Waves and transport in the pure electron plasma
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Investigations of low frequency waves and transport in a plasma consisting almost purely of electrons are
presented here. This plasma is trapped in a cylindrical system with radial confinement supplied by a
strong axial magnetic field and axial confinement supplied by electrostatic fields. Very long containment
times are possible. Classical transport due to electron-neutral collisions has been investigated and good
agreement with the theory of Douglas and O’Neil is obtained. Externally launched diocotron waves are
investigated. The modal frequencies agree well with linear theory, but the damping is governed by
nonlinear effects. Experimental scaling laws for the damping rates are given. Measurements of spatial
transport due to these modes are also presented. A signature of this process is that the transport is

strongly localized spatially.

I. INTRODUCTION

Plasmas consisting of a single charge species are the
subject of current research? both for their intrinsic
interest and for the investigation of basic phenomena
common to all plasmas. Here, we report experimental
investigations of a newly realized plasma equilibrium,
the so-called pure electron plasma,® Our experimental
geometry is cylindrical. The plasma, consisting al-
most entirely of electrons, is radially confined by a
strong uniform axial magnetic field and captured axial-
ly by electrostatic fields. This plasma is easy to make,
it can be confined by fields of relatively simple geo-
metry, and it is found to have excellent reproducibility
properties,

We have previously described* the plasma source
and the principle behind its design. The source is
merely a spiral of thoriated tungsten wire which is
heated by passing a direct current through it, and
which thermionically emits electrons. This spiral
cathode is immersed in the magnetic field and pro-
duces a column of electron plasma. The spiral geom-
etry plus the voltage drop due to the heater current
provide a first approximation to a match between the
cathode electrostatic potential and the potential arising
from the space charge electric field of a uniform den-
sity electron column.

In a prior experiment! we have verified the theoret-
ically predicted® dispersive properties of the azimuthal-
ly symmetric plasma waves in this plasma. There, we
proved that the level of ion contamination is indeed
small, that is, the plasma is almost purely electrons.
In that experiment the system was operated steady
state. For the experiments reported here we have
modified the system to capture the plasma axially by
closing the ends with electric fields. In a cycle, which
is continuously repeated, the machine is filled with
electron plasma which is then captured and later dump-
ed. The dumped plasma is collected. One of our pri-
mary measurements is of the radial density profile of
these dumped electrons.

2) Present address: General Atomic Company, San Diego,
Calif, 92138.
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The experiments described here deal with two basic
subjects: waves and transport. For wave investiga-
tions, wall probes are used for reception and trans-
mission of waves in the captured pure electron plasma.
Here, our work focuses on the low frequency (w Swp
« w,) drift-type modes of this plasma which are known
as the diocotron modes.™® To our knowledge, this is
the first reported experimental investigation of ex-
ternally launched diocotron modes. Our results show
that linear theory essentially correctly gives the real
part of the modal frequency. However, in this experi-
ment the wave damping is governed by nonlinear ef-
fects; the amplitude of the wave is large in the sense
that resonant electrons execute nonlinear “bounce”
orbits which are spatially localized.'* Clear experi-
mental scaling laws are found for the damping, but a
detailed theory is not yet available,

This plasma is ideal for many transport investiga-
tions because the basic containment is assured and
transport causing effects can be externally induced and
controlled, The assurance of the containment stems
from the constraint imposed by conservation of canon-
ical angular momentum in a strongly magnetized sing-
ly charged plasma. For gross plasma transport, an
external torque must be applied. Of course, this tor-
que can be applied by electron collisions with back-
ground neutrals or through imperfections in the con-
fining fields. Yet these effects can be rendered inef-
fectual for time scales appropriate for other induced
transport investigations. Indeed, decay times the or-
der of minutes have been obtained with an ultrahigh
vacuum version of the system described in this manu-
script.

For the induced transport experiments described
here, torque has been applied to the plasma in two dif-
ferent ways. First, we investigate “classical” trans-
port due to electron collisions with neutral gas parti-
cles. To isolate this process, a gas is bled into the
vacuum chamber to raise the neutral density far above
the base level. We find that the resulting spatial
plasma transport across the magnetic field exhibits
the “classical” scaling of decay time, 7<xB2/v, where
B, is the magnetic field strength and v,, is the elec-
tron-neutral collision rate, Transport in this plasma
is strongly affected by the space charge electric field.
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Comparison of radial density profiles with profiles
computed from the recent kinetic theoretical treatment
of Douglas and O’Neil™ gives good agreement, Second,
torque has been applied by externally launching dio-
cotron modes, These experiments are performed at
base pressure to minimize the effect of electron-neu-
tral collisions, A marked signature of this wave in-
duced transport is its spatial localization near the
radius at which the wave electric field is in resonance
with the zero-order particle drift motion.

We also find regimes in the operating parameters in
which strong diocotron modes are naturally excited and
cause relatively violent spatial transport. Since this
process is internal to the plasma, one expects the re-
sulting transport only to rearrange the distribution
function subject to the canonical angular momentum
constraint. This is clearly demonstrated for the dio-
cotron wave of lowest azimuthal mode number.

The organization of this manuscript is the following:
Section I describes the experimental apparatus and
techniques. In Sec. III we describe classical transport
due to electron-neutral collisions, The properties of
launched waves are described in Sec. IV. Here, the
emphasis is on the two diocotron waves of lowest azi-
muthal mode number (I=1,7=2), The measured prop-
erties of these two modes differ significantly because
in one case {I=1) there are no exactly resonant par-
ticles. Section V describes the spatial transport in-
duced by the launched diocotron waves and Sec. VI
describes transport due to naturally occurring dioco-
tron waves. Section VII summarizes the results,

I. APPARATUS AND TECHNIQUES

First, we briefly review the physics behind the design
of the spiral cathode® source which determines the
properties of the initially captured pure electron
plasma. The basic experimental apparatus is depicted
schematically in Fig. 1. The geometry is cylindrical
and the system is evacuated to a base pressure of ap-
proximately 107 Torr. The spiral cathode is indicated.

Debye shielding in the non-neutral plasma has been
treated by Davidson,'® To be considered a plasma, a
collection of electrons must have a Debye length A,
much smaller than the radius of the electron column,
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Here, 2} =¢.k;T/ne?, where n is the electron number
density, —e is the electron charge, T is the plasma
temperature, and k5 and €, are Boltzmann’s constant
and the permittivity of free space, respectively., For
the single charge species plasma this means that the
plasma potential energy, due to space charge, must be
large compared with the thermal energy. A means of
producing such a plasma is to tailor the cathode elec-
trostatic potential. The space charge potential ¢, in-
side a uniform density electron column, varies as
¢s~72, where 7 is the radial distance. By using a
cathode with potential ¢, varying as ¢,~72, one might
hope to obtain a “match” across the electron column,
thus leaving the electrons with a kinetic energy char-
acteristic of the cathode temperature. The spiral
cathode approximates this condition. The resistive
voltage along the spiral, due to the heater current,
produces the potential variation with ».

Experimentally, we find that the potential match is
roughly satisfied. For the uniform density electron
column one can show that (p/x,)>=4eA¢p,/kpT (Ref. 4).
Here, p is the radius of the column and A¢, is the
change in space charge potential across the column,
The “temperature” will not be a true temperature
since the plasma is not initially in thermal equilibrium,
The initial kinetic energy is determined primarily by
differences between the spiral ¢, and the plasma ¢,
(Ref. 4). Electron-electron collisions can subsequently
bring the plasma to thermal equilibrium.'® Typical in-
itial conditions used in this experiment are ¢ {r=0)
~-20 V with ¢,(0) - ¢,(0)~1 V. Also, since the spiral
cathode potential is only approximately parabolic and
the electron emission is nonuniform due to gaps, the
radial profile of the initial plasma is only approximate-
ly uniform.

Other elements of the source shown in Fig. 1 are the
grid and backplate. The grid is grounded while the
cathode is negatively biased and serves to increase the
perveance of the source. The backplate is at the po-
tential of the most negative part of the spiral (the cen-
ter) and thus reflects source electrons.

Now consider the captured plasma. The plasma is
shown captured in the region of conducting cylinder B
in Fig. 1. Radial confinement is provided by the strong
axial magnetic field, B,, and axial confinement is due
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to electrostatic fields between cylinder B and the con-
ducting cylinders A and C. Cylinders A and C are
biased sufficiently negative such that it is energetical-
ly impossible for the electrons to escape longitudinally,
that is, ¢,, ¢c<< ¢,. In order to escape, the captured
electrons must cross the magnetic field lines, reach
the wall of cylinder B and be absorbed.

The system is continuously cycled by filling B with
electron plasma from the source and subsequently
dumping it out the other end. More specifically, this
sequence is as follows (see insert in Fig. 1 which
sketches the applied voltages): (1) Initially, A is
grounded and C is biased negatively with respect to the
source so that those electrons from the source which
reach B are reflected at C. During this phase the
plasma occupies cylinders A and B and the plasma den-
sity is primarily determined by the source potential
and the space charge potential match, (2) Then, the
potential of A is gated negative to trap the plasma with-
in B. The trapped electrons wander across the mag-
netic field lines due to various processes. A variable
time () later, cylinder C is gated to ground potential,
dumping the remaining electrons out that end along the
magnetic field lines to be collected. This sequence is
repeated continuously with repetition rates ranging
from 1 to 100 cycles/sec, depending upon the process
under investigation. For clarity, only three cylinders
are indicated in Fig. 1, whereas the machine actually
contains five,

A radially moveable collector assembly behind a
slot in the end plate collimates and collects the dumped
electrons at the radial () and azimuthal (8) position
of the collimator. The charge collected at each dump
produces a voltage across the distributed capacitance
(Cd) of the collector element. This voltage is propor-
tional to the electron density n, assuming the density
to be longitudinally independent in the captured plasma.
The collector is connected to ground through a drain
resistor R, and so the voltage signal subsequently de-
cays with an R,C, time constant (typically R,C,~107®
sec). The peak voltage is sampled and held for dis-
play on an xy recorder,

The radial position of the collector assembly is
transduced and applied to the x axis of the recorder,
by varying » we obtain »n(») and changing the dump time
yields n(r,t). Thus, we measure the time evolution of
the plasma density profile as the plasma undergoes
transport across the magnetic field. The time ¢ is
measured with an interval timer whose digital output
is converted to an analog voltage for occasions when
t is a desired recorder variable,

With this density measuring technique, irreproduc-
ibility from shot-to-shot will produce “noise” in the
recorder ordinate. Examples of radial density profiles
exhibiting good reproducibility are shown in Fig. 2.
Irreproducibility would cause large variations in the
density with a fixed collector position. Here, this
position is varied slowly (approximately 30 sec for a
scan) compared with the repetition rate of 60 sec™,
Note that here the nonuniform initial profiles are due
to strong radial transport, as described in Sec. 1.
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FIG. 2. Transport due to electron-neutral collisions; simi-
larity under a change in neutral gas pressure. (a) Low pres-
sure case; (b) high pressure case; (c) profiles from first two
graphs which demonstrate n(7,t,P,By) =n(r,Pt,By).

The azimuthal asymmetry of the plasma is measure-
able with a collector at a fixed 6 because of the E°x B,
rotation, where E, is the space charge electric field,
E°= -V, Varying ¢ by a fraction of the rotation per-
iod (of order 107 sec) has the same effect as changing
the angular position of the collector. However, the
electron plasma rotates at some varying rate during
the dump processes and this tends to wash out the
-azimuthal information measured at the collector. This
effect depends upon the dynamics of the dump process,
which has not yet been investigated in detail. Never-
theless, angular density perturbations can be measur-
ed, We estimate from model calculations that these
perturbations are washed out to approximately one-
third the initial value for the data presented here (Sec.
V).

Several methods may be used to obtain the absolute
magnitude of a radial profile, We can measure the
line density, N(t)= J,Fdr 2r¥n(r, ), by wall probe
techniques® or by measuring the total charge coming
out at each dump (R =radius of cylinder), We could
also calibrate the radial collector measurement itself.
However, we have found that the most convenient way
is to measure the frequency of resonance transmission
of the diocotron wave of lowest azimuthal mode num-
ber. Theory predicts'” this frequency to be proportion-
al to the line density while experimentally we observe
this proportionality to within a few percent (Sec. IV).

Waves are launched and received with wall probe
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antenna. Located throughout cylinder B are five wall
probes like the one shown schematically in Fig. 1.
These probes are rectangular sections of the wall
which are electrically isolated from cylinder B and
mounted flush with its inner surface. Image currents
flow to and from the probe in response to the motion
of the electrons within cylinder B. This induced cur-
rent is proportional to the rate of change of the nor-
mal electric field at the probe integrated over the sur-
face of the probe,'® Consider, for example, the wall
probe response to a collective electrostatic mode in
the plasma given by a potential perturbation of the
form 8¢ = () exp(il0 + ikz ~ iwt), where z is the axial
coordinate. The induced current I is then given by

. 3 inlA6 sinkA
—e L

X exp(il6,+ ikz, - iwt),

where 6 and z, are the azimuthal and axial locations
of the center of the probe, and 2(A6) and 2(Az) are the
arc and axial extent, respectively, of the probe. Thus,
measurement of the magnitude of the induced current
and knowledge of the shape of the eigenfunction allows
determination of the absolute magnitude of ¥(»). For
these probes, Az=0.96 cm, A6=0.38 rad and the

(24, 8,) locations are (5.08,0), (5.08, 7/2), (5.08, ),
(13.34, n/4), and (40.64,0), where z,=0 marks the end
of cylinder B nearest the source.

Experimentally, modal frequencies can be recognized
by clear resonances in the received power as the fre-
quency of a transmitter is varied. Wall probes are
used for such transmission and reception. Measure-
ment of the phase difference between the fixed wall
probes restricts the allowable %k and [ values, These
same techniques are applied to naturally occurring
modes (not launched) using a narrow band receiver for
frequency measurement, Many of these modes have
been identified by comparing the measured properties
with computations of the dispersion relation by the
method described in Sec. IV B,

In this electron plasma, measurements of the ve-
locity distribution are complicated by space charge
effects. Although one can certainly measure the ve-
locity distribution of the electrons exiting the con-
finement region with each dump pulse, it is not, in
general, straightforward to then deduce the distribution
function of the plasma prior to the dump pulse, when
the plasma was axially confined. The electrons leave
cylinder B with a parallel kinetic energy determined
primarily by the space charge field they experience
upon exit. Those escaping first have a kinetic energy
comparable to the trapped space charge potential en-
ergy while those escaping last just coast out. The en-
ergy spread due to this space charge potential energy
of the trapped plasma is large compared with the kin-
etic energy.

In order to gain a qualitative measure of the plasma
kinetic energy before the dump, we use the technique
of electrostatic energy analysis in conjunction with a
nonuniform magnetic field.!® This allows a measure
of the kinetic energy of the electrons perpendicular to
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the main magnetic field, B,. This perpendicular en-
ergy is negligibly affected by space charge forces be-
cause the gyroperiod is very short compared with
time scales over which an exiting electron encounters
changing fields, The cylinders and magnetic field coil
shown in the collector assembly (Fig. 1) are used for
this measurement. The magnetic field coil produces
a field which opposes the main field, and thus reduces
the magnetic field strength within the discriminator
cylinder, The electrons experience this field change
adiabatically, retaining a constant magnetic moment
while converting some perpendicular energy into par-
allel energy. A retarding voltage applied to the dis-
criminator acts upon the parallel energy. By mea-
suring the collected charge as a function of the dis-
criminator voltage with and without the magnetic field
change, we obtain information on the distribution of
perpendicular energies. To avoid a possible error in
this technique, the analyzer is constructed so that the
retarding potential rises more slowly (spatially) than
the change in magnetic field strength. Otherwise, elec-
trons with sufficiently large initial pitch angle will be
spuriously reflected.

For small changes in the magnetic field this method
can be shown® to yield the mean perpendicular energy
which, in general, is a function of the parallel energy.
We observe the dependence on parallel energy to be
mild and so use this measurement as a check on “tem-
perature” values inferred by other means. Note that
if the plasma velocity distribution were an isotropic
Maxwellian, then this perpendicular energy technique
would directly measure the distribution, since in this
case the mean perpendicular energy is independent of
the parallel energy. The space charge effect disrupts
only the parallel component of the velocities and so for
a Maxwellian, which is separable in its velocity space
components, the perpendicular information will be
dumped intact. A nearly Maxwellian distribution would
be expected for the case of a strongly magnetized pure
electron plasma with a high enough electron-eiectron
collision rate,

For the investigation of classical transport due to
collisions with neutrals, we bleed gas into the vacuum
system. To make the neutral density uniform through-
out the system, the valve opening leading to the vac-
uum pump is greatly restricted. The neutral pressure
is increased to a level sufficiently above the base
pressure so that effects from electron collisions with
impurities are small on the time scales of interest,
The neutral density is measured with a Bayard-Alpert
ionization gauge and standard calibration values ap-
plied for various gases. For this work the absolute
magnitude of the neutral density is not as important
as reliability of relative magnitudes. Our interest in
this initial experiment is to establish that this class-
ical transport process can dominate the pure electron
plasma and not to measure electron-neutral scattering
cross sections. Schulz has investigated® the charac-
teristics of the Bayard—Alpert gauge for helium over
the range of interest in this experiment, finding the
response linear to within roughly a factor of two from
107 to 107 Torr.
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Typical parameters at =0 are plasma frequency
wyo=[n(0, 0)e?/me,]'/? of order 10° rad/sec, cyclotron
frequency 10°-10'° rad/sec, axial transit time 107 sec,
Ap of order 0.3 cm, and the electron-neutral elastic
collision time is of order 10 sec at base pressure.
Ionizing collisions during the trapped phase are be-
lieved to be very rare since the mean electron kinetic
energy is well below ionization thresholds. The ion
contamination is at most a few percent as measured
by wave® and image ¢urrent techniques and model cal-
culations indicate it is probably very much smaller.
In the image current method, the net current to the
walls is monitored. This current reflects the mean
rate of any secondary electron buildup as the ions
escape axially.

l1l. CLASSICAL TRANSPORT DUE TO ELECTRON
NEUTRAL COLLISIONS

The first process that we consider is transport due
to electron collisions with background neutral gas par-
ticles. As implied by the label “classical transport”
the physics can be understood by consideration of
single electron orbits subject to collisional encounters.
Here, torque is applied to the electron plasma by the
neutrals via collisions.

The requirement that an external torque is necessary
for bulk transport has become a unifying concept for
all of our transport investigations. To make this con-
straint more quantitative consider the canonical ang-
ular momentum of the ith electron, P, =m(rvy—73w,/
2),. Here, v, is the azimuthal component of the veloc-
ity of the electron, comprised of the thermal motion
and also the drift motion due to the space charge elec-
tric field. The total canonical angular momentum of
the electron plasma is P9=7‘,.P9... If no external torque
is applied, then P, =const. For the strongly magnetized
case rw,> |vg|, Po;> - 3mw,rj, where 7, is the
radius of the guiding center. With no external torque,
P,=const requires Erf, =~ const. This says that if some
electrons increase their average radial position,
others must decrease theirs. Such a rearrangement
can cause a loss of only a small fraction of the elec-
trons since the initial plasma radius is considerably
smaller than R, An external torque must be applied
in order to have gross transport to the boundary. In-
traplasma forces, such as electron-electron collisions
and collective plasma effects, may rearrange the elec-
tron distribution but cannot destroy the basic contain-
ment, This conservation law does not constrain gross
transport in a charge neutral plasma since the contri-
butions to P, from the oppositely charged species can
cancel in that case; that is, the electrons and ions can
cross the field lines together,

A collision of an electron with a neutral applies a
torque when v, is changed by the collision process.
This causes transport across the magnetic field through
the well-known mechanisms of diffusion and mobil-
ity.2? Mobility occurs because the electron drift ve-
locity due to the space charge electric field biases
the average electron step in the outward radial direc-
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tion, This leads to a radial mobility flux. Diffusion
results from collisions acting on the electron gyro-
orbits due to thermal motion. In the pure electron
plasma the radial flux due to mobility, I',, dominates
the radial diffusion flux, I';, since the plasma space
charge energy is large compared with the thermal en-
ergy. Locally, |T,/T,| ~va/)3 where a is the scale
length of the local density gradient.

Recently, a theoretical description of electron-neu-
tral transport in the pure electron plasma has been
given by Douglas and O’Neil,'* They calculate the
evolution of the electron distribution function averaged
over gyrophase using an expansion of the Boltzmann
equation in inverse powers of the magnetic field
strength. Their model assumes that the electrons are
elastically scattered off stationary infinite mass scat-
ters and also that the distribution function is azimuthal-
ly invariant. Electron-electron collisions are neglect-
ed.

This collision model is well realized experimentally
when helium is the neutral gas. The collisions are
elastic since the electron kinetic energy is below the
energy necessary to excite or ionize the helium atom.
The inifinte mass approximation is valid since effects
due to neutral recoil are small for the time scales of
interest in the experiment. Also, the electron-electron
collision frequency is orders of magnitude smaller than
the electron-neutral collision frequency for the para-
meters of this experiment.

The Boltzmann equation is required to describe this
transport because the distribution function becomes
highly non-Maxwellian through the processes of dif-
fusion cooling and Joule heating. Diffusion cooling
arises because the fastest electrons diffuse out first
while Joule heating is due to the gain in kinetic energy
of an electron as it moves radially outward in the pres-
ence of the space charge electric field. Electron col-
lisions with infinitely massive neutrals do not make the
distribution Maxwellian but can make it isotropic.

The Douglas—Q’Neil theory results from an expan-
sion of the Boltzmann equation in two small para-
meters, € and 8, where e~r,/¥, E°/(B{) and 6~v,,/
w, with ordering 6 < €<« 1. Here, 7, is the Larmor
radius, v is the mean electron random speed, and v,
is the electron-neutral collision frequency. Typical
experimental values for these ratios are »,/R~107%,
E°/Bw <107, and »,,/w,~107,

The Douglas-O’Neil reduced transport equation for

flr,v, 1) is™

9 3 9
¥ _ l"—[y— ir —%E"(4v+v2 5U_>]Um(v)

ot 3wily ar
d e 1a>
X{ — —F = —
<8r mEv ;7)) 5 1

where n, is the neutral gas density, o, is the momen -
tum transfer scattering cross section, and v is the
electron speed. The transport description is thus a
solution to an initial value problem given by Eq. (1)
coupled with determination of E° through Poisson’s

equation
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—11; (%(rE"): —?O fo anvide flr,v,t). (2)

First, consider the basic time scaling evident from
(1). Time enters only through the product ¢n,/w? and
so the time evolution scales as Bg/no. This is expect-
ed for this classical transport process; the collisions
are binary and both the mobility and diffusion proces-
ses scale as BS. Experimentally, we measure the
lowest moment of f, that is, the density n(r, t) for
which the same time scaling holds.

A convincing way in which to demonstrate scaling
experimentally is to use the method of similarity.
Scaling with neutral density (pressure) implies
nir,t, P, B))=n(r, Pt, B)) and thus, we expect that a
given initial density profile will decay as a universal
shape when the time is scaled as P¢ (constant B and
P =neutral pressure). To use similarity, it is not re-
quired that density profiles obtained with different
background pressures agree at time zero, They need
only agree at some time, That is, if n(», P,t,, B,)
=n(r, P,t,, B,), then similarity requires that
n(r, P.t], B,)=n(r, P i}, B)) with P, (! - £,)=P,(t, - ¢,).
We use this approach experimentally because density
profiles at £=0 vary with P (and B,) due to transport
which occurs during the time it takes to “close” cyl-
inder A. The gating pulse which “closes” cylinder A
is deliberately slowed (rise time ~100 pusec) to avoid
excitation of the I=1 diocotron mode, This effect is
discussed in Sec, VI.

In Fig. 2 similarity in the decay of n(») under a
change in neutral pressure is shown. The two sets of
profiles shown in Figs. 2(a) and 2(b) differ in that they
are taken at different neutral gas (helium) densities.
The helium pressure for set (b) is twice that of set (a)
and as expected, the higher pressure case decays
faster. Shown in Fig. 2(c), on the same plot, are the
appropriate profiles from Figs. 2(a) and 2(b). The
profiles in 2(c) start the same and decay to the same
shape on a time scale governed by PAt=const,

The time scaling with B, is demonstrated by the
same technique and is shown in Fig. 3. Here, the
pressure is constant and, for the two sets of profiles
in Figs. 3(a) and 3(b), the ratio of the square of the
magnetic field strength is two, 3(a) being at the larger
B,. The agreement of the profiles in Fig. 3(c) shows
that the profile decay time scale satisfies At/BZ=const.

Actually, for these similarity results to follow from
Egs. (1) and (2), the distribution, f(r,v,), for the in-
itially compared cases must be the same, We have
not proven this to be the case since we only have an in-
tegral measure of the velocity dependence of this dis-
tribution. Nevertheless, similarity is seen to hold in
these density profiles. This can be understood since
mobility is the dominant transport mechanism (depend-
ing basically on plasma density) while diffusion alters
details of the density profiles

The initial electron density also enters the decay time
scale because of the mobility process. The flux due to
mobility is proportional to the space charge electric
field which in turn is proportional to the electron num-
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FIG. 3. Transport due to electron-neutral collisions; simi~
larity under a change in By. (a) High-field case; (b) low field
case; (¢) profiles from first two graphs which demonstrate
nir,t,P,By) =n(r,P,t/B}).

ber density. Thus, larger plasma densities will decay
faster. This effect is not as transparent in Eq. (1) as
is the neutral density and magnetic field strength scal-
ing. In order to illustrate this mobility process we
consider a simple model calculation. This calculation
also serves as motivation for the manner in which
some data are taken and analyzed,

Consider an initially uniform column of electrons in
a strong magnetic field subject to radial transport
from mobility alone. We assume that the temperature
of the plasma is negligible and introduce a constant
electron-neutral collision frequency v. The radial
velocity of the electron fluid is related to the space
charge electric field through the usual mobility coef-
ficient (Ref. 22), u=-v/Byw,, thatis, V= pE°= (uwi/
2w?)r for a uniform profile. A density profile which
satisfies the continuity equation, 8n/8t+ Vv +(nv)=0, is
given by

n@r, ) =7(H1 ~ Hr - a®)]}, 3)
a)/mO)=(1+1/7,)", a*(t)nlt)=a*(0)(0),

where v7,, = w?/w3(¢=0) and H is the Heavyside step
function. This solution says that the density profile
remains uniform and the outer edge expands. The de-
cay time scale is 7,, the so-called “mobility time.”**
Note that 1/% is linearly dependent upon time,

This example is artifical since diffusion is neglected.
Even if the plasma were initially cold, Joule heating
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due to the electron radial expansion would soon heat
the plasma and the resultant diffusion would destroy
the sharp edge. However, one might expect that the
characteristics of this solution would hold true near
the center of the plasma column where the diffusion
flux is relatively weak because of the small density
gradient. Experimentally, we find that it does. The
decay of the central density, »(0,?), has a functional
form like that in Eq. (3) on a time scale which is
the order of that predicted by the idealized calculation.

The curves shown in Fig, 4 are raw data of 1/n(r=0),
electronically generated from n(r=0), versus {. The
parameter is B,. The slopes of these lines give a con-
venient way to parametrize the decay to investigate
scaling. We expect

1/n(0,8)=[1/n(0,0)](1 + ¢/7,)
=1/n(0, 0)+[vw3(0, 0)/n(0, 0)wZ]t.

So, we expect d[1/n(0,¢)]/dt <v/w? «<n,/B2, Thus, we
can make use of this simple parametrization technique
to investigate scaling over a wide range. Of course,
when any parameter is varied over a wide range the
plasma temperature and thus collision frequency may
change somewhat. The collision rate is determined by
the thermal velocity (which is large compared with
the drift velocity). Nevertheless, the variation is
small enough (less than a factor of 3 in temperature
over the full range) so that we observe the basic scal-
ing laws expected.

Scaling with magnetic field strength is shown in Fig.
5 where we plot the initial slope of 1/n(»=0, {) versus
B,. The scales are logarithmic and the parameter is
background pressure. The straight lines through the
data points are drawn by eye and the scaling repre-
sented by each line is shown. We see that the basic
1/B? scaling well represents the data over a wide

range in magnetic field strength and pressure.

Neutral density scaling obtained in the same manner
is shown in Fig. 6, the parameter is B,. The straight
lines have a slope of 1, representing linear pressure
scaling, and are drawn to allow one to easily see the
deviation of the data. The data points give a linear
scaling to within a factor of 2 over a variation of two
orders of magnitude in background pressure. There is
a systematic deviation of the points from the linear
law, but this is little more than the order of non-
linearity possible in the pressure measurement.?
(Two typical error bars for the slope measurements
are shown in Fig. 5. We have not used a least-squares
fit procedure to obtain the lines in Figs. 5 and 6 since
we believe the dominant errors are systematic, not
random,)

We now compare a calculation of radial density pro-
files from the Douglas—O’Neil theory with experiment.
This comparison is shown in Fig. 7. The smooth
curves are from the numerical solution of the initial
value problem of Eqgs. (1) and (2). We specify the in-
itial density profile by the / = 0 experimental density pro-
file, and an initial “temperature” profile is determined
from experiment with the perpendicular energy anal-
yzer technique. We approximate f(r, v, 0) by a local
Maxwellian and compute the subsequent density pro-
files by taking the lowest moment of the numerical so-
lution for f(r, v, ¢). The boundary condition is f(R, v, t)
=0. For the cross section o(v), we use the values
cited by Gilardini.?

This set of theory profiles is fit to the data by ad-
justing a single parameter, the magnitude of the initial
temperature profile. For this fit T(r=0,7=0)=1.0 eV.
The theory is seen to give a good description of the
experiment for a time long compared with the electron-
neutral collision time, which is the order of 1 usec.
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FIG. 4. n~'(r=0) versus time at various
B, values. Straight lines are drawn by eye
through three of the curves to show the lin-
earity.
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FIG. 5. Transport scaling with magnetic field strength. The
ordinate is proportional to the rate of decay of the electron
density on axis.

The primary dependence of the solution on the tempera-
ture parameter is through determination of the time
scale for the transport, 7~1/vy, ~T™/2,

Some of the remaining discrepancy between theory
and experiment can be due to the fact that the initial
velocity distribution is not a Maxwellian. Because
transport occurs during the fill and trapping phases,
we expect the distribution at £=0 to have the charac-
teristics of a distribution which has undergone Joule
heating, as described in Ref. 14, Indeed, the mea-

T T T > T
© By:74.46
0] * By 1186 o S
5 By= 1866 ;

a[1/ntr=01] 7t (arb units)

003 &
L L 1 ] |
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FIG. 6. Transport scaling with background neutral gas den~
sity (helium).

sured initial temperature profile increases with rad-
ius. The outer electrons are hotter due to their trans-
port through the larger space charge electric field.
The non-Maxwellian nature of the distribution function
makes it impossible to assign an absolute “tempera-
ture” based upon a measurement of the perpendicular
kinetic energy. We use this measurement primarily
for corroborative purposes. Nevertheless, comparison
of these measurements at various radii probably re-
flects the correct kinetic energy profile. For the case
shown in Fig. 7 this measurement gives the v=0, =0
mean perpendicular energy to be 0.6 eV, in reason-
able agreement with the value used for the fit.

The results of Douglas and O’Neil show a striking
signature in the decay with time of the line density,

R L3
N(t) =f Zwrd'rf amldoflr,v,t).
o 0

By= 118 Gauss
P =5 310" Torr

Helium

FIG. 7. Comparison of experiment with the
theory of Douglas and O’Neil. The smooth
curves are from theory. These are from
numerical solution of the initial value prob-
men with the #=0 experimental profile used
as the initial condition.
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They find N(#)=N(0)(1+¢/7’)"}, a functional form we
have encountered in the mobility model calculation.
The time scale 7’ varies depending upon the ratio
(xp/a)?, where a is the half-width of the initial Gaus-
sian density profile used in their numerical computa-
tions. This signature persists over a wide range of
values of (A,/a).

Our experimental results also show this signature.
Shown in Fig. 8 is the line density N and its reciprocal
1/N versus time. The line density is measured by
collecting all the charge dumped from the machine and
the reciprocal is again taken electronically. The linear
portion of the 1/N curve demonstrates the theoretical
form. Here (A,/R)Y*~107%, that is, we are in the mo-
bility-dominated regime. Of course, the fact that the
decay has this form cannot be purely a mobility effect
since there is no mobility flux at the wall where the
electron density goes to zero. However, one might ex-
pect that the electron temperature at the wall, which
determines the diffusion flux there, is governed by the
magnitude of the initial space charge electric field. In-
deed, we find that the decay rate of the line density de-
pends upon the initial line density: higher densities de-
cay faster,.

We note that the time scale for the decay of the line
density shown in Fig. 8 is the order of the mobility
time one would estimate by assuming a uniform elec-
tron density, 7, given by nR?*%=N. We also find that
this time scale shows the expected scaling with B,
and neutral density, that is, 7/~B%/P,

So far, we have been dealing with electron-neutral
collisions that are elastic, which is, of course, what
is considered by the Douglas—O’Neil theory. Experi-
mentally, we see an interesting contrast when the col-
lisions are inelastic. Here, the electrons lose kinetic
energy during collisions, thus removing the energy
gained through Joule heating. For an inelastic scatterer
we use CO,. Radial density profiles are shown in Fig.
9. Notice the marked qualitative difference between
these profiles and those taken for transport due to

elastic collisions in helium (Figs. 2, 3, and 7). Here, the
relatively sharp edge of the density profile persists
and moves out radially just as in the pure mobility
model calculation. The loss of kinetic energy due to
the inelastic collisions reduces the diffusion flux rel-
ative to the mobility flux so that the edge of the pro-
file is maintained. The kinetic energy measured by
the perpendicular energy analyzer for this CO, case is
small compared with measurements for helim scatter-
ers. For example, at £=1554 usec and =1.1 cm this
measurement can only put an upper limit on the mean
perpendicular energy of 0.2 eV, In contrast, for
helium under the same conditions and with the pressure
adjusted to give roughly the same decay time this mea-
surement yields an energy of 1.2 eV,

This concludes the discussion of classical transport
due to electron collisions with neutrals., We have dem-
onstrated experimentally the expected scaling with
neutral density and magnetic field strength and have
compared the experimental results to the theory of
Douglas and O’Neil, finding good agreement with the
theoretical prediction of the evolution of the radial
density profiles with time,

IV. LOW FREQUENCY ELECTROSTATIC WAVES
A. Introduction

In this section we describe experimental investiga-
tions of low frequency (w s w,<«< w,) electrostatic waves
in the pure electron plasma. Modes propagating par-
allel to B, are the usual electron plasma waves while
those propagating purely in the perpendicular plane
are the so-called diocotron waves.®’® We shall briefly
mention the plasma modes and then focus our attention
on the diocotron modes.

Research on the diocotron modes dates back many
years to the early stages of the microwave tube indus-
try. The word “diocotron” is often associated with the
word “instability.” Indeed, all published experimental
investigations of these modes deal with waves arising
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due to instabilities. Webster® and Cutler® observed
the breakup of hollow nonrelativistic electron beams
due to the diocotron instability and, more recently,
Kapentenakos ef al.?® described the effect for a hollow
relativistic beam. Two experiments on the injection
and containment of electrons in toroidal geometry have
reported®”»2?® diocotron waves arising from injection re-
lated instabilities and also an instability triggered by
ionization of background gas.

However, as with any collective wave in a plasma,
the modal properties can be a separate issue from the
plasma properties which may drive the mode unstable.
It is of interest to study these diocotron waves in con-
figurations which are stable against their growth. Ex-
perimentally, we find that diocotron modes can be ex-
cited when a voltage oscillating at the modal frequency
is applied to a wall probe. These results are apparent-
ly the first reported investigations of externally launch-
ed diocotron waves.

B. Theory

The general electrostatic dielectric function for
waves in a thermal equilibrium rigid rotor electron
plasma has been given by Davidson and Krall.> This
dispersion relation is derived from the Vlasov descrip-
tion. In our experiment we do not have a thermal
equilibrium plasma and must allow for arbitrary den-
sity profiles. Linear descriptions of the diocotron
modes are usually based upon the fluid approach; that
is, using the continuity equation, Poisson’s equation,
and the drift equation for the electron velocity v,
=(E x B,)/B2. Analytic results are generally only avail-
able for piecewise uniform density columns.

We find a useful theoretical description in the drift
kinetic approach. For low frequencies, the full elec-
tron dynamics in the plane perpendicular to B, need
not be retained. Consider an infinitely long electron
plasma column immersed in a strong magnetic field
B,=B,2. The plasma is specified by the distribution
of guiding centers f(r,v,, ). We assume that all non-
wave processes which modify f, such as collisions,
are small on the time scale of the wave phenomena of
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interest. The evolution of f is governed by the drift
kinetic and Poisson equations:

of (_"_V‘P) of 2893
at B, Vi 25z m 02 v,

’

Vo =< f dv,f.
€y

Assume f=7%r, v,) + 5f(r,v,) exp(i10 + ikz — iwt) and ¢
=) + 60 = ¢°(¥) + Y(7) exp(i10 + ikz — iwt). The lin-
earized equation for the eigenvalue w and eigenfunction
P is

(1 d d P

z —k2>w

y dr 7’dr =2
_ e kof°/av, = (I/vw ) (8f °/o7)
—meo[fdv" w = lw, (r) - kv, ]4)

Here, w, is the azimuthal drift frequency, rw,
=(1/By)(d¢°/dr), and V2¢°= (e/eo)fdvzf". Of course,
Eq. (5) is valid only for y=Im(w) >0 and weakly damped
modes can be recovered by analytic continuation,*®%°
The wave-particle resonance condition is w, — lw ()

— kv, =0, where w,=Re(w).

(5)

Modes for which =0 and 2+0 are the “pure” plasma
waves, For these waves the resonance is the usual Lan-
dau® resonance w, — kv, =0, As is well known, if the
distribution function has a negative (positive) slope at
the resonant velocity, the waves damp (grow), This
interaction causes velocity space transport which
scales as |[6¢|°. A description and measurement of
such transport is given by Malmberg et al.*® Also, if
the wave amplitude is sufficiently large, the resonant
electrons are trapped by the wave as described by
O’Neil.*

Modes for which /#0 and 2=0 are the “pure” dioco-
tron waves, here, SE LB,. The resonance is spatially
localized at the resonant radius r,, where w, — lw,(7,)
=0. Briggs et al.'® have described the application of the
Landau method® to this real space resonance. In this
case a negative (positive) slope of the density profile at
v, causes the wave to damp (grow). This interaction
produces a localized real space transport in second
order, an effect not yet discussed theoretically for one-
component plasmas. (A related description of such
transport in a neutral plasma is given by Stix.*) Large
amplitude diocotron modes also trap the resonant elec-
trons with the bounce frequency of a deeply trapped
electron given by (Ref. 13): wi=(I*/7.B)|Y dw,/dr|,,.

The [=1 diocotron mode is special in that » =R, that
is, w=w,(R) < N/B,.!" No electrons are exactly in res-
onance with this mode since the density is zero at the
wall.

It is useful to reformulate (5) by operating with
f{,"'rdrw*(r). This gives

R dy 2 <lz 2> 2] &
=t ¥ =
f dw[ = + & )|yl * e,

o dr
(l/rcﬂL)(af"/ar))w)l2 -0

f‘””(fd kafO/av' ko, — kv
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For cases in which |y/w,| «1, one can compute y using
the imaginary part of Eq. (6) with [¢|* given by the
(purely real) eigenfunction resulting from a solution to
(5) neglecting resonant particles,

Nothing of the velocity dependence of f° need be known
in order to numerically solve (5) for the diocotron mode
frequencies (k=0, [+#0). However, for the modes with
% +#0 we must specify the velocity dependence of f°. We
assume that f° is locally Maxwellian and make use of
the plasma dispersion function.®® By using this Max-
wellian approximation to the velocity distribution we
can accurately calculate w, for the plasma modes while
obtaining an approximation for .

This calculation assumes a fixed n°(7) and, thus, is
an approximation for cases in which the density profile
is perturbed by the wave, as discussed in Sec. V for
the /=2 diocotron mode. However, this approximation
is reasonable in such cases since the real part of ¢ is
not changed greatly due to a localized change in n°(%).

C. Experimental
1. Plasma waves

We have previously reported? on the dispersion of
electron plasma waves ([=0, £+#0) in a steady-state ex-
periment. There, we showed that the dispersion is ac-
curately described by theory and also observed colli-
sionless damping due to the Landau mechanism.

We have also investigated these waves in this cap-
tured plasma. Here, the modal frequencies are time
dependent since the plasma is decaying in time, contin-
uously changing the dispersion relation. The wave ex-
periments described inthis section are performed at
base pressure where the time for the central density to
decay to one-half its original value is typically 25 msec
at B,~180 G. A mode can be launched by applying a
continuous rf voltage to a wall probe at a fixed frequen-
cy and observed using another wall probe as a receiver.
The received power as a function of time for the lowest
axially standing plasma mode, 2=7/L and [=0, is
shown in Fig. 10 for four different settings of the trans-
mitter frequency. (The voltage at the transmitter probe
was V., =0.021 V.) As the modal frequency sweeps
through the transmitter frequency, a resonance in
transmission appears. The wave data are taken with
the same sample and hold technique as the density data,
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FIG. 10. Received power for an externally launched plasma
mode. The transmission for four settings of the transmitter
frequency is shown.
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We have calculated w, from theory using a radial den-
sity profile measured at the time of a transmission res-
onance and obtain a value within 5% of the frequency
measured experimentally. With the eigenfunction so
determined and the measured absolute magnitude of the
received signal, we calculate the wave magnitude within
the plasma. For the mode excited at { =7 msec,
|6n/n|, -, =0.008,

2. The | =1 diocotron mode

Now consider the /=1 diocotron mode which is pre-
dicted by theory'” to have the useful property that its
frequency w, depends only upon the line density N and
is independent of the shape of the radial density pro-
file, that is,

-E(R) (e/2me )N

“r“"RB, = R°B, ° M

This mode has been observed and used for total charge
measurements in two electron injection and contain-
ment investigations in toroidal geometry,?”?® There,
the mode was triggered by the injection process itself.
We also observe injection related excitation and have
found how to avoid this in our system. This will be
discussed in Sec, VI.

The received power from an externally launched /=1
diocotron mode is shown in Fig. 11. This mode is
launched by applying an rf burst, at the modal frequen-
¢y, to two wall probes. The two received power curves
shown in Fig. 11 differ in the length of the applied rf
burst. The time ¢, is measured from the start of the
burst. The plasma responds to the transmitter much
like a weakly coupled, lightly damped resonant circuit:
the received power rises as ¢%, the mode can be ex-
cited for only a narrow frequency range, Af, roughly
given by f/Af~40, and the received amplitude depends
linearly upon the rf amplitude applied to the transmitting
probes. Notice the persistence of this mode compared
with that of the plasma mode shown in Fig. 10.
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FIG. 11. Received power for a launched /=1 diocotron mode.
The rf burst length is longer for case (a). The transmitter
level is 0.18 V rms and is applied to two wall probes. The
maximum received power for (a) corresponds to a peak radial
electric field, due to the wave, at the wall probe of 0.76 V/cm.
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The relationship between the /=1 diocotron mode fre-
quency and the line density is shown in Fig. 12, The
decay of the line density with time is shown in Fig.
12(a). Figure 12(b) shows five received power curves
superposed on the same graph. Each of these traces is
taken in the same manner as those shown in Fig, 11,
but the time axis has a much greater span. The modal
frequency is measured at a particular time that the
transmitter is gated on by measuring the frequen-
cy of the transmitter which produces the largest reso-
nance transmission at that time, Then, the curves
are taken at these resonant frequencies, which are given
in Fig. 12(b). Figure 12(c) shows a plot of the modal
frequency (abscissa) versus the line density correspon-
ding to the time at which the received power is maxi-
mum. One expects a straight line through the origin as
predicted by (7) and we see good agreement in that the
points fall within a few percent of the solid line in Fig.
12(c).

The actual measurement shown in Fig. 12(a) is of all
the trapped charge @, since here we measure the total
charge dumped from cylinder B (Fig. 1). Now Q=NeL,,
where L, is the length of the trapped plasma. (Actually,
L, is a mild function of radius, but we neglect this here.)
To test the predicted dependence of (7), we must know
L, to obtain N. This length depends slightly upon ¢
and the potentials applied to cylinders A and C. The
solid line drawn in Fig. 12(c) uses a value for L, (39.4
cm) which is expected® for the applied potentials used
here and the space charge potential at the time of the
w=1,41x10° rad/sec wave. There is some deviation of
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FIG. 12. Dependence of the I =1 diocotron mode frequency up-~
on the total trapped charge Q. (a) @ versus ¢; (b) received
power. The rf burst length is 400 usec. The transmitter fre-
quency giving resonance transmission for each launch time is
indicated; (c) plot of @ versus w. Here, the error bars are
smaller than the symbols.
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the data in Fig. 12(c) from the form predicted by (7).
The dotted line shows that the data are better repre-
sented by a straight line missing the origin., This ef-
fect is not yet understood, but does not seem to be due
to the expected variation of L, with line density.*

We use the measured frequency of the /=1 diocotron
mode to determine the line density through use of Eq.
{7). The measured discrepancy shown in Fig. 12{(c) is
only a few percent for the trapped charge values typi-
cally used., Use of the line density measured in this
manner to calibrate the radial density profiles allows
theoretical calculations of other modal frequencies
which agree well with the experimental values. This
agreement further strengthens our confidence in this
method of determining the plasma line density.

Now consider the imaginary part of the /=1 diocotron
mode frequency. This mode is predicted by theory to
be neutrally stable for a perfectly conducting boundary;
but because it is a negative energy mode, a resistive
boundary could destabilize it.'> We calculate this re-
sistive wall effect for our experimental conditions to
give a growth time the order of an hour, which is unob-
servable. Another load upon the wave energy is the
power absorbed by the resistively terminated wall
probes, but we have not observed growth of this mode
for a variety of termination impedances.

A launched =1 diocotron mode damps after the trans-
mitter is gated off, and we have found that a convenient
way in which to parameterize the damping data is to
plot the log of the received power versus the square of
the time after the peak in the received power, {,. These
data are then well fit by a straight line, that is, [6¢|®
~exp(-a®t2). Raw data of such a plot are shown in Fig.
13. The parameter is B,; the smaller B, the faster the
decay. The modal frequency differs for each case since
w~B;'. Inthese data the receiver gain has been
changed to keep the received peak powers the same.
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FIG. 13. Received power for launched / =1 diocotron mode
versus ¢§ where t,=time measured from the peak in received
power. Receiver bandwidth=100 kHz.
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(For these data, the damping rate is independent of am-
plitude.) The lines through the data are drawn by eye
and their slopes measure a’. In Fig. 14 we plot the
1/a? (log scale) so determined versus the log of B,.
The straight line through the data points is determined
by a least-squares fit giving the scaling as (1/a%) ~ B3,

The data shown in Fig. 13 are taken with a relatively
broadband receiver. Using a narrow band receiver we
find that the frequency of the received wave drops
slightly as the wave damps. Typically, this drop is 5%
~10%. This is understandable since the plasma line
density decays slightly during this time and w is pro-
portional to N, However, this frequency shift does not
appear to be the fundamental cause of the damping
since, for certain parameters, there are cases of wave
decay with a negligible change in N (<1%).

Significant changes in the line density at the time the
wave is launched do affect the damping. Holding B,
constant (118 G) and varying N by nearly a factor of 2
we measure the scaling (1/a%) ~N-*°, Other factors
affecting the damping are the background pressure and
L,. Higher pressures cause the wave to decay faster,
with o® varying faster than P?, Increasing L, (by using
a different gating cylinder) increases the damping,

Thus, we find that the real part of the frequency of
the 1=1 diocotron mode can be calculated to good accu-
racy by the idealized theory assuming an infinitely long
electron plasma and keeping only the drift motion per-
pendicular to B,. There is a small deviation between
theory and experiment of as yet unknown origin. How-
ever, to describe the damping of this mode it certainly
appears that more of the true electron dynamics must
be addressed by theory.

3. Diocotron modes for |>1

The properties of diocotron modes of higher [ are
significantly different from those of the “fundamental”
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FIG. 14. Dependence of the damping coefficient for the I =1
diocotron mode upon By. Straight line is a least-squares fit
giving 1/a)*~ B},
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because of the possibility of a strong wave-particle in-
teraction. The resonant radius 7, occurs within the
tube, »,<R. As previously mentioned, this resonance
leads to spatial transport of the resonant electrons.
Also, large amplitude diocotron waves can trap reso-
nant electrons, which then execute nonlinear “bounce”
orbits due to the radial shear in the drift frequency.

Our experimental investigations have focused upon
{=2 modes. We launch this mode in the same manner
as the I= 1mode, thatis, withan rf burst at the modalfre-
quency, and find the response in some ways similar to
that for /=1, The received wave power rises as ¢2 and
the mode can be excited for only a narrow frequency
range.

We find excellent agreement between the experimen-
tally determined modal frequency and the real part of
the frequency calculated from theory. This agreement
is typically within 3%. The theoretical calculation is
performed by numerically solving Eq. (5) neglecting the
resonant particles. In this calculation we use the mea-
sured radial density profile since the frequencies of
modes for />1 depend upon this profile. However, the
theoretical and experimental damping rates do not
agree. The damping rate (y.) calculated in the manner
described in Sec. IVB is typically of order |y ./w,]
~0(107%) whereas, experimentally the damping is ob-
served to be much weaker, |y/w,|~0(107%. This dis-
crepancy arises because the waves in this experiment
are not linear. The amplitude is sufficiently large so
that resonant electrons execute many bounce orbits
during the duration of the wave in the plasma, Using
the eigenfunction determined in calculating w, and the
absolute level of the received amplitude we calculate
w,, finding typical values to be |w,/w,|~0(107").

A logical progression would be first to establish the
characteristics of linear waves and then investigate
nonlinear effects, We have not performed the linear
experiment because we are unable to detect waves of
small enough amplitude so that one might expect linear
theory to hold, If we require |w,/y.| <0.1, then the peak
received amplitude would be roughly 40 dB below the
noise level of the phase coherent receiver system used
here. The signal level is basically limited by the plas-
ma density.

Nonlinear features of these large amplitude diocotron
modes are demonstrated experimentally in Fig. 15. We
apply a 20 usec rf burst to two wall probes and display
the log of the received power versus time for different
transmitter amplitudes. The curves shown differ by a
standard attenuator substitution procedure wherein an
attenuator is moved from the receiver line to the trans-
mitter line. In other words, the transmitter is attenu-
ated by some factor and the receiver gain is increased
by this same factor. A linear wave will appear un-
changed under such a substitution (neglecting receiver
noise). These waves are changed, showing nonlinearity.
The curves correspond to the attenuation factors listed
in the figure. The largest wave, curve (1), corresponds
to 0.5 V rms applied to the wall probes.

The damping depends upon the maximum wave ampli-
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FIG. 15. Transmission and damping of the I =2 diocotron
mode. (2) Received power for launched modes at different
transmitter amplitudes. Receiver gain is increased by the
same factor that the transmitter is attenuated. (b) Damping
time 7 versus the absolute peak received amplitude. The
straight line has slope 3, indicating 7~ 1%, | 1/2,

tude [¢,]. Larger waves decay more slowly, Using the
lines drawn by eye through the data in Fig. 15(a) we
measure the damping time 7=9"* and plot this time ver-
sus |§,) in Fig. 15(b) (logarithmic scales). The line
through these points is drawn by eye and has a slope of
4 showing 7 |,|*/2, [Wave amplitude is determined

by measuring |dy/dr|g, as described in Sec. II and here,
we implicitly assume the same §(7) profile for each
case. |

Using the radial density profile measured for this
case, we calculate w,=3.37x10° rad/sec which is within
3% of the (resonant) transmitter frequencies used, being
nearest to the frequency of the smallest amplitude wave.
We also calculate from the linear theory ch/w,l =0.02
in contrast to the experimental results of Fig. 15 where
the range shown covers 3.5x107%< |y/w, | <1,9x10-3,
For the wave of curve (3) we calculate the bounce fre-
quency at the maximum wave amplitude to be w,=3.5
x10° rad/sec. Thus, the bounce time is short compared
with the time scale of the wave rise or decay.

The damping rate for the /=2 mode is also observed
to depend upon the background pressure: higher pres-
sures cause the wave to decay faster. We have investi-
gated this effect for only a limited pressure range near
the base pressure. We also note that the damping is in-
sensitive to the length of the trapped plasma in contrast
to the /=1 mode decay. We have not yet extensively in-
vestigated the scaling of the damping with the basic
parameters P, B,, and N because changes in these pa-
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rameters produce a different plasma density profile;
and since the damping is amplitude dependent, a calcu-
lation is required to determine the amplitude of the
wave within the plasma for each measurement as the
parameter is varied.

A possible damping mechanism is transport of the
resonant electrons due to collisions with neutrals. The
trapped particle orbits execute large radial excursions
compared with the size of a Larmor radius. An esti-
mate of this trapping width given by |w,/(dw,/dr)|,,
yields 0.25 cm for the peak level of curve (3) in Fig.
15(a). Collisions which may trap or detrap electrons
can cause an exchange of angular momentum between
the wave and the resonant electrons. Note that the
damping of these waves is only approximately exponen-
tial, As the wave amplitude becomes smaller the damp-
ing rate increases.

Another nonlinear feature of the data in Fig. 15 is that
the transmitter frequency giving the maximum trans-
mission depends upon the transmitter amplitude | A|.
This is why the frequencies listed differ slightly for
each transmitter amplitude. This effect is due to the
small shift in the eigenfrequency caused by the wave in-
duced change of the radial density distribution. We find
that the received maximum amplitude is not linear in
| Al, for the smaller amplitude waves |y | <} A|'*5. The
larger amplitude waves do not show this effect [the
maxima for curves (1) and (2) are nearly the same, in-
dicating linearity in | A| ] because the launched wave
amplitude is beginning to saturate as a function of the
transmitter amplitude.

Thus for the /=2 diocotronmode we find a situation
similar to the /=1 case in that the idealized linear theo-
ry allows accurate calculation of w,. We have not yet
tested this theory for y since we are in a nonlinear re-
gime. Nevertheless, damping in this regime has proven
very interesting in itself, having an amplitude depend-
ence indicative of trapped particle effects.

V. WAVE-INDUCED TRANSPORT

The launched waves induce transport in the pure elec-
tron plasma, The second-order theoretical treatment,
or so-called quasi-linear treatment, shows that trans-
port occurs by modifying the unperturbed guiding center
distribution function f°(», »,) along the line in the 7 - v,
plane defined by the resonance condition, w, —lw, (7)
—kv, =0, In changing f°, resonant electrons move along
phase space trajectories defined by dv, /dv = ~kvw, /1.
(A derivation in planar geometry is given by Stix.3?)

For the usual plasma waves (=0, k#0), this results in
localized velocity transport at all radii for the resonant
electrons. For the diocotronwaves (I+0, £=0), there-
sult is localized radial transport at all velocities for the
resonant electrons. Modes with [#0, £+ 0 produce
transport in both phase space directions. The majority
of our experimental investigations have dealt with the
spatial transport case, that is, transport due to dioco-
tron modes and only this case is presented here.
(There must, of course, be some localized axial depen-
dence to the diocotron mode eigenfunction in the experi-
ment since the plasma is axially bounded.)
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Radial density profiles taken with and without a
launched =2 diocotron mode are shown in Fig. 16(a).
The radial profile showing the effect of the wave was
taken after the wave had damped away so the density
change shown represents permanent transport and is
not due to the coherent density fluctuation of the wave.
The wave has moved electrons outward radially which
means that the total canonical angular momentum has
changed. The torque is applied to the plasma during
the launch process.

The wave-induced density change An, taken elec-
tronically, is shown in Fig. 16(b). These data are
taken by a difference technique wherein the wave is
launched on every other plasma shot. The resonant
radius 7, marked on this figure is determined from
w, (7) as calculated from the measured profile. We see
that An goes through zero at , which is what one would
expect from a quasi-linear treatment of the resonant
particle time-asymptotic transport.

This transport unmistakably results from the collect-
ive electric field of the wave in the plasma and is not
merely due to the transmitter field. Applying a fre-
quency off that of the mode produces some transport
but at a greatly reduced level, An when the transmitter
is off resonance is typically more than an order of
magnitude smaller for the same transmitter amplitude.
Much of the transport shown in Fig. 16 occurs while the
transmitter is on and also during the initial decay of the
mode. However, Az values taken while the wave is
present vary greatly from shot-to-shot, This may
merely reflect the fact that the wave phase at the dump
time varies from shot-to-shot because the dump cycle
and the rf transmitter are free running oscillators.
Since the collector is azimuthally localized, it sees the
density change resulting from such a phase change.
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FIG. 16. Launched wave induced transport. (a) Radial density
profiles with and without an externally launched I =2 diocotron
mode. (b) Wave induced density change taken electronically,
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Only after the mode has decayed away is the azimuth-
ally invariant permanent transport observed,

This wave-induced transport is essentially independ -
ent of the background neutral density. Doubling the
pressure had a negligible effect on the An profile of
Fig. 16(b). As previously mentioned, the wave damping
depends upon neutral pressure. Thus, the rate at which
the wave damps does not significantly affect the trans-
port at asymptotic times. The initial perturbation de-
termines this transport while the rate at which this time
asymptotic state is reached depends upon neutral pres-
sure, Naturally, transport of the plasma due to neutral
collisions subsequently washes out the An profile,
which, for this case, decayed 50% after approximately
g msec.

The wave causing the transport shown in Fig. 16 is
launched with a transmitter amplitude 5 dB greater
than that for curve (1) of Fig. 15(a). We have used such
a large wave for this example so that the transport can
be clearly seen on the raw radial profiles. With the
present An technique we can discern transport levels of
roughly 0,01 of that shown here. For even this smallest
transport level we are still in the large amplitude wave
regime in the sense that the bounce frequency is large
compared with the damping rate. The transport is ob-
served to scale as the peak received wave power
(~14,1?), and so reducing an a factor of 100 reduces w,
only a factor of (10)1/2 (w, ~|yg|'/?).

The trapped particle orbits are reflected by the width
of the transport region which is comparable to the radial
trapping width estimated by |w, (dw, /d7)7Y,,. This
width is much larger than the transport width one would
predict from a standard gquasi-linear (no trapping) theo-
ry where the transport width is determined by the auto-
correlation time, 7., of the mode amplitude envelope.
An estimate for the order of magnitude of this width is
| L{dw, /d¥), 7.c[~! which is approximately 1072 cm for
the case described here. (The collector, collimator
diam=0.30 cm, cannot resolve a width of 1072 ¢cm, but
its resolution is adequate to demonstrate that the an
profiles experimentally obtained are much wider than
0.3 cm.)

Shown in Fig. 17 are An profiles (one side only) exhibiting
the dependence upon the maximum received power f Yo 12.
Curve (2) has roughly one-half the peak received power
of curve (1) and the same is true of curve (3) relative
to curve (2). The amplitude of the peaks in An are
seen to roughly follow these ratios. Note also that
there is a variation in the peak-to-peak radial distance
with power. Thus, the width of the asymptotic trans-
port region increases with increasing wave peak power
as is expected if the trapping width determines the
radial extent of the transport.

The dependence of this transport upon the wave power
is shown in Fig. 18, where we have An at the radial
location of the negative peak of curve (3) in Fig. 17
versus the peak received wave power. Each axis is the
output of a lock-in amplifier. The straight lines are
drawn by eye to demonstrate the linearity of the scal-
ing. Note that the An shapes do change (Fig. 17), but
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Fig. 17. Wave induced density change with peak received
power as the parameter. Curve (3) has approximately %
the peak power of (1) and (3) has approximately % that of (2).

at this radial position the change in density definitely
scales as the peak received power,

Thus, the time asymptotic transport exhibits some
¢haracteristics predicted by standard quasi-linear
theory®’* 2 (but applied to this spatial transport case),
even though the resonant electron orbits are highly non-
linear. The magnitude of the transport scales as the
square of the wave amplitude and the density perturba-
tion is zero at the resonant radius. However, the width
of the transport region is determined by the width of
the nonlinear orbits.

As mentioned, we can induce some radial transport
even though a mode (i.e., a resonance in transmission)
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FIG. 18. Continuous measurement of An versus the peak re-
ceived power. The radial position is that of the negative peak
of curve (3) in Fig. 17. The straight lines are drawn by eye to
show linearity.
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is not excited, but much larger transmitter amplitudes
are required for transport comparable to that accom-
panying a mode, For arbitrary w, we can induce
transport at the resonant radius v, where w=1Iw, (7).
Interestingly, this transport can be suppressed or en-
hanced by varying the phase between two launching
probes, each at one end of the trapped plasma. We
have observed some cases in which electrons are
driven inward, up the density gradient, by launching a
particular frequency. The inward transport occurs
near 7 =0 under conditions where outward transport
also occurs at the edge of the plasma column. This
effect has not yet been pursued in detail.

VI. TRANSPORT DUE TO NATURALLY OCCURING
DIOCOTRON MODES

The initially trapped plasma is not always as quies-
cent as described in the previous sections where we
presented classical transport and externally induced
wave transport. There are regimes determined by the
initial conditions of the plasma in which collective ef-
fects cause spatial transport. These regimes are de-
termined by source parameters and the details of clos-
ing the trap on the plasma. Recalling the discussion of
canonical angular momentum one expects that the intra-
plasma forces arising from these collective fields may
only rearrange the plasma distribution subject to mo-
mentum conservation., A clear demonstration of such
rearrangement is seen in the transport due to a large
amplitude /=1 diocotron mode which occurs if the gating
pulse closing the electrostatic trap at cylinder A is too
fast. For the data presented thus far the plasma was
trapped by applying a ramp voltage to close A. If this
ramp is shorter than a few times the /=1 wave period,
then the wave is “excited.” This excitation may be due
to electrons which are accelerated into the trapped re-
gion (cylinder B) by the gating pulse applied to A.
Another possible explanation is that the wave results
from the spiral nature of the cathode. Abruptly cutting
off this source leaves the plasma at ¢t =0 strongly cor-
related to this spiral geometry, while slowly cutting it
off allows selective filling from the source to smooth
out the effect. As yet, we do not know which aspect of
the trapping voltage causes the wave excitation.

A case for which the gating pulse is fast and a large
=1 mode is excited is shown in Fig. 19. For the { =0
profile in Fig. 19(a) the density is not maximum at
7=0 nor is the profile very symmetric. This is in con-
trast to the initial profiles previously discussed which
resulted from a slow gating of cylinder A. The large
diocotron mode is phase locked to the trapping pulse as
shown in Fig. 19(b) which displays the density at two
different radii as a function of time. The phase locking
is evident since the (wavelike) density modulation is
periodic in the time interval between the trap and dump
pulses (¢), starting with the same phase on each shot.
(As in all the data, “points” from many shots make up
each trace in Fig. 19.) The density fluctuation at r =7,
is the coherent density fluctuation due to this large
wave. Phase locking demonstrates that the trapping
procedure causes this modal oscillation and it has not
grown from noise as an ordinary instability. We find
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FIG. 19. Spontaneous wave induced transport. (a) Rapid cross
field transport due to a large [ =1 diocotron mode occurring
when the gating pulse at cylinder A is too fast. (b) Density
versus time at radii indicated. The modulation at 7, is due to
the coherent density variation associated with the wave.

that this wave excitation effect is independent of pres-
sure, magnetic field strength, and line density, occur-
ring for all values of these parameters encountered in
this experiment.

Spatial transport is also observed here, This is seen
in the ¢ =50 psec profile in Fig. 19(a) where some
electrons have filled in the center and some have
moved outward. This cannot be collisional transport
since this time scale is an order of magnitude smaller
than the electron-neutral collision time, which again is
much smaller than the electron-electron collision
time. Indeed, as seen in Fig, 19(b) the center fills in
roughly awave period. (This is not “resonant” {ransport
since 7, =R for I=1.) We have calculated the canonical
angular momentum,

R
Peﬁ—rtwé-‘f 2ardr vEu(r) ,
0

for the two profiles shown and find these values to agree
to 5%. We have also calculated the electrostatic poten-
tial energy,

~ -% fR 217 ar ¢(r)n(r) ,

for the profiles again finding roughly 5% agreement.

This is within the confidence level of the calculation
which used a density profile which was an average over
the asymmetric profiles observed. Thus, this trans-
port takes place conserving canonical angular momentum
and electrostatic potential energy. (This calcula-
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tion neglects the corrections due to the mechanical
component of the angular momentum and the kin-
etic portion of the energy.)

Another example of transport due to collective effects
is shown in Fig. 20. In this case the trapping gate at
cylinder A is closed slowly, avoiding excitation of the
1=1 diocotron mode, However, the parameters of the
source are different from those used to obtain the com-
paratively quiescent plasmas discussed in previous
sections. Basically, the electron emission density of
the source has been increased. The resulting plasma
is noisy and the decaying radial density profiles exhibit
marked anomalous features.

The profile at 1 =0 in Fig. 20 is smooth although
skewed. Within 200 usec the plasma profile has greatly
distorted into the winged shape shown. This anomalous
shape persists while the bulk of the plasma decays due
to transport occurring as a result of collisions with
background neutrals. Here, the neutral pressure is at
the base level. We have observed such anomalous fea-
tures over three orders of magnitude in background
pressure. Of course, at higher pressures the bulk
transport rate (loss of electrons to the walls) is faster.
Keep in mind that these profiles are taken over many
plasma shots, showing that the anomalous shape devel-
ops the same on each shot.

This anomalous shape is due to an /=2 diocotron
mode, but now this mode has not been excited by a
transmitter. The modal frequency is measured with a
narrow band receiver system. These data are shown
in Fig. 21 where we plot the received amplitude at the
indicated frequency (bandwidth =10 kHz) versus time.
The strong peaks occur when the modal frequency
sweeps through the receiver pass band. The arrows
on the profiles in Fig, 20 mark the location of the res-
onant radius at that time, that is, where wy = 2w, (7,),
where wy = 27X (frequency of spectral peak). The effect
of the wave is again to transport particles radially.

Calculation of w, from linear theory gives good
agreement with the measured value. For the =200
psec profile there is a root at w, =1.10x 107 rad/sec
while the measured spectral peak is at w,,=(1.04+0.02)
x 107 rad/sec. In order to avoid the pole, this calcula-
tion was performed on a slightly modified version of the
measured profile. Specifically, we use a profile which
is flat (dn/dr=0) over the region where the true pro-
file dips.

As yet, we do not know the cause of this mode excita-
tion, or the cause of its persistence as the plasma de-
cays away. One difference between these profiles and
the quiet ones is that here the central density is initially
larger. As we reduce the source emission we find a
continuous transition from this case to the quiet cases.
We also find that the length of the trapped plasma mat-
ters. Changing the length changes the details of the
anomalous density profiles.

Vil. SUMMARY

The wave and transport properties of the pure electron
plasma have been experimentally studied. This plasma
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is easy to make and can be captured in fields of rela-
tively simple geometry: radial confinement is provided
by a static magnetic field while axial confinement is by
electrostatic fields. Very long confinement times are
possible because an external torque must be applied to
this captured plasma in order to transport a non-negli-
gible fraction of the electrons across the magnetic field
to the wall of the surrounding cylinder. An external
torque can be applied through collisions with background
neutrals and through imperfections in the geometry of
the confinement system. These effects can be made
very small and mechanisms causing transport can be
externally induced and isolated.
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FIG. 21. Received amplitude versus time at the indicated cen-
ter frequency.
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We have investigated classical transport due to elec-
tron-neutral collisions by adding neutral gas to the sys-
tem thereby raising the neutral density far above the
base level. We have verified the basic scaling of the
decay time, T~ B*/P, and also verified mobility effects
due to the space charge electric field in this singly
charged plasma. Comparison of the time evolution of
the radial density profile with the prediction of the kin-
etic theory of Douglas and O’Neil' gives good agree-
ment,

We have also induced transport by externally launch-
ing diocotron waves. We observe the striking signature
of spatial localization of the transport due to these
waves. The time asymptotic transport scales as the
peak power of the wave over two orders of magnitude.
Also described are cases in which naturally occurring
diocotron modes cause strong spatial transport.

Launched diocotron modes were investigated experi-
mentally, We find the measured modal frequency agrees
well with that calculated from linear theory. For the
1=2 mode, the wave amplitude is large in the sense that
resonant electrons execute trapped particle orbits in
space and the damping is nonlinear. The damping has a
clear dependence on the peak wave amplitude: y ~\z,bol‘1/2.
In the case of the I=1 mode for which no electrons are
exactly resonant, we find that the wave amplitude de-
cays as P(t) ~ y,exp(—a’t?). As yet, we have no detail~
ed theoretical description for these signatures in the
damping rates.
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