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DIFFUSION ACROSS A MAGNETIC FIELD 141

The density gradient points radially inward, and the ambipolar electric field, to contain
the weakly magnetized ions, also points inward. When an electron gyrating around a
tine of force suffers a collision, it changes its direction, which would tend to move its
center of gyration, on the average, by a gyration radius r.. This process is random,
and therefore diffusive, with r. replacing A, as the diffusion mean free path when
Tee € Ag.

To derive the perpendicular diffusion coefficient, we write the perpendicular com-
ponent of the fluid equation for either species from (2.3,15):

0=gnE +uy XBy) —kTVa~ mnvu,

where we have again assumed an isothermal plasma and taken v sufficiently large
that the inertial (time-derivative) term is negligible. It is convenient fo express the
vector equation in terms of the rectangular components (taken to be x and ¥

an
mavpit, = gnk, — E,mwm + qnu,By (54.1a)
and
il dn
mnvlty, = gnk, — .SAMM — gni B, {5.4.15)
o

enf o and D ferrn (51T A) and (5 1 &% F& £ 13 mnin bore cmemefane e



The assumption that the diffusion takes place only across the magnetic field
is agmost never satisfied. Even for finite length systems in which / (along Bp) >
d (aross By), the more rapid diffusion along By is usually important. We therefore
congider the regime in which { ~ &, as shown in Fig. 5.4, For simplicity, rectangular
coordinates are used and the v direction is taken to be uniform and of infinite extent.
Since the walls are conducting, it is clear that the fluxes across and along 8 are
coupled, and ambipolarity requires only that the total eleciron and ion fluxes integrated
over the wall surfaces 1o be equal,

* Magnetic fieid
g m.wo.mw Conducting

\ box

FIGURE 5.4. A plasma-filled conducting box in a d¢ magnetic field, illustrating the caleu-
lation of ambipolar diffusion in a magnetized plasma.

Thas, the ambipolar diffusion coefficients are

_ HiDe + peDy
i e

parallel to the field, and

—_ il o+ gDy

D
La P

D= Dy

an Mn #n
— =Dy +D,,—
ot ~ g2 4

With this approximation the diffusion equation (5.4.15) becomes

3)

4

158
ra

0
on
18,

5)

(5.4.16)

(5.4.17)

perpendicular to the field. We see that the parallel diffusion is the same as the case
without an applied magnetic field. However, (5.4.17) and £3.4.11) are not the same.
Since p1, 3 y; and normally D ; = D, (5.4.17) simpljfies to

(5.4.18)

5419
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such that the perpendicular loss of ions is by free (not ambipolar) diffusion alone.
Physically this corresponds to a situation in which the electrons, flowing along field
lines, almost completely remove the negative charge that produces £,. Since electrons
preferentially flow out along the field and ions flow out perpendicular 1o the field,
Iy # Iy and currents must flow in the wall.

If electron flow along field lines is impeded by inertial or collisional effects or
if the axial sheath voltag: varies with x, then there can be a substantial ion
acceleration potentiaf 72.d = T;, An this case the perpendicular jon diffusion term in
{5.4.14) is smaller thar the mobility term and the preceding derivation of D, is
invalid. There is experimental evidence (see Lieberman and Gottscho, 1994, Section
VIH.D.2) and also computer simulations (Porieous et al,, 1994) that indicate the
existence of these radial potentials in magnetized processing discharges such as
ECR’s (see Section 13.1). Measurements and simulations both show that ioas are lost
radially from the bulk plasma with a characteristic loss velocity of order the Bohm
velocity ug = (€T, \EV{ 2, However, radial expansion of field lines might affect the
results. If an electric field exists across field lines with magnitude £, ~ T, /d, then we
can estimate Uy ~ u ;0T /d. Then defining D, through I';; = —D, dn/dx ~
D1 n/d, we obtain

T
Dy, .? piiTe ~ Dt.u_nw

in place of (5.4.18). For d ~ /, this can lead to substantial perpendicular ion losses
in magnetized discharges, as observed in ECR measurements and simulations.

It is well known that plasmas not in thermal equilibrium are subject to insta-
bilities. This is a major subject of fully fonized, near collisionless plasmas, and is
treated in detail in most texts on plasma physics (see, for example, Chen, 1984),
Magnetic field confinement is one source of such disequilibrium that leads to various
instabilities which tend to destroy the confinement, Large-amplitude disturbances
can lead to wrbulent diffusion, which has the upper limit of the Bokm diffusion
coefficient,

Dy = —— (5.4.20)

The scaling with 8 makes Bohm diffusion increasingly important as a source of
ergss-field diffusion at high magnetic fields, since from (5.4. 10), we see that classical
cross-field diffusion scales as | = | /B2, Bohm diffusion tends to be less important
athigh collisionality (low temperature and high pressure) both due 1o the comparative
scaling of Dp to D and also due to the fact thar high collisionality tends to inhibit
some of the instabilities. We have not considered nonclassical diffusion in this fext.
The reader wishing to explore the subject further can turn to Chen or other texts on
high-temperature plasmas.
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The ditfusion is obtained from the continuity equations for electrons and ions:

n Fn E &n é

M = Ll ™! + _FnMN. (nE;) + UF«MM + _F._.nm.m (nEy) (5.4.13)
24 on n 3 n F]

— = e i (BE F D — i (nEy 54.14

mn b, pY Hi P (nE:) + Dy a2 .c..._.. v (nkF,) { )

Exact two-dimensional solutions to these two coupled nonlinear diffusion equa-
tions have not been obtained. Letting V,, and V4 be the potential drops across
the perpendicular and parallel sheaths, then because the plasma is surrounded by a
conducting wall, the potential in the center can be estimated as

i 1
amu it «\m: + mem o~ .—\T_. + .Ml»m.«mw

Two limiting cases can be considered depending on the size of E,. FonE,d = T,
the perpendicular mobility terms in (5.4.13) and (5.4.14) are small co o
the perpendicular diffusion terms. Dropping the maobility terms, as done by Simon
(19593, multiplying (5.4.13) by u; and (5.4.14) by p. and adding the two equations,
we obtain .

on _ mDe + D 1 D + gDy I

— (5.4.15)
F it ope a2 i F e ax?
Thus, the ambipolar diffusion coefficients are
Dy, = #aDs + peDi (54.16)
Bi e
parallel to the field, and .
b_.; - ?mbhn + ?nb._.m . Amh.w.wv

it e

Dy, =Dy (5.4.18)
With this approximation the diffusion equation {5.4.15) becomes
on n 8n
L =p i f— 5.4.19
i P TPiga ¢ )
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such that the perpendicular loss of ions is by free (not ambipolar) diffusion alone.
Physically this corresponds to a situation in which the electrons, flowing along field
lines, almost completely remove the negative charge that produces E,. Since electrons
preferentially flow out along the field and ions flow out perpendicular to the figld,
I'; # I'; and currents must flow in the wall.

If electron flow along field lines is impeded by inertial or collisional effects or
it the axial sheath voltag varies with x, then there can be a substantial ion
acceleration potentiaf £;d = 1) n this case the perpendicular ion diffusion term in
(5.4.14) is smaller thar th¢ mobility term and the preceding derivation of D, is
invalid. There is experimental evidence (see Lieberman and Gotischo, 1994, Section
VIIL.D.2) and also computer simulations (Portecus et al., 1994) that indicate the
existence of these radial potentials in magnetized processing discharges such as
ECR’s (see Section 13.1). Measurements and simulations both show that ions are lost
radially from the bulk plasma with a characteristic loss velocity of order the Bohm
velocity up = (¢T./M)'/2. However, radial expansion of field lines might affect the
results. If an electric field exists across field lines with magnitude £, ~ T./d, then we
can estimate I';; ~ p:;0T./d. Then defining D, through T'; = —Ddn/dr ~
D 1.n/d, we obtain

Dy~ paiTe ~ th
. i

in place of {5.4.18). For d ~ 1, this can lead to substantial perpendicular ion losses

in magnetized discharges, as observed in ECR measurements and simulations.

It is well known that plasmas not in thermal equilibrium are subject to insta-
hijities. This is 2 major subject of fully ionized, near collistonless plasmas, and is
treated in detail in most texts on plasma physics {see, for example, Chen, 1984).
Magnetic field confinement is one source of such disequilibrium that leads to varicus
instabilities which tend to destroy the confinement. Large-amplitude disturbances
can lead to turbulent diffusion, which has the upper limit of the Bohm diffusion
coefficient,

Dg e (5.4.20)

oo

-1
16

The scaling with B makes Bohm diffusion increasingly important as a source of
cross-field diffusion at high magnetic fields, since from (5.4.10), we see that classica)
cross-field diffusion scales as 7, « 1/B2. Bohm diffusion tends to be less important
at high cotlisionality (Iow temperature and high pressare) both due to the comparative
scaling of Dy to D and also due to the fact that high collisionality tends o inhibit
some of the instabilities. We have not considered nonclassical diffusion in this text.
The reader wishing to explore the subject further can turn to Chen or other texts on
high-temperature plasmas.
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148 DIFEUSION AND TRANSFORT

The field amplitude is B, = (B2, + mw._ 32 Using (5.5.5) and (5.5.7), we obtain

2B,A ..
Bi(x,y) = M e ™4 (5.5.8)

showing an exponential decsy that is independent of x into the &wn:E..mo column
with decay length d/7. The smooth By surfaces, as well as the m:o:.amzsw By mwa
B,1 components can be clearly seen in Fig. 5.5. The higher-order Foutier modes with
nonzero coefficients (m = 3, 5, ... ) have even shorter decay lengths (d/3m, df5m,
_..), and their effect is negligible a short distance from the chamber EE.H. w—.ncm“
we expect this picture to hald at distances significantly greater than ¢/ within %.a
asma chamber. Midway between the magnets (at x = 0, *d,...), the magnetic

MVH el -
seld is zero at y = 0 and rises to a maximum value
awl A2
S

ar v =~ 0.28 d, after which it decays exponentially with y. The diffusion 4cross this
aw__oz is important in determining the confinement properties of the multipoles.

rlasma Confinement

Experimentally (Leung et al,, 1975, 1976), multipole fields have been found to have
three important effects on low-pressure plasma confinement:

1. Hot electrons, having energies = dc sheath potential, can be efficiently con-
fined, provided there is end confinement either with Emmswao. mirrors, mul-
tipoles, or negative elecirostatic potentials. These electrons, :”. created .Ea
trapped at low pressures (large mean free path compared to the discharge size)
can be the main ionization source for a discharge.

2. Significant (but aot large) improvements can be obtained in the confinement of
the bulk (low-temperature) plasma in a discharge.

3. Significant Improvements in radial plasma uniformity can be obtained,

The effects can, at feast partly, be understood in terms of magnetic mirroring in H%m
cusps as governed by (4.3.15). The energetic electrons Eﬁ are not Jost by moving
parallel to field lines are mirrored as they move into the higher field near the cusp.
Their velocity vectors with respect to the magnetic field at the wall are randomized
within the central plasma chamber, where (4.3.15) does not hold. The H.EEUQ .OM
reflections froem the cusp then depends on the size of the loss moznz angle in velocity
space compared to the possible solid angle of 44 within which &m velocity vector
can be found. At lower velocities {or higher pressures), the scatteripg can take place
collisionally on the outward flight, greatly increasing the loss rafe. >Ed62.ma mwﬂm
also play a part, but in a complicated manner. The improverent in plasma uniformity
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follows because the diffusion is inhibited in the region of strong magnetic field, as
described in Section 5.4. Thus, most of the density gradient occurs at the plasma
edge, where the diffusion coefficient is small, leading to a relatively uniform central
region.

As an example (Leung et al., 1975), a low-pressure dc argon discharge was created
in a 30-cm-diameter, 33-cm-iong chamber by primary energetic electrons ermitted
from a hot filament placed inside the chamber and biased at -60 V. With multipoles
and at p = 0.8 mTorr, the energetic electrons were confined for up to 70 bounces
within the chamber, and the plasma density was increased by approximately a factor
of 100. Of this increase, roughly a factor of 30 was measured to be due to the
increased confrnement of the energetic electrons, and an additional facter of three
increase was due to the improvement in confinement for the bulk plasma. However, in
most processing discharges the ionization is not produced by a class of very energetic
electrons, and the second and third effects listed above are most significant.

A useful concept 1o discuss confinement is the effective leak width w of a line
cusp. I there are AV cusps of width w, then the effective circumferential loss width
is A'w and the fraction fi,, of diffusing electron—ion pairs that will be lost to the
wall is

Nw

Jioss = %.

Nw < 2mR (5.5.9)
The boundary condition at the wall (¥ = 0) for the ambipolar diffusion of plusma
within the field-free discharge volume is then

Twant = flosshstin {5.5.10)

We return to the example in Section 5.2 of steady-state diffusion in a plasma slab of
length [ with an ionization source proportional to the density. The density profile is
given by (5.2.15). Equating I'(//2) in (5.2,17) to [y in (5.5.10), we obiain, for a
thin sheath,

Jossttn @H
DB tan 5 (5.5.11)

This transcendental equation for 8 must in general be solved numerically. However,
if fiass is MOt too small, snch that the left-hand side of (5.5.11) still remains much
greater than unity, then we can approximate 3 = 11/{ o the left-hand side to obtain

E - .\._c.mvtw~
2 D,

tan (5.5.12)

This is the usual regime for most processing discharges. Taking the ratio of n; =
A{1/2) to ny = n(0), and using (5.2.15} to substitute for tan(B4/2) in terms of n,, we
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