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A theoretical and experimental description of the curvature-induced electrostatic interchange mode in a
simple mirror confined low-# plasma is given. The frequency, growth rate , and nonflute-like effects have been
measured and compared with theory. Effects due to radial electric field, finite ion Larmor radius, line-tying,

wall radius, and parallel electron response are discussed.

I. INTRODUCTION

The interchange mode in a magnetic mirror confined
plasma is driven by magnetic field curvature which var-
ies between being stabilizing and destabilizing as one
moves along a field line. The effects of conducting
boundaries can have a profound effect on the frequency
and growth rate of this mode. We will show that the
radial position of a conducting wall as well as the con-
ductivity of the plasma terminator (end plate) can
greatly influence the mode. We were able to change the
conductivity of the plasma terminator to two different
values and observe the influence of line-tying on the
frequency and growth rate of the interchange mode. We
also observed a finite k,. In the pure &, =%,=0, flute
limit, the mode is electrostatic with a perturbed poten-
tial p; which is constant along the magnetic field. Be-
cause the interchange mode in the typical magnetic mir-
ror is nearly flute-like, it is possible to achieve over-
all stability by modifying only a portion of the field.
Possibilities include quadrupole fields, hot ion plugs,
hot electron plugs, and cusps.

An interchange mode having a small k, not equal to
zero may be less stable than a flute mode because it
can have a larger amplitude where the curvature is bad.
The most serious finite %, effect for a reactor is prob-
ably the electromagnetic ballooning mode, which is a
coupling between the Alfven wave and the interchange
mode. However in low-f experiments, and in reactors
with large axial density gradients and electric fields,
the possibility of electrostatic finite k, effects exists.
(8-plasma pressure/magnetic pressure.)

In our experiment we observe the m =1 mode; how-
ever, we derive a general dispersion relation which is
valid for all m numbers. We investigate, theoretically,
the influence that a conducting coaxial wall and end wall
have on the interchange mode. We could not experi-
mentally verify all of the effects indicated by our theo-
retical derivations; however, the results, in the region
of parameter space available to us, agree remarkably
well with our calculations.

We shall consider a 8=0, axisymmetric plasma with
a uniform magnetic field, Byz. The temperature is uni-
form, and the density is ny{z)exp(~72/7,}), where 7, is
independent of z.

52 Phys. Fluids 25(1), January 1982

0031-9171/82/010052-07$1.90

Although we treat the magnetic field as uniform, the
inhomogeneities in the actual magnetic field produce
drifts. To describe these we define a z dependent pa-
rameter, w,*(z), which is positive in regions of desta-
bilizing curvature and negative in regions of stabilizing
curvature. Physically w,., appropriately averaged
along z, is the classical growth rate of the interchange
instability neglecting finite Larmor radius stabilization
and the influence of conducting boundaries. The magni-
tude of w, is related to the actual magnetic field B by
lwel=v,ld1nB/dz |, where v,=(2T,/m)"? and T, and
m, are the ion temperature and mass, respectively. If
T;>» T,, the curvature may be replaced by a “gravita-
tional” force on the ions, which produces an azimuthal
drift velocity - (rw,?/9,)8, where Q,=eB/m ¢ is the cy-
clotron frequency. We also allow for a rigid rotor ro-
tational velocity, er§ on both electrons and ions due to
a radial electric field.

In Sec. II, we derive a dispersion relation that ne-
glects finite k, effects, but includes line tying. In Sec.
I, we discuss the finite k, effects. In Sec. IV, the ex-
periment is described, and in Sec. V, we present ex-
perimental results that confirm several aspects of the
theory.

. DISPERSION RELATION

The perturbed electrostatic potential is assumed to be
p1(r)exp(-iwt + im6). The boundary condition is that ¢,
=0 when r=7,,, where 7, is the wall radius (which is
assumed to be conducting). Also, ¢y must vanish at
the endplates at z=+L. We assume ¢; is nearly con-
stant along 2z, except for a small sheath region near z
=+L. To derive the dispersion relation we will impose
quasineutrality (p,+p, 220) which is valid if ¢, > 1; ¢, is
the cold plasma dielectric constant and p,, p, are the
ion and electron perturbed charge densities, respec-
tively. In order to calculate w we will make the pure
flute, k,=0, approximation. This is justified by the
fact that 2,= 0 as we shall see later.

First consider the ions. When T, >» T,, we may ne-
glect parallel ion motion completely and consider a
two-dimensional distribution of ions in an electrostatic
field. We begin with the finite Larmor radius fluid
equations derived by Rosenbluth and Simon,!

© 1982 American institute of Physics 52

Downloaded 19 May 2009 to 130.108.128.31. Redistribution subject to AIP license or copyright; see http://pof.aip.org/pof/copyright.jsp



Dp,, + (1/9%)V * (p,,DG - DVp) =0, (1)
Dp=0, (2)

where D=3/3t+V +V and V = {GX2/9;p,, is the mass
density, p is the pressure, and G represents the accel-
eration of all forces other than the vXB force. These
equations can be linearized to yield a relationship be-
tween the perturbed ion charge density p,(») and ¢4(7),

p=R,yy, @)
where
g [(2mR, 2+mw,) . 2(w2+m’w3)>
4‘21?;;’(5 - F o= @

and E is the differential operator

7 a2 2 2. 2
s_o_mt 3 __m)i mird _
A= 2 372+(r 27 ar+ 2r 1, )

B=w-mwg, wy=202/7Q, is the ion diamagnetic
drift frequency, and ¢, =w2}/Q2. w?}=4mne*/m,is the
ion plasma frequency and has the same » and z depend-
ence as the unperturbed density ny(z). The first term
in Eq. (4) arises from the EXB drift due to the per-
turbed field. The other two terms are corrections valid
tofirst order inthe small parameters w,/Q;, w/Q;, w /9y,
and wg/R,. These small parameters represent effects
due to curvature, polarization drift, finite Larmor ra-
dius, and a radial electric field, respectively. This
response is the cylindrical generalization of the slab
model derived by Jukes.? We shall show that 8 may be
replaced by the eigenvalue A. This makes Eq. (4) as
simple, but more realistic than the slab model. The
curvature term w, is obtained from an appropriate
average.

The electron response is more difficult to treat be-
cause motion in the z direction is important. Motion
perpendicular to z is simple EXB drift and produces a
contribution to the electron response equal and opposite
to the first term in Eq. (4). The other two terms in
Eq. {4) are smaller by the mass ratio for the electron
response and will be neglected. If the plasma is ter-
minated by a conducting endplate, then a source term
must be included in the electron response. We may
apply the model of Kunkel and Guillory® and Prater® to a
rotating plasma since both the centrifugal and coriolis
forces produce corrections of order wg/Q,, where Q,
is the electron cyclotron frequency. Thus, the EXB
drifts and the line tying effect yields the two-dimension-
al electron charge density response

€ 2mQ, 4iv
Pe=z,‘;70’i<‘“;—‘-'5—>%, (6)
where
v~ M ri/4RT,1,, (")

measures the line-tying effect. A large value of v in-
dicates good line-tying. Here, v, is the ion thermal
velocity near the plasma terminator and I,, is the length
of the mirror. Equations (6) and (7) are derived from
particle drift equations in the appendix. The line-tying
parameter v is also given physical significance there.
We now impose quasineutrality (p;+ p, = 0) and combine
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Egs. (3) and (6) to yield the differential equation
w1 m? 2
o1 +— ol - p1——xlrei - 1+ 09 ]=0. ®)
7 r 7y

This may also be written as the eigenvalue equation
3(#1 =2y, where

B (Gz +2w(mwg +iv) + mi(w 2 + wgi))

- wlw+mwp) :

9)

Primes denote differentiation with respect to . Equa-
tion (8) can be put in the form of Whittaker’s equation’®
and is similar to the equation solved by Rosenbluth

et al.® but includes finite wall radius and line-tying.
The constant A is determined by requiring that ¢,(#)=0
at r=7,; A is a real constant. Equation (8) can be put
in Hermitian form, and the eigenvalues of the Hermiti-~
an operators are real. The fact that Eq. (8) can be put
into Hermitian form is a result of the form of the dif-
ferential operator and the boundary conditions. Figure
1 shows the dependence of A on wall radius 7, for the
lowest-order modes, (g is the number of times ¢
equals zero between =0 and the wall; ¢=0, m=1
being the lowest-order mode). As the wall radius 7,,
goes to infinity, A =m +2¢ -1, where m and g are
azimuthal and radial mode numbers. Equation (9) is
quadradic in w and has the solution

w=[-Bx(B*-AC)V?)/A, (10)
where

A=1+21, (11)

B=muwg +iv+Amwy/2, (12)
and

C=m?(wg’ +w.) . (13)

In the limit of infinite wall radius for the m =1, ¢=0
mode this reduces to

w=-iv+ i + w2 - 2ivwg) 2. (14)

80}

40l

AN oo

201

FIG. 1. A vs the ratio of wall radius 7, to plasma radius 7.
Ao.=m+ 2¢—1 is the limit when the wall is at infinity.
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FIG. 2. Real frequency and

growth rate of the m =1 mode vs line-
tying for different radial electric fields
(Wg). Ryw—~wpand Im W—0 ag p—~oo;
Re w—0 and Im w-—~w, as v—~0. Note
the destabilization by partial line tying
for (2p/w)> 3.2. The dashed lines
correspond to the experimentally deter-
mined value of (Wp/w)=1.8. The
circles on those lines indicate the two
values of vy which we could explore ex~
perimentally.

10'
V/WC

Figure 2 shows w versus v for various values of wg.
When wz =0, line-tying always reduces the growth rate
whick approaches w,/2v when v> w,. When wg is not
zero, the real part of w approaches wg when v> w,.
Line-tying has an unexpected effect on the mode when
wg ® w,. The growth rate is increased for moderate
values of v. The radial electric field can drive the m
=1, ¢ =0 mode unstable only when an endplate or con-
ducting wall’ is present.

I, FINITE k<, EFFECTS

A physical explanation for the electrostatic finite k&,
effect is as follows: By quasineutrality, p, +p; =0 for
all 2. The perturbed charge densities have different z
dependencies and if the system varies along z, then the
electron and ion currents will not cancel for all z.
Thus, quasineutrality implies a parallel perturbed
electron current. The parallel electric field required
to drive this current implies that ¢; must vary along 2.
Since E=-Vy,, the perpendicular perturbed electric
field must depend on 2. The case of highly collisional
electrons has been treated using fluid equations.? We
shall treat the case of collisionless electrons with
transit time across the machine much less than w~

wil.

1OI‘

When the electron mean-free-path is short compared
with the plasma length, the problem can be solved using
fluid equations.® However when the electrons are col-
lisionless, a kinetic, nonlocal electron response must
be obtained. We shall illustrate this with an idealized
model which does not include line-tying: Assume that
the electrons are confined along z by perfectly reflect-
ing walls at z=xL. Assume also that the unperturbed
density and electrostatic potential are independent of z
for —L<z< L, If the electron transit time across the
length of the plasma is much less than w;' or w™, we
may assume that the elecirons come into thermal equi-
librium with respect to py(z).

We will first calculate the parallel response p,,,
which is the electron charge density due to a force
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field with only a z component. Next, we will calculate
the perpendicular charge density response p,,, which
is the response to the force with no z component.

To calculate the parallel response we consider a per-
turbed force field F, =ezd¢,(r)/3z. Since we ignore
perpendicular forces to calculate P, the number of
electrons on a given field line at (x, y) will remain con-
stant. The z dependence of p,, is determined by the
fact that ¢, changes slowly enough in time so that the
electrons remain in adiabatic equilibrium with ¢;. The
result for the perturbed plus unperturbed electron
charge density, p=pg+py, is

py +py =poexpilepy(z) - e{p1(2)))/Te } (15)

Py =P, = (=1/4mx D(@4(2) - {@4(2))), (16)

ored=or [ oite 1)
1 =2 ), pi\zjaz ,

where A 2 =T,,/4mnye?. Equation (15) is the Maxwell-
Boltzmann law with a constant added to ¢,(z) to ensure
that the total perturbed charge along each field line
vanishes: [pydz=0.

To calculate the perpendicular response, we assume
a force field on the electrons F, =e(xd/9x +$9/2y)¢,(r).
From the EXB drift equations, we may calculate the
total number of electrons that drift onto a field line lo-
cated at (x,y). The z dependence of this perturbed
charge is determined by the fact that there are no paral-
lel forces: p,, is independent of z. The perpendicular
response resembles Eq. (6) without line-tying

Por = —(e,/4mr)2mS 01/ (w — Mwg)), (18)

where the bracket indicates a z average, and we allow
wg and ¢, to depend on z. It is necessary to take the
average in Eq. (18) because the electron transit time
along the machine is much less than w™, p,, is thena
measure of the net amount of charge due to the perpen-

dicular force field.

To obtain the actual response, we note that p, =p,,
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+p,, since eVy;=F,+F,, and the response is linear in
F. From Egs. (16) and (18):

=€ [2mS2;0,(2) 1
P, “4:”'0! @~ ”;wx(z)>_ 4,”‘:1 [o1(2) = {pele)]. (19}

From Egs. (4) and (19) we may impose quasineutral-
ity to obtain the z dependence of ¢;, assuming that we
may replace the operator Bin Eq. (5) by its eigenvalue
A. For the m=1, ¢ =0 mode with r_, = one obtains

(2) = (op = 20,0,/ (@ ~wg)o ’
N = 50 =-wg )+ Awt + 0, (2) /(@ - wg(2)}

where 5=¢),%/7)? is a small number. If we assume
that the mode is nearly flute like, we may Taylor ex-
pand the weak z dependence of ¢, as approximately
@1/ 1¢41% 1+ x(2)= exp[x(z)], where the complex phase
is given by:

~ 2Q '2[,.;9+wcz(z)] o
X 6(w-w;(z)+ [w—wg(z)?_) —:f k(z)dz . (20)

The real part of x gives the amplitude variation of
¢1(2), while variations in the imaginary part of x give
the phase lag between two values of z, From Eq. (20)
we see that variations in either the curvature, or the
radial electric field can cause a finite k,. If the radial
electric field does vary along 2z, it will dominate since
the first term in Eq. (20) is much larger than the sec-
ond term.

IV. THE EXPERIMENT

The experiment was performed on the University of
California, Irvine Q machine® (Fig. 3). The magnetic
field was changed from the usual solenoidal field to a
simple axisymmetric mirror with a field ratio of 2. 53.
The B field configuration used is also shown in Fig. 3;
the B at midplane was 3 kG. The plasma radius 7; at
midplane was 2.8 cm. To insure that the plasma re-
main collisionless the density was not higher than
1-5x%10° cm™ yielding an electron mean-free-path of
several machine lengths. The background pressure
was approximately 3x107 Torr.

The Ba Q machine plasma was heated by inductive
coil excitation!® at the ion cyclotron frequency at mid-
plane resonance. The plasma was heated from an ini-
tial perpendicular temperature of 0. 25 eV to a final
temperature of 3.5 eV; however, the parallel ion tem-
perature did not change. The coil used was one wave-
length with five filaments in series with a length of 65
cm. The calculated fields were approximately 0.1 V/
cm. The parallel and perpendicular ion velocity dis-
tributions were optically determined using laser-
induced resonance fluorescence. !

Once heated, the plasma from the source was cut off
by a high transparency fine mesh grid placed between
the source and the mirror region. The grid was biased
2 V below the plasma potential to repel electrons, and
the ions did not travel very far beyond the grid because
of space charge. A second grid between the first grid
and the mirror region acted as a buffer to separate the
first grid from the mirror confined plasma. The ex-
periment was repeated at a rate of 10 sec™,
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FIG. 3. Schematic diagram of the experimental apparatus and
the magnetic field configuration.

The plasma was terminated by a floating molybdenum
endplate, If the endplate was not heated, it was quickly
coated with barium and became a poor conductor. By
heating the endplate, we could clean it and create a
partially line-tied plasma. We could examine only two
states of the end plate, cold, coated with barium, or
heated to remove the barium. The transition from one
state to the other was unstable, and it was not possible
to experimentally examine any intermediate states. In
this manner we could control the amount of line-tying
to a greater degree than most mirror experiments
where the plasma is much more energetic and it is im-~
possible to eliminate line-tying. Energetic plasma
bombarding the plasma terminator can create a low-
energy plasma which can line-tie the plasma.

Plasma potential profiles were measured with a float
ing Langmuir probe. These profiles were best fit to a
parabola, g,=0r? wy was thus determined, wg=cE/
rB=-2a/B. At t=0 the potential profile was flat in
the center and dropped abruptly at the edge. The pro-
file very quickly (£ > 200 usec) became parabolic. wg
at these times was thus found to be 6.5x10° rad sec™.

The mode frequency was determined with four probes,
each separated by 90° and placed in the mirror valley
at r=.4 cm. Finite %, effects were determined by si-
multaneous measurements at the midplane and throat of
the mirror. Density profiles, mode frequency, and &
parallel measurements were made with probes, which
were biased to collect ion current far into the saturation
region in order to minimize error due to changes in the
plasma potential.

The growth rate of the mode was determined by using
time resolved vertical and horizontal density profiles
of the plasma at midplane. This was possible because
the mode was quite reproducible. The growth rate was
estimated by measuring the initial displacement and
velocity of the plasma. Since the early time behavior
is given by r =Ae"~A + Ayt, the initial velocity is re-
lated to the growth rate ¥, by Vy=Ay. The initial dis-
placement A is due to the nonuniformities inherent in
the plasma production. We estimate A to be 1 cm.
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V. THE RESULTS

The m =1 interchange mode evolution is shown in Fig.
4, The plasma column passes through the stationary
probes in the sequence 2, 1, 4, 3, 2, and 1. As the
plasma column rotates and moves radially outward dif-
ferent parts of it strike the stationary probes. Hence,
the amplitudes of the probe signals vary in time. The
real frequency w, was determined to be approximately
3.5x10° rad sec™ as determined by the dotted line in
Fig. 4. The growth rate was found to be 2x10°® rad
sec™. If we assume that when the plasma terminator
was cold there was no line-tying, v=0, then Eq. (10)
reduces to

Wy = )‘(wE - wD/Z) 3
and
YEw,.

For the experimental wall position A =0.05. This would
make w,=-3,0%10? rad sec™ and y=3.6x 10°. This

w, is too small and the wrong sign; also, the observed
growth rate was much smaller than indicated here.
These facts indicate that »#0, i.e., there was some
line-tying. If we use Eq. (10) to find what value of v/
w, best fits our observations, we find that v/w,=1.28,
which would give w,=4.1x10° rad sec™ and y=2.3

%x10° rad sec™,

These values are within 18% of the observed values
and correctly predict the direction of propagation which
was in the electron diamagnetic drift direction due to
the direction of the radial electric field. In order to
further investigate the effect of line-tying, we in-
creased the conductivity of the endplate by heating it.
As predicted by Eq. (10) and Fig. 2 for large v, w, in-

J \ = 2 probe |
§ o probe 2
5 ,
(&) T
2 <
4 <1 T probe 3
n. ’
"
/ probe 4
- - ,
0.5 msec Time
|
/vessel wall
plasma
4 + 2
3
FIG. 4. ‘“Flute” evolution showing n;(f) at =4 cm and 6= 0,

90°, 180° and 270° (top to bottom) at midplane. 500 usec/div.
The lower figure shows the midplane and, schematically, the
relative position of the probes, plasma, and vacuum vessel.
The plasma is seen to pass through the stationary probes in
the sequence 2, 1, 4, 3, 2, and 1, The arrow indicates the
direction of motion of the plasma.
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FIG. 5. Mode evolution at three different values of z showing
the phase lag between mirror and throat. The top trace is
near the peak of magnetic field. The two lower traces are at
symmetric positions in the mirror valley. 200 psec/div. The
lower figure shows schematically a side view of the experiment
and the relative positions of the probe.

creased to approximately wg and y was reduced to
roughly w,/9. From Eq. (10) this would indicate that
v/w,=18.9. Thus by heating the plasma terminator
v/w, changed from 1.28 to 18.9, an increase of a factor
of 15, We expect v for a clean endplate to be given ap-
proximately by Eq. (7). Evaluating this expression for
v we find v/w,=25. This agrees quite well with the
best fit value of v/w,=18.9. The sheath model we have
used in deriving Eq. (7) models the sheath response as
being purely resistive. It also has a capacitive compo-~
nent, but this is negligible compared with the resistive
response. % The effect of a “dirty” endplate can be
modeled as an added resistance so that v;! =y, + v,
where v, is given by Eq. (7). We will not attempt to
derive an expression for vzp, the endplate contribution
to v;. The measurement of k2, was done with the plasma
terminator cold.

From Eq. (10) it can be shown that the m =1 mode
does not have the largest growth rate, However, be-
cause the plasma is slightly asymmetric, due to the
method of plasma production, the m =1 mode has a
small initial amplitude and thus it is this mode that we
observe.

The measurement of & parallel is shown in Fig. 5.
The top trace was taken near the throat of the magnetic
field and the bottom two traces were taken at symme-
tric positions near the mirror midplane. The probes
were equally spaced along 2z, 23 cm apart, and the ra-
dial positions were chosen so that all probes were on
the same magnetic field line. The valley probe was at
y=4, The phase delay estimated from Fig. 5 is ap-
proximately 55 psec between the peak and the valley
probes. That delay corresponds to a phase shift of ap-
proximately 10°. The value predicted by Eq. (20) is
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approximately 3.3° assuming no wg variation. The two
valley probes, as expected, show no phase delay. The
discrepancy between the theoretical phase shift and the
experimentally observed phase shift could be due to
variations in wg or line-tying. The phase shift is es-
pecially sensitive to any change in wg; a change in wg
of a few percent could account for the larger observed
phase shift. An attempt was made to measure the dif-
ference in wg, but it was not possible to measure the
potential profiles to the degree of accuracy required.

VI. DISCUSSION AND CONCLUSIONS

We have presented the theory of low-order inter-
change modes in a c¢ylindrical geometry. The ion re-
sponse neglects parallel motion, but includes effects
due to the wall radius, line tying, finite Larmor radi-
us, and radial electric field. The electron response is
non-local and cannot be described by fluid equations.

The m =1,4 =0 interchange mode has been experi-
mentally observed. The real part of w is due to a small
amount of line tying and the growth is consistent with
the theory that predicts some stabilization due to line
tying. When we increased the amount of line tying,
the real frequency approached wg and the growth rate
was reduced by a factor of 9. A finite &, was ob-
served, and is due to a finite parallel electron re-
sponse. We plan further experiments to study the ef-
fects of a plasma blanket!* or surface line tying on the
interchange mode.

We have some confidence now in generating and in
predicting the properties of the interchange mode in a
small axisymmetric mirror. The effects of line-tying
have been studied in a controlled manner which is not
usually possible in larger experiments. We note, how-
ever, that the two values of v/w, examined in the exper-
iment do not conclusively verify the theory that we have
presented,
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APPENDIX

We derive Eqs. (6) and (7) from guiding center drift
equations. The treatment here follows Liebermann!® 13
and later Fornaca®® in its treatment of line- tying. We
start with the continuity equation

Py _ .
v .Jl =——a—;'1=zwp,1 N

(A1)
where J; =—eny,V,4 — en, V.o and we identify —en,, as p,
and v, as rwgd, engv,y is made up of the E;X B drift
current plus J;, the line-tying current due to the sheath
response at the end wall. There is also a sheath re-
sponse at the mirror sheath, but it is much smaller
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and will be neglected here. The line-tying current J;
is found as follows: Because u,> v;, a sheath potential
difference @, at the end plate is required to hold back
most of the electrons and thus maintain quasineutrality.
Equating the electron and ion currents which leave the
plasma we have

(A2)

When the potential ¢ in the plasma fluctuates an amount
¢y from @, due to the wave, there is an imbalance in
charge flow and a net current results

—d,=ngev,exp(—ep/kT,) =J,=ngev,.

Jy=J;+J, =ngev; -~ nyev, exp(-ep/kT,)
(A3)

The third term was included by Prater,* but he neglect-
ed the fourth term on the right-hand side, Eq. (A3). It
is the sum of those two terms which may be neglected
in comparison to the first two terms. Using the equi-
librium condition (A2) the first two terms are

- n,ev, expl-ep/kT,) +nyev,.

Jy=n,ev, [1 - exp(—ei/kT)]= (nye?v /kT,) py . (a4)
The total perturbed current is
Jy =pyrwgd - nge (EyxBc/B?) + (nyev ,/kT,) 0,2 , (A5)

and the divergence of these three terms are, respec-
tively:

v pyrwgh =% % P1Ywg =imwgp, , (A6)
v noegigyB—c=Vnoe . G—Lr—EBch

+npecB VX E; +1,eE, Z!B?-c- ,
Ve E(XBc 2njecimyy (A7)

B -~ B

where we have VX E =0 because $=0 and also VX B =0,
and

V- nelvoz _1fima noe2v‘<p1d_z= ngetv, 04 ,
kT, InJty 9z kT, ET,I

(A8)

I, is the length of a field line and the average we have
taken over a field line in the line-tying term is done be-
cause the current that is generated by the sheath fluc-
tuation is distributed along a field line in a time much
less than the wave period. > Combining these results
for the electron response we have

_ _a2mQe;  ingelv, 0
* T T amriw wkT,1,,

__& [-2mQ, g(vm’sz;“mj)]
St o e\ 4T, /J°v

v=mwQ v} /4kT,l,, .

(A9)

This approximate expression is valid for a clean end-
plate. If the end plate is coated with barium, the effec-
tive v is decreased.
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