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ANOMALQUS RADIAL PLASMA LOSSES IN A Q-MACHINE
WITH MIRROR MAGNETIC FIELDS

ABSTRACT

Richard Manor Searing

Cbservations of a potassium ion plasma in a Q-machine
with mirror magnetic {ields located at the hotplates indicate
that a strong localized radial electric field is formed at the hot-
plate edge, producing both ion confinement and a rotating high-
velocity annulus in the column, The plasma equilibrium formed
can be adequately described by an isothermal fluid model that
includes ion viscosity and the inertia associated with the column
rotation,

\When the midplane magnetic field Bo on the axis exceeds
300 G for all measured densities, azimuthally propagating
waves are observed which are located at the edge of the rotat-
ing annulus. These waves are identified as transverse velocity
shear excited modes by comparison of the data with the predic-
tions of the "velocity jet" model of Perkins and Jassby with
regard to frequency, mode localization, and correlations
between the perturbed density ard po‘ential, The modes cen-
tribute little to tiie radial losses that are due mainly to resis-
tive diffusion,

When B, is between 150 and 300 G, an az'muthally prop-
agating m=! mode appears when both the density and rotation
speed exceed lower thresholds. Subseque=z: mode time-growth

produces a large plasma loss and self-suppression as the
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column plasina density is driven below the threshold level,
Comparison of the m=1 mode stability, frequency, and growth-
rate with the plasma model of Chu, Hendel, and Politzer indi-
cate that the mode is probably an ion diamagnetic drift wave
that is driven unstable by a combination of resistive and cen-
trifugal effects. Detailed studies of the nonlinear development
of the mode show that the piasma losses are primarily caused
by ExB racial convection and are quantitatively consistent with

the measured losses from the plasma column.
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[. INTRODUCTION

In recent years, the study of enhanced or "anomalous"
losses from magnetically confined plasmas has become an im-
pertant topic of rtes.earch.l’18 The major reason for the inter-
est, both theoretical and experimental, is the detrimental
cffect of enhanced plasma losses on the produciion and confine-
ment of a thermonuclear plasma in large-scale, controlled
fusion experimentis.

Theoretical explanations have appeared in the literature
for the correlation betlween self-excited plasma oscillations
and enhancad losses,l-5 but there are few experiments that
7-12

clearly show this correlation, Thomassen found a relation

between certain self-excited waves and the enhanced plasma
losses in a reflex arc (P.1.G. ) discharge.w Morse followed
the development of a flute instability in a hollow arc discharge
for which enhanced plasma losses were observed to occur out-
side of a central inner core.8 Yoshikawa, in a similar arc dis-
charge, found enhanced plasma losses associated with the de-
velopment of high frequency plasma turbu.lence.a In most of the
experiments with arc discharges, the internal plasma param-
eters were not measurable with any degree of certainty, and
the range of controllable external parameters was limited.
Therefare, it has been difficult to convincingly -iemanstrate
that plasma waves are directly responsible for the enhanced
plasma losses in the experiments.

The presence of both high frequency turbulence and low

frequency plasma waves led to confusion in the interpretation




of the results in arc-produced plasmas.lo' 17

The search for a
more suitable plasma for the study of low frequency waves led
to the development of methods for continuous, efficient, and
relatively quiescent plasma generaticm.19—23 One of the most
useful and practical methods developed was the production of a

low temperature (0.2 eV) plasma by the contact ionization of
n 22-23

alkali metal atoms on hotplates in a "Q-~machine
The @-machine plasma is almost fully ionized at 0.2 eV

3, and does

with a time-average density between 1010 - lolzlcm
not generally indicate a turbulent frequency spectrum.22 This
method of plasma generation forces the internal plasma param-
cters to approximate closely those for thermal equilibrium

with the hotplates and, when compared with arc discharges, the
external parameters are controllable cver a wide range, When
typical experimental data of a low temperature cesium plasma
are scaled to the energy and density required for a thermo-
nuclear reaction, the enhanced plasma losses may pose serious
design limitations on a practical fusion device.

The Q-machine plasma is, in principle, ideally suited for
experimental measurements of the plasma equilibrium in various
types of magnetic fields and of the propagation characteristics
of low frequency plasma pcriurbations. Many papers on both of

24-32

thes. topics have appeared in the literature, but few ex-

periments have attempted to correlate the plasma oscillations
with enhanced plasma los.se's..l4-17 In those experiments that
have be~n made, the resulis have been interpreted in different

ways.
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Two examples of different interpretations for the en-
hanced plasma losses are the experiments of Decker et Q.M
and those of Hendel _e_tgl_.ls Decker et al. measured an increase
of nearly two orders-of-magnitude in the time-average plasma
density whenever the plasma waves were suppressed, but they
also observed only a small change in the radial plasma trans-
port across the confining magnetic field. They attributed the
enhanced losses to increased hotplate losses due to a change
in the potential sheath at the hotplates,

In contrast, Hendel et al. showed that an increase in the
radial diffusion rate across the magnetic field was correlated
with the onset of collisional drift waves in the ppasma, The
waves were switched on and off without a change in the sheath
conditions at the hotplates by changing the magnetic field; the
ExB convection from thermal gradients at the hotplates was
negligiule.

The nain difference between the two experiments was that
the measurements of Decker et al. were made in the p-esence of
ion-rick sheaths, while those of Hendel ¢t al, were made with
electron-rich sheaths at the hotplates. Large end !osses of
ions are possible for ion-rich sheaths, while an electron-rich
sheath confines the ioas in a potential well beiween the hotplates,

The present experiment is similar to that of Hendel et al,
except that the waves are not collisional drift waves and the en-
hanced losses are due to convection instead of diffusion. A
low B potacsium ion plasma is magnetically confined in a

mirror magnetic field. Measurements of time-average and




time-varying plasma parametcrs are made both with and with-
out enhanced plasma losses. A clear correlation is established
between the nonlinear time-growth of an m=1 azimuthally prop-
agating plasma perturbation and the enhanced plasma losses
across the magnetic {ield. Higher order (m-2 to 4) modes,
which do not appear to be related to the m=1 mode, propagate
with saturated amplitudes and do not produce any significant
increase in the measured plasma losses. The time-growth of
the m=1 mecde amplitude appears to depend on density, mag-
netic field, and the ExB rotation of the plasma column,

The remainder of the paper is organized as follows:

Chapter II describes the experimental apparatus and spe-
cial measurement techniques, The calibration of the diagnostics
is discussed together with the determination of several important
constants in the experiment.

Chapter III discusses the type of plasma equilibrium for
various experimental conditions. Measurements of the time-
average density, floating potential, and radial electric field
are studied as a function of column midplane radius, midplane
magnetic field, and hotplate temperatures., Studies are made
both with and without enhanred radial losses from the plasma.

Chapter [V discusses the types of plasma waves that prop-
agate in the column. Two types of waves are observed, but
only one type appears to be correlated with the enhanced plasma
losses.

Chapter V studies the correlation between the modes of

Chapter IV and enhanced radial plasma losses. The convective




losses due to the vaves arc evaluated and compared with the

experimental losses from the plasma column, The nonlinear

snacial distribution during various stages of the loss process

are compared with earlier measurements. Measured loss-

rates and the measured radial loss-flux are compared with the
equation of continuity in the column,
Chapter V1 discusses the results and presents the con-

clusions based on the results of all the measurements,




I, DESCRIPTION QF EXPERIMENT

A. Experimental Apparzatus

Figure la shows a nearly-to-scale diagram of the experi-
mental apparatus, and Fig. 1b indicates the schematic of the
electrical power and confrol circuits. The vacuum vessel is
a 0.5-in thick Pyrex cylinder having a 12-in. inner diam, is
48-in. in length, and is sealed at each end by a 0.75-in, thick
stainless steel flange. The base pressure in the vessel is
maintained below 10°° Torr at room teinperature. Four diag-
nostic access poris, each 2-in. in diam, are located sym-
metrically at the vessel midplane. Access is also possible
through vacuum ports in the stainless steel end flunges, To
avoid potentially dangerous taermal stresses in the glass
shell, the surface temperature is monitored at severzl points
at the midplane and kept below an arbitrary level of 60°C
(hot to the touch). Me._suremeints of the temperature distribu-
tion at the midplane indicate a fairly uniform heating of the glass
surface by radiation from the hotplates.

The plasma is produced by contact ionization of an atomic
beam of potassium that is direc*ed at one of two tungsten hot-
plates, each 2-in. in diam and 0. 5-in. thick. The hoiplates are
separated by 100 em along the vessel axis, and each hotplate is
heated by electron bombardment to a temperature between
2000°K and 2700°K. The individual hotplate temperatures are
measured with a calibrated optical pyrometer using the split
mirror system shown in Fig. 2. The ionizer hotplate is kKept

at ground potential, while the second hotplate is insulated from
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ground by a resistance greater than 120k during operation of
the experiment,

The atomic beam is formead from twenty collimated jets
arranged sym metrically around a hollow nozzle ring that is
supplied from an electrically-heated, stainless steel oven for
the potassium. The nozzle ring is positioned in front of the
ionizer hotplate to provide a nearly uniform distribution of
neutrals on the surface, The atomic beam flux is held nearly
constant by controlling the oven temperature to within #3°C of
the desired temperature setting.

The plasma is magnetically confined in a mirror mag-
netic field with a variable mirror ratio. Two pairs of water-
cooled magnetic coils, each with an inner diam of 14 in. and
cross section normal to the current of 24 sq. in., are placed
as indicated in Fig. la. The current in the outer pair of coils
is held constant and is opposed by an adjustable current in the
inner pair of coils to produce the mirror magnetic field., The
axial magnetic field at the midplane is monitored at :he vessel
surface by a Hall-effect probe that is calibratea to 210 G in 2
field of 800 G. The magnetic field on the axis at the midplane
is measured to be approximately 5% less than the value meas-~
ured at the vessel surface. The maximum axial magnetic field
at the hotplates during the experiment is kept below 1009 G to
avoid excessive [xB stresses on the brittle tungsten hotplaie

filaments.




B, Experimontal Diagnostics

Figure 3 shows the placement of various diagnostic probes,
The three similar coaxial Langmuir probes at the midplane are
placed normal to the magnetic field and are radially adjustable
from r =0 to 15 cm. The end probe consists of two independent
probes, one of which is directiona!, Each of the two end probes
is radially adjustable from r =010 6 cm for an axial range of
z =010 40 cm from the midplane toward the second hotplate,
The ion flux collector, shown in Fig, 3, is a 3-in. diam tan-
talum disc that can be positioned in the plasma from outside
the vacuum vessel.

Each of the three midplane probes and one of the end
probes are constructed with a 0. 02—«:m2 tantalum flag sus-
pended at the end of a 15 cm length of ceramically-shielded
tantalum wire that forms the center conductor of the probe,
The shunt capacitance of cach probe to ground is calculated to
be approximately 0.4 pf/cm, and the measured resistance to
ground is greater than 1000 M.

The directional Langmuir probe is constructed with a
0. l)l-~¢:m2 tantalum flag inside a 0.35~-cm diam tantalum cap
with a narrow gap in one side. The remainder of the probe
construction is similar to that for the midplane probes. In
order to reach the center conductor, the ions must pass
through the narrow gap, and the probe provides a measure of
the ion flux in the direction of the gap orieatation,

The ion {lux collector is mounted on a metal rod that is

inserted through a vacuum seal in the end flange with the ionizer
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hotplate. Rotating the rod from outside the vessel moves the
flux collector in and out of the plasma column.,

The absolute plasma density is determined from meas-
urements of the ion saturation current [ is to the Langmuir probe.
Defining rp = effective probe radius, a, a, = ion, electron
gyro-radius, respectively, AD = plasma debye length, and
Ac = collisional mean-free-path, the present experiment sat-
isfies the inequalities: XD << a, < rp ESS 4 ~Ac. When
rp > AD’ the effective probe area for both ions and ¢lectrons
equsals the physical area; when rP << a,, the probe does not
disturb the ion density distribution, and ion collection theo-
ries with Bo = 0 are valid for the evaluation of plasma den-
sity. Therefore, in the present experiment, the plasma
density is calculated from the computer curves of Laframboisc33
for a cylindrical probe in a thermal plasma with B0 = 0.

These computer calculations have recently been carefully
compared with experimental measurements in a potassium ion
plasma by Chen u_t_a_l_.34 using both spectroscopic and micro-
wave techniques; agreement is obtained to within $10%, For
rp/?tD > 60 to 80, as in the present case, the resu... also show
that the density calculation is relatively insensitive to the ac-
tual probe space potential and to the type of probe used in the
measurements, Therefore, including a 5% error in data
reduction, the density calibration in the present work is

8.0 X 10°

particles/ cm3 per pA of ion current with an estimated
error of £15% in the density.
Relative density measurements are also important in de-

termining plasma characteristics. Azimuthal correlations of
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the density fluctuations are obtained from sirnultanegus reacord-
ings on the three midplane Langmuir probes; the data is used to
determine the azimuthal mode index m, the direction of the wave
propagation in the lahoratory, and the phase velacity Vp o. the
plasma oscillations.

Azxial correlations of the density fluctuations are obtained
from simultaneous recordings using the non-directiona! end-probe
and one of the midplane probes. The data is a measure of the
axial wave number k;‘i of the plasma oscillation and the axial
variation of the 'r~.e amplitude along the plasma column.

Radial correlations of the density fluctvations are obtained
from sitmiitaneocus recordings with two midplane probes at different
radii. The probes do not perturb either the plasma or each other,
The data are used to determine the radial wave number kr of the
plasma oscillations and the radial profile of the wave amplitode.

The frequency spectrum of the plasma f(luctuations is re-
corded with a Techtronix 1L5 spectrum analyser, calibrated for
0 to 25 kHz with a freguency dispersion of 1.0 kHz/cm. The data
provide a measure of the relative wave amplitude and the indi-
vidual mode frequencies in the general plasma fluctuations.

The time-average {loating potential @y Of the Langmuir
probe is measured acrass a 3G:1 voliage divider with an effective
30 Mn in series with the probe. The data are used to determine
the plasma sheath potential and to study the radial equilibrium in
the plasma column. Since the plasma temperature is nearly
constant, the slope of the radial profile of ¢m provides a meas-

ure of the radial electric field in the plasma column,
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The fluctuating floating potential © is measured with a
unity-gain FET (field effect transistor) isolation amplifier that
provides an effective input impedance to the probe of greater
than 100 M{: at frequencies less than 1.0 MHz. The phase-shift
in the signal, introduced by the amplifier, is typically measured
to be less than 2° (instrumentation limit).

Azimuthal, radial, and axial correlations of :5 are obtained
with the same techniques used for the density fluctuations. By
simultaneously recording the perturbed deasity n and 3 at the
same position, the phase-shift between n and ’c; is measured, and
the resulting data are important in determining the type of waves
propagating in the plasma., The magnitude of $ is also useful in
the identification of the plasma waves.

The evaluation of the absolute plasma potential in the Q-
machine plasma is complicated by thermoelectric potentials and
different work functions for the hotplates and the probes, Fig-
ure 4 shows the poteatial energy of an electron for both ion-rich
and electron-rich sheath conditions at the hotplates. The plasma
sheath potential, Og: is measured between the hotplate and the
plasma, c{:w is the work function of the hotplate, ¢K is the work
function of the probe, Qf is the sheath potential for the floating
probe, and all potentials in Fig. 4 are defined to be positive in the
downward direction. From Fig. 4, the value of o is given by the

expression
oy = fo | - 1o ]+ 1el - 1o 1 )

where all || terms indicate magnitude, and the sign of ¢_ deter-

mines the type of hotplate sheath. For ¢S > 0, the sheath is
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ion-rich, and electrons are trapped in the potential well be-
tween the hotplates; for ¢S < 0, the sheath is electron-rich, and
the ions are now confined in the potential well between the hot-
plates.

With tabulated values for ¢>W, & ., an estimated value for
¢f, ana measured data for ém’ the value of ¢s is determined
from Eq. 1. However, the proper values of the potentials for
use in the present experiment require further discussion,

Experimental values reported in the literature vary
35-386

W and &?K.

sten plates, ¢w varies between 4.25 and 5.15 V, The variations

widely for both work functions, @ For tung-
occur because both the orientation of the surface crystalline
structure and the method of measurement have a strong effect
on the results. In his work with cesium-on-tungsten ionization,
von Goeler37 used ¢W = 4.54 V, which appears to be the mean
value quoted in the lil:eral:ure.36 Therefore, ¢w =4.54 Vis
adopted for the present experiment,

For unheated tantalum probes in a potassium plasma, the
probe is probably coated with potassinm, and the value of q:K
is expected to be very close to the work function of potassium.
In the literature, experimental values listed for ¢K vary be-
tween 1.6 and 2,35 V36; the lower limit is determined by the
method of contact potentials, while the upper limit is meas-
ured by other means. In the measurements of Chen et al, ,34
¢K = 1.8 V is used. For the present work, the value of d')K is
assumed to lie between 1.6 and 2, 35 V, with the most probable

value near 1.8 V,
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Tre evaluation of o, in Eq. 1 also requires a value for
«?{. Several theoretical studies have shown that ¢, is given

f
- L - 38-40
by an expression of the Jorm

eoi/KT = ln(b\!me/m.l) (2)

with me/mi as the mass ratio of electrons-to-ions and b is a
correction factor dependent un experimental conditions. Bohrn'28
showed that b depends on the sheath boundary conditions, The
work of Bickerton and von Enge139 indicated that b was a function
of the ratio ae/lc' while the calculations of Cheﬂ40 showed that
b could be related to the ratio of the probe collection area of

the ions to that of the electrons in a magnetic field. The re-
cent computer calculations of Laframbois.s:33 for cylindrical
probes indicate that for rp/hD > 10, b= 2,5 and is relatively
insensitive to the probe size and shape. Chen et al. 3 found

b = 2, 6 for cylindrical probes with rp/).D =~ 50, For the pres-
ent conditions, rp/AD = 60 to 80 and b is taken to be 2.5,

giving ¢f =-1.06 V at T = 2600°K.

Therefore, the net result of the discussion on the poten-
tials used in Eg. 1 is: ¢ =4.5V, ¢f= -1,06 Vat T = 2609°K,
and ¢K somewhere between 1.6 and 2,35 V.

An important plasma parameter that is calculated from
measurements of ¢m is the time-average radial electric field
E_, Inprinciple, E_ is determined from -3¢p/3r where tbp

is the space potential of the plasma, From Fig. 4, ¢p

~ ]¢f] - l@k} - |¢:m| where ¢  is the only term that has a




measurable variation with radius. Therefore«, Ero = -aom {3r
in the experiment,

The directional Lansmuir probe previously described is
used to obtain a direct m«z2sure »f the ion rotational velocity
Voi in the plasma. Thne ion satrration cuirrent to the probe is
measured first with the siield gap orientated in the direction
of plasma rotation and then with the probe gap facing in the
4i

opposite direction. The velue of VO: is determined by

Voi = (i\li/li)\/ KT/mi 3)
where AIi is the difference in the two measured currents with
Ii as the current recorded in the direction opposed to the
plasma rotation. The value of Voi measured in this man: er can
be compared with both the ExB and the diamagnetic drift veloci-
ties.

Another plasma parameter of major importance in the
evaluation of the plasma losses is the total ion flux emission
from the ionizer hotplate. Using the flux collector previously
described, the total ion saturation current provides a direct

9,18

measurement of the neutral beam flux Jor The total ion

flux into the plasma is given by sjo where s is the probability

of ionization for either ions or neutrals when striking the hot-

plate, The measured ion current is related to jo by42

a
1, /e = 27rf sj,(rirdr (4)
[s]
For an electron-rich sheath, s is closely approximated

by La(T)/(1 + La(T)) where L2(T) is the L.angmuir-Saha fac-

18,37
r.

.35
to Using the first ionization energy of potassium,

13
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4.31 V, with T = 2600°K, [.a(T) = 1.35 and s = 0.53. For an ion-
rich sheath, the tons suifer multiple reflections which, in the
approximation limit of an infinite number of reflections, gives
s = H/(1 + H) with H{ = I.a("l‘)ex[:)(--et?s/KT).la

The relation between IO and _jo is seen to depend on the

radial profile for Jolr)_ If j is assumed uaiform over the hot-

o}
plate suriace, Iy = ([U;’u)/(:a2s); if jo(r) is assumed to be a

Gaussian with a scale-length r , Jo= ([o/e)/(ﬁz'is). These
relations will be useful in the evaluation of the plasma loss
measurements in Chapter V.

The plasma electron temperature Te is measured with the
midplane Langmuir probes and corrected for the effects of finite
probe size using the computer curves of Ldframboise.33 The
total corrected prode current is plotted on semi-log coordinates
as a function of the probe bias, 2nd the value of Te is derived
from the straight-line slupe near the origin.

The hotplatc temperatures are measured with an optical
pyrometer that is calibrated against a standard optical source
over an equivalent optical path to that used in the experiment,
Corrections to the cdalibration are made for the effects of optical
reflection coeificients and transmission through vacuum windows.
To avoid making optical measurements in the plasma, the hot-
plate temperatures are measured without the plasma and are
used to calibrate the hotplate power coatrols. During experi-
mental operations, the plate temperatures are set from these

power calibrations. Repeated settings of the hotplate tempera-

ture from the calibration showed an average deviation of +20°K

e e N
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from the desired temperature in the plate center. The pyrom-
eter calibration against the standard source is accurate to
+10°K. Including the cffects of the optical path and optical
corrections leads to an absolute temperature calibration

accurate to approximately *75 to 1n0°K at the hotplate center.
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I, PLASMA EQUILIBRIUM

A. General De=cription

Early experiments on the magnetic conflinement of Q- ma-
chine generated plasmas in both uniform and non-uniform mag-
netic fields indicated that the time-average plasma losses were
due to a combination of radial classical diffusion and an anom-
alously large rate of volume ion rf:combination.43-45 The
measured recombination rate could not be accounted for by any
known process ol three-body volume recombination.21 In order
to explain the resulis of measurements in a cesium plasma,
von Goeler devised a simple model of thermal plasma equiiib~
rium that included surface ion recombination at the holplales.37
The model predicted an effective wall recombination rate in
accord with the experimental results and showed that the neutral
beam density should vary quadratically with the density n,

Measurements of the plasma losses in Q-machine plasmas
using different types of alkali metal ions indicated that the

2 3

von Goeler relation I C!Cn; was well satisfied for n, > lO”/crn

but at lower densities, the losses showed a jo «n, variation.qs-‘ﬁ
The iinear relation between jo and n, was interpreted to show
the presence of anomalous loss processes in the plasma, but
some recent theoretical considerations indicate that jo C!no is
predicted for incomplete thermalization of a nearly collisionless

plasma in the presence of electron-rich sheat.hs.18 However,

the measurements undertaken to verify the theory still indicated




the presence of enomaious luss s that could not be accounted
for by the theoretical model.

A recent experiment with a rotating hotplate filament
assembly has demonstrated that a marked tnerease in n, may be
achieved in certzin cases whenever the filament rotation rate
exceeds approximately 10 Hz.42 The explanation advanced for
the increase in a, is 2 reduction in the radial ExB convection
due to the non-uniform hotplate heating in the absence of the
filament rotation. For some experimental conditions, the re-
duction in the losses is sufficient to produce jo Inf’), while for
other conditions, anomalous losses are still sufificient to pro-
duce j0 ©n, in the plasma.

In the present experiment, the plasma equilibrium is
formed in a regime where the scale-length R of nu(r) may be
comparable in magnitude with both a, and Ac in the column, In
the collisional limit, a; >> )Lc, the guiding-center density is
equal to the ion particle density and the ions experience only
the local electric field in the plasma.‘w As the collision rate
decreases, the ion particle deasity along the orbit may differ
significantly from the density of the guiding centers, and the
ions are able to sample mare of the non-uniform electric field
over the orbit cross section. In the collisionless limit CH << lc’

Schrniv.llt48 and Stringer49 have calculated second-order correc-

tions in the ratio ai/'R for both the particle density and the mean

electric field experienced by the ions. These corrections de-
pend on the averaging of the spacially inhomogeneous quantities

over many periods of the ion gyromotion so that any process,

e . o o e - A M ——
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such as particle collisions, which interrupts the ion orbits,
will destroy the effect of the finite LLarmor radius averaging.
When a; -~ '\c' the guiding center theory provides a reasonable
first approximation for the calculation of equilibrium for com-

parison with the measured data.

B R S B

The type of equilibrium that is formed in the rotating
plasma of this experiment is important to any investigation of ;
enhanced or anomalous plasma losses. It is necessary to
obtain at least a qualitative understanding of the origin of the
equilibrium losses before any meaningful evaluation of any
transient losses becomes feasible. The remainder of this
chapter is organized as follows. Section IIIB discusses meas-
urements of both the hotplate temperature and the plasma
electron temperature. Section HIC discusses the equilibrium
measurcments of the density, potential, radial electric field,
and the ion rotational velocity in conjunction with a two-
dimensional fluid model of the plasma equilibrium. Section IIID
discusses the evaluation of various equilibrium loss processes
in the plasma in conjunction with measurements of the total

plasma losses from the column.

B. Temperature Measurements

Since any temperature asymmetry at the hotplates can
produce a potentially large ExB radial convection of plasma b
across Bo’ a highly symmetrical distribution of the hotplate
temperature is desirable for the study of the possible origins

of anomalous losses. Several authorsza‘so-51

have shown that
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thermal gradients in a Q-machine plasma produce electric
fields proportional to q.w(VI‘/"'), where ¥ is the gradient
operator and ¢w = 4.54 V in the present work. Therefore,
small thermal gradients at the hotplates can create relatively
large electric fields in the plasma column, and the resulting
ExB drift across Bo may be an important factor in the loss of
ions from the piasma column,

Tor nearly symmetrical temperature and density distri-
butions in the plasma, a radial temperature gradient produces
an ExB plasma rotation that is important in determining the

28,51

direction of propagation of any waves in the column
may be important in determining the stability of the plasma
equilibrium. Howe\ 2r, other effects such as plasma viscosity,
ion inertia, and column boundary conditions must be included
in any analysis of the column equilibrium.

In the absence of plasma in the vessel, optical measure-
ments of the hotplate temperature T are recorded as described
in Chapter II. Figure 5 shows constant-temperature contours
for each hotplate and at two different central temperatures,

T = 2400°K and T = 2600°K. For a central T = 2600°K, the
ionizer hotplate shows a maximun: estimated azimuthal tem-
perature gradient of 5°K/radian, corresponding to

IEGI =4.5mV/cm at r = 2 ecm. The resulting radial ExB
velocity is VE =3.0X 108 cm/sec which is much less than the
ion thermal velocity vTi = 105 cm/sec. However, because

the isotherms from the azimuthal temperature gradient are

L i s e 1 et B BT
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Fig. Sa. Constant-temperature contours on the ionizer hot-
plate for central temperatures of T = 2400°K and

2600°K.
lonizer hotplate Second hotplate
T, =2400°K T, = 2400°K

x Recorded temperatures = Recorded temperatures

Fig. 5b. Coastant-temperature contours on the second hot-
glate for central temperatures of T = 2400°K and
2600°K.
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closed within the hoiplate cross section, the net radial plasma
loss is zero, and the plasma can only circulate within the

30
column,

Figure 5 also shows that T(r) increases with radius from
the plate center tc the edge with a maximum radial temperature
gradient of 50°K/cm at T = 2600°K on the ionizer hotplate, corre-
sponding to iEr

o~ 0.09 V/em and a rotational doppler frequency

of [D ~ 5.0 kHz at r = 2 c¢m and B0 =150 G. The correspond-
ing ion cyclotron frequency at B0 =150 G is fci = 6.0 kHz, so
that fD and fci are of comparable magnitude in the plasma col-
umn, The direction of the column rotation indicated by the sign
of fD in the column depends on the sign of E:!_0 which remains to
be determined, Similar results to those just discussed are
calculated from the data at T = 2400°K for the ionizer hotplate
and from the data for the second hotplate.

The plasma electron temperature Te is measured as
described in Chapter II at the vessel midplane and compared
with the corresponding hotplate temperature (equa! T on both
hotplates). Figure 6a shows the current-voitage plots for
three values of Bo. At Bo =150 G, the measured
Te = 3140° + 50°K; at Bo = 600 G, the apparent electron tem-
perature increases to Te =~ 3500° £ 75 to 100°K at the plate
center. The indicated difference between the measured values
of Te and T could be caused by potassium contamination of the
probe. The results of Chen _(e_ga_l.34 in a potassium ion plasma
indicated that probe contamination causes a decrease in the

slope of the measured probe curves near the transition region,
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leading to a spuriously high value for Te.34 Due to the

method of plasma generation in a Q-machine with equal tem-
peratures on both hotplates, significant thermal gradients
beiween the hotplates are not expectedsz; any local tempera-
ture variations zlong the magnetic field should be eliminated
in less than 1 msec. Therefore, the difference batween Te
and T on the same field line is improbable in the present
experiment, and within experimental error, Te =T.

Figure 6b shows a comparison of the radial profiles of
Te at the midplane for two values of Bo with the radial profile
of T at the ionizer hotplate. The radial coordinate of the
profile for Bu = 130 G is compressed by 50% in order to allow
comparison with the ’1'(3 profile at BO = 600 G and the profile
of T. At the midplane, Te increases with radius out to the
effective edge of the hotplate and then appears to decrease.
The corresponding profile of T shows a nearly linear increase
with radius out to the hotplate edge. Simple estimates of the
thermal diffusion arross Bo indicate that ’I‘e at the midplaae
should not significantly decrease until a distance of several
times a; from the effective hotplate edge.ﬁ3 However, the

potential discontiniiity near the hotplate edge plays an impor-

tant role in interpreting the data presented in the next section.

C. Density and Potential Measurements

The plasma equilibrium is to be determined from
essentially four basic measurements: Figure 7a shows radial

profiles of o, 35 2 function of Bo. Using the relation,
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Eru = -b‘;’m" or, Fig. 7b shows the correspondang radial
profiles of -E_ . Using the directional Langmuir probe
described in Chagter U anid the relation, VE t -Eru/Bu,
Fig. 7c¢ shows \'ui and \ o 48 a function of Bu atr =4 ¢cmin
the plasma column; Fig. Tc also shows the difference
Vlﬁ - \'ui as a function of HU. Finally Fig. 72 shows radial
profiles of n as a function of B . 2dof the data in Fig. 7 is
recorded for T = 2600° £ 75 to 100°K at the hotplate center
znd 'l'u = 300" £ 3°C at the bottom of the potassium oven. The
remainder of this sceclion is devoled to the interpretation of
the results shown in IFigs. 7a,b, ¢, d and the formulation of a
qualitative model of the plasma cquilibeium in the column,
The discussion in Section HIB of this chapter indicates
that plasma models which are valid for a, 3, << It should
give a goud first-approximation to the analysis of a collision-
dominated plasma with a <R~ a;. When the nct current
between the hotplates is zero in a Maxwellian pl=gsma at 2
temperature T, the total flux balance at the ionizer hotplate

gives the x-a.-k\r.ifm37 40

| A 1+ 8i e
expleg /KT) = [j_ [Ri(T)] T757_JRATT (5)

where j or jir is the random clectron, ion flux, respectively;
S, j,» and ¢ are defined in Chapter I, and Ri(T) is the

electron ecmission flux given by37

RI(T) = (A/e) T? expl-ce/KT) (6)




with A as the effective electron emission coefficient of the hot-
plate, For a typical vucuum=~-annealed tungsten surface, A
varies between 60 and 100 amps/cmz-degz; quantum theory
predicis a maximum A = 120,6 amps/cm2-deg2 for any pure
me!.al.35

{n the present work, Ri(T)>> Jjpandi,. >> ], so that the
second bracketed term in Eq. 3 is very close to unity. There~
fore, .:.5 is essentially determined by the electron flux balance
at the hotplate. When Ri(T) (__]er, ;.s) 0 and the sheath 1s ion-
rich with the electrons confined in a potential well between the
hotplates; the ions are unrestrained by the sheath. When the
inequality is reversed, Gy < 0 and the sheath is now ¢'ectron-
rich. The ivns are confined in a potential well between the hot-
plates, and the electrons are unrestrained by the sheath,

The type of sheath that exists at the hotplates may be
determined {rom the data in Fig, 7a at r = 0. Since the actual
value of the potassium work function in the experiment is
unknown, the data are evaluated at three selected values within
the tabulated range of S This value, oy = 1.6 V, was meas-
ured by the method of contact potentials,3s S = 1.8 V was used
in the work of Chen ﬂ_a_g_.,“ and S 2.1 V represents the most
probable value of the potassium work fuaction in the tabulated
:Iata.ss

The sheath potential ¢ is evaluated from thedata atr = 0
in Fig. 7a by using Eq. 1 with Gy =43 v, ¢ = -1.06 V at
T = 2600*K, uad the three choices for ek the ratio e¢.s/K'1‘ is

plotted in Fig. 8a as a function of the measured "oo("o at r=0)
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in Fig. 7d; each point represents a different value of Bo in all
three cases shown. For all the data points shown in IFFig. 8a,
¢ < 0, and the hoiplate sheaths are electron-rich. Therefore,
the equilibrium plasma in the present experimert is formed in
the presence of electron-rich sheath potentials on the hotplates.
A quantitative comparison between Eq. 5 and the data in
Fig. 8a is possible only with some assumptions for the param-
eters ¢y, A, and T. The value of Gy vVas discussed in Chap-
ter 11, and the value “w =4.54 V appears to be a commonly
accepted result.37 Tabulated values of A vary between 60 and
100 amps/cmz-deg2 for a clean tungsten surt‘ao::‘e.35 Measured
values of T can vary by x100°K, as discussed in Chapter 11,
Therefore, Eq. 5 is evaluated for both T = 2600°K and T = 27G0°K

2 for each

with selected values of A = 60 and 120 amps/cmz-deg
temperature, and the results plotted in I'ig. 8a for comparison
with the measured data. 7The estimated probable error at
selected points is also shown. Within the assumptions discussed,
the results in Fig. 8a show that a value of ¢ between 1.6 and
1.8 V provides reasonable agreement between the data and the
predictic:s of Eq. 5, and the functional dependence of $g on LI,
is correctly predicted.

The radial profiles of q.m in Fig. 7a are next studied for
r f 0 in two separ:te regions, r < a and r > a where a is the
effective hotplate radius at the midplane in the mirror magnetic
field, For r< a, ¢m(r) shows a decrease with radius for all

values of Bo shown. The decrease in ¢m can be numericaliy

predicted from a combination of Egs. 1, 5, and 6, Neglecting

!
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the small radial dependence of both oy 2nd & (see Chapter I1)
and considering both T and n, as functions of radius, ¢m(r) is

given by

¢n(r) = (KT/eflnln (r)]- 1.5In[T(e)+ C } )

where C0 is a constant, independent of the radius. Using
¢y =454 V, A = 60 amps/cm®-deg’, ¢ = -1.06 V at
T = 2600, ¢ =-4.4 Vatr =0, andn__ =10''/cm? in the
presence of anomalous plasma losses, Co at Bo =130 Gis
calculated to be, Co = -36.55. Substituting this value of CO and
data from Figs. b and 7a in Eq. 7, Qm(r) is calculated and
plotted in Fig. 8b as a function of radius. The curve for ¢m 2t
Bo = 150 G in the presence of enhanced losses is repeated in
Fig. 8b [or comparison with the prediction of Eq. 7. Within
the assumptions involved, Eq. 7 is in good agreement with the
measured q,m(r) at Bo = 150 G out to r = 4 ¢m; beyond this point,
the effect of the region for r > a becomes the dominant factor
determining c,m(r). Since the curves of ¢m at all values of Bo
in Fig. 7a show the same type of radial variation for r < a, the
results for B, =150 G in Fig. 8b should be valid for other
values of Bo' Therefore, the decrease of %m with radius in
Fig. 7a is aczounted for by the prediction of Eq. 7 ir both form
and magnitude for r < a in the plasma cclumn,

For r > a, Fig. Ta shows that ¢m(r) rises sharply . a
distance of a few centimeters to produce an icn-confining
potential well in the plasma column. This rapia increase in

m is caused by an abrupt change in the endplate work functon
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at r = a. lInside the column, the magnetic field lines terminute
on a hot emissive tungsten surface that is in strong contrast to
the celd non-emissive surface for r 2> a. In addition, the cold
surface is probably coated with potassium, so that the potential
difference in the column approaches a few volts with the column
inierior more negative than the exterior. The resulting Ero is
directed into the plasma, and the ptasma current flows in the
direction of Ero'

The magnitude of E_  indicated in Fig. 7b should com-
pletely confine the ions to the celumn, but the measurements
shown in Fig. 7d show that a substantial number of ions escape
from the column for the whole range of B,- A quantitative
comparison i shown in Fig. 9 between the calculated density
distribution no(r) @ exp(-eq’;s/l{'l‘), using the measured és‘ and
the measured a, radizal profile at Bo = 130 G (with enhanced
radial losses). The profiles clearly indicate that some
mechanism is overcoming the strong Ero and allowing the ions
to flow out of the potential well,

The strong value of E_ at the column edge produces an
ExB electron drift that is transmitted to the mora massive ions
through coulomb collisions. Therefore, the plasma rotation
provides a pussible source for the energy reguired for the
escaping ions, Figure Tc shows that the measured Voi at
r = 4 ecm is always less than the corresponding \-"E for the
entire range of Bc' and the ratio \"OE ,:'\‘E increases toward unity
as Bo increases. Since ain decreases with increasing Bo' the

finite Larmor radius correction to the Ero experienced by the

{;
!
5.
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irns decreases, and the predicted Voi approaches V in agree-

E*
ment with the results in Fig. 7c. The velocity difference .
VE - Voi is also plotted in Fig. 7c and indicates an azimuthally '
circulating current je in the direction opposing the ExB plasma
rotation. The current je appears to be nearly inagependent of B0
for the range of B0 shovn in Fig. 7c.

On the basis of the data in Fig. 7, a two-dimensional fluid
model of the plasma equilibrium is constructed and includes the
effects of both ion inertia and viscosity; the coupling of the ioprs
and elecirons through coulomb collisions is represented by a
plasma resistivity. Both the =lectron inertia and viscosity are P
neglected in comparison with the ion terms. 'The resulting

single-fluid equations are written in the t‘orms3

2 ..
pu - Vu + Vpi + Vpe = pu.lv u + lxgo (8)
e - v o2
E +us by~ ? = T)] + (p/noe)(__u_ s vu - IJi i) 9)

where u=u is the mass flow velocity, p =p m, is the mass

density, P,=P :nOKT is the pressure, g is the ion viscosity,

e

jis the current, E is the electric field, 0 is the plasma resistiv-
ity, V is the gradient operator, and v2 is V - ¥V in cylindrical
coordinates.

The approximate ion viscous forces in the above equations
are based upon the Navier-Stokes model of an incompressible

4
viscous fluid and strictly apply tc a plasma with V- u = 05‘;
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sinre the ptasma density varies, the validity of this assumptinn

s questionable, However, if the additional assumption u, < u,
is made, the compressibility condition introduces only small

corrections wo the viscrous terms in the equations. Far the

present caiulatinng H; is approximated by the form, (pi/uii)

2,2 : - : 55
1 -rh_c/a‘L , with v as the collisinn rate between the ions,

Since the plasiaia is highly ionized at T = 2600°K, the plasma

resistivity is approximated by the SpitzerD3 result for a fully

ionized gas, n=1,29 ¥ 10* 'I'-B/2 In{Ay where In{A) is the coulomb

logarithm; at T = 2600°K, n = 0.24 ohm-cm,
Equation & is separated into the radial and azimuthal com-~
ponents, and each is solved for the current.

Urder the condition

that U, <ug= voi' the radial current is given by

. 2 .
ipz e Vol B,

Ve (10)
where \73 = (V- V)r. The azimuthal current is given by
2
jazz(apilar)/Bo- p\";.l/r'Bo (11)

Assurning that Voi(r) o VE(r) for ail radii at 2 given B, the
resulis in Fig. 7c are proportivnal o the radial profiles of Voi in

the plasma,., Near the center of the high velocity region, vaoi

@ vz?Erc < 0, and jr flows into the plasma, in agreement with the

requirement that Er o confines the ions within the column. In the

region of the maximum voi' the centrifugal! force dominates over
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the pressure term in Eq. 11, and je flows in iize direction oppos-~

ing the plasma rotation,
2

In Fig. 7b, the requirement that Vr

v, « V2B <0 defines
an effective width é for the region of large Voi in the plasma.
Replacing the term stoi by the approximation, -Voi/62 in
Eq. 10 gives an estimate of the jr flowing into the plasma. For
B0 ~ 600 G in Fig. 7b, 8 = 2 cm, a, = 0.5 cm, and Vo.1 = 3.0
% 10° em/sec; using Fig. 7d to estimate n_, j_ = -0.1 mA/cmz.
Considering the current continuity in the high velocity layer, the
axial iy = (2rI_,/a2)jr ~+.0 mA/crn2; multiplying jz by n and
L{column length) leads to an estimate of approximately 1.0 V for
the voltage drop along B . When B < 600 G, the potential drop
along B is less than 1.0 V. Thus, for the range 150G < B,
< 600 G, more than 50% of available thermoelectric potential
should appear across the velocity shear region in the plasma
column,

The value of E‘ro in the column is calculated from the
radial component of Eq. 9 in the form

E_, = -V,;B_+ (@p.fdr)fn e +nj_- oV /ner  (12)

In the velocity shear region, nj, ﬂﬁ?ﬁ? and dp,[dr < V%‘i
are both negligible in comparison with the terms in Voi.' and
Fq. 12 may be solved for Voi in terms of VE:' Using data from
Fig. 7b and including the small corrections due to 'dpi/ar- with
data from Fig, 7d, Vc>i iz caleculated at the radial position of the

maximum lEml and plotted as a function of B_ in Fig. 10,
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Measured data for V_ as a function of B_ is available only at
r = 4 c¢m in the column, 1 sing ¥q, 12 to compute the ratio Voi/vE
at Bo = 150 G, the ratio is found to be 0,4 at r = 5 em, as com-
pared with 0,46 at r = 4 em. Similar resvits are found for other
values of Bo' Therefore, since the ratio Voi/VE remains nearly
constant between r = { to 5 cm for all Bo of interest, the meas-
ured voi data at r = 4 em i5 converted for comparison with the
computed voi by Voi = q\/E where q can be determined as 2 func-
tion of Bo from Fig. 7c. The results are compared in Fig, 10
and show that the measured data for Ero and Voi in the column
are compatible, and that Eq. 12 gives a good estimate of the voi
in the high velocity region of the eolumn,

The radial velocity L in the column is found by substituting

for jG in the azimuthal component of Eq, 9
o)~ 2\ ( 2 . 2 .
ur(l * voi/Pni) - (n/Bo) (':'voi/P - zapi/dr) * (”i/ﬂi)vrvoi (13)

where Q = eBo/mi and Voi/r'c')i represents a term caused by the
Coriolis force. Inside the high velocity region, u, is given by
the difference between the velocities due to the ion rotational
inertia and the ion viscous friction. The ions can escape from
the plasma column when u, > 0; using the approximation that

2

VovV.~-V ./62 in Egq. 13, the condition that u_, > 0 reduces to the
r oi oi r

inequality

-1
2, 2
(6 )% = ST Tmy) (e /V,;) (1 +227a2) (14)
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which indicates that ions can escape {rom the potential well when
both the velacity shear is large and the collisions between the
ions and the electrons are frequent. The physical description ef
the ion escape mechanism is as follows: The thermoelectric
potential at ¢ = a drives an eiectron current through the slower
and more massive ions. The electrons exert a {rictional ‘orce on
the ions through coulomb collisions that raises the ions potential
energy and drives them out of the confining potential well. Dur-
ing this process, heat is dissipated, but because of heat conduc-
tion to the end surfaces, beth the ion and electron temperatures
are presumed to remain coustant, as suggested by diffusion
calculations and indicated by Langmuir probe measurements, If
the ratio (G/Rc) is smaller than the limit in Eq. 14, the ions fall
back into the potential well and approach the Boltz:. *n distribu-
tion shown in Fig. 9; under such conditions, the losses are
evaporative in nature, and only those ions with sufficient kinetic
energy can escape from the potential well,

Using the datz in Fig, 7d to estimate )tc, the data in Fig. 7b
to evaluate &, and the data for V. in Fig. 7c, the ratio (B/Ac) is
evaluated experimentally and compared in Fig., 11 with the predic-
tion of Eg. 14 as a function of Bo' The measured ratio is always
less than the prediction of Eq. 14 for all B shown, but the two
values show closer agreement at smaller BO. This latter result
may be due to the presence of anomalous radial losses that act to
increase the value of 8§ for B o< 300 G. Considering the inherent
assumptions in Bq. 14 and the possible experimental errors in the

measurement of both é and Rc' the results in Fig, 11 indicate that
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$5gs. 8 and 9 provide a good qualitative description of the ion
confinement.

The above plasma model must also satisfy the density
continuity equation which relates the n, variation to the previ-
ously caler’ated velocity components. Since the derivation of
Eq. 14 neglected the radial variation of ng in comparison with the
inertial and viscnus forces in the velocity shear layer, the radial
scale-length R of the no(r) profiies is not necessarily the same
as 6 in the column. In the steady-state, the continuity relation

v- (no_ll) =5 in cylindrical coordinates beu:omes53
8tn u )or + nour/r + B(nouz)/az =3 (15)

where the azimuthal dependence is neglected, and the value of u
is given by Eq. 13. Outside of the high~velocity shear layer,
V,; < Vigy, and the dominant term in Eq. 13 is 2(n/BZ) (2p, /or)
which represents the classical resistive diffusion flux n u,
~ -ano/dr with D = ZnKTnO/Bg. 53 Inside the shear layer, u, is
effectively the difference between the inertial and viscous drift.
The Egq. 15 may be reduced o a one-dimensional differen~
tial equation by replacing the longitudinal derivative by an effec-
tive loss rate. For r > a, the primary loss of jons ocecurs at the
cold end plate, and an estimaie of the loss rate v is the recipro-
cal of the time necessary far the ions to traunsit the length of the
column; vi ::VTi/L. For r < a, the endplate loss is recombination
at the hotplates, and the effective loss rate is approximated by

~on where « is the hotplate recombination coefficient, Employing




these two-ion loss-terms, Eq. 15 reduces to different forms in
different radial regions of the column, For r < a, the previous

results showed voi < VT and the flux is given by radial diffusion.

il
If the ion source is assumed to be uniform at the hotplate aud the
losses due to ion recombination at the hotplates, Eq. 15 reduces

to the form

2n
n

r<a; o

2 1 - \ 2 -
+ ng /r (2a/Do,n° = constant (16)

where '

indicates the radial derivative and D_ = D/no is independ-
ent of density. For r > a, the losses are due the ion sink at the
cold endplate, u. is again determined by diffusion, and there is

no ion source. Under such conditions, Eq. 15 reduces to the

form

. 2w, 2. . _
r>a: n_ "+ ng /r (Zvi/Do)no— 0 (17)
In the high-velocity region, VO.1 > V’I‘i‘ and u is determined by the
difference in the centrigal force and viscous friction on the ions,

In general, Eq. 15 becoraes
(nour)' + (nour)/r - amg = constant (18)

where u,. is given by Eq. 13, Of the above three equations, only

21-22

Eq. 16 is solvable in terms of Bessel functions ; Egs. 17

and 18 are both non-linear in the general case.
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If the above set of equations could be solved analytically,
the match of radial flux components on the inner side of the high
velocity region would determine the value of o in the plasma,
while matching flux components on the outer edge of the high-
velocity region would determine the value of v, provided that all
other parameters are known. However, since an estimate of v
is already available, the radial scale-length of the density for
r > a could be numerically determined.

In order to solve for the radial scale-length at the column
edge, the cylindrical surface at r = a is approximated by a plane
surface, and Eq. 17 is replaced by an equation whose solution is
proportional to exp (~r/R) where R2= D/vi. At B, =150 G,

D=~ 3.0X 10° crnz/'sec and y = 103,’sec: the resulting R ~ 1.7 em
s a, is in accord with the results in Fig. 9. An approximate {lux
match is ob_tained by assuming the n,=n is conslant for r < a

and setting nu = -Dnz) at r = a, The resulting equation i<
nlur(a) = n(a).,/h/iD; (19)

If u. is taken to equal just the centrifugal component in Eq. 13 at
B, =150G, u, = 103 cm/sec, and the resultant a/n; ~0.6. Com-

paring with the data in Fig. 9, n(a) ~ 4,0 X 1010/v:m3 and n_
3

{0
o 1011/cm so the n/n1 = 0.4, in good agreement with the predic-

tion of Eq. 19. Considering that v, is reduced by the presence of
the ion viscosity in Eq. 13, the predicted ratio of n/n1 is reduced

below 0.6 in even closer agreement with the measured data,

Therefore, the radial profile of n, in Fig. 9 can be qualitatively



explained, and the gurantitauve ajreement is excellent in view of

the assumptions made,

). Steady-State Plasma Loss Measurements

The previous section has introduced a plasma model which
shows how the ions may escape from the potential well in the
column. This present section is devoted to a study of the various
possible loss processes that create a uL > 0 and a quantitative
comparison, where possible, with the total measured losses
from the plasma,

The type of dominant loss mechanism that determines the
plasma equilibrium may be qualitatively studied from the varia-
tion of the column density with magnetic field. IFigure 12 shows
a plot of n,,asa function of Bo in the column, For Bo < 300 G,
the result shows that oo x Bo which has been interpreted to be
characteristic of the presence of enhanced losses from the
plasma, For Bo > 500 G, the density is nearly independent of
Bo' Earlier work‘15 has shown that a density independent of ‘3O
is characteristic of hotplate ion recombination that does not
depend on the value of Bo. For the irtermediate range, 300 G
<B_ < 500 G, the results in Fig. 12 show that n__ & B2 which is
consistent with the predicted losses due to classical resistive
diffusion38 across B . Therefore, the results shown in Fig. 12
indicate that at least three different loss processes are important

to the plasma losscs from the column within the experimenial

range of Bo'
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In crder to verily the above resuits, the iotal plasma loss
is estimated frons .acasurements of the 1o-al ion sawaration caur-
rent from the ionizer hotplate. As describecd inn Chapter li, the
total current | is recorded as a [unction of the midplane density
noo for several difrerent values of Bo between 150 and 600 G.
Figure 13a shows the results for T = 2600°K and To = 300°C. For
n.> U.)“/cm3 (B, > 303 G), the slope of the lines indicates that
jo th(zn, while at lower densities (B0 < 300 G), the slope de-
creases and appears to indicate that jo xn_ . Earlier measare-
ments of the losses in @-macnine plasma showed the same type
of behavior and were interpreted to indicate the presence of en-
hanced plasma losses whenever jocﬁ noo.w'qﬁ"” Therefore, both
Figs, 12 and 13a may be interpreted as an indication of enhanced
plasma losses from the column for Bo between 150 G to 300 G.

7 Considering the hotplate losses in the presence of electron-

rich sheath.S, the equilibrium theory of von Goeler pre:clictsa7

Sig = (vTivTcsng) J[BRi(T)La(T)] '20)
where all parameters are defined earlier. For a uniform distri-
bution of jo on the hotplate, Chapter Il shows that Iole = :a?‘sjo,
and this relation is plotted as the dashed line in Fig. 13a for com-
parison with the measured data. For Bo > 300 G, the data i
close to the prediction of Eq. 20 in both slope and magx_xitude.
Therefore, both Figs. 12 and 13a show that enhanced losses are

probably abseat from the plasma column at the larger values of

B , in accord with mcasurements. The data in Fig. 13a also
o

shows that based on Eq. 20, the plasma sheaths are electron-rich
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for all values of Bo shown. This last result agrees with the data
shown in Fig. 8a which were discussed earlier.

An independent experimental cherck of the slopes indicated
in Fig. 13a is provided by recording the variation of n,,asa
function of T-Ol. Chapter [ indicated that IOU- j0 can be shown to
be lineariy proportional to the potassium vapor pressure PV in
the reservoir. Statistical mechanics shows that log(Pv) ~ —C/T0
+ constant and this has been experimentzally verified; for T0 be-
tween 400° and 7¢06°K in po*assium vapor, the measurements in-
dicate that C = 35()(?|/K"_56 Fijure 13b shows a plot of log(noo) as
a function of T;l for three values of Bo‘ The nearly linear var-
iation shows that log(neo) o« -C'/TO, and the data can be used to
derive an empirical relation between n.o and Pv' Since IOOC Pv'
the data in Fig, 13a also determine a relation between n., and Pv
wlhich may be compared with the relationship determined from
Fig. 13b. Defining the slope x by log(noo) « xlog(P ), the slope
in Fig. 13b is given by x ~ CYC, For B, = 150 G, the measured
value of C' = 2500/K° yields the prediction x == 0.65; the corre-
sponding slope in Fig. 13a is x = 0.75, and the two results show
good agreement. For B_= 600 G, C'= 1950/K° and x = 0.5 which
is close to the value x = 0,4 shown in Fig. 13a. Thereiore, the
two independent measurements in Fig, 13 both predict a signifi-
cant difference in the slope of the nooo’- jg relation. For Bo
< 300 G, x=0.75 which is closer to unity than the x = 0.5 found

for B0> 300 G. The results again indicate that enhanced plasma
losses are present for B0< 300 G and are in agreement with the

measurements in Fig. 12.
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while at H” = 300 G, l”/l- =~ 6.0 Z210 'fsce for no 5.0/ IUl l/r;m:".
When the wave amplitude is small al H” 150 G, the column den-
sity is observed to be increasing, while at Ji” =400 (G, the column
density remains constant except for the low-level density waves.
Thus, the plasma “equilibrium" at B, =150 G is significantly dif-
ferent in nature from the equilibrium formed at Br: =400 G, Since
earlier measurements (see Figs. 12 and 13a) indicate than anom-
alous plasma losses occur only when Bo < 300 G, the case for
B, = 150 G is chosen as typical of this type ot: guasi-equilibrium
state. In the absence of anomalous plasma losses for Bo> 300 G,
the case with BO =400 G is takc 1 as a typical example of the more
conventional type of plasma equilibrium.

A ser.ni-quantitative study of the quasi-equilibrium state at

Bo = 150 G is possible through the use of the integrated form of the

equation of continuily

L tr
akNfon +21rrJ Fc(r,z)dz + 27 f F[_(r)rdz' lo(r)!e (21}

(3] [3]

where N - 271’[ l,[r ra(r,z)rdrdz is the total number of particles

[
in the plasms ::ol(:xmn with nn as the column density in the absence
of plasma waves, l"c is the loss-flux from classical diffusion
dcross B“, l"P is the ion recombination flux at the hotplates and

is approximated by the classical relation given in g, 20, and a

measure [u from the fnll hotplate is given in Vig. 13a,

:
i
1
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Equation 21 may be greatly simplified ' a first approxima-
tion is made in whic'. n, FC, and Fr are replaced by mean
values that are independent of the conordinates r and z; the re-
suliing eqaation is writien in the following normalized form:

(2(R)/6t)/(F) + 2(F )/r(B) +(F YAL(E = (I_fe)/ra’L{m) (22)

where the brackets () dencte the mean quantities in the plasma,
and the factor of 1/4 in the (F ) term accounts for the fact that
at BO =130 G, a field line is twice as far from the column axis at
the midplane as at the hotplates. Figure 14a shows calculated
radial profiles of the terms in (Fc), (Fr)' and [0 forr<a

=~ 5.1 cm at the midplane; the losses are all calculated for the
time t = to indicated on the density waveform ac ==~ 3 cm., The
indicated loss irom classical diffusion is substantially licger
than the 1on recombination loss at the hotplates.

Using data in Fig. 14a, the predicted normalized loss-rate
from Eq. 22 is calculated and plotted as a function of radius in
Fig. 14b; measured loss-rates are calculated from the slope at
t=t, of density waveforms similar to that shown in Fig. 14a and
plotied in Fig. 14b for comparison with the predicted values. The
results indicate that tne theory given by Eq. 22 is in qualitative
accord with the measured data, and the quasi-equilibrium state of
the plasma at BD = 150 G is a combination of the losses from clas-~
sical diffusion and jon surface recombination at the hotplates.

For the case when B, =400 G, the column density does not
change with time except for the low-level fluctuations that are
present, Under these conditions, Eq. 21 is sttll valid, but the

term 8N /3t is zero. Therefore, the plasma equilibrium is a
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balance of the difiusion and recombination losses against the in-
put of ions from the source hotplate. Making ihe same assump-
tions as for the case at BO =150 G, the KE¢. 2! again reduces to
Eq. 22 with a(n)/at = 0. Tne factor multipiying (F.) is now
taken 1o be 1/2 in accord with the hisher value of BD with re-
spect to the magnetic field at the hotplaies. Figore 14c shows
the computied radiai profile of the sum of the two loss terms in
comparison with the ncrmalized input-rate 1o the column; the
loss calculations do not reier ip a specific time as for the case
at BO= 150 G. The calculaiions indicate that the predicted losses
greatly exceed the input in the column center, but near r = &,
the input and loss rates are in »alance, This result indicates
that the particles are lost most rapidly necar the column axis
and replaced near the column edge. A quantitative balance
could be achieved if the radial density profile were [latter in the
column center and the input particle rate were douoled; both of
these possibilities are within the range of experimental error
present in the measurements. Therefore, cheosing the best
combination of the probakle errors in the input and loss lerms,
the continuity equation in the form of Eq. 22 with 3(m)/ot = 0 is
able to qualitatively explain the plasma equilibrium in the column
for B0 =400 G.

The use of the continuity equation with the radial flux de~
termined by classical diffusion neglects the radial flux due to the
cenirifugal drift and the ion viscosity in the high-velocity region
near the column edge. Since the discussion in Section C of this

chapter showead that the thickness é of the high-velocity region is
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determined primarily by the balance Letween the viscous and
centrifigal [orces (see lq. 11}, the net radial flux out of the
column is determined by the classical diffusion term in Eq. 13,
and the use of Eq. 21 for the entire piasma columrn is justified.
This present section has dealt with the flux balance in the
column under steady or quasi-steady conditions. H-.wever,
anomalous radial losses of a periodic nawure are clearly ob-
serveq for Bo< 300 G and are believed to be caused by ExB
radial convection by unstable plasma perturbations that prop-
agate azimuthally 2round the celumn. The origin and character-

istics of these waves is the subjeci of the next chapter.

64



ol

o G IRE T A

L,

-

S b SR T L g S BTt DT

IV, MEASUBEMENTS OF PLASMA OSCILILATIONS
A. General

The measurements presented in Chapter i{ are concerned
with the equilibrium condition of the plssma column, and the
results consistently indicate the presence of enhanced or anom-
alous plasma losses for B between 150 to 300 G, For this
range of Bo, the dominant plasma waves are azimuthally prop-

agating perturbations that may exhibit non-linear and periodic

time-growth for special conditicns. The enhanced plasma

losses are believed to be closely connected with the non-linear
time-growth of the waves. For B, > 300 G, the losses are
independent of time and may be accounted for by the purely
classical processes, discussed in Chapter lil. For this higker
range of Bo. the dominant plasma waves are harmonically
related perturhations that propagate azimuthally with a saturated
amplitnde and do not exhibit any long-term time-growth. Meas-
urements of the wave characteristics for each range of BO indi-
cate that the plasma waves probably arise from entirely different
sources of instability in the column.

Plasma waves were detected in the earliest experiments
with Q-machines and their origin has been the subject of contro-
veisy. D'Angelo and Motley24 detected waves that they identi-
fied as electrostatic ion cyclotron waves; Decker25 and
Lashinsky26 measyred low-amplitude waves that each identified

. 2
as the electron-drift mode; and Buchelnikova"7 identified the

waves in her experiment as the "universal” or collisionless
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drift mode predicted by Rudakov and ;-'v;:v_v’-'n-w-.',z (‘.riu;{urso
pointed out that all of the above experiments neplected the
effects of an cquilibrsum electrie field 'hat can reverse the
observed direction of wave propagation in the plasma column,
Hartman and Mungf-rza showed that when the ExP drift oppoased
the diamagnetic drift, the observed wave propagation in the lab-
oratory was reversed from the direction of propagation in the
plasma rest-frame. Including the electric field drift, later ex-

. 29, 30
periments

showed that the waves were probably collisional
drift waves. The first conclusive experimental eviden-e for the
propagation of the collisional drift waves was given by Hendel
gija_l_ls which compared theory and experiment under centrolled
conditions.

Experiments of Hartman and Munger using an internally
generated radial clectric field showed that plasma waves could
arise from largce radial velocity shear in the c:.-oiumn.30 Recent
work by Kent gizi.s? and by Perkins and Jassby32 shows that os-
cillations observed to occur near the hotplaie edge are probably
due to « modified form of the hydrodynamic Kelvin-Helmholtz
instability. Other instabilities that can arise in a rotating plasma
coiumn include the ion-cyclotron drift mode, the gravitational in-
terchange mode due to magnetic field curvature, and the centrif-
ugally driven interchange mode.E'8

The wave measurements are conducted fcr the following
range of time-average plasma pararneters: densities n, between

1010 and 1012/(:m3

, hotplate temperatures T (both plates equal)
between 2300° and 2700°K, potassium oven temperatures T

between 200° and 400°C, and midplane magnetic fields Bo between

i
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150 and 650 G. However, the majority of the measurements are

made for T - 2600°K and T 300"C because of the repeatability
o

of the results., The waves are sludied 'n two groups that are dis-

tinguished by ithe range of By in which they are predominant,
B. Group 1 Oscillations

The group I waves consist of the three harmonically related,
low-level saturated modes that are predominant for BO> 300 G.
In the general case, all three modes propagate simultaneously in
time with different amplitudes, but sometimes only a single nearly
sinusoidal wave (in time) is observed. Note: In all oscilloscope
traces shown in the present paper, time goes from right to left
on the abcissa. Figure 13a shows the frequency spectrum of che
group I waves, and Fig. 15b shows the corresponding azimuthal
density correlations of the individual modes. Assuming a density
perturbation proporticnal to exp(im8), the data in Fig. 15 shows
an m=2 mode with a measured {requency f,, = 13 kHz; an m=3
mode with f3 =19 kHz; and an m=4 mode with f4 = 25 kHz. Thus,
the modes are separated hy approximately 6 kilz, and the predicted
m=} should be at f1 = 6 kHz; the m=1 modc is not observed in the
group I waves. All modes are ooserved to propagate in the direc-
tion of the ExB drift in the column, Lut this must be corrected for
the plasma column rotation,

p
fied by the column rotation. Figure 16a presents the radial profile

Since fm « V _, the measured phase velociiy Vp is also modi-

of Vp at the peak amplitude of the m=2 mode at B - 300 G; Fig.
16b shows similar results for B = 600 G. Sincea, <R in the

plasma, the electron drift velocity Ve is well approximated by
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for the modes indicated in Fig. 15a; the
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correlation data, Ve = Vg - Vp, and Vi = V4
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vV = VE +V D For the ions, a; ~R, and the ion drift velocity is
approximated by voi‘ Using the resuvlts in Fig. 10, \/0i is calcu-
lated ifrom Eq. 12 and plotted on Fig, 15 together with Ve for com-
parison with the recorded values of \./p in the plasma. At both
values of Bo shown, the m=2 waves are nowhere synchronous with
the electrons, but the oscillations appear to propagate nearly syn-
chronously with the ions for the range r = 3 to 5 cm within the
plasma column. This result eliminates the electron drift oscilla-
tions as the source of the observed modes. Since the plasma is
also collision dominated, the last result also eliminates the
"universal" instability as the source of the waves, 12

Figure 17 shows the axial density correlation for both
Bo = 300 G and Bo = 600 G. From the lack of phase shift between
the fixed midplane probe and the probe at 40 cm toward the second

hotplate, the upper limit on k  is approximately »/10L. This is

reduced to 7/5L by the minimlllm-detectable phase shift and the
probable error in the probe positioning. However, a plot of
relative wave ampilitude E,’no along the vessel axis shows that
approximately a quarter-wavelength fits between the hotplates,
and k” = @/2L @/ 5L which indicates a possibly line-tied flute
mode instead of a drift wave. Drift waves usunally show a half-
wavelength between the hotplates.15
Further evidence that the waves are flutes is provided by
correlation measurements between the wave amplitude fi and the
perturbed potential 3 Figure 18 shows the 0 - a correlations for
BD =400 G at r =4 cm and B0 =600 Gat r = 4 cm, According to
Chen, 59 the indicated phase shift of nearly 180° is typical of a

flute mode rather than a drift mode. In addition, computing the

72

SR or5mrmet ? ST

!
|
|
?




w,

Axial
position
z=20cm
z= Ocm
z= 40 cm
z= 0cm
z=20cm
z= Ocm
z=40 <m
z= 0cm
Fig. 17.

el r———
50 psec/em

B =300G
o
0.5 A/ cm
1.0 LA/ em
A tteterer—
20 psee/em
B =400G
(]
1.0 A/ em
1.0 uA/em
e r———
50 psec/cm
1.0 pA/cm
1.0 pA/cm

D —
50 psec/cm
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from the column,
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Fig. 18. Correlations between nand & at r = 4 cm,
T = 2600°K, and To = 300°C for By = 300 G and
for B, = 600 G; the waves are 1£0° out of phase.
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experimental r-tics ﬁ,’no and ed /KT shows that ﬁ,’no < eg/KT
which is not indicative of a drift wave. A phase shift of 180°

between n and 9 could indicate cither an ion cyciotron drift wave

with kyy = 0 0 or a Kelvin-Helmholtz instability.>2 Physical
considerations show that wiien Vi becomes comparable to the
wave growth-rate v, the resonance required for the ion cyclo-
tron drift mode cannot be maintained, and the mode is probably
absent in the present experiment.

In the theory of Perkins and Jassby,32 the Kelvin-Helmholtz
waves require that the potential perturbation show a rapid 130°¢
phase shift with radius within the shear layer, In the present
work, tie radial change in the phase of é is not available. How-
ever, the radial correlations of i show that the phase of ﬁ/n0
. emains nearly constant within the shear layer at BO = 600 G,
and therefore the radial vaciation of the & - ¢ correlations shouid
show the 180° phase shift. Figure 19 shows the 0 - $ correlation
at r = 3cm (inner side of the shear layer}and r = 5cm (outer edge
of shear layer) for B, = 600 G and indicates that ¢ undergoes a
sign change within the velocity shear layer, in accord with the
Perkins-Jassby theory for the Kelvin-lelmholtz instability. The
fact that E/no does not show a phase change with radius in the
shear layer is also in accord with this theory. Therefore, it
appears that the observed waves are probahly due to the velocity
shear at the edge of the hotplate.

If the observed piasma waves are caused by a form of the
Kelvin-Helmholtz instability, the maximum wave amplitude should
occur close to the maximum vazive of 2V _./0r in the ¢ lumn. Fig-

ure 20a shows radial prefiles of the computed quantities EVE/Br

by
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Comparison of the phase relation between n and ¢
with the probe at the inner and outer boundaries of
the high-velocity annulus. For By = 600 G, the
phase changes by 186° fromr =3 cm tor = 5 cm.
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and -ap_o/noar, together with measured data of n for m=2, 3, and
4 modes at Bo = 300 G. The same plot i5s repeated for B, = 500G
in Fig. 20b. On either radial edge of the velocity shear layer at
both B_ = 300 G and 500 G, the wave amplitude 1 appears to peak
near the radial position where the magnitude of BVE,‘Br is a maxi-
mum. On the inner edge, the position of the maximum radial
density gradient coincides with that for the maximum velocity
shear, and the waves could be excited by either the Kelvin-
Helmbholtz instability or the interchange instabilitv. However,

on the outer edge of the high-velocity region in the plasma, the.
waves appear to be excited and localized only by the transverse
velocity shear., Thcrefore, it i7 highly probable that the waves
which are localized ai the inner edge of the velocity layer are
also caused by the velocity shear and not by the radial density
gradient, so that the origin of the waves clearly involves the study
of a Kelvin-Helmholtz type of instability in the plasma,

The recent work by Perkins and Jassby presents detailed
calculations of the transverse velocity shear instabilities in a
rotating plasma column. Their general modecl assumes a low-8
isothermal, cylindrically symmetric plasma confined in a uniform
magnetic field. Finite Larmor radius terms are neglected, a2s well
as radial classical diffusion and ion motion parallel to Bo. The
velocity Vg is assumed to be less or comparable in magnitude
with the ion thermal velocity V.., the effect of ki; # 0 is included,
and ion viscosity is considered as a perturbation,

This model is generally applicable io the present-work;
the magnetic field may be considered as nearly uniform, radial

diffusion is negligible in establishing the plasma equilibrium in

79



80

the high-velocity layer, hut v > V... in this layer. However,

Ti
the discussion in Chapter Il showed that the balance between the
ion viscous shear and the centrifugal force in the plasma estab-
lishes the thickness & of the high-velocity region so that the
steady losses from the column are still effectively controlled by
classical diffusion. Therefore, the calculations made by Perkins
and Jassby should lead to qualitative understanding of the velocity
shear in the present experiment.

The particular plasma model of interest assumes a Gaussian
"jet" profile for wp = -mE_ /rB in the column and a density
nofrexp(-rzlroz). Figure 21a shows the comparison between the
model and the experimental data for B = 600 G. The "jet" ve-
locity profile is characteristic of a localized potential drop in
the plasma and is well suited for the present experiment. In order
to derive simple analytical expressions for the wave stability,
Perkins znd Jassby extend the hydrodynamical calculations of Drazin

and HowarciGl to the case of the low-f plasma. The calculations are

2, g« 132

simplified for the conditions R > r/m and Z‘.rzlaizm
where Z o« kﬁ; the first condition states that the transverse
wavelength is less that the radial density scale-length in the
column, while the second inequality excludes resistive drift waves
as a source of the observed oscillations aad appears to be satis-
fied for all m-numbers in the present experiment. The elimina-
tion of the resistive drift waves is in accord with the measurements
of Vp, k“ , and the ;-3' correlations that were discucsed earlier.
For the plasma model illustrated in Fig. 21a and the above

conditions, Perkins and Jassby derive a quadratic dispersion

relation whose coefficients are given in their Eqs. 36-38. Using
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Fig. 21a. Experimental radial profiles of n
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and -Wg and their theoretical

approximations for application of

the Perkins-Jassbhy theory.
B, =600 G, T, =300°C, and

T = 2600°K.
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these coefficrents with ZTx k2 = 0, stable plasma oscillations
t

satisfy the inequality
i . . 2 2 L 2-0r, . 2
(m/r)[“l—mruJD,lm -1)] >2(1-1;m") [lvrz/rg(m -1)]

X (\\’Z-MDWI) (23)

where Wl = ]r:,b wpdr gives the eﬁe;.ctive ior rotational velocity
in the high-velocity regicn, “’2 = frab w"[)‘zdr is proportional tc
the mean ion rotational inertia in the "jet" velocity profile,

ug = mVD/r is the electron diamagretic frequency (assumed to
be constant in the high-velocity region), and £, [, are the radial
limits of the shear region. The term [Wl -mrc.)Dj(m2 - l)]2 is
proportional to the rotationzl kine.'c energy in the column, while
the term (W, - wpW ) is propartionzl to the centrifugal forces in
the high-velocity annulus. Therefore, q. 23 states that only
those modes whose ratio of centrifugal force to rotational kinetic
energy is sufficiently large, are driven unstable by the velocity
shear.

Consideration of the full dispersion relation with m=1 shows
that Eq. 23 breaks down; for k; ¢ 0, the m=1 mode is either
stable or not propagating whiie for kg = 0, the m=] mode does
not propagate in the cclumn. Therefore, the observed absence
of the m-=1 mode from the group I waves in the present experi-
ment is in accord with the above theory.

Based upon the conditions m#1, r ~ r, W, >uwW,, and
the inequality \Vl « VD which is not satisfied in the present
work, Perkins and Jassby derived their32 Eq. 39 and concluded

that the short wavelength mcdes are unstable, but the long

e e

—



84

wavelength modes are stabilized by finite LLarmor racius effects
outside the shear layer These predictions are just the reverse
of the experimental observations in the present work,

The discrepancy appears to be the simplification of Eq. 23,
based upon the inequality W1 « \/D. For the conditions m#l1,
r~r. W.2 > wDWl, and ‘W1 > VD’
approximate inequality, m/r > 2‘\\’2/ W%

long wavelength modes are unstable while the short wavelength

Eqg. 23 is reduced to the

which states that the

modes remain stable, in agreement with the experimental obser-
vations. Therefore, for the present experimental conditions,
the theory leading to Eq. 23 can account for both the absence of
the m=1 mode and the presence of the lower m-number modes.

For the numerical model illustrated in Fig. 213, the inte-
grals W1 and W2 are evaluated from tabulated values of the
standard Error Functior..35 Using r = 2.5 ¢m, ry = 5.5 cm,
d=2cm, andc =4 cm in Fig. 2la, Eq. 23 predicts that all modes
with m/r > 1.1 are staule; thus at r = 4 ¢m, all modes with
m > 4.4 are stable. With the approximations used in the model,
this numerical result is probably fortuitous, but the result shows
remarkable agreement with the measured results. An occasional
indication of the m=5 mode is observed at the column edge, but
generally all modes above m=4 are absent in the experiment.
Therefore, the stability conditions given by the Perkins and
Jassby plasma model are in complete accord with the observed
plasma waves.

For the unstable modes, the real eigen-frequencies are

computed from the expression (k[\ - 0)32
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2 , -
Re(w) = {(m® - nw ¢?- muy ] (2m/r) e, e (24)

2.9
where I'(r, ro) = [1 + rz;'r;(m2 - 1)] and all of the parameters
have been previously defined. The corresponding imaginary

eigen-frequencies are computed approximately from32

2 2
2 _fm” -1 2m .. m~ -1 2 -2
[[m(U)] = (Tr;]?‘-) - “Zr - (T) \Vl r “(r, I‘o) (25)

Figure 21b shows a plot of Egs. 24 and 25 as a function of the
ratio wD/UEM where YEM is the maximum value of vg in

Fig. 2la. Measured values of fm as a function of B0 at radii
within the velocity profile are shown in Fig. 22. 1In order to com-
pare theory and experiment at B, = 600G, {, m™ust be converted
to the wave frequency w in the plasma rest-frame by the relation
w = Zﬂ'fm - mVoi/r. The result at BO = 600 G is plotted in nor-

malized form in Fig. 21b for m=2, 3, 4 witha w =0.125.

n/YEM
The error bars represent the error in both fm and Voi in the
column, and the results indicate qualitative apgreement between
the theoretical mode! in Fig. 2la and the measured frequencies
at Bo = 600 G. Since non-linear plasma processes balance the
growth-rate of the waves and produce a saturated amplitude for
all of the tm)des,62 no experimental measurements of the linear
growth-rates are available to compare with the computed values
in Fig. 21b.

According to the work of Perkins and Jassby, the Kelvin-

Helmholtz instability has the following characteristics for a

thin velocity shear layer. The wave amplitude maximum occurs
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Fig. 23a. Typical waveforms for the unstable m=1 mode
for the group Il oscillations; t = t, is the time
used in several later evaluations of the wave

parameters.
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Fig. 23b. The rarely observed form of the m=2 mode of
the group I waves; the wave propagates only with
a saturated amplitnde on the outer edge of the
plasma column.

87

Wy

"

ST e L



in the velocity shear regicn, and the parallel wavelength is long
or infinite, The potential pertiurbation ¢ undergoes a rapid
change of phase wherever Re(w) =~ Wp in the column, For kﬂ =0,
;1'/ ng indicates no phase shifi within the velocity shezr region and
and w

D EM
and is well above Whe The resulis prasented in this section for

satisfies ;/n0 « e¢/KT. The frequercy lies between

the group I waves are in accoxd with all of the above points and
indicate that the group I waves in the present experimen-t are due
to a Kelvin-Helmholtz instability at the effecrive edge of the ro-

tating plasma column,

C. Group II Oscillations

The second group of plasma waves in the experiment con-
sists of two apparently unrelated modes. The m=1 mode is present
for the whole experimental range of B o but it shows a periodic
time-growth only for B between 150 G and 300 G and for suffici-
ently large densities, Since large enhanced radial plasma losses
are recorded only during the time-growth of the m=1 waves, this
mode appears to be correlated with the loss of plasma from the
column. Figure 23a shows the periodic time-growth and the wave-
form of a typical m=1 density fluctuation. In the absence of the
periodic time-growth, the m=1 mode propagates in the form of a
low-level saturated amplitude oscillation.,

The second wave in group II is an m=2 mode that does not
appear to be a harmonic of the m=1 mode or related to the m=2
waves in the last section. The m=2 mode occurs most strongly
at the column edge for BOZ 500 G and does nct show any periodic

time-growth. Figure 23b shows a good example where the m=2
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mode is clearly observed in the density Ductuations; the fre-
quency is lower than the m=1 mode for the same conaitions.
Sirce the m=2 mode does not exhibit the periodic time-growth

of the m=1 mode, it is not correlated with the enhanced radial
losses from the column and is therefore ignored in the remainder
of this section. The fact that the m=2 mode amplitude shows two
maxima near the colurnn edge indicates that it is probably some
type of edge oscillation, possibly related to the group 1 waves,

The clearest experimental evidence that the m=1 mode is
different from the group I shear waves is given by the phase re-
lationship between the o and ¢ fluctuations, Figure 24 shows
correlations between n and ¢ for the m=1 morde between Bo =150
to 350 G. The data indicate that n leads & in time by a phase
angle close to W = 20°. According to Chen,59 a value of y-near
0¢ is characteristic of either a weakly unstable gravitational
flute wave or an electron drift wave. These two possibilities
are separable from measurements of ku and the direction of
wave propagation in the plasma,

Figure 25a shows radial profiles of the measured phase
velocity Vp and computed values for Ve and Vi for the m=1 mode
at Bo = 200 G. Both Ve and Vi are computed in the same manner
as for the group ! modes at the time t=1_ shown in Fig. 23a; the
measured Vp are comprted for the same instant of time. Figure
25b shows the same type of data recorded at t= ¢t for 3 = 250 G,

The results in both cases indicate that the waves appear to propa-

gate in near synchronism with the ion diamagnetic drift velocity

in the plasma. Therefore, the electron drift instability cannot

. . - 15
be the origin of the m=1 waves in the present experiment.
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Fig. 24. Correlations between the & and ¢ waveforms
for the m=1 mode as a function of Byp; the phase
shift shows n leading ¢ in time by a small angle
near 20°.
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The most unstable form of the gravitational interchange
instability is a flute wave, but it can also exist with kn f 0.63
An experimnenial determination of k“ is made in a mirror mag-
netic field by recording both the relative wave amplitude and
phase along the same magnetic field line. For the present m=1
mode, the phase change along the field line is less than or equal
to minimum-detectable phase shift in the experiment, or kﬂ < w/5L;
the amplitude variation is 2 standing wave along the column. Fig-
ure 26 shows the B‘/no standing wave for both B, = 200 G and
B, = 250 G; the results in both cases indicate a Al of nearly 6L,
or ky £ /3L with an error of t7/5L. Therefore, the m=1 mode
is probably a flute mode with A" reduced by partial line-tying at
the batplates; drift waves usually show k” £ x/L. 15

The interchange mode in the presence of a radial density
gradient is localized near the maximum value of n:) /n, in the
column. Figure 27 shows radial profiles of n:)/ ng and n for both
B, = 200 G anu 250 G at the time t =t  in Fig. 23a, the radial po-
sition of the maximum value of avm/ar is shown for both values
of Bo‘ In contrast to the group I waves, the m=1 mode shows
only a single amplitude maximum that is nearly coincident with
the position of the maximum n! /n_ in the column, In addition, a
comparison of the ratios ?f/no and e$/KT shows comparable mag-
nitudes at both values of Bo‘ Therefore, from the work of Perkins

and Jassby, 32

cited in the last section, it appears that the m=1
mode is not caused by a Kelvin-Helmholtz instability in the
present experiment.

An estimate of the radial wave number kr of the m=1 mode

is obtained by fitting the Bessel function J1 (krr) to the data as
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shown in Fig. 27. The amplitude and ,..riod are adjusted for
the "best fit" to the data recorded at t = t - This method is
justified for the radial eigenfunctions of localized wave modes in
many Q-machine experiments.m For B, = 200 G, the data in-
dicates that kr =0.43/cm, while krz 0.48/cm for Bo = 250 G.
For the m=1 mode in the vicinity of the maximum wave ampli-
tude, kL = \ka_ + 1/ r2 = kr presents a good approximation to
the perpendicular wave number; the ratio kl/k“ = 50,0 in the
present experiment.

Figure 28 shows frequency spectrum measurements of the
frequency fm (m=1) as a function of Bo for r=3, 4, and Scm. The
solid line in the figure represeats an average of the measured data
and shows a slope of approximately 1.25 kHiz/100 G. The fact that
fm increases with B(J indicates that fm o (Ero/Bo) increases with
BO in the plasma column. In Fig. 28, the solid bars represent
the calculated maganitudes of Vp/'z:rr from Fig. 25 at BO =200 G
and BO = 250 G. These measurements of the frequency im are
used later in this chapter for comparison with the predictions
based on an assumed madel for the instability.

H the source of the m=1 mode is some form of the well-
known gravitational interchange instability, the driving force
could be provided by either centrifugal forces on the column or
to the magnetic field line curvature in the plasma. Using the
expression pV‘2)i /r for the centrifugal force density and the ex-
pression pv%i/ R m for force density due to the magnetic field
line curvature, 65 the ratio of the two expressions is (\{)i/VTi)2
(R, /r) where R is the radius of curvature along the magnetic

field lines in the plasma. Since Rm > column radius in the present
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experiment, the centrifugal forces are expectad to be dominant in
the plasma 'nless the condition Voi << VTi is satisfied; this con-
dition exists external to the high-velocity annulus in the column.
Thus, it appears theoretically possible for the magnetic field line
curvature to cause instability in the column ioterior simultane-
ously with the centrifugal instability in the high-velocity annulus,
However, Fig. 27 indicates that the m=1 mode amplitude peaks

in the high-velocity annulus and is distributed throughout the col-
umn so that it appears improbable that waves from the two possi-
ble sources are separab. e,

Since Voi > VTi in the high-vetocity annulus, the effect of
the magnetic curvature on the existence of the periodic time-
growth of the m=]1 mode is expected to be negligible. A test of
this prediction is provided by setting Bo between 150 and 300 G

. 11 3
withn > 10" fem

and studying the periodic time~growth as a
function of the ratiob = Bm[B0 where b is the magnetic mir-
ror ratio and the term Bm is the magnetic field st the hotplate.
Figure 29a shows some measurements at B = 200 G for bm =20
and 4.0; the time-growth of the m=] mode at these two values of
bm is approximately unchanged, Similar results are found for
all values of bm between 1.5 and 5.0 in the experiment. Figure 2%
shows the same type of measurement for B = 300 G; the time-
growth is absent for all b between 2.0 and 4.0. Therefore,
these results appear to indicate that the time-growth of the m=1
mode is independent of the magnetic curvature, at lzast within the
experimental range of by,, and that the time-growth depends pri-

marily upon the magnitude of Bo. Figure 28¢c shows the Saset of the

m=1 mode time-growthat b -3.0 as B, changes from 300 to 150 G,
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T = 2600°K

T_=2300°C

o

B =200G

°
by ‘is Radius
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4.0 2.5pA/cm 1 4
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Fig. 29a. Study of the occurrence of the periodic time-
growth of the m=1 mode amplitude as a function
of by, = B, /B, and [Bgl: for IBgl =200 G <300 G,
the periodic time-growth is present for by, = 2.0
and by, = 4.0,
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T = 2600°K
T0 = 300°C
B =300G
o
bm Probe Radius
2.0 1 4
0
2.0 3 4
0
4.0 2.5uA/cm i 4
4.0 2.5 uA/em 3 4

Y ——
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Fig. 29b. Repeat of the measurements in Fig. 29a with
IBgl = 300 G; for by, = 2.0 and 4.0, the periodic
time-growth of the m=1 mode is absent.
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T 2600°K
T -1300°C
o
r =4cm
b =3.0
m

is Probe
5 uA/cm 3
5uA/cm 1
e e .
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B =200G
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Fig. 29c¢c. Study of the occurrence of the time-growth of the
m=1 mode amplitude as a function of IB,} for
by = 3.0; the time-growth is present for
IB,} < 300 G and absent for |Bgl 2 300 G in the
column.
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Therelore, within the high-velocity repion in the column, theunset
of the periodic time-growth ir: the ta 1 n.ode appears to be inde-
pendent of bm‘ but the onset depends on the magnitude of “o being
betweern 150 G and 300 G at the plasma midplane. The possible
origin of this unstable range of B, is discussed later in this section,

Studies of the onset of the periodic time-growth in the m=1
mode also appear to indicate the existence of a lower density
threshold in the column. The time-growth of the m=1 waves first
appears when the sccond hotplate temperature T2 is raised toward
the source hotplate temperature 'I". Figure 30 shows the onset
of the periodic instability at B, = 200G as ’I‘z increases toward
Tl = 2600°K. The instability appcears for an increment of approx-
imately 100°K in 'I‘2 and remains nearly unchanged in form for
further increases in T,. ‘The abrupt onset of the instability in
Fig. 30 could be caused by ecither a change in the sheath condition
at the second hotpiate, or by an increase in the time-average
density of the plasma, or by both conditions at the same time,
However, after the onset of the unstable condition in Fig, 30, the
waves appear to decay in amplitude when the total density de-
creases below a threshoid, and this result suggests the existence
of a marginal stability density criterion for the m=1 made that is
only a function of Dg-

One possible explanation {ur the results in Fig. 30 is that
the onset of the periodic instability is triggered by a switeh in the
sheath polarity at the hotplates, Calculations with Eq, 5 predict
that ¢_ changes sign for T between 2300 and 2400°K with n_
between 3.0 and 10.0 X lOlo/cmS, in accord with the measured

data. Hocwever, it appears rore probable that the onset of the
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7, = 2600°K
= 300°C
[2]
I B = 200G r=dcm
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5.0pA /em 3
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prme——
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Study of the onsct of the periodic time-growth of
the m=1 mode amplitude s a function of the second
hotphte temperature Ty with T; = 2600°K,

= 300°C, and B, = 200 G; between Ty = 2300°-
"‘?00'!-\ the onset oecurs and coincides with the
calculated switch in the sheath potential from
positive to negative.
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instability is duc to changes in Ero at the column edge as T
increases. If h‘:rol increases with T, no increases [rom
hetter ion confinement, and Voi increases from larger

ExB rotation. Therefore, the results in Fig. 30 are in
nccord with beth rotationally unstable waves and a2 threshold
for n,

Figure 31 shows the increase in n':)0 as a function of 'I‘2
for sceveral values of no with 'I‘1 held constant at 2600°K, At
BO = 150 G, n.o increases approximately by a factor of 5/2,
while at Bo = ¢00 G, %o increases by the factor 5/3. Inan
ideal mirror magnetic field with a single hotplate, both the par-
48

ticle and magnetic flux are conserved along the field lines;

if the variation of the flow velocity is neglected, then N, = bmnoo

where n, is the plasma density on the axis of the hotplate.53

With
the addition of a sccond hotplate, thermal equilibrium along the
field lines is possible, and the density is predicted to be con-
stant along B, Therefore, as ‘1‘2 increases in Fig, 31, LI
should {heorclically increase by the factor bm over that of the
single hotplate case. For B = 600 G, bm is measured to be
nearly 3/2, in accord with the data and indicating thermal equi-
librium along B . For B, = 150 G, bm= 9/2 which is double the
value shown in Fig. 31. The discrepancy supggests that thermal
equilibrium along Bo is absent at B = 150 G ia accord with the
presence of anomalous radial plasma losses for l!.0 between
150 G 2nd 300 G.

‘The results shown in Fig. 30 show that once the second

hotplate sheath potential is negative, the m=1 instability occurs

until the large amplitude waves cause a decrease in the column
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Fig. 31.

Measured variation of n,, as a function of Ty and
B, with T; = 2600°K and T, = 300°C; the densi:
increases with Tg and the amount of the increase
is related to b,y in the column.
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density; at this point, the instability is rapidly guenched, and the

st

density increascs to repeat the cycle. Thus, it appears that the
time-growth of the m=1 mode depends on the columan density ex-
ceeding a lower limit. A measure of this lower density threshold
atr = 4cm and Bo =200 G i35 foun:} by holding n constant at a ti-ne
t=t, which ensures a negative sheath potential at the second hot-
plate, and varying T, from 2400° to 2700°K. Since Fig. 30 sug-
gests that once the sheath is electron-rich, the m=-1 instability

is nearly independent of TZ' the existence of the instability de-
pends only on the value of n, Figure 32a shows data at t= %
with n, = 8.0 X lOlo/cma: the m=1 mode is unstable at all of the
values of 1‘2 shown. In contrast, Fig, 32b shows the results with
n,= 1.2 X lOlo/cm3; the m=1 waves are present in low-level
form, together with some of the group I waves, but the periodic
time-growth of the m=1 waves is entirely absent in the plasma.
These results clearly indicate that the local density threshold n,

10 and 10“/cm3. Py repeat-

for the case shown is between 10
ing the measurements for other densities in the above range, the
marginal stability threshold at Bo = 200G and r = 4 cm is esti-
mated to be n,= 5.0 X lOlo/cms; Fig. 32c shows the m=1 waves
as a function of T2 with n,=n, and the mode is just beginning
to show instability for T2 = 2600°K. The physical origin of n. is
discussed later in this section.

If the source of the time-growth in the m=1 mode amplitude
in the present experiment is a centrifugally-driven gravitational
instability, the waves should be reduced to a saturat «d form by a

reduction in the ExB rotaticn of the plasma column. [igure 33

presents one method for creating a controllable E.o in the column,
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[}
Bo =200 G
Tl = 2600°K
£ = 4cm
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Variation in the periodic time-growth of the m=1
mode amptitude with changes in Ty for B, =200 G,
Ty = 2600°K, T, = 300°C, the probe at r = 4 em,
and ng = 3« 1010 em3 gty = ty: between

To = 2400°-2700°K, the time-growth is always
present,
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is T2
1.0 A/cm
2400°K
1.0 uA/em
0.5 msec.'cm
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Fig. 32b. Regeat of the mensurciients in ¥ig. 322 with
n, = 1.2 X 1010 crd st 1 -t between T ~ 2400°-
2700°K, the periodis time-growth uf the m-1 mode
amplitude is 2lwavs hsent,
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Fig. 32¢c. Detailed study of the onsct of the periodic time-
growth in the m=1 mode ampiitude as a fuaction
of Ty and n,; for ng, = n. =4 X 1010:cm3 ¢
r=4emand B, - 200 G, the onset of the insta- D
bility appears to be nearly independent of T,. :
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The technique requires that the voltage drop in the plasma be
primarily radial for any voltage applied between the second hot-

plate heat shield and the large coaxial copper electrode.

Using the plasma mo el of Chapter III, the ratio IETO/EZO'
can be estimated as follows. The current density jz is related
to jr by the current continuity equation, and jr is determined by
Eq. 10; approximating Ezo by njz where 7is the Spitzer form
for the parallel resistivity in a fully ionized plasma and using Eq,
12 for calculating Ero’ the ratio 'Ero/ Ezol is generally much
greater than unity for the present experimental conditions. There-
fore, the electric field created by the electrode system in Fig. 33
is expected to be priinarily radial in direction,

Figure 34a shows the measured E.,at the column midplane
for an applied voltage U, between -50V and 20V at B, = 200 G.

Ero is calculated from radial profiles of the probe floating po-
tential ém which are recorded at the center of the high-velocity
annulus in the column. For Uo < 0, the effective Ero in the col-
umn is reduced, while for U0 >0, the Ero appears to increase
until an ExB reflex discharge or P, L G discharge 0ccurs.66 The
results in Fig. 34a indicate that only aboui 5% of the applied volt-
age penetrates the plasma-electrode sheath and produces an E‘ro
in the column; the remaining 95% of Uo is dropped at the sheath
of both electrodes.

Using the directional Langmuir probe, a direct measure of
voi for B, = 200 G and r = 4 cm is shown in Fig. 34b as a function
of U, The results show that a decrease in Ero does produce a
corresponding decrease in the Voi of the plasma. Using Eq. 12

1o compute Voi' a numericzal comparison between the data for Ero

e 8 4 e e e o e e
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- Fig. 34b. Comparison of the V,; computed from the data in

Fig. 34a and the V; measured at r = 4 cm with the
directional Langmuir probe. Compensating for the
different prcobe locations in the two cases, the re-
sults indicate similar magnitudes and variation
with U,
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at the center of the high-velocity annv’1s and the data for Voi at
r =4 cm is also shown in FFig. 34b; the {functional variation of
both the computed and measured VOi with U0 is similar in form,
From Fig. 7b, the measured Ero at r = 5.5 cm is approximately
2.5 times that at r= 4 cm for Bo = 200 G. Therefore, the com-
puted V . in Fig. 34b should be reduced by a factor of 2.5 for
comparison with the measured VOi showm, and the two results
then indicate close numerical agreement,

Using the above results, the periadic variation of the m=1
mode amplitude is studied as a function of Uo. Figure 35a shows
the effect of decreasing Vi for B0 = 200 G; the probe is located
in the center of the high-velocity arnulus. Figure 35b shows the
eifect of increasing Voi under the same conditions as in Fig. 35a.
The decrease in Vgi Feduces the total density fluctuation in the
column and eventually removes the periodic time-growth of the
m=1 mode completely at U,= -50V. The apparent stabilization
could be due to either a balance between a reduced m=1 growtn
rate and dissipative processes in the plasma or the propagation
of a negative energy wave in the plasma column; the experimental
rasults are unable to distinguish between the two cases. Due to
the P, 1.G discharge ‘or Uo 2 15 V, the effect of increased ExB
rotation on the m=1 mode amplitude is obscured by electrical noise
at the probe, and no clear evidence is available for consideration
in the present work.

The experimental measurements of the m=1 mode charac-
teristics are summarized as follows: 1) The wave phase velocity
Vp is nearly synchronous with the ion drift velocity in the plasma

rest-frame. 2) 0 leads 4 in time by a phase angle Y near 20° and
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Fig. 35a. Variation of the time-growth in the m=1 mode
amplitude as a function of Uy <0 for T = 2600°K,
To = 300°C, By = 200 G, and the probe at r = 5 cm;
decreasing the ExB plasma rotation leads to re-
moval of the periodic time-growth of the waves.
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Fig. 35b. Repeat of the measnrements in Fig. 35a with
Uo > 0; the onset of a P.I.G discharge in the
plasmi obscures the effects of increased ExB
column rotation on the wave stability.



is in the proper phase relation to produce a radial plasma con-
vection. 3) The ratio 'r'f/no is comparable in magritude with the
ratio of ed/KT in the waves. 4) a, >a_ is satisfied for 150 G

< B,  306G. 5) The wave amplitude n shows only a single
maximum in the vicinity of the maximum magnitude of no' /nO in
the column, 6) Measurements of k” in the column show a paral-
lel wavrlength :\” 2 6L due to standing waves between the hotplates,
7) The time-growth of the m=1 mode amplitude occurs only in the
range, '50 G .| B0 < 300 G, and when the local density exceeds a

lower threshold between 1610

- 10! /cm®. 8) The time-growth
ol the ... 1 +.2aves is suppressed by reducing the local density and
by reduci~gthe local column rotationV below a minimum threshold,

The result 1) appears to eliminate the electron drift insta-
bility «s the source of the m=1 waves; the results 2), 3), and 5)
appear to eliminate the transverse Kelvin-Helmhnltz instability
as the wave sc’urce;32 results 7) and 8) indicate that the wave
source is probably the centrifupally driven flute instability with
lower threshold cutoffs in n, and voi in the range of Bo between
150 G and 300 G; result 8) shows that the flute mode is probably
line-tied by the electron-rich sheath potential at the hotplates;63
and result 4) indicates that finite Larmor radius terms are prob-
ably unimportant in determining the wave instzbility in the plasma.
All of the observations are consistent with a centrifugally-driven
interchange instability with a finite ky due to partial "ine-tying"
at the hotplates.

A theorctical analysis of the plasma wave stability for the

present experimental conditions does not appear to be available

in the literature. The closest plasma model to that of the present
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work appears to be that of Chu gl_ﬂ.ss which presents approxi-
mate calculations for @ uniformly rotating plasma cylinder in a
uniform magnetic field; the madel includes the effects of ion col-
lisional viscosity, finite Larmor radius, finite k”, and the ExB
column rotation on the wave stability. The ion pressure tensor
employed in the calculations is strictly valid in the limit with

Ac > a;, but for a, > "’c‘ the tensor components reduce to the
usual Navier-5tokes form with small corrections_54 Since the
finite Larmor radius (FLR) corrections are clearly distinguishable
from the collisional terms in the analysis, the work of Chu et al.
should also be valid in the collisional limit.

From the discussion in Chapter IlIl, the plasma rotation
voi may be assumed to be approximately constant in the high-
velocity annulus and negligible otherwise; the effect of velocity
shear is ignorable in the case of the m=1 mode and is assumed
to help in the radial localization of the waves, in accord with the
assumption of Chu et al. In addition, measurements of B, along
the column axis indicate that Bo is nearly constant for a distance
of approximately 15 cm on either side of the vessel midplane.
Therefore, the model in Chu et al. should provide qualitative
explanations for most of the experimental observation in the
present work, but numerical agreement between the theory and
the experiment is not expected.

The final dispersion relation derived in the work of Chu et al.

fe . 3
is given in the l:'ormB

(m +y +2i) (yb + iB) - iZtm - y) = (ma/rd) iy « 2101

-28) - 82m + B)]  (26)



where £ = o (Eli/ZL-ii) and a = 0.84 (k{( 1'0)2 m) is due to the
electron resistivity along Bo, v w - mwnrﬁn)/uu is the normal-
ized wave frequency in the laboratary with 9= (2K'Y,»’unori) as
the diamagnctic frequency in the plasma, a, is the 10n gyroradius,
r, is the radial scale-length of nu(r). and do is the plasma poten-
tial normalized to KT/e. The analysis leading to Eq. 26 assumes
that no(r)" cxp(-rz/rg), and that all perturbed quantities vary as
expl -iwt + iku z + im@). The terms b and iR are the approximate
contributions of quadratic forms for LR and ion viscosity, re-
spectively,

Using the approximations b = (klai)z/z and k, = 2m/ro,. Chu
et al, studied the marginal stability of Eq. 26 and showed that the

centrifugal instability occurred whenever éo > éoc where

6, = (1/2) (1 T A ao)] (21}

is t' : finite k“ modification of the centrifugal stability limit found
by Rosenbluth et a_l.58 and by Chen.64 Measurements of ¢° in the
present experiment indicate that ¢o varies between 5.0 and 10.0
in the column, while for )\n between 200 and 600 cm, d’oc at
Bo = 1680 G is predicted to range between 2.0 and 5.0. Therefore,
on the basis of Eq. 27, the m=1 mode in the present experiment is
probably unstable to centrifugal forces in the plasma column.

The result in Eq. 27 predicts that the waves are unstable for
¢, > &,. independently of the parameters ¥ and B in the plasma;
but the experimental observations indicate that the periodic time

growth of the m=1 waves is a function of both B0 and n.. The

work of Chu et al. predicts just such a dependence on (N and R, for
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tne case of the ion diamagnetic waves with do < ¢°C. In terms
of physical guantities, the waves are unstable when

@M = 1,2, « B} 2 < constant ~ 1.0 (28)

where B = b(u,-ii,"ﬂi) with b = LY ai)g/"z, t, - 21 is the effective
time required for an ion to diffuse a distance 1/!:1 transverse to
Bo, and l“ = ”ci‘{k“ \i.re)2 is the time required for an electron to
move a distance l,‘kil along BO in the column.ls Physically,

Eqg. 28 predicts that the ion diamagnetic wave is unstable for

do < ¢Oc whenever the ions establish a charge separation trans-
verse to Bo in a time that is short compared with that required
for the eiectrons to {low along Bo and neutralize the resulting
electric field. Increasing BD retards the ion motion, while
decreasing n, accelerates the electrons, and hoth results can
lead to t, > t“ and wave stabilization, in accord with experimen-~
tal observations.

In the present case, the condition éo > ¢oc appears to b=
satisfied for all measurements, and the m=1 mode exists in two
distinct forms. Therefore, based on the above discussion, a
possible explanation for the onset of the periodic time-growth in
the m=1 meode is as follows. When ¢0 >¢Oc but tJ. >t", the m=1
moaode growth-rate is low enough to be balanced by the mode losses
in the plasma, and the waves propagate with a saturated amplitude.
However, when ’5’0 > éoc and t“ > t_L‘ the mode growth-rate is
large enough to overcome the corresponding mode losses and
produces the large amplitude time-growth that is observed.

In the case where ¢o < éoc with t" > L, the mode again propa-

gates with a saturated amplitude. The foregoing hypothesis is




thus able to qualitatively account for the existence of two forms
of the m=1 mode, and for the vanishing of the pericdic time-
growth when B> 300 G, whenn_< n_for B_between 150 and
0 o c [o]

300 G, and when Voi is reduced below a minimum value in the
columa.

To provide detailed numerical comparisons with the data,
Eq. 26 is split inio real and imaginary components with the defi-

nition that y = X + 1Y, and the results are written in the form

2 . ]
X +Q1h +Q3-Y +Q2Y (29)
Y(2X +Q1) + (Q.?X + Q4) = Q {30)
where the Q-parameters are defined as follows:
2, 2
Q =1+ ai/bro (29, - 1 (31a)
Q, = Bp + EToKL + 2b) {(31b)
2, 24,2
Q3 = (.':1i /br°)¢° -a (31c)
B = 2,2 1
Q, = Bh - @M1 - (ay/r V(85 + 26 - 1)) (31d)

Equation 27 is derived by setting Y = 0 in Eq. 29 and requiring
that X have real solulions. Equations 29 and 30 can be cnmbined
1o form a biquadratic in X

(x+Q /2* rmix + Q2% - w0 (32)

2 2, A2 - 5 -
where M™ = Q5 +Qy/4 Ql/4> 0 and W = (Q,/24Q, /2 - Q,/Q,}.
Equation 32 is used to compute X and Eq. 30 is used to compu'e
the corresponding value of Y. Noie ithat b is now arbitrary and
k, # 2m/r°.
Equatior:s 29 and 30 can be graphically represented as two
hyperbolas as shown in Fig. 36:; the case illustrated has an un-

stable solution in the range -Q,/Q, < X< -Q1,’2.

122

et e b

\
!
i
[
i
i
|-
P
[
P
[




Imaginary
component Eq. 26

Unstable
Y>>0

——— — i s ft S S

N
9]
Alw N
/
Q

Real component
Eq. 26

[°

— X

fon waves

X <0

\— Stable

Y <0

Fig. 36. Graphical representation of Eqs. 29 and 30 and
their solution for the conditions M2 > Q%/“! >0
and QjQ9 < 2Q4; the results indicate an unstable
(Y ™ ni root for X < 0.



Figure 37 presenis the results of numerical computations
for X and Y as a functicn of A:: at B0 = 150 G and for three se-
lected values of ¢0 in the colu;'nn. The data point in Fig. 37a
shows the mean of six independent measurements for the m=]
mode frequency fl in the high-velocity annulus, and the error bars
incicate the variation about the mean value. The corresponding
data poin' in Fig, 37b is found from measurements of the time-
growth of the m=1 mode amplitude.

The theoretical predictions in Fig., 37a show that X< 0
{ion waves) and increases with A, for all three values of éo

shown; for a fixed value of X", —)ﬂ increases with éo. The meas-
ured point corresponds to ¢o = 10.0 at A" =600 cm, in good
agreement with the éo = 8.9, computed from measurements of
r, and Er

o 3t Bo = 150 G. The predicted value of Y shows a

maximum that depends on the value of ¢O, and the value of X for

which the maximum occurs appears to vary inversely with ¢(l:.
The measured growth-rate shows a value comparzble in magni-
tude with uD(Y = 1), but appears to correspond to éo = 6.0. Con-
sidering the assumptions necessary in applying Eq. 26 to this
present experiment, the agreement shown in Fig. 37 between
theory and experimental data is much better than expected.
Considering the good agreement between thecry and the data
indicated in Fig. 37, additional numerical calculations are mean-
ingful. Figure 36a shows the numerical {it of the calculated values
of -X to the data in Fig. -8 by adjusting the parameters klro and
¢o with a = 0.36 at BO = 150 G; Fig. 38b presents a comparison

between the required theoretical values of both l—:lro and ¢° with
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Fig. 37b. Calculated values of Y for the same conditions as

in Fig. 37a; the data point shows ¢, = 6.0 and
Y = 1.0.
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Fig. 38a. Calculated [it of -X from Eq. 32 for the data in
Fig. 28 in the form of -X as a function of B; the
calculations are made by varying the required
values of kjr, and ¢,.
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required to fit the data in Fig. 38a anJa the cor-
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the corresponding experimental values, and the results show
good agreement beiween theory and the data. Therefore, the
theory of Eq. 26 can account for both the linear increase of f1
with BO and the variations in klro and éo that are necessary for
matching the data with theory.

A qualitative prediction of the linear increase of El with

B0 is obtained from Eq. 32 as follows. The general solution for

X is writter in the form

X=-Q/2 ez Vit - wh) (33)

For the present experimeant, the condition bZ/B~~ | is satisfied

and, for §_> 1 and b = 227/, leads to the inequatity M > aw?;

the resulting approximate solution to Eq. 33 is given by
= -~ +
q‘)o(l aQ.l/4t/i.l) (34a)

which indicates that fl = -UD}\/ZTT is proportional to VE = wa:o
in the plasma and increases linearly with Q.L « Bo’ in accord
with the data shown in Fig. 38a, For the same conditions as in

Eq. 34a, the corresponding solution for ¥ = uDY is given in the

approximate form

v=vie pord @ Pu (34b)
which shows that the value of ¥ decreases with both increasing
Bo and decreasing values of q)o; Y also decreases as n, decreases,
but the effect is small unless éo is sufficiently small., These re-
sulis are in accord witn the physical explanation for the onset of
the time-growth in the m=1 mode that is discussed earlier.

Using the data in Fig., 38a for -X, the corresponding ¥ are

calculated from the full Eq. 30 and plotted in Fig. 39 as a
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growth-rates as a function of B, for the corre-
spending values of -X in Fig. 38a; the theory of
Eq. 30 predicts the B, for the maximum + and
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function of BO; measuret data for 7 are evaluated from measure-
ments of the linear time-growth for the m=1 mode amplitude.
Comparison of the two results indicates that ihe theoretical
curve shows the same type of functional dependence on Bo as the
measured data; both results show a maximum Y 2t BO =200 G,
but the theory predicts instability for Bo beiween 300 and 400 G,
while the data shows stability.

A final comparison between the theory of Chu et al. and

the preseni data involves the phase relation between n and 3 of

the waves. Using \heirb3 Eg. 11 withy = X +iY and separating

the real and imaginary components, the phase angle ¢ between
1l and § is given by

Tan() = (£ - (Y +E)/X)NL +(Y +E)/x)7 (35)
In the present work, the relation |X|>> [Y +E| is satisfied so that
to a good approximation, Tan{y) = Z; since Z is typically between
0.15 and 0.3 for BQ between 150 and 300 G, ¢ is predicted to be
between 9 and 18° in close accord with the ¢ = 20° which is
estimated from Fig. 24.

The results presented in the last several paragraphs show
that the theoretical dispersion equation that is based upen 2 plasma
model with 2 uniform rotation in a uniform magnetic field provides
useful quantitative and qualitative information about the present
experiment that consists of a non-uniform plasma rotation in a
mirror magnetic field. In particular, Egq. 26 provides qualitative
explanations for 1) the observed dependence of the periodic time-
growth in the m=1 mode amplitude upon the physical parameters

n, Bo’ and q)o o Voi, 2) the existence of two forms for the m=1




mode in the plasma, and 3) the ogbserved linear increase of fl
with increasing Bo. Further. -re, Eg. 26 predicts numerical
values for the stability thresholds, [requency, and growth-rate
that are much closer to the measured data than is likely to be
expected on the basis of pkysical reasoning. Considering the
assumptions and approximations inherent in the application of

ihe Eqg. 26 dispersion relation lo the present experiment, the
close numerical agreement between the theory and the data is
either fortuitous or indicates a hidden correspondence between
the two systems which is not physically apparent. The full
answer to this problem involves a nen-linear stability analysis

of both systems and is presently beyond the state of mathematical

development in theoretical plasma physics.
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V. MEASUREMENTS OF ANOMA!'.OUS PLASMA LOSSES

The previous chapter dealt with the mode idertification of
the unstable plasma waves, while the present chaptar is ~an-
cerned with the correlation between these unstabie oscillations
and the appearance of large periodic radial plasma losses from
the column, The equilibrium plasma measurements in Chap-
ter III indicate that the time-average plasma losses are due
primarily to the combination of the purely classicai losses from
resistive ‘iffusion and ion recombination at the hotplates, but
such processes are entirely inadequate to account for the
periodic loss of more thar half of the total coiumn density. The
crigin of such losses is the subject to be studied in the following
paragraphs,

If the anomalous losses are correlated with the m=1 waves,
the plasma detected at the column exterior should sharply
decrease when the waves are stabilized to a saturated amplitude

in the column interior. Figure 40 shows the effect of decreasing

the plasma column rotation on both the time-growth of the waves
and the plasma detected outside the column. At U0 ~ 0V, the
density spikes detected at r 22 8 cm (a = 5 em) are strongly corre-
lated with the total density oscillaticns at r 2= 4 cm; however,

for Uo 2 -50 V, both the time-growth of the waves and the density
at the column edge have ail but vanished. Therefore, not only
are the unstable waves excited by the centrifugal forces in the
columuru, but the plasma losses are directly correlated to the

presence of time-growth in the m=1 mode amplitude.
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Fig. 40. Measured correlation between the periodic time- :
growth of the m=1 inode amplitude and the periodic
losses at the column edge as a function of U, < 0 :
at B, =200 G, T = 2600°K, and T, = 300°C; the :
resulis show that the wave time-growth and radial P
losses decline as the column rotation decreases. Vo




Figure 40 also shows that the perind of the total density
fluctuation decreases as the column rotation 15 reduced until it
eventually vanishes near Uo = =30 V. One possible explanation
for the period decrease is that reducing the column rotation corre-
spondingly reduces the wave growth-rate; for a constant plasma
fill-rate, the waves are less effective in convecting the plasma
from the column, and it therefore takes a longer time for the
waves to produce srificient plasma loss to lower the total column
density. By the same type of reasoning, an increased plasma
fill-rate coupled with a constant wave growth-rate in the column
should produce a corresponding decrease in the total density
fluetuation period,

Figure 4! shows the change in the total density fluctuation
period for T held constant at 2600°K und T0 varied between 200°C
and 400°C at the oven, For T0 =~ 200C, the m=1 mode time-growth
is absent or sufficiently small to prevent measurable amplitude
growth, For ’I'O near 250°C, the onset of the mode time-growth
occurs, and the total density fluctuation period decreases by 50%
as TO in. zases from 250°C to 4G0°CC, The mode time-growth
may be absent at To 22 200°C because the plasma waves are suffi-
ciently weak to be shorted by the electron-rich hotplate sheath
before they attain measurable amplitudes, Since the plasma
fill-rate, Io;'e o- jo(To), increases rapidly with To' the decrease
in the total densi*y fluciuation period in Fig. 41 is probably dae
to an increase in the plasma fill-rate to the columan.

A similar decrease in the total density fluctuation period is

also observed when T is varied. Figure 42 shows the results
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Fig. 41. Study of the onset of the periodic time-growth of
the m=1 mode amplitude as a function of T, at
By =200 G and T = 2600°K; the period change is
related to increaced plasma fill-rates for increases
in T,.
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Fig. 42, Btudy of the onset and period change for the periodic
time-growth of the m=1 mode amplitude with in-
creases in T and B, =200 G, T, = 300°C. and the
probe at r = 4 cm; the period decrease with in~
creasing T is caused by a reduction in the radial
losses from the plasma.
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when TO is held constant at 300°C and T varied between 2300°K to
2700°K. The onset of the m=1 mode time-growth occurs close to
the teinperature where the hotplate sheath becomes electron-rich.
Increasing T from 2300°K to 2700°K causes a 3:1 decrease in the
total density fluctuation period in Fig. 42, and the rate of total
density increase at the center of the fluctuation period increases
with T. Since the plasmea. fill-rate Io/e is nearly independent of
T for a change of only 200°K, the increase in the rate of the total
density build-up indicates that the radial plasma losses decrease
with increasing values of T.

There are at least two possible ways that the radial plasma
losses could decrease as T increases. The first method involves
the possible radial redistribution of the plasma in the column so
that there is less plasma density in the region of the maximum
wave amplitude at the column edge. The second method involves
the possible increase in the ion-confining eleciric field at the
column edge.

Comparisons beiween the radial density profiles recorded
at Bo 2 200 G for T = 2500 io 2700°K indicate that the density
increases in the column center as T increases, but there is
little indication of any significant density reduction at the column
edge. Therefore, it is improbable that the radial plasma losses
are significantly reduced by plasma redistribution in the column,

An increase in the value of -Er o at the column edge with
increasing T appears plausible because the potential difference
between the interior and exterior of the plasma cclumn increases

with T. In addition, some measurements indicate that the plasma
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rotation may increase with T, in accord with an ExB origin of
the plasma rotation, Therefore, the probable explanation for the
total density fluctuation period decrease in Fig. 42 is that inde-
pendently of the wave growth-rate, the radial electric field at the
plasma edge increases with T and reduces the radial plasma
losses from the column. In the presence of a constant plasma
fill-rate, the rate of the total density build-up increases, and the
plasma losses increase rapidly, resulting in a decrease in the
period between the maximum piasma losses.

The results in Fig, 40 show that the density spikes at the
column edge are strongly correlated with the time-growth of the
m=1 mode amplitude, and ExB radial convection by the unstable
waves is the most probable cause for the observed plasma losses.
However, the convective losses can only lead to wave saturation
at an amplitude where the tetal plasma losses are balanced by
the plasma input to the column, Therefore, the large observed
decrease in the column density can only be caused by some type
of nonlinear plasma loss.

One possible nonlinear mechanism that could explain the
large plasma losses indicated in Fig. 40 is described as follows.
The ExP radial convection transports negatively charged plasma
from the eoiumn inierior into the region of the ion-rich sheaths
at the cold endplates. The endplate sheaths require a finite
time in which to charge the plasma positively in accord with the
ion-rich sheaths, If the characteristic radial transport time ul
frem the convection is small in comparison with the charge com-

pensation time Tll’ the ion potential well at the column edge
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may be sufficiently weakened to produce a large radial plasma

loss.

In the present experiment, 7,

is approximated by the time
required to convect the plasma across the width of the high- ‘
velocity annulus; for B0 = 150 G, the resultis T = 0.2 msec, i

based upon ExB flux measurements and results from Chapter ill.

An estimate of the magnitucde of 'r” is obtained as follows. For
curl (B_) = 0, the sum of the conduction and displacement cur-
rents is zero., Using Eq. 5 to calculate the potentials, the cur-
rent flow in the sheath adjustment is well approximated by jer
flowing into the cold endplates: jer is the thermal electron current
defined in Chapter II. Since w < Qi in the present work, a fully
ionized plasma exhibits an effective dielectric constant (normal i
to Bo) of €= 1+ (a-l/kl))2 >> 1 which leads to a radial displace-

ment current € 61(3Er0/8t) with € = 8.85 X 10-14 farads/em;

the axial displacement current is neglected at the column rid- i
plane, Using the above results, the estimated time for the cur-

rent flow jer into the cold endplates to restore the ion potential well

. i ~ 2, s _ ~
is given by = eo(L/G)(a.l/lD) (Ero/Jer)’ at B_ = 150 G, L/ =25,

ai/a\D = 103, and j . =0.012 a/cm2 forn =2 X 1010/cm3 so that i

1 Therefore, based on

the above simple arguments, some reduction in —Ero is poseible

7y = 0.2 msec, which is comparable to 7
!

within a time period less than 0.5 msec, in qualitative agreement i i

with the observed plasma loss period. Other noniinear effect

such as large-scale eccentric rotation of the plasma column may

also contribute 1o the losses.




Due to nonlirear effects such as those just considered,
detailed study of the plasma ioss dynamics must be experimental.
The ra-ial losses are studied with a series of spacial distribu-
tions of the total density and the perturbed ExB plasma flow at
the four selected times that are indicated on the density trace in
Fig. 43. Att = tl' the m=1 mode propagates at a iow-level satu-
rated amplitude, the total column density is linearly increasing,
and the losses are due to resistive diffusion. Att = t2, both the
m=1 mode amplitude and the total column density are linearly
increasing, and the radial losses are still determined mainly by
resistive diffusion, Att = t3, the mode amplitude has saturated in
the nonlinear regime, the total column density is nearly a maxi-
mum, and the radial losses are greater than those from resistive
diffusion., Att = t4, the mode amplitude is decreasing while the
total column density is again increasing, and the radial losses

have subsided to a level comparable to resistive diffusion,

For each of the four times shown in Fig, 43, the spacial den-

sity distribution is computed within an individual cycle of the m=1

mode plasma oscillation., Using radial and azimuthal density cor-

relations, the density at about foriy individual spacial positions

within a 16 cm-diam cross section is plotted, and approximate
counstant-density contours drawn as shown in the series of Fig. 44.

Figure 442 shows the constant-density cantours att =t,.

al

The m=1 perturbation is present as an eccenirically rotating

density maximum of approximately 8.0 X 1010/cm3 near r =5 cm

in the column, Most of the contours appear to close within the

column cross section ehown and irdicate that at t = tl’ the outer
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Fig. 43.

142

T = 2600°K
To = 300°C

B =150G

o

Probe  Radius

1 8 cm

3 4 cm
0

] 8cm

3 4 cm

At e e ——
0.2 msec/cm

Position of the four times used in the non-linear
plasma studies in relation to the period of the
column density fluctuation.
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Fig, 44a. Constant-density contours in the column mid-
plane cross section for B, =156 G and t = ¢;
in Fig, 43; most of the plasma remains con-
fined to the column,



t=1t
2
position

—

Fig. 44b. Constant-density contours in the column
midplane cross section for B, =150 G and
t =ty in Fig. 43; radial plasma drift out
of the column :s apparent.
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Fig. 44c. Constant-density contours in the column
midplane cross section for By =150 G and
t =3 in Fig. 43; the m=1 wave amplituda
is large and considerable ExB radial
plasma convection is shown,
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Fig. 44d. Constani-density contours in the column

midplane cross section for Bg = 150 G and
t =t4 in Fig. 43; the greatest plasma loss
has occurred and the column density is
increasing.
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region of the plasma is lagging spacially behind the inner region

of the column.  Plusmn density also appears to be collecting at

the: leasding edge of the perturbation as the contears are closely
spaced, and there appears to be only the beginning of a possible

radial drift out of the column,

Figure 14b shows the constant-density contours calculated

for the time 1 = i, in Fig. 43, The primary density maximum has

now increased to approximately 2.0 X 1010/cm3 and is accompa~

nied by a weaker maximum density of 5.0 X 101°/cm3 that is 180°

out of phase in the spacial distribution. The two maxima could

indicate the possible formation of an m=2 mode in the column.
Fewer density contours are closed than at t =iy, and the con-
tours show the early stages of a pronounced radial plasma drift
across Bo‘ The outer region of the plasma is still lagging in
space behind the inner plasma region as before.

Figure 44c shows the constant-density contours for the
time t=1 tg in Fig. 43 when the greatest decrease in the column
density occurs, The contours show a large radial drift of
plasma across Bo and out of the columm. The plasma drift
appears as a long curved "tongue’' that trails out of the column

as it rotates. At the time t =t,, the "songue" has convected

over one~half of the tetal plasma density out of the column
interior. Due to the fact that the constant~density contours

shown are actually an artistic smoothing based upon a rough grid
of measured points, the internal structure of the column can only
be qualitative in nature, and the subsidiary maxima in Fig. 442 may

or may not be real. However, the gross features indicating the

¢
{
3




column density has decreased and a large radial drift of plasma
is present are in accord with other measurements and physical

predictions, The contours are a convenient way of graphically

illustrating the plasma convection.

Figure 44d presents the approximate constant-density con-
tours at t =, in Fig. 43 and show that the large radial plasma
drift has largely subsided. The internal column structure shown
is only an estimate of the real contours, but the total density
appears to have increased, and the m=1 plasma perturbation is
less pronounced that at t = t3. The contours show a much more
symmetric plasma densily distribution than at the peak of the
radial plasma loss.

An estimate of the spacial distribution of the perturbed
ExB drift contours in the column is provided by calculations of
the constant-potential contours, Since £ ~ -9$, the electric
field contours are everywhere normal to the equi-potential lines
in the column, Using the relation ¥V, = -¥8 X B_/BZ, the lines
of perturbed flow are tangent to the equi-potential lines in the
column, and the velocity flow paitern in the column can be
studied from z plot of the lines of constant ¢

The series in Fig. 45 shows the perturbed ExB velocity
flow spacial distribution for each of the four times indicated in
Fig. 43. The equi~potential lines are based upon a grid of
approximately thirty calevlated values of é using radial and
azimuthal correlation data at Bo =150 G. The lines shown are
estimates and are only meant to present a qualitative pattern of

the perturbed plasma flow in the cross section shown, Figure 45a
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Fig.

45a.

Perturbed ExB velocity flow contours corre-
sponding to the data in Fig. 44a; the plasma
circulates within the column cross section and
indicates only small radial flow.
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Fig. 45b. Perturbed ExB velocity contours cor-
responding to the data in Fig. 44b; in-
creased radial flow out of the column
occurs near increased density regions,
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t=1,
o

position

Fig. 45¢c. Perturbed ExB veloeity flow contours
corresponding to the data in Fig, 4dc;
. the regions of large radial flow coincide
< with those where large radial plasma
X drift oceurs.
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Fig. 454. Perturbed ExB velocity flow contours cor-
responding to the data in Fig, 44d; the
plasma is circulating primarily within the
column cross section and indicates only
small radial flow.
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shows the velocity flow patierp at t = 1 the conslant potential
lines do not show the {low speed, The plasma appears to be
circulating within the cross section, and little radial drift out of
the column is present. Comparing the spacial pattern of Fig. 44a
with that in Fig, 452, the plasma appears to be confined within

the cross section shown.

Figure 45b shows the spacial distribution of V_ at t =t

E 2°
Fewer of the flow lines are closed within the cross section, and
the plasma appears to be flowing in at the top right and flowing
out of the column at the lower left of the figure, Comparing with
the corresponding density distribution in Fig. 44b, the plasma is
drifting radialiy out the column and is probably lost.

Figure 45c shows "Le contours of VE for the time t = ty in
Fig. 43. The flow pattern has shifted clockwise with respect to
the pattern at t =~ t2, and the maximum radial drift occurs in the
same region as the greatest density loss, indicated in Fig. 44c.
The plasma appears to flow into the column from the right side
of Fig. 45c and flow out at the leit. Since the outward flux.
exceeds the inward flux in Fig, 44c, there is a large loss of

plasma from the column, in accord with the measured losses at

the column edge.

Att=x 14 in Fig. 43, the ‘TE flow pattern is shown in }
Fig. 45d. The flow pattern has shifted counter-clockwise to ;
nearly the same spacial position as that shown in Fig. 45a, and :
the enhanced radial velocity flow of the perturbed plasma from i

the column has greatly subsided in comparison with that shown in
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Fig. 45c. Most of the perturbed plasma appears to again be
circulating about the column cross s2ction.

The data represented in the series of spacial distributions
shown in Figs. 44 and 45 present a comprehensive qualitative
picture of both the spacial and temporal development of the ExB
plasma convection that is caused by the unstable m=1 waves in
the column, In the absence of significant wave amplitude such as
att = tl in Fig. 43, most of the perturbed plasma appears to
circulate about the column with little nat radial loss; however,
when there is significant wave amplitude, a large radial drift of
plasma occurs that momentarily is sufficient to lower the total
density in the column. Therefore, the outward radial flux is
related to the total column density by the global equation of

continuity that is written in the form

27
aN/3t + 27rL ] F(6)d6 = (S) =1 _fe - 24rLF,
Q
- 7e?LaF_[oz - BN fot (36)
where
r L
N = 27r[ [ n(r,z)rdrdz
O %o

represents the total number of perturbed plasma particles within

a column of radins r, F_, = E(e)ﬁr(e) with Gr = EG/B0 defines the

E




local Exgo radial flux, (S) = 0 is the equilibrium continuity equa-
tion in the absence of the waves, and the remaining parameters
are defined in Chapter III, At equilibrium, (S) is theoretically
zero, and the data in Chapter III verify this to within a factor-of-
two in Fig. 14b at r ~a, Therefore in Eq. 36, {(S) =0 for the
calculations to follow.

A numerical evaluation of Eq. 36 is made withdataatr =a
and Bo: 150 G which corresponds with that shown in Figs. 44
and 45. At each of the four times indicated in Fig. 43, FE(O) is
computed from correlation data between T and & for the m=]
mode. The results are plotted in Fig, 46 as a function of 6 in
each case, The shape of FE(G) is roughly sinusoidal when the
mode amplitude is small; as the amplitude increases, FE(O) is
seen to become more peaked in angle, in accord with the data
shown in Figs. 44¢c and 45c,

The important quantity in the evaluation of Eq. 356 is the net
radial flux through the column perimeter. Integrating the
results in Fig. 46 over a full period of 8 at each of the four times
leads to the results shown in Fig, 47. The net radial losses are
seen to increase from below the equivalent classical diffusion
flux at t = t, te nearly the level predicted by the so-called
"Bohm" diffusion flux Fg = -(KT/16eB_)3n_f3r) att =t;, and
then decrease to the value shown att = t4. The Bohm dift'usion38
is often quoted in the literature as a convenient measure of the
anomalous plasma losses and is used here as a convenient

standard.

155




SN

Fe(8) x 104

v
e L v 7 T

5.0

%
]
i
i
1
:
i
{

©

Fg (8) x 104

5.0

Fig. 46. Azimuthal distribution of the calculated ExB radial
wave convection for each of the four times in Fig. 43;
the loss flux is nearly sinusoidal in @ for t = t] and
t4, while for t = t3, the loss flux is sharply peaked
in amplitude.
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Fig. 47. Calculated net radial loss flux for each of the four
times indicated in Fig, 43; for t = t , the net radial
loss flux is comparable to the classical diffusion
flux Fo, while for t =15, the net loss flux is com-
parable to the "RBohm" diffusion flux Fg-




In order to numerically evaluate Eq. 36, some estimate
is necessary for the term 81\7/31 . Figure 27 shows that ;4r)
is closely approximated by the Bessel functicn
;(r) = ;m Jl(krr). If a furthe . assumption is made that a radial
distribution of 3;/3t is similar 1o that for ni(r), then 32-{'/31
can be calculated, and Eq. 38 reduces to

27
Bnm/at =[— krag‘aJc(kra;JI FE(G)dG (37)
o

which indicates that the perturbed density decreases with time
for a net outward plasma flux from the column. F¥For Br =150 G,
kra =2.0 and JO(Z.O) = 0.22 so that Bnm/i)t = -l.BI?E where EE
is the net outward flux throughout the column surface.

Using the data in Fig. 46 to evaluate EE from the column,
the predicted value of a;lm/at at each of the times is plotted in
Fig. 48 and compared with the measured data at B0 =150 G and
r=4 cm (position of the maximum, ;m' in the column).
Considering the nature of the measurements and the probable
errors in the measurements of the a;m/at in the column, the
agreement between Eq. 37 and the data is better than expected
and clearly shows that plasma is being convected out of the
column by the unstable m=1, large amplitude waves.

The results presented in this chapter point to the origin
of the anomalous radial losses from the plasma column in the
time-growth of the unstable m=1 mode that was shown in the
last chapter to be caused by the centrifugally-driven gravita-

tional interchange instability. The vnstable mode creafes
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a periodically large ExB plasma convection {rom the column
and produces the total density fluctuation in the columan density.
The period of this fluctuation is shown to be dependent primarily

on the balance between the magnitude of the radial losses and

the plasma fill-rate to the column. The spacial and temporal

development of the plasma loss is shown at Bo =150 G and is in
accord with numerical calculations of the density continuity at

the column edge. The plasma losses are shown to originate in the

column interior and appear as a net radial plasma flux out of
the plasma column. Numerical calculations of the convective flux
at the time of the greatest plasma loss are in accord with the

so-called "Bohm" diffusion flux that has often been used to

characterize the anomalous losses from a plasma.
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Vi, SUMMARY AND COXCI.1JSIONS

In Chapter [ll, data for o shows that the hotplate sheaths
are eiectron-rich, but the magnetic field lines for r » a tzrmi-
nate on a ctlid surface with an ion-rich sheath. The resulting
thermoelectric potential discontinuity produces a localized
radial electric field that creates an ExB rotating high-velocity
annulus anc confines the ions in the plasma column. Radial
profiles of -Ero and Voi in the column are in accord with pre-
dictions from an isothermal model of the plasma equilibrium
that includes ion viscosity, electron resistivity, and rotational
inertia effects., Through collisions with electrons, the ions are
transported radially in sufficient numbers to account for re-
sistive diffusion losses and to broaden the radial profile of n
beyond that expected on the basis of thermal equilibrium. The
total measured plasma losses are in accord with a combinaticn
of resistive diffusion and ton recombination at the hotplates and
indicate that two different types of equilibrium can exist, de-
pending on the value of B  in the column.

For B, > 300 G, the density n, is nearly constant with time
except for low-~level waves, Measured wave parameters ave
presented in detail in Section B of Chapter IV and indicate that
the waves are probably a ferm of the transverse Kelvin-
Helmholtz instability from velocity shear at the edge of the high-
velocity annulus, Comparisons of the predicted stability con-
ditions, fregquency, centrifugal force, and fi-3 correlations in the
“velocity jet” model ol Perkins and Jassby with data shows good

agreement for all the modes observed. The waves do not appear to




enhance the radial plasma losses significantly beyond those due
to resistive diffusion.

When B is between 150 and 300 G, the total column density
is observed to fluctuate between two levels in the general shape
of a sawtooth wave with sinusoidal modulation, In the last
section of Chapter [V, the data indicate recurrent time-growth
in an azimuthally propagating m=1 mode whose marginal stability
depends on hoth thresholds in n, and voi’ For a Voi above the
threshold, the m=1 mode amplitude shows a linear time-growth

for n >n but the amplitude decays to a low-level saturated

o
form when n, < n.. Comparisons of the predicted stability
threshold, frequency, growth-rate, and phase shift between

i and 3 for the model of Chu et al. with data indicates that the
m=1 mode is probably ion diamagnetic waves that are driven
unstable by a combination of resistive and centrifugal effects in
the column. The model dispersion relation is able to gualita-
tively account for the observed stability thresholds of n.. Bo,
and Voi as well as the linear increase of frequency with Bo.

Data in Chapter V indicate that the origin of the periodic
fluctuation of the total column density is primarily due to the SxB
radial convection by the unstable m=1 waves, However, qualita-
tive arguments indicate that the bulk of the plasma loss is due to
some nonlinear process such as the momentary weakening of the
ion-confining -Em by radial plasma transport, Studies of the
nonlinear temporal and spacial distributions of density and

perturbed velocity flow show the development of large radial

loss-flux that is comparable in magnitude with the "Bohm"
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diffusion Mux in the column. Using the density continuity equa-
tion, predicted density loss-vates are in accord with experiment
and the measured ExB flux from the column,

‘The measurements in the present experiment provide sub-
stantial evidence to support the {ollowing conclusions:
1) The plasma equilibrium is determined primarily by the
sheath conditions present both radially and axially. The hot-
plate sheaths determine the radial density profile in conjunction
with the thermoelectric potential discontinuity at the hotplate
edge; the ion potential well formed also determines both the
steady plasma loss and the ExB column rotation.
2) The radially localized electric [ield at the column edge pro-
duces sufficient transverse velocity shear to cause a Kelvin-
Helmholtz that appears to be the source of the group { modes in
the coiumn and does not lead to anomalous radial plasma losses,
3) The radially localized electric field at the column edge aiso
produces sufficient centrifugal force to create a rotational
instability in the lowest-order mode of the ion diamagnetic drift
waves. [n conjunction with the electron resistivity, the centrif-
ugal instability is believed to provide the origin of the time-
growth for the m=1 mode in the experiment; the observed
anomalous radial plasma loss which accompanies the instability
is then in accord with the ExB convection of plasma by the
unstable mode.
4) The periodic nature oi both the anomalous plasma lass a;;d

the total column density is due to a combination of nonlinear

processes such as the possible flux weakening of the ion-confining
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Ero and the mode self-suppression as the column density de-
creases below a critical threshold; in the absence of the ExB
losses from the m=1 mode instability, the total column density

increases to repeat the cycle.
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