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If species « is a weak beam (number and energy density small compared with
background) streaming through a Maxwellian plasma, then

(=% [aY (s 1 (24
T o T D \ﬁvv-v‘,f‘*
1
— Zyj\ﬁ ('sz— VV) i v g

B-G-K Collision Operator

For distribution functions with no large gradients in velocity space, the
Fokker-Planck collision terms can be approximated according to

-DDJ;E = Vee(Fe = fe) +Vei(Fe - fr:)}
%{: = vie(F; — fi) + vas (Fi — f3).

The respective slowing-down rates V;"\ﬁ given in the Relaxation Rate section
above can be used for Vap, assuming slow ions and fast electrons, with e re-
placed by T,. (For v.. and Vii, one can equally well use v |, and the result
is insensitive to whether the slow- or fast-test-particle limit is employed.) The
Maxwellians F,, and F, are given by

oo Mo \ /2 Mo (Vv —ve)? ] _
=P \omeT, ) P 2%Te | [’

_ Moy 09 ma(v—\_/a)z-
Hy = i = expy — | ——————~— g

2nkT,, 2T, ]
where ny, v, and T, are the number density, mean drift velocity, and effective
temperature obtained by taking moments of fo. Some latitude in the definition

of Ty and v, is possible;20 one choice is T, =T}, Ty = T., Vo = Vi, Vi = Ve.

Transport Coefficients
Transport equations for a multispecies plasma.:

(a3
d¥ng,

dt

+ eV 4 Ny =02

1
MaNa = —=Vpa — VP, + Zoen, [E—i——va XB} + Ry;
C
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3 dekT,
2" T g

+pQV'VD,i—V'qa—Po¢:vva+Qa-

Here d*/dt = 0/0t + va * V; pa = nakTy, where k is Boltzmann’s constant;
R, = Zg Rop and Qo = Z,@' Qap, where Rop and Qa.p are respectively
the momentum and energy gained by the ath species through collisions with
the Bth; P, is the stress tensor; and q is the heat flow.

The transport coefficients in a simple two-component plasma (electrons
and singly charged ions) are tabulated below. Here || and L refer to the di-
rection of the magnetic field B = bB; u = v, — v; is the relative streaming
velocity; ne = n; = n; j = —neu is the current; wee = 1.76 x 107" Bsec™ ! and
Wei = (Me/m;)wee are the electron and ion gyrofrequencies, respectively; and
the basic collisional times are taken to be

IV G 1 3.44 x 10° T2
4+/21 nie4 nA

Te sec,

where A is the Coulomb logarithm, and

) 3 /_'i le 3/2 T?:S/Q
T = s ) = 2.09 x 107 ,LLI/Q sec.
4+/mn et

In the limit of large fields (weaTo > 1, @ = 4,¢e) the transport processes may
be summarized as follows:?

momentum transfer Re;i= —R;e =R =Ry + Rr;

frictional force Ry = ne(jy /oy +iL/oL);
electrical o =1.960,; o1 = nezTe/mE;
conductivities
3n
thermal force Ry = —0.71nV | (kT:) — 5 b x V | (kET.);
wCCTC
3me nk
ion heating Q; = e n_(TE = T
mg Te
electron heating Qe =—Q; — R -u;
ion heat flux gy = —Klﬂ vV (ET;) — n"j_VJ_(kTi) + tﬁj\b x V1 (kT;);
. i ?’LkT@’?}; i 2?’&le i3 57}.sz
ion thermal K =39 ;K] =55 Kpa=T——;
conductivities M mil ; Ti 2miwei
electron heat flux de =4q, +97;
.. & 3nkT,
frictional heat flux q, =0.7InkTeu) + b xu,;
WeeTe
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thermal gradient ar = —k V| (kTe) — k9 V1L (kTe) — kb x V1 (kT.);
heat flux
kT, kT,
poeele. p° = 4_7”—;; i
Me et 2y

5nkT, _

electron thermal K',ﬁ = 3, _
2MeWee

conductivities

stress tensor (either  Pg,= ﬁn—o(Wmm + Wyy) — E(Wmm — Wyy) — 13Way;
species) 2 2

e
AN

Pyy= *%)(me + Wyy) + %(Www — Wyy) + n3Way;

73
Pmy: Pym = *?’]1me + ?(me - Wyy);
Py = _772sz = Tl'leyz;

Yz = sz = *WZWyz + NaWez;

Pio=—noW,z
(here the z axis is defined parallel to B);

. . n i 0.96nkT 3 BRkTi Y GnkTq;
ion viscosi = U. e = e = - 5
' Y "o " T Th IOwcfn 2 chigT'i
i ‘?’LkT.i . i nkTi .
I 773 - me_‘ H 7]4 - Wei H
) . & 5 nkle 5 nkTe
electron viscosity Mg '= 0.T3nkTers; my; = 0.51 57— Np =2.0—7—;
cele W.2Te
e nkT, e nkT,
Ny = — Ty = .
3 2Wee 4 Wee

For both species the rate-of-strain tensor is defined as

B’Uj 8vk

Wik =
A& Bmk (9{Ej

2
— §5ka * W
When B = 0 the following simplifications occur:
Ry = nej/o; Rg = —-0.71nV(kT.); qi= —nﬁV(kT.;);

a, =0.7lnkT u; g5 = —ﬁlﬁV(kTe); P = —noWk.

For weeTe 3 1 3 weiTi, the electrons obey the high-field expressions and the
ions obey the zero-field expressions.

Collisional transport theory is applicable when (1) macroscopic time rates
of change satisfy d/dt < 1/7, where 7 is the longest collisional time scale, and
(in the absence of a magnetic field) (2) macroscopic length scales L satisfy L >
[, where | = o7 is the mean free path. In a strong field, w..7 > 1, condition
(2) is replaced by Ly > | and L, > /Ire (L1 > re in a uniform field),
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where L) is a macroscopic scale parallel to the field B and L, is the smaller
of B/|V | B| and the transverse plasma dimension. In addition, the standard
transport coefficients are valid only when (3) the Coulomb logarithm satisfies
A > 1; (4) the electron gyroradius satisfies re 3> Ap, or 8mnemec® > B?; (5)
relative drifts u = v, — vg between two species are small compared with the
thermal velocities, i.e., u? & kTw/mq, kTj/mp; and (6) anomalous transport

processes owing to microinstabilities are negligible.
Weakly Ionized Plasmas

Collision frequency for scattering of charged particles of species a by
neutrals is
Wiy =5 noog\o(kTa/mQ)lﬂ,

where ng is the neutral density and a?\o is the cross section, typically ~

5 x 1071% em? and weakly dependent on temperature.
When the system is small compared with a Debye length, . < Ap, the
charged particle diffusion coefficients are

D = kTa/maVa:
In the opposite limit, both species diffuse at the ambipolar rate

. }u'iDe - ,u'eDi _ (T'L +Te)DiDe

D4 = )
Hi — He T£D3+T6Di

where (1o = eq/MaVa is the mobility. The conductivity o, satisfies o, =
TG iz
In the presence of a magnetic field B the scalars p and o become tensors,

JO‘ = o'a - E :O’ﬁLEH —|—O’iEL+J?\E X b,
where b = B/B and

2
I = Na€a S
gl = aﬁyag/(vaz -+ wci);

Ty = crﬁ‘uac.t,-col/(VQ2 4+ wci).

Here o) and o are the Pedersen and Hall conductivities, respectively.
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