.49)

Equation (7.48) demonstrates that at equilibrium, only hydrostatic forces are
present in the pressure tensor and equation (7.49) tells us that there is no
heat flow in equilibrium.

In the equilibrium state, the quantity S of equation (7.33) becomes

n 3

which is the entropy within an additive constant.

7.5 The mean free time theory

We discuss in this section the mean free path theory of kinetic processes such
as viscosity and thermal conduction. The theory is useful for insight, but is
not entirely consistent. For a simple plasma, it gives the same qualitative
results as the more nearly complete method described in the next section.
The theory is commonly called a “mean free path” theory, but we will treat
it more as a “mean free time” theory since this approach can more easily be
extended to the case with magnetic fields. We will begin with the exact theory
before going over to the common theory in order to make the approximations
more evident.

The basic idea of the theory is to follow the motion of each particle from the
time it last suffered a collision. This will enable us to relate the distribution
function to its form prior to the last collision. It is simply another way to
solve the Boltzmann equation.

Between collisions, the motion of a single particle is especially simple and
given by Newton’s Law with a simple constant acceleration such that the
solution of the equation of motion is simply

vV =vg+ a(t — t()) (751)
r =1y +vo(t —to) + Sa(t —to)? (7.52)

where 7y and vg are the coordinate and velocity at time tg.
Let 7(r,v,t) be the mean time between collisions for a particle at r with
velocity v at time t. The number of collisions in a volume dr in the interval
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between t and t + dt with velocities between v and v + dw is

drdoat 1T
7(7r,v,t)

Comparing this with equation (7.19) we may observe that

1
7(7r,v,t)

= /dsd¢bdbgF(r,s,t).

We now define p(t) to be the probability that a particle survives without
making a collision up to time t given that it made a collision at time zero. To
find p(t), we consider this probability at a later time ¢ + d¢. The probability
that a particle survives up to time t + dt is the probability it survives up
to time ¢ minus the probability that it suffers a collision in the time interval
between t and t 4 dt. This latter is the probability that it survives up to time
t times the probability that it suffers a collision in the interval d¢. Therefore,

dt

p(t+dt) =p(t) —p(t)—, (7.53)

which, if 7 were constant, would have the solution
p(t) =e 7.

Actually, however, 7 in equation (7.53), 7 is the collision time for a particle
with position r, velocity v, at time ¢, where » and v are given in terms of
the position and velocity at time zero by equations (7.51) and (7.52). A more
nearly precise solution is therefore given by

p(t) = exp (- /0 t ii)) . (7.54)

Now in order to calculate the coefficients of thermal conductivity and vis-
cosity, it is necessary to evaluate the number of particles crossing an element
of area in time d¢ with velocities in a certain range. In general, the theory
is formulated to give this directly, but since this number is related to F, we
may alternatively regard the theory as an attempt to calculate F, i.e., to solve
Boltzmann’s equation. We now endeavor to do just this.

The number of particles in a given volume between ¢ and rg + dry with
velocities in the range between vy and vy + dvg at time tg is, by definition,

d’l"o d’UO F(T’(), Vo, t()) . (755)

Consider now those particles of this set that suffered their last collision in the
time interval between ¢ and ¢ +d¢, (t < tg). These are the particles that suffer
a collision in the time interval between t and t 4+ dt between ¢ and rq + drg
such that their final velocities after the collision lie in the range between v
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and v + dv where r and v are given in terms of rg and vy from equations
(7.51) and (7.52) with

dr =drg dv =dvg.

The number of such particles is given by integrating equation (7.21) over s,
¢, and b to give

drd'vdt/dsd(bbdbgF(nU’,t)F(r,s',t) (7.56)

which by using equation (7.22) in Boltzmann’s equation can also be written
as

F(r,v,t) 0
drdovdt |:T(7',’U,t)+<at+v V—l—aVU) F(T‘,’U,t):l . (757)

Not every one of these particles contribute to the set given by equation (7.55),
however, since some may suffer more than one collision in the interval ¢y — ¢.
The probability they do survive is given by

o dty )
exp | — T S—— 7.58
p< /t T(r17vl7t1) ( )

v = v+ alt; —to),
ry =79+ ’Uo(tl — t()) + %a(tl — t0)2 .

where

We now multiply equation (7.57) by equation (7.58), integrate over all ¢ and
equate to equation (7.55) to find

to to dt F(r,v,t
F(ro,vo,t0) :/ dt exp (—/ ! ) { ( )
—o ¢ T(ry,vit)) [ T(r,v,t)

N (gt +v.v+a-vv> F(r,v,t)]. (7.59)

This formula relates the distribution function at time ¢y to the distribution
function at an earlier time ¢. No approximations have been made so that
equation (7.59) is exact.

In the mean free time theory, we now use an iteration method to solve a
formula that is equivalent to equation (7.59),

fo fodty
F(rg,vo,t9) = dtexp(— | ————— ) [ dsdopbdbgF(r,v,t)F(r,s',t
(rovounto) = [ aresp (< [ 2B fasaonas g, o 0 (s’
(7.60)

where we used equation (7.56) in place of equation (7.57). We cannot use
equation (7.59) directly because any distribution would satisfy the equation.
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The procedure we use is to insert an approximate expression for F' on the
right-hand side of equation (7.60) and integrate to get a better approximation.
The first step is to insert a Maxwellian distribution into the right-hand side
of equation (7.60). This approximation is good if the collision time is short
compared to any macroscopic relaxation time for the plasma. This means we
let
F(r, v, t)F(r,s' t) = f(r,v,t)f(r,s,t),

where f(r,v,t) is a Maxwellian at r at time ¢. If we now ignore the change of
the collision time over the path of the particle, then equation (7.60) becomes

F(ro,vo,t) = /todt exp [t_to)] /dsd(bbdbgf(r,v,t)f(r, s,t)(7.61)

—0 7(ro,vo, to
to _

:/ dt exp (t to) fr.v.t) (7.62)
— 0o T0 T0

where 79 is shorthand for 7(7, v, to)-
The next step is to expand f(r,v,t) in powers of ¢t — o such that

f(r,v,t) = f(ro,vo,t0) + (t — to) (8 +vo-Vo+a- Vv0> f(ro,vo,to)

Ot
+O(t — ty)? (7.63)
where
. . 0 .0
Vo = ewa—xo + eyayo + ezazo
.0 .0 .0
Voo = € Ovg, ey Ovy, e vy,

Ignoring the terms of order (¢ — tg)?, which is equivalent to ignoring terms of
order 72, and then integrating over t yields

F(r,v,t) _f(r,v,t)—7’<a +v~V—|—a'VU) flr,v,t), (7.64)

ot

where we have dropped the subscript 0. We now, without any justification at
this point, write the result of the normal mean free time theory as

3/2

m 2/, 2

F t) = t) — . —(v—u)*/v;
(r,v,t) = f(r,v,t) — Thw V(ZkaT) e

o 0 1 2,2

_ _ ) v = o (vmu)T/ g
flr,v,t) —mn {'w VT@T +wa(vauﬁ)auﬁ} vgwa/ze

3 wz) w VI _ 27

= 1 s % - = ) .
f(r,v,t) { +7 (2 02 T 02 wawgvauﬁ} (7.65)
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This expression resembles the result we would get by using the Maxwellian
f(r,v,t) in equation (7.64) and presuming the density to be uniform so that
Vn = 0. In fact, equation (7.65) is qualitatively correct to this order and
can be made quantitatively correct by modifying only a few terms so that it
becomes

) 2 VT 2

F(r,v,t)=f(r,v,t) {1 +7 <_u}2) AL —;—(wawg — 2w?605)Vaug|.
2 v T Uh

(7.66)

The details of this expression are given in the beginning of the next section.
The essential idea is that the term 0f /0t in equation (7.64) involves dn/0t,
Ou/0t, and OT'/0t, and these three quantities are related to the spatial deriva-
tives Vn, Voug, and VI by the equations of motion. When these relations
are used to eliminate the time derivatives in equation (7.64), one finds that
many terms cancel leaving one with equation (7.66).

Now we have no justification for this last step from normal theory, but
even if we had, it has inherent difficulties. If we were to insert the non-
Maxwellian parts of F into the right-hand side of equation (7.60), it would
lead to terms comparable to the non-Maxwellian terms on the right-hand
side of equation (7.66). Furthermore, in going from equation (7.61) to equa-
tion (7.62), it is inconsistent to take into account the differences between
f(r,v,t) and f(rg,vo,to) and ignore the variation of T over the trajectory of
the particle. Thus we expect equation (7.66) to be only qualitatively correct.

A better procedure is to assume a small departure from Maxwellian and
solve for this departure self-consistently. For this, we assume

F(r,v,t) = f(r,v,)[1+ ¢(r,v,1)] (7.67)
where ¢ is small, so that using this in equation (7.60), we obtain to first order
in ¢ the result

to
F(ro,vo,to)[1+¢(r0, vo, to)] Z/ dtel"=0)/7 [ dsdpbdbyg f(r,v,t)f(r,s,t)

—|—T/ dsdgbdbg f(ro,vo,to) f(ro, So,to)
x[ip(v) + ¢(s0)] - (7.68)

Using the expansion of equation (7.63) and the arguments leading to equa-
tion (7.66), we find (dropping the subscript 0),

2 .
o) =) (3 - 22 ) 2 ) FwawaVaus

Ut
N\Ns-VT 2

+ 72 /dsd(bbdbg f(w)f(s) K;—Sg) % — U—gsasfgvau[g
t

Uy

+ 7 [ dsdobabg fw)f(s)iptw) + o(s')]. (7.69)
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This equation, however, is more difficult to solve for ¢ than the equation
obtained by substituting equation (7.67) directly into the Boltzmann equation.
This is the approach that was used by Chapman and Cowling[49].

Qualitatively, equation (7.66) is correct, and substituting it into the defini-
tion of the pressure tensor of equation (7.7), we obtain the formula,

2
Pag = (p t3uV- u) Sap — (Vaug + Vpta), (7.70)

so, for example,

2 Ouy
o = —uV-u—2
Pzx p+3u u Max’

Ouy  Ouy
Pay = — - + = Pyzx »

Ox oy

and similarly for the other terms where p is the hydrostatic pressure and p is
the coefficient of viscosity.

Similarly, if we substitute equation (7.66) into the definition of the heat flux
vector, equation (7.8), we find

q=-)\VT

where 5k
A= BnkpTr.
2m

7.6 The formal theory of kinetic processes

In this section we describe the method of Chapman and Cowling[49] for solving
the Boltzmann equation by successive approximations. This method will not
provide an accurate representation of the distribution function, but it will
give accurate expressions for the pressure tensor and the heat flux vector. For
many applications, this is sufficient.

We begin by assuming that collisions are most important in determining the
distribution function and that to a first approximation, we have a Maxwellian
distribution at each point in space. We then calculate corrections to this first
approximation. We indicate this process mathematically by writing equa-
tion (7.1) as

0 1
<8t+v'v+a'vv>F=nAF
= %/dsd¢bdbg [F(v')F(s') — F(v)F(s)].(7.71)

www.mana



182 Prasma KINETIC THEORY

We will eventually set 77 to unity since it is only a formal expansion parameter,
but it will help us to group the terms in the expansion. We write

F=FOUtno+n?p+---), (7.72)

where by keeping more and more terms, we obtain the successive approxima-
tions.

Substituting equation (7.72) into equation (7.71) and setting the coefficients
of each power of 77 to zero, we obtain a set of equations which, in principle,
give a complete solution of equation (7.71). We will only keep the first two
equations because it gets too difficult very rapidly.

The first equation, of order 1/7, is

% / dsdgbdb g [FO (') FO (s') — FO (v) PO (s)],

whose solution is

0 _ _ n —(v— 2 vf
FO@r v t)=f= vt37r3/26 vou) /o (7.73)

which is the Maxwellian distribution.
The terms on the right-hand side of equation (7.71) that are independent
of n are

/dsd¢bdbg {F (@) (V') +0(s)] = f(0) f(s)[e(v) + @(s)]} , (7.74)

and since

the result may be written as

/d8d¢bdbg f)f(8)le(v') +¢(s) — p(v) — o(s)]. (7.75)

The terms that are independent of n coming from the last two terms on the
left-hand side of equation (7.71) are

__m of o 91
(v-V+a-V,)f = _kBTfa wto-v Vn—&-auav@Vgua—i—aT'u VT (7.76)

where it is apparent that

of _ f

o  n

0 2
% = vi;wa (7.77)

aof  f (3 w?
GT__T<2_UE)'
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The terms that are independent of 1 coming from the first term on the left-
hand side of equation (7.71) require more care, such that

Of Ofdn  Of Qus  Of OT

ot onot  ou. ot ToT ot

(7.78)

and we can substitute for On/dt, du,/0t, and 9T /Ot from equations (7.9),
(7.10), and (7.13). We must be aware, however, that in our expansion ap-
proach, some of these terms are higher order in 7. The pressure tensor in
equations (7.10) and (7.13) and the heat flux tensor in equation (7.13) are
given to zero order in 1 by equations (7.48) and (7.49). Therefore, to deter-
mine dn/0Ot, us/0t, and OT/It to zero order in 7, we use

%Z +V.-(nu)=0

ou 1

a0 T (w-V)u = —;Vp +a (7.79)
3 ar 3
E”kBE + §nk3u -VT = —pV -u.

Substituting into equation (7.78) using equation (7.77) and adding to equa-
tion (7.76), it is found that many terms cancel and after some tedious algebra,
we obtain an equation for ¢,

f) [2(@aws — §w0%0ap)Vaus — (5 —@*)w - VInT]
= /dsd¢bdbg F)f(8)lp(v) +¢(s') = (v) = @(s)],  (7.80)
where o is the normalized random velocity such that
w=w/v. (7.81)

Problem 7.2 Work out the left-hand side of equation (7.71) by using equa-
tions (7.76) and (7.78) along with equations (7.77) and (7.79) to show that
equation (7.80) has the proper form.

If we now turn our attention to the terms of order # in equation (7.71), we
can derive the next approximation to the distribution, but we shall not carry
the process any further, since all of the higher order terms involve second
derivatives of the drift velocity and temperature or products of first deriva-
tives, so for slowly varying quantities, we may expect these terms to be small.
For shock waves, they could be important, but no evidence has yet been found
in experiments for them.

Before we attempt to solve equation (7.80), it will be convenient to introduce
a notation for the tensor that appears on the left-hand side of equation (7.80).
Let

0

(w W)ag = WaWg — %w25a[3. (782)
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Since equation (7.80) is linear in ¢, it follows that the solution is of the form
<)O(U) = 7Ba[3vau[3 - Aavoz 1I1T7 (783)

where the tensor B satisfies
—2f(v)w'w = /dsdqbbdbg f(v)f(s)[B(v') +B(s") — B(v) — B(s)] (7.84)
and the vector A satisfies

F)(3 —@*)w = /dsd¢bdb9 f)f(s)[A(V') + A(s') — A(v) — A(s)].

(7.85)

From the form of these equations, it is apparent that the tensor B is of the
form

B = w'wB(w?) (7.86)

2

where B(w?) is some scalar function of the magnitude w?. Similarly, it is

clear that
A = wA(w?) (7.87)

where A(w?) is some scalar function of the magnitude w?.

We have thus reduced the problem to solving for the scalar quantities A
and B. In addition to being solutions of equations (7.84) and (7.85) we must
impose the condition on A and B that

(w) =0
or that )
ﬁ/dv FO)1 + p(v)]w = 0.

Substituting for ¢(v) from equation (7.83) and for A and B from equations
(7.87) and (7.86), this becomes

1
7372

/dw e_wzsz(w2) =0, (7.88)

and there is no corresponding condition on B(w?).

We now have an exact solution for p(v) if we can find A and B exactly. One
reasonable method is to take them to be power series in w? with undetermined
coeflicients such that, for example,

A=co+c@® +ew* +---.

It is much more convenient to rearrange the terms of this expansion and
redefine the coefficients so that we may write

AZa(]+a1(%—w2)+a2(%—%w2+%w4)+...

= Z a'rrLSgl(wQ) (789)
m=0
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where S™(w?) is a Sonine polynomial defined by

m 27
Sm(e?) = w@. (7.90)

= (n+j)(m —j)! 4!

For these polynomials, if n is a half integer, we must take

537
=T D=nn-1)n-2) - -=~—.
n=T(n+1) =n(n—1)n-2)-55%
For this case, the Sonine polynomials are equivalent to the Generalized La-
guerre polynomials which are tabulated in Abramowitz and Stegun[55] except
that the notation reverses the superscripts and subscripts such that

m

m+a—|—1)( 1) 2d
Zr T Dm (7.91)

For z = w?, they are equivalent. The normalization and orthogonality rela-
tions are (letting x — @?)

o ) 0, m#mn,
/ e ML () L (w?) dw = { T(m+a+1) o (192)
0 77 == .
2m!

In equation (7.89), we used n = a = % for convenience, but for B, it turns out
to be more convenient to use n = a = %, so that

B=by+bi(%— 2)+b2(%—% 2+%w4)+~~
= > buSY (=) Zb
m=0

For the complete solution, we need to know all of the a,, and b,,, but before
we solve for the coeflicients, we examine how the pressure tensor and heat
flux vector depend on them.

Substituting equation (7.89) into equation (7.88), switching from the Sonine
to the associated Laguerre polynomials, we find

1 e 2 3
Y am— | dwe ¥ @’Li(@?) =0.
a 7r3/2/0 we © w (w?)

m

(7.93)

Sw\m

Performing the integrals over the angles which introduces a factor of 4mw?

3
and recalling that L¢ (ww?) = 1, this may be written as

e o2 3 3
Zamﬁw?/ dwe @ w'Li(w?)LE (w?) =0,
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so that the orthogonality integral leads to the simple result,
ap=0. (7.94)

The heat flux vector is defined by equation (7.8). Then using F' from
equation (7.72), ¢ from equation (7.83), and A and B from equations (7.87)
and (7.86), this becomes

gy = /dvf [1 - Vaus(w'®)apB(@?) — Vo In Twa A(w?)] %mwaw.

The term in B clearly vanishes because it is odd in the random velocity w.
Then substituting A from equation (7.89) using equation (7.81) and remem-
bering equation (7.94), the other term becomes

3

1 - 1 2 3
¢y =~ VaT nkpTo; Zlamm /dwe T WP waw, LE (7).
m=
The integral vanishes unless a = 7, and we may replace w% by %wQ to give
47

373/2/ dw e_wzwe’Ln%L(wQ) (7.95)
T 0

oo
gy = —VyI'nkpv; Z am
m=1
since 3 3
3L (@°) - L (w?) = w?,

and the final integral can be written as
o0 2 -3 3 3 15+\/m
/ dwe ™™ wt [%LS (@w?) — L2 (w2)} Li(w?) = i(tsm,o —Om,1)-
0

Hence, equation (7.95) becomes
gy = %nkgvtalv,yT. (7.96)
If the coefficient of thermal conduction, A, is defined by
gy = —-AV, T, (7.97)

then
A= —2nkpua; . (7.98)

The important point to notice is that in equations (7.96) and (7.98), only the
coefficient aq is involved. While we need all the a,, and b,, to describe the
distribution function, only a; is involved in the thermal conductivity.

Turning our attention to the pressure tensor defined by equation (7.7),
we use F' from equation (7.72), ¢ from equation (7.83), and A and B from
equations (7.87) and (7.86), to find

Pas = m/d'v wewgf [1 = Vyu(w'w), B(w?) — V., InTw, A(w?)] .
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This time, the term involving A vanishes because it is odd in the random
velocities. The first term also vanishes unless & = 3 and is

1
(anmv?m / dwo wie*wz = 5a5nk‘BT = 6aﬁp .
The second term is
1
—nmvtzvnyue?)—/2 /dw e_wzwawfg{wywe — 1?0, }B(w?), (7.99)
T

which requires special attention. If v # €, then the second term in the bracket
contributes nothing while the first term contributes only if v = o and ¢ = 3
or if v = 8 and € = . Therefore, if o # 3, equation (7.99) is

1 w2 b
—2p(Vaupg + Vgua)m /dw wiw%e B(w?) = J%(vauﬁ + Vug) .

On the other hand, if & = § = 7 = ¢, then the second term in the bracket of
equation (7.99) gives

1 2 5
2p(V - u)m /dw e wiB(w?) = gpbo(v ‘u),

while the first term in the bracket gives

2

1 —w 4 2
—2pvauam/dwe WQB(W )

1 e b
—2p Z(VVUV)W /dwe wiw B(w®)= _%p 3Vl + Z Vyuy
Qiat y#o

= —bop (%V “u+ vaua) 5

where V,u, does not indicate a sum in this case.
Collecting these results, we find that

Pap = _%pbo(vauﬁ + vﬂu(y)a « 7& /65
(7.100)
Paa =P [1 + %bO(V ‘u) — bovaua} ,a=f.
In general, therefore, we have
Pap = [p + %,U(V . ’U,)](Sag — ,u(Vauﬂ + Vgua) , (7.101)
where
1= inkpTby (7.102)

is the coefficient of viscosity. We note that only the coefficient by is needed
for the coefficient of viscosity. This means that we are interested in only b
and a;.
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Problem 7.3 Evaluate the various velocity integrals involved in the pressure
tensor.

To complete this section, we describe the formal variation procedure used
by Hirschfelder et al.[50] which in principle enables us to find all of the a,,
and b,,. In practice, it gives excellent approximations to by and a;, which are
the only ones we really want.

If G and H are any properties of the particles, we define

SN GH, =G -H, if G and H are both vectors,
G:H= (7.103)
Za,ﬁ GopHpga = GapHpa , if G and H are both tensors.
We then define what we call “collision integrals” as
1
G, H] = - /dvdsdd)bdbg f(0)f(s)G(v): [H(v')+H(s")—H(v)—H(s)].

(7.104)
By symmetry, this is also

G, H] = —# / dvdsd bdb g f(v)f()[G(v) + Gls)] :
[H(v') + H(s") — H(v) — H(s)]
GH =y / dvdsdebdbg f(v)f(s)[GW) + G(s') — Glov) — G(s)] -
[H(v') + H(s") — H(v) — H(s)].
From this last form, one may notice that
[G,G] > 0. (7.105)

Now the equations that we need to solve, equations (7.84) and (7.85), are
of the form

R(v) = /dsd¢bdbg f@)fST@)+T(s")—-Tw)—-T(s)], (7.106)

where R and T are either vectors or tensors, and R is known and T is to
be found. Let ¢(v) be any trial solution of this equation subject only to the
condition that

/dvt(v) : R(v) = /dvdsd¢bdbgf(v)f(s)t(v) [t +t(s") — t(v) — s(8)]
= —n?[t,1]. (7.107)

But from equation (7.106),

/dv t(v) : R(v) = —n?[t,T],

www.mana



TRANSPORT IN A NONUNIFORM GAS 189

so provided t is chosen to satisfy equation (7.107),
[t,t] = [t,T]. (7.108)

Now consider
[t =T, t—T)=[t,t] —2[t, ]+ [T,T].

By equation (7.105), this is positive or zero, so that using equation (7.108),
[t,t] < [T,T7],

or using equation (7.107)

_7/d1,t (v) = [t,4] < [T, T]. (7.109)

This is the relation upon which the variation procedure is based. We first
choose a trial function with as many undetermined parameters as is conve-
nient. In our case, we take the trial functions to be

A=wAlw")=w Z amL2 (7.110)

or

B = w’wB(w?) = w'w Z me,%n(WQ) (7.111)

depending upon whether we are considering equation (7.85) or equation (7.84),
respectively. We then take all but a few of the a,, and b,, to be zero. For
example, in equation (7.110), the first trial function is obtained by putting all
the coeflicients a,, to zero except a;. A second trial function giving a better
result is obtained by putting all except a; and as equal to zero. The third
trial function takes aj, as, and as to be nonzero. Having picked our trial
function, we then ensure that the coefficients are such that equation (7.109)
is satisfied and then we maximize either the left or right hand side of this
equation. Those values of the coefficients which give the maximum value give
the best approximation to the correct answer. As we shall see in the next
section when we apply this variation method, this procedure gives excellent
values for a; and by very rapidly.

7.7 Results of the variational procedure

We now endeavor to use the variational procedure to finally obtain the coef-
ficients of viscosity and thermal conduction.
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Considering equation (7.84) first, we see by comparing this equation with
the general form of equation (7.106) that

R(v) = —2f(v)w'w.

If we use equation (7.111) for ¢(v), then we find the left-hand side of equa-
tion (7.109) to be

1 2 « 5
oz [d0t(e) R@) = 2 3" b [ dv o)) (=0 L (=)
m=0
2 — 1
== Z bm% /dw (@atg — $@°0a)
m=0
X(@Wawg — 3@ 5a5)L§n(w2)e7w2
3 — 1 3 2
= Z bin—373 /dww4L72,,(w2)e
m=0
5bo
_ Sbo. 7.112
! (112
This leads to the result that equation (7.109) becomes
5bo _ S brab [wowL?n(w?) wli (@?)] <[T,7]  (7.113)
n 9 m 1 9

m,m’

where the notation [f1(w), f2(w)]; indicates a collision integral between like
particles for any functions f1(w) and fa(w). These integrals are evaluated in
Appendix B.

The variational problem is now relatively easy because of the simple form
on the left-hand side of equation (7.113). We only need to find the largest
value of by that equation (7.113) will allow. The simple form of the left-hand
side of equation (7.113) is another consequence of the use of the Sonine or
Generalized Laguerre polynomials. From the general principles of variational
methods, we may expect a relatively good value for by with quite poor trial
functions, which in this case means with only a few nonzero coefficients. From
equation (7.102), we see that u is directly proportional to by, so we expect a
relatively good value for p.

By including more and more nonzero coefficients, we will obtain successive
approximations to by which we will denote as

[boh ) [b0]2 ) [bo]g ,oo0 et

with corresponding approximations to pu,
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Each time we improve the trial function, we will obtain a larger value for b,
so that
[bO]l < [b0]2 < [b0]3 , o ete.

and correspondingly,

]y <[wly <[uly,---  ete (7.114)

The first trial function is obtained by setting all of the coefficients except
by to zero. Equation (7.113) then becomes

Sl

= W' w, =], < [T,T]. (7.115)

This has only two possible solutions, either by = 0, or

5 _
[bO]l = ﬁ[wowvwow]l 17

and this second solution is positive by equation (7.105). Therefore it is the
value that maximizes equation (7.115) in our first approximation. From equa-
tion (7.102), the corresponding value of p is

5
ul, = §kBT[wOw,w0w]f1 . (7.116)
The evaluation of integrals like the one that appears in equation (7.116) is

discussed in Appendix B. There it is shown that

)
8e2/m(mkpT)3/%’
where m is the particle mass, e the particle charge, ¢y = 2In A, and A ~ 9Np
where Np is given by

[wow,wow] L= V2p = (7.117)

Np = 4mn)} (7.118)

and is the number of particles in a Debye sphere where Ap is the Debye
length. Because Ap appears only in the logarithmic term, equation (7.118)
is insensitive to the precise value of the Debye length and adds minimum
uncertainty to the value of u, whose first approximation is

206373/ 2\ /m(kpT)>/?
[ﬂ’] 1= e4w .

We now consider the next approximation to u so that we can get an estimate
of how accurate equation (7.119) might be. For this case, we set all of the
coefficients in equation (7.113) to zero except by and b; in the trial function.
This leads to

St
n

(7.119)

= by [w'w, wow]l + 2bgby [wow,woleg(WQ)} )
+b2 [woleg(w2)7w0wL§(w2)L , (7.120)
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and the maximum value of by is the one where equation (7.120) has a real
solution for b;. This maximum value of by is therefore obtained from maxi-
mizing equation (7.120) as a function of by by setting the derivative of equa-
tion (7.120) with respect to by to zero with the result that

bob(0-1)
L
where we have defined
b = [wowLi% (w?), woij% (w2)} x (7.121)

remembering that L§(z) = 1 for any «. Inserting this value of by into equa-
tion (7.120), we find

S _ 3 [o0 _ 0007
n 0 b1 |7

so that the only nonzero value for by is

5

bolg = —F—— 7.122
[ 0]2 ?’Lb(070)(1 — Ab) ) ( )
where
p(0.1]?
N
p(0,0)p(1,1)
Evaluating these integrals from Appendix B, we find
bOD _ /. O — 3\/590 BLD 205\/§<p
’ 4 7 48 ’
where
_ ety
7T 4R ym(2rkp )32
so Ay = 27/205 and
lboly = 1.15 [bo], . (7.123)
so it follows that
1l = 115 (4], . (7.124)

Since this second approximation makes a 15% correction, we may want to add
additional terms in the trial function.*

*W. Marshall finds [bo]z = 1.025[bg]1 with A, = 5/205, but lists no values for (1) or
p(1,1)
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Problem 7.4 Third order correction for by. Show that [bo], is given by

[6OD]% p2:2) — 2@ DpO2H1D) 4 (1) [H0.2]?

bol. = [b 1-—
[ 0]3 [bo], 5(0,0) {b(1>1)b(2’2) _ [b(l»Q)]Q}

b

and show that [bg]; = 1.1583 [bo],. Show also that if 52 — 0 and b(1:2) — 0
that b(® — b{?.

For the thermal conductivity of equation (7.85), we note the general form
of equation (7.106) is
3
R(v) = (3 - w?)w = L? (w?)w.

Using the expression in equation (7.110) as ¢, we find

——/dvtR——— am/dvf L (@®)w - wLi (w?)
15

= T -viar
4n

so that equation (7.109) becomes

3
——vtal Z o Q! [wL2 (w ),wan, (w2)} <[T,T17, (7.125)
m,m’ 1
so once again the variation method is very simple and consists of finding the
most negative value of a; possible. We also have here a relationship similar

to equation (7.114) where
Ay <My <My, -+ ete.

The first trial function is obtained by setting all of the coefficients to zero
except a; so that equation (7.125) becomes

15 3
— v = af [wL (@?), L} (wz)L : (7.126)

which again has only two solutions. The first is a; = 0, the second is
3, 3, 5171
@), = — v [@Lf (@), wLE (=)

and this is the value that maximizes equation (7.126). The corresponding
value of the thermal conductivity is

75]€B 2 -1

W), = g2of [wLi (@) wLi (=) - (7.127)
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This collision integral has exactly the same value as that in equation (7.117).
Therefore,
AL = 757T3/263k3(k'BT)5/2
Al = Vme*In A
The second approximation is obtained by setting all of the coefficients to zero
except for a; and ag, so that equation (7.125) becomes
15

_ 1o _ 2 3 2 3/ _2 3/ _2 /2
1l = a4 wli(w®),wLli(w?) 1+2a1a2 wli(w®),wl3 (w?)
n

(7.128)

1
tal [wLQ% (@?), wL] (wQ)] . (7.129)

which, by analogy with equation (7.120), is maximized by

[aa]y = lax)y (1= A0)7",

where )

(1,2)
PO il
a(lvl)a(2v2)
Defining these integrals by

- 3 3
ab9) = {wa (wz),’wa (wQ)} E (7.130)

and evaluating these collision integrals from Appendix B we find

AtV = 2 a2 — 3@(/)7 a(22) — ﬁ\/i@’
4 16
so A, =1/5 and
la1], =1.25[aq]; - (7.131)
Therefore our second approximation gives
Ay =1.25[)]; . (7.132)

In this case the second order correction leads to a 25% correction which is
almost twice the correction for the viscosity, but we still expect this result is
within a few percent, and we do not carry it further except as a problem.’

Problem 7.5 Third order correction for a;. Show that [ai], is given by

—1
[a(12]% 463:3) — 24(12)q(13)¢(2:3) 4 (22) [¢(13)]?

a1 {a(2,2)a(3,3) _ [a(2,3)}2}

[a1]; = [a1], |1 -

and show that [a1]; = 1.264 [a4],.

TW. Marshall finds [a1]2 = 1.08[a1]1 from A, = 3/41, but lists no values for a(1»2) or a(2:2).
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It may be noted that
[\,  15kp

1]y ~ 4m

I

which is a well known result, but it is true only to first order.

results of the problems above, an improved value is

Wy _ 1 gq 1508
(1], 4m

195

Using the

(7.133)
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TRANSPORT IN A NONUNIFORM
BINARY GAS

In this chapter we extend the treatment in the previous chapter to two
species[45], electrons and one ion species, still with no magnetic field. In
addition to recalculating the transport coefficients of the previous chapter,
we add the calculation of the electrical conductivity for the two-component
plasma.

8.1 The Boltzmann equations

With both electrons and ions, we need to define two distribution functions,
Fi(r,v,t) and Fy(r,v,t), referring to electrons and ions respectively. We can
derive Boltzmann equations giving the rate of change of these functions in the
same way as in Chapter 7. These are

{a+v-V+(elE+X> -VU] Fi(r,v,t) = AF(r,v,t) (8.1)
ot mi

{8 +v-V+ (62E + X) . VU] Fy(r,v,t) = AR (r,v,t). (8.2)
8t mao

The force due to the electric field E is written explicitly, and X indicates
the acceleration due to any other force that might be present, but there is
no magnetic field considered in this chapter. Since the gas is presumed to be
made of electrons and singly charged ions, it follows that —e; = ey =e.

The right hand sides of these equations, representing the rates of change
due to collisions, are the sum of two parts, such that

2
AF(r,v,t) =Y AjFj(r,v,t). (8.3)
j=1

The term with 7 = 1 represents the rate of change of F; due to collisions with
electrons, and the term with j = 2 represents that due to ions.

197
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8.2 The equations of hydrodynamics

The basic definitions and equations are the same as in Chapter 7 except that
now we add subscripts to designate which species and in some cases we need

the sum over species.

If U, is any property of particles 7, depending in general on position, velocity,

and time, then the mean value of ¥; at the position = and time t is

(;) = n%/dv U, (r,v,t)F;(r,v,t)
where
n; = /dvFi(r,v,t).
The partial mass densities are
pi = Nimy ,
and the total number density is

n= E n; =n1+ na,
i

and the total mass density is

p= Zpi =nimy + ngmsy.
i
The mean velocities are
1
(v;) = — | dvvF;(r,v,t)
Uz

and the drift velocity is
1
u= - Z pi{v;) .
P

The random velocity is
w=v—u

and the mean random velocities are
1
(w;) = — /deFi(r,v,t).
n;

Because of equation (8.4),

Zpi<'wi> = nymy{wy) + nama(wsy) = 0.

2
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The kinetic temperature is defined by

%nkBT = Zn,%rm(wﬂ = Z %mi /dezF,; ) (8.7)
The pressure tensor is

P=pis= Zpi<wmwiﬂ> = Z/dv Fiwawg . (8.8)

The heat flux vector is
qg= Z L (wiw;) = Z %mi/dv Fiw?w; . (8.9)
The charge density is

Q= Zniei = (ng —mq)e. (8.10)

The total current is

J = Zniei@i) =Qu+j

where
J= Z”iei<wi> = (n2(wa) —n1(w))e (8.11)

is the conduction current and Qu is the convection current. From equa-
tion (8.6), this relationship for j can be rearranged as

ning

(e1ma — eamy)((w1) — (w2))

=T, e(my +ma)((w1) — (ws)) . (8.12)

The continuity equations are obtained by integrating equations (8.1) or
(8.2) to give

/dva£i+/dvv~VFi+/dv (eiE+XZ-> ~VUF1-:/dvAF1-.
m;

These terms may be treated as in Chapter 7 to yield
87’)4‘
ot

Multiplying this equation by m,; and summing over ¢, we notice that the terms
involving (w;) and (ws) vanish from equation (8.6) and we are left with

+ V- (nu+ni{w;)) =0. (8.13)

ap B
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or
Dp
=r V-u= 8.15
D TPV u (8.15)
where
D 0
ﬁ—a"‘ruv

These are alternative forms of the continuity equation.
The equation of motion is obtained by multiplying equations (8.1) or (8.2)
by mjv, or mov,, respectively, integrating and adding to give

8FZ €;
Xi:/dvmivaatJr Xi:/dv mivav - VE; + zi:/dvmwa <WE + Xi> -V F;
= Zmiva/dv AF;.
The right-hand side of this equation is the rate of change of momentum due

to collisions and is therefore equal to zero. The first term on the left-hand
side may be rewritten as

0
a ZZ: nimi<via> = @(Pua) .

The second term may be written

Vo> nimi(viavig) = Vg > nimi(ugtie + ug(wia) + ta(wis) + (Wiawis))

K2

= Vg (puﬁua) + Vapag

where equation (8.6) has been used again. The third term is

9

- Znimmi (;zEa + <Xia>> =-QL, — Zpi<Xia> :

Collecting terms, the equation of motion becomes

0
¢ (Pa) + Va(pusua) = =Vspap + QEa + > pilXia)

(2

which, using equation (8.14), is

Dug, Oug
P =P (6‘15 +u- Vua) = —Vgpap + QF, + Zpl(Xm) . (8.16)

QF is the net electric force acting per unit volume of gas.

www.mana



TRANSPORT IN A NONUNIFORM BINARY GAS 201

The energy equation is obtained by multiplying equations (8.1) or (8.2) by

imiv? or 2mav?, respectively, integrating and adding to give

I .
Z/dv%mﬁﬂ [aatl +v-VF; + (eZE + X¢> . Vsz} ZZ/dU%mingFi.
- m; -

(8.17)
The right-hand side is the rate of change of energy due to collisions and is
therefore zero. The first term on the left-hand side is

0

12 0
)) = 5 (30u”) + = (3nkpT) .

ﬁ 10 0. (0)2 ) 2
8t¥2nlmz(u +2u - (w;) + (w; 5

The second term is
V- Z ngm(u? + 2u - w; + w?)(u + w;))
=V (1puu) + Va(ugpga) + V- (3nkpTu) +V - q,

and the third term is
€i
—E s | —E+X, :—J'E—'E i i_g Wi - Aj).
inm<(u+w) <mi +X>> u lp(X) ip('w X)

Collecting terms, equation (8.17) becomes
D
— ($pu® + 3nkpT) = — (3pu® + +3nkpT) V - u — Vi (uspser)

Dt

The physical significance of each term in this equation is the following:

1. The left-hand side is the rate of change of the total energy (ordered
energy plus heat) per unit volume of an element of fluid moving with
the gas drift velocity.

2. The first term on the right-hand side represents the contribution to
this rate of change due to the increase of density [this may be seen by
substituting for V - u from equation (8.15)].

3. The second term is the work done by the surface forces acting on the
element and is made up of two parts; —ugVa,pag is the work done
in moving the element as a whole and pg,V,ug is the work done in
changing the shape and size of the element.

4. The third term is the heat flow into the element due to thermal conduc-
tion.

5. The fourth term is the Joule heating.
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6. The fifth term is the work done by the force X in moving the element
as a whole.

7. The sixth term is the work done by the force X on the random motions
of the particles.

Using equations (8.15) and (8.16), this equation can also be written as

DBt (3nkpT) = —3nkpT(V-u) — pgaVaug—V-q+j-E+ sz(Xi -wi) .
(8.18)
Just as for a simple gas, for most problems we would be quite content
to obtain a solution to these equations of continuity, motion, and energy
without knowing the distribution functions F;(7, v, t) accurately. However, in
order to do this we must first obtain expressions for the pressure tensor, heat
flux vector, and current and these can only be obtained from a solution of
Boltzmann’s equation for the distribution function. Later we shall show how
the procedure we used in Chapter 7 can be extended to consider this binary
gas and so give us good approximations with only a poor approximation to
the Fi-
Once we have these expressions for p,g, g, and j, then in principle these
three conservation equations, together with the relevant Maxwell equations,
can be solved.

8.3 The collision terms

Collisions between like particles have been considered in Chapter 7. We shall
now consider collisions between unlike particles. We need only give a short
discussion because formally these collisions can be described in much the same
way as those in a simple gas.

Consider the collision between a particle of mass m; and velocity v with a
particle of mass mo and velocity s. Suppose after the collision the velocities
are v’ and s’ respectively. The velocity of the center of mass, G, must remain

constant, so

G miv + msos miv’ + mos’
mi + ma mi + ma

We define the relative velocities before and after the collision to be

g=s—wv, g=s-.
Therefore,
m m
s=G+——g, §=G+———¢,
my + ma my 4 ma 8.19
mq mq ( )
v=G-——g, vV=G—-—4¢
mi 4 mo my 4 mo
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Then the conservation of energy gives

9=9". (8.20)

To complete the specification of the collision we must also give the geometry
of the collision and we do this, as in Chapter 7, by specifying the asymptotic
impact parameter, b, and the azimuthal angle, ¢. Then the number of colli-
sions in a volume dr and time dt between particles 1 in the range v to v + dv
and particles 2 in the range s to s + ds such that the asymptotic distance of
approach lies between b and b + db and the azimuthal angle ¢ to ¢ + d¢ is

Fi(r,v,t)Fy(r,s,t)gbdbd¢ dvdsdrdt.
In these collisions, the final velocities lie in the range v’ to v/ + dv’ and s’ to
s’ +ds’ where v’ and s’ depend upon v, s, b, and ¢ and the law of interaction
between the particles. It can be shown quite generally that

dv'ds’ =dvds. (8.21)

The number of inverse collisions, where the initial velocities are v’ and s’
and the other specifications, b and ¢, are the same, is

Fi(r, v t)Fy(r, s, t)g'bdbdg dv’ ds’ drdt,
and from equations (8.20) and (8.21), this is equal to
Fi(r, v, t)Fy(r,s',t)gbdbdpdvdsdrdt.

For these collisions the final velocities are v and s. Hence the net number of
particles 1 scattered into the range v to v + dv by particles 2 is

2T AD
drdvdt/ds/o ch)/O bdbg[Fy (v')Fa(s") — Fy(v)Fa(s)],

where we have set the maximum interaction distance to be the Debye length,
Ap. Hence the rate of change of the distribution function F;(v) due to colli-
sions with particles j is

27 AD
AEw) = [as [ a0 [ babglRw)E ) - BB o).

where v’ and s’ are functions of v, s, b, and ¢ and the law of interaction
between the particles ¢, j. The total rate of change of F;(v) due to collisions
is

AFi(v) =Y A;jFi(v). (8.22)
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If ¥; is any property of the particles ¢ depending in general on velocity,
position, and time, then the rate of change due to collisions of the mean value
of W, is

1
A) = — [ doW(v)AF(v) = Y A;(T;), (8.23)
J

n;
where

A0 =~ [ dowy(0)A,F(v)

n;

o [ dwdsaobangw )£ W) )~ Fiw)F (s)

1 dvdsdgbdbg[¥;(v') — U, (v)|F;(v)F;(s)

%

/dv dsdgbdbg[¥;(v') — ¥;(v)]
x[F(v")Fj(s') — Fy(v) F(s)]. (8.24)

Uz

These formulas for A;(¥;) can be proved equivalent by simple algebraic ma-
nipulation. In the special case when i = j, another formula is, by symmetry,

1

Aili) = =~

[ dvdsdobdbglwi() + ¥i(s')  Wilv) - ¥i(s)
X [Fy(v))Fy(s) — Fy(v)Fy(s)] . (8.25)

Using equation (8.25) and the last form of equation (8.24), we find that
2
Z nzA<\I/Z> = n1A1<\I/1> + n1A2<\I/1> + ’ngAl <‘I’2> + TLQA2<\I/2> (826)
i=1

- —i/dv dsddbdb g[W (v/) + Uy (') — Uy (v) — U (s)]
x[Fi(v")Fi(s') — Fi(v)Fi(s)]

—%/dv ds dgbdb gy (v') + Wa(s') — Ty (v) — s(s)]
x[F1(v")Fa(s") — Fi(v) Fa(s)]

—i/dv ds dgbdbg[Us(v') + Ws(s') — Ta(v) — s(s)]
X[Fo(v') Fa(s') — Fa(v)Fa(s)]

- ’i Z/dv ds dpbdbg[W;(v') + U (s') — U;(v) — T (s)]

2%

x[Fi(v')Fj(s") = Fi(v)Fj(s)] -

We shall use this last formula in the next section.

www.mana



TRANSPORT IN A NONUNIFORM BINARY GAS 205

8.4 The equilibrium state

In this section we shall prove that the system if left to itself will approach an

equilibrium state in which each of the distribution functions are of Maxwell

form. The proof is very similar to that given in Chapter 7 for a simple gas.
Consider the “entropy” of the gas defined as

S(t) = —kB/dTZ/dvFj(r,mt)lnFj(r,'v,t).
J

Then 5
7:_193/(17«2/(1@ [+ 0 Fy(r0,0)] £ Fy(r0,0).

Substituting for OF; /0t from equation (8.1), this becomes
1 dSs
s —/er/dvv-V[FjlnFj]

/dr /dv(eJEJrX) V[ F}jIn F}]

—/dr Z/dv [1+1InFj(r, v, t)|AF;(r,v,t).

As in Chapter 7, the first term can be transformed into an integral over
the surface of the container and vanishes if we assume elastic collisions with
the walls. The second term can be integrated by parts and is certainly zero
provided V - X is zero. The third term by equation (8.23) is

—/ernjA<1—|—lnFj>.
J

Hence, by equation (8.26),
g - %B /dr; /dv dsdebdb gln[m} [Fy(0')F, (8= Fi(v) F (s)].

Now the two principal factors in the integrand, [F;(v')F;(s")—F;(v)F;(s)] and
In[F;(v')F;(s") /F;(v)F;(s)], are both positive or both negative according as
Fi('u’)Fj(s’) is greater or less than F;(v)F;(s). Thus the product is always
positive or zero, so that

ds >0,

dat =
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Thus the entropy increases until eventually a steady state is reached where
dS/dt is zero (since it cannot increase indefinitely). In this equilibrium state,
Fy(v')Fj(s") = Fi(v)Fj(s)
InF;(v')+ InFj(s') = In F;(v) — In F;(s) = 0 (8.27)
for all collisions. It therefore follows that In F' must be a collision invariant.

From the fact that In F} is a collision invariant for collisions between parti-
cles 1 it follows, as in Chapter 7, that

_ M —omw)?/vp
Fl(rvvvt) - U?17T3/26 )
where vfi = 2kpT;/m;. Similarly, because In F» is invariant for collisions
between particles 2,
_ "2 —(w-u)?/ud
Fy(r,v,t) = vf2773/2c .

Then putting ¢ = 1 and j = 2 in equation (8.27) gives

(W —u1)? (8 —wu)? (v—u)?®  (5—up)? B
o 2 o 2 + 2 + 2 =0
Vi ) Vi1 Vta

for all collisions. Thus,
Ty=T,=T, and u;=us=1u.
Therefore, in the equilibrium state,
Fi(r,v,t) = fi(r,v,1),
where f;(r,v,t) is the Maxwellian distribution

. — Y —(1’—”)2/1’21'
fl("',v,t) = We ti

It is easy to show that, as for the simple gas, in this equilibrium state the
temperature is uniform and the most general drift velocity is
U=Ugt+wWwXT
where ug and w are constant vectors, and the number densities are given by
ni = nio exp[—(m;U; + e;®)/kpT + u? /vZ] (8.28)

where ® is the electrostatic potential and U; is the potential from which X;
is derived, i.e.,

X, =-VU,.
For this equilibrium state, it is clear that
DPap = péaﬂ = nkBT(Saﬁ (829)
q=0. (8.30)
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8.5 The formal theory of kinetic processes

In this section we again describe the method of Chapman and Cowling[49] for
solving the Boltzmann equations in a binary gas by successive approximations.
Just as in the simple gas we find that we will not obtain an accurate represen-
tation of the distribution function, but we will get quite accurate expressions
for the pressure tensor, the heat flux vector, and the electric current, i.e., for
the coefficients of viscosity, thermal conduction, and electrical conductivity.
This analysis also predicts the thermal diffusion effect which turns out to be
quite large for an ionized gas.

Just as for the simple gas, we begin by assuming that collisions are im-
portant in determining the distribution function and that to a first approxi-
mation, we have a Maxwellian distribution at each point in space. We then
calculate corrections to this first approximation. We indicate this process
mathematically by rewriting the Boltzmann equations as

{a+v~v+(eiE+X¢) ~vv] F,
ot m;

! ! "F;(s') — F;(v)F;(s
- GaR=1Y [ dsdobabg (B E(S) - EF(s). (831

We will eventually set 7 to unity since it is only a formal expansion parameter,
but it will help us to group the terms in the expansion. We look for solutions
of the type
0
Fi= FO (0 +noi+ 1176 +--) (8.:32)

where by keeping more and more terms, we obtain the successive approxima-
tions. Substituting equation (8.32) into equation (8.31), the terms of order
1/n are

3 / dsdgbab g [FO (v) FO(s') — FO (0)FO(s)] = 0.
J

Since this is true for all v and for ¢ = 1,2, the only solution is the Maxwell
solution,

FO(r,v,t) = fi(v) = —a e~ w=w)?/vi

3 -3/2
Utiﬂ'/

where now Fi(o) depends on 7 and ¢ only through the dependence on n;, u,
and T.

We now consider the terms on the right-hand side that are independent of
7. These are

Z/dsd¢bdbg{fi(v’)fj(S')[%(v’) + @i ()] = fi(v) fi(8)[wi(v) + ()]},
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which, because
[i(0) fi(8") = fi(v) fi(s),

may be written as
3 [ dsdsbabg fi@) ()i + o5~ oilw) — 5(5)].
J
The last two terms on the left-hand side of equation (8.31) give

& ‘ oy Ofi ., 9fi ofi
|:’U-V+ (miE—i—Xl) Vq,] fl(v)—aniv Vn; + 5‘uav Vug + aT

v-VT

m; €;
- w- (—~E+X;), (8
kBTf w (mi + ) (8.33)

where clearly

ofi _ fi

3711- n; ’

afi We
=2 1”9

Ouq 4 v

o __Si(3_w
or T \2 i)’
The terms that are independent of 17 coming from the first term on the left-

hand side of equation (8.31) require more care, such that

Ofi _ 0fion;  Of; Ouq n ofi 0T
ot On; Ot  Ou, Ot  OT ot

(8.34)

and we can substitute for dn;/0t, Ju,/0t, and 0T /0t from the continuity
equations of equation (8.13), the momentum equation of equation (8.16) and
the energy equation of equation (8.18). We must be reminded again, however,
that in our expansion approach, some of these terms are higher order in  and
should be ignored. Thus in equation (8.13) to the order we are working, (w;)
is zero so in equation (8.34) we replace dn; /0t by

an§°>

, to zero order in 7, the pressure tensor, p,g, is pdag and so
we replace Ju, /0t by

In equation (8.16
in equation (8.34

NN

8u((10)
ot

Q
p

1 1
= —(wV)ua = Vap+ ZEat - > piXia.
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Finally, in the energy equation (8.18), to zero order in 7, pag is pdag and g,
J, and (w) are zero, so in equation (8.34), we replace 9T/dt by

oT©
ot

:—(u-V)T—%V-u.

Collecting together all these terms of zero order in 1 we find that many terms
cancel and finally we obtain

fi() [2(w?wi>awauﬁ G- w YT+ L d,
n;

=Y [ dsdobdsg i) (5)l(0) + 5(5") ~ i(0) = 3(5)] (839
J
where ©o; is the dimensionless random velocity defined by equation (7.81),
and w!w; is a tensor defined by
(w?wi)ag = WiaWig — %wféag . (836)

The vector d; is given by

_ niy L ey R ] X
dz—V( )+p{n p }Vp o i > pi(Xa)

L (ne — ) B. (8.37)

Notice that if X is independent of velocity so that (X ;) = X;, then

The analysis simplifies considerably if equation (8.38) is true so from now on
we shall assume X ; is velocity independent. This restriction is not a serious
one for probably the only force X need stand for is gravity and even this is
often unimportant.

Problem 8.1 Show that d; has the form indicated in equation (8.37).

Equation (8.35) is a difficult integral equation to be solved for ¢(v), the
first order correction to the distribution function. In principle we could now
go on to consider terms proportional to 7 in equation (8.31) and so get an
equation for the second order correction to F;. But in fact this would be
very difficult and has never been done for a binary gas. These higher order
terms would give contributions to the distribution function proportional to
the second derivatives of the temperature and drift velocity and to products
of the first derivatives. Hence if all gradients are small it is reasonable to
neglect these higher order terms.
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We now discuss the solution of equation (8.35). Because it is linear in ¢p(v)
we can write immediately

01 =B Vaus— A, -VInT — nE; - d; (8.39)
@2 = By Vaus — Ay - VInT — nE; - d; (8.40)

where B;"B is a tensor function and A; and E,; are vector functions of w;
satisfying the equations

2l =Y / dsdbdbyg fi(v)f;(s)
X[BZ‘(’UI) + Bj(s’) — Bi(’U) — BJ(S)] s (841)
fi(G-=)w =Y [dsdobdsgfi(o)ss(s)

<[Ai(0)) + A (s) — Ai(v) — A;(s)].  (8.42)

_iflw = Z/dsd¢bdbg fi(v)f;(s)
J

ni
x[E1(v') + E;(s') — Ei(v) — E;(s)], (8.43)
1
—few =3 [ dsdobabg fa(o) )
J
X[E(v') + E;(s') — Eo(v) — E;(s)].  (8.44)
From the form of these equations, B, A, and E must be of the form

A; = w A(w?) (8.45)
E, = w&(w?)

where B;, A;, and &; are scalar functions of w? and the problem has been
reduced to calculating these functions.

There are some subsidiary conditions which these functions must satisfy to
ensure that n;, w, and T really are the number density, drift velocity, and
temperature, respectively. The number density is

/dvfisoizo.

Substituting for ¢; from equations (8.39) and (8.40) and using equation (8.45)
we find that this equation is automatically satisfied for any A, B, and &, so
this gives no subsidiary condition.

so we must have
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The temperature is given by
SnkpT = Z im; /d’v w?F;
i
so we must have
%mi/dv w? fipi =0,

which is also automatically satisfied.
Finally, the drift velocity must be given by

1
u:pzi:mi/dvvFi
so we must have
Zmi/dvvfmizﬁ

This equation does give a condition on A and £. Substituting for ¢; and
using equation (8.45) and changing variables from w; to ©o; by means of
equation (7.81) gives

1
and )
Zmdmim dwo; w?&(w?)e_wf =0. (8.47)

There is no subsidiary condition to be applied to B;(w?).

Just as for the simple gas considered in Chapter 7, it is convenient at
this stage to express A;, B;, and & as an infinite series of Sonine, S}, or
Generalized Laguerre, L), polynomials. These were defined in Chapter 7,
and some polynomials we will need explicitly are

3 3

L) =1, Li(y*) =3—142,
5
2

5
Li(y*) =1, Li@y*)=1%-4>.

Expanding in terms of these polynomials, we write

Ai(w?) = A" LE (=), (8.48)
m=0

(@) =Y e Li(w?), (8.49)
m=0

Bi(w?) = 3 b Li (). (8.50)
m=0
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To obtain an exact solution for ¢; we need to know all the coeflicients a}”,
bi", and e, but just as in the case for a simple gas, to obtain the coefficients
of viscosity, thermal conduction, etc., we need only a few of them. Later we
shall describe a variation method which is different from the method used
in Chapter 7 that can be used to give these few coefficients quite accurately
without too much work. Before describing this new method, we shall consider
what conditions equations (8.46) and (8.47) place on the coefficients and how
the physical quantities we are interested in are related to them.

Substituting equation (8.48) into the subsidiary condition of equation (8.46)
gives

o) o2 3 3
S Sl [ dmte L @A =0,

3
since L§ (w?) = 1. Evaluating the integral by equation (7.92) gives
an/mia? = nh/mla? + ngy/mzag =0
i

SO

ny [ mq 1/2
0 0
ay =—— | — . 8.51
2 No (m2> a1 ( )

Similarly, equations (8.49) and (8.47) give the condition,

n m 1/2
- (1> ed. (8.52)

n2 M2

Q)
NO

Now consider the pressure tensor defined by equation (8.8). Substituting
for F; from equation (8.32) and for ¢; from equation (8.39) gives

Prye = POye — Z / dw; Wiy Wie f [VQUQB?B +A;-VInT +nE; - dz} .

On using equation (8.45) we find that the terms involving A; and E; vanish
SO
Pre = (p+ 20V - u) 6ye — p(Vyue + Veu,) (8.53)
where
1= 3kpT(n1b] + nabj) . (8.54)

Thus to calculate the coefficient of viscosity we need to know only b9 and b9
accurately, while the other b-coefficients are relatively unimportant.

Now consider the mean random velocity, (w;), defined by equation (8.5).
Substituting for F; from equation (8.32) and for ¢; from equation (8.39) gives

1
(wi) =—— [ dw;w; f; [VaugB?ﬁ +A;-VInT +nE; - dz} .

1
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On using equation (8.45) we find that the first term vanishes. The other terms

are

1 3
(w;) = —— Z[a;”va InT + e*dy,] /dwi w; fime%L(w?)
n; ooy

1 3
= Z[a;”VInT + el*dy] /dwi fiw; - wiL,gn(wf) .

N
3 v m

(8.55)

The integral in equation (8.55) can be evaluated by changing variables from

w; to w; and using equation (7.92) with m' =

0 to give I = %nivtiémp.

Therefore,
(w;) = —2vy(afVInT + nejd, ), (8.56)
and so, using equations (8.51) and (8.52)
(w1) — (wq) = —;)Lpa?VIDT - up edd; .
NoMo n2mmso
This equation is frequently written as
n2
(wy) — (wa) = — [D12d1 + DrVInT], (8.57)
nin2
where o
Dyp = 2;” t; 0 (8.58)
is called the diffusion coefficient, and
N1 PVt
Dr = 2y a? (8.59)

DT 1 a(f
kr=—=2-2% 8.60
T D12 n 69 ( )
From equations (8.12) and (8.37) we find
joalpe— P _g(my, mom)
ninge(ms + my) n ne(msg + mq)
mimso pp 1
__mme o X))+ kr=VT|, (8.61
e(my + mg)( ! 2) ninge(ms + mq) T ( )
where
2 2 2 2
o= lezn (exmy — egmy)? Dy = A2 (1 + my) v ef (8.62)
2P 2ppma
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is the electrical conductivity as usually defined. These expressions simplify
considerably if we ignore small terms ~ mj/ms and if we use the quasi-
neutrality approximation ny — ne < n. Then we find approximately,

2kp

j=o|E+ (X1 = Xo) + =2 hr VT (8.63)

Vp

my

2nie e
with ) 5
_ nie Uﬂeo

2kpT 1

From equation (8.63) we see that a conduction current flows because of the
electric field, the pressure gradient, the difference between the effects of the
nonelectromagnetic force, X1 — X9, and the temperature gradient. This
last effect is known as the thermal diffusion effect and was first predicted by
Chapman from this analysis and later discovered experimentally. In normal
gases it is a small effect but in ionized gases, because of the great difference
in mass between ions and electrons, it is quite important and comparable to
the other effects.

From these expressions we see that to calculate o we need only to know the
coefficient €} and to calculate the thermal effects we only need to know al.

The last quantity we want to know is the heat flux vector q defined by
equation (8.9). Substituting for F; from equation (8.32) and for ¢; from
equation (8.39) we get

a=-) 3m /dezwfi[B?BVaug +A;-VInT +nE; -di].
Using equation (8.45) we find that the first term vanishes and we get
1 2
0= -3 g S VT ] [dvwt wi L =) (560

The integral in equation (8.64) can be evaluated by changing variables from
w to ©o; to give

3

3 . :

Uy 4 —w?r 2, 9 4mn;vy;

I= L | doww'e” ¥ Li(w”) = !
73/2 m (@) 3/2

/dwwﬁeﬂrﬂL?n(wQ).
We now write

w® = —wt (2 - w? — 5= —w? {L?(wQ) — gLO% (w?)
and the integrals can be evaluated using equation (7.92) to give

15n,;v3;
4

I =

(5m,1 - 6m,0) .
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Hence, equation (8.64) becomes

T —
qg=-\NVT+ Snkp antiegth _ Skpmun al M2 =M Gp

4 4 mo
onkpTnivy omo —my
- d .
T (8.65)
where 5k
N = _TB XZ: niva; . (8.66)

The form of this expression is interesting. From equations (8.56), (8.51), and
(8.52), we notice that the last two terms are

%kBT(ﬂ1<’lU1> + n2<w2)) s
so equation (8.65) can be rewritten as

SnkpsT
q = —NVT + 3kpT(ny (w1) + no(ws)) + 22— > miveldy . (867)

Problem 8.2 Show
1. where the factor of % came from in obtaining equation (8.64), and
2. that equation (8.64) can be reduced to the form of equation (8.67).

There are several points of interest to note in this equation. The first term
represents the conduction of heat due to a temperature gradient. The second
term is the heat carried by the flux of particles (nq(w1) 4+ n2{wa)) relative to
the drift velocity u, each particle carrying on average a heat energy ngT (the
reason why this is %k g1 and not %kBT is explained below). The third term is
the heat flow produced by the force d; and we shall see later that it is related
to the thermal diffusion effect. From the form of this equation it appears that
XA is the coefficient of thermal conduction but this is not so. The reason for
this is that, because of the thermal diffusion effect, a temperature gradient
tends to set up a current j as we see from equation (8.57) or equation (8.63).
Now the coefficient of thermal conduction is usually defined relative to a state
in which no current j flows, i.e., in such a state that a force d; is set up which
just balances off the thermal diffusion effect. From equation (8.57) we see
that the force required is

Dr 1 1
d, = Do TVT = kTTVT
and this force produces additional heat flow through the last term of equa-
tion (8.58). We therefore define the coefficient of thermal conduction as

5k
A=)+ TB’“T” > nivye; . (8.68)
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Notice that the second term of equation (8.58) can, using equation (8.6), be
written in the alternative form
S5kpT

2kpT(n1(wy) + na(ws)) = 2

ning(my —my)({wy) — (ws))
so it vanishes when (w;) — (ws) vanishes, i.e., when j vanishes. In general,
from equation (8.57),

ning
Tl2D12

d) = —kT VT - ((w1) — (wa)). (8.69)
When we use this expression for d; in equation (8.67) and use equation (8.68),
we obtain

5kpTnin
q=-\VT+ %k’BT(nl (w1) +ngl{ws)) — an; 2 ;nlvh —(w2)).

(8.70)
This is an alternate formula for g which is convenient to use when the current
7 =0, for then the second and third terms vanish. Later we shall see how the
coefficients e} are related to the thermal diffusion coefficient Dy and then we
shall give another form for gq.

At first sight it seems a little surprising that the second term of equations
(8.67) and (8.70) should turn up with a coefficient 3kpT instead of SkpT
as we might naively have expected, but we can understand this from the
following argument. (ni{wi) + ne{ws)) is the flux of particles crossing a
surface per unit area. Now each particle of the gas has on average an energy
%k’BT but each particle contributing to this flux effectively contributes more
than %ijT energy on average because the faster particles with the greater
energy contribute more to the flux. In other words, the higher energy particles
contribute more to the heat flow across some surface in the fluid not only
because of their higher energy but also because of the greater rate that they
cross the surface. We can verify that this term really does represent the energy
flow due to the flux of particles n1(w1) + na(ws) by calculating the energy
flow relative to the mean velocity of the particles defined by

(n1{w1) + nafws))

(w) =
The flux of particles relative to this velocity is
ni(wy — (w)) + na(wz — (w)) =0

and so, relative to this velocity, there should be no term like the second term
of equation (8.67) contributing to the heat flux. The a component of heat
flux relative to this velocity is

srama((wr — (w))* (w1 — (w))a) + groma((wz — (w)* (w2 — (w))a) -
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Writing this out and remembering that

nimi{wi) + nome{ws) =0
gives

gama [(wiwia) — (Wil {wa) — 2(ws) (wigwia) — (w?)(wa)]

+ynama[(wiwaa) — (W3){wa) — 2(ws)(wapwia) — (w?)(wa)] -

The first terms of these brackets just give ¢,. The second terms, on replacing
im;(w?) by 3kgT, give —2kpTn(w,). The third terms give a contribution
when 8 = a of —kpTn(w,), and the fourth terms give $p(w?)(w,). Hence

the heat flux relative to the velocity (w) is
q— 3kpTn(w) — 5p(w?)(w).

The last term of this expression is a small term representing the difference
between what is called random and what is called ordered energy relative to
(w) or to the drift velocity w. The important point to note is that, relative
to this velocity, the heat flux is given by equation (8.70) without the second
term. Hence this second term does represent the heat carried by the flux
(n1(w1) + na2(ws)).

To sum up, we have seen that for many purposes we do not need to know
all the coefficients al”, b, or e* of the expansions of equation (8.45) but we
would like to have accurate expressions for the particular coefficients which
are related to the quantities of physical interest. These are a¥, a3, ai, al, b9,
b9, €9, €3, el, and el. We shall see that this is just what the variation method
gives us.

We have already seen that aJ and e are given in terms of a and €? respec-
tively by equations (8.51) and (8.52). Before describing the variation method
we shall prove that el and el are simply related to a{. This shortens the list
of unknowns we have to calculate. The scalar product of equation (8.43) with
A; integrated over velocities plus the scalar product of equation (8.44) with
A, integrated is

1
_—— dw fl’UJ . A1
n

+ni2/dw fow - Ay = Z/dvdsd¢5bdbgf1(v)fj(3)A1(”)
[E1(v") + E;(s') — E1(v) — Ej(s)]
+3° / dvdsdgbdbg fa(v) f;(s) Az(v)

(B2 (v) + Ej(s') — Ex(v) — Ej(s)].
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The right-hand side can be rewritten as
[ dvdsdobabg fi(0)2(s)41(0) - [Bo(0) + Ba(s') = Br(0) - Ea(s)

+ / dvdsdobdb g f1 (v)f(s)[ A1 (v) + As(s)]
[E1(v') + Ey(s') — E1(v) — Es(s)]
+ [ dvdsdo by fa(o)f2()Ax(0) - [Ba(e)) + Ba(s') - Ba(v) - Ea(s)

which is easily shown to be equal to

—i Z /dvdsd¢bdbgfz(v)f](s)[Az(v’) + Aj(S/) — Az('v) — AJ(S)]

[Bi(v') + E;(s) - Ei(v) — E;(s)]. (8.72)

The scalar product of equation (8.42) with E;, integrated, and summed
over ¢ is

Z/dw fiG-w)w-E; = Z/dvdsdqbbdbgfi(v)fj(s)E,;(v)

[Ai(v) + A;(s) — Ai(v) — A;(s)].

The right-hand side of this expression can also be shown to be equal to equa-
tion (8.72), hence we have the relation

1 dwflw-A1+i/dwf2w~Ag:Z/dwfi(%—w?)w~Ei.

ni T2

(8.73)
Substituting from equation (8.45) for A; and E; and from equations (8.48)
and (8.49) for the expansions, these integrals can be evaluated by noting that

3 3
Li(@*)=5-=", Lj(@°)=1

and using equation (7.92). This gives

15 E 1 __ 3 0 0
X NV €; = -3 [vﬂal — Ut2a2]
7
__3 P 0
= _§vt1 aj .
NoMmso

The expression on the left is just that which we need to evaluate the terms
involving el in equations (8.68), (8.67), and (8.70). Substituting we find these
can be rewritten as

A= A/ _ nk’prtl kTa()
2n2m2 !
k 0y2
_ v — Fepvn (@)7 (8.74)
2nomy €
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where we have used equation (8.60) to give kr,

kpT
nkp P"Utla(l)dl

g = NV 4 ST () ¢ msfu) — "2

(8.75)

and

g = “AVT + SkpT(n1 (w1) +nafws)) + ELPVL 010y (ao)) . (8.76)

2nm2D12

8.6 The variation method

In this section we shall describe the variation method of Hirschfelder et al.[50]
as it applies to a binary gas. First, however, we shall prove some important
integral theorems.

If G, H, K, and L be any four functions of the same character (i.e., all
scalars, all vectors, or all tensors and all of the same dimensions) representing
some property of the particles, depending in general on position, velocity, and
time, and defined for both types of particles, then we define

1
Gi,Hj; K;, Ljlij = —— /dvdsd¢bdbg fi(v)f;(s)
2712‘713‘
x[Gi(v) + H;(s") — Gi(v) — Hj(s)]
[KG(v) + Ly(s) — Ki(v) — Lj(s)] (8.77)
where the symbol : indicates that the scalar product must be taken if the

quantities are vectors and the full scalar product must be taken if the quan-
tities are tensors. Equation (8.77) can also be written

(Gr Hyi Koy Ly == [ dudsdobdby £,(0)1(5)(Gs(v) + Hy(s)
) + Li(s) — Kiw) — Ly(s)] (879)
=— nln /dvdsd¢> bdbyg fi(v) fi(s)

[Gi(v") + H;(s")=Gi(v)=Hj(s)] : [Ki(v)+L;(s)] . (8.79)

To prove this we change variables in equation (8.78) from v and s to v’ and
s'. Then by equation (8.21),

dvds =dv’'ds/
and by equation (8.20), g = ¢’, and by the form of f;(v),
fi(v)fi(s) = fi(v") fi(s"),
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and hence equation (8.78) becomes

1

2712'”]'

(G, Hj; Ky, Lylij = /dv'dsldcﬁbdbg fi(0") f;(s)[Gi(v) + Hj(s)]

K (V) + Li(s') = Ki(v) — Li(s)] . (8.80)
This may be regarded as an integral over inverse collisions. Now in an inverse

collision, the final velocities v and s are the same functions of v’, s/, b, and ¢

as v’ and s’ are of v, s, b, and ¢ in direct collisions. Hence, equation (8.80)
is equal to

1

2TL7;’I’Lj

(Gr Hyi Koy Ly = 5o [ dudsdobdb £i(0)f5(3)(Gi(o) + H (s')
(Ki(0) + L(s) — Ki(o) — Li(s)]. (8.81)
Adding equations (8.78) and (8.81) and dividing by 2 gives equation (8.77).

The equalities (8.78) and (8.79) can be proved in a similar fashion.
Clearly,

(Gi, Hj; K, Ljlij = [Ki, Lj; Gy, Hjlij .
Define
[G1; K112 = [K1; G1]12 = [G1,0; K1, 0]12
— 5 [ dvdsdsbdbg fi(0)12(s)
x[G1(v") = Gi(v)] : [K1(v") — K1(v)]
— - [ avdsdobabg fi(o)fals)
XGl(’U) : [Kl(v') — Kl('v)] . (882)

[Ha2; La]12 = [La; HJ1z = [0, H2; 0, Lo]12
/ dvdsddbdbg fi(v) fa(s)

x[Hz(s") — Ha(s)] : [La(s') — La(s)]
- —n11n2 / dvdsdébdbg fi(v) fa(s)

xHy(s) : [La(s") — La(s)] -

27L17l2

[Gl;LQ]lz = [LQ; G1]12 = [G1,0;07L2]12
[ dvdsdobabg fi(o) )
x[G1(v") = G1(v)] : [L2(s) — La(s)]

2711712
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2(s)
xG1(v) 1 [La(s") — La(s)]
— 7n11n2 /dvdsdqﬁbdbgfl( ) fa(s

xLa(s) : [G1(v") = Gi(

_ 1 /dvdsd¢bdbgf1()

nin2

)
)]

v

(Gi; Kili =[G4, 0; K, Kl = [0, Gy Ky, Kl
_ 212 /dvdsdgbbdbgfl( Vfi(s)
([Gi(') — Gi(w)]: [Ki(o) + Kils') — Ki(w) — Kis)]
= —%/d'udsdqbbdbgfi(v)fi(s)
xGi(v) : [K; (V') + K;i(8") — K;(v) — K;(s)]. (8.83)

This last expression is precisely the integral [G, K] defined in Chapter 7 for
collisions in a simple gas, except the subscripts ¢ are required now, however,
to indicate whether the collision is between two electrons or between two ions.

Setting G = H = K = L in equation (8.77), the integrand on the right-hand
side becomes positive definite, hence

Gi,G;Gi,Gjlij > 0. (8.84)

8.6.1 Definition of {G;H}

We define the bracketed quantity
{G; H} = anj[Gi,Gj;Hi,Hj]ij (885)
ij
= ni[G1,Gy; Hy, Hii1 + 13 (G2, G2; Ha, Ha)as
+2n1n2[G1, G2; Hy, Halio -

Then, using equations (8.82) to (8.83)
{G; H} = 2n2[G1, Hi]1 + 2n3[Ga, Halz + 2n1n2{[G1, Hi]12

+[G1, Hol12 + [Ga, Hili2 + [Ga2, Hal12} - (8.86)
From equations (8.84) and (8.85) it follows that
{G:G} = 0. (8.87)

This is a very important result.
Now consider the integral equations we want to solve, equations (8.41) to
(8.44). They are of the form

=Y [ dsdobabg f0) ()0 + T5(') - Tifo) = Ty(s)]. (359)
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Here R; is known, T; is to be found, and both are either vectors or tensors.
Let t;(v) be a trial function, containing as many parameters as is convenient,
such that

> / dv Ry(v) : t;(0)

Z / dvdsdgbdbg fi(v)f;(s)

xti(v) : [ti(v') +1;(8") — ti(v) — t;(v)]
= —ni[t1 : t1]1 — nanalts, ta; t1, talie — nifte; ta)o
= —31{t;t}. (8.89)

Multiplying equation (8.88) by ¢, integrating, and summing over i gives
Z/dvRi(v) ti(v) = —3{t;T}.

Hence, provided ¢ satisfies equation (8.89) we also have
{t;t} ={t;T}. (8.90)
Now consider
{t—Ti;t—T}={t;t} —2{t; T} +{T;T}.

By equation (8.87), this expression is positive or zero and hence substituting
for {t; T} from equation (8.90) we get

—QZ/ti : Rydv = {t;t} < {T;T}. (8.91)

This equation is the basis of the variation method for the solution of the
equations of the form of equation (8.89). For the trial function ¢ we use the
appropriate expansion in Sonine or Associated Laguerre polynomials given by
equation (8.45) and equations (8.48) through (8.50) with as many nonzero
coefficients as is convenient. We then ensure that the coefficients are such
that the first part of equation (8.91) is satisfied and maximize either side of
the equation. In practice, we always maximize the left-hand side because this
turns out to be easiest. In principle this variation method could give us all
the coefficients in the expansions, i.e., solve the equations exactly. In practice,
we use it to give quite accurate values for those few coefficients that we are
particularly interested in because it turns out that the method gives these
particular coefficients very easily.

8.6.2 The Davison function

We will sometimes use a variational method described by B. Davison[53]. We
first compare this method with the direct method of Chapter 7 which we will
use also. In general terms, we may write a function of several variables as

ar = riz® + 2roxy + 2r3xz + 7’4y2 + T52’2 + 2rgyz. (8.92)

www.mana



TRANSPORT IN A NONUNIFORM BINARY GAS 223

As a first approximation, we may set y = z = 0 and find that [z]; = a/r
where the subscript on x indicates the first approximation. For the next
approximation, we choose y and z nonzero, and then we maximize the term
on the left by differentiating the right-hand side with respect to y and z
and solving the two resulting equations for y and z in terms of x. We then
substitute these expressions into the original expression and solve it for [z]s.
From this second approximation to x, we can then solve for [y]2 and [z]s to
complete the problem.
Davison suggested writing a general expression of the form

D(z,y,2) = ax — %[rle + 2roxy + 2r3xz + ray® + 1527 + 2reyz],  (8.93)

and then maximizing D(x, y, z) with respect to z, y, and z, resulting in three
equations which are simultaneously solved for the three variables in terms of a.
The factor of % appears because the expression in terms of the r; is a quadratic
form. The need for this factor is evident from considering equation (8.93) with
y and z set to zero so that if we now differentiate with respect to x, we find

ar = riaz?,
with solution [z]; = a/r1. If we had constructed a Davison-type function as
D =azx —rz?,

then the derivative would have led to © = a/2r; which is inconsistent. It is
the quadratic form that requires the factor of % to be consistent. Because this
type of quadratic form appears frequently, we will need this form.

Problem 8.3 Show that the direct method of solving equation (8.92) by
differentiating only with respect to y and z gives the same results for [z]s,
[y]2, and [z]2 as constructing the Davison function of equation (8.93) and
differentiating with respect to all three variables.

8.7 Results
8.7.1 Viscosity

In this section we shall apply the variation methods we have just described to
calculate the various quantities we want to know in terms of certain collision
integrals that are evaluated in Appendix B. Consider equation (8.41) first.
This will give us the coefficient of viscosity. We take as our trial function, ¢,
the expansion given by equations (8.45) and (8.50), i.e.,

o)

5
t; = B; = wlw,Bi(w?) = wlw; Z b L2 (w?) .

7
m=0
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Comparing equation (8.41) to the general form of equation (8.88) we see that
for this case,
R = —2f;w{w,; .

The left-hand side of equation (8.91) is therefore

,QZ/ti 'R dv = 4Z/dv fi(@99:) ap (Vi) as Z b L2 (w?) .
i i m=0

(8.94)
The integral on the right-hand side of equation (8.94) is of the same form as
that which we evaluated in Chapter 7 and gives

—22/@» Ridv =103 n;b) = 10(n1b) + nob)) . (8.95)

Comparing with the formula of equation (8.54), we see that this is simply
related to the coefficient of viscosity . So, just as for the simple gas case, we
can expect to get good values for p with quite poor trial functions. Equation
(8.91) now becomes

10(n1b9 + nobl) = {w wamU wowamLi(w%} (8.96)

and we must ensure that the coefficients satisfy this equation and find that

choice which maximizes this same expression. The simplest trial function

is obtained by setting all the coefficients except b and b3 to zero. Then

equation (8.96) becomes

10(n159 + n2b9) =202 (b9)?[wV20 1, wlw1]1 + 2n3(b9)? [ w0s, ©hwoa)2

+2n1n9 { bo wlwl,w?wl]m + 2b bz[w?wl, wgw2]12

+ (b9)*[ww5e02, whwalia} (8.97)

where we have used equation (8.86) to expand the right-hand side.

Simplifying, we write this as

5(naby + naby) = (09)* (il + ninalo) + (b3)° (n5ls +nanaly) + 203051 nals

(8.98)
where {1, {5, {3, {4, and {5 stand for the various collision integrals occurring
in equation (8.97). Constructing the Davison function,

D(bY,b3) = 5(n1b} + nabh) — 5[(09)(nTl1 + nanals) + (b3)* (n5ls + ninaly)
+2b(1)bgn1n2€5] 5
the maximum of the left-hand side of equation (8.98) is given by

5(£1 + 03 — 205 + %52 + %54)
(01 + 12Lo) (€3 + 12 0y) — €3

n1 by + noby = (8.99)

www.mana



TRANSPORT IN A NONUNIFORM BINARY GAS 225

From equation (8.54) the corresponding value for the coefficient of viscosity,
written [u]; to signify it is the first approximation, is

5 (01 + 03 — 205 + 72Lo + 121L4)
[:u‘]l = 5ksT no n1 2
2 (61 + agg)(eg + TT2£4) — 55

When evaluating this expression we can use the quasineutrality condition
ny =~ ny. Then comparing equation (8.98) with equation (8.97) to see what
integrals ¢; . .. /5 stand for, and writing down the values of the integrals from
Appendix B, we get

iy = 5, V2p +V2Mip + Mo+ 20 + DMy
1 — 3B )
2777 (V20 + 20)(V2Mip + R M) — (4 Myp)?
where m
Ml = 717
mi + mo

and ¢ is given by equation (B.113). To an excellent approximation, because
M, <1,
5kpT

b (8.100)
2 2M1(p

[ul =
Problem 8.4 List the expressions for the various ¢; and then show that equa-
tion (8.99) does produce the extremum of equation (8.98). Then find the
expressions for the various ¢; from Appendix B to verify equation (8.100).

This last expression is just the result we derived in Chapter 7 for an ion
gas alone. Thus we see that the electrons do not contribute to the viscosity
of the gas. This is only to be expected because the viscosity of an electron
gas alone would have \/m; in place of /m3 in equation (8.100). Thus the
viscosity of an ion gas alone is y/may/m; times, i.e., at least 43 times, as large
as the viscosity of an electron gas alone and therefore, in the mixture of ions
and electrons, we expect the viscosity to be due almost entirely to the ions.

We could improve the solution we have obtained for B by including more
nonzero coefficients in equation (8.96). But, just as we found for the simple
gas, this would probably not increase our value for p by more than a few
percent, so we will not trouble to do this.

8.7.2 Diffusion and electrical conductivity

Now consider the variation method applied to equations (8.43) and (8.44).
These will give the coefficient of diffusion, D2, and the electrical conductivity,
o. Comparing these equations with the general form of equation (8.88) we
see that, in this case,

1

1
R1 = ——flwl and RQ = —f2'w2.
ni n2
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We take the trial function to be given by equation (8.45) and the expression
of equation (8.49), so

Iwoles

t:E(w):wiemL

m=0

(@?)

and e is related to e} by the subsidiary condition of equation (8.52). The
left-hand side of equation (8.91) is

1 SN
—22}/% Ry dv = 2/d'u n—lflwl-wl n;)el’Lﬁz(wf)

1 > 3
—2/dv n—2f2w2 T Z eN L3, (w3)
m=0
= 3vﬂe(1) — 31@68
~ 3v el (8.101)

where we have used equation (8.52) to eliminate €J.
Equation (8.91) then becomes

s el = {wzemLi(w%;wZemLi(w?)}. (8.102)

The simplest trial function is obtained by setting all the coeflicients e]" equal
to zero except those with m = 0. This gives, using equation (8.86),

v
nt’:rf 6(1J = 2n1n2 {(6(1))2[12'1, wl]u + 26?68[@'1,@2]12 + (63)2[WQ, w2]12} .
2172

(8.103)
The other terms of equation (8.86) do not contribute in this case because
[to;, To;); is proportional to the rate of change of momentum of particles i
due to collisions with particles i and this is zero. Eliminating €9 from equa-
tion (8.103) by using equation (8.52) gives, as a simple equation for e

3

v g 02 niy/mi n%ml
5 e; = (e3)"ninaq[wo1, w12 ngm[WI’W2}l2 + nZms [toa, o212

(8.104)
Now from Appendix B we see that [zo1,7o1]12 = ¢ where ¢ is our basic
collision integral given by equation (B.113) and

[thz]u ==V Ml[whwﬂm = -V MlSD

and
[, w2)i12 = Mi[w1, @i1]i12 = M1y

so equation (8.104) is more simply written as

3ued ~ (e9)22n1ny0. (8.105)
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This equation has one solution with e = 0 which clearly does not give a
maximum for the left-hand side of equation (8.105). The other solution is
therefore the one we want and is

€], = 3 v vaTe

)

2ningp M2
where 7. is the mean collision time for electrons given by

3
Te =
e 2TL1Q0 )

and we have written the result as [e{]; to indicate that it is the first approx-
0

imation to €. Using equation (8.58), this gives us a first approximation to
the diffusion coefficient,

3 2kpT
2L L2, (8.106)

D =
[ 12]1 dn myp

Problem 8.5 Use the indicated substitutions to prove equation (8.105).
Then use the expressions from Appendix B to verify equation (8.106).

From equation (8.62) we also get a first approximation to the electrical
conductivity as

. 3 nlng(ml + m2)2 (47T60)2(]€BT)3/2
- 2V2r P> Jmie2lnA

which, since ms > m7 and n; and no are approximately equal, becomes

o)1

3e? n1e2,

[o]1

= = 8.107
2myp mq ( )

Thus we see that the electrical conductivity increases with temperature like
T3/2 and is practically independent of density since In A varies only slowly
with n.

It is quite easy to calculate the second approximation to these quantities.
This second approximation is obtained by setting all the coefficients except
el, €9, el, and e} equal to zero in equation (8.102). Instead of equation (8.103)

we then get, after eliminating eJ,

v . n1/mM nim,
it e; = (e7)° | [, ™1)12 — 2n2m[w1’w2]12 + %[wz,wz]m

3 Nn14y/M1 3
+2€(1)6% [o1, w01 L7 12 — ——[wo2, w01 L7 |12
N24/MM2

3 ni/m 3
+2¢0¢ed ([w1,wg[/12]12 _ v [to2, wQLf]m)
No+/1M2
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1y2 3 3 ni .3 .3
+(e1) [W1L1 aw1L1]12+ H_Q[WLI ,le]l
3 3 n 3 3
+(€%)2 <[w2L12,WQL12]12 + R—Z[WLf,WLf]Q)
1

3 3
+2ete3[w1 LT, waLi]in (8.108)

which we write in shorthand as

3v
ﬁe? =r1(e9)2 +2rpele] +2rzeled +ra(el)? +75(ed)* + 2rgelel, (8.109)
112
where 71 ...7¢ stand for the various combinations of the collision integrals
which occur in equation (8.108).
Using the method of Lagrange’s multipliers we find the maximum of this
expression is given by

el = weg’ el = weg’ (8.110)
TATS — T TATS — T
and )
0 0
= — 8.111
[e1]2 = [er]s N ( )
where

Ao 315 + 1314 — 279r3Te
= 3
r1(rars — rd)

In equation (8.111) we have written [e{]2 to indicate that this is the second
approximation to €. Looking up the values of r; ...7¢ from Appendix B we
find that, neglecting terms of order mj/mao,

©

A=_—1  _(.48%4.
B1+v2

Therefore, from equation (8.111)*,

9v2 -5 e

(9], = ‘/—T[e?]1 = 1.93198[eY]; = ”’ZT 1.932 (8.112)
1
and o
e}y = — 227 621, [el]y = — 21T 996,

ny ni

and thus the second approximations to D2 and o are
[D12]2 = 1.932[D12]1 and [0‘]2 = 1932[0’]1 . (8113)

*W. Marshall gives A = .483 and (1 — A)~! = 1.94 instead of 1.932.
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Problem 8.6 Verify equation (8.108) and then fill in the steps that lead to
equation (8.113).

In view of this large factor of 1.93 between the first and second approxi-
mations we might think our result to be an order of magnitude calculation
only for there is no a priori reason why the third, fourth, fifth, and higher
approximations should not each introduce factors of the same order of magni-
tude. However, this is not so, for Landshoff[51] has calculated the third and
fourth approximation to ¢ and he finds that the method converges much more
rapidly than the first factor of 1.93 leads us to expect. He finds that

[o]3 = 1.95[c]1 and [o]l4 = 1.96[c]y (8.114)

so we may be confident that this last value is correct to a few percent, espe-
cially as it agrees closely with the value given by Spitzer[52], namely,

o =1.97[c]1,

which he obtained by an entirely different method.

8.7.3 Thermal conduction

Finally, let us consider the variation method applied to equation (8.42). This
will give the coefficient of thermal conduction, A, the thermal diffusion coef-
ficient, Dy, and hence the ratio, kp, defined by equation (8.60). Comparing
equation (8.42) to the general form of equation (8.88) we see that in this case

Ri:fi(%—wf)wi.

We use as our trial function the expressions given by equations (8.45) and
(8.48), i.e.,

e 3
ti=w; Y al'Li (=)
m=0

where a) is related to a? by the subsidiary condition equation (8.51). Equation
(8.91) now becomes

3 3
_%Znivtiazl = {WZazﬁLf (wQ);wZa;"Lf (w2)} ) (8.115)

Once again we note that the variation method maximizes the very expression
we are interested in, for the left-hand side of equation (8.115) is simply related
to the coefficient ), defined by equation (8.66), which appears in the definition
of A\, equation (8.76).

We can obtain a first approximation by setting all the coefficients except ai
and a} equal to zero. This is slightly different from the first approximation
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with the e because only ai and a3 appear on the left so the simplest form is
to keep only these two terms nonzero. We include the af and aJ at the next
level of approximation. Equation (8.115) then becomes

—1 Z niveia; = 2ninafra(a;)?® 4+ rs(a3)? + 2reajay] (8.116)

2

where 74, 15, and rg are the same combination of collision integrals as occur
in equation (8.109). Constructing the appropriate Davison function,

D(al,a3) = —%’(nlvﬂa% + Noviay) — ning [r4(a%)2 +75(a3)? + 2r6a}aé] ,

the first approximation yields

15v 15v
1 t1 1 12
~ d ~ — .
[l dngiry and  [azly Anyrs
Evaluating the integrals from Appendix B gives
13
T4 = (4 + \/5) @,
Ts =~/ 2M1(p y
where My = mq/(m1 + ma) ~ my/mg so
l:a,l] ~ 15’[)751 _ 5’Ut17'e
1 — - )
o (B V2) e 20 +V2)

l:a%:ll N ].5’0151 o _5vt17—e

B _4n1\/§cp 22

and equation (8.66) gives

_ T5kpvd ( 1 ) _ 25kpudmiTe

X6, B2 ) T 2013+ 4v2)

Now in Chapter 7 we derived an expression for the thermal conductivity of a
simple gas of particles of mass m; as

75]€th21
AMh = ——=, 8.117
T (8.117)
so we see that
2
V2 [A]1 = 0.3032[A]1, (8.118)

Y=

where [A\]; as defined by equation (8.117) is the first approximation to the
thermal conductivity of a simple gas composed only of electrons and [X]; is
the first approximation to the coefficient A\’ of the gas mixture. To obtain
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this first approximation we set a§ and a9 equal to zero. Hence from equations
(8.59), (8.60), and (8.76) to this approximation,

[Dr]1 =0,  [krli=0,  [N]1 =0.3032[\]:. (8.119)

A second approximation is obtained by setting all the coefficients except a},
a}, af, and a3 equal to zero. Then the Davison function of equation (8.115)
becomes, within a constant,

15v No/m
D(a, a!, al) = — 121 [a1+ 2y 1(11]—[Tl(a?)2+27’2@?a%+27’3a?a$

2’/’1,2 N1+4/M2 2

+ ra(ay)? + r5(ad)?® + 2rsajay] |
which is maximized by (aJ is of order v/M; compared to aj and neglected)

[ao} _ 45v41 N 15041 7e
P2 sn(1+v2)e  4(1+v2)

[al} _ 15041 - BV Te
P2 a1+ v2)e T 20+v2)

1504 BV Te

a3], = — ~ . 8.120
[ 2}2 4niv2¢ 2v2 ( )
Using equation (8.66) to give N, we get
’ 75]433”0?1 1
N2 =
16  \1++2
V2
= A1]; = 0.5858 [Aq]; . 8.121
1+ ﬁ [ 1]1 [ 1]1 ( )
Then equation (8.59) gives
4 2
[Drl2 o (8.122)

C 64n (1 +V2)p

so that 15
[kr]2 = 2(9\/5 e \/ﬁ) =0.402.

The coefficient of thermal conductivity is given by equation (8.74), or

A2 = ] 4\_/5\/5 {1 — g [k‘T]2] A1y (8.123)
= 0.3032[A1]1 - (8.124)

Problem 8.7 Solve for the second approximations for [a(f] g7 [aﬂz, and [aé] 9
to verify these last results.
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We see from equation (8.123) that the thermal diffusion term is quite
large and comparable to the “normal” thermal diffusion term. From equa-
tion (8.124) we see that the thermal conductivity of the ionized gas is of the
same order of magnitude as that of an electron gas alone. This is just what we
expect because a simple gas of ions alone would have a thermal conductivity
given by equation (8.117) with mgy in place of m;. Hence the thermal con-
ductivity of a simple electron gas is y/ms/mq = 43 times as large as that of a
simple ion gas and so we would expect the electrons to dominate the thermal
conduction effect.

A useful check on the accuracy of these results is given by equation (8.5)
which is a relation between the values of af, ei, and el. In quite indepen-
dent calculations we have obtained approximate values of el and el in equa-
tion (8.110) and of af in equation (8.120). Comparing these results we find
that the agreement is within a few percent.

On the other hand, the convergence of the process using higher order cal-
culations is not as rapid as with the conductivity. Comparing A of equa-
tion (8.121) with that of equation (8.118) gives

N,  13+4v2
N, 41 +v2)
which is the same change as in the conductivity between the second and

first approximations. For the thermal conductivity, however, the successive
approximations give [47]

1.932

s _

v = 1601

N _

L = 10T
" LYY

v =318

so the convergence is relatively slower in this case.

Problem 8.8 Find the percentage difference from the left-hand and right-
hand sides of equation (8.5) using the values of e} and e} from equation (8.110)
and of af from equation (8.120).
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TRANSPORT WITH A FINITE
MAGNETIC FIELD

In this last chapter, we introduce a magnetic field. In addition to introducing
a preferred direction so that some of the transport coefficients become tensors,
they also become functions of we.7e or we;7;, the product of the electron or
ion cyclotron frequency times the electron or ion collision frequency. These
coefficients are first calculated, then summarized at the end of the chapter.

9.1 Boltzmann equations

In this chapter, we consider a gas of electrons and one species of ions but in a
magnetic field, again following Marshall[46]. We thus require the Boltzmann
equation for each species such that

0 €;
{(’% +'Uv+ |:X+W(E+’U><B):| 'VU}FZ‘(T,U,t):AFZ‘:;AjFi

(9.1)
where E(r,t) is the electric field, X is any nonelectromagnetic acceleration,
and B(r,t) is the magnetic field. The collisions are the same as in Chapter 8,
namely,

27 )\D
aFi= [das [ a0 [T gl E@)EE) - BEBE) 02
0 0
or in terms of the differential cross section o into a solid angle d©2 = d¢ sin 6d6,
AjFi = /dS O'ng[F;;(’U/)Fj(S/) - Fz('v)F](s)] . (93)

Actually, Equations (9.2) and (9.3) are correct only if the Debye length, Ap, is
much smaller than a Larmor radius. They are usually valid except in extreme
cases with very low densities.

233
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9.2 The magnetohydrodynamic (MHD) equations

The equations of magnetohydrodynamics (MHD) shall be deduced in this
section from the Boltzmann equations of equation (9.1). Reviewing some of
the quantities from Chapter 8, we define the mean value of ¥, where ¥ is any
quantity that depends on the position, velocity, and time for a particle, as

(U;) = i‘/dfv U, (r,v,t)F;(r,v,t)

n;
where n; is the particle density of particles of species i, or

1
n;=— [ dv Fy(r,v,t).
n;

The partial mass densities are
Pi = MMy,

and the total number density is

n=Zni:n1—|—n2,
i
and the mass density is
p= Zpi =nimi + noms.
i

The mean velocities are

g

1
(v;) = —/dvFiv,

and the drift velocity is

1

u=- Z Pi (w) .

P

The random velocity is
w=v—u,

and the mean random velocities are

1
w;) = —/deFZ-.

i

—~

Hence by definition,

Zpl<wz> =0= nim;q <w1> + 77@7ﬂ2<’l.02> .

(9.4)
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It may seem surprising that the mean random velocities do not vanish, since
with a single species they do. If we were to define mean velocities for each
species as

so that there are two separate mean velocities, as is frequently done in two-
fluid theories, then (w;) = 0, but MHD theory is a one-fluid theory with the
drift velocity given by equation (9.4), so by equation (9.5), they do not, in
general, vanish.

The temperature T is defined by

%nszT = % Znim1<w$> ,
i

and the pressure tensor is

Pap = Z Pi <wuxwzﬁ> . (98)

K2

The heat flux vector is

q=>_ sp(wiw,). (9.9)
The charge density is

Q= Zniei = (n2 —ny)e, (9.10)

and the total current is

J = Zniei<vi> =Qu-+yj, (9.11)

where 7 is the conduction current given by

Jj= Z”i€i<wi> = (n2(wz2) — n1(wr))e

_—n1n26 mo mq wi) — (Wwa)). .
S (ma2 +m1)((w1) — (w2)) (9-12)

The MHD equations can be obtained from equation (9.1) by simply inte-
grating the various moments. The new term in the equation of continuity is
given by

e

—Z/dv(v x B)-V,F;,

m;
which can be integrated by parts, and since (v x B)g is independent of vg,
gives zero. Thus we obtain the continuity equation, equation (8.13) from
Chapter 8, namely,

8’/11'
ot

+V. (nz’U/ + nz<'w1>) =0.
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Multiplying by m; and summing over i gives

Ip

—+ V- =0.

5 TV (o)

The equation of motion is found by multiplying equation (9.1) by m;v, and
then integrating and summing over the species. The new term is

Zei/dvva(v x B)-VFE;(r,v,t),
which can be integrated by parts to give
—Zei/dv (v x B)oFy(r,v,t) = —(J x B),.

The equation of motion therefore becomes

D
p=tia = —Vppas + QEa + (J X B)a + > _ piXia,

Dt

or using equation (7.10),

D
P77 Ua = _vﬁpaﬁ + Q[Ea + (u X B)a] + (.7 X B)a + ZpiXia . (913)

Dt

7

Multiplying equation (9.1) by im;v? and integrating and summing over i
gives the energy equation. The new term is

Z %ei/dvv2(v x B)-V,F;,

which can again be integrated by parts with the result that this term vanishes.
The equation of motion is therefore

% (3nkpT) = —%nkBTV-u—pagvaw—V~q+j~(E+u><B)+Z pilw; - X;).

(9.14)

These equations, along with the Maxwell equations, give, at least in prin-

ciple, the complete solution of the problem once we have expressions for the

pressure tensor, pog, the heat flux vector, g, and the conduction current, j.
The remaining sections endeavor to provide these quantities.

9.3 The formal theory of kinetic processes

The expansion procedure used without a magnetic field is quite different from
the procedure we use for this case. Previously we assumed that the collision
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terms on the right-hand side of the Boltzmann equation were the only large
terms (of course in equilibrium they all cancel but each term is large). With
a large magnetic field, however, the magnetic force term on the left-hand
side of the Boltzmann equation can be very large, especially for high velocity
particles, so it is not adequate to treat this term the way we have treated the
other terms on the left-hand side. In order to illustrate the new expansion
procedure, we write equation (9.1) as

{;+v-v+ {Xﬁei,(EvLuxB)} ~Vv}Fi(7“av7t)

e; 1
+—(w x B) -V, F(r,v,t) = —=AF;(r,v,1), 9.15
L(wx B)-V,F(rv.t) = LAR(rv0). (015

(2

and look for solutions of the form
FE=FOU+no+np+-). (9.16)

We will eventually set 7 to unity.

Because we have included a term of order 1/n on the left-hand side of
equation (9.15), we no longer need to insist on collisions being the dominant
process determining the distribution function. In fact, we will see later that
we may let the collision time approach infinity and still get sensible results
(except for some elements of the pressure tensor). This is important, since
as the temperature increases, the collision time increases as T3/2 so that for
high T, collisions are rare events.

The manner we use to break up the magnetic force term is very important.
We do not treat the complete term,

CfoxB-V,F,
m

as being of order 1/7, but only that part due to the random velocity w. The
part involving the drift velocity w is grouped with the electric field E. For
the remainder of this chapter, we will define

E'=E+uxB.

It is clear that E’ is the electric field in the system of coordinates moving
with the fluid element. The expansion procedure treats this term as small as
we would expect for a medium of high electrical conductivity.

Substituting equation (9.16) into equation (9.15), the terms of order 1/n
are

“w x BY,F” = AR,

m;
which has the solution
n;

i
’Utiﬂ'

Fi(O) =fi=
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The terms of order 7(?) are

N (0) ; '
(3fz) I [v,er(XiJreZE/).vv} fi+&wa~Vy(fi80i)
ot mi i

= /ds odQgfi(v) fi(s)lpi(v') + 9;(s) = @i(v) — @i (s)]. (9.17)

The last term on the left-hand side of equation (9.17) is of a new type and
comes from the new expansion procedure. We also need to take extra care in
dealing with the first term of equation (9.17). We may write

afi\ ¥ 1 (on\Y 1/3 . \or©® m, o\ ¥
() =[G -7 C-=) 5 e ()
(9.18)
and now we can substitute for the time derivatives in this expression from the
equations of motion. When doing this, however, we must remember that these

equations should be derived from the Boltzmann equation with the factor 1/n
in the magnetic force term. The equations then become

8@? = —Va(nita + ni(wia))
dp
o —V - (pu)
b =-V +QE’—|—1('><B) +Z X
P the = —VpPag ot U at 2 Pitia

7

D /3 3
(nkBT> = —§nkBTV U _paﬁvaUg -V q +] . E/

In these equations,

Jj= Zni€i<wi> = Zei/dv w; F;
=) ez‘/dv w; fipi - (9.20)

From equation (9.20) we see that j is of order 7 so that in the energy equation
the Joule heating term, j - E’, is also of order 7. In the equation of motion,
however, the magnetic force term, j x B, appears multiplied by 1/, so this
term is of order zero in 7. Hence, to zero order in 7, we can neglect (w;) in
the equation of continuity to give

NG
(68?) = —Va(nita), (9.21)
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and we can replace pog by pd.g in the equation of motion to give

Ol ©) 1 Q _,
(815) =—(u- V)uq — *Vap+ ;Ea
+= Zel/dv fip(w; x B)y Zpl i (9.22)

In the energy equation, we can replace pag by pdas, q by zero, and j - E' by
zero to give

or\ 2p
<8t) = (V)T - LV, (9.23)

Substituting Equations (9.21), (9.22), and (9.23) into equation (9.18) and
(9.18) into (9.17), we find that many terms cancel with the result

fi [ (@i @i)apVaus — (3 —@f) w; - VInT + gwi'di

T

= *flp;njwz . ;6]‘ \/d’l]fj(,&jw]' x B — fl%(w X B) . VWQO
+3° [ dsodahi o fi(s)leiv) + o3(s) — (o) ~ o5(s)). 921)
J

where
~dy = dy

n ning(me —m
:v(il)_’_ 1 2( 2 1)Vp—p1p2(X1—X2)
n pnp pp

(61777,2 — egml)E/ .

nin9
bp

Again, ©o; is a dimensionless velocity given by

w;
w; = —,
7

and w!wo; is a tensor given by
0 1_2
W, W = WiaWig — 30, 0ap -

In the expansion procedure we have just described, the current j is formally
a quantity of first order in smallness, i.e., j is proportional to . But at
high temperatures, the electrical conductivity becomes very large, so large
currents can flow and would therefore seem to appear that we should take
J to be of zero order in 7. Looking at the problem this way is misleading,
however, since when we say that the current is large, we do not mean that all
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terms depending on the current are large. We know, for example, that as the
temperature and electrical resistivity increase, the Joule heating term, j - E’,
in the energy equation becomes less important because E’ becomes smaller.
In the momentum equation, on the other hand, the magnetic force term, j x B,
can be very large and comparable if not greater than the pressure term, —Vp.
Examining the procedure we have used, we see that it gives exactly such a
description so that the magnetic force term appears as a term of zero order
in 77 while the Joule heating term appears as a term of first order in 7.

Because equation (9.24) is linear in ¢;, the solution can be written imme-
diately in the form,

i = —BVaus — A; - VInT —nE; - di (9:25)

where

1
fiw, ™ pkBTm fiw Ej e]/ v fj(w; x B)B;j

—%fi(wi x B) - Ve,B; + Z/ds adQ g fi(v)f;(s)
x[B;(v')+B; (s ')*Bizv)*BJ‘(S)] (9.26)
G =)= gt S es [ v ftus x )4,
L[ % B) - Voo A
JrZ/dsongfi(v)fj(s)
. [Ai(v)) + Aj(s) — Ai(v) — Aj(s)] (9.27)

(=1’ 1
fiwi = —mmifiwi . ;€j dov fJ('wl X B)EJ

%

m;

+Z/ds odQgfi(v)f;(s)

X[E;(v')+ E;(s") — E;(v) — E;(s)]. (9.28)

The analysis of equation (9.26) is lengthy and complicated, and will be
deferred until Section 9.6. Because the form of equations (9.27) and (9.28) is
similar in form (although they are completely independent of one another),
we will treat them together.

The vectors A; and E; are vector functions of the vector zo and the pseudo-
vector B. The only vectors that can be formed from these are

w;; wixB; (w;xB)xB; [(w;xB)xB]xB; etc. (9.29)
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(We cannot include B itself because it is a pseudo-vector.) Now
[(w; x B) x Bl x B=—-B%w; x B,

so we only need to consider the first three of the vectors in equation (9.29).
Furthermore,

(w; x B) x B= —B%w; + B(w,; - B),
so we may consider the three independent vectors to be
w;; wixB; B(WZB)

The last of these is the product of a pseudo-vector and a pseudo-scalar, so
it is a vector. The only scalars we can construct from zo; and B must be
functions of

w?; B?; (w; B)?.

70

(We cannot include zo; - B itself because it is a pseudo-scalar). We therefore
write

A; = w, Al + ; x BA" 4 (w; x B) x BA!'!, (9.30)
E; = @& + w; x BE! + (w; x B) x BEM, (9.31)

where A!, AT AT gl €11 and €17 are scalar functions of w?, B2, and
(wi . B)Q.

We now consider the operator, (zo; X B) - Vgo,, acting on A;. We note

that the operator acting on either w? or (wo; - B)? gives zero. Therefore,

(wi X B) : VwLAZ =w; X B.A{ + (wi X B) X B.A,LII

Now consider the vector
wj - Zej /dv fj(w]' X B)AJ
J

= (B X wl) . Zej /d’U fj’l.UjAj
J

2kgT nje; 1 doo; __»
(B X wi),y E ]7’nj< 71_3/2 / ] Je ij.ij, (933)
VAL

J

where

/dwje_w’z'wﬂAjm :/dwje_w?wjé
x[@jmAL + (w; % B)m Al + By, (w; - B)AIT] (9.34)
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and we use the subscripts £, m instead of Greek subscripts because no summa-
tion is implied. If A]I- were independent of (zo; - B)?, then it would be obvious
that the first of these integrals would be zero unless £ = m. It actually is easy
to prove that this is still true even if A} does depend on (wo; - B)?. Hence,
equation (9.34) becomes

2
/ dw e % [SumAf + emta BaAj' + BuBeA'],

where
+1 if mla are in cyclic order,
Emea = & —1 if mla are not in cyclic order, (9.35)
0 if m, ¢, and « are not all different.
Therefore,

Z(B X wi)g/deeiw-?ngAjm

14

= (B x wi)m/dwje_wﬂgwjm/l§

+> emea(B X @;)Ba / dwje ™ w2 ALl (9.36)
Y4

We note that both of these integrals involve the square of a velocity component
that must be perpendicular to B. By symmetry the integrals are therefore
equal so that the right-hand side of equation (9.36) may be rewritten as

2 i - B)?
(B X @i)m3 /dwje_wj {wi - W] A§

2 Y 2
+[@imB* — By (w; x B)|3 /dwje*wi [wf — (%B)} AL

B2 Jj o

so that the right-hand side of equation (9.33) becomes

T e 1 2 . B)?
ksT (B x w;) Z g dooje™ @i {wf _(w;- B ]Al
J

vm,; fmj m3/2 B2 j
kT 2 nje; 1 —w2[ o (wi-B)*T gr
+W[WZB —B(sz)]Z mjm dee J wj _T Aj .

(9.37)

Substituting equations (9.30), (9.32), and (9.37) into equation (9.27), we
obtain

€; 1
fi (% - wf) ’wizﬁfiwiBQAf — ;\/ﬁifiwiBQG”(BQ)
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+3° [ dsodgsi(w)s;()
J>< [(wiA{)' + (ijﬁ)’ — (wA]) - (ijg)]
_%fiwi x BA! + %Mfiwi x BG'(B?)
+3° [ dsodgnosis
J>< (@A) + (w0, A1) — (i A]T) — (w0, A7)
f%fiB(wi -B)AIT + %\/TTTifiB(wi - B)G'(B?)
+BB-Y" [ dsodgfiv) (s
X [(wiJAf”)' + (w AT — (i AT = (w0, A57T)],(9.38)

where G!(B?) is shorthand for

12 nje; 1 —w? | _2 1 2| gI
J

and G'1(B?) is defined similarly.

Now by examining the form of equation (9.38), it can be shown that it
is plausible that the scalars Af, A and AM! do not in fact depend upon
(w; - B)? but are functions only of w? and B2. It must be emphasized that
this has not been proved. We now assume no dependence on (w; - B)? in
these scalars and we shall then go on to prove that we can obtain a solution
of the equation. Strictly speaking, because we do this, it is then necessary
to prove a uniqueness theorem to show that this is the only solution to the
equation, but we shall not do this.

With this assumption, it is clear that equation (9.38) breaks into three
simultaneous vector equations, namely

i (§ - @) wi = - fi B Al %mfiBQwiGWB?)
3 / ds 0dQ g fi(v)f;(s)
J
x[(@idl) + (@41) ~ (@idl) = (w;A4])| (9.40)

0=~ fimi Al + —me" i G (B?)

+Z/ds odQgfi(v)f;(s)
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x [(@eAl!) + (w401 = (@iAl!) = (w;407)] (9.41)
0= —%fmm{f + \/Tf,»wiG”(BQ)
+3° [ dsoasio)s (o)
J
x[(@i ALY + (@, ALY — (e, AT ) (o, AT (9.42)
and equation (9.39) becomes

2 n;e; 1

I/ p2 —w?_2 41
7 Y

Multiplying equation (9.42) by B? and adding to equation (9.40) gives the
simple equation,

G -=twi=Y / dsodQgfi(v);(s)

[ (Al B2AI)Y + oo (A + 24T
—{i (Al + B2AIT) ) — {w; (A} + B2AST) Y] (9.44)

which is of the same form as that of the integral equations we solved in
Chapter 8.

Multiplying equation (9.41) by iB and adding to equation (9.40) gives a
single complex vector equation,

fi (3 — @) wi = =B~ fiwiAi + %\/nTifiwiG(BZ)
+ Z/ds odQgfi(v)fi(s)
J

X [(widi) 4 (wjA;) — (widi) — (w;4;)], (9.45)

where
A=Al +iBAY | and G =G'+iBGM . (9.46)

Equation (9.45) is of a different type from those we have met previously due
to the presence of the first two terms on the right-hand side. We shall discuss
how to solve this equation later.

In just the same way that we have discussed equation (9.27), we can dis-
cuss equation (9.28) and derive equations for the scalars &, &1, and &1
introduced in equation (9.31). Clearly in place of equation (9.44), we get

(1 frwi= Y [ dsodfi(o)f(s)
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< [{wi (6] + BE)Y + (e (€] + B2
—{wi (] + B2ET)} —{w; (6] + B2 Y], (9.47)
and in place of equation (9.45), we get
(V) o s = B e e ()
+>° / ds odQ gfi(v)fj(s)
J
< [(@i&) + (w;€;) — (wi&;) — (w;€5)], (9.48)

where

& =& +iBE, (9.49)
and K (B?) is a quantity similar to G(B?), defined by

K(B*) = K! +iBK'!, (9.50)
where 5 1
n;e; 2
K=2y e L /dw.efijzg (9.51)
- 3/2 J 1777
3 r /my

and K7 is defined similarly.

Besides obeying these equations, A; and FE; must satisfy subsidiary condi-
tions obtained by requiring that n;, T, and u really be the number density,
temperature, and drift velocity, respectively. The first condition is

nz:/dvFi:/dvfi(legoi).

Substituting for ¢; from equation (9.25) and for A; and E; from equations
(9.30) and (9.31), we find that this condition is automatically satisfied because
A; and E; are odd in the random velocity. Similarly, we find that the second

condition,
SnkpT = Z/dvF Lmu?,

is also automatically satisfied. The third condition is

= ;;/dvﬂmlvz,

or that
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On substituting for ¢; and then for A; and E; this gives
0= VlnTZ/dvfimiwi~wiAf + B x VlnTZ/dvfimiwi - A
B(B-VInT) Z/d'vfimiwi . wiAi]H (9.52)

and a similar equation with d; in place of VInT and £ in place of A. Because
we are supposing the scalars A/, etc. to be independent of (zo;- B)?, it follows
that each of these three terms must be zero independently. Hence, we obtain,
in terms of the unknowns appearing in Equations (9.44) and (9.45),

Zn”ﬁ / dw; e~ w2 (Al + B2AIT) = (9.53)

Zni\/mi/dwi e*w?w?.Ai =0.
Similarly,

n“/ﬁ/dwl e_wfw?(é'i[ + B2l =0

> niy/mi / dew; e TiwlE; = 0. (9.54)

It is convenient to expand A! etc. as a power series of generalized Laguerre
polynomials, as

3
2 2 ILmps 2
, B?) E a;"" L (w3),

with exactly similar expansions for A/, AiI Hogl g and M1, Then defin-
ing
I o IT I, o 11,
a'=a;"" +iBa;""™ and €' =e¢;"" +iBe;""",

we have by Equations (9.46) and (9.49),

A=Y arLa(w?) and &= el 'Li(w?). (9.55)

m

Of course, in all these expressions, the coefficients al, e!, etc. are functions
only of B2. A solution of the equations is equivalent to a complete knowledge
of these coefficients.

In terms of these coefficients, the subsidiary conditions of Equations (9.53)
0 (9.54) become

Zn“/mi (aiI’O + BQafII’()) =0
i
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an a =0
Zn“/ﬁ (ei’ + B26{II’O> =0
> niy/miel =0. (9.56)

In deriving these results we have used the useful orthogonality property of the
generalized Laguerre polynomials of equation (7.92). The quantity G defined
by equations (9.46) and (9.43) is

1%,
G= E NG j ,
and K, defined by equation (9.50), is

K= Z D% ¢ (9.57)

Before proceeding any further with the analysis, we shall examine what
the heat flux and electric current are in terms of these coefficients. As in
Chapter 8, we shall find that these quantities involve only a few coefficients
and it is therefore only these few coefficients which we want to find.

The electric current is defined by equation (9.12)

j= Znieiwi = Zei/dv fip,w; .

Substituting for ¢; from equation (9.25) and for A, and E; from equations
(9.30) and (9.31) gives

—(VInT)1 anelvn —(BxVInT)s ane vnan’o

7 i

~B(B-VInT)} Znieivtiai]mo
—(ndy)s Zmezvtz — (B x ndy)s Zmezvm 11,0

—B(B -ndy)s5 Z nieivtiefn’o ) (9.58)
i

If we now resolve the vectors VT, dy, etc. into components parallel and
perpendicular to the magnetic field, denoting these superscripts || and L re-
spectively, we can write this equation in the form

j — O_IDH +O_IIDJ_+O_IIIBX DJ_+()OI(VT)H +()0II(VT)L+()OIIIIA)X (VT)L7
(9.59)
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where D is a “generalized” electric field given by

D=E+uxB- 27T g, "2 x _x,
n(eyms — eamyq) e(my + mz)
- bp v (ﬂ) , (9.60)
ning(eyme — eamy) n

and b is a unit vector in the direction of B so

B = Bb,
2
I _ ninavn 2( 1,0 2 111,0)
o = —————(eymo — eamy e;” + B“e 9.61
sl 7 (e 4 B2l)  (961)
2
ol it = w(elmg — eamy)?ed (9.62)
2ppmea
T N1V 1,0 2 III,0
P = —2m2T(61m2 — eamy) (al + B%a; ) (9.63)
o it = —%(elmg —eamy)al . (9.64)
Clearly 0!, o1, and o' are coefficients of electrical conductivity and ¢,
oI and o1 are coefficients of thermal diffusion.

The heat flux vector is defined by equation (9.9) and is

a= L nimlutw) =3 im [avitwisien.

Substituting for ¢; from equation (9.25) and for A; and E; from equations
(9.30) and (9.31) gives

q= —%kBTZnivti af’o — ai[’l) VinT
ol —al"") Bx VT

o/ —a[""") B(B-VInT)
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which can be rewritten as

qa=-X' (vl = X (vT): - b x (VT + k p M2

€12 — €211

5
_ 721:2 (e1ma — eamy) lDI anti (eil’l _~_B2eiIII,1)

+D* Zn viel' + B x D+ ann *1] . (9.65)

where

X! k:Banvm( al + B? ”“) (9.66)

)\/II + i)\/lll

~2kp Y _nivual . (9.67)

Clearly the first three terms of equation (9.65) represent “true thermal con-
duction.” The next term is just another form for the expression,

SkpT(ni(wy) + na(ws)),

which turned up in Chapter 8. The last term is closely connected with the
thermal diffusion terms in equation (9.59) and we shall now derive an alter-
native form for it.

By taking the scalar product of equation (9.48) with ©o;.4;, integrating and
summing over i, it is possible to show that

Z(fl)i%/dvfiw~wi¢4i:Z/dvfi(%fwi)w~wl&,

7
or

Utlp 0
_ E i . 9.68
oMo = nivuc ( )

Similarly, from Equations (9.44) and (9.47) we find

Vg1 p 1,0 o III0 5 1,0 9 III0
— a;” + Bay =3 E nvy (e, + B7e; ,
naMma p

so equation (9.65) becomes

T —my

= Nl =X (vr)t x (VT)* + k: T

€1M2 — €2M

~T o' Dl + "D + o'p x D . (9.69)
Now we can rewrite equation (9.65) as

jH _ @I(VT)”

I —
D! = - :

(9.70)

g
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where
1 ~
1 111 11 S L
D _m[g j —o'bxy (9.71)
_ (O_IISOH 4+ o 111) (VT)* ( I, O'IIISDII) b x (VT)l}
. 1
1 IIT ; 11§
bx D _m[ §E+ ol x j* (9.72)

(oI T TG IIT) (UYL= (1T G T 4 o1 1) b (VT)L} _
Substituting into equation (9.69) now gives

q= —)\I(VT)” _ )\II(VT)L _ )\IIIB % (VT)L _|_wIJH +1/)IIjL _|_¢IIIIA) % jJ_

(9.73)
where
12
A=\ T((’ZI) (9.74)
II( I1\2 _ _II(, III\2 IIT, 11, IIT
- +2
Attt Lo @) — o) + 20T T T (9.75)
(o11)2 1 (o117)2
IIT(IIIN2 _ GIIT( TIN2 | 9 I 1T 11T
/\]]] )\,III T[U (90 ) g (SO ) + 20 2 ] (976)
(011)2 + (o117)2
B I
ol = Sppr 2= Te (9.77)
2 e1ma — eamy ol
i ék poma—m T(o! 1! 4 o1l 9.78)
T 2B eimg — eamy (o11)2 4 (g11T)2 '
T (oI ,IIT _ 11T 11
ST — (e © ) (9.79)

(o1T)2 & (o11T)2

Clearly AT, M1, and M1 are the coefficients of thermal conductivity as usually
defined, i.e., with respect to the heat flux when j is zero. The terms involving
the current in equation (9.73) are those representing the heat flow which
accompanies any electric current.

Alternatively we can write equation (9.69) as

q:_QI(VT)H _HII(VT)J__QIIIBX (VT)J_ +£ID”+£IIDJ_ +€IIIIA)XDJ_

(9.80)
where
of = N 2pr 2T
2 €1Mo — €21y
grt — N1 §kBT7mlga” (9.81)

€1m2 — €2

ar 5 —mq
0[[[ _ A/ _ *kBT 111
€1ma — €2
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5 _
¢l = fk;BTMUI — Tl
2 €1Mg — €My
5 _
¢l = 2ppp 127N pir (9.82)
2 €1Mg — €My
5 _
el — §I€BT m2 — 1 oI _plIl
€1Mmg — €21

9.4 Solutions for the electrical conductivity

In this section we shall examine the solutions of equations (9.47) and (9.48)
to obtain values for the various coefficients we want.

We first of all note that equation (9.47), as an equation for Eil + 32511”7 is
of precisely the same form as the equations we considered in Chapter 8. We
can therefore take over the results we derived in Chapter 8. Alternatively we
can note, by comparing equations (9.47) and (9.48), that

Eh 4+ B2l = lim &;. (9.83)
Similarly,
Al 4 B2AHT — lim A;. (9.84)

Clearly the particular combinations of coefficients on the left-hand side of
these equations do not involve the magnetic field although as written they
appear to do so. We see from equations (9.59) and (9.69) that it is this
particular combination of coefficients which occurs in the expressions for elec-
trical and thermal conduction along the magnetic field. We are able to say
immediately therefore that transport properties along the magnetic field are
the same as if the field were absent.

Because of equation (9.83), we only have to consider the equations (9.48),
which will give us values for the electrical conductivity. First we shall consider
an important property of the equation and then we shall describe a variation
procedure which gives successive approximations to the coefficients we want.
Substitute the expansion of equation (9.55) into equation (9.48) and obtain
an infinite set of simultaneous equations for the coefficients e]* by taking the
scalar product with w;L,(w?) and integrating over velocities. The set of
equations is, if r # 0,

onie; 2 Dr+3) | 2
0= —iB o ﬁTei + Zj:/d'u dsodQgf;(v)f;(s)w;L(w;)

wi&) + (w;&;) — wi& — w;€],  (9.85)
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and if r = 0,

; 3Uti 3IB’I’LZ€Z 0 3IBTLZ m;
1y = : VK
(=13 om, T 2

+ Z / dvdsadQ gfi(v)fi(s)w;
j

. [(wlé})’ + (ngj)/ — ;& — ngj] . (986)

(B?)

The infinite set of equations (9.85) we can regard as giving the infinite set
of coefficients, e}, €?,... in terms of ¢} and €} and then it appears at first
sight that the two equations of (9.86) (with i = 1,2) determines ¢ and ¢3.
If this were the case we would have no freedom left to apply the subsidiary
condition of equation (9.56). But we shall now show that the two equations

are identical so that the solution is not fixed completely by equation (9.48).
Multiply equation (9.86) by,/m; and sum over i to obtain

B B
_ Z MG +31—K B?) —|—Z/d'udsad(2gfl( ) fi(8)y/miwo;

2Y)

. [(wl&)/ + (ngj)/ — ;& — ngj} . (987)

Recalling that /m;w; is \/m;w; /v4;, some manipulation of the last term of
equation (9.87) shows that it vanishes identically whatever &; may be because
it is proportional to the total rate of change of momentum due to collisions.
Also from the definition of K(B?) given by equation (9.57) we see that the first
two terms cancel exactly so equation (9.87) is satisfied identically. Hence the
two equations of equation (9.86) are identical and equations (9.85) and (9.86)
do not fix all the coefficients e, so one coefficient is still arbitrary. This last
coefficient is fixed by the subbldlary equation (9.56). Notice that this property
of the equation is connected with the very special relation between the first
and second term on the right-hand side of equation (9.48) and would not hold
if, for example, the second term were multiplied by some factor which is not
unity. In other words, we only have the freedom to satisfy the subsidiary
condition if the second term is precisely as written in equation (9.48). The
importance of this is that when we describe the variation method which solves
this equation, we will find that the second term drops out of the analysis
completely so, looking at the variation method alone, it appears that the
second term could be multiplied by any factor, including zero, and yet the
method would give the same solution. This, however, is only apparent; the
foregoing analysis shows it is only consistent to apply a subsidiary condition
if the second term is precisely as written.
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9.4.1 Solving for the ¢}"

Suppose J; is a trial function for the unknown &; of equation (9.48). Then
we construct the Davison function, defined by

1 :
D(J) = Z/dvjiwi _2(_1)l;fiwi - iB%fiwiJi

3

iB\/m; 2 nie; 1 2
+——fiwi- E 23 T/dw-e “iw?J; (9.88)
~ r3/2 J A
p 3 7 N

+3 / ds 0dQ g fi(v) () [(w: 73 +(w;T;) —w:Ti—w;7]

We also ensure that the trial function satisfies the subsidiary condition of
equation (9.54), namely,

an/mi/dwi efwfw?ji =0, (9.89)
i
and we do not permit variations of J; which violate this condition. But now

we notice that if all our trial functions satisfy equation (9.89), then the third
term in equation (9.88) disappears, so then

D(J) __2Z:W/dvfiwi‘wiu7i_iBZ;;/dvfiwiz«7i2
+Z/dvds odQ gfi(v)f;(s) T
1,J

| (@i + (w0, T;) — =i — = T;] - (9.90)

Varying 7, we find after some manipulation of the last term,

§D(J) = -2

(=1’ o w (8T — 2B S G a5
[ o w167 2By [ o si=taio)

+2Z/dv (0T:)w; - Z/dvdsadﬂgfi(v)fj(s)

x (@i i) + (w;T;) — wiJi — @ T;] - (9.91)

If we therefore ask for that function which makes equation (9.90) stationary,
i.e., makes equation (9.91) vanish, subject to the condition of equation (9.89),
then this function is a solution of the equation,

(=1

1
n;

fiw; = —iB%fiwiﬂ + aym; fiw; + Z/dv dsodQ g fi(v)f;(s)
j

x (@i Ji) + (@;7;) — ®=:Ji — @, T;] (9.92)
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where « is any quantity independent of the subscript i. There would, of
course, be no term like this if we permitted all variations §.7;, but because in
fact we do restrict §.7; to obey equation (9.89), we must in general include a
term like this (which is orthogonal to the variations ©;0.7;). So far a can be
arbitrary. But now we recall that, in fact, equation (9.92) will only have a
solution satisfying the subsidiary equation if « has the value,

_iB2 nje; 1 _o? 9
o= g 3ZWW3/2/dw3e 1w T,

and then equation (9.92) becomes exactly equation (9.48). This means that
the trial function which makes D(J) stationary is the correct solution of
equation (9.48). Furthermore if

T =E+0(5),

where ¢ is small, then

D(J) =D(€) +0(5%),

so a fairly poor trial function will give a good value for D(&) which is precisely
what we would like to know accurately. To demonstrate this, we substitute the
expansion equation (9.55) for J; in equation (9.88). Then since equation (9.55)
is the exact solution, equation (9.88) reduces to

—1) 3 vy
—Z(i)/dvfzwlwz&:fﬂe?
- ng

2 oMo
Hence the variation method gives e correct to order §2 if § is the error in
the trial function. But € is precisely what we want to know to evaluate the
conductivities of equations (9.61) and (9.62). The method therefore gives o/,
o', and o1 correct to order 4% and we can expect to get good values for
these conductivities with quite poor trial functions.

It is now convenient to introduce a condensed notation for various kinds of
collision integrals. This notation is precisely the same as we used in Chapter 8.
If G;, H; are any properties connected with particles ¢, depending in general
on position, velocity, and time, we define

(Gr, Hylis = — / dvdsodQ gf: (v) fo(s)Gi (v) : [Hy(s") — Hy(s)]

711”2

[G27H2]12 = /d’UdSO’ngf1( )fg( )GQ( ) [H2(8/) —HQ(S)]

ning
[G1,Hs)yy = [H2,G1]12

/dvdsadﬂgfl( ) f2(8)G1(v) : [Ho(s') — Ha(s)]

711”2

[ dvdsod g (o) fals) Ha(o) (61 (o) - (o)

13712
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(Gr i), = = o [ dvdsod®g () fi(5)Gi(o)

: [Hl('l)l) + Hi(SI) - Hl(’l}) - HZ(S)] . (993)

In all these expressions, G;(v) : H;(s) stands for the full scalar product as
indicated by equation (7.103). Finally, we define

(G} = 23" [ dvdsodQgfi(0)f;()Gi(v)

D [H;(v') + Hj(s') — Hi(v) — Hj(s)]
= 2ni[G1, Hyi]1 + 2n3[Ga, Halo
+2n1ns ([Gh H1]12 + [Gh H2]12 + [G2a Hl]u + [G2> H2}12) -(9~94)

As the trial function J; to be used in equation (9.90), we use a finite ex-
pansion of the form of equation (9.55), i.e

M

m 3 2

= Z el L (w?)
m=0

where successive approximations will be made by increasing M by unity. The
first approximation will be given by M =0, i.e., J; = €?, etc.
The subsidiary condition of equation (9.89) is now _]llSt equatlon (9.56), i.e.,

nlﬁ 0
e (9.95)

e = -

and equation (9.90) becomes
M
3iB 4(m+ 3)!
_ _ 0 _ = €i
9= =3 2; Z ot
} . (9.96)

M

3

4 {w > etk e
m=0 m=0

The first approximation is obtained by setting M = 0. Then using equa-

tion (9.95), D(J) becomes

3iB nieéy
2 mi

gw\w

D(J) = 3vsel — (€9)? — nina[wo1, @1l12(e))?, (9.97)

where we have used the tabulation of the collision integrals given in Appendix
B to express [wa, wa]12 and [to1, w312 in terms of [to1, ©o1]12, neglecting
terms of order my /ms.
From now on it is convenient to express all the collision integrals in terms
of the collision time 7. defined by
3

Te=T—F———, 9.98
2nolwo, w112 ( )
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and, in place of the magnetic field B, to define

B
wee = | 2] (9.99)
my
From the value given for [to1,zo1]12 in Appendix B we have
3 3(4meokpT)?
3 _ 3UmeoksT) (9.100)

Te = ————"_
ne  /mognetln A

Here, and throughout this section, the sign ~ signifies that the usual plasma
approximations have been made, i.e.,

n, el = —ex = —e. (9.101)

N |—

mo > my, ny >~ ng =~
These approximations are very slight ones. Hence, from equation (9.99),
wee = 1.75910" B sec™!

where B is in Tesla.
In terms of these variables, equation (9.97) becomes

3
D(JT) =~ 3v,€ — 221 (1 — iweere ) (€92, (9.102)
e
which is stationary (dD/de = 0) for
0 TeUt1 Tevtl(l + iwceTe)
— = 9.103
[el} Loy (1 — iweeTe) ny(l 4+ w2,72) 7 ( )

where we have written this as [6[1)]1 to indicate it is the first approximation
to €.

Now in Chapter 8 we found that the first approximation to e{ was not a
very good one, but that the second approximation was very good. We shall
therefore not discuss the first approximations to the electrical conductivity
which equation (9.103) leads to, but will go immediately to consider the second
approximation which is obtained by letting M = 1 in equation (9.96). Then
the additional terms to be added to equation (9.97) are, using the expansion
of {J;J} in equation (9.94),

15iB ni€; E3 3 3 3
—— ZW(G%)Q—n%[wlLf,wlth(@W—ng[w%f,szf]z(@%)z

B 0.1 2 N2( g 3 L2 0.1 12
ning § 2ejei[wr, w1 L] 12+ (e1)*[w1 L], @1 L] 12 + 2e5e3[w2, w2 L7 |12

1,2 3 3 0.1 b 1.0 3
+(€2) [w2L1 ,w2L1 ]12 + 26162[W1, WQLl ]12 + 26162[‘!31[/1 ,WQhQ

2¢lel I L2 12
+2ejey[wm1 L], malii]ia g
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Adding these terms to equation (9.102) we get

3n
D(J) ~ 3v;1€Y —
4r,

Hed)? (4 + V2 - Jiwer.)

+(e3)? |33+ iweere) M + V20 | — Leled} ], (9.104)

{(1 — iweeTe) (€9)? 4 3ele] — 3Mf’/26(1)e§

where m m
1 1

[wl = ——— 0L —,
mi + meo mo

The values of €9, e}, and e which make this stationary can be readily found.
They are, using ny = n, ~ n/2,

(0], ~ TV [ W2 T2 + 1.8017 + iweeTe (w2, 72 + 4.381) (9.105)
2 ny wi ¢+ 6.281w2, 72 + .9325
3 Te [W2T2 — 9657 — 2.866iw,.T,
1 tlle cele ceTe
~ 9.106
leile > =5 [wgleTg +6.28102 72 + .9325} (9.106)
[eé] L Ut M, 3.924w2 72 — 8546 — 3.560iweTe + 1.0607w3, 73 L (9.107)
2 ny wi ¢+ 6.281w2,72 + .9325
From equations (9.62) and (9.105) we have, to this approximation,
27, 2 12 +1.8017
[o1], ~ e WeeTe & (9.108)
my wi T +6.281w2, 72 4+ .9325
[o117], = n1e*re  WeeTe(w2, 72 + 4.381) (9.109)
2 my wihTd 4 6.281w2, 72 +.9325 '
and from Equations (9.61) and (9.83)
I n1627—e I
[o'], = ———1.932=1.932 0], . (9.110)

mi

Problem 9.1 Verify equation (9.104) and the expressions for [ef],, [ei],,
and [e3],.*

One combination of the conductivities 0!/ and o/ is particularly useful.
Suppose that there are no temperature gradients so that we need consider only
the first three terms of equation (9.59), and that an electric field E* is applied
perpendicular to the direction of the magnetic field. Then equation (9.59) tells
us that E+ gives rise to a current ¢!/ E+ and also a current perpendicular

*The results for [e%] differ from those in Marshall’s work because his expression for equa-

tion (B.131) has been corrected. Also, the odd order terms in weeTe change sign since he
uses Wee = —|weel.
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to this, o/7b x E+. Now very frequently the experimental arrangement is
such that no current can flow in this latter direction. What happens then is
that when E* is switched on, an additional electric field Ed‘ is set up in the

direction of b x E* of just such strength to cancel off this current. In this
situation the total electric field is E* + Eg and the current parallel to E™ is

jt = oTEL +o117h x EOLv
and the current perpendicular to E+ and B is
jo =o""Ey + oo x EF.
If the experimental arrangement is such that jé‘ must be zero we have
171

g A
Ef =——bx E™*,
oIl

and hence,
P (011)2 + (UHI)QEL

oIl
For such an experimental arrangement it is convenient to define a “perpen-
dicular conductivity” by

jJ_ — O_J_EJ_
where
(011)2 + (o112
oIl

2.2 2
L (W22 4 4.381
Lt weeTd <w2 211802) | (9-111)

ce’'e

g =

O_II

Notice that in very strong magnetic fields such that we.7e > 1,

2 I
L. meT o

~ m;  1.932°

so in this situation o~ is approximately half of the longitudinal conductivity.
It is even closer to half than appears here since higher order approximations
[see equation (8.114)] are even closer to a factor of two.

We can be confident that these conductivities are correct to about 10%.
The greatest error comes from the uncertainty in the cut-off distance.

1

9.5 Thermal conductivity and diffusion
9.5.1 Variational results

In this section we shall consider equation (9.45) and obtain values for the
thermal conductivity and thermal diffusion. The analysis is clearly similar to
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that given in the previous section and we need not repeat it in detail. This
time we take as our trial function the finite sum,

M 3
2 2
Ji=Y al'wiLi(=}),
m=0

and in place of equation (9.96) we get for the Davison function

15 ot 3iB nie; 2)
D(J) = == ) miveia; — Z o Z 3\fml
i Y m=0

M
1 3 3
—2{ g a™ oo LA (w?); E ame;"n(wz)}, (9.112)
m=0 m=0

and in place of equation (9.95), the subsidiary condition is

o_ TMiym 10
2 nQﬁ

We could now consider a first approximation to equation (9.112) by setting
all the coefficients except ai and a} to zero. But this would ignore all thermal
diffusion effects so we shall consider the second approximation immediately.
Setting all the coefficients except ay and a} equal to zero we can write down
D(J) immediately by comparing Equations (9.96), (9.104), and (9.112). This
gives

a

~ vam - = {(1 —weeTe)(a ) +3a1a1 —3M3/2a1a%

H)@+f Siweere)
+(az)” [ (3 + iweeTe) Mﬁr} Zal 1M3/2}. (9.113)

The values of a9, ai, and a} which make this stationary are

2 2 _ 2. :
[a(l)]Q 3vate { T2 — 9657 — 8661&0097}} (9.114)

2 wi 14 4+ 6.281w2 72 4+ .9325

ce’'e ce'e

1.866w2, 72 + .9657 + iwee e (1.9 4+ w2, 72)

1 cele cele ce' e

~_ 9.115

[ar], =~ { WI 71+ 6.281w2, 72 + 9325 ] (8-15)
5U41Te

[al], ~ — UniTe (9.116)

2V2

There is one check we can apply to these solutions. Earlier we proved a
relation, equation (9.68), between the exact values of af, el, and el. Now
in the course of deriving € and the electrical conductivity in the previous
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section we calculated approximations to ei and e} from equation (9.106), and
now we have an approximation for aj from equation (9.114). It is therefore
interesting to see how well these approximations satisfy equation (9.68) and
it is easy to show that they satisfy equation (9.68) exactly apart from terms
~ M; which we have neglected throughout. This helps to give us confidence
in the results we have derived.

Problem 9.2 Verify the expressions for [a(f]Q, [aﬂz, and [aé]z. f

9.5.2 The transport coefficients
From equations (9.64) and (9.114) we have

3kpnier, w2, 72 — 9657
11 Bt1CTe cele
o~ 9.117
ClP 9m1  wi i+ 6.281w2. 72 + 9325 (9.117)
3kgnier, 2.8657TweeT
117 e cele
~ 9.118
e = WA rh 1 6.281w2, 72 + 9325 (0.118)
and therefore by equation (9.84),
3kgniet, .9657 kpniete
1 e e
~ ————— ——— ~ 1.5 —. 9.119
= o s m (6.119)
By equations (9.67), (9.115), and (9.116),
[A'”} BT ART [ 1865TW T2 + 9657 (9.120)
2 2my wi 74 4 6.281w2,72 + .9325 '
[/\,H[] N SnirekyT WeeTe (W2, T2 + 1.9) (9.121)
2 2my wi T4 4 6.281w2, 72 + .9325 |’ '
and by equation (9.84),
SniTe kST (9657 nTek:T
NT| o 2T ~ M5 9 589. 9.122
[ 2 2maq 9325 mq ( )
Then from equation (9.81),
kLT
[67], ~ HeTB 6472 (9.123)
mi
011], ~ Syt k3T 3657w, 72 + 2.415 (9.124)
2= 7 omy, | whrt + 6.281w2 72 + 9325 '
[0111] N Syt k3T WeeTe(W2, T2 +6.199) (9.125)
27 2my wi 7 +6.281w2,72 +.9325 |’ '

TThese results differ from those in Marshall’s work because his expression for equa-
tion (B.131) has been corrected.
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and by equation (9.82),

keT
[¢7], ~ —2<5 6.383 (9.126)
my
[5”] N _nleTekBT wfeTf + 5.953 (9.127)
2 my whTd 4+ 6.281w2,72 +.9325 ’
[€111], ~ bmierekpT  weeTe(weeTs +6.10) (9.128)
2 2m; WA TA +6.281w2, 72 +.9325 ’
From equation (9.74)
k3T
[\, = 2757 340, (9.129)
my
After some tedious algebra, equation (9.75) becomes
k3T 4.664
AT~ eTE 9.130
N, my w2, 724 3.481] " ( )
and equation (9.76) is
SniT k5T WeeT,
AN o =B == : 9.131
A 2my w2, 72 + 3.481 ( )
Equation (9.77) gives
kT
1
~ —3.304—— 9.132
', o (9.132)
equation (9.78) gives
5kpT [w2 72 +4.600
11 ce'e
~_ 1
[, 2e [wEETE +3.481 |’ (9.133)
and equation (9.79) gives
3kpT WeeT,
111 B ceTe
~ — . 9.134
[ 2e w2, 72+ 3.481 ( )

These expressions, though simplified, are good to a better than a part per
thousand. The errors due to stopping at the second approximation are larger
than those due to the accuracy of the various constants.

Problem 9.3 Show that equation (9.68) is satisfied exactly with the listed
values of [a?b and [eﬂQ except for terms of order v M; < 1.
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9.5.3 Convergence and accuracy

When considering convergence, it was noted in Chapter 7 that when evaluating
the coefficients to first, second, and third order that the second approximation
made a significant change but that the third approximation made a relatively
small additional correction. We have generally stopped at this approxima-
tion, but we can note that for the electrical conductivity, even higher order
calculations have been made. It was found that the correction factor was
1.93198 ~ 1.932 using [e]]2 coefficients, but the next higher approximation
is given by Balescu[47] as 1.950 and the next as 1.953 so the convergence is
rather rapid. Even higher approximations have been given by Kaneko and
Yamao[48] where they used 50 polynomials to achieve an accuracy of six sig-
nificant figures. This limit of 1.96 is used by Spitzer[1] and Braginskii[43],
but the full expressions for [€?],, and [ei], are not given. The corresponding
successive approximations by Balescu for ¢! are 1.55, 1.39, and 1.40 while
the coefficients for \'* are 2.59, 4.15, and 4.22. These indicate that the ex-
pressions for ¢ are probably accurate enough but that the expressions for \ !
should go at least one step further.

The accuracy of the listed expressions depends on two factors. The coef-
ficients have all been calculated to at least six significant figures and then
rounded to three or four figures, so the numerical values are accurate to the
approximation level used. On the other hand, we have neglected terms of the
order of /M, and smaller. If we were to keep terms to this order, the various
coefficients [af]2, [a{]2, and [a3]> would vary only in the fourth significant
figure, so the neglect is justifiable. For the [e{], [el]2, and [el]s coefficients,
however, the denominator changes so that

0.932548 + 6.28078z2 + x* — 1.273(0.924724 + 6.2293322 + z* 4 0.00133625)

but ¢! is unchanged to four significant figures.

9.6 The pressure tensor

In this section we examine equation (9.26) which for convenience we repeat
here as

1
—inw?wl = —mmlfﬂm . ;ej /d’l) fj(’ll]j X B)BJ
mg

+ Z / ds odQ g fi(v)f;(s)
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x[Bi(v') + B;(s") — Bi(v) — Bj(s)] . (9.135)

The solution B; will lead to values for the elements in the pressure tensor.

We first consider the possible forms that the tensor B; can take. B; can
only depend on the vector zo; and the pseudo-vector B. The scalars which
can be formed from these are

w7,'27 327 (wlB)Q
The vectors which can be formed are

w; , wixB, B(sz)

From these vectors, we can form six traceless tensors which are

1 0
(Ti)aﬁ = (w wz)aﬁ
(T%)ag = %[wm(wv X B)g + wig(w; x B)a]
(T?)ag = (@i X B)a(w; x B)g — [B2 ;= (i B)z](saﬁ
(T?)aﬁ = %(meg + wi,gBa)(wi -B) — é(‘lﬂz B) da
(T?)aﬁ = 3 [Ba(wi x B)g + Ba(w; x B),] (w; - B)
(T9) 5 = BaBs(@i - B) — 3B*(w; - B)*0ag. (9.136)
In addition, of course, we have the unit tensor,
(T9), 5 ="0ap-
We thus write
6
B;=>» BT/, (9.137)
n=0
where the B are scalars that are in general functions of @?, B2, and (w;-B)?.

We now notice that equation (9.137) is even in zo; so the 1ntegral in the
first term on the right-hand side of equation (9.135) must vanish. Equation
(9.135) then becomes

—inw?wi = —%fz(wl X B) . VWLBz +I<Bl> s (9138)

where throughout this section we shall use Z to stand for the integral operator
defined by

= Z/ds od€) gfz(v)fj(s)[Bl(v') + Bj(Sl) — Bl('l)) — B](S)] . (9139)
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Now consider the effect of the operator (zo; x B) - Vg, acting on B;.
When this operator acts on the scalars B it gives zero because these are only
functions of w?, B2, and (wo; - B)?. Thus, for example,

(@, x B) - Ve, B(w2) = [(w: x B) - Ve, (= >]%B"< 2)
0
152

%

=2[(w; x B) @ B'(w?) =0.

Effectively, the operator only acts on the tensors T. It is easy to derive the
following results:

B) Ve, TV =0
B) -V, T; =2T;
B) Vg, T2 = -B*T, + T3 4+ T}

)
)
)
B) Vg, T3 = —2B*T2 4 2T?
)
)
)

83

8

i

B) Vg, Ti=T

i

8

g

K3

B) Vg, T) = —B°T} +T¢

i

,_\AAA,_\A/.\
N

B) Ve, T¢=0. (9.140)

i

d

i X

Notice that these tensors form a closed group, as they must if equation (9.137)
is to be a solution, so this operator does not create any new tensors.

Problem 9.4 The T} tensors.

1. Write out the tensors T} for n = 0 through n = 6.

2. Prove that the relationships of equation (9.140) are satisfied. Assume
that B is in the z-direction.

3. Show that T}, n =1 through n = 6 are traceless.

The tensors T} are not easy to work with because they are constructed from
components of zo; and B in a complicated way. It is therefore convenient to
define a new set of nine tensors, each of which has a simple dependence on
the components of zo;. These are:

Q) o5 = das

( ) 5&755/\ wowz)w

(Qf)aﬁ (BarEprp T 08+Earg) Bo (@) i)
Q)5 = é‘awé‘ﬁw(B B) gy (w]wi)n
(Q?)aﬁ = dap(B : B)wx(wowz)m

(Q7) oy = @i (B : B)ag
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(Q?) .5 = 300ar(B : B)gx +83y(B : B)ax(wiwi)ox
(Qz)aﬁ = %[557¢(B i Blap +€arp(B: B)Bs@]B/\(w?wi)M
(QF) 45 = (B : Blap(B : B)oa(w{wi)on ; (9.141)
where €43, was defined in equation (9.35) and
(B:B)ap = BaBs — $B*003.

This may also be written as

-3B* 0 0
B:B= 0 —3B*> 0
0 0 2B?

Notice that all the tensors except Q? and Q? are expressed in terms of w?wz
In terms of these Q} tensors, the T} tensors may be written

TO = QY
Ti:Ql
T2 = Q?

T =Ql ¢ 3al - bkl - ]
4 6 14 1 p2n1 115
Ti=Q —3Qi +35°Q; +5Q;
T2 =Q7
TP =Q +1B°Q). (9.142)

Problem 9.5 Prove the relationships of equation (9.142) for the Q.

The transformation properties of the Q}' are

x B) Ve, Q) =0

x B)-Veo,Q) = 2Q}

X B) -V, Q) = -B*Q} + Q] + Q7
x B)-Vw,Q} = —3B°Q; +2Q]
X B)-V,Q} =0
x B)
x B)
x B)
x B)

g

K2

q

%

88

AAAAE\/—\/-\/-\/—\
N

w; Ve, Q=0
w; Ve, Q0 =Qf - §B2Q?
w,; Vw,Q) = Q — B*Q} + :B°Q} — 1B'Q}
w; Ve, Q) =0. (9.143)
Now put
8
B, =Y DrQr, (9.144)
n=0
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where the D} are scalars. Comparing equation (9.144) with equation (9.137)
and using equation (9.142), we find the scalars D} are given in terms of the
scalars B by

D0 = Bo
1 _ 1 1 P23 1 R2np4
D} = B — {B’B} + {B’B;
D? = B2
D3 = B?
Df = (B! - BY)
D} = X(-B} + B} + B*BY)
DS = B4
D{ = B;
D% = BS. (9.145)

Problem 9.6 Use equations (9.137), (9.142), and (9.144) to prove the rela-
tionships of equation (9.145).

We now assume that the scalars B and D? are independent of (cz; - B)?,
i.e., that they only depend on w? and B2. This assumption is equivalent
to the one we made in Section 9.3. We can make it very plausible that this
assumption is correct as follows. Suppose we tried to solve equation (9.138)
by some iteration process starting from the tensors T'. Then in this iteration
process the operator (w; x B) - 0/0w; would generate all the tensors T7
again, multiplied in general by functions of B? but, from equation (9.140),
it would not generate any of these tensors multiplied by (=o; - B)?. Hence
if we started this iteration process with the tensors T} multiplied by scalar
functions which were independent of (zo; - B)?, we should never create such a
dependence. Strictly speaking, because we make this assumption we should,
after obtaining our solution, consider if we can prove a uniqueness theorem
but we shall not do this.

From the assumption it follows that when equation (9.144) is substituted
into equation (9.138) using equation (9.143), the equation which results can be
separated into nine simultaneous equations corresponding to the nine tensors
QP'. These equations are:

0=12(DY)

—2f, 0w, = T(ww;D}) — ;L—f (-B?D? — 1B*D]) =¥,
0 = I(w%w,;D?) — ;—f (2D} — 4B2D? — 2B2DS) =V,
(3
0 =Z(wlw; D) — EfZ-wa??zi
m;

€i
0 = Z(w;w; D}) - Efi%BQDZW?Wi

www.mana



TRANSPORT WITH A FINITE MAGNETIC FIELD 267

0=Z(w;Dy)

0 = Z(w)w;Df) — —- f;(D? — B2D])w)w,
m;

0 = Z(w%; D7) — - £,(DS + 2D3)w w0,
m;

0 = I(wlw:D}) — - f,D}w)w; . (9.146)
m;

Problem 9.7 Show that the nine equations of the set (9.146) follow from the
steps indicated.

The coefficients D}* must also satisfy subsidiary conditions which come from
requiring that n;, u, and T really are the number densities, drift velocity, and
temperature. The number density is

Using equation (9.25) this becomes
/dv fiBYPV qup =0,

or using equation (9.144),

8
> /dv fiDrQr =0. (9.147)
n=0

Now it is clear that for those tensors Q}' which can be expressed in terms of
wlw; alone, that is all except Q) and Q?, we have

[avsDrar =0 [0, n 23,
whatever the dependence of D" on w? and B2 Hence the sum in equa-

tion (9.147) reduces to just two terms, n = 0 and n = 5. These must be zero
separately so we have

/dv fiD? =0 and /dv fiwiD? =0. (9.148)
The drift velocity, u, is defined by
1
u=- /dv Fomgv;
p

so that
/dv Fzmzsz?ﬁv(,UB =0.
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This equation is automatically satisfied because B?ﬂ is even in w? so the
integrals vanish.
The temperature is defined by

2nkBT Z/ dv F;1 mw.

Hence
Z/dv fi%miw?Bf‘B =0,

which along with equation (9.144) leads to two further conditions on DY and
Df, namely,

Z/dv fitmaw?D? =0 and Z/dv fidmaw?D? =0, (9.149)

From the first equation of the set (9.146) it follows that D? is a collision
invariant. The only scalar collision invariants are unity and energy so

D —a—&—ﬂle i

where o and § are independent of velocity and the subscript . But the only
values of @ and 3 which are consistent with the conditions of equations (9.148)
and (9.149) are zero. Hence

DY =0.

Similarly, from the fifth equation of equation (9.146) and the conditions of
Equations (9.148) and (9.149), it follows that
D} =0.

(3

We now substitute the expressions of equation (9.145) into equation (9.146)
to obtain equations for the fourteen scalars B]'. These are:

BY =0
1

BY = ?(33 B} (9.150)

—2f;wlw; = I(wiw;B}) — %f (-B’B})w’w;
0 = I(w’w,; B2) — :T £i(2B! — 2B?B)w’w,
0 =Z(wlw;B}) — %fiB?w?wi
0= T(wlow:B!) ~ = fi(B} ~ B*B))wlw:

€;
0 = IZ(ww; BY) — Efi(QBf + BHYwlw; . (9.151)

(2
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We get fourteen equations, since the real parts and the imaginary parts of
Equations (9.150) and (9.151) must be satisfied separately, just sufficient to
determine all the complex B}, in place of the original eighteen equations of
equation (9.146) because several of the equations expressed in terms of the
B} turn out to be identical. This proves that it is valid to look for a solution
of the form of equation (9.137). Now define

L; = B} + B’B?
G; = B} +iBB? — B*B}
2P, = 2B} +iBB} + B*B} +iB*B}, (9.152)

so the set of equations (9.151) can be reduced to the simple complex equations

—2fiwlw; = I(Liww;) (9.153)

—2flw?wi = I(sz?wl) — 2iB%fiGiw?wi (9154)

—2fiwlw; = I(Piolw;) — iBifiPiw?wi . (9.155)
m;

Problem 9.8 Reducing the equations.
1. Show that the set of equations (9.146) may be reduced to the set (9.151).

2. Then show that the relations of equation (9.152) can reduce the set of
equations (9.151) to the set of equations (9.153) — (9.155).

These equations are of the same form as those we considered in Section 9.4
and we can solve them by the same variation method. Notice that in these
equations there are no terms corresponding to the second term on the right-
hand side of equation (9.48). It therefore follows from the discussion given at
the beginning of Section 9.4 that these equations completely determine the
quantities L;, G;, and P;. This, of course, is just what we want because there
are no subsidiary conditions to be applied to these (the subsidiary conditions
only served to make D? and D} zero) whereas in Section 9.4 there was a
subsidiary condition to be applied.

We expand L;, G;, and P; in generalized Laguerre polynomials

7B) =) 'Li(w})

n=0

ZgnLQ

n=0

Zp”L% : (9.156)

and we can anticipate the result to be derived later that only the coefficients
29, g9, and pY will enter into the expressions for the pressure tensor. Now
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we note from equation (9.153) that in evaluating L;, it is independent of B
so that if we were to take the value of G;(w?,0) we would have the same
expression, so we conclude that L; = G;(w?,0). In a similar manner, if we
compare equation (9.155) with equation (9.154), the expressions are equivalent
if we replace B by B/2 in equation (9.154), so we conclude that P;(w?, B) =
Gi(w?, B/2). We therefore only need to solve for Gj.

9.6.1 Solving for G;

We start by considering equation (9.156) and construct the Davison function,

—Z/dv(w?wi)Gi : {‘%W?Wi +I(wiwiGy) — QiB;Z_fiw?wiGi]

—102% - 5132 Mt n'5'

ZnO

5 5
—= {w w; Zg” 2 (wh); ol ZgZ"Lﬁ } . (9.157)

n=0 n=0

The first approximation is obtained by setting N = 0. D(G) then becomes

(& naoe
DG) = 10(mgf + maf) - 5iB | "2 (g)? + 222 (g2

N2 {niwlw:, wiw]i + nino[wiw, wiwi]iz}

5)? {n%[w%wz, whwo)s + ninslwiws, ’W(Q)thz}

0.0 0 0
—2g1 ganing[w w1, Wywal12,

which in terms of the collision time 7, defined by equation (9.98) can be
written, using Appendix B to give values for the collision integrals, as

on .
D(G) ~ = {rega) +7e99 = 30 [~iweere + .3(2 + V)]

Te
—1(g9)%[3v/2M; + (1 + iweere) My] + 4M1glg2} (9.158)

where ~ signifies that the usual plasma approximations of equation (9.101)
have been used, and My = my/(m1+ma) ~ my/ms. Equation (B6.35) is sta-
tionary for the values, using we;Ti ~ 5v/MiweeTe /22 and 7; = 57, /2v/2Mj,
[go} N Te N 4M17i
YT 3124 v2) —iweere  3(1+ V)V — diwgiT
0 Te 4T;
~ ~ - . 9.159
92, VIML[3V2 4 (1 + iweere )V M)~ 3 + diweiT; (9.159)
These are the first approximations to the constants and we can be confident
that they are correct to within a few percent by what we know of the problem
in the absence of a magnetic field.
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Problem 9.9 FEvaluating the coefficients.

1. Show that the Davison function on line 1 of equation (9.157) is equivalent
to line 2 (i.e., show where the factors of 10 and 5 come from).

2. Show that setting N = 0 leads to equation (9.158).

3. Find ¢? and ¢§ and show that they reduce to equation (9.159) if we
neglect terms of order v/ M7, depending on the strength of the magnetic
field.

From our conclusions about the relationships between L;, G;, and P;, we
immediately find
Vo] N Te N 4\/M17',‘
HET324v2) T 3(1+4v2)

01 Te N 47;
and
[po] N 27, N 4My 75
H1T06(24 V2) —iweere 3(14 V2)VM — 2iweT;
Te 47;

0
~ ~ . . 9.161
[pZ] L vV Ml[?)\/é + (1 + .5iwce7'e)\/ Ml] 3+ 21wci7-i ( )

9.6.2 The pressure tensor elements

We now have to consider how the pressure tensor involves these solutions.
The pressure tensor is defined by

Py = E nimi<wiswit> = E mi/dv Fiw;sw;y
i i
SO

Pst - pést = Z / dviwiswitfi Bl‘aﬁvauﬁ

1 — w2 «
:—QkBTanm/dwze 7wwwzt8l ﬂvo(U5

6
71 —w mTm
> W3/2/dwie (@i BT 5V aug ,(9.162)

m=1

=—2kpT Z ni

where we have used equation (9.137). The integral over the magnitude of
w; in equation (9.162) is easy to do. We expand the scalar B in a series
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of generalized Laguerre polynomials with coefficients which can be related to
the coefficients in the expansions of equation (9.156), i.e

o

B" = b""L

n=0

Swlon

().

Recalling that all the tensors T7* are quadratic in w;, equation (9.162) be-

comes
6

Py —pbgy = —LkpT Z (1 b0 + nobi0)ym (9.163)

m=1

where 7, is given by the integrations over the angles of zo and is defined by

1
= o dQp —wswi TagVaug (9.164)

where the tensors T™ are defined by equation (9.136) and because they are
all quadratic in w, equation (9.164) is independent of the magnitude of w.
To evaluate these 72} we first note that

11 1o, 1 1,

F = dQe x—4ﬂ/dew4wy—etc.

1
= /dQ = etc.

1

3= /dQ = etc. (9.165)

We then suppose the magnetic field to be in the z-direction and write out the
tensors T™ explicitly. With the help of equation (9.165), it is then possible to
write down the 77} by inspection. We shall describe one typical calculation,
that of 72, and merely quote the results for the other cases. The tensor T2
written explicitly ist

2 2
2wmwy Wy — Wy WyW,
2 _ 2
T = 5 wy—w —2w,wy —w,w, |,
Wy, —WyW, 0

and from this we can write down

—284y  Sgz — Syy —Syz
vi = — | Swx — Syy 28y Sez | (9.166)

—Sy2 Sz 0

fThis tensor appears different from that in W. Marshall’s work because he chose B to be
in the z-direction instead of the z-direction.
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where

S = 2(Vaus + Vaua) = 3V - udep. (9.167)

The argument leading to equation (9.166) is as follows. First consider ~2,.
Putting s = ¢t = z in equation (9.164), we see that in order to get a nonzero
result, we need to find a component of T2 proportional to w?, wg, or w?. But
the only components of T2 involving the square of components of w are Toy
and Ty, and in these the integral coming from the product wfwj must be
exactly cancelled by that from w?w?2 which occurs with opposite sign. Hence
v2, is zero. Next consider 72,. Putting s = z, t = z in equation (9.164),
we see we need a component of T2 proportional to w,w, in order to get a
nonzero result. The only such components are Tyzz and Tfy. Using the second

of equation (9.165), we can therefore write immediately
V2. = 1= (-3BVyu. — $BV.u,) = — 1= Bsy. .

By similar arguments the other elements of 7% can be written down to give
equation (9.166).

Problem 9.10 Work out the remaining elements of 7(215 and the rest of the
Yap for m =1 and m = 3 through m = 6.

Problem 9.11 Work out the diagonal elements of the pressure tensor, p,.,
Dyy, and p.. after finding the diagonal elements of all of the ~{}.

Having worked out all the 77} in problems 9.10 and 9.11, it is easy to evaluate
equation (9.163). The results we obtain are

Paw =D — kBT S i (20 05,0 = 280705y + 282} s, )

Dyy =P — ;kBTi n; (ng’osyy + 2B s, + 2B2b?’osm) ,

Pow = P — ékBTzl: " (21)}’0 n 232b§"°) Sz (9.168)
Doy = Pyz = —%kBTZni :2(b11’0 - BQbf’O)sxy + Bb?’o(sm - syy)}

[/621,0 4,0 2,0 5,0
(2610 + B26!°)s,. — BT + B20}°)s,. |

Pzz = Pza = _%kBTZni
7

Pyz = Doy = —5ksT Y _ni |(26;° + B?b}")s,.+B(b]" + B2bf’0)sm] (9.169)

since sz?’o = b?’o - b?’o from equation (9.150). We now use this relation and
equation (9.152) to express b7° in terms of £9, ¢9, and p as follows:

b0 = L[€2 + Re(g?)]
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Bb}* = Im(g})
B = 4[] — Re(g})]
B2} = 2Re(p!) — ) — Re(g))
B} = 2Im(p)) — Im(g)
B> = 209 + LRe(g)) — 2Re(p}) ,

and remembering from equation (9.167) that
Syy + S22 = — Sz,

equations (9.168) through (9.169) become

Pz =P — kBTZ n; [%Re(gg)(sxw - Syy) - Im(gg)szy - 5?822]

Pyy =P — kBTZ g [%Re(g?)(syy — Szz) + Im(g?)swy - 6?322]

K2

Pzz =D — kBTZ nzgloszz
Pzy = Dyax = *kBTZni [Re(gg)sxy + %Im(g?)(sm - syy)]

Prz = Pzx = _kBTZni [Re(p?)sxz - Im(p?)syz]

Dys = Doy = —kBTZni [Re(p?)syz + Im(p?)sm] . (9.170)

3

Problem 9.12 Show that the elements of the pressure tensor may be written
in terms of the g, £9, and p? as given in equation (9.170).

All these expressions involve sums over ¢ of the coefficients ¢;, g;, or p;
weighted with the number densities n;. But since we can put ni ~ ng ~ %n,
they effectively involve just the simple sums, €9 + £3, g9 + g3, and p{ + pJ.
Now from Equations (9.159) and (9.161) we see that g9 and p3 are greater
than g9 and p{ respectively by a factor which is of the order of magnitude of
v/ma/my in weak fields and a factor of (ms/mq) in strong fields, and from
equation (9.160) we see that ¢3 is greater than 9 by a factor ~ \/ma/m;. This
clearly shows that the viscosity of the plasma is almost entirely due to the
ions, the electrons contributing a negligible amount. This of course is exactly
as we found in Chapter 8 when we considered the problem in the absence of
a magnetic field and is due to the fact that ions can transport momentum
much more efficiently than electrons. In view of this it is not surprising that
equations (9.159), (9.160), and (9.161), giving ¢?, €9, and p? in terms of wee
and 7., are cumbersome because w,. is essentially a cyclotron frequency for
electrons and 7, is a suitably defined collision time for electrons whereas the
coefficients are really determined by ions and collisions between ions. It is
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therefore appropriate to express g¢, £2, and p{, not in terms of w.. and 7,

but in terms of some suitably defined quantities relating to the ions. Defining
e2B eB  my

Wei = —— —Wee ~ Miwee
ma ma ma

and

o 5 mo 1/2 N 5 Te
TM(W) " aEVAL
then w,; is the cyclotron frequency for the ions and 7; is an appropriately
defined collision time for ion collisions. From equations (9.159), (9.160), and

(9.161) it is apparent that g9, £, and p{ are small so they will not enter into
the solutions. We then write the real and imaginary parts for ¢g§ and pJ as

Re(g) = 9+1122317'12
nle) = 5
R
) =5

Cct 1

Substituting these results into equation (9.170) we obtain®

24 4 22
Pz =P — W (sm + FWeiTiSzy — %wcﬂi szz) (9.171)
Pyy =P~ 1267M22 (Syy — 3WeiTiSay — %wi‘ﬂ%w) (9.172)
1 + gwciTi
Pzz =P — 2(152z
21 9
Pzy = Pyz = —H%W [Sxy - gwciTi(Sm - Syy)]
2
Pzz = P2z = _W (sz + %wciTisyz)
2u 9
Py =Py =~ ia (Syz — 2weiTisaz) (9.173)
where
p=inkpTT;

is the coefficient of viscosity and s,g is defined by equation (9.167). The signs
of some of the terms are given incorrectly by Chapman and Cowling. This

8These results are different from those of W. Marshall because he had the magnetic field
in the z-direction. Otherwise we agree.
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can be seen very directly by appealing to the reciprocal relations of Onsager.
These state that if we write

Pap = Z L(B§045§'V‘P>3%a
<vyp>

where the sum goes over all pairs zx, yy, 2z, y, xz, yz, then
L(B; af;vp) = L(=B;ye; af).

Hence since the coefficients of s, in p,, and s, in py, are odd in the field B,
it follows that they must be equal in magnitude but opposite in sign. This is
just as given in equations (9.172) and (9.173) but not as given by Chapman
and Cowling. This mistake in Chapman and Cowling was first noticed by G.
J. Hymen, P. Masseur, and S. R. De Groot[54].

Problem 9.13 Fill in the steps between equations (9.170) and (9.173).

9.7 Summary of results

It is intended that this section be entirely self-contained. All the symbols we
use will therefore be redefined as needed.
Maxwell’s equations, in SI units in vacuum, are

V-B=0
V'E:Q/E(]
0B
VxE_—E

1 0E

VX B =pod + 550

where c is the velocity of light. The total current J is the sum of a convection
current Qu and a conduction current j, i.e.,

J=Qu+yj,

where u is the velocity of the center of mass of a fluid element. The equation
of continuity for the density of the plasma, p, is

0
ap-l—V-(pu)-O.

The equation of motion is

0
p(at—i—u-v> Ug = —Vgp,@a+QEa+(JXB)a"‘zpiXia'
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In the first term on the right-hand side of this equation, p,s is the pres-
sure tensor and the repeated suffix implies a summation. X is any non-
electromagnetic force per unit mass which may act on particles i. p; is the
density of particles and i = 1 for electrons and i = 2 for ions.

The energy equation is

0 3 3
((,% +u- V) §nk’BT = —§TLk‘BTV cu — ﬂpagVQUQ —V.q

4j {E+ux37%(leX2) .

Here n is the total number density n;, + nq, kp is Boltzmann’s constant, and
T is the temperature. In the second term, a summation over both oo and [ is
implied, i.e., this term is really nine terms. q is the heat flux vector.

The purpose of kinetic theory is to provide expressions for j, g, and pqg.
The conduction current is given by

j :U'IDH +UIIDL+UIIIIA)X DL_i_SDI(VT)H +SOII(VT)L+@IIIBX (VT)L
(9.174)
where D is a “generalized” electric field given by

1
D=E+uxB+—Vp— L(X,-X,),
ne e

and the superscripts || and L denote components parallel and perpendicular
to the magnetic field. b is a unit vector in the direction of B. The three terms
involving the temperature gradients in equation (9.174) are thermal diffusion
terms. p = nkpgT is the pressure, m; the electron mass, and e the electronic
charge. The electrical conductivities are given by

2
[01], = 22521932
2 my
[UH} N n1e27. w272 +1.802
20 my wi T 46.281w2,72 + 9325
[o111] n1e*re  WeeTe(w2, 72 + 4.381) (9.175)
o o~ .
2 my wh A+ 6.281w2, 72 +.9325
where
eB 11 -1
Wee = — = 1.759 x 10" B sec (9.176)
mi

is the electron cyclotron frequency with the magnetic field in Tesla, and

5/2V/mieg(kpT)*/? _ 276 10°73/2
nietln A neln A

is a suitable defined collision time for electrons. This value is equivalent to

that given by Balescu[47] and Braginskii[43] if A = 9Np. Plots of o/ and
o1 are given in Figure 9.1.

Te = 3(27) sec (9.177)
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Of particular interest is a “perpendicular conductivity,” o, defined in the
absence of temperature and density gradients as

where E7 is an applied electric field perpendicular to B and the experimental
arrangement is such that additional electric fields are set up inside the plasma
so as to prevent any current flowing in a direction perpendicular to both E*+
and B. o7 is given by

1 II 2 2
= ol |1
LA B <w2 72 1 1.802

ce’'e

w2 + 4.381)2]

Notice that in the limit of very strong magnetic fields such that we.7e > 1,
O'J‘ _ TL1€2T€ _ JI ’
my 1.932

whereas in weak fields (wee7e < 1),

2
nie T
ot =—2°1932=0".
mi

The ratio o /o is also plotted in Figure 9.1.

1.0 -
0.8
0.6
0.4

0.2

0.0 T T T T T T T \

T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

wCCTe
FIGURE 9.1
Electrical Conductivities. o/! /o (solid), o7/! /ol (dashed), and ot /o (dot-
ted).

The thermal diffusion coefficients are given by
kpniete

n _
('], = 15532~
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[QDH] _ _ 3kpniete w2, 12 — 9657
2 2my  wiTd+6.281w2,72 + .9325
3kpner, 2.865TweeT,
II1 Blv1€7e ceTe
= 9.178
= WA A1 6.281w2, 72 + 9325 (9.178)

and are plotted in Figure 9.2.
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0.6
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0.0

I I I I I T | I ]
0.0 05 10 To—e6—25—30 35 10 15 5.0

wceTe
FIGURE 9.2
Thermal diffusion coefficients. ¢!f /¢! (solid) and ¢! /! (dashed).

The heat flux vector can be given in terms of the temperature gradients
and the current j. These formulas are

q= —AI(VT)” _ AII(VT)J_ _ )\IIIB % (VT)J_ +1/}IJ” +'(/)IIjJ_ _i_wIIIB % jJ_

(9.179)
where
k2T
[\], = 2TB2 g 340
2 my
[)\”] ~ mTkET 4.664
2 (w2,72 +3.481)
SnqTe k2T WeeT
AT = 2B cele 9.180
P 2my (w272 + 3.481) ( )
and

kpT

. _

[v'], = —3.304——

], — - 5kpT w2 72 + 4.600
2 2e w2 712+ 3.481

ce’'e
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3kgT WeeT
IIT B ceTe
= — . 9.181
[+ 2e w2712+ 3.481 ( )

Plots of A1 /AT and AT1 /AT are given in Figure 9.3 while plots of ¢!! /4T and
— L JpT are given in Figure 9.4.

1.0 +
0.8
0.6
0.4+

0.2

0.0 | | | | | | | | |

T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

" WeeTe
FIGURE 9.3
Heat flux coefficients. A1 /A (solid) and M1 /AT (dashed).

The heat flux vector can also be given in terms of the temperature gradient
and the “generalized” electric field D. These formulas are

q=—0"(VD)l - 0" (V)" — 0" x (V) + ¢/ DI + ¢"D* + ¢""b x D*

(9.182)
with
k2T
[67], ~ “T7B= 6,472
mi
617, ~ 5n17c kT 3657w2, 72 +2.415
2 2my wh 4 4+ 6.281w2,72 + .9325
[0117], ~ _SmTkpT WeeTe(W2, T2 + 6.199) (0.183)
2 2my wi d +6.281w2, 72 + .9325
and
kT
1], ~ —%6.3&3
(€17, ~ _ metckgT w272 4 5.953
: mi  whrd+6.281w2 72 + 9325
[€7711], ~ bmierekpT  weeTe(weeTs +6.10) (9.184)

2my  wi T4 4+6.281w2 72 4+ .9325 °

ce’'e ce’'e
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1.00 — .25
0.95 .20
0.90 .15
0.85 — .10
0.80 —.05
0.75 | | | | | | | | | 0
0 1 2 3 4 5 6 7 8 9 10
wCeTe
FIGURE 9.4

Heat flux coefficients. ! /1! (solid with scale on the left) and !t /¢!
(dashed with scale on the right).

Plots of 871 /67 and —0111 /6! are given in Figure 9.5 while plots of £¢/{ /¢! and
—¢HT /el are given in Figure 9.6.

The pressure tensor is most conveniently written in terms of the cyclotron
frequency for ions and an ion-ion collision time

1/2
esB  mq 5 Mo /
Wef = — = —Wee and 7,=—+(— Te .

mo mo 2\/5
Defining
Sap = %(Vau/g + Vgua) — %V . uéa,@, (9.185)
and supposing the magnetic field to be in the z-direction,
2p 2

_ 4 8, 2
Pzaz =P — (Sacac + 3WeiTiSzy — qWeiT; Szz)

1+1622

ciTi
2p
_ 4., _ 8,22
Pyy =P — 1+ 16 ) (syy — 3WeiTiSzy oWeiTi Szz)
WeiT;
Pzz =P — QMSZZ
2u

Pzy = Pyx = W [smy - %wci']—i(smm - syy)]
2
Pzz = P2z = 4,“2 72 (S:Z:Z + %WciTiSyz)
1+ 9 c z
2
Pyz = Pzy = m (Syz - %wciTiSzz) (9186)
t weT;
p=inkgTT;. (9.187)
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FIGURE 9.5
Alternate heat flux coefficients. #7/0! (solid) and —671 /6! (dashed).
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FIGURE 9.6
Alternate heat flux coefficients. ¢77/¢7 (solid) and ¢711 /€T (dashed).
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A
MATHEMATICAL FUNCTIONS

The Plasma Dispersion function is a commonly occurring function in thermal
plasmas and is related to the error function for complex arguments and some
other representations which occur commonly in the literature. Tabulated by
Fried and Conte[20], we list here its properties and show its relationships to
other common functions.

A.1 The plasma dispersion function

A.1.1 Definition of the plasma dispersion function

20=+7 [ ;_ £ m© >0, (A1)
A.1.1.1 Differential equation
2/(¢) = 21 + CZ(¢)]. (A2)
A.1.1.2 Power series
260) = ive . —H (A3)
=)

(_2)71<2n
2n+1)2n—-1)---3-1

2 2 4
— —CC_or 122 A
ivme C{ 3(: +15C

A.1.1.3 Asymptotic series

¢ —~ (2¢2)™ (A.4)
1 1 3 . 2 .
283
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where
0, Im({)>0
c=1¢1, Im()=0.
2, Im({) <0

The discontinuity in the Stokes’ phenomena of the asymptotic series indicates
an uncertainty of the same magnitude as the discontinuity in the series ex-
pansion, since the asymptotic series must be terminated when the terms no
longer decrease, and the smallest term is of the same order as the pole term.
The imaginary part of Z({) is exact only for real (.

A.1.1.4 Continued fraction

A continued fraction expansion for the Plasma Dispersion function that is
useful in the upper half (-plane provided one is not too close to the real axis
is given by

Py 1.1 9.3 3.5
2(¢) = 1,2_ 32227 32227 127322{
A.1.1.5 Symmetry relations
Z(—¢) = 2iyme™" — Z(¢) (A.5)
Z(¢*) = [2(¢) - 2ivme )" (A.6)
2(¢) = Z(¢) — 2ivme™<" for Im(¢) < 0. (A7)

A.1.1.6 Zeroes of Z(¢)

An infinite number of zeroes are located close to the negative 45° lines as
illustrated in Figure A.1 where the first three zeroes are shown. The first five
zeroes are located at

¢1 = £1.991466835 — 1.354810123i (A.8)
Co = £2.691149024 — 2.1770449061 (A.9)
(3 = £3.235330868 — 2.784387613i1 (A.10)
G4 = £3.697309702 — 3.287410789i (A.11)
(5 = £4.106107271 — 3.725948729i . (A.12)

A.1.2 Relation to the error function for complex argument
We begin the analysis be examining the commonly occurring integral

I ° folv) dw

R 0 A3
e Re) >0, (A.13)
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100 =

0.0 0.5 1.0 1.5 2.0 2.5 3.0 , 35 3.0
FIGURE A.1

Contours for |Z(z + iy)| = 0.1,0.2,0.3,0.4,0.5,0.7,1,2,3,10,100 for > 0.
The altitude contours are symmetric for < 0 but the phase is not, tending
toward 0° on the negative x axis. The phase (- --) is shown every 15° except
in the vicinity of the zeroes where the interval is 30°.
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where the distribution function is a Maxwellian described by
2
__"no v
P—
and vy = \/2kpT/m. If we write

1 > :
T / e~ (PHikV)E gy
P T 1RV 0

with Re(p) > 0 for convergence, then the original integral becomes

no > _pt e — 02 /02 —ik
I= dte™? dve v /vo—ikvt,
ﬁvﬂ 0 —0o0

Completing the square in the velocity integral, we obtain

n & 22,2 > 12 2,2
/ dte—pt—k: vit /4/ dv e—(v+1kv0t/2) /vg
0 —o00
o0

I =

0
ﬁ’vo
0
Completing the square again with p = —ikvgx so that Im(z) > 0, then
I =nge™ /Oo e~ (kvot/2-i2)* gy
0

Then let kvgt/2 — iz = u so that

2 > 2 0

I= ﬂe_g”Q/ e~ dy = 20 o / e du + ﬁ )

kvo —iz kv —iz 2
and with the final variable change, we let iu = 7 so that equation (A.13) may
be written as

21 7
1= no—\/%e*“”2 <1 += [ e dT) (A.14)
k'UO \/7_'(' 0

with x = ip/kvg or x = w/kvg if p = —iw so that Im(w) > 0. Equation (A.14)

is in the form of the Error Function for Complex Argument[55] such that

_’noﬁw

B k’l)o

(),

and w(x) is the tabulated function with w(0) = 1. Comparing this with the
Plasma Dispersion function, we see that

Z(z) = ivrw(z). (A.15)
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A.1.3 Relation to the Y function

In Soviet literature, the complex error function is tabulated as the Y function
where

Y(2) = ivmze <1 + —/ e dt) (A.16)
so that
Y =ivrzw(z)
=27(2). (A.17)

Because the Plasma Dispersion function satisfies the differential equation

Z'(¢) = =21+ ¢Z()],

both the Plasma Dispersion function and its derivative may be simply ex-
pressed by means of the Y function as

2(¢) =Y(Q)/C (A.18)
Z'(¢) = —2[1+Y(Q)]. (A.19)

A.1.4 Relation to the W function

Another equivalent function, similar to the Y function, is the W function,
which is defined by[56]

Wi(y) = \/ﬁ/—oo dz, Im(y) > 0. (A.20)
If we let x = \/5{, this becomes
_52
A.21
S e 2y
so it is related to the Z function either by
i Yy ( v
W(y)—1+ﬂZ<ﬁ>— 2Z <\/§>, (A.22)
or letting ¥ = v/2¢, by
1
W(V20) =1+ ¢Z() = -52'(0). (A.23)

The W function satisfies the differential equation
aw W -1
dy y

—yW. (A.24)
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A.2 Relativistic plasma dispersion functions
A.2.1 Weakly relativistic dispersion function
The weakly relativistic plasma dispersion function is defined by

Fy(z) = —i /O T (A.25)

A.2.1.1 Relation to other functions

The properties of this function were described by Dnestrovskii et al.[57], and is
sometimes called the Dnestrovskii function. Its relation to other functions was
noted by Lazzaro et al.[58]. It is equivalent to the confluent hypergeometric
function of the second kind by

Fy(2) =9(1,2 = ¢,2) = 297 (g, 4, 2) , (A.26)
and this allows us to identify it with the error function so that for ¢ = %,
Fy(z) = /m/ze"[1 — erf (V)] (A.27)

which establishes the connection noted by Shkarofsky[39] between F,(z) and
the Plasma Dispersion function, such that

) oS} eizt 1 )
iFy(2) = /0 =iz dt = WZ(I\/E) . (A.28)
Integrating F, by parts for g > %, we find
F, - ;<—z>pr(q =ty F{; (—HEZVE). (A29)

A.2.1.2 Properties

A useful recursion relation for finding the properties of the higher order func-
tions is
(¢ —1)Fe(z) =1—2zF4_1(2), (A.30)

so the first few of the functions are

Z(iv/z)
VR Re(z) > 0,

Fi(z) = (/3 (A.31)
= Re(z) <0,

F3(z) =2[1 - 2Fy1(2)], A.32)

Fy(z) = 21 — 2F3(2)] (A.33)
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For large arguments, the relativistic dispersion function with half-integer
order varies as

TLF
Fq(z):—z ””)7 N+q<|Z| (A.34)
n=0
1 1
[1q+q(qj)... , (A.35)
z z z

It is therefore real for real argument.

For small arguments, we first note that for F%7 the function is real for
positive real argument, since Z(¢) is pure imaginary for pure imaginary ¢ =
iy/z. For z < 0, however, i1/z is real, and Z(¢) is complex for real argument.
Then using equation (A.29) for ¢ > 3/2, we may approximate

1 im(—z)4"te?
+
qg—1 I'(q)

A.2.1.3 Zeroes of F, (z) and F%(z)

q(2) ~ (A.36)

An infinite number of zeroes are located close to the imaginary axis. The first
five zeroes are located at

z1y = —2.1304297 £ 5.3961189i
219 = —2.5027585 £ 11.71750451
z13 = —2.7145514 + 18.0168304i
214 = —2.8630293 + 24.3091516i1
215 = —2.9774230 +£ 30.59829031 ,
z3, = —1.4326911 £ 5.4126879i

Jan

—1.8083268 £ 11.7255352i1
—2.0207916 £ 18.02211801
= —2.1695198 + 24.3130903i
—2.2840349 £ 30.6014277i .

N
[

N
'

N

[SCER TR SR S NI
w
I

N
ot

A.2.2 Generalized relativistic dispersion function

A generalized form of the weakly relativistic Plasma Dispersion function is
denoted F,(z,a), where F4(z,0) = Fy(2). We also have the property that as
a — 00, =2v/aFy(z,a) — Z(¢) with z = 2y/a(. This function can also be
related to Z(¢) through the relations

s—Z(Va+ivz—a) - Z*(Va+ivz—a)], z>a,
.7:%(2:,0,): (A37)
—sA—[Z(Va—Va=2)+ Z(-Va—-a—2)], 2 <a,
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—ﬁ[Z(\/&—i— ivz—a)+Z*(Va+ivz—a)], z > a,
Fi(z,a)= (A.38)
—2(Ja - Va=2) - Z(~Va-Va=2)], = <a,
and the higher order terms are given by the recursion formula,
0Fpra(2,a) = L+ (a — 2)Fy(2,0) — aFysa(z0). (A.39)
The various orders are also related by the differential formulas,

0F4(z,a)

Tt = Fiew) = Fra(esa) (a0
WMD) o) 2R e) + Fralzi). (AL

The asymptotic expression is given by

1 1) +2 1 2) 1+ 6 1
j.—q(z7a)~[1q+q(q+ 2)+ a qlg+1)(g+ 3)+ (g+Va ,
z z >
1 Al AQ A3 A4
S R R Rk a2

where the A,, are given by the recursion formulas

Ai(g) = ¢ (A.43)
An-l—l(Q) = qAn(q + 1) + a[An(q + 2) - An(Q)] . (A44)

As defined here, these functions are not analytic and defined only for real z.

A.3 Gamma Function, I'(2)
A.3.1 Definition

The Gamma function, which for integer values is related to the factorial func-
tion, is defined by the integral

I(z) = /000 t*~le7tdt, Re(z) > 0. (A.45)

A.3.1.1 Useful relations

Integrating by parts, it is easy to establish the recursion formula,

I(z+1) =2I'(2), (A.46)
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which for integer values becomes
F(n+1)=n! (A47)

since T'(1) = 1. Some useful special values and relations are

: (1> VA T(+iyl(l—iy) = —2

2 sinh 7y
A.3.1.2 Asymptotic expressions
For large arguments, Stirling’s formula gives

1 1
[(2) = V2rz*2 — — ——t+ . A4
(2) = V2m2"72 exp ( 2t 15 36055 + ) (A.48)

For large half-integer values, it is convenient to use the alternate formula

1 » 1 7
F(z+2>\/27rz exp(zw+mozg'“)- (A.49)

A.3.1.3 Hankel’s contour integral

1 i -z, —t
ok %/C(ft) e”'dt, (|2 < 0). (A.50)

The path of integration C starts at +o0o on the real axis, circles the origin in
the counterclockwise direction, and returns to the starting point.

A.3.2 Incomplete gamma function

The incomplete gamma functions are defined by

y(a,x) = / e ftom 1 de, Re(a) > 0 (A.51)
0

I(a,z) =T(a) —y(a,z) = / e el de. (A.52)

x

The recursion formula is
v(a+1,2) =ay(a,z) —z% 7. (A.53)
The continued fraction expansion for I'(a, z) is

1 1- 1 2- 2
I'a,z) =e %2 | — R b . , x>0. (A.54)
o+ 1+ o+ 1+ o

The error with this continued fraction does not decrease monotonically until a
large number of terms is used, so it must be used with care. Also its accuracy
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is sensitive to relatively small changes in a. For large |z|, the asymptotic
expression is

-1 —1)(a—2
I(a,z) ~e #2071 1+ Jr(a )ga )+ ,  |arg z|<3—7r
z z 2
(A.55)

A.4 Generalized hypergeometric functions

The generalized hypergeometric functions used in Chapter 6 are defined by
the power series

5 : = b )F(bZ a + k) l'k
1Fo(a;by,bosx) = T(a) Zl“ (b1 + k)T bg—&-k‘)ﬁ’ (A.56)
o F3(a1, az; by, by, bs; ) = (bl()(i()bg() () 3)
3 I'(ay + k)I'(az + k) zk
kg: T(by + k)T(by + k)T (b3 + k) k!~ (A57)

A.4.1 Hypergeometric function integrals — first type

Integrals over the angle that lead to the hypergeometric functions of the first

type, 1£2(a1; b1, b2, z), are:

202" Fo(n+ 3in+ 2, 2n+ 15 —b?)
(2n + 1).

/ﬁsm9[ L (bsin§)]?do = (A.58)

i b2n 11F2(TI,—|- n—|— 2 ZTL b2)
.. 2 . / . 2
/0 sin GJn(b sin G)Jn (b sin 9) de = (2n 1)(2’(7, 1)

b Fy(n4 3in+ 5, 2n + 2; —b?)
(2n+3)(2n+ 1)!

" 221, 7 8 o g2
/ sin?0.J,,(bsin 0).J,,_1 (bsin§) df = 1Fa(n + 2 in+ 5, 2n; )
0 @n+n@n—n.

b2 Fy(n — §,n—|— 3 2n —1;-b?)
2n+1)(2n — 1)
46" Fy(n+ ;n + 5, 2n; —b?)
 2n+3)2n+1)(2n—1)!

/msmgﬂi%4@smﬁfd0f
0
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T 2021 | l; §’2 1;—b2
/ sin @ cos® A[J,, (bsin §)]? d§ = 1Fa(n+ 350+ 3,20+ )
0 (2n +3)(2n + 1)!

A.4.2 Hypergeometric function integrals — second type

Integrals over the angle that lead to the hypergeometric functions of the second
type, 2F3(a1, az; b, ba, b3, x), are:

T . . 2sinma
/0 sin0J, (bsin0)J_,(bsin ) df = — 2F3(3,1;3,1—a, 1+ a;—b%)
(A.59)
s b .
/0 sin® 0.J, (bsin0)J", (bsin ) df = % 2F3(3,1;5,2 - a, 1+ a;—b%)
sinra
- 2F3(3, 153, —a, 1 + a; —b%)(A.60)
T, ) . 2bsina 3 15 o
; sin® 6.J,(bsin@).J;_,(bsinf)df = “3rala—1) 2F3(35,1; 5, 2—a, 14-a; —b%)
(A.61)
T 2 si .
/0 sin?0.J,_1(bsin6)J_q(bsinf) do = bilbﬂa 2F3(3,1;3,1 — a,a;—b%)
(A.62)
™ 4 : -
/0 sin® 0.J,_1 (bsin6).J,_o (bsin 8) df = —% 2 Fs(1,2,2,2— a,a;—b?)
(A.63)
T 2 .
/0 sin @ cos? 0.7, (bsin 0).J_, (bsin 0) do = S;Z;“ 2Fy(1,1;8 1—a, 14+a; —b?).

(A.64)

A.5 Vector identities
A.5.1 Products of three vectors

A - (BxC)=C-(Ax B)
=B-(Cx A)
=—-A-(CxB), etc.

Ax(BxC)=B(A-C)-C(A B).
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A.5.2 Vector identities with the V operator

)

V- (pA)=¢V-A+A-Vo

VX (pA)=dV X A+Vox A

Vx(Vg)=0
V- (VxA)=0
V- (AxB)=B-(VxA)—A-(VxB)
Vx(AxB)=A(V-B)-B(V-A)+(B-V)A—(A-V)B
Vx(VxA) =V(V-A)-V?A

V(A-B)=(A-V)B+(B-V)A+Ax (VxB)+Bx(VxA).
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B
COLLISION INTEGRALS

In this appendix, we shall consider collisions and the evaluation of the various
collision integrals in detail. We shall start from first principles and show how
the cross section can be simply expressed for Coulomb interactions and then
we shall go on to consider the integrals.

B.1 Rutherford scattering

Suppose we have two particles colliding, the first of mass mq, charge ey, posi-
tion 71, and the second of mass mo, charge es, position r9. Then the velocities
of these particles are dr; /dt and dry/dt and the accelerations d?r; /dt? and
d%ry /dt?, respectively, and Newton’s law gives

d? eje d?
mlﬁrl = ﬁ(’f‘l — 7“2) = —m2@7'2 . (B].)
The middle term is just the Coulomb force written in vector notation to indi-
cate that it acts along the line joining the particles. In writing equation (B.1)
we have assumed that, for the short time the particles are in contact, the
Coulomb force between the particles is so much greater than any other force
which may also be acting that the latter can be neglected. The validity of
this assumption we shall examine later.
One result follows immediately from equation (B.1), namely

d2
@(mlrl — mQ’I“Q) = 0, (BQ)
so that integrating,
d
a(mlrl — mary) = constant = myvy + mavsa (B.3)
and
miry — maoro = (mlfvl + mg’vg)t + constant . (B4)

This tells us that the total momentum is conserved and that the center of
mass of the two particles moves with uniform velocity throughout the collision.

295
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The position of particle 1 relative to particle 2 is
rT=7r—7Ts. (B.5)

Eliminating 73, equation (B.1) becomes

d2 €1€2 d2
P - - B.6
Mg 47reo7’3r dit2 (ri=r), (B.6)
or that
d? d?
(m1 + mz)@ﬁ = m2@7‘7 (B.7)
and
2 €1€2
2 = B.8
Fae” 47r607"3r’ (B8)
where e
1M
- B.9
. (B.9)

is the reduced mass. The problem has thus been reduced to a single equation
in a single variable, r.

FIGURE B.1
Collision geometry.

The geometry of the collision is shown in Figure B.1. Initially particle 1
has relative velocity
g =v1 — V2 =W — W (B.10)

and an asymptotic distance of approach b. Its relative position vector we
suppose makes an angle 8 with the direction —g, so initially § = 0. Finally,
B = 26 — x where x is the scattering angle we wish to find as a function of
g and b. To begin with, we must find an expression for the left-hand side of
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equation (B.8). To do this, we remember that contributions to the differential
of a vector come from the change of magnitude of the vector and from the
changes of direction. We write

r="ré,

where é, denotes a unit vector in the direction r. Differentiating,

r=2¢ dr +r d é
a dt At
and ) ) )
d . d*r d d”
d?r:eTF—i-%‘E'r—I—TEeT. (Bll)
Now d a3 d a3
S =ept,  Seg=—b,0, B.12
atr T T T (B-12)
where ég is a unit vector in the direction of increasing 5. Hence,
d2 A . dQﬂ . d/B 2
@eT = 65@ — €p (E) , (B].S)
and equation (B.11) becomes
a2 dr dg\? 1d [ ,d8
—Tr =6 |— —1 | — e3—— — . B.14
e = [dﬂ T(dt) +eﬁrdt<r dt) (B-14)
Substituting into equation (B.8) and taking components parallel and per-
pendicular to r gives
d?r dg 2 e1es
— (=) = B.15
a " ( dt > dmegr’ (B-15)
and q a5
2
— — ) =0. B.1
at (T dt) 0 (B-16)
Integrating equation (B.16) gives
d
r2—ﬂ = constant = 22 ) (B.17)
dt W

where pg is the angular momentum. For the initial conditions,
pp = pbg - (B.18)
Using Equations (B.17) and (B.18) to substitute in equation (B.16) gives

2 2.2
& Vgt el (B.19)
de? r2 dmequr?
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which can be solved by the substitution

1
=—. B.2
p=- (B.20)
Then,
dr dgdr dp 1 dp dp
B e o A B.21
at  dtdp < p2dﬁ) ST (B-21)
and ) )
d*r _dp d dp 2 2 2 d7p
S _GPC (P — 2220 P B.22
ar dﬂ( gdﬂ) 9P ape (B-22)
Thus we find equation (B.19) is
d2p e1és
il =" B.2
a2 TP T T I (B.23)
which has the solution
1
p=—= &—I—Acos(ﬁ—ﬂ), (B.24)

r Ameoub?g?

where A and 6 are integration constants to be fixed by initial conditions.
These are, at 3 =0,

r— 00 Or p—0,
dr dp 5 (B.25)
a - —g or a gp -
These give ern
A= Treopb?g® cosh (B.26)
and
tanf = 471-60—“[)92 . (B.27)
e1€
Hence the solution is
1 ere cos(f — 0
o 47reglul?292 [ c(fsﬂ ) 1] ' (B-28)

From equation (B.28), we see that r — oo when
cos(B —6) = cosb,

or when § = 0 or § = 20. The condition § = 0, r — oo corresponds to
the initial condition, and 8 = 26, r — oo corresponds to the final condition.
Hence, 6 is the angle marked in Figure B.1. From the figure, we see that

x=m—260 (B.29)
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so that

4mequbg?

cot 3x = (B.30)

€1€2

From this we obtain the differential cross section, o(, ¢), for scattering into
a unit solid angle about y and ¢, using

a(x, #)dQ = o(x, ¢) sin xdxd¢ = bdbdg, (B.31)
so that )
b ere
U(Xv d)) = dX = (87‘('61 2 2) (CSC %X)Zlv (B32)
sin x ’db’ 722

which is the Rutherford scattering formula.

B.2 Collision integrals

Now let us consider the evaluation of the various collision integrals we require.
It is convenient to make use of the unit vector é; drawn as shown in Figure
B.1. Clearly,

ér-g=gcos =—é-g, (B.33)

where
g = vy — v = w) —w) (B.34)

is the relative velocity after the collision. Also,
g =9g—2(g-éxés
=g —2gcosbéy. (B.35)
It is also convenient to introduce the dimensionless numbers,

mi ma

My=——— and My=—". (B.36)
mi + mo my + ma
The velocity of the center of mass relative to the drift velocity u is
G = M1w1 + M2w2 s (BS?)
and the following equations can be derived:
w1:G+M297w2:G_M197 (BSS)
wi:G+M29/7w12:G_Mlg/7 i
w) = w; — 2gM; cos féy (B.39)

wh = wy + 2gM; cos féy, .
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We now define new dimensionless variables & and y by
=g (Qk/;T) v and y=G (m) v . (B.40)
Then the normalized variables become
@y = /My + /M (
= Moy — /My (
@) = wy — 2/ Max cos 0&, (B.43
@) = @y + 2/ My cos Bey (

and from equation (B.33)

e, =2xcosl, (B.45)
so from equation (B.27),
8regkpTh
tan g = ST ONBL2 2 (B.46)
€e1€2

In terms of these variables, we find that

25T\ "? 1 ,
(G, Hy; K1, Lo]12 = — (5) =7 /dwdyd¢bdbme a*—y?

X[G1(w1) + Ha(wz)] : [Ki () + La(woy) — Ki(wo1) — La(w2)] . (B.47)

Using this formula, all the integrals for collisions between an electron and an
ion can be worked out. Then the integrals for collisions between like particles
can be obtained by setting the masses equal. We shall give the details of just
one calculation, namely of [to,©01]12. From equation (B.47) this is (with
Gl(wl) = Kl(wl) =i, and HQ(WQ) = LQ(WQ) = 0)

m T3/2
Now from Equations (B.41) and (B.43),

w1 - () —w1) = —(\/ Miy + \/ Max)2\/ Mz cos 0 - & .

Now y - &, averages to zero on integrating over y, so using equation (B.45),

2ksT\? 2 .
[to1, 1|12 = 2( B ) Mg%/dmx‘je*mz/bdb cos? 6. (B.48)
T

2%sT\"? 1 ,
(1, @1]12 = — (B) /dwdyd¢bdbxe P () —@1).

]
Using equation (B.46) this last integral is
Ap AD bdb
/ bdb cos® =

0

0 14+ (SWeokBTw2>2b2

€1€2
142 (SWGOICBT$2>2

1 €1€2 2
= - —1 . (B.49
2 (87reokBT> 4 " €16 ( )
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This expression diverges if Ap tends to infinity but the divergence is only
logarithmic and is therefore very slow. It therefore does not matter very
much what choice we make for A\p within reasonable limits.

Because the value we should use for Ap is not fixed precisely and because
the answer is insensitive anyway, we might as well replace x? where it appears
inside the logarithm by its average value which is

_ fd:cm3e_””2 _ fdxxf’e_wz _
J dz ze—=* [ dz z3e—=*

(%)
and hence the right-hand side of equation (B.49) becomes
L _ees \'1
2 87T€0 ]{?BT .%'4
where 9 is the logarithmic factor

16meoksTAp \ >
1+ (“062’313) ] . (B.50)

P =1In

The quantity inside the parentheses of equation (B.50) is equivalent to 12Np
where
Np = 24mn)}, (B.51)

is the number of particles in a Debye sphere. Using numerical studies of the
integral with large Np without replacing x2 by its mean value of 2 indicates
a better value is to use 1.526 or replace 12Np by 9.16 Np, and assuming that
Np is large compared to unity, we may approximate that

=2InA, (B.52)

where A >~ 9Np. This means that equation (B.48) becomes

2kpT\'? 2 [ 1
[, w112 = ( ) Mgm/o dx ;e
ma

I

B e*InA 1/2 (B.53)
V2 (4mekpT)3/2 | ma(my + ma) ’ '
Because mo > mq, this becomes
e*In A
, = . B.54
ek ) (B
Interchanging the masses in equation (B.53) gives
m
[WQ,WQ]lgzil[W17W1]12. (B55)
ma
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We can calculate [zo1, To2]12 in a similar fashion. By definition,

2%pT\'? 1 2 2
(1, @212 = — <5> ;/dmdydd)bdbmefx Vo (wh — o)
(B.56)
and from Equations (B.43) and (B.44)
ma\ /2
wh — @y = 2y/ Mz cos ey = — (ml> @ — @, .
2
Comparing with the formula for [zo1, zo1]12 we therefore see that
g\ V2
(w1, 2)12 = — () [, @112 (B.57)
ma

From Equations (B.53) and (B.57)

1

3
[w01,0; 701, 0212 = [1 - <m1>

ma

642/1 ma 3
2v/2¢0(AmegkpT)?/2 | mi(my + my)

We can now get an expression for [to;wo1]; defined by equation (8.83) or
equation (9.93) in this expression. This gives

[wl;wl]l = 0 (B58)

Similarly,
[WQ; w2]2 =0. (B59)

The integrals for a binary system as given by Hirschfelder et al. [50] for
many cases are listed in terms of the following integral forms,

cg,kjf) = [L,% (w?)wi,[é (wf)wJL] (B.60)
k¢ 3 3
k0 = [Lﬁ (w})wiwi, L] (wjz-)w?wj]ij (B.61)
as
(0,0) Milmy — (1,1)
i = 8y B.62
Cz] (mi +mj) (%] ( )
(0,0) m; (1,1)
i = Sl B.63
Cii (ml+m_/) 17 ( )
L0) _ g MM/ MMM (202 — 3a0] (B.64)
v (mi + mj)2 i 2°%j
2
01 _ g Mj [ _ 500D
Cii - S(mz + mj)2 |:QZJ 2Qu i| (B65)
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ES AR WL - [%(Gm? + 5m?)Q§j1-’1)

" (m; +my)?
—5m?Ql(-]1-’2) + m?flgjl?’) + 2mimj(2§]2»’2)} (B.66)
(L) _ g (mym;)>/? 5D _ 5012 | q3) _ 9022) (B.67)
Cij - (mi ¥ mj)3 4 %% ij ij ij .
02 _ g™ [amqin _gq0a) g0 B.68
Ciy = (mi + m;)3 LT ij ij (B.68)
m?2
e =  r— B (2m? 4+ 5m)0l Y - & (dm? + 5m3)af?
i j
(1,2) _ mi(mimj)3/2 595 y(L,1) _ 1891 (1,2) | 19(1,3) _ 1(1.4)
= T )t [Fea? - 120l® + Ral® - 4of
—7955’2) + 291(-]2"3)} (B.70)
(2,2) _ mj 35 4 22 4\ (L,1)
—Im?(84m? + 35m3) QY + Lm?(108m? + 133m?)Q Y
—%mﬁﬁg"l) + %m?Ql(-Jl-ﬁ) + %mimj (47m2 + 7m§)Ql(.]2.’2)
—14mim§§2g’3) + 2mim§?Q§J2-’4) + Zm?mfﬂg”s)} (B.71)
(22 = _ (mumy)?2 (801 smq(l2) | 2009 (10
(m; + mj;)> ij ij ij ij
+3007 - ol + 14050 - 2000 + 2009 (B.72)
00 _ 16 m; oD |3, 22
00 _ 16 mim; (11) _ 3022
4 =5 ey P 3957 B.71)

where the Ql(f’m) are given by Chapman and Cowling[49] for Coulomb inter-

actions as -
0" = v [Tl (B.75)
where )
i = (462 ) o (B.76)
T€Eg 2/ My Momyg
with

(B.77)
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Evaluating the first several of the A, integrals, we find

A1(2) = In(1+v3) (B.78)
r 2
Vo1
As(2) =2 _ln(l +v3y) — T Ugl] (B.79)
603 203, (2 4+ v)
A3(2) = 3In(1 4 v5,) — —2 = o B.80
[ 303 203, (2 4+ v)
A0(2) = 4 [In(1 4+ 02.) — _2Y01 01 01
4(2) _n( + vgy) 1+ o3, 1+ 02,)2
_21}31(1 + v§12+ %vél)] (B.81)
(L+v5.)?
and if we assume both that vg; > 1 and In(1 + v3;) > 1, then
Ag(2) ~ 0In(1 +v}) . (B.82)

Inserting this result into equation (B.76) and then this into equation (B.75),
we find, identifying the logarithmic term with equation (B.50),

— 1)
oltn o 1= D (B.83)
42
gt _ (1= WV o =Dt (B.84)
I 8\/ 2m0 8
so the first several are, for mo = m; > my = my,

1,1 ®

Lt ~ < (B.85)
1,2 '

QL2 ~ < (B.86)
1,3 14

QL) ~ Z (B.87)
1,4 3

QLY ~ o (B.883)

9512’5) ~ 3p (B.89)
2,2 '

Q22 ~ T (B.90)
2,3 14

2% ~ ~ (B.91)

QY ~ 32 (B.92)

3¢
QB3¥ ~ 22 (B.93)

4

Some of the integrals for a simple gas, where only a single species is considered,
are given in terms of the expressions

() = [Lz( Y, L} (@ 2)w]k (B.94)
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and
b = [Lz( ) wle, L2 (w 2)w°wL (B.95)
where kK = 1,2 and
aéi’j) = \/ﬁlagi’j) (B.96)
D = /Myp-D (B.97)

which were introduced in Chapter 7 as (from Chapman and Cowling[49] equa-

tions 9.6-16 to 9.6-21 for the bgi’j) and equations 9.6-8 to 9.6-13 for the agi’j))
b§0,0) _ 4Q§2,2) (B.98)
bgl,o) — 7Q§2,2) _ 2952#3) (B99)
b§1,1) _ %ngﬁ) _ 7Q§2’3) + 952’4) (B.100)
bgz,o) _ %ng,z) _ %952,3) + %952,4) (B.101)
pBY = 13650(22) _ 321023 4 25024 _ 10(29) (B.102)

(2,2) (2,2) (2,3) | ¢ (2,4) (2,5)

4P = BRIQES) _ 00 4 B — g0

?ngﬁ) + %934»4) (B.103)
a§0,0) -0 (B.104)
agO,l) -0 (B.105)
a(ll,l) _ 495272) (B.106)
a(11,2) _ 7Q§2’2) - 2952,3) (B.107)
a(12,2) _ %992) _ 795273) + 95274) (B.108)
oM = %3952@ —20% 4 LoD (B.109)
agz,s) _ %9(2,2) B @Q(z 3 4 259(2 4) _ ;Q§2,5) (B.110)

a§373) _ 132239(2 2) 12159(2 3) 4 3139(24 %(2%2,5)

2,6 4,4
1769(1 ) 4 %Qﬁ ) (B.111)
where

Q(f ) \[Q(" ) (B.112)

In a similar way all the other integrals we need can be evaluated and the
results are given in the following list. In each case, only the leading terms
in the mass ratio are given so each formula is correct only to order my/ms
or one part in two thousand. The uncertainty in the cutoff introduces errors
considerably larger than this, so there is no point in including these small
terms.

The list is given in terms of the function

_ ettp _3uri InA
v 8\/2m160(7T60kBT)3/2 N 2ﬁnAD A

(B.113)
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as
[w17w1]12 = (B].].4)
(1, 2]y, = =/ Migp (B.115)
[w2,w2]12 = M1Lp (B.116)
[wlwl,w?wl]u = 2¢p (B.117)
[w2wQ,w8wQ]12 = l—soMlcp (B.118)
[wlwl,wng]u = f%Mlga (B.119)
[wl,wlL;(wf) L=t (B.120)
|:w2,w2L1 (wg)} b SMie (B.121)
(@l (@8)] =30 (B.122)
3
[WlLf (wl)ﬂm} L= "2V Mg (B.123)
.
=L @) =i Li@))] | = e (B.124)
3
|@2Li (@3), w2 Lf ()] = Mg (B.125)
=1L (@), waLi(=3)| = -Z ;% (B.126)
3 3
[wl, w1} (w%)} = 0 = [wz, woL}? (w%)} (B.127)
[w'w, w w]l =V2p (B.128)
[w'w, ww], = V2Mip (B.129)
3 3
|=1Li (@), =L ()] = Ve (B.130)
3
[szf (w2), waL? (wg)L = \/2Myp. (B.131)

Problem B.1 Evaluate the cf-?’z) and dgf’z) collision integrals of equations
(B.114) through (B.126).

Problem B.2 Evaluate the a,(f’j ) and b,(f"j ) collision integrals from equations
(B.127) through (B.131).

The integral of equation (B.131) is given by Marshall as v/2M;¢ but this
has been corrected by Vaughan-Williams and Haas[59] and the listed result
agrees with Rosenbluth and Kaufmann[60]. Garcia-Colin et al. [61] disagree
with both equation (B.122) and equation (B.123), listing these as —v/2M; ¢
and —%Mf’ / 290 respectively, but the results of problem B.1 above agree with
the Marshall results for these integrals.
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It remains to examine the validity of equation (B.1) which assumed that
while the particles were interacting, all forces other than their Coulomb inter-
action could be ignored. This will be valid providing the Debye length, Ap,
is smaller than the electron Larmor radius, or

kT 2
eokn <<(v>

A% =
- 2 2
nie Wee

)

or when
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C
NOTATION AND LIST OF SYMBOLS

C.1 Mathematical notation

1. Vectors are indicated by bold face symbols. Components are indicated
by Greek subscripts, o, (3, 7, etc. Thus 7, stands for x, y, or z and v,
stands for v, vy, or v..

2. Tensors are indicated by capital sans serif symbols. P stands for the
tensor whose components are p,g.

3. Repeated subscripts are to be summed. Thus the scalar product may
be written a - b = aoby = azby + ayby + ab..

4. The symbol dr represents a volume element such that dr = dzdydz,
and dv represents a volume element in velocity space such that dv =
dv,dv,dv,. Note the difference between d, representing some quantity,
and d, representing the differential of calculus.

_|_

5. The nabla symbol V = :i:% +g8%
x-direction. )

26% where & is a unit vector in the

6. The subscripted nabla symbol V,, = :ia(z + @8% + 282 .
- Y -

D 0
. Th bol — = — - V.
7 esymth atJruV

_flifa=p .
8. dap = {Oifoz;é/@ is the Kronecker 9.

309
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C.2 List of symbols

Symbol Description
speed of light.
kp Boltzmann constant.
Vg thermal speed for species i, vy; = /2kgT;/m; .
T location of a particle.
v velocity of a particle.
U velocity of a fluid element where u = (v).
w random velocity, w =v — u.
w = w; /vy random velocity normalized to thermal speed.
F(r,v,t) the distribution function.
X the force per unit mass acting on the particles.
A rate of change due to collisions.
U any property of the particles depending in general.

on their position, velocity, and time.
the number density of particles.
m the mass of each particle.
p the mass density where p = nm.
dvUF the mean or average over the velocity of W.
Dag the pressure tensor where pog = p(wawg).
D the static where p = nkT.
q the heat flux vector where ¢ = Inm(w?w).
s always used to stand for the “other particle” in
a collision.
v, s represents the velocities of the particles after
a collision.
G=1(v+s) represents the center of gravity velocity in
a collision.

g=s—v the relative velocity of particles in a collision.
b the impact parameter or asymptotic distance of
approach in a collision.
X the scattering angle in a collision.
€ the angle the plane of the collision makes with some
fixed plane.
AD the Debye length given by Ap = /eokpT /ne?.
e electronic charge.
S the entropy of the gas.
v the potential from which X is derived such that
X =Vo.
ds a unit of area whose orientation is described by the
vector ds drawn normal to it.
T a collision time.
p(t) probability that a particle survives making collisions

for a time greater than t after making a collision.
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Symbol Description
n expansion parameter in the formal theory.
f stands for the Maxwell distribution.
w = w/v dimensionless random velocity.
w'w = w,awg — 1@?0ap  tensor function of random velocities.
Gm, expansion coefficient of A as in (7.89).
b, expansion coefficient of B as in (7.93).
ng ) a Generalized Laguerre polynomial defined
by (7.91). L% = S™ where S™ is a
Sonine polynomial defined by (7.90).
1 the coefficient of viscosity.
A the coefficient of thermal conductivity.
G and H any properties of the particles.
G, H| a “collision integral” defined by (7.104).
()1, ()2, (1) - - denote successive approximations to p.
) the logarithmic cut-off term defined by

A;
A, Al AT AT

II,m I1I,m
a; a;

? ? K2 ? K2
I eIl oIII
E,EL,E,E

em el,m 6II,m 6III,m

At S Rt A

B;

2 2
— ng —(v—u vy
fi = e 0w/}

k3

G(B?), G'(B?), G'(B?)

G;

g;

(B.50) and (B.52).

a vector making a contribution to ;.
scalar functions of w? and B2
defined by (9.30) and (9.46).

expansion coefficients of A, Af, A, and
AHI respectively in Laguerre polynomials.
scalar functions of w? and B2

defined by (9.31) and (9.49).

expansion coefficients of £, &1, £/1, and

K3 7 )
EHI | respectively in Laguerre polynomials.

a tensor contributing —B?ﬁvau,g to ;.
scalar functions defined by (9.137).
expansion coefficients of B* in Laguerre
polynomials.

is a “generalized” electric field given

by (9.60).

the “Davison function” of a variational
method with a trial function J.

scalar functions defined by (9.144).

the electric field.

the charge on particle i.

a vector making a contribution —nkE; - d;
to ;.

the Maxwell distribution for species 1.

scalar functions of B? defined by (9.39),
(9.43), and (9.46).

complex scalar function defined by (9.152).
expansion coefficients of G; in Laguerre
polynomials.
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Symbol Description
B the magnetic field.
b a unit vector in the direction of B.
i,] subscripts labeling electrons and ions,
i,j = 1 for electrons, i,j = 2 for ions.
T a symbolic integral operator defined
by (9.139).
the total electric current, J = Qu + 3.

J
K(B?), KI(JJS’Q), K'(B?)

L;
4

n=mny+ ne
Pap
p=nkgT
P;
j2

Q= (ny—mny)e
n
i,o3
Sap
n
1,8
W, = wi/vti
0 _
W, Wi = WaiWg; —
m
Vst
Aj

A=Y A

1.2
3W; bap

€apy

517 511, 5111

Pi

(,OI (,DII (pIII
wl, wII’ wIII

the conduction current.

scalar functions of B? defined by (9.50)
and (9.51).

a scalar function defined by (9.152).
expansion coefficients of L; in Laguerre
polynomials.

mass of particle i. m; = electron mass,
mo = ion mass.

Ml >~ Mmq /mg.

the number density of particles .

the total number density.

the pressure tensor.

the pressure.

a scalar function defined by (9.152).
expansion coefficients of P; in Laguerre
polynomials.

the charge density.

tensors defined by (9.141).

Sap = 2(Vaus + Vgua) — 3V - udag .
tensors defined by (9.136).
dimensionless random velocity.
function of random velocities.

tensors defined by (9.164).

rate of change with time due to
collisions with particles j.

total rate of change with time due to
collisions.

+1if o, B, v are cyclic.

—1if a, B, v are not cyclic.

0 if o, B, -y are not all different.
coeflicients giving the contribution to
the heat flux from D.

the first order correction to F;
defined by F; = fi(1 4 ¢;).

thermal diffusion coefficients.
coefficients giving the heat flux due
to electric currents.
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Symbol

Description

91’ 011’ OIII

I NIT NIIT
)\1’)\11’)\ IIr
I !/ !

AN

g
0.17 O'II, O.III
Pi
p=p1+p2
on = %’I’Lk‘BTT,‘

dQ) = de sin6df

Wee = eB/my
wei = eB/my

209

p(id)

oli:9)

d(6:3)

7

G
G

thermal conduction coefficients

(when electric currents are allowed to flow).
thermal conduction coefficients.

“true” thermal conduction coefficients.

(i.e., if thermal diffusion effects were absent.)
the differential cross section.

coefficients of electrical conductivity.

mass density of particles 1.

total mass density.

the coefficient of viscosity.

element of solid angle in a collision.

cyclotron frequency for electrons.

cyclotron frequency for ions.

collision integral for electrons only. See (7.130).
collision integral for electrons only. See (7.121).

collision integral for a binary system. See (B.60).
collision integral for a binary system. See (B.61).

integral operator. See equation (9.139).
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