THE ‘SOURCES’ OF PLASMA PHYSICS

Francis F. Chen

Electrical Engineering Department

PPG- 1521 October, 1994

Submitted to IEEE Transactions on Plasma Science.



THE ‘SOURCES’ OF PLASMA PHYSICS
Francis F. Chen
University of California, Los Angeles, CA 90024-1594

ABSTRACT

This paper is the text of the Plasma Science and Applications Commit-
tee Prize address given in Santa Fe, NM on June 7, 1994 The principal thesis
is that major advances in the development of the science of plasmas have fre-
quently been triggered by the invention of a new plasma source. Examples are
given from the work of many colleagues in basic plasma research. A retro-
spective of the author’s experiments on basic plasma physics, magnetic fusion,
and inertial fusion is given, many of these sharing the common theme of trans-
verse electric fields. The author’s present and future work concern new
plasma sources that are needed for the application of plasma technology to
materials processing.
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I. INTRODUCTION

The science of plasmas has grown enormously over the past forty years, and the key to
the expansion of our knowledge about plasma behavior has been the discovery of new, better
ways to create plasmas. The development of basic plasma physics can actually be traced
through the invention of new sources, which each time triggered new insights into the behav-
ior of plasmas. In Sec. II, I shall give a number of examples of such break-through plasma
sources and the classic experiments that resulted from them. This section will include not only
my own work but also that of others. I take this opportunity to honor my colleagues who,
over the years, have joined me in the mission to establish and solidify the foundations of
plasma physics through inspired experimentation. In Sec. 111, I shall discuss a number of ex-
periments, mostly my own, including unpublished ones, which are tied together through a
common theme, that of transverse electric fields. Finally, Sec. IV will project what the tech-
nological plasma sources of the future will do for our science.

II. BREAK-THROUGH PLASMA SOURCES
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1. Duoplasmatron source. Figure 1 shows the Du- jﬂg
oplasmatron source of Boeschoten and Schwirzke'. posscae -7 /E _-;E o
The plasma is created in a small filament discharge at — e 7T

40 mTorr of H and injected through a 1-3 mm diam af S
hole through a magnetic mirror into the main chamber, reent — “%E"F: E : -
which is 120 cm long, with a magnetic field of up to 4 . el Lle o

kG and pressures as low as 10° Torr. The small- 3

diameter plasma was quiescent enough for basic ex- 1—{ R
periments on electrons. No one knows why the RO -

plasma was more stable than in other sources; perhaps = S

it was ion FLR stabilization or favorable curvature in | i e s
the source region. The most famous result arising R = | == S
from this source is, of course, Malmberg and Whar- i !

ton’s demonstration of electron Landau damping®. pﬁjj[FL

This was reported at the TAEA meeting in London in

the early ‘60s, and the familiar result is shown in Fig. Fig, 1. The duoplasmatron source (Ref. 1).
2. The amplitude Fig. 1 was shown to decay expo-

nentially as predicted. Up to this time there was doubt as to whether Landau damping was a
real effect, since it was not clear that electrons could follow a Maxwellian distribution as
closely as the theory required; that they do so is still a puzzle, called Langmuir’s paradox.
This experiment was an important demonstration, and it succeeded because the duoplasma-
tron source could provide a suitable plasma.



The first verification of Alfvén
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Fig. 2. The Malmberg-Wharion ex- |, . '\, pinch, developed by Bill Baker at
periment on Landau damping (Ref. 2). ¢ v 0 1m0 2 i
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Berkeley using a slow capacitor
bank to drive a current between two endplates without actually pinching the plasma. Tor-
sional Alfvén modes were excited with a ringing capacitor bank applied between a central
electrode and the wall. The high density was necessary to slow down the wave to fit inside
the chamber, and the high magnetic field and light ion mass were necessary to minimize the
damping. Figure 3 from the paper of Wilcox et al * shows that producing a good plasma was
not simple; instabilities would occur without certain modifications. Figure 4 shows the ex-
periment of Wilcox, Boley, and deSilva® et al. verifying the constancy of the Alfvén velocity.
A similar experiment was also done in England by Jephcott.
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3. The double-plasma device. Experimental nonlinear plasma physics had its roots in the
invention of the double-plasma machine by Taylor, MacKenzie, and Ikezi’. By separating two
filament discharges with a grid and applying a bias voltage between the two chambers, one
can cause plasma to stream from one discharge into the other at velocities exceeding the



sound velocity. lon acoustic shock waves could be studied for the first time. The device is
shown in Fig. 5, and the classic shock wave structure predicted by Sagdeev, as measured by
Taylor, Baker, and Ikezi®, is shown in Fig. 6.
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Fig. 5. The double-plasma device (Ref. 5).

Double and triple plasmas have since been used to
see such phenomena as solitons and double layers,
the latter of importance in ionospheric physics. Fig.
7 shows the collision (or lack of one) of two
Korteweg-deVries solitons seen by Nakamura and
Tsukabayashi’, and Fig. 8 shows the distribution
functions measured by Quon and Wong® in various
parts of a double layer produced in a triple plasma
system.
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Fig. 6. Observation of ion acoustic shock

waves (Ref. 6).
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Fig. 8. Distribution functions in a double layer (Ref. 8).

A very small double plasma was used by Ripin and Stenzel’ to excite Bernstein waves with an
ion beam. The apparatus is shown in Fig. 9, and the dispersion relation check in Fig. 10. This
experiment also demonstrated the phenomenon of backward waves. Fig. 11 shows the inter-
ferometer wave pattern, which has an amplitude modulation. The wave phase velocity and the
group velocity of the envelope were directly seen to move in opposite directions, in agreement
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with the negative slope of Fig. 10. These plasma devices have played an essential role in our
6

understanding of basic plasma phenomena. @ B ‘
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4. The MacKenzie bucket. Though not a plasma source in o

itself, the multi-dipole confinement scheme using permanent
magnets around the surface of a plasma has improved the
performance of many plasma sources by confining the primary
electrons while keeping the plasma field-free in the interior.
Neutral beam injectors for tokamaks, for instance, depend on
this device, as do several etching and deposition tools used in
the semiconductor industry. Story has it that Ken MacKenzie
made the first one of these at UCLA using a surplus Navy
soup pot, which not only was made of stainless steel, but also
had walls thin enough that the magnets could be put on the

outside. Fig. 12 shows a modern version of the MacKenzie
bucket.
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Fig. 11. Demonstration of back-
ward waves (Ref. 9 ).




Fig. 12 (previous page). A multidipole confinement  Fig. 14. (previous page). A large-cathode plasma
chamber [R. Limpaecher and K.R. MacKenzie. Rev.  source with multidipole confinement (R.L. Stenzel.
Sci. Instrum. 44. 726 (1973), courtesy of R L. Stenzel]. private communication).

S. Large area cathode discharge. For detailed probing of a plasma, no source is better than
the hot-cathode discharge developed by Stenzel'®, shown in Fig. 13. The oxide-coated cath-
ode 1s stretched flat with springs and indirectly heated by filaments behind it. The emitted
electrons are accelerated through a pulsed anode grid and confined radially by a weak mag-
netic field and axially by a multi-cusp magnet array. Stenzel and Gekelman have refined the
cathode design until it can give a uniform plasma over a large volume of order 1m in diam and
4m long. Many probes of different varieties can be inserted without disturbing the large
plasma. The magnetic field, however, is limited to about 800 G, otherwise, the plasma is
subject to drift-wave instabilities when FLR or viscous stabilization is no longer effective.
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multi-cusp confinement on all walls. By purposely creating an
a'xial densit.y gradient, Stenzel'® demon;trated for the first Fig, 15. Detection of Airy pattern
time the Airy pattern that electromagnetic waves were pre- formed by clectromagnetic waves
dicted to generate when they impinge on a nonuniform plasma iy 3 nonuniform plasma (Ref 11).
(Fig. 15). Stenzel’s'' investigation of whistler waves was
done in another large chamber (Fig.16) with a uniform dc magnetic field. This experiment
graphically 1]1ustrated concept of group velocity in an amsotroplc medium. Fig. 17a shows the
) B phase fronts of a whistler wave,
laboriously mapped out with
probes.At each point the phase
velocity direction is perpendicu-
lar to the phase fronts, and the
group velocity could be calcu-
lated theoretically from the 6
dependence of the index of re-
fraction. The resulting arrows
in Fig. 17b give the group ve-
locity directions, and indeed
the wave amplitude was found
to maximize in the direction of
energy flow. This experiment




also established the space-relevant concept of nonlinear ducting, in which a wave traps itself in
a density trough that it digs by its radiation pressure (Fig. 18).
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Fig. 18. Demonstration of ducted whistler waves
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Because of the large plasma volume,
field annihilation could be studied in detail for
the first time. Fig. 19 shows the magnetic field
pattern in a tearing instability'>. By this time
data acquisition and analysis by computers had
advanced so that the three-dimensional distri-
bution functions at every point in this pattern
could be measured and shown in a movie"
Fig. 17. Whistler wavefronts (a) and phase and The Slmple conduction of cu.rr.ent through a
group velocity directions (b) (Ref. 10). plasma turned out to be nontrivial. By apply-

ing a fast-rising pulse between the cathode and
a collector at the far end of the discharge, Stenzel et al.'* flows at first backward toward the
endplate, and only reaches the far end after a whistler-wave time of flight (Fig. 20a). The cur-

rent generates its own magnetic field and falls into a force-free configuration called a flux rope
(Fig. 20b).
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Walter Gekelman has extended the large-cathode technique to even larger plasmas,
using an improved cathode structure. Fig. 22 shows his LAPD device, which produces a
plasma 50 cm in diam by 10 m long in a magnetic field of up to 3 kG. With probes designed
to cover the entire plasma, he has been able to simulate whistler and Alfvén wave propagation
in density channels, and other phenomena such as the interaction of current filaments' (Fig.

23). ,
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Fig. 22. Schematic of the Large Area Plasma Device  Fig. 23. Interaction of current filaments in the LAPD
(Ref. 15). machine (Ref. 15).

6. Q-machines. Though it is clear that the plasma sources described above have yielded a
rich variety of interesting results, perhaps the most significant and important discoveries fol-
lowed the invention of the Q (for Quiescent) machine. The noise level of these plasmas was
low enough that, for the first time, delicate effects like universal instabilities could be seen,
and this discovery ultimately had a great influence on our understanding of anomalous diffu-
sion. Fig. 24 is an enlargement of from the paper of Rynn and D’Angelo'®, a diagram that was
a mere 1%z inches wide in the original. Fig. 25 shows how it works.

..  The plasma is synthesized by the injection of

eramasr, j t electrons which are thermionically emitted by
NG e N tungsten “cathodes” heated to ~2400°K by
el B o o3 electron bombardment, and of ions which are

contact-ionized from neutral beams of ce-
. sium, potassium, or barium produced in
- ' 400°C ovens. These metals have such low
o ionization potentials that when an atom im-
Fig. 24. Original diagram of the Q-machine (Ref. 16).  pinges on a high work function material like

tungsten or molybdenum, an electron is
drawn into the metal, and a singly ionized ion is emitted. The plasma is held together by a
strong axial magnetic field. Both species have the same temperature as the cathodes, just
above 0.2 eV. Since no voltages are applied to the plasma, there are few energy sources
which can excite instabilities, and a quiescent plasma can be produced. Actually, there is an
applied voltage; namely, the contact potential of several volts between the hot cathodes and
the cold stainless steel walls, but this can be controlled by floating the vacuum chamber and
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applying a bias voltage 7,
as shown in Fig. 25. Fig
26 shows radial profiles of
the probe floating potential
}J; and the plasma density
(< J.) in a typical Q-
machine. Also shown are
oscillation amplitudes of
noise around 4 kHz and 15
kHz when }. = 0 and the
magnetic field B, is above
about 2 kG The former
peaks near the maximum of
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Vi and 1s due to drift waves; the latter peaks near the maximum of £, and has been identified

as a Kelvin-Helmholtz instability.
drift waves was made by Hendel, Chu, and Politzer'’,

Identification of the low-frequency oscillations as resistive
whose famous graph showing the onset

of higher azimuthal m modes with increasing B, is shown in Fig. 27. The stability at low
fields is attributed to viscous damping by the ions when their Larmor radii become large.
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Fig. 27. Threshold behavior of drift-wave modes in a theory of
Q-machine (Ref. 17).

The  dis-
covery and explo-
ration of  drift
waves is perhaps
the most important
advance in plasma
physics that is at-
tributable to a new

plasma source.
Until a zero-order
density  gradient
was put into the

plasma

waves, we had no
idea of why the fluctuation spectrum was peaked in the 10-kHz range
and what it had to do with anomalous transport. Though collisionless
drift waves (universal instabilities) had been found by theorists, they

Fig. 26. Typical radial “VET€ buried among many predictions, most o.f which turned out to .be
profiles of floating poten- Unimportant in the real world. The observation of low-frequency in-
tial Vy, ion saturation cur- Stabilities in Q-machines, which had no source of free energy other
rent ], and drift-wave and than the pressure gradient present in any confined plasma, focused
Kelvin-Helmholtz wave attention on dissipative drift waves triggered by resistivity or trapped

amplitudes in a Q-
machine.

particles. Even today, 30 years after the initial excitement, drift wave

turbulence is still at the forefront of tokamak confinement research.

The Q-machine also opened our eyes to other phenomena, such as electrostatic ion
cyclotron waves. By drawing a current along the axis of the plasma, Motley and D’Angelo'®
saw, for the first time, unstable waves at the ion cyclotron frequency propagating across the
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magnetic field (Fig. 28). This instability is important because it usually has a lower threshold

than the ion acoustic instability, which theorists have studied ad infinitum but which is hardly
ever observed. K °

The Q machme also allowed Wong, Motley, H i
Schematic of # Q-machine experiment on electrostatic ion cyclotron waves.

and D’ Angelo to verlfy for the first tlme the exis- [Afier R. W. Motley and N. 'Angelo. Phys Fluids 6, 296 (1963))
tence of ion acoustic waves, which, though well

T T T T
known in theory, had been impossible to see in noisy Sk ]
plasmas. Fig. 29 shows their single-ended Q-machine, o
and Fig. 30 their check of the basic dispersion relation. o K 2 @9
They also measured the damping in the upstream and : S
downstream directions, as shown in Fig. 31, thereby Ak S

"establishing the validity of ion Landau damping. —
This work actually preceded the experiment of Malm- o & — . —
berg and Wharton, so that ion Landau damping pro- B (kG

vided our first indication that collisionless damping Fig- 28. Experiment for generating clectro-

static ion cyclotron instability (Ref. 18).
was real.
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7. Multipoles. Though these machines were spawned by fusion ”; LYY
research rather by basic plasma research, we should not leave un-

mentioned such devices as multipoles, spherators, and levitrons, [\
which also produced quiescent plasmas. With the help of floating © \/




internal conductors, these
devices could create a mag-
netic well and prove the
principle  of  minimum-
average-B stabilization.
The two largest machines
were Tihiro Ohkawa’s oc-
topole at General Atomics
and Don Kerst’s octupole
at Wisconsin. 1 remember
when the picture of a man
standing inside the octopole
(Fig. 33) was shown at the
IAEA conference in No-
vosibirsk in 1968  The
e , i : Russians were astounded
Fig. 33. The octopole machine at GA. [F.F. Chen. /niro. fo Plasma Phys-  that the US had the means

ics. Isted. (1973).] to build a fusion machine
that large, until they realized that the magnetic field was only 150G! The plasma produced
was so quiescent that cross-field diffusion at the classical rate was observed here for the first
time.

8. Laser-ionized plasmas. The birth of parametric instabilities and laser-plasma interactions
can be traced to the summer of 1973, when a surge of activity produced the main theoretical
predictions on stimulated the Brillouin (SBS) and Raman (SRS) instabilities. To verify these
phenomena, which occurred all at once in solid targets, it was necessary to design plasma

cog Lasen I:l (:\OZL‘P;S]:: ﬂiﬁ%tﬁi: l:i gcs)gltﬁiiga sources, used as targets, which

PLIFI MPL. . . gt
~ could permit the instabilities to
\ \ Yo (GNITRON bq observed one at a time. The
)\ ! critical density for a CO, laser

F ‘ \/ TARGET PROBE 19 =
Y Xz . -3
e sy eoon i 10 cm”, and we needed a
‘ P 1 Z b‘éiﬁ’ioa; density that was a non-
e—— = N\ negligible fraction of this but
T . .
b= | not as high as % of it, so as to
avoid resonant layers. The first
l M device we tried was a high-
BACK MATOR PM TUBE MATOR . .
seam 0 current arc, shown in Fig. 34,
with holes in the anode and
FABRY-PEROT Ge:Hg (40!:‘1& g?quNNEL 2METER
<—{weren FiLTeR ANaLvzen | SPECTROGRATH cathode for laser beam access.
Fig. 34. High current arc used for laser-plasma interaction experi This pro7duced densities in the
-3

ments (Ref 21). 10210 cm range and per-

mitted us®' to observe pure
SBS, uncontaminated by other effects, showing its anomalously low saturation level (Fig.
35). We found later” that the arc provided only part of the ionization; the laser pulse itself
completed the ionization and formed a cigar-shaped region of uniform plasma, as shown in the
interferogram of Fig. 36. Nonetheless, preionization by the plasma source was absolutely
necessary to produce a uniform, reproducible, and jitterless plasma target.
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Fig. 35. Saturation level of stimulated Brillouin in- Fig. 36. Sidc-on interferogram showing density
stability (Ref. 22). uniformity in laser-heated plasma (Ref. 22).

The next problem was to isolate the SRS instability. Since SBS has a lower threshold,
we had to devise a plasma source to suppress SBS. We used a slow theta pinch, shown in
Fig. 37. This had good axial access, the plasma at maximum compression (Fig. 38) was uni-
form; the density was around 10" ¢cm™; and, most important, the ions were hotter than the
electrons, thus Landau damping the ion waves that SBS generates. This source allowed us to
observe pure SRS and verify its anomalously low threshold®. We also used the theta pinch to
demonstrate beat-wave excitation of plasma waves with counter-propagating beams®. Fig. 39

shows the set-up, and
E— Fig. 40 shows the

. Thomson-scattering

peak when the plasma
frequency matched the
difference frequency of
the two laser beams.
Beat frequency cou-

SALT BEAM-SPLITTER A

@S
P
0

g .
5,56 ym iNpuT
\Lk

SPHERICAL
MIRRORS 7\ 7 . —
AuBY bEam \ —f-mis
SALT LENS

o PPN on wiRROR

Cu'Ge DETECTOR (REPLACEABLE)

Fig. 38. End-on inter- pling with co-
ferogram  showing propagating beams had
density uniformity in been done on the high-
theta-pinch  plasma 25 2
(Ref 23), current arc™ The

theta pinch was also
used initially as the plasma source for beat-wave accelerator experiments (Fig. 41). However,
it turned out that small irregularities in the large magnetic field of the pinch disturbed the
electron optics, and what is being used now is a small variant of the high-current arc with tun-
neling ionization by the laser to complete the process. The use of gas targets produced by
specially designed plasma sources permitted us to check theory and find the holes in it, thus
solidifying the foundations of laser interactions.

Fig. 37. Theta-pinch plasma source set up for SRS
cxperiment (Ref. 23).
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Fig. 39. Theta-pinch plasma sourcc sct up for counterstrecam-
ing beat wave experiment (Ref. 24).
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Fig. 41. Theta pinch set up for beat-wave accclerator experiment.

IIl. TRANSVERSE ELECTRIC FIELDS

We now move on to a group of experiments, mostly my own, which are related by a
common theme: transverse electric fields. These fields have recently come into prominence
because of the importance of edge layer physics in the tokamak H-mode, but the importance
of transverse E-fields and my interest in them started more than 30 years ago. The H-mode
itself may be considered a new break-through plasma source for investigating these fields!

1. The reflex arc. Before the invention of the Q-machine, we were searching for a plasma
source that could provide a uniform, quiescent plasma in a strong, uniform magnetic field. My
idea was that we had no hope of understanding anomalous transport in complicated magnetic
geometries unless we first understood it in a straight geometry. The Lehnert-Hoh experi-
ment”® had already shown the validity of this approach, but we had to do it in a plasma that
was not collision-dominated. I believe that Lyman Spitzer never forgave me for forsaking the
stellarator, but at least he listened to reason and permitted me first to construct a small reflex
arc L-1, and then to plan a basic research program around a large reflex arc, L-2. Fig. 42
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shows an engineering drawing of L-2, and Fig. 43 a picture of it. The machine was designed
by Joe File and Wendy Lehmann®. [ understand that Joe has recently retired from Princeton;
and Wendy, you may not know, is one of the founders of Princeton Applied Research, the
makers of lock-in amplifiers that has since been absorbed by EG&G.
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Fig. 42. Decsign
drawing of the L-2
machine (Ref. 27).
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Fig. 43. The L-2
machinc with the
hard core installed
(Ref. 27).

-
The L-2 coil system is 12 feet long, the length dictated by the half-wavelength of Alfvén
waves that we had hoped to generate at the fields and densities achievable. When the coils are
arranged in groups of four, with an equal length of gap for diagnostic access, the maximum
field 1s 4 kG. The machine was later converted into a Q-machine and then dismantled after
1969. The L-2 coils, however, seem to have a life of their own and will probably outlive all of
us. First used at Princeton for the ACT-1 machine, the coils are now dispersed all over the
country, serving experiments at North Carolina, Wisconsin, and UCLA Physics.

The L-2 reflex arc used hot cathodes, four-inch diam slabs of tungsten heated by elec-
tron bombardment to 2400°K. The filaments emitting the bombardment current were pre-bent
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Fig. 43. The L-2
machinc with the
hard core installed
(Rcef. 27).

The L-2 coil system is 12 feet long, the length dictated by the half-wavelength of Alfvén
waves that we had hoped to generate at the fields and densities achievable. When the coils are
arranged in groups of four, with an equal length of gap for diagnostic access, the maximum
field is 4 kG. The machine was later converted into a Q-machine and then dismantled after
1969. The L-2 coils, however, seem to have a life of their own and will probably outlive all of

us.

First used at Princeton for the ACT-1 machine, the coils are now dispersed all over the

country, serving experiments at North Carolina, Wisconsin, and UCLA Physics.

The L-2 reflex arc used hot cathodes, four-inch diam slabs of tungsten heated by elec-
tron bombardment to 2400°K. The filaments emitting the bombardment current were pre-bent
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in the direction of the j x B force so as to maintain their shape at all magnetic fields®. The
two cathodes are connected together and biased negatively relative to the main chamber (the
anode), which was at ground. This caused the discharge current to flow across the strong
magnetic field to the anode. The primary electrons emitted from the cathodes were confined
longitudinally by the electrostatic sheaths at each end and therefore permitted higher ioniza-
tion efficiency than in a straight arc. The density, temperature, and potential profiles shown in
Fig. 44 indicate a fairly uniform plasma suitable for experiments, but the plasma was subject to
a high level of turbulence, as shown by the streak camera pictures of Fig. 45. The cause of the
noise was not known at the time, but it is clear that such reflex discharges cannot possibly
work without some sort of anomalous diffusion, since the electrons carrying the discharge
current in such reflex or PIG (Phillips Tonization Gauge) discharges must cross the magnetic
field to reach the anode. That the inward radial electric field excites a strong E x B instability
in a partially ionized plasma was later pointed out by Al Simon®, but the theory came too late.

o MAGNETIC [ cURRENT
L2 REFLEX ARC Gl R aweeres
L
4000
60 : 4000
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40 — -
z 4000
0> { 6
20+ =,
- 2000 |15
ol e .
0 o] Je.o] 200
(o} — 1 I
Radial Position {In.) — TIME IN JJ SECONDS
Fig. 44. Density. floating potential, and temperature Fig. 45. Streak camera pictures of the reflex arc in-
profiles in the L-2 reflex arc (Ref. 30). stability (Ref. 30).

The basic experiments that were planned could not be carried out, and two years of data on
the operation of the discharge could not be explained, and therefore could not be published
except in preliminary reports™ By the time theoretical understanding of the E x B instability
enabled us to design a discharge that would be free of it, the Q-machine had been invented,
and there was no longer a need to do so.

However, all was not lost. By assuming a Bohm diffusion rate, we could solve the
discharge balance equations and predict the observed radial potential profile, as shown in Fig.
46" This much understanding was sufficient for PMT, Inc. to manufacture a reflex arc
source for optical coatings, and for Bob Conn’s group to use the reflex arc as a high-density
source for the PISCES program. Fig. 47 shows a diagram of PISCES-A and Fig. 48 the oscil-
lation level in it””. When used for for testing fusion materials and divertor designs, the basic
instability of the plasma is of little importance. When used for studies of edge-layer physics,
however, the PISCES machines would benefit by replacement of the reflex arc by a more sta-
ble source, such as the helicon source we will mention later.
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The L-2 machine was also used for an experiment
on beam-plasma interactions. A 2-A, 20-kV electron
beam from a Varian microwave tube was injected through
a hole in one of the cathodes. Though many interesting
effects were observed™, none of them agreed with any
known theory. Again, we were ahead of our time. I
learned an early lesson in that experiment which I convey
yearly to my students: Always learn to walk before trying
to run. I should have started with a weak beam and
worked near the threshold.

Fig. 46. Theoretical and measured potential profiles in the reflex
arc. (Ref 31).
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Fig. 47. The PISCES-A reflex arc (Ref. 32). Fig. 48. Fluctuation level in the PISCES-A

reflex arc (Ref. 32).

2. Edge stabilization of drift waves. Converting the L-2 reflex arc into a Q-machine was
relatively simple, since we already had hot cathodes. We changed from 4” diam, 0.25” thick
tungsten plates to 27 diam, 0.5” thick ones in order to have a more uniform surface tempera-
ture, and hence a more uniform potential distribution in the plasma. There were three large Q-
machines operating at Princeton at the time, but a number of experiments were particular to
the L-2Q device. By installing an insulated aperture limiter in front of the cathodes, as in Fig.
49% we were able to see the effect of applying different potentials ¥, to the edge of the
plasma. We found we could stabilize and destabilize drift waves this way. Fig. 50 shows the
dc coupled probe current vs. time for various bias voltages. Below +4V, there was a turbu-
lent spectrum of drift waves. At 4.0 volts, the plasma suddenly became completely quiet. As
J. was slightly increased, sinusoidal drift waves could be seen and studied at threshold. The
waves grew with increasing bias, and eventually became nonlinear. The amplitude behavior
with 7, given in Fig. 51°*. There is a 2-V range of edge biases in which the drift waves are
stabilized.

This observation was a clear indication of the strong effect of electric field shear on
plasma stability. The problem was to prove it definitively. The first step was to measure the
15



radial electric field accurately. If one were to take radial profiles of floating potential, one
would have to take the first derivative to get £, the second derivative to get I,/ and the third

i s Jedo

Fig. 49. Cross section of cathodc structure with insu-
lated aperturc limiter and hole for harad core.

-0 VvV +4.0 Vv

4425 v Probe enrrent T+ 57V
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Fig. 50. DC coupled saturation ion probe current showing
onsct of drift waves as limiter bias is varied (Ref. 34).
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Fig. 51. Drift wave amplitude vs. limiter bias V.

(Ref. 34).

derivative to get £, ", these terms being
important in the Kelvin-Helmholtz ef-
fect.

It would be much better to measure £,
directly. We could do this by making a
vibrating probe, which would continu-
ously measure the potential difference
at two radii separated by, say, Imm.
However, the design and construction
of such a probe would have taken the
Princeton engineers months, and there
was also the danger that vibrations in
the connecting cable could generate
electrostatic charges. I decided to vi-
brate the plasma instead. This could be
done by adding two sets of coils pro-
ducing a vertical B-field, as showr in
Fig. 52. By applying a 10-Hz sine
wave to these coils, the plasma was
moved up and down uniformly by a
few mm at that frequency, and a lock-
in amplifier tuned to the 10-Hz signal
directly gave the electric field at the
probe location. The frequency was
chosen to be low enough to avoid ex-
citing ion acoustic waves, but high
enough to be usable with a lock-in
amplifier. The coils, made of house

wiring, were wound in one afternoon on wooden forms, and they were driven by two hi-fi

amplifiers (stereo had not yet been commercialized).
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The whole setup was done in one day, and the experiment worked like a dream. A
typical electric field profile is shown in Fig. 53, The wiggles near the axis were due to the
hard core we had in the machine at the time (to be described in the next section), and the large
E-field at the edge is due to the contact potential between the
hot tungsten cathodes and the cold aperture limiter. In the
body of the plasma, the E-field is linear with radius, corre- e 5,62:2 e
sponding to rigid-body E x B rotation of the plasma. There .| m=1
was no noticeable change with limiter bias, even though the s
oscillation amplitude varied wildly. Whatever was happening ~ oz|
at the extreme edge we could not see accurately enough, but
the electric shear at the maximum of the density gradient did i
not seem to be affected. This was a disappointing negative .| E,
result, but we thought that at least the measurement tech- - (v/em)
nique was worth publishing. There is an interesting story  °¢f
behind why it was never published. Ken Rogers and I were I
working on this during his sabbatical, and he was put in
charge of submitting this particular paper to Rev. Sci. In-
strum. and seeing it through the refereeing process. Soon
thereafter, he was made President of Stevens Institute of
Technology. When the paper came back from the referee, it Fig. 53. Radial clectric field profile
never saw the light of day in his office. So 1 have learned measured with oscillating plasma
one thing about college presidents. They could care less (Ref. 35).
about publishing another paper.

0.6}
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0
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3. Shear stabilization of drift waves. Since we had a source of drift waves that was under
control, it was natural to see how they could be stabilized by min-B and by shear. Let us
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Fig. S4. Diagram of L-2 Q-machine with hard core.

consider the shear experiment. To impose magnetic shear, we decided to make 0.5"" holes in
the cathode and filament assemblies and to string a water-cooled conductor through the holes
to generate a By field. When this problem was given to the engineers, they came up with the
following solution: The hard core would be an aluminum tube, which had a better combina-
tion of weight and conductivity than copper, and there would have to be a cantilever system
with lead weights to keep the tube straight as it heated and expanded during the current pulse.
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Diagrams of the setup and the modified cathode assembly are shown in Fig. 54 and 55,
and a photograph of the cantilever system is given in Fig. 56. When the hard core was pulsed,
the lead weights sank; and after the
pulse, they came back up. It was truly
a Rube Goldberg device, but it worked.
I think the physicists and the engineers
at Princeton were amused at each . ©
other—the engineers that the physicists
would want to do something like this,
and the physicists that the engineers
would come up with such a solution.
The clearance between the hot tung-
sten cathodes and the water-cooled
aluminum hard core was only about
0.5mm, so this was an accident waiting
to happen..and it did. However, we
recovered in time to make the APS
deadline.

Fig. §5. Modified cathode assecmbly with hard core
feedthrough on axis.

Fig. 57 shows the drift wave spectrum for
various values of the current /; in the hard
core. It is clear that 2kA of current greatly
reduced the drift wave turbulence. To see
how the shear stabilization actually worked,
my first student, Dave Mosher, probed the
floating potential over a cross section of the
plasma®. He found that the application of
shear produced ripples whose wavelength
decreased with increasing shear, as shown in
Fig. 58. What was happening was that small
temperature variations over the cathodes
produced asymmetric potential contours in
the plasma, giving rise to convective cells
(Fig. 59). Plasma would E x B drift along
these isopotentials and reach large radii rap-
idly. When the magnetic field lines are
twisted by shear, these isopotentials are
twisted into long spirals, shown in Fig. 60,
which manifest themselves in the observed
ripples. The twisting has the double effect of
suppressing drift waves by squeezing them
into a band narrow enough that ion viscous damping can be effective, and of increasing the
length over which plasma must drift before reaching theoutside. Indeed, the plasma density
measured at the highest shear was about half of that expected from purely classical diffusion
(Fig. 61). Note in Fig. 61 the curve labeled n,.. This is the density that would be expected if

Fig. 56. Cantilever system for keeping hard core
straight,
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all transport is by oscillatory diffusion. When the drift wave amplitude is greatly reduced by
shear, the expected density is much larger than that observed, showing that most of the re-
maining loss is by convection rather than oscillatory diffusion.
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Fig. §8. Spatial oscillations in plasma potential in
the presence of shear (Ref. 35).
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Fig. §7. Change of drift wave spectrum with hard core Fig. §9. Asymmetric isopotentials in plasma
current (Ref. 35). caused by temperature nonuniformities in cathode.
o N —
& TWISTING OF ASYMMETRY [ INCREASE OF PEAK DENSITY WITH SHEAR
K BY SHEAR L B=2k6  P=55kW D, =40x10sec
X
Q + 1
&
‘;?
HARD “:
;
# 3
/\ A ’ I‘i 1
. — [—> > |
l Z I Z |o 1 T WY 1 1 Ll taig 1 1 1
< - 2. 126 5T 10 100 1000 5000
o} [o]

e (A)—
Fig. 60. Equipotential contours twisted by magnetic shear,
providing the mechanism of shear stabilization (Ref. 35). Fig. 61. Increase of plasma density with
hard core current.  The theoretical curve is
based on the twisting of the cquipotentials. The point n. indicates the density there would
be if transport were classical. The curve n, indicates the density there would be if all
transport were due to oscillations; the measured oscillation amplitude is used (Ref. 35).
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4. E x B instability in a beam-created plasma. We have seen that a transverse electric
field of the right sign can excite the reflex-arc instability in a partially ionized plasma. The in-
stability mechanism depends on the charge separation arising when the ions and electrons do
not have identical E x B drifts because of the neutral drag on the ions. In fully ionized plas-
mas a small finite-Larmor-radius effect can cause drift-wave-like instabilities, but only when &
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el ure 1l
beam=0.5m beam-plasma experiment (Ref. 36).

Fig. 62. Apparatus for weak beam-
plasma experiment (Ref. 36).

1221152

is finite. =~ However, in weak magnetic fields in
which the electrons are magnetized but the ions have
Larmor orbits much larger than the plasma, the
charge separation is so strong that even flute insta-
bilities with 4, = O can arise. This instability was
discovered in the course of an experiment on chaos
by Y. Sakawa™ as part of his Ph.D. dissertation at
UCLA. Fig. 62 shows the apparatus. In a uniform s
160-G magnetic field, a weak electron beam (100 PN ! - 00

A at 250V) is injected into 2 x 10” Torr of argon,
ionizing a tenuous plasma of order 10’-10° ¢cm™ in
density. The negative charge of the beam causes a
radial electric field of the proper sign for instability, & tem
as shown by the potential profiles of Fig 63 for 52002
various beam currents. oy

o t{kHz) 100

3z12/2

Amp (cBV)

Oscillations of two or more frequencies are
seen; these are shown in Fig. 64 to lock into each
other when they are harmonically related and gen-
erate turbulence through mode-coupling®’. We are
interested here in what causes the instability in the
first place. The fundamental frequency is higher than the ion cyclotron frequency and much
lower than the diamagnetic drift and E x B frequencies, thus eliminating all previously known
instabilities. Here the small-but-finite ion Larmor radius picture is not at all appropriate, since
the 1ons bounce in the radial potential well with orbits that are barely curved by the v x B
force, as shown in Fig. 65. The finite curvature is all-important, because it causes a slow azi-
muthal drift of the 1ons, and this drift frequency is the only frequency the agrees with the ob-
served one. By treating the ion orbits without a small-FLR expansion, we have found**** that

=)
s

Fig. 64. Unstable oscillations generated by
electron beam (Ref. 37).
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indeed there should be a large growth rate in the experiment, and that the region of instability
(Fig. 66) covers all but the weakest electric fields. This instability may be important in the
weak-field discharges used in plasma processing and in strong electric field layers whose scale
length is comparable to or smaller than the ion Larmor radius at the electron temperature.
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Fig. 66. Stability boundaries of the collisionlcss E x B in-
stability with large ion orbits (Ref. 39).

Fig, 65. Mechanism of the modified E x B instability. The E x B rotation of the ions is much smaller than of
the clectrons, causing a charge separation wherever there is a positive density fluctuation. The resulting first-
order E-field causes an outward drift when E, and Vn, are both inward. This drift increases the local density
at the expense of Vn,,

S. The tokamak H-mode. The discovery of the H-mode drew attention to the importance of
transverse electric fields, and the difference in behavior of L-mode and H-mode discharges
should give clues as to how the fields at the edge layer can affect plasma stability. Unfortu-
nately, tokamaks do not provide a clean environment for basic experiments, since the mag-
netic field lines are not straight, and the plasma may have many charged and neutral species in
the limiter region. In a uniform magnetic field, at least three mechanisms are involved with
plasma stability in a transverse E-field: differ- — Fiold cails — -
ential E x B drifts, Kelvin-Helmholtz effects

due to electric shear, and drift wave effects «é Edge plasma

-

T

|

due to pressure gradients. Note thatthe Ex B | _Plasma
effect can be strongly stabilizing in those re-
gions where the sign is opposite to that in the
reflex arc. These effects can be separated by

proper experimental design, provided that the Fig. 67. Conccptual cxperiment using a helicon

complicating factors of magnetic shgar, source to study tokamak edge layer physics.
trapped particles, etc. are eliminated. Consider

the simple apparatus shown in Fig. 67. As discussed later, a helicon source can create highly
ionized, quiescent plasmas in the 10"°-10" cm™ density range with just a few kilowatts of rf
power. When put into a PISCES-type machine with a biasable aperture limiter, such a
plasma can simulate the edge layer of the H-mode. In inertial fusion, we were able to isolate
and understand the various parametric instabilities by doing specially designed experiments
using specially tailored plasma sources. If basic experiments in magnetic fusion were still sup-
ported, the physics of the H-mode edge layer could be understood much better than it is now.

A l Helicon Source

Segmented electrode Limiter
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electrostatically shielded helix (Fig. 71)** Understanding and optimizing such plasma sources
can be an interesting new direction for basic plasma research.
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3. Development of the helicon source. At UCLA, we have been concentrating on the heli-
con source, which I got interested in because it has a higher ionization efficiency than any
other source and has more flexibility. Helicon waves in plasmas are low-frequency whistler
waves confined to a cylinder; they were first found by Peter Thonemann and his colleagues®
in England. Later, Boswell*® discovered in Australia that helicon discharges produced very
dense plasmas. It was in Australia that I discovered Boswell and suggested that the ionization
process might involve Landau damping®. Fig. 72 shows a diagram of a helicon source*” ap-
plied to semiconductor etching or deposition, and Fig. 73 shows the apparatus we have used®
the past few years to study the physics of helicon discharges.
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Fig. 73.

Device for basic studies of helicon discharges.

Some of the possible advantages of helicon sources are as follows:

High density, high efficiency
Uniformity and quiescence

Low neutral pressure
Low B-field relative to
No internal electrodes

ECR

Control of electron and ion energies
Remote operation, good access
Self-generated dc wafer bias

It has been fascinating and exciting research; we have verified theory in some cases and found
unexpected effects in others. A few examples will suffice. Fig. 74 shows several antennas we
have used and the peak densities obtained with them. The helical ones give higher densities

and are supposed to excite m

Antenna Comparison at 2200W

= +1 and -1 modes. We have computed the mode patterns for
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Fig. 74. Peak densitics obtained with different heli-

< B,k <

B k

con antennas vs. magnetic field (Ref. 48). m= e m=
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Fig. 75. Computed helicon mode patterns for right- and left-hand polarized
modes (m = +1, -1) for uniform and parabolic density profiles (Ref. 49).
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these modes in uniform and non-uniform density plasmas; the results are shown in Fig. 75.
The m = -1 mode seems to concentrate the rf energy into a smaller volume near the axis, ex-
plaining why the left-hand helical (L) antenna gives the highest density. When we actually
measured the mode patterns with a magnetic probe, however, we found that all antennas ex-

cited the m = +1 mode (Fig.
e e
OB’

06t

B, (A.U)
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02
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8, (A.U)

r (cm)

Fig. 76. Measured components of
the wave magnetic field (points)
compared with theoretical profiles
for the m = +1 (solid line) and m =
-1 (dashed line) modes in a helicon
discharge (Ref. 49).

Fig. 78. Axial variations of
density. electron temperature,
space and floating potential,
and ionized  Argon light in a
helicon discharge (data by . =
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76)*. This discrepancy is still under study. When we reverse the

Fig. 77. Peak density in units of 10"’ cm™ in a helicon dis-

charge.
“plateau’.

Gas depletion causes the lower curve marked

end coils of the solenoid and place the antenna in a magnetic
cusp field, we found a beneficial five-fold increase in axial
density. After a long series of experiments, we believe that
this is due to the magnetic aperture limiter effect, coupled
with the destruction of the backward-going helicon wave. Fig.
77 shows the density profile at high pressure with the cusp
field; note that the peak is nearly 10" cm™ even though there
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1s no axial confinement. Recent measurements of the axial variations of density, electron tem-
perature, space potential, and 488-nm Ar’ light are shown in Fig. 78. It was at first surprising
that the density should increase with distance away from the antenna. However, the other
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curves show that KT, drops, as it should, and therefore the density has to increase to maintain
pressure balance. The floating potential also rose unexpectedly, but when it is corrected to
the space potential, we see that the latter is flat, agreeing with the E; = 0 condition. The opti-
cal emission curve shows a falloff that is too slow to agree with the temperature profile, but if
one assumes that metastables are created near the antenna and drift downstream, then the cold
electrons there can ionize them and produce the observed curve. Studies of this kind show
that basic plasma physics is still alive, and that industrial plasmas do not have to be treated in a
rough and ad hoc fashion.

Conclusion. As plasma physics moves into the 21st century, I have no doubt that its main
impact on society will come through its industrial applications, at least until fusion power be-
comes prevalent in the latter half of that century. Following the historical trend, as we have
shown in this talk, the development of technological plasmas will no doubt be spearheaded by
the invention of new plasma sources.

REFERENCES

' F. Boeschoten and F. Schwirzke. Nuclear Fusion 2, 54 (1962).

* J. Malmberg and C. Wharton, Phys. Rev. Lett. 17. 175 (1966).

? Wilcox. Baker. Boley, Cooper, deSilva. and Spillman. J. Nucl. Energy Pt.C 5, 337 (1962).

* JM. Wilcox. F.I. Boley. and A.W. deSilva. Phys. Fluids 3. 15 (1960).

*R. Taylor. K. MacKenzie, and H. Ikezi. Rev. Sci. Instrum. 43, 1675 (1972).

®R. Taylor. D. Baker, and H. Ikezi, Phys. Rev. Lett. 24, 206 (1970).

" Y. Nakamura and I. Tsukabayashi, Phys. Rev. Lett. 52, 2356 (1984).

* B.H. Quon and A'Y. Wong, Phys. Rev. Lett. 37, 1393 (1976).

° B.H. Ripin and R L. Stenzel, Phys. Rev. Lett. 30. 45 (1973).

'“RL. Stenzel. Phys. Rev. Lett. 9, 547 (1975); Phys. Fluids 19. 857 (1976).

""RL. Stenzel, A'Y. Wong, D. Arnush. B.D. Fried, and C.F. Kennel. AGARD-NATO Meeting CTP-138.
No. 4-1 (1973).

' R.L. Stenzel. W. Gekelman, and M. Urrutia. Advances in Space Research 6. 135 (1986).

"R L. Stenzel. W. Gekelman, and N. Wild. Phys. Fluids 26. 1949 (1983).

" C.L. Rousculp. R L. Stenzel, and J.M. Urrutia. Phys. Rev. Lett. 72. 1658 (1994). J.M. Urrutia. R.L. Stenel.
and C.L. Rousculp. Geophys. Rev. Lett. 21. 413 (1994).

" W. Gekelman (private communication),

'“N. Rynn and N. D" Angelo, Rev. Sci. Instrum. 31. 1326 (1960).

" H. Hendel. T.K. Chu, and P. Politzer. Phys. Fluids 11. 2426 (1968).

' R.W. Motley and N. D’ Angelo. Phys. Fluids 6. 296 (1963).

" A'Y. Wong. R W. Motley, and N. D’ Angelo. Phys. Rev. A 133, 436 (1964).

“P. J.Barrett. H.G. Jones, and R.N. Franklin, Plasma Phys. 10. 911 (1968).

*' J.J. Turechek and F.F. Chen, Phys. Rev. Lett. 36. 720 (1976).

** MLJ. Herbst. C.E. Clayton, and F.F. Chen, Phys. Rev. Lett. 43. 1591 (1979): J. Appl. Phvs. 51. 4080 (1980).

* B. Amini and F.F. Chen, Phys. Fluids 29, 3864 (1986).

*'B. Amini and F.F. Chen, Phys. Rev. Lett. 53, 1441 (1984)

* C. Joshi. C.E. Clayton, and F.F. Chen. Phys. Rev. Lett. 48. 874 (1982).

**F.C. Hoh and B. Lehnert. Phys. Fluids 3. 600 (1960).

*"F. Chen. J. File. and E.W. Lehmann. Project Matterhorn Tech. Memo 68, NYO-8071 (1959).

* F.F. Chen. Rev. Sci. Instrum. 40, 1049 (1969).

“? A. Simon, Phys. Fluids 6. 382 (1963).

* R Bingham, F.F. Chen, and W. Harrics. PPL MATT-63 (1962): F.F. Chen. PPL MATT-249 (1964).

27



" F.F. Chen. Phys. Rev. Lett. 8, 234 (1962).

*R.D. Lehmer. privatc communication.

*R. Bingham and F.F. Chen, Bull. Amer. Phys. Soc. 7. 151 (1962). F.F. Chen and R. Bingham. Bull. Amer.
Phys. Soc. 7. 160 (1962)

*K.C. Rogers and F.F. Chen. Phys. Fluids 13. 513 (1970).

*F.F. Chen. D. Mosher. and K.C. Rogers. Proc. 1968 IAEA Int’l Conf. on Plasma Phys. and Controlled
Fusion Resecarch 1. 625 (1969).

**Y. Sakawa. C. Joshi. P.X. Kaw. F.F. Chen, ad V K. Jain. Phys. Fluids B 5. 1681 (1993).

*'Y. Sakawa. C. Joshi, P.K. Kaw, V.K. Jain. T.W. Johnston. F.F. Chen. and J.M. Dawson. Phys. Rev. Lett.
69. 85 (1992).

*®F.F. Chen. Proc. Int’l Conf. on Plasma Physics (Innsbruck) I, 1789 (1992).

** F.F. Chen and M.J. Hsieh, Proc. Int’l Wksp. on Magnetic Turbulence and Transport (Cargése. France).

p.36 (1992).

D.M. Manos and D.L. Flamm, Plasma Fiching (Academic Press. 1989).

"''N. Sadeghi. T. Nakano. D.J. Trevor, and R.A. Gottscho. J. Appl. Phys. 70. 2552 (1991).

=, Hopwood. Plasma Sources Sci. Technol. 1. 109 (1992).

“ W.L. Johnson, Proc. 36th Techn. Conf.. Soc. Vacuum Coaters (1993).

“J.A. Lehanc and P.C. Thonemann. Proc. Phys. Soc. 85. 301 (1965).

" R.W. Boswell. Phys. Lett. A 33. 457 (1970).

" F.F. Chen. Plasma Phys. and Controlled Fusion 33. 339 (1991).

YAl Perry. D. Vender, and R.W. Boswell. J Vac. Sci. Technol. B9, 310 (1991).

"™F.F. Chen and G. Chevalier, J. Vac. Sci. Technol. A 10. 1389 (1992).

*M. Light. M.S. Thesis. UCLA (1994),

40

28




