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ABSTRACT

BEHAVIOR OF R. F. HEATED PLASMAS IN
A TORCIDAL OCTUPOLE MAGNETIC FIELD

Julien Clinton Sprott

Under the Supervision of Professor D. W. Kerst

Microwave frequencies of 700 - 9000 Miz and powers up to 100 kW
have been used to produce and heat plasmas in regions of electron
cyclotron rescnance in a toroidal octupole magnetic field. A theor-
etical model has been developed to predict the heating rate of a
cold tenuous plasma in an arbitrary non-uniform magnetic field. The
model predicts strong heating at places where Vi B = 0 at resonance,
The heating is most efficient when the density is such that the micro-
wave frequency - w lies in the range mpz < wz < wpz Q where wp is
the plasma frequency and Q is the quality factor of the cavity.

Two types of experiments have been performed. In one type, a gun

injected plasma with n ~ 10° cm—s, KT, 7 5eV, and KI; © 40 eV is

heated by a pulse of microwaves with p 10—6 torr. Scintillator
probes show the predicted localized heating, and indicate that the

electron distribution during the heating is non-Maxwellian with an

ii






average energy of 100 eV - 1 keV. After the heating pulse, the
energetic electrons are rapidly lost to obstacles in the plasma, so
that after 7100 usec the average energy returns to near its original
value,

The other type of experiment consists of raising the background
gas pressure to ~ 10_4 torr and breaking down the gas by microwaves
without preionization. The resulting plasma in the afterglow has
n ~ 107 - 10 a3, and KT, < KI_ " 1eV. The spatial distribution
1s a strong function of the position of the resonance zones. Langmuir
probe measurements show a temperature decay in agreement with calcu-
lations for inelastic electron-neutral collisions. The particle life-
time is 73 msec, and most(” 80%) of the plasma is lost to the hoops.
Several classes of fluctuations were studied, but it does not appear
that they are an important source of plasma loss.

The heating model has been extended to include ion cyclotron
heating, and it is shown that the heating rate for ions is the same
as for electrons if the electric field has the same strength and if
the resonance zones occur in thé same places. For low density plasmas
9

(n ™ 10 cmas) it is shown that low frequency electric fields can

penetrate the plasma and that appreciable ion heating should result,
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I, INTRODUCTION

R, F. plasma sources had an early origin in such devices as ion
sources for nuclear physics,l welding torc:hes,2 and sources for spectro-
graphic analysis. The absence of the usual discharge electrodes makes
possible the production of high purity plasmas and plasmas in which the
electrons and neutral gas are nearly in thermal equilibrium,

The electrical breakdown of gases in the absence of a magnetic
field has been the subject of several extensive works.3u5 An elec-
tron (charge e) in the absence of a magnetic field obeys an equation
of motion of the form

> iwt -+
mv = eE e - MV

where v is the electron-neutral collision frequency {assumed to be
velocity independent). The electron therefore oscillates with a fre-

quency w and a maximum kinetic energy given by
o2 ;7'
W = -

m(wz + vz}

where E?~ is the mean square electric field. Breakdown can occur only
if the electric field is sufficiently strong to raise the electron

energy_wo to the ionization energy of the neutral gas'Ui:
2

E"f' - m(w2 + v U
3 eé i®

Note that at high pressures (v >> w), large electric fields are required
to induce breakdown. At low pressures (v << w), breakdown occurs more
readily, so that, for example, in hydrogen gas at a frequency of 3000

MHz, the breakdown electric field should be about 2 kV/am. 1In practice,






2
the breakdown field at low pressures is higher than that given by

this simple estimate, since the electron confinement time or the dura-
tion of the r. f. may be less than the ionization time.

Perhaps the earliest interest in the problem of the interaction
of electromagnetic waves with a plasma in a magnetic field arose from
a desire to understand the behavior of radio waves in the ionosphere.
The pioneering work of Appleton6 and others provided a general dis-
persion relation (the Appleton equation) from which the reflection and
absorption of a wave travelling through the ionosphere can in principle
be calculated provided the magnetic field and density of electrons
and neutrals along the path of the wave is known. The theoretical pre-
dictions along with a wealth of experimental data can be found in a
number of textbooks.

With the advent of controlled thermonuclear fusion research,lo it
became desirable to develop r. f. techniques for breakdown and heating
of large volumes of plasma confined in various magnetic field confipur-
ations. The development of high power pulsed radar sources during
World War II provided the necessary technology.

The presence of a magnetic field drastically alters the heating
process as can be seen in the following example, Consider an electron

in a static uniform magnetic field E=3zanda perpendicular oscilla-
ting electric field E=5 x e The equation of motion of the elec-

Lo
tron is called the Langevin equation and has the form

A > > > >
mv =ekE+evxB-mvv,.

It is straightforward to show that for v << w the steady state velocity

Vo oscillates with a frequency % (w + wc) and an amplitude






Zwe E W - W 3
Vio = 10 cos | < t)
m /(wz - wcz)z + 4032\)2

where W is the electron cyclotron frequency:

B

o

w =
C

5

At resonance {uw = wc}, the electron executes circular oscillations

with a perpendicular energy of

2 i
W o= © Ey
L p

my

The corresponding mean square perpendicular electric field required

for breakdown is

2

. 2
Eip

= vaUi/e

Hence resonance breakdown occurs at electric fields which are v/w
smaller than those required in the absence of a magnetic field. TFur-
thermore, the electron energy produced by a given electric field is
larger by (w/v)z if electron cyclotron resonance occurs. For w# W

the electron energy is smaller and oscillates with the beat frequency
I In reality, effects such as the energy dependence of v, the
relativistic mass increase, the doppler effect, and.radiation complicate
this simple picture,

As a further example, we will consider how space charge alters the
heating process when the electron density is large. The Langevin equa-
tion can be used to determine the polarization field P in the plasma
by summing the dipole moments of the oscillating charges. If colli-
sions are neglected, the relative dielectric constant for a cold plasma

1s found to be






2
@ 4
Kme/eo=1+P/eOE=1w—J—-«—--~j

2 2
W e

where wy, 1s the electron plasma frequency,

PRV—

2
ne

w_ = —

D £ i
I O

For K > i, space charge reduces the electric field in the plasma, while
for X < 1, the electric field is enhanced. At X = 0, the electric

field becomes infinite, and resonance heating occurs at

w = ACZ + wpz

a

This frequency is called the upper hybrid resonance frequency.11 Note
that as the electron density approaches zero, we recover the single par-
ticle resonance at the electron cyclotron frequency., For K < 0, the
electric field is evanescent, which means that waves propagating into

the plasma are reflected near the boundary. This condition occurs for

In the absence of a magnetic field (wc = (0), we obtain the familiar re-
sult that waves cannot propagate in a plasma when their frequency is be-
low the plasma frequency. The magnetic field permits waves with fre-
quencies below the cyclotron frequency to propagate through plasmas of
arbitrary density. For propagation parallel to the magnetic field, this
is called the whistler mode,lz and the waves are called electron cyclo-
tron waves.

We could continue discussing increasingly complicated examples of

waves in plasmas by taking into account the presence of positive ions,






5
finite temperatures, and inhomogeneities in density and magnetic field.
The result would be to show that there is a wide variety of propagation
modes and resonance conditionsn13 Instead, we will mention some particu-
lar experiments in which r.f. electric fieids have been used to produce
or heat plasmas.

It is unfortunately the case that plasma confinement generally re-
quires very non-uniform magnetic fields, and as a result the theory of
r.f. heating is quite complicated. Perhaps the simplest geometry and
one in which r.f. heating found early application is the magnetic mirror.
Linearly or circularly polarized waves can be made to propagate along
the mirror axis. In general, the wave frequency is chosen so that the
wave passes through two regions of electron cyclotron resonance, and at
those places, electron heating is supposed to occur. The earliest such
experiments took place at Oak Ridge National Laboratoryl4 where it was
found that heating was surprisingly efficient in spite of the small size
of the region in which cyclotron resenance occurs. These findings en-

5-20

couraged other experimentsl so that now r.f. fields are probably

the most common means of heating in mirror machines. Typically these
experiments use microwave frequencies from 3 to 10 Glz and power densi-
ties of the order of a few watts/cmS. Background pressures are typically

-5 3

10 7 to 1077 torr, and the plasmas produced consist of a cold (few eV)

dense (109 to 1012 cm—g) canmponent and a more tenuous hot component with
an energy as high as a few hundred keV,
Several theories have been developed to explain the heating rate

21-23

in these mirror machines, The theories all involve solving the

equation of motion of an electron which is trapped in the mirror and






6
periodically passes through the resonance region. It is usually assumed
that the acceleration is stochastic and that the electrons undergo a
random walk in velocity space. None of the theories so far is exact, and
the results vary according to the approximations used.

With the development of more complicated geometries such as stellar-
ators and multipoles, it becane desirable to extend r.f. heating tech-
niques to these machines. R.F. heating has been successfully employed
in the Princeton C Stellarator, in levitrons at Livermore and Culham,

in a spherator and linear quadrupole at Princeton, in a levitated toroidal
quadrupole at Oak Ridge, and in a toroidal octupole at Wisconsin., A con-
venient summary of these experiments is included in the papers presented
at the Third Conference on Plasma Physics and Controlled Nuclear Fusion
Research in Novosibirsk, USSR (1-7 August 1568). The interest in these
experiments has been more with the confinement of the plasma than with
the heating mechanism. The experimental approach has generally been to
inject microwave energy through a hole in the cavity wall and then to
lock at the behavior of the resulting plasma as it decays.

This thesis is concerned with both the heating mechanism and the
properties of the plasmas produced by r.f. electric fields in the Wiscon-
sin toroidal octupcle. Chapters 11 and I11 deal with the experimental
apparatus and diagnostic techniques respectively. In Chapter IV a theor-
etical model is developed to describe cyclotron heating in an arbitrary
non-uniform magnetic field, and the results are applied to the toroidal
octupole, Chapters V and VI describe experimental observations of the
heating process and of the afterglow plasma vespectively, and Chapter

VII comments on the extension of these technigues to the problem of






ion cyclotron resonance heating.
All equations are in MKS units, although gauss and centimeters

are used frequently in the discussion.






IT. APPARATUS

A, Toroidal Octupole

The Wisconsin toroidal octupele has been discussed in detail else-
where.24—26 We will review here aspects of the device which are im-
portant for understanding the present experiments.

Figure 1 is a diagram of the apparatus. The octupole magnetic
field is produced by discharging a 2964 uF capacitor bank into a 60
turn primary winding on the iron core which threads the toroid. Four
copper hoops mechanically-supported near the corners of the toroidal
vacuum vessel form the transformer secondary. For a typical excita-
tion of 2 kV, a total current of 190 kA flows in the hoops. These
currents, along with the image currents in the aluminum walls, produce

the octupole field., The magnetic field is pulsed about once a minute

with a half cycle of a 100 Hz damped sine wave which can be represented

approximately by the function®’
B(t) = o /10 g4 Tt 0 <t <5)
' 5

where t is in msec.

A computer calculated magnetic flux plot in a constant 8 plane
(where 8 is the azimuthal coordinate measured from the plane of gun in-
jection) is shown in fig. 2. The light lines are magnetic field lines
(or y- lines), and the heavy lines are contours of constant magnetic
field strength (arbitrarily normalized to 1 at the outside wall mid-
plane). The magnetic flux is arbitrarily divided into ten equal

units (called dorys) and the flux lines are numbered from 1 = -5 at



Figure 1, Wisconsin toroidal octupole apparatus.
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Figure 2. Magnetic flux plot of the toroidal octupole showing

contours of constant magnetic field strength.
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at the hoops to ¢ = +5 at the walls., The separatrix (the field line
that passes through the B = 0 axis) is at y = -1,06, and Yerir (the
field line on which V"' (§) = dZV/de =0) is at ¥y = +3, FPor 2 kV
excitation, the constant B contours in fig. 2 are approximately in
units of kG, and one dory is about 4 x 10S gauss‘cmz. The confinement
volume is 3 x 105 anS.

Plasma from a conical pinch gun similar to that used by Joseph-
son28 can be injected into the toroid. A pulsed valve admits a puff
of gas to the gun just prior to the discharge of a critically damped
capacitor bank (9 uF, 18 kV) across the gun electrodes. Un-ionized
gas is differentially pumped in a 1.5 meter long drift tank while the
plasma enters the octupole field through a slotted port in the wall,

-3

Just inside the injection port the density is ~ 1011 can 7, and the ion

temperature is ~ 40 eV,

7 torr by two

The system is pumped to a base pressure of ~5 x 10
10" oil diffusion pumps. High purity hydrogen can be continuously bled

in through a micrometer valve for operation at higher pressures.

B. Microwave Heating Systems

Microwave power for plasma heating is generally produced by pulsed
magnetrons.zg The magnetrons used in this experiment operate at fre-
quencies of 700, 1300, 3250, 5280, and 9000 MHz, with peak output powers
ranging up to 100 kW. A summary of the characteristics of the various
microwave systems is shown in Table I.

These magnetrons are designed to produce typically 1 usec pulses
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TABLE I.  MICROWAVE HEATING SYSTEMS:

MICROWAVE BAND p L ) C X
Magnetron type 700C 5J26 2J38 QK241 6249A
Frequency (Milz) 700 1300 3250 5280 9000
Wavelength {cm) 43 23 9.2 5.0 3.3
Resonant field (G) 250 405 1160 1900 3200
Peak power (kW) 20 40 10 70 100
Ferrite isolator none none 20d8 none 134B
Variable

attenuator none none >30dB 30a8 20dB
Directional

coupler none none 4448 none 28dB
Output line coax coax WG WG WG
Crfif;giltl:y @y ex10® 2,10t 1.axaot! 3. saot! 1x10t?
Mode

numbey 31 210 3200 14000 68000
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of r.£. with a repetition rate of 1 kHz. In our application, con-
siderably longer pulses are desired, but the repetition rate is only
about 1 pulse per minute. It was determined that many magnetrons
could be run at their rated peak power for these long pulses, In
some cases, however, it was necessary to reduce the strength of the
magnetron's magnetic field and operate at reduced power. Pulse lengths
of 144 usec are commonly used.

A versatile magnetron pulser was developed to supply filament power
and pulsed dc to any of the magnetrons. It is a self-contained unit
capable of operating three magnetrons simultaneously. The major com-
ponents of the pulser are included in fig, 3. Up to 600 J can be stored
in a bank of 45 pulse forming networks which are each rated at 15 kV
dc, have an impedance of 67 & and produce a 16 upsec square pulse when
discharged. They can be connected in series to produce pulses up to
720 usec or in parallel to match impedances down to 1,5 . The net-
works are discharged with 5C22 thyratrons connected directly to the
magnetron cathode or to a 1:6 pulse transformer for magnetrons which re-
quire higher voltages. The pulse transformer can be cocked (reverse
magnetized with a dc current) to improve its performance on long pulses.
A four channel, high stability, calibrated electronic timer is used to
trigger the thyratrons and to trigger scopes and perform other functions,

Since the magnetron is called on to supply power to a cavity whose
impedance depends critically on frequency, plasma density, and the
position of movable probes, it is desirable to use a ferrite isolator
in the magnetron output to reduce the VSWR in the line and to insure

magnetron stability. A variable attenuator allows the microwave
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Figure 3. Typical microwave heating system.
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power to be adjusted, and a bi-directional coupler samples forward
and reflected power in the line. At the higher frequencies, wave-
guides are used to couple power into the toroidal cavity through a
specially contoured hole in the wall covered by a 1/8" lucite vacuum
window. At the lower frequencies, evacuated coaxial lines are used
which are terminated in 1/4 wave antennas protruding into the cavity.
Arcing in the waveguides and at the vacuum windows has sometimes been
troublesome at high power levels, The causes and cures of thése
problems have been discussed in detail by Eason.

Effective microwave heating generally requires large electric
fields in the cavity., This is best accomplished by choosing a fre-
quency which corresponds to some resonant mode of the cavity. For a
cavity with linear dimensions of many wavelengths, the mumber of

modes between zero frequency and frequency f can be approximated by31

N =82 0y,

so that the average mode spacing is

3
df C
= e (1}
N 8mfE" vV

The half width of the modes due to the finite cavity Q 1s

M= £/Q . (2

The Q of the toroidal cavity without plasma was measured to be about
4000 at 9000 MHiz. Measurements at 24 GHz indicate that the Q scales
like the square root of the frequency as expected theoretically.

Lquations (1) and (2) imply that in the present experiment the modes
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overlap at frequencies above about 1200 MHz, and the cavity impedance
should then be relatively insensitive to frequency. Under these con-
ditions (AB << V/Q), waves are more likely to be absorbed by the
cavity walls than to return to the input waveguide, and so the re-
flected power is expected to be a small fraction of the incident
power, in agreement with observations,

The mean square electric field in the cavity can be determined

from the input power PO by

1
w2 _ POQ

B (3)

E;BV
where Q' is the perturbed Q of the cavity (in the presence of plasma),
and w is the microwave frequency (w = 2nf). The unperturbed RMS elec-
tric field in the cavity is plotted vs PO in fig. 4 for the highest
and lowest frequencies used in the toroidal octupole. Also plotted

in fig. 4 is the RMS acceleration of an electron given by

C. Low Frequency R.F. Heating System

Whereas electron cyclotron heating requires microwave frequencies,
ion cyclotron heating requires frequencies smaller by the electron/ion
mass ratio, m/M. A 1 MHz, 10 kW pulsed r.f. source was developed for
ion heating studies. The system consists of a regenerative oscillator
that drives a 7158 class C amplifier. The oscillator is switched on

for times up to 10 msec during which a 16 uF capacitor charged to 6 kV



20

Figure 4. RMS electric field vs. microwave power in the toroidal

octupole (without plasma). .
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supplies power to the amplifier. The output is single-ended or balanced

and will match impedances from 15 to 1000 Q.
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ITI. DIAGNOSTICS
A. Probes

The most versatile diagnostic tool in this experiment has been the
Langnuir probe, discussed almost to the point of exhaustion in several

32-3 . . . . )
4 This section contains a review of the basic

review articles.
theory of probes and a discussion of some special probes which have
been used in the present experiment,

A conducting electrode placed in a plasma will in general collect

a current I given by

I= IOi - Ioe exp [e {¢ - @p}/kTe] ()

provided its potential ¢ is less than the plasma potential @p. Ioﬁ

and Ioe are the ion and electron saturation currents respectively,

and are given approximately by

I,; = neA VKT /2 (5)
and
I, = neA v 'ETe7§1m1.

Té is the electron temperature, n is the plasma density, A is the probe
area, and T® is either the electron or ion temperature, whichever is

larger.
1) High impedance probes
In many cases, the bulk motion of a plasma in a magnetic field

is detemmined by the ExB drift,
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- -*2
v = E x B/B®,

o+

so that measurements of potential gradients in the plasmas are suffi-
cient to detemine plasma motion. A high impedance probe (i.e.: a
probe that draws no net current), acquires a potential L given by

equation (1) with I = 0:
o = & - x=— In (MTe/mT*). (6)

In the absence of temperature gradients, the electric field can thus

be determined from floating potential gradients:

=
h"‘v@p”—v@f

In practice, infinite impedance probes cannot be made, and it is
necessary to determine how high an impedance is required for a probe
to read floating potential correctly. The plasma behaves like a
voltage source o with some source resistance R.. This resistance
can be estimated by evaluating the slope of I(¢) from eq. (4):

_de¢ kTe kTe /2™

R = w = . (7)
S HT'®f el . 7 T

ol ne A
A graph of Rs vs density for various temperatures in a hydrogen plasma
is shown in fig. 5.

In order to test eq. (7), a probe in a mercury discharge tube
similar to the one described by Burke and Crawford35 was used to
measure RS. The resistance RS was first calculated from measured
values of Ioi and Te (see next section). Rs was then measured by obser-
ving the amplitude of a 150 kHz floating potential fluctuation as ex-

ternal load resistors were added to the circuit. A comparison of the
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Figure 5. Probe sheath resistance vs. plasma density for

various temperatures in a hydrogen plasma.
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calculated and measured values is shown in fig, 6. The agreement is
quite good, confirming the accuracy of eq. (7).

The probe impedance can generally be represented as a parallel
RC circuit as shown in fig., 7(a). The high impedance probe will read

floating potential correctly only if

RL >> Rs and l/u.'CL >> R,

where R; is the load resistance and G is the input capacitance of the
measuring circuit and connecting cable. The first condition sets a
lower limit on the plasma density in which a particular probe will work,
and the second condition determines the maximum frequency response of
the probe in é plasma of a given density.

In tenuous, fluctuating plasmas, it is necessary to have a very
high probe impedance. RL can generally be made arbitrarily large, but

C, is limited by the finite length of the probe cable. C; can be de-

L

creased by driving the shield of the probe cable with a signal equal
to the floating potential. Alternately, a resistor can be inserted

near the probe tip36

to form a voltage divider with RL' The probe
capacitance can then be reduced to a value equal to the distributed
capacitance across the resistor, with a corresponding decrease in volt-
age gain,

Another type of probe, useful for measuring floating potential,

7 It consists of an

is the capacitance probe, developed by Schmidt.3
electrode sealed in glass which capacitively couples to the plasma.
This capacitance, along with the capacitance of the probe cable, forms

a voltage divider, FExceedingly high input resistances are achieved
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Figure 6. Comparison of calculated and measured values of

sheath resistance,



29

fO0OK

ll!!]

I

]

Rg (CALCULATED)

10] ¢

lillll

THEORETICAL

Rg (MEASURED)
| L 11 aqld 1 L1
FK IOK




30

Figure 7. Electrostatic probe circuits.
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by using a field effect transistor amplifier.

Any of these probes can be used to measure electric fields
directly by using two electrodes and a differential amplifier to
subtract the floating potentials at two nearby points.

2) Low impedance probes

Langmuir probes can also be used to measure plasma density and
electron temperature using the circuit shown in fig. 7(b). It
is clear from eq. (4) that by biasing the probe sufficiently
negative, all electrons are repelled, and the current to the probe
is just equal to the ion saturation current. By measuring this current,
one can determine the plasma density from eg. {5) provided the
temperature is known.

The electron temperature can be determined by varying the
probe bias and measuring the current to the probe. By plotting
n (I"Ioi) VS, @B, a straight line should result (if the electron
distribution is Maxwellian) whose slope is e/kTe:

e (05-0p)
n (I~Ioi) = vwaT;w"—— & Ioe
The ion temperature cannot, in general, be measured with probes,
but in many cases, Ti is less than Te’ so that it is not necessary
to know T, in order to use probe theory.
In cases where the plasma potential is large and fluctuating,

8 is useful. Two

the double probe technique of Johnson and M’alter3
adjacent tips are biased with respect to one another, and the
impedance to ground is high. Density is determined from the ion

saturation current as with a single probe, and the electron
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temperature can be determined from the slope of I(@B} as ¢p + 0:
d@B

_ 1
kTe/e - 2Ioi di
@B:O

The frequency response of the double low impedance probe can be
improved by placing some of the circuitry near the probe tip.

In order to measure I(@B) it is necessary either to change
op between each pulse of the magnetic field or to sweep op in
a time short compared with the time during which the plasma pro-
perties change appreciably. The first method is hampered by the
shot-to-shot irreproducibility of the plasma and by the fact
that when large electron currents flow to the probe, the I(®)
characteristic is distorted causing the temperature measurement
to be incorrect. This distortion occurs during and after a
time in which the plasma has a high density or large negative
potential. The electron flux apparently causes a contamination of
the probe that may last for several minutes. This contamination
effect is not well understood, but it appears to be absent in

7 Z

coulombs/cm”. As a result,

probes which collect less than ~10
swept probes are more desirable for measuring Te since they draw
a heavy electron current for a much shorter time.

Low impedance probes should have excellent frequency response
since RL is small (Cenerally we make RL << @B/I.). In that case,
the response time of the probe is limited by the time required

for the sheath to reach equ:i.librium.39 This time is given by the

transit time of an ion across the sheath and leads to an upper
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frequency limit approximately equal to the ion plasma frequency:

W = vhe fe M .

pi
3) Triple probes
The triple probe is useful because it enables one to simul-
taneously measure density, electron temperature, and floating
potential as a function of time. The triple probe has been

40-43 1t consists of three nearby

discussed by several authors,
electrodes spaced several Debye lengths apart. Two tips are
biased as a floating double probe with @B > kTe/e and used to
determine density from the ion saturation current by measuring
the voltage drop across a small load resistor RL (see fig. 7(c).).
The third tip measures floating potential. The potential
difference between the positive tip of the floating double

probe and the floating tip can be calculated from eq. (4):

kT

= € -
(I>+ - ®£ = -~é~—~9,n 2 = 0.69 kTe/e.

The triple probe is subject to the usual limitation of density
and frequency response, but it could in principle be improved by
the same methods36 used with the single and double probes.
4) Admittance probes
Another method for measuring time resolved electron temperatures

44 The method consists

uses an admittance probe.
of measuring the ion saturation current witha single Langmuir probe
and then measuring the admittance 1/RS by use of a balanced r.f.

capacitance bridge. The electron temperature is then determined
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from eq. (7): kTe/e = I R

oi’s’
The admittance probe circuit is shown in fig. 7{d). A
capacitance bridge is required to insure that the probe remain
at the d.c. floating potential. The output signal is proportional
to l/RS provided R >> 1/wCO. The amplitude & should be large
but well below kTe/e. For best frequency response, w should be

Jarge but well below the ion plasma frequency since the capacitive

reactance of the probe sheath becomes comparable to R at
W= wpi'45
The floating double probe, triple probe, and admittance probe
are all similar in that they measure both ion saturation current
and the slope of the I($) curve near the floating potential.
For hydrogen plasmas with Ti < Te’ only the most energetic 2.3%
of the electrons in a Maxwellian distribution are sampled, and hence,
for a non-Maxwellian distribution, the temperature inferred from
these probeé may not be representative of the bulk of the electrons,
Non-Maxwellian electron distributions are rare in plasmas, and the
admittance probe has given agreement with swept single probes and
an electrostatic energy analyzer in cases where comparisions have
been made. Examples of admittance probe measurements are shown in
VI. C.

5) Photoelectric probes

Although not in the same category as Langmuir probes, light
sensitive probes have been useful for measuring the time resolved
optical light output from the plasma. These probes use a shielded

IN2175 NPN silicon photo duo-diode which is sealed into the end
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of a 1/4" o.d. glass tube. The diode is biased to 45 volts, and

an oscilloscope is used to measure the current drawn through

a 10 kg load resistor. The rated sensitivity of the diode is 100 pA
for incident radiation of 9 mw/cm2 in the 7000 to 10,000 R range.

In practice, the diode is about as sensitive as a dark-adapted eye,
The response time is < 10 psec. The diode has a built-in wide

angle lens, but collimation can be added to achieve some spatial
resolution., Filters can be used if it is desirable to observe a
particular wavelength. Examples of photoelectric probe measurements

are shown in V. A.

B. Microwave Diagnostics
Microwave diagnostics have the advantage of sampling a large
volume with a negligible perturbation to the plasma. Microwave

46,47 ALl

techniques are described a length in several sources.

of the methods rely on the fact that the dielectric constant of a

plasma at microwave frequencies is a function of the electron density.
In this experiment, K band microwaves (f = 24 (Hz) were used

for diagnostic purposes. This frequency was chosen so as to be

well above the electron cyclotron frequency w >> W, = eB/m,

the electron plasma frequency

@ >> wp = nez/eom .

and the electron collision frequency, v. When these conditions are

satisfied, the local dielectric constant of the plasma is given

by
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. _ ) 2,2
K= E/eo = 1 wp Jw™.

The resonant frequency of a cavity mode is therefore shifted by an

amount

Sw = w/vK - w = pr/Zm

when the cavityis filled uniformly with a plasma. When the plasma
density is not constant within the cavity, the mode shift can
be determined from Slater's perturbation theorem48 with the result
fw 2Ezd\/
Sw_’p
@ szfﬁzdv
For a plasma with dimensions large compared with the wavelength,
as in the present case (A = 12 mm), the electric fields evenly

sanple the plasma, and the mode shift is then proportional to the

average electron density in the cavity:

Sw ﬁéz (8)

W Z "
ZeOmw

The apparatus consists of a 2K33 klystron oscillator with
an output power of about 5 mW. The power is fed through a 1/4"
air dielectric coaxial line to a 1/4 wave antenna inside the cavity.
A similar antenna on the opposite side of the toroid is connected
to a IN26 diode which detects the received signal. The cavity is
resonated in a high order mode (N ~ 106), and the frequency shift
of the mode is observed as a function of time in order to determine

n (t).
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The mode shift can be measured by one of three techniques,
depending on the plasma density. For 108 < 7 < 10° cmﬂs, the
klystron is tuned to the side of a cavity mode so that any frequency
shift in the mode appears as an amplitude change in the detector.
This slope detection method depends on the frequency shift being
small so that the amplitude of the detected signal is proportional
to frequency. A frequency discriminator at the klystron output is
used to feed back a signal to stabilize the klystronm.

At higher densities, the frequency shift becomes too large

0 cﬁs, the rastered

for slope detection. For 5 x 102 <5< 3x 10!
sweep technique is useful. The klystron repeller is swept with
a repetitive sawtooth voltage every 30 psec to sweep through a
series of cavity modes. The resulting modes are displayed on a
rastered sweep oscilloscope.

12 cm_g), the mode

At even higher densities (5 x 10° £ 7 < 10
counting technique49 is useful. The klystron frequency is fixed,
and the amplitude of the received signal passes through many peaks
as the density decays. The average spacing of the observable
modes was determined empirically to be df/dN = 3.0 MHz/mode, so
that each peak represents a density change of dn/dN ~ 1.8 x 10°
cm—s/mode.

The density obtained from Langmuir probes was compared with
the density measured with microwaves using an X-band generated

plasma. The density was varied by changing the power level. The

average density from the probe was determined from
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= _ [n@V' @)dp
VT ay

where n(y) was determined from the ion saturation current using

eq. (5). The electron temperature was measured with an admittance
probe. The density was determined from the microwaves by the mode
counting technique. The results are shown in fig. 8. The microwaves
indicate a slightly higher density, but the error never exceeds

a factor of two.

C. Electrostatic Energy Analyzers
An electrostatic energy analyzer has been used extensively

26,50 to measure plasma potential and ion energies for

by Erickson
the gun injected plasma in the toroidal octupole. The device
consists of a 6 mm i.d. Hipernik tube which provides a field-free
duct through which ions can be extracted from the body of a magneto-
plasma. The ions then pass through a 127° cylindrical curved

>1 and are collected on an aluminum

plate electrosfatic analyzer
target biased to -20 kV. Secondary electrons produced at the
target are detected by a plastic scintillator and photomultiplier
tube.52

Electron energies can be analyzed in a similar way by
reversing the bias on the deflector plates and post-accelerating
the electrons directly to the scintillator. Such a device has been

constructed by Kuswa.53 Because of the severe shielding required

1n extracting low energy electrons from a strong magnetic field,
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Figure 8. Comparison of average density using Langmuir probes

and microwave diagnostics.
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Kuswa has also developed a modified version of the electron

analyzer for use at low energies. It consists of a tiny set of
magnetically shielded deflector plates located inside the toroid
near the B = 0 axis. Electrons are incident on a biased aluminized
scintillator which produces an optical signal that is carried
through a light guide to a photomultiplier tube outside the plasma.
Alternately, the electron current to an electrode can be amplified
with a field effect transistor for direct measurement of either

electron or ion distributions.

D. Scintillation Detectors

High energy electrons in a plasma produce X-rays when they
strike an object in the plasma or the walls of the vacuum systen.
These X-rays can be measured using scintillation detectors. A
typical detector consists of a 1/2" thick slab of Nuclear Enter-
prises NE 102 plastic scintillator optically coupled to a 6199
photomultiplier tube. The scintillator is shielded from external
" light by a .001" copper or aluminum foil.

In its simplest form the scintillation detector is mounted over
a hole in the vacuum tank wall and responds to X-rays generated
by electrons striking the hoops and walls. Directional information
can be obtained by mounting the detector at the end of a long tube
which can be pointed at various regions of the plasma.

More precise spatial information can be obtained with scintil-
lator probes. Such g probe consists of a small cylindrical scin-

tillator wrapped in Jead foil and sealed into the end of a 1/4"






43
aluminum tube which can be inserted into the plasma. The face of

the scintillator is covered with a thin foil of alumimum or copper.
Electrons striking the foil produce X-rays which penetrate the
foil and are detected by the scintillator. A flexible light
guide carries the optical signal from the scintillator to a
photomultiplier tube outside the vacuum.

The usefulness of such a probe can be extended by using foils
of various thicknesses allowing one to do crude energy-analysis.54’55

For a Maxwellian electron distribution, the ratio of output signals

for two foil thicknesses is given by

. [ T EM)n, (AW [ Wng wye Wklegy
1, 0 0
ooy = -2 -0 9
2 [ /T EMn, aN [ wn, (e KTy
0 0

where nl[W) and nZ(W) are the ratios of photomultiplier current

to beam current for the two foils for an incident beam of electrons
of energy W. An electron gun.can be used to measure n(W), and the
integrals evaluated numerically to determine Il/Iz(kTe). Typically
n(W) has a threshold of a few keV above which it increases linearly
with energy. For distributions which can be represented by a sum

of two Maxwellians of different temperatures, the scintillator

probe ignores the colder component if its temperature is sufficiently
low. Having established the temperature of the hot plasma component,
the density of the hot component can be determined from the photo-

multiplier current I as with a Langmuir probe:
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=i
il

%- eA_/T%'[O/W'fCWJnCW)dw

T ©
/ T, W -W/kTe
neA m J’O ﬁ;’ & n CW) dW/kTe (10)

Several scintillator probes have been constructed. One
probe has a set of seven changeable aluminum foils vranging in
thickness from .0007' to .0049". It is useful for determining
whether the electron distribution is Maxwellian. Another probe
has two scintillators covered with .0007" and .002Z1" thick aluminum
foils with separate light guides and photomultiplier tubes. It
allows one to simultaneously measure density and temperature of the

hot plasma component.
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IV. THEORETICAL MODEL FOR

ELECTRON CYCLOTRON HEATING

A. Calculation of lieating Rate

The general problem that we Qould like to solve is to find the
time dependent distribution fimction f(;,v,t) of electrons in a cavity
of arbitrary size and shape in the presence of a static non-uniform

. . g . . i lwt -
magnetic field B(r), an r.f. electric field E(r,t)e” ", a uniform
background gas pressure p, and an arbitrary initial distribution
function fo(§,3,t}. The problem is simplified considerably if we
assume that the dimensions of the cavity are large cdnpared with the
free space wavelength {or equivalently that the cavity mode number is
large} and that the plasma density is sufficiently low that the waves
freely penetrate the plasma. These assumptions imply that the electric
field is homogeneous and isotropic, so that the mean square electric

fields perpendicular and parallel to B are related by

—y 7 3
]:.L "'ZI'.'.“ = ‘3“'}1

Furthermore, we will assume that the vacuum magnetic field is unperturbed
by the plasma (i.e., B = Zqu/B2 << 1),

We define a flux function ¢ which is constant on a flux surface
and has a valuc equal to the magnetic flux enclosed by that surface.
‘The magnetic field lines lie in the surfaces and may or may not be con-
fined in the cavity. An orthogonal coordinate system will be used in

which ¢ is a unit vector normal to a flux surface and £ is a unit
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vector in the direction of $. This system is convenient because
plasma energy flows readily in the § direction, and because in many
axisymnetric and linear geometries, the coordinate orthogonal to 2
and ¢ is ignorable,

The basic method will be to consider the plasma as a resistive
medium and to calculate the power absorbed per unit volume in terms

. . R
of a real tensor conductivity a:

dp * - 2 . 2
ava(%’-ﬁ]-bmolh_,_ to, By °,

or in our coordinates,

ANACEARERTLE 3 an

The perpendicular and parallel conductivities can be expressed in

terms of a collision frequency v for v << w as follows:

UJZ + wcz

g, =e_w = vl :
(w2~wC2)2 N 4w2v2

If B(£) is known, the integral in eq. {11) can be evaluated to determine
the heating rate. For v << w , the parallel conductivity is small and
the perpendicular conductivity is a very sharply peaked function of &,

so that we can expand B(R) in a Taylor series about its resonance value,

retaining only the first order term:
- dB -
B(2) = B, + & 37 B,

where £ = 0 is taken where B = Boeamm/e. The integral in eq. (11} can
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be evaluated for - «» < L <+ » to get the result:

dp ne :1._2
B_dB/ds ;BO
2
_ X =2 4V
=7 nel’ g B, (12)

Equation (12) is the major theoretical result of this thesis. Note

that the power is independent of v for v << w and is proportional to
the fraction of the volume of the flux shell in which the magnetic {ield
1s within dB of the resonance value. ‘'the power absorbed by the plasma
is proportional to the density in the resonance region and to the square
of the electric field.

The same result could have been obtained from a single particle
point of view, If the electrons are assumed to have no parallel velocity
and no initial perpendicular velocity, the electron energy W, (&,t)
could be calculated, neglecting collisions, and the power could then be
determined by integrating dW, /dt over all the particles along the field
line, Alternately, the particles could be allowed to pass through
resonance with a constant parallel velocity, and the perpendicular
velocity increment could be calculated by integrating the perpendicular
acceleration with respect to time along the path of the particles, The
flux of particles through resonance could then be used to calculate the
power, This approach was used by Kuck8556 to obtain a result equivalent
to eq. (12). The plasma can also be treated as an ensemble of harmonic
oscillators with natural frequencies distributed according to the dis-
tribution of particles in w. space, The total absorption cross section

for an isotropic flux of monochromatic photons can be calculated57 to
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get the same result as in eq. (12). Finally, we can calculate the at-

tenuation of waves travelling through a resistive medium by integrating
the Appleton equation over all space and over all solid angles and
arrive at the same result,

One advantage of the present treatment is that it is not necessary
to specify the heating mechanism. In fact, if we interpret the inverse
collision frequency v_l as an effective time during which the phase of
an electron remains stationary with respect to the electric field, we

can incorporate a variety of heating mechanisms into our model:

/ ;a V,
Vo= oy o o+ + %+ VR; W E:‘g“"& % 2 1]
Q

el en by

The first two terms represent collisions with ions and neutrals, The
third term arises from the fact that the electrons can only stay in
phase for the duration of the r.f. pulse (T), or in the case of

>8,59 for a time equal to the autocorrela-

stochastic elecfric fields,
tion time. The fourth tewm is the non-adiabatic effect considered by
Kuckes56 and results from the finite parallel velocity that takes the
particle through the resonance., The fifth term arises from the fact
that on the average the electric field reverses direction every half

0 has shown that in the ab-

wavelength in a multimode cavity. seid1®
sence of any randomizing effect (v = (), there can be no heating in a
non-uniform field. The fact that the heating rate is independent of v

is consistent with the fact that the same result is obtained independent

of the heating mechanism.

It 1s important to note that the power absorbed by the plasma may

not go directly into electron heating. For example, with electron-neutral
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collisions, the electrons reach an equilibrium energy given by

-z

W, =g BL_/nv

L 4
in a time of "vnl, whereupon the power goes into heating the neutral
gas which is usually rapidly lost to the walls of the vacuum system,
Similarly, for eiectron—ion collisions the lons are heated causing a
decrease in v which in turn raises the electron energy, so that an
equilibrium is maintained while both species are heated.

The requirement that v << w places an upper limit on the parallel
velocity for which eg. {12} is valid:
B

. Q
\]i' << Wﬂ,

In addition, relativity and the doppler effect can be neglected only if

v, << €.
The assumption that resonance occurs at the cyclotron frequency puts

an upper limit on the plasma density:

Furthermore, the assumption that the electric field is unperturbed by
the plasma near resonance places a limit on the density by requiring

that the width of the resonance be much less than the skin depth, or

2
by << e |v B /B,

Hence the model is valid only for low temperatures and low densities,

although the limitations are not too restrictive.
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Although the power absorbed by the plasma is independent of the

randomizing mechanism, the enerpy distribution function is different
for the v,, = 0 and the large v, cases. For v, = 0, only a small
fraction of the particles are heated, and W, (%) is proportional to
g, (£). At intermediate energies, the distribution function can be

shown to have the form

-1.5

£, , W, ) = W, s, )

where the ¢ function at W, = 0 arises from the requirement that
v, = 0.

It is interesting to note that a power law spectrum has been obser-
ved for primary cosmic ray protons incident on the earth's atmosphere,
and a similar spectrum for interstellar relativistic electrons has been
deduced from observations of cosmic synchrotron radiation,61 although

the power is typically 2.5 - 3.5 rather than 1.5. Fermi62

also pre-
dicted a power law spectrum by considering the stochastic acceleration
of cosmic rays by collisions with moving clouds of magnetic field.

When v, effects dominate, the heating is more uniform, and Lichten-

berg22 has shown that the resulting distribution is Gaussian:

2 )
f(wi] = n /~———-———:§ exp(- W /2 W, )
™
where
_7 1 .2 .
Wo=n [ oW ) ag

o
is the mean square perpendicular energy. In reality, we expect electron-

electron collisions and other thermalizing effects to cause a relaxation
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toward a Maxwell-Boltzmann distribution:

W

£00) = g oxp (~W/KT)
e

'rrk'i‘e

Bquation (12) predicts an infinite heating rate whenever dB/df = 0
in the resonance region. This condition can occur at either a local
maximm or a local minimum in B(L). For B(L) maximum, the VB force
tends to repel the particles from resonance, whereas at a minimum the
particles tend to be trapped in resonance because of the large
YL/V" produced by the heating. 'The heating rate is never infinite,
of course, and at places where dB/df = 0, we ought to include the next

higher term in the Taylor series:

2
_ 1 2 d4°8
B(a) =B, v 3 U =y :
de Bo

By substituting this form of B into the perpendicular conductivity in
eq. (11) and neglecting the parallel conductivity, the integral can be
evaluated for - « <4< + « in a manner identical to that used to obtain

eq. {12) to get a heating rate given by

w2
P oy T Ey wh | 13
¥z g va’s/ae’[B,

There are three effects which limit the perpendicular energy to
which a particle trapped in resonance can be accelerated. 1) the
finite duration of the heating pulse T limits the electron gyroradius

to the value obtained for the case of pure resonance acceleration:
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p. = E_LT/BO

e
2) The relativistic mass increase causes a particle that is intially
in resonance to reach an equilibrium energy which can be calculated

by finding the steady state solution to the one dimensional equation

of motion of aslightly relativistic electron:

" 2 el .
L
X*mz(l-’y«-z-))(ﬂw}-n—-elwt
c
By substituting
X = p }1wt ,

mw?

where x is 1/2% times the free space wavelength of the r.f. 3} Per-
pendicular magnetic field gradients also cause a shift in the particle
gyrofrequency when the energy increases. For V, B in the x-direction,

the equation of motion is

v B el

3 L _
Ix = —~— COs wt.

2 30
>~ B

5€+w(1+

The steady state solution is determined by substituting

X = p, COS wt + X,

2

v B

neglecting harmonic terms (cos 2wt) and terms of order x"( —w—) ,
and assuming that the acceleration is sufficiently gentle that it

takes many cyclotron periods for the limiting energy to be reached
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(El/%w}3<< 1}, The result is

4eb 2
3 -4 B
De = 5;;7‘(VIBJ (14}

In most heating experiments the last two non-linear effects are
dominant and are of the same order. The electron energies observed
In many experiments including those in Chapter V are comparable with
these limitations, indicating that the simple linear theory is

probably inadequate for explaining the heating rate.

B. Additional Calculations

The total power absorbed by the plasma can be determined by in-

tegrating eq. (12) over all y:

— yA
N ) d7V
P——:,;eh S n ’-‘a‘“‘—‘—BdeodU),

which for the special case of n = const gives

o VY
P=zneb aEfBO . (15)

The heating efficiency n can be calculated by dividing the absorbed

power by the input r.f. power given by eq. (3):

2
. 1 Bo av

R L = T (16)
¢]

O W

. / . .
The quantity ~%— g%'B 1s a geometrical factor that measures the ef-
' ¢

fectiveness of cyclotron heating at a given frequency in a particular

magnetic field configuration. Typically this factor is of order unity.
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It is clear then that the efficiency approaches 100% when the density

exceeds a value such that
2 2
wp w’/Q .

The model for cyclotron heating can easily be extended to the
case of resistive r.f. heating by substituting the appropriate con-

ductivity for w >> W,
2
Wy v
g = 2
E::O w oty

For v << @ and wp << w the absorbed power is given by

 _ ne’ gl dv
& R TR
Hie

The mass dependence indicates that the power is absorbed primarily
by electrons rather than ions. For n = const, the efficiency of

resistive heating is given by
w 2
- B o
n 2 Q w

v

2

which is the order of v/w smaller than in the resonance case.
For n = n{y), the average increase in perpendicular energy caused

by the heating is found from

: dp
nV AWLE t '&'@

or for the case of resonance heating,

v
W I A S '
k Ah_rj_ (w,t) Tz eE™ t it aEHUJ BO . (17)
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If ionization of the background gas is taken into account, the

power absorbed by the plasma can be written as

sy W, +U) gi-} +V' n %t W, (18)

&

where Ui is the ionization energy. dn/dt can be written in terms of
the ionization time T, as

. 1

dn
dt ?;" . (19)

Substituting eqs. {12) and (19) into (18) pives a differential equa-
tion for the electron energy:

- ;
2 d v
1z P

@ o, s L F ) -
I My T 5 oE o
i vV

If the duration of the r.f. pulse is short compared with Ty the
second temm in eq. (20) can be neglected, and the energy increases
lincarly with time according to eq. (17) while the density remains
constant, If the r.f. pulse duration is long compared with Tis the
energy initially increases linearly, but after -~ T it reaches an

equilibrium value of

e? T:

ady
i BO

1 m - Ui ’ (21)

<<

WJ_ (y,t) = ‘g“

and the density then increases exponentially:
e
n(y,t) = no(w) e /Tl . (22)

When the r.f. is turned off, the energy decays according to the
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equation

d i
a‘f WJ. + ""'—'F‘——“ = 0, (23)

The ionization time T is given in terms of the ionization cross
section ci(v), the neutral density n., and the electron velocity dis-

tribution function f({v) by

oo

nani - Jro o, (v) VE(v) dv.

Numerical tables of this integral for various Ui(v) have been prepared

63 for a Maxwellian f(v). These tables were used to calcu-

by Drawin
late the ionization time of electrons in hydrogen gas as a function
kTe’ with the result shown in fig. 9. Note that for kTe > Uiy T4 is
a weak function of temperature, so that for 13 eV < kTe< 30 kev,

-9

pT; 1077 torr-sec within a factor of two, Furthermore, we expect

pty to be fairly independent of the exact form of the distribution

function for energies in this range.

C. Application to Specific Geometries
1. Magnetic mirror

The magnetic field along the axis of a mirror machine can be
approximated by
2
B(Z) = B(0)(L + BZ").
The heating rate predicted by our model in such a magnetic field can

be calculated from

daw
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Figure 9, Ionization time for a Maxwellian distribution of
electrons with temperature Te in hydrogen gas with a density

n..
It
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where

o0

ds 1 dz
V=% = 5g L

1 + RZ

2

with the result that

dWL eg:?
I ~
ZBO -1

where r = BO/B(Q).

In addition to the cylotron heating, there is an additional heating
caused by the axial compression of the plasma which occurs because
YL/WI increases until the particles mirror at the resonance zones,
This effect can be included in V' by evaluating the integral from

—ZO to +ZO to get the result

=2
M, T 1

= = (24)
dt Kﬁ) JVr - 1 tan/ r - 1

The result of eq. (24) is somewhat larger than that of Kawamura and

Terashima,23

~ 2
dw, ) ek’ r
- _ )
dt k¥ BO r -1
but smaller than the result of the stochastic treatment by Guest:21
A 1/3 5/3
dw, ek Z ¢

[ L]

0 ;
=35 | woy!
—dt o V..L m .
All of these results have the common feature of predicting an infinite

heating rate at the midplane (r = 1). The special case of r = 1

. . 15
has been discussed by Fessenden.””
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2. Symmetric linear multipole
For a symmetric linear multipole in which n = n(y), the heating

rate is given by

The quantity V' (¥) is infinite on the flux surface {called the separa-
trix) that passes through the B = 0 axis, and hence heating is expect-
ed to be small thers. At low frequencies, there is a flux surface on
each side of the separatrix &t which the heating rate is infinite. Be-.
yond these surfaces the heating should be zero. As the frequency is
increased, the infinities move farther from the separatrix until they
disappear at the surface of the current conductors.

Near the center of a multipole, the magnetic field strength is

given by

B = arghl

where 24 is the multipole number, and o is a constant. The resonance
contours are concentric cylinders. Near the center, n = const is often

a good approximation, and eq. (15) gives for the absorbed power,

" B (3“2)/(Q"1)

P = ZWZL nek ( o ) (25)
Zo (2-1) o

where L is the length of the system. Near the heating peaks, the per-
pendicular field gradient is given by

B (2"2)/(£“1)
Y8 = (2-1) al =) .
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By substituting this result into eq. (14) we can calculate the max-
imum electron energy for which the linear theory applies., Note that

a multipole, unlike a mirror, has no point at which VB = 0 for B # 0.
For this and other reasons, we expect cyclotron heating to be somewhat

less effective in a multipole than in a magnetic mirror.

3. Wisconsin toroidal octupole

A flux plot of the Wisconsin toroidal octupole has been shown
in fig. 2. The toroidal geometry causes the peak in dZV/dBdw between
the separatrix (¢ = -1.6) and the wall to split into three peaks, while
the peak between the separatrix and the hoops occurs at a different
value of ¢ for the inner and outer hoops. The calculations for
near the center of a linear multipole should be applicable to the
toroidal octupole if we take £ = 4 and L = 21TR.0 where RO is the
distance from the major axis of the toroid to the B = 0 circle.

Y

The function IBdy| B has been evaluated by computer for
o

L
the values of B shown in fig., 2. One typical curve (for the line

B, = 1) is shown in fig. 10. For kTe > U, profiles of Ty in ¢
space should approximately follow this function. By integrating over
space we obtain the function VB' dVVB which is a measure of the ef-
fectiveness of cyclotron heating in tﬁe toroidal octupole, and this
quantity is plotted vs B in fig, 11. For typical conditions using

S-band heating at a pressure of 10"4 torr, eq. (21} predicts a mean

initial equilibrium energy of the order of a few keV.
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2
Figure 10. Craph of the function %T'H%H¥ which describes
_ _ B

the power absorbed per unit ¢ vs. ¥ in the toroidal octupole

for a typical resonance zone at B = 1.
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B_dv
Figure 11. Graph of the function VE'HE' which describes the

total power absorbed by a plasma of uniform density for resonance

at BO in the toroidal octupole.
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V. EXPERIMENTS ON ELECTRON CYCLOTRON HEATING

A. General Observations

There are two distinct and widely different types of plasmas
produced by r.f. heating in the toroidal octupole. The plasma
present during the heating pulse is energetic, anisdtropic, and
non-Maxwellian, and it is highly localized in space. After the
microwaves disappear, there is a brief transition period during
which the plasma cools, thermalizes, and spreads out to fill the
machine. After this transition, an afterglow plasma resembling
that produced by gun injection is observed to élowly decay. This
chapter describes the plasma present during the r.f. heating and
transition periods, while Chapter VI deals with the afterglow plasma.

If microwave power is injected into the toroidal cavity with
low background pressure (p 10"6 torr) and no preionization,
negligible power is absorbed by the gas. This is not unexpected
since eq. (1Z) predicts that the power absorbed is proportional
to the free electron density in the resonance region. The electron
density can be raised by two means: 1) Preionization can be
provided by a hot filament or with a gun injected plasma, or 2)
the background gas pressure can be increased until the ionization
time is short compared with the r.f. pulse length, so that the
electron density can build up during the heating pulse.

The plasmas produced during the heating pulse and in the afterglow
are somewhat different for the two cases. For low background

pressure (p $ 10“6 torr) and preionization, the electron density
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is nearly constant before, during, and after the heating, but the aver-
age electron energy rises to a high value (~1 keV) during the heating
pulse, and then rapidly returns to near its original value after

the microwaves are off. At high background pressures (p 2 10_4 torr),
preionization makes little difference, and the density rapidly

1

climbs to a high value (~10l cm_s) during the heating pulse while the

electrons remain relatively cool (% 100 eV). The afterglow plasma

0 cm"B) and cooler (~ 1 eV) than

at high pressure is denser (~ 101
that produced at low pressure. Figure 12 summarizes these obser-
vations. Note the large X-ray signal during the heating pulse at
low pressures, and the large ion saturation current in the after-
glow at high pressures. These observations are in qualitative
agreement with the predictions of eq. (20).

In order to test the influence of r.f. pulse length on the
heating process, the average density 500 pysec after the end of the
microwave pulse was measured vs. pulse length using probe and
microwave diagnostics. Figure 13 shows that for a pressure of 10_4
torr the density builds up exponentially until a saturation is
reached. A floating double probe on the B = ( axis showsa similar
exponential rise during the heating pulse. The saturation value varies
approximately like f2 for the various microwave systems, suggesting
a cutoff associated with the plasma frequency, although the density
in the afterglow is typically one to two orders of magnitude
below that for which wp = w. The initial rise is exponential, as

predicted, with a growth time in agreement with the simple relation,

pT; = 10“9 torr-sec. The rise time is observed to vary inversely
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Figure 12. Oscilloscope traces showing the effects of preionization

and background pressure on the properties of the plasma. .
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Figure -'13 Average dens:tty 500 ;Jsec after mlcrowave heatmg

Vs. mlcrowave pulse length w:;.th and w1thout prelomzatlon
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with background pressure as expected. For a typical pulse length
of 144 usec, it is therefore difficult to produce a dense plasma
without preionization for pressures below about 5 x IOﬂS torr.

The reproducibility of the plasma is very much better at the
higher pressures, and the density traces seldom vary by more than
a few percent in the afterglow. This reproducibility is apparently
caused by the fact that the local density in the resonance region
builds up until Wy = 0, whereupon the electric field is excluded
from the plasma, and the heating stops. The density is thus self-
limiting at a value determined solely by the microwave frequency.
After the pulse is over, the plasma spreads out to fill the toroid
with a resulting density in the afterglow that is considerably
smaller than the cut-off density.

In this high pressure regime, preionization has little effect
as indicated by fig. 13, The properties of the afterglow plasma
are nearly independent of microwave power, for powers above about
1 kW, although the X-ray flux from the plasma during heating decreases
sharply when the power is reduced. These observations are consistent
with an average electron energy during heating that is proportional
to power as predicted by eq. {21}, but an ionization time T that
is independent of electron energy.

As the magnetic field strength is increased, no observable
plasma is pfoduced until resonance occurs within the machine. The
average density then rises sharply and becomes relatively independent
of field strength as suggested by fig. 11. The spatial distribution

of the afterglow plasma and the X-ray flux depend strongly on the
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position of the resonance zones, however.

B. Spatial Distribution.
Perhaps the most striking feature of the heating model in
Chapter IV is that the heating rate in y-space should vary like the

function

%%B ).
(0]

This function is zero on the separatrix and infinite on the y-surfaces
that are tangent to the surface B = B . This prediction was tested
under a variety of heating conditions using floating double probes
and scintillator probes.

Using S-band microwaves and a pressure of 10~4 torr with no
preionization, the spatial distribution of ion saturation current
was measured with a floating double probe. It was determined that
the ion saturation current is nearly constant along a field line,
and has large gradients perpendicular to g. Figure 14 shows a
profile of Ioi for a scan along the midplane from the immer wall
to the center and then diagonally up to an immer hoop (see fig.2) 'The
current was measured 60 usec after the beginning of the r.f. pulse,
just before the current saturated in the resonance regions. Note

that the peaks approximately coincide with infinite values of

dy
dBdyly,

and that there is a pronounced dip at the separatrix {§ = -1.6).
A similar experiment was performed under the same conditions

except the pressure was reduced to 10‘6 torr and a gun plasma with
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Figure 14. Ion saturation current vs. ¥ during S-band heating

at 10w4 torr.
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n ~ 109 cm_s was injected 500 usec before the microwave pulse.

The integrated output signal from a scintillator probe (see Iil. D.)
with a .001" copper foil having a threshold energy of ~ 8 keV was
measured vs. Y during the heating pulse along the same scan as in

fig. 14. The result is shown in fig. 15. Again, the energy appears
to be high in the resonance regions and low at the separatrix. The
scintillator probe signal is a strong function of microwave power

and background gas pressure. The points in fig. 15 and in the follow-
ing figures represent the average of three shots of the plasma, and
the error bars show the highest and lowest of the three shots.

A spatial scan was made of the upper inside quadrant of the
field using the same scintillator probe. Figure 16 shows the result,
The diagonal lines are the lines along which the probe scans were
made. The dotted lines are magnetic field lines. Note that energy
tends to flow along the magnetic field, but that most of the energetic
particles are trapped near the local field minimum, suggesting a
velocity anisotropy.

A probe scan across the midplane crosses the same field lines
on which resonance occurs at a place away from resonance. No peak
is observed there for the probe with a threshold of 8 keV, but a
probe with a thinner aluminum foil having a threshold of about
3 keV does show a small broad peak. This observation is consistent
with the faét that ion saturation current is constant along a field
line and indicates that the velocity anisotropy is greater at high

energies.
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Figure 15.

S-band heating at 10

Scintillator probe output signal vs. ¢ during

6 torr with gun preionization.
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Figure 16. Spatial contours of constant scintillator probe R

output in the upper inside quadrant,qf.the'OCtupdié'field.
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The low signals obtained on the midplane between the inner
wall and the resonance peak result from the fact that the probe
traverses the resonance and obstructs the heating. This effect
can be demonstrated by observing the scintillator probe signal
at the resonance peak at one port while another 1/4" probe is inserted
along the midplane at some other port. As the second probe is
pushed across the resonance region, the scintillator probe signal
falls more than two orders of magnitude. This observation indicates
that energy flows readily in the azimuthal direction as would be ex-
pected since 10 keV electrons in the resonance region VB drift
around the machine about once per ysec,

By changing the current in the hoops, the position of the reso-
nance zones can be changed. By resonating on the line Bo = 2
in fig. 2, the resonance zone outside the separatrix can be made to
disappear while resonance still occurs near the inner hoops. As
the resonance zones are moved near the walls and near the hoops,
we expect to see X-rays produced by energetic electrons striking
the walls and hoops. A collimated scintillation detector with an
acceptance cone of 5° located outside of the field was pointed at
the walls and hoops, and it was established that large X-ray
tluxes do come from these regions when the field strength is appro-
priately adjusted.

Figure 17 shows a plot of the output signal from an uncollimated
scintillation detector located at a port on top of the machine in the
vertical midplane. The lower hoops and hottom wall are in the field

of view of the detector but not the side walls at the midplane. As
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Figure 17. X-ray signal from the plasma vs. capacitor bank

voltage for two different microwave frequencies.



83

OOA_uN 006! 8.0.0] 05
| { |
AOVITIOA HMNVE dOLIDWVD
>
H S
iy <
1 MWL w
y .J —
Ln ;m.. .M‘WM m,. K 9
L £
T ~
ZHW 062% =4 P “.. . .w
X N
I 35—
T
|_
o
>
i
] =
)i
ey O0C1 = % ]

Ot

00l






84
the capacitor bank voltage used to excite the hoops is raised,
three prominant peaks are observed. The first two correspond to
resonance zones near the inner and outer hoops respectively,
while the third peak is caused by electrons in the resonance zone
near the wall striking the scintillator foil. The position of
the peaks scales with frequency in the proper way for the two cases
in fig. 17. The L-band (1300 Miz) signals are larger than the
S-band (3250 MHz) signals probably as a result of the higher
power of the L-band system. The fact that additional peaks are
not observed indicates that absorption at harmonics of the cyclotron

frequency64’65

is negligible,

In order to determine the optimum magnetic field strength for
cyclotron heating at a particular microwave frequency, a scintillator
probe with a .0007" aluminum foil was placed on the B = 0 axis,
and the capacitor bank voltage was varied. Figure 18 shows the
result for heating at 1300 MHz. The probe signal shows a peak at
1600 volts, corresponding to rescnance at Bo = 0.6 in fig. 2. It
. was shown in eq. (15) that the power absorbed by the plasma for
n # n(y) should be proportional to the function dV/dB B’ which
according to fig. 11 has a maximum at BO = }1.2. The observed
maximm could be lower than the predicted value for several reasons.
1) The density n(¥) is not constant, but is peaked near the
separatrix. 2) The trapping efficiency of the energetic electrons
may be greater for resonance deeper in the magnetic well. 3) The
resulting density profile of energetic electrons may be more sharply

peaked about the separatrix for resonance deeper in the well,
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Figure 18. Scintillator probe signal on the B = 0 axis vs.

capacitor bank voltage for heating at 1300 MHz.
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C. Energy Distribution

Extensive measurements of the electron distribution function
on the B = 0 axis during the r.f. heating have been made by Kuswa66
using electrostatic energy analyzers (see III, C.). Although the
energy density on the B = 0 axis is smaller than in the resonance
regions, the volume of the resonance zones is so small that the
total electron distribution is closely approximated by the distribution
on the B = 0 axis. Since the heating rate at the separatrix is expected
to be small (see fig. 10), the high energy electrons observed on
the zero field axis are presumably formed in the resonance regions
and diffuse to the center by some process not well understood.

Kuswa has shown that, for a variety of conditions, the electron
distribution at intermediate energies can be approximated by the

function

. Bn - /OW/W (26)

W

(W)

where W is the average electron energy:
= 1.

W= =f WE(W)aw.
Mo

At low energies (< 100 eV), the distribution looks Maxwellian,

but problems of magnetic fields penetrating the detector, secondary
emission, and the measurement of plasma potential complicate the
interpretation. The average energy W is typically 100 &V - 1 keV.
The tail of the distribution (W > 10 keV) can be fit by a Maxwellian
with a temperature of 1 - 10 keV. Densities measured with analyzers

9 10 meS_

are typically 10° - 10 These non-Maxwellian distributions
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can exist at high energies because the electron-electron collision
time as calculated by Spitzer67 is many orders of magnitude longer
than the duration of the experiment.

It is interesting to note, that if energetic electrons are
lost primarily by thermal flow to obstacles in the plasma, a
distribution function f0(W} at t = 0 would evolve into a distribution

of the form
At /W

FW,1) = fO(W)e"t/TCW) - fO(W)e_—v mn (27)

if heating and other loss processes are neglected. For large t,
the exponential term dominates, and a distribution function of the
form of eq. (26) results. The measured distribution function during
the heating does not evolve in time according to eq. (27), however,
and a complete understanding of eq. (26) would involve details of
both the heating process and the mechanism by which plasma diffuses
out of the resonance regions.

Scintillator probes have also been used to estimate the energy
and density of the plasma on the B = 0 axis. Probes with variable
foil thickness show that the distribution is not Maxwellian. A
double scintillator probe with aluminum foils of .0007" and .0021"
was used to measure the density and '"temperature’ (actually the
slope of the distribution function at energies of a few keV}.
Figure 19 shows a case in which the X-band system was used to heat

the gun plasma with various background gas pressures. At 10‘6 torr,

0. -3

the density and temperature as measured by the probe are 1.5 X 101 cm

and 1.4 keV respectively. Since the distribution is not Maxwellian,
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Figure 19. Scintillator probe measurement of demsity and
temperature on the B = 0 axis for X-band heating of a.gun

plasma vs. background gas pressure.
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the mumerical values should not be taken too seriocusly . The emergy

3 and an

analyzer gives for this case a density of 6 x 109 cm
average energy of 700 eV, Figure 19 shows that the density of
energetic electrons drops sharply with increasing pressure, although
the total electron density is known to increase.

If the scintillator probe is recalibrated by substituting a distri-
bution function of the form of eq. (26) into Egqs. (9) and (10), the
average energy measured by the probe at 10_6 torr is about 300 eV.

This discrepancy is believed to be caused by very high energy
electrons (> 40 keV) which penetrate the foil and produce large
light signals in the scintillator, or by ultraviolet light produced
by ion bombardment of the foil. If the analyzer measurement of

700 eV is accepted, the scintillator probe gives a density of 4 x 109

cn T, in reasonable agreement with the analyzer.

D, Time Evolution

Electrostatic analyzers and scintillator probes both show that
the energetic electron density builds up rapidly in a few psec
after the r.f. pulse is turned on, and then reaches a saturation,
or even decreases. This behavior suggests the presence of a strong
loss mechanism that balances the r.f. heating after an initial
transient period. Figure 20 shows an example of the time evolution
of the energetic electron density and temperature (assumed Maxwellian)
on the B = 0 axis as measured by a scintillator probe. The gun
plasma was heated by a 30 usec pulse of X-band microwaves with a

background pressure of 10_6 torr.
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Figure 20. Scintillator probe measurement of the time
evolution of density and temperature on the B = 0 axis for

X-band heating of a gun plasma at a pressure of.10“6 torr.
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At early times during the r.f. pulse, the measured energy

density in the plasma is comparable to the r.f. energy density,
suggesting that the heating efficiency is close to 100% in
agreement with the fact that eq. (16) predicts high efficiency for
densities above about 108 cm“S. This result is to be compared
with the energy density in the afterglow of a microwave produced
plasma that gives an efficiency of about 0.1%.

Theoretical estimates (see fig. 26.) indicate that at these
low background pressures the dominant cooling mechanism for energetic
electrons is thermal flow to obstacles in the plasma (hoop supports
and probes). To test this prediction, the decay of the energetic
electron density during the transition period after the end of the
r.f. pulse was examined. Figure 20 shows the rapid decay of density
after the microwaves go off. Kugwa66 has shown using an electro-
static analyzer that the lifetime of electrons of a given energy

0.5 as expected for obstacle loss. The cross

is proportional to W
section calculated from these data is about 90 cm2 in reasonable
agreement with the geometrical area of the probes, analyzers, and
hoop supports. Additional obstacles inserted into the plasma increase
the decay rate.

The evolution of the energy distribution after the r.f. pulse
is off should follow eq. (27). As t increases, the average
energy decreases until electron-electron collisions become important.
Within 100 ysec after the end of the microwave pulse, the distribution

function returns to a Maxwellian with an electron temperature only

slightly greater than that of the initial gun injected plasma
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(~ 5 eV). The temperature then continues to decrease (see fig. 27.)

at a rate that is consistent with obstacle losses.
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VI. PROPERTIES OF THE AFTERGLOW PLASMA

A, General Behavior

when the microwave pulse is over, the energetic component of the
plasma decays quickly as discussed in the previous section, and a lower
temperature Maxwellian remains which decays with a much longer life-
time. With low background pressure and gun preionization, the result-
'ing plasma in the afterglow is practically indistinguishable from the
usual gun injected plasma except for a slightly higher density and
electron temperature. The plasma produced at high background pressure
with no preionization is somewhat different from the gun injected
plasma, and it is this case that will be examined in some detail in
this chapter.

The most important difference between the microwave produced plas-
ma and the gun injected plasma is the ion temperature. The microwaves
do not appreciably heat the ions, and at the densities in the present
experiment, energy transfer from the electrons should be small, and
so we expect the ions to be in thermal equilibrium with the background
neutral gas. Fnergy analyzer measurements place an upper limit of
~1 eV on the ion temperature.

As mentioned previously, the electron heating is strongly local-
ized in the resonance zones. Because of the high order mode, the
perpendicular component of the r.f., field in the resonance region
varies with azimuth, and hence it is not surprising that azimuthal

density variations of about a factor of two are observed in the after-
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glow, These variations are smallest on the separatrix and persist
throughout the life of the plasma. The cold plasma component quickly
flows along the field, so that in the afterglow we can to a good ap-
proximation take the density to be constant on a magnetic field line:
n = n{l}.

In general, the heating zones appear on either side of the
separatrix (as in fig. 14), so that large density gradients opposite
to those required for MDD stability exist near the separatrix, Such

an inverted gradient can be stable provided

d

pV” a¢ﬂn {pv' 5/3

)y >0, (28)

For Te # Eé(&), this condition is equivalent to requiring that the

slope of the ion saturation current on a log scale be less than the

slope of the function V'DS/S:
don I, dan v/
W < e I,j)

Figure 21 shows a case in which the initial ion saturation cur-
rent distribution (at 060isec) exceeds the stability limit. This kind
of situation is accompanied by large fluctuating electric fields which
allow the plasma to rapidly collapse toward the separatrix producing a
relatively flat density distribution within a hundred usec. The ion
saturation current thereafter decays siowly with relatively little
change in spatial distribution.

Oscillographs summarizing the gross behavior of the plasma are
shown in fig. 22. Figure 22{a) and (b) show the large ion saturation

current, floating potential, and azimuthal electric field in the



98

Figure 21. Ion saturation current distribution in y-space tor
various times after the beginning of a 100 usec pulse of

S-band microwaves.
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Figure 22. Oscillographs summarizing the gross behavior of the

afterglow plasma.
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resonance region during heating. Figure 22 (c) indicates that, after
the heating phase, the ion saturation current and floating potential
on the B = 0 axis decay slowly in time with no observable fluctuations.
Figure 22 (d) and (e) show that, at the edges of the plasma near the
hoops and wall, there are appreciable fluctuations in the floating
potential. 'These phenomena will be discussed in more detail in a

later section.

B. Plasma Motion and Particle Loss

By changing the magnetic field strength and microwave frequency,
a variety of density distributions can be obtained. One interesting
case 1s produced when resonance occurs at B0 = 5 in fig. 2. 'This
contour produces plasma only on the field lines -5 < y < 0 near the
imner hoops. Resonance does not occur on the lines between the sep-
aratrix and the outer hoops, so that a scan between the wall and
an outer hoop should show the initial density strongly peaked near the
separatrix in the region -1.6 < ¢ < 0,

Figure 23 shows the ion saturation current for such a scan pro-
duced by a 144 usec pulse of X-band microwaves 1.2 msec after the be-
ginning of the magnetic field pulse, The distribution at 1.5 msec
is sharply peaked near the separatrix, although even at this early
time an appreciable amount of plasma has diffused toward the hoop.
This distribution is interesting because it resembles the distribution
for the gun injected plasma, By 2.5 msec the density peak has moved
significantly toward the hoop. This motion is due in part to the
inductive electric field caused by the rising magnetic field., This

effect, by itself, would cause a distribution peaked on the separatrix
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Figure 23. Ion saturation current distribution in y-space for
various times after the beginning of the multipole field pulse.

The 144 usec pulse of X-band microwaves begins at 1.2 msec.
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at 1.5 msec to evolve into a distribution peaked at ¥= -2.3 at 2.5
msec. Figure 23 suggests that, in addition to this field line motion,
a considerable diffusion is present. By 3.5 msec the field is de-
creasing sharply leaving a dip on the separatrix where a small number
of particles fill a large volume. By 4.5 msec, the plasma is moving
rapidly to the walls.

Lencioni27 has treated theoretically the problem of the evolution
of a density profile in the presence of a changing magnetic field for
the case in which the field is frozen into the plasma. In the zero
gyroradius limit, his results indicate that the density should fall
to zero on the separatrix and become infinite on the field line that
was the separatrix initially. ﬁxperiment527 on the gun injected plas-
ma indicate a tendency toward this behavior but greatly reduced by the
finite ion gyroradius and other effects. It was hoped that the micro-
wave plasma with its small gyroradii (A¢ < 0.1) would strongly exhibit
the effects of field line motion, but apparently other processes are
present that cause diffusion of the plasma across the field.

Although a density distribution initially peaked near the separ-
atrix is expected to be stable againsﬁ simple interchange instabili-
ties, one might argue that since the plasma is produced in places
where the magnetic field strength is comparable to or greater than the
magnetic field at the surface of the hoops and walls, it is energetical-
ly possible for the plasma to escape from the field. To test the valid-
ity of this argument, the plasma produced by the P-band (700 Miz) micro-

wave system was examined. For this case, resonance occurs on a circle
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of radius 7.5 om (BO = ,25) at a place where Bhoop/Bo = 8 for the
outer hoop., The ion saturation current distribution was measured

to determine the evolution of the density profile. Initially the
plasma is well confined near the separatrix, but as time goes on a
rapid diffusion toward the hoops and wall is observed. The evolution
of the profile looks quite similar to the X-band case of fig. 23
indicating that the diffusion is more affected by the shape of the
initial distribution than by the location of the resonance zones.
Small (£ And /fnd> ~1-10%), high frequency (~ 1 Mlz) fluctuations are
observed to accompany this diffusion.

There are three possible sources of plasma loss in a toroidal
multipole: 1) recombination, 2) obstacles (including hoop supports),
and 3) radial losses (hoop and wall). At the densities in the present
experiment, recombination is negligible. Ionization causes the den-
sity to grow, and leads therefore to a negative loss. For kTe << Ui’
as is the case late in the afterglow, ionization can be neglected,.
The particle loss to the supports was estimated by measuring the lon
saturation current to a model support in the same relative position
as a real support but electrically insulated from the hoop. The total
current to the twelve real supports was taken as twelve times this
current, The loss to the walls was measured by biasing all hoops and
supports positive with respect to the wall and measuring the ion sat-
uration current to the wall, The flux to the inner hoops was deter-
mined by biasing the upper and lower hoops as a floating double probe
with mylar sleeves around the supports, and similariy for the outer

hoops, These measurements parallel the more detailed tests made by
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Meade and Molvik69 for the gun injected plasma,

Figure 24 shows the relative loss for the various cases. The
heating conditions are the same as those for fig. 23. Since the plas-
ma is created near the inner hoops; the initial loss is primarily
to the inner hoops. As time goes on, plasma moves toward the outer
hoops until the magnetic field starts to decrease, at which time
the hoop losses drop sharply, and plasma is transported out to the
wall, At very late times (t > 4 msec) the plasma has forgotten the
mammer in which it was created, and the fluxes to the hoops are approx-
imately proportional to their relative areas. At peak magnetic field
(t = 2.25 msec), the walls and supports each contribute about 10% of
the total while the remaining 80% is lost to the hoops. These results
are similar to those obtained for the gun plasma,ég Microwave plas-
mas with different density distributions also give qualitatively sim-
ilar results,

The plasma lifetime has been measured in three different ways:

1} The number of particles in the machine at time t can be determined
by integrating the flux of particles to the hoops, supports, and wall

from t to o

1 .
N(t) = o ft(}“(t) + I (1) + T (t) dt. )
2) The microwave cavity perturbation technique described in Chapter
III. B. can be used to measure the total number of electryons in the

cavity:
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Figure 24. Fractional loss of plasma to hoops, supports,
and wall vs. time after the beginning of the multipole field

pulse.
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_ Ze meV Sf

N(t) =1 (t)'\f = — —T

o .

3) A Langmuir probe can be used to measure lon saturation current and
electron temperature vs ¥ and t, and the number of particles calcula-

ted from
S
N(E) = eA VI [ o == (0,t) V' (¥) dy .
. A{r‘fe

The three techniques were tried for a case resembling that discussed
earlier (BO = 5), except using the S-band system. The results are shown
in fig. 25. The methods all give about the same number of particles

(~ 109y,

The probe data were taken only on the separatrix, and this
fact probably accounts for the rapid decay at late times. All me thods
indicate an initial rapid decay followed by a slower decay near peak
field (2.25 msec), and then a rapid decay as the field dies away. The
decay rate near peak field gives a lifetime of 3 msec, or about three
times longer than the lifetime of the gun plasma as measured by the
same methods.,

It is interesting to note that the electron temperature at peak
field is about a factor of three smaller than for the gun plasma (see
next section), and so the results would be consistent with losses that
scale 1like Bohm diffusion, except that the lifetime is several times
longer than the Bohm time. The iifetimes do not appear to scale with
jon temperature in a manner that would be consistent with thermal
flow to the hoop supports, since even if the sheath criterion is

taken into account, the microwave plasma lifetime should exceed the
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Figure 25. MNumber of particles in the toroid vs. time as

measured by three different methods.
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gun plasma lifetime by a factor of /Ti(gun}/Té(microwave) = 6,

C. Electron Cooling

1. Theoretical estimates
Many processes are capable of cooling the electron component of

the microwave generated plasma. A cooling rate y defined by

a7 YTE
will be calculated for various processes in order to estimate the
rate of temperature decay, 'The electron distribution function is
assumed to remain Maxwellian during the cooling with Te >> Ti'
a) Ionization., It was shown in eq. (23) that ionization
causes a temperature decay given by
a kT, + 2 Ui/S
Ir KT) T, =0

1

or

y = (1 + 2Ui/3kTe}/Ti . {29)

The graph of Ty in fig. 9 was used to detemine Yy (kTe) for electrons
in hydrogen gas, and the result is plotted in fig. 26 for a background
pressure of 10—6 torr. The decay rate increases linearly with
pressure,

h) Ixcitation. Inelastic electron-neutral collissions
which do not result in ionization are classed as excitation. The most

tmportant such process is excitation from the ground state to the
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Figure 26. Calculated decay rate of electron temperature for

various cooling mechanisms.
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first excited state. The cooling rate for this process is given by

Zn U @
HlQE f Gl(v)vf(vJ dv (30)
o

e

=
i

-
PRFAN

where U1 is the energy of the first excited state, and Gl[v) is the
cross section for excitation to that state, Using published cCross
section data,63’78y was determined and plotted in fig. 26 for hydro-
gen at 10_6 torr. Above about 10 eV, excitation losses are small
compared with ionization, A small fraction of impurities with large
excitation cross sections could greatly increase the cooling, however.

¢) Electron-neutral elastic scattering. Lnergy transfer
by eleastic scattering can be calculated from a scattering cross

section O by

m e
Y = oy o, (VvE(v)dy
n o

i

mn
.m’l o, (V) V. (31)

n
The latter approximation is valid since GS(VJ v depends only weakly
on v. The resulting cooling as shown in fig. 26 indicates that this

process is not important for kTe > 1 eV,

d) Electron-ion scattering. The energy transfer between
hot electrons and cold ions has been calculated by Spitzer.67 in MKS

units, his result 1s

2w e4 m% &n A ni
v ) T 3 3/2 (32)
61 €6 M (kTe)‘ X
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The result with &nA = 20 is plotted in fig. 26 for a typical ion
density of 109 CmuS.

e) Bremsstrahlumg. FElectron-ion collissions can produce

Bremsstrahlung radiation. The cooling rate determined from formulas

of Rose andClark71 is

e4n
= 1 3

Y T3
18me "¢ mh kT
o) e

(33)

For n, = 109 an™® the cooling is too small to conveniently plot in
fig. 26,

f) Cyclotron radiation. In the non-relativistic limit,
the cvelotron radiation cooling calculated from fornulas of Rose and
Clark72 is

4 .2

y:g.e__..z.i.gw:s . (34)

9mm e4¢

Note that the cooling is independent of electron energy and varies as
the square of the magnetic field.

g) Magnetic field expansion, Lencion127 has calculated
Te(w,t) for a time varying magnetic field under the assumption that
the field is frozen into the plasma. Previous measurements (fig. 23)
show that this assumption is not well satisfied., If we assume in-
stead that the density distribution remains fixed in space while the
field changes, and that the electron motion is adiabatic (i.e.:
WL/B = const), the cooling rate is independent of ¥, and for a sinusoi-

dal magnetic field is given by






118

Y = -w cot wt. {35)

Near peak field (wt = n/4) the effect is small, as expected, but an
appreciable heating can occur while the field is rising, with a cor-
responding cooling when the field decays.
h) Obstacles. Obstacles in a plasma cause a cooling since
hot particles are preferentially removed from the plasma. Lov-
7

berg 3 has shown that the energy loss to an insulator or floating

conductor of area A in the plasma is given by

d /3 1
I (§~N kTé) v A{e(@p - Qf) + 2 kTe]

4

1.45 n vy A kﬁé.

The corresponding particle loss is given by

1 —
g%.= n v, A,

so that the cooling rate is
| d(ka) B
Y et o ¢ 72 nv, A/N {30)
e
Hence for obstacle losses we expect the temperature to decay about
three times faster than the density. The cooling rate for an obstacle

> Cm3) is shown

with an area of 1 cng in the octupole (V= 3 x 10
in fig., 26.
It is clear from fig. 26 that ionization and obstacles should

represent the major sources of electron cooling for typical experimental

conditions in the toroidal octupole,
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2. Experimental measurements.

An admittance probe (see Chapter I1I. A.4) was used to measure
the electron temperature for both the gun injected and microwave
produced plasmas on the B = 0 axis., The results are shown in fig.
27, 'The gun plasma temperature decay is approximately exponential in
time with an initial value of ~ 10 eV and a decay time of "1 msec.
The temperature for the microwave case decays much faster, When the
background pressure for the gun plasma is raised to a value equal to
that used for the microwaves (5 x 10"5 torr), the decay 1s much
faster than at 10~6 torr, suggesting that the fast decay for the
microwave plasma is due primarily to the higher pressure. The slight
difference between the two high pressure cases is well accounted for
by the fact that the gun plasma is produced 700 psec later than the
microwave plasma with respect to the confining magnetic field pulse,
and hence some cooling due to magnetic field expansion is expected
for the gun plasma.

In order to {urther study the cooling mechanism, the temperature
of the gun plasma 1 msec after injection was measured as a function
of background gas pressure. The result is shown in fig. 28. For low
pressures, the temperature is relatively constant, but above about
10-5 torr the decay rate is quite sensitive to pressure. It is inter-
esting to note that the theoretical estimates of fig, 20 imply that
for "100 an® of obstacles in the plasma (hoop supports and probes},
that obstacle losses should dominate at pressures below about 10_S

torr, and ionization and excitation should dominate at higher pressures.
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Figure 27. Llectron temperature for gun and microwave plasma
as measured by an admittance probe on the B = 0 axis vs.

time after injection,
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Figure 28. Electron temperature of the gun injected plasma

1 msec after injection vs. background hydrogen gas pressure.
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same as the particle decay rate for the gun plasma at low pressure
instead of three times faster as expected for simple thermal f{low to
the obstacles. (See eq. {36).) This observation is probably closely
related to the observation that only a small fraction of the plasma
is lost to the supports, and that the fleating potential generally
differs by several volts from the potential of the wall and hoops,
indicating that the particle loss cannot be explained by simple ther-
mal flow to the hoop supports,

Admittance probe measurements are subject to considerable error
if the distribution departs slightly from a Maxwellian. The electron
thermalization time as given by Spitzer07 is 650 usec for kTe = 10 eV

9 3

and n = 10 cm °, For the microwave plasma with kTe < 10 eV and

n > 109 cm"S, the approach to thermal equilibrium should be even

faster. Furthermore, measurements using swept single probes and
electrostatic energy analyzers show that the distribution is reason-
ably Maxwellian with a temperature in good agreement with admittance

probe results.
D. Fluctuations

1
1. Between ucrit and the Wall

Simple MHD theory predicts interchange instability in regions

where

. dp d . dL
p'V‘_—a{%qwsﬂ—E-<U. (37)
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This condition is satisfied between § = = 3 and the wall

crit
(y = 5). Large (évf'"kTé/e), kll = 0 fluctuations in density and
floating potential are observed in this region as shown in fig. 22(d).
The oscillations are at a frequency of a few tens of ki{z, and the den-
sity and potential fluctuations are approximately 180° out of phase
implying small diffusion. Figure 29 shows how the amplitude of the
density fluctuations varies with distance from the wall in the mid-
plane. The fluctuations amount to about 40% in the unstable region

and fall off rapidly inside ¢ A similar behavior has previously

74,75

crit’
been observed for the gun injected plasma, as shown by the dotted
line in fig, 29. When a toroidal magnetic field of 180 G is super-
imposed on the poloidal field, producing a stellarator-like field
with large rotational transform and shear, the amplitude of the fluc-
tuations decreases in the originally unstable region and increases in
the originally stable region in a manner similar to that previously

observed for the gun plasma.74 The fluctuations are especially large

in the region of zero average shear 4.5 am from the wall.

2. Fluctuations in regions of inverted density gradient

Interchange instabilities can also occur inside wcrit when the
plasma pressure has a maximum peaked off the separatrix so that eq.
(28) is not satisfied. It has already been pointed out that this con-
dition occurs when the plasma is generated, and fig. 22 (b) shows an
example of the low frequency fluctuation that results. This fluctua-

tion has an amplitude of about 10 V/cm. Note that EQ > {0 for the
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Figure 29. Amplitude of density fluctuations in the 10-500 khHz
range in the midplane near the wall where the plasma is expected

to be flute unstable.
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first 60 usec causing plasma to E X B drift toward the wall initially
at this azimuth, but as the density builds up (fig. 22(a) ) the elec-
tric ficld reverses and the plasma drifts towards the center with a
velocity (~ 186 cm/sec) that is consistent with the observed collapse
of the density profile (fig. 21).

Inverted density gradients can also arise when the magnetic field
changes and moves the density peak off the separatrix. The oscillo-
scope trace in fig. 23 shows an example of the fluctuations that occur
on the B = 0 axis under these conditions. The plasma is produced
while the field is still rising so that as the density distribution,
which is initially peaked on the separatrix, moves toward the hoops,

a large fluctuation appears. Near peak magnetic field, the fluctua-
tion disappears, only to reappear later as the field decays and
carries plasma out toward the wall, These fluctuations are similar
to cases previously observed for the gun plasma, and may account for

some of the diffusion observed in the density profiles in fig. 23,
3. Fluctuations in regions of unfavorable curvature

when. the density gradient is sufficiently large,fluctuations
appear in the MID stable region where the local field curvature is
unfavorable, Figure 30 shows that the amplitude of these fluctuations
is maximum where the density gradient is maximum and amounts to about
a 10% variation in density. The fluctuations occur only on the side
of the peak toward the wall and have nodes in the regions of favorable
curvature. This oscillation has a frequency of about 100 kHz in

76-78

agreement with the theoretical prediction of
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Figure 30. Profile of density and amplitude of density
fluctuations at 500 psec showing evidence of drift waves localized

in the region of unfavorable curvature.
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and a parallel wavelength one half as long as a closed field line.
This drift wave propagates in the direction of the diamagnetic cur-
rent and has a perpendicular wavelength of 3 cm in agreement with the
prediction that

2 2

ky Py = Ti/le .

To a close approximation, the density and potentiai fluctuations are
in phase implying no transport in agreement with the fact that the
density gradient persists throughout the life of the plasma. The fre-
quency and amplitude of the oscillations decrease in time as the elec-
tron temperature decays (see fig. 27). The addition of a toroidal
magnetic field of about 100 G does not suppress the fluctuations. The
parallel phase velocity of the wave is greater than the ion thermal

speed and less than the electron thermal speed:

V. < < v .
Vi w/k“ Vg

This wave is apparently identical to the collisionless ballooning
node observed by Meade and Yoshikawa78 in a linear quadrupole,
4. Fluctuations between the separatrix and the hoops.

Perhaps the most unsettling observation of the microwave pro-
duced plasma is the rapid diffusion toward the hoops, as seen for

example in fig. 21, This motion is somctimes accompanied by fluc-
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tuationsas in fig. 22 (e). This region has only favorable curvature
and should be stable according to any simple theory. It has already
been pointed out that the diffusion is present lrrespective of the
position of the resonance zones, although the appearance of the fluc-
tuations varies drastically. In fact, some cases have been observed
in which the diffusion is present without noticeable fluctuations,
Since hoop losses constitute the major source of plasma loss in this
experiment, as well as for the gun injected plasma, the mechanism
which produces this diffusion is worthy of further study. It is
possible that azimuthally asymmetric initial density distributions
or perturbations such as the hoop supports generate low frequency
electric fields which form convective cells enabling the plasma to

. 79,80
move out toward the walls and hoops.
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VIT. ION CYCLOTRON RESONANCE HEATING

A.  Introduction

Iilectron cyclotron resonance heating has proved so successful
in multipoles that it is tempting to extend the techniques in an
attempt to resonantly heat the ions in a plasma. Ion cyclotron
resonance heating requires r.f. frequencies that are m/M smaller
than is required {or electron cyclotron heating. The usual objection
to ion cyclotron heating asserts that waves will not penetrate
a plasma if the wave frequency is less than the electron plasma
frequency, and so for a typical frequency of I MHz, the limiting

density is about 10% 3,

In fact, it is often possible for
low frequency waves to penetrate a considerable distance into a
plasma having a much higher density. For example, with no magnetic

field, thepenetration depth of waves of frequency w is given by

where the latter approximation is valid for w << wp. If we

require that 1 MHz waves propagate a distance of 10 cm, we conclude
that densities as high as 3 x lO9 (:m_3 would be allowed. In the
presence of a magnetic field, it is possible for ion cyclotron
waves to propagate through a plasma of arbitrary density

provided o < s - Hence, it should be possible to excite these
waves in a fegion of strong magnetic field, and let them propagate

along the field into a region where w = w.; (called a "beach") where

their energy is absorbed by the ions.
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In this chapter, the theoretical model of Chapter 1V is extended
to the case of ion heating in order to estimate the expected heating
rate.

Since the lowest resonant mode of the toroidal cavity is about
300 Mz, the usual method of exciting the cavity would not be
effective at 1 Miz. A more feasible method of generating electric
fields in the plasma consists of applying a voltage between thgf:
hoops and wall. This case is also easy to treat theoreticail}n.
since there would be no azimuthal electric fields (Ea = 0}.
Futhermore, for a typical electron energy of5 eV, an electron
travels a distance of about 100 cm during a period of the wave, and
so we expect field lines to he equipotentials (E, = 0). The
potential is then constant on a {lux surflace, ¢ = &(¢), leading to

a considerable simplification of the theoretical treatment.

B. Calculation of Heating Rate
The power absorbed in the flux shell dy can be written in
terms of the real perpendicular conductivity o, as
db _ o, dp _ do s

where 9, for the case of w £ w_. 1s given by

ci

2 Wt ow,

G 7 EFapi VY (o 2

Weq

+ 4m2v2

The ion collision frequency v is assumed much smaller than w. The

electric field El_uan be written as
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. d¢
}‘J'L = EVQ’I = ""(h“"p*‘" |VKIJI = 2nRB a‘\y ’

so that eq. (38) becomes

fan)
%— = 4” {%‘ﬂ $ qLRZBdQ,. (39)

By writing ¢ in terms of B{2) and expanding B(g) in a Taylor
series ahout its resonance value (BO), the integral in eq. (39) can
be evaluated in a mamner identical to that used to obtain eq.(12).

The result 1s

2
R Bo

2

g£-= 2nne [%S} e (40)
v v ab/dn|p .
o}

The same result could have been obtained directly from eq. (12)

by substituting

"2 (5] Wiy

pointing out the fact that the heating rate is mass independent
and depends only on the strength of the electric field in the reso-
nance regiomn.

Unlike the case of electron heating where the electric field
is constant on the average, even at rather high densities, the
quantity do/dy is expected to be strongly affected by the plasma.
At microwave frequencies, E:Z can be easily calculated in terms of the
input power and Q of the cavity, but it is difficult to measure E,.

For w ~ the electric field can be measured with high impedance

Wiz
probes such as those described in III. A. 1., but the field is
more difficult to calculate. Under certain restrictive conditions,

an expression for d¢/dy can be obtained, however.
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-
Tf we assume that charge camnot flow perpendicular to B,

Poisson's equation can be written for a flux tube as

Lo, A
f) (V‘E_LIJ_L) 5 0 {41)
where w 2
€ Eo 1+ 5 7
w. o omw

If we assume that the density is sufficiently high that

(t.e. n > 5x 107 cm_S at B = 1 kG), €, can be expressed in terms

of B(f) and BO, and substituted into eq. {41) to get the result:

2 2 R2
&’ o R°B do RB  dR dB
ds + =— | dg + § ———s =~ 4l
a? " B* - B ° d‘i’[ B% - Boza 2 - B * 2 &
2 2,2
1 dn R™B R™B dB
FE T Al - 2 g dfi}:o. (42)
a7 7 Boz (B2 _Boz)zaa?

In general, the integrals in eq. {42) would have to be evaluated by
computer for a specific magnetic field geometry such as the
toroidal octupole. However, we note that for a straight uniform

field (dR/dY = dB/dy = 0), eq. (42) reduces to

d2®+;_dnd®mo

which has the solution dé/d¥ = const/n(y}, (43}
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L
or R f max dy /n(y)
o) = : (44)
f O‘W dip/n (y)

where ®y is the total potential applied across the plasma. Equation(43)
agrees with our intuition since it describes an infinite parallel
plate capacitor filled with an inhomogencous dielectric such that
the condition ¢E; = const (or E, = const/n) is satisfied. Note that
the ¥ in the above equations has units of webers.

A number of approximations have been made in the preceeding
calculations. The condition v << w is less easily satisfied for
jons than for electrens of the same energy. As with electrons, the

parallel velocity must satisfy
B

Vy <<w 3§7%” ’
corresponding to a parallel energy of about 1 keV for typical
conditions in the toroidal octupole. The derivation of eq. (42)
assumed that the plasma is not in contact with the electrodes
that produce the electric field (the hoops and wall). The
particle current at the electrodes would greatly reduce the hoop
to wall resistance and could lead to a severe plasma loss in the

presence of strong r.f, heating pulses.

C. Experimental Measurements
In order to determine the conditions for optimum coupling
of r.f. power to the plasma, the impedance between the upper

outside hoop and the wall was measured as a function of frequency
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with the other hoops floating. In the ubsence of plasma the capa-

9 3

citance is about 650 pF. When a pgun produced plasma with n ~ 10 cm’
1s injected and allowed to decay for 500 psec, the impedance from
hoop to wall can be represented approximately by a 1000 pF capa-
citance in parallel with a 1000 ohm resistance. This impedance is
relatively insensitive to the amplitude of the r.f. voltage.

The hoop was driven with a 1 Miz, 10 volt r.f. signal, and
the potential ¢ (y) between the hoop (p = -5) and the wall (¥ = +5)
was measured with a 10 M floating probe (see III. A. 1.). The
result is shown in {ig. 31. Note that the electric field de¢/dv
is smallest where the density (as indicated by the im saturation
current, Ioi) is large, but that near the boundary of the plasma the
field is large. These observations are in qualitative agreement
with the prediction of eq. (43). Near the separatrix {y = -1.6),
the field is de/dy ~ 0.1 @o/wmax'

Using the low frequency r.f. heating system described in I1. C.,
it is possible to develop an rms voltage of 1 kV between the hoop and
wall in the presence of the gun injected plasma. Low impedance
probes on the E = { axis show that if the r.f. is pulsed on for
100 usec, the resulting ion saturation current after the heating is
decreased by about a factor of three, indicating enhanced loss of plasma
during heating. If the r.f. is pulsed on without preionization but
with a high background gas pressure (2 5 x 1077 torr), a plasma with
n~ 108 an? is produced,

From eq. (40) and the measured value of d¢/dy it is possible

to predict the average ion heating rate:
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Figure 31. Amplitude of the r.f. voltage in the plasma when

a 1l MHz r.f. signal is applied between a hoop and the wall.
The electric field in the plasma is smallest where the density

{as indicated by the ion saturation current, Ioi) is large.
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3
- 2roeB_ 2 .2
dw _ 1 ,dp . _ o ¢ [de} © R™n(y)
Zovlme - —1 ayae]
BO
o2 (@ | Boav (45)
T €5 3@’0 V”'HF'B
O

or about 106 eV/sec. Hence for a 100 usec r.f. pulse, appreciable
heating should occur provided the losses are not too serious.
Measurements of the ion heating rate are being made by Kuswa and
will be reported elsewhere. At higher densities the heating

rate should decrease sharply, and more powerful r.f. systems and
more efficient means of coupling the power to the plasma would be

required.
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VIII. CONCLUSIONS

It has been shown that microwave energy can be effectively
transferred to the electron component of a plasma confined in a
toroidal octupole magnetic field, provided the microwave frequency is
chosen so that electron cyclotron resonance occurs somewhere
within the field. The heating rate is in qualitative agreement
with the results of a simple linear theory of stochastic acceleration.
At low background gas pressure, most of the r.f. power goes into
increasing the energy of whatever electrons are pregent. At high
background pressure, the energy goes into ionizing the background gas.
Quantitative.comparisions of theory and experiment are complicated
in the first case by obstacle losses and in the second case by the
fact that the density in the resonance region rises to such a high
value that the electric field is perturbed by the plasma. Never-
theless, the observed spatial distribution of energetic electrons
is in good agreement with predictions.

Cold ion plasmas produced by microwave breakdowh'at high pressure
are of interest because they represent a fundamentally different
kind of plasma from the usual hot ion, gun injected plasma.

Particle loss mechanisms (such as thermal flow to hoop supports
which depend strongly on ion temperature have been discredited
partly as a result of the observation that microwave: produce
plasmas do not have significantly longer lifetimes, anda more
likely source of particle loss is being sought. Microwaveheating
provides a means of adjusting the spatial distribution of the

- plasma, and thereby producing a variety of fluctuations. , These



fluctuations do not appear to be an important source of plasma

loss, but do provide an opportunity to study basic plasma phenomena.

The theoretical model has been extended to ion cyclotron
heating, where it was shown that the ion heating rate should be
correspondingly large if suitable means can be found for producing
the required low frequency electric fields in the plasma. Both
electron and ion cyclotron heating become increasingly difficult
at high densities, and more efficient means of coupling the r.f. to
the plasma would certainly be required to heat the types of plasmas

envisioned in a controlled thermonuclear fusion reactor.
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