Experiments With Pure Electron Plasmas
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Abstract

Pure electron plasmas are one of the simplest systems on which plasma
wuve aad tzansport effects can be studicd. Two recent experiments on
tlis system are discussed. The loss of ciccirons due to anomalous truns-
port has been measured over a six order of magnitude varatiosn in
containment time. The containment time scales approximately as [mag-
netic ficld/plasma length ]2 The groweh of the 7 = 1 diocotron wave due
to resistance between sections of the bounding wall hzs been observed.
The measured growth rates agree with theory.

1. Introduction

In this lecture, T will report the results of two recent experi-

ments on an unusaal type of plasma — an unnsutralized, mag-
-netically confined eleciron gas. These pure electron plasmas,
with radivs much larger than their Debye length, can he made
by simple methiods and contained for hours {1, ;} These plas-
mas display a wide range of important phenomena — some of
~which are unique to nonneutral plasmas and some of which are
‘common to the physics of neutralized plasmas [3-5]. The sim-
lphuty of pure electron plasiuas from both the exporimental and
theoretical points of view is an important advaniape to the
| research,

| We have done a2 number of measurements on transport of
“these plasmas. The experiments show that electron-reutral col-
lisional transport is in excellent zgrecment with theory for high
background pressures, and that this transport is neglizibly small
at the lowest pressures attainable {4, 6]. In experiments at pres-
.sutes down to 10" ¥ toer, it has been established that there is an
“anomalous” loss mechanism which is independent of back-
ground pressure [2], Here, we present data showing that this
anomalous transport depeads strongly on the length L of the
plasma column. At base pressuces, the anomalous transport is
observed at all experimentzlly accessible lengths aind magnetic
field strengths: the transport rate scales epproximately as L2372
over & decades. We do not yet understand the anomalous irans.
port mechanism,

This low-noise repeatable plasma snnple is also excellent for
various wave experiments. Electron plasma waves and diocotron
waves are rcadily observable {1, 4]. The diocotron modes ace
negative encrgy waves, and a resistive will inpedunce can easily
{drive the /=1 wave unstable [7-9]. We have observed this
tinstability and compared the weasured growth rate to that cal-
colated from a simple theoretical model. The results agree
within 107%

2. Pure electron plasmas

The electron pdasma s contaiued i evlindricul geometry, with
an axial muagnetic field radial and
applied potentials prodiding axial confmemuent. The contain
nient ayparalis Fie 1

rroviding cuntumment,
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! Fig. I. The cylindrical containment geometry.

rapparztus is in a vniform static axial magnetic field which is
“varied over the ranpe 42<<B < 676G, The eiectrostatic
‘boundary is a conducting wall at radius R, = 3.1 cm; the wall
consists of a series of 12 efectrically isolated cy¥ing
lengths {for the sake of clarity, only three are shown in Fig. ).
Any of these cylinders can be biased sufficiently necgative to
contain the plasma axiallv, A few of these wall cylindeis are
‘divided into angular sectors of 30, 60, 90, und 180 degrees
swhich can be vsed o Launch or detect waves having azimuthal
(1) dependence; the sectors are also used 10 provide resistive
“loading on the diocotron waves.

The system iz normally operated in an inject, held, dump/
measure cycle. Electrons are thermionically emittad from a
directly heated spiral of tungsten wire, the center of which is
"biased negatively with respect to ground. Puring injzction, all
wall eylinders are grounded except for a dump gate (c.g., No. 3)
.biased negatively, giving a column of electrons between the fila-
ment snd this gate. The injected plasma typically bas a ceatral
density tg= 1.4 x 107em ™3, a radius Ry =14cm, and average
thermal energy 7, =~ 1¢V. The Debve shiclding length caleula-
‘ted from these parameters is Ap = 0.2 ¢m, so the plasma column
is many Debye lengths acress. The plasma column is rotating,
since the radial eleciric field due to space charge givesan Ex B
,dralt in the ¢ dircction. The electron plasma contains a
negligible number of positive ions, since iops are not confined
lencitudinally,

A portion of this plasma column is trapped by gating a2
second cylinder (e.g., No. 1) neoative. This gives a trapped plas-
ma column with length 6 <L < 1200m, depending on the
:«choices for e injection and dump pgates. Since the axiaf
contzinment is energetically assured, the electrons can be lost
oaly by radizl rransport across the magnetic field to the eylin-
drical walls, After a variable containment time 1y, the dump gate
iz pulsed to ground potential, ellowing the remaniing clectrons
1o stream out axially along the field lines, The collection elec-
todes inelude an end plate for eoflecting atl the romuining elec-

ers of variou

trons, as well as o smull movable collector for measuring the
ciecrrons repaimng o the field Hine ata particufar 7, 4

The injectionfholdfdumyp cycie may be repoatad up 10 60



times per second with nearly identical injection conditions,
allowing the time owvolution of the plasmia to be constructed
from muny separate measurements with diftering containment
times, We typically charscierize the initial plasmil evolution by
the time 7g, required for the central density to decrease a factor
of two.

The most important concept for discussing radial confine-
ment is the total eanonical angular momentunm of the charged
particles, given by

Y (e + gito(r)r;] {1)

3 3

Here ty; is the & component of the velocity of the jth particle,
r; is the radial positien of the jth particle, and A,(r) = Br{2 is
the vector potential. If a plasma contains particles of both signs
of charge in approxiinately equal numbers, the second term on
the right sums to essentially zero: ie., an electron and ion can
cross the field togethier with no change in F. If only one charge
species is present, the mechanical part of the angular momen-
tum 15 negligible for the low electron velocities considered here,
so F mav be approximated by
= eBj2) 3} @

To the extent that £y is conserved, the mean-square radius of
the plasma is constant, i.c. there can be no bulk expansion [10].
Radial expansion of the plasma requires a torque from outside
the plasma to change the total angular momentium of the elec-
trons. Of course, F is conserved for electrostatic interactions

etween the particles, no matter how complicated and non-
linear these interaczions may be. Examples of effects that do rot
conserve Py are eiectron—neutral collisious, finite wall resistance,
radiation, and deviations from cylindzical symmetry in the con-
struction of the device, These effects may apply torques to the
plasma and allow it to expand.

3. Length-dependent transport

At high background pressures (P2 107 torr), the drag cxerted
by stationary neutrals on the rotating plasma is the dominant
externzl torque cavsing plasma expansion and loss. At low back-
ground pressures, the plasma is observed to be lost by 2 mechan-
ism which is basically independent of pressure. This “anomal-
us” loss can give containment times 102 times less than would
be expected from electron—neutral collisions at the base pres-
sore of 107% torr,

Recent containment experiments have established that the
anomaious loss timas depend strongly on the length of the
plasma column, as well as on the miagnetic field. Figure 2 shows
the dependence of the evolution time 7, on length, for three
different magnetic ficld strengths, at a base pressure £= 5 x
107%torr, A strong length dependance is observed over the
entire range of accessible lengths and magnetic ficlds, spanning 6
decades in containment times. , scales approximately as

L7787, the dashed lines in Fig, 2 represent
T ® (0.83) (£/6 cm) %5142 G)? (3)

Within this jength scaling, there are reproducible irregutari-

ties. Dilferent containent volumes with equal lengths can
sleswe substantinlly different containment times, For example,

thice ditlerent volumes of fength 6.1 cn were measured and the
contannnent tines differ by as muel oy oo factor of 100 1n
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' Fig. 2. Measured evolution times rp, for plasma columns of length L, at
; three different magnetic ficld sirengths.

i

general, containment volumes which include sector probes have
shorter containment times than do egual-length volumes with-
out sector probes.

The most likely cause of the anomalous transport is small
azimuthally asymmetric magnetostatic or electrostatic field
errors coupling zngular momentum inte the plasma. Magzneto-
static errors could arise either from irrezularities n the main
solenoid, or [rom induced magnerization of the stainloss stes!
hangers and rails which suppert the contzinment cylinders, (The
stainless stect has permeability p < 1.005.) Electrostatic errors
could arise from misulignment of the pold pluted copper cylin
ders or sectors (typically * 0.0 mm}. However, we have no
direct knowledge of the magnitude or spatial distribution of the
error fields.

We also do not know whether thess field asymmeiries would
couple to the plasma through pertwibations to single particle
trajectories, or through collective effects such as diccotron
waves. There exists an extensive body of theory treating singls

_ particle resonant transport due to ficld asymmetries; the mzin

application of these theories hzs been fon transport in peutral
plasma devices such as Tandem Mirrors [L1-13]. These trans-

- port theories consider the bounce, rotation, and collision times

of individual particles, and it is interesting te view vur data from
this perspective,

An average thermal particle bounces axially back aad Torth in
a time m, = 2L/%. Taking our plasma thermal energy tobe 1 eV
[14], the range of containment iengtis ;ivet U 3Ty s,
The particle will also E x B drift around the plasma axis in g
time 7, = 2mrB/F (r). Taking the electric field near the axis (e,
using the centrzl deasity) gives .2 3us tor the experi-
mental magnetic fickd stoagths.

Consider an asymmetric field error of the form

-
SRS

be () = cos —gosin {4}
L

A particte with axiul velocity ¥ ond asimuthal revnier G

will remain resonant with the pertarbation eniy i e L

0. This cus be rewsitien as

1277, 2=
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Fig. 7. Measured evolutions tines rp, vs. the ratio of axial bounce time to
rotation time for a thermal particle.

vfv = (fn}(ry/7:) (%)
"The average bounce and rotation times, which depend on L and
B, thus determine the velocity of the particles whict: will be
resonant with a perturbation of given Fourler numbers it and 1.
These resonant particies may make large radial excursions, giv-
ing random diffusion with a larpe step size whea electron-

_electron collisions interiupt the singie particle drifts. For our
plasma parameters, the 90° scattering time for electron—electron
collisions is approximately 3 ms; of course, a scattering of less
than 907 will penerally be sufficient to disrupt a resonant drift
orbit.

In Fig. 3 we plot the mcesured evolution time 7y, vs. 7y /7y,

for zli plasma lengths and magnetic fields studied. The experi-
mentat data scale as (75/7,) > over S5 decades, with approxi-
mately 1 decade of scatter. The dashed line is

T " (_l 55} (1) (6)

Tais is the best siolpc- =~ 32 fit 1o the data, and i3 the same it as
the lines shown on Fig, 2. However, when ploted this way, the
transport data shows a striking continuity over the range of evo-
lution times from 3 x 107 to 10%s,

It is highiy unlikely that a single error-field Fourier conipo-
nent {n, 1) could give these transport results, since experimental
parameiers varving over the range 0.1 < 7, /7, < 30 would seiect
resonant particles over a kinetic energy range of 1:10°. This
encegy range would necessarily extend 1o such low energies thet
plasma fluctuations would pertuid the particle trajectories, or
extend to such high energies that there would be few particles
willl that energy. If many error compoenents contribute to the
transport, it is not apparent how they contribute iz such a regu-
lar manaer. The anafysis of sincle particle resenant ransport is
complicated by the existence of different regimes of collision
frequency vs. particle orbit frequency { ‘hanana” . "plateau™,
“eollisionud”); and by the possit
when the nuinber of contributiog resvnances bevemes so arge

dlity of “stochastic” transport

that the different resonant orbits can overlan i phase space.
From the perspective of singde parlicie tangport theory, it is
Mierelore surpiising te see sueh reguilor transpoct seading vrer

such 2 wide range of parsmetess, Further experiments and com-

w = wplRy)

parisen to theory may clurily this anomalous transport mcchl:ul-
ism, and may also contribute to understanding transport in
neutral plusma devices.

4. Resiztive wall instability

Normally, the /=1 diocotron wave is essentially neutraliy
stable in our plasmas, end all higher ! diocotron waves are
strongly damped. However, the 7 = 1 diocotron wave is a nega-
tive energy wave, and it will grow if coupled to a dissipative
load. In our apyparatus, resistive loads of the order of 10° 2 con-
nected between sections of the bounding wall give growth rates
of the order of 1005™". Thus our experimental situation differs
markedly from systems such as hollow beams, on which the
fumlamentally unstable diocotron medes grow rapid!ly to some
nonlinear state [15].

The growth rtate of the resistively destabiliced diocotron

-wave can be computed from a simple model comparing the

nezative encrgy of the wave to the power dissipated in the load

{7, 8]. This model treats tie plasma as a cold fluid in Ex B
-.motion, and introduces the finite length of the axissymmetric

plasma column in an ad ioe manner.
For the case of an infinitely long pizsma column and a per-

'feclly conducting wall at r=R,, the wave perturbation

potential is [9]:
[wpt) —e
i

The wave frequency w is real and equal to the E x B rotation
rate at the radius of the wall:

cos (B — wi)

597,6,0) = ST (7

(8)

where
o

rldr m{e

E(,Brz Jo T

e

wel(X) = 9
Moreover, the wave frequency does not depend on the shape of
the density profile n{r); it depends only on the density per unit
length in the axial direction. The amplitude in eg. (7) hasbeen
rormalized such that the radial electric field at the wall is
Scos(f —wh).

The wave density periurbation fr(r, 8, £) consistent with 8¢
represents a displacemens of the electron column {rom the r = 0
axis, combined with a revolution about that axis at the wave
frequency . Such a displacement is observed experimentally
when the density s measured at constant phase of the recoived
wave. This displacement of the electron column raduces the
wotal electrostatic energy of the systemn. Since in ideal Ex B
motion the liberated enerey cannot o into the kinetic vnergy of
the particles, the displacement can take place, le., the wiave can
prow, only if the energy can be dissiputed in the wall.

The encrgy assuciated with this wave can be caleulated to be
—neqgR S84 par urit length, for an iufinitely long plasua
column [8]. We assume that the wave energy for a trupped clec-
tron eolinn of length L is given by

W = - L(regRASY4) (10)

This result neglects “end effeeis™ and depends on 2, which is
not measurad direstly. For comparison between measirements
and the theory, we will take the value of £ 1o be the Juneth of

“the contaimuaeni cylinder,

Now i the wall seetor is connected 1o the extermal RC cfnd
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 Fig. 4. Received power vs. time forasd = | diocetran wave. The wave is
{destabilized when a relay canneets a resistive load to 2 wall sectar.

cuit as shown in Fig. 1, the wave will drive current in the circuit
iby inducing surface charge on the sector probe. The power dissi-
pated it the resistor is

P {28\ R
P = —i 2eqwSL R sin (—5‘) m’z—cﬁ (11)

where L, and A@ are the length and angular size of the sector.
The wave amplitude will grow as exp (c?), where the growth
rate is given by energy conservaiion as

P ﬁ) w L sin} (a8 /2) R

L 1+ wiRC?

- 55_11’ w (12)

Wiy =
Note that the growth rate deperds only on the wave frequency,
. on the real part of the load impedance, and on geometric fac-
. tors.
. The amplitude of the resistively destabilized wave is
measured experimentally by taking one shert duration sampie
- of the signal during each cycle, on a scparate receiver wall
sector. The plot of power vs. time is constructed by changing
the sample time with each cycle. Since the input impedance of
the receiver amplifier is shorted except during the short
sampling time, this procedure prevents that impedance from
influencing the wave growth.

Figure 4 is 2 plot of the received power vs. time for the de-
stabilized 7 = I diocotron wave. Initially, there is a small wave

. present at zbout the same level as the araplifier noise; this wave

s stable or lightly damped, since the sector probe is initially
grounded. When a relay is switched to connect the sector to the
RC load, the wave graws exponentially with time. The experi-

- mental growth rate is the measurcd slope of the plot. The wave
growth continues until the sector is once again gronnded. after
which the wave exhibits weak damping. The jitter at hich wave
power (x0.5dB) is due to the cycle-to-cycle variation in the
wave and plasma initial conditions,

Figure 5 shows the measured growth rate of the wave as a
function of the destobilizing resistunce R, for two values of the
capacitance £, The sofid curves in the figure are the absolute
predictions of eq. (12), based on the measured values of B, C,
w, Lg, A%, and the length of the continment cylinder.

Figure 6 shows the measured growih rate as a function of the
measured wave frequency. The difierent wave frequencies were
chtained by varymg the magietic field, wnd ulso hy wiiying ihe
bias voltage of the source, tiierehy changing the plasma density,
As the frequency wus chanoed, the resistor was adjusted as
necessey to keep e read pare o the Joad mpedanee constant,
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EFig. 5. Mcasured wave growth rate vs. the resistance in the wall circuit,
Ifor two vilues of the circuit capacitance. The lines are abselute predic-
! tions from theory.

The solid linc is again the absolute prediction of eq. (12).
Finally, the dependence of the growth rate on A6 and £ has also
been checked, vsing sectors of angular size A0 = 30, 60, 90,

120, 150 and 180 degrees, and containment lengths 12 <L <
. 120c¢m.

In general, the data agree within 10% with theory over the
entire range of experimental parameter variations, We Tegard
this agreement as satisfactory since the accuracy of these experi-
mental measurements is approximately 10%, and since there
may also be effects of this magnitude left out of the sinple

'theoretical model.

In summary, we have shown that a resistive wall impedance

(destabilizes e negative energy 7= 1 diocotron wave in an
‘otherwise quiet, confined electron plasma. The experimentally

measured growth rates agree with the theory.
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