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ferred to the lower level, because then the spon-
taneous radiative transitions overtake the other
processes. However, especially for the level 2
reabsorption of the radiation reduces the rate of
radiative decay. It is concluded therefore, that
there is a general possibility of producing the
population inversion giving rise to an amplifica-
tion of emission in VUV simply by cooling a sta-
tionary plasma, TPD-I being a typical example.
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The pure electron plasma is an excellent system in which to study transport across a
strong magnetic field. We describe the basic experimental arrangement and report on
measurements of transport due to an externally launched diocotron mode.

Plasmas which consist of a single charge spe-
cies™? are of interest in their own right and for
the investigation of basic interactions common
to all plasmas. We have found®~® that the pure
electron plasma is an excellent system in which
to investigate transport across a strong magnetic
field. Here we describe the basic experimental
arrangement and report on observations of elec-
tron spatial transport due to an externally launched
diocotron®” mode.

We have previously described® a simple appara-
tus which produces a steady-state electron-plas-
ma column which is many Debye lengths in diame-
ter, and proved experimentally that the residual
ion density is very small compared to the elec-
tron density; i.e., the plasma is almost purely

electrons. We now describe how the plasma may
be trapped and used for investigation of transport.
A schematic diagram of the apparatus is given in
Fig. 1. The geometry is cylindrical. The entire
system is immersed in a strong uniform axial
magnetic field ﬁo and evacuated to a base pres-
sure of ~10°7 Torr. The system is pulsed repe-
titively in the following sequence: (i) Initially,
conducting cylinder A is grounded and C is biased
sufficiently negative to reflect all electrons com-
ing from the negatively biased source. During
this filling time (T,) the plasma occupies cylin-
ders A and B. (2) Then the potential of cylinder
A is gated negative® to cut off the incoming elec-
trons and trap those within cylinder B, The
trapped-electron plasma is radially confined by
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FIG. 1. Schematic of the apparatus. Five wall probes
are located throughout cylinder B, they are 1.85 cm in
axial length and 2.57 cm in arc, Other dimensions are
the following: R =3.40 cm; L = 45.7 cm; the collimator
diameter is 3.05 mm,

the magnetic field and axially confined by the elec-
trostatic fields of the end cylinders, which are
sufficiently negative that it is energetically im-
possible for the electrons to escape from the ends.
The electrons then wander across the magnetic-
field lines because of various processes. Some
reach the wall of cylinder B and are absorbed.

(3) A variable time (¢) later, cylinder C is gated
to ground potential, dumping the remaining elec-
trons out that end along the magnetic-field lines

to be collected.

A radially movable collector assembly behind
a slot in the endplate collimates and collects the
electrons at its radial (») and azimuthal (9) posi-
tion. At each dump the charge collected produces
a voltage pulse, which is sampled and held for
display on an x-y recorder. This signal is pro-
portional to the electron density ». The radial
position of the collector is transduced and applied
to the x axis of the recorder. By varying » we
obtain n(y), and changing the dump time yields
n(r, t). Examples of profiles taken in this manner
are shown in Fig. 2(a). Notice the excellent “shot-
to-shot” reproducibility evident from these data.
A profile takes ~1 min to generate while the repe-
tition rate is 60/sec and thus thousands of shots
have been used in its construction.

Several methods may be used to obtain the ab-
solute magnitude of a radial profile. We have
found that the most convenient and precise way is
to measure the frequency of resonance transmis-
sion of the diocotron wave with lowest azimuth-
al-mode number., This frequency is proportion-
al to the line density, N(t)= [# dr2mr'n(y', t).
Some typical parameters of the /=0 plasma are
the following: w,, =[n(0, 0)e®/me,] /22108 rad/’
sec; w,=eB,/m~2%X10° rad/sec; the average ax-
ial transit time is ~107®sec; 7,~107° sec; and at
base pressure the electron-neutral collision time
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FIG. 2. (a) Radial density profiles taken with and with-
out an externally launched diocotron mode, (b) Wave-
induced density change taken electronically.

is ~1073 sec.

It is useful to relate questions regarding trans-
port of this single—charge-species plasma to
canonical angular momentum, P,. For a single
electronp o, =m(rvy — r’w,/2); where v, is the azi-
muthal velocity component comprised of both the
ExB, drift and the thermal motion, For rw,
>> lvezl, which is true for our plasmas, Do,
~ = (mw,/2)r,,* where 1, is the radius of the guid-
ing center. In the absence of external torques,
conservation of total angular momentum requires
that Po~33,Py, ~ - (mw,/2) )7, be constant,
This says that if some electrons increase their
average radial position others must decrease
theirs. Since the initial average plasma radius
is somewhat less than the wall radius this type
of rearrangement can lead to loss of only a small
fraction of the particles. To have gross trans-
port out of the cylinder, an external torque must
be applied. Intraplasma forces, such as electron-
electron collisions or plasma instabilities, may
only rearrange the electron distribution but not
destroy the basic containment.'! Torque can be
applied by field imperfections but this effect is
negligible on the time scale of the experiment
discussed here,

An external torque can be applied to the plasma
through electron collisions with background neu-
trals, which we have investigated by adding neu-
tral gas to the system.*® A detailed account of
these transport results will appear in a future
publication where they will also be compared to
a recent kinetic-theoretical treatment.’? For the
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present experiment, the system is operated at
its base pressure and the time scale for trans-
port due to neutral collisions is slow compared
to the effects of interest.

Another way to induce transport via an external
torque is to launch a wave with an electric-field
component perpendicular to B. Diocotron waves®:’
are low-frequency waves (W< w,< w,) which
propagate in a direction perpendicular to the
magnetic field, having a first-order potential per-
turbation of the form 5¢(r, 6, ¢) =) exp(il6 — iwt).
It is possible for such a wave to be in resonance
with the plasma drift motion at a particular radi-
us 7,. This resonance occurs where w - lwg(r,)
=0, where wy is the drift frequency due to the
zero-order space-charge electric field: wg(r)
=~EW)/rBy, Ely)==(e/re,)ls dr'r'n(r’). Ina
zero—Larmor-radius linearized treatment,
Briggs, Daugherty, and Levy have discussed’
the analogy between such a resonance and the
Landau resonance’® of electron plasma waves
with the velocity distribution function. In the
next order, one expects such a resonance to
cause spatial transport just as a single plasma
wave can cause velocity-space transport.'

Radial density profiles taken with and without
a launched diocotron (I=2) are shown in Fig. 2(a).
The wave was launched by applying an rf burst to
two wall probes. These profiles are taken after
the wave has essentially died away. The presence
of the wave moves electrons outward, which of
course means a change in P, due to the torque ap-
plied through the wave, Shown in Fig. 2(b) is the
wave-induced density change, An, taken electron-
ically. The arrow marks », calculated from the
density profile (no wave), showing that An goes
through zero at .. This wave transport scales
roughly as the peak power of the excited mode.
Residual transport due to neutral collisions slow-
ly washes out the Axn profile, which here decayed
~50% after 8 msec,

This mode may be excited for only a narrow
range in launched frequency (w/Aw~40), the cen-
tral frequency determined by the density profile
and magnetic-field strength, We have numerical-
ly calculated the real part of the mode frequency
by using linear theory but neglecting resonant-
particle effects. (Only for /=1 is the frequency
independent of the radial profile.) For I=2 the
calculation yields w=3.37x10° rad/sec, a value
within 2% of the mode frequency in the experi-
ment, This calculation also yields the real part
of the eigenfunction y(»). We have also calculated
the expected linear damping due to the resonant

particles using the standard quadratic-form ex-
pansion for weak damping.,” This predicts the
linear damping to be moderate (|y|/w~1/50) in
contrast to the observed damping which is an or-
der of magnitude weaker.

Experimentally, the wave amplitude is set large
enough to produce observable transport. This
amplitude is sufficiently large that the linear
damping mechanism is overcome and the result-
ing wave behaves nonlinearly. A clear demon-
stration of the nonlinear nature of the wave damp-
ing is shown in Fig. 3. Here we show the wave
power received on a wall probe as a function of
time after the transmitter turns on, #,. The time
that the transmitter is on is indicated. Curve a
is the time history of the wave power which
caused the transport shown in Fig. 2. Curve b
is related to curve a by a standard attenuator-
substitution experiment, wherein & was launched
12 dB down and the receiver gain upped by the
same amount. Thus curve a represents a larger
wave in the plasma and we see that larger waves
decay more slowly. The decay time is propor-
tional to the square root of the maximum ampli-
tude of the received wave over a range of ~30 dB
in wave amplitude, A relatively large wave, with
peak power near saturation with transmitter am-
plitude, was used in curve a in Fig. 3 in order to
show transport clearly on the raw radial profiles
of Fig. 2(a). Much smaller transport levels can
be discerned with the Axn technique.

w = 3.44x10° rad /sec
wph=3.42x 10° rad /sec

WAVE POWER (db)

Transmitter on
Z ! N
-IST
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0 | 2
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FIG. 3. Received wave power Vs {,, the time after
transmitter turns on. Waves were launched with a 200-
psec burst applied to two wall probes, each driven at
0.84 V rms for curve a. Curve b was launched 12 dB
down with the receiver gain upped by the same factor.
The receiver bandwidth is 650 KHz; the detector time
constant is ~ 20 ysec, t,,=0 corresponds to ¢ = 2.3
msec.
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These large-amplitude diocotron waves make
the resonant electrons execute trapped orbits in
space. The bounce frequency, wp, of deeply
trapped electrons is given by” wy®>=(1%/r B,)|Pow,/
M|r=rs' For the wave levels used here the reso-
nant electrons execute many trapped orbits during
the duration of the wave. By knowing the shape
of the eigenfunction (») we can obtain the abso-
lute magnitude of the wave with a calibrated re-
ceiver since the power is proportional to |8}/
or|,.z°. As a reasonable approximation, using ¥
found from the linear calculation we find wy~"7
% 10° rad/sec for the wave level of curve a at its
maximum. This gives wyi, ~10° for the horizon-
tal scan time in Fig. 3.

The apparent linearity of the maximums in the
substitution experiment (Fig. 3) is misleading be-
cause the wave levels are nearing saturation with
transmitter amplitude. Well below this level the
wave responds as |/ dr|,.,*~1,°A,° while the
transmitter is on; here A, is the transmitter am-
plitude. The frequencies of the waves in Fig, 3
differ slightly because the transmitter frequency
exciting the largest wave depends mildly upon the
transmitter amplitude. This effect is due to the
modal frequency shift resulting from the modifi-
cation of the profile.

In summary, we have found that the pure elec-
tron plasma is an excellent system in which to
investigate transport across a strong magnetic
field. In the absence of external torques, gross
plasma containment is assured, thus allowing
transport processes to be externally induced and
isolated. The spatial transport due to a launched
diocotron mode occurs at the radius for which
the plasma §X§o drift motion is resonant with
the wave. A linear calculation accurately pre-
dicts the real part of the modal frequency but al-
so predicts the mode to be more heavily damped
than is observed. The wave amplitudes are large
enough to overcome the linear damping mecha-
nism through trapping of the resonant electrons.
The full nonlinear orbits must be used in a cal-
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culation of the actual damping and transport, for
which we as yet have no theoretical description.
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