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A 28-GHz gyrotron is used to produce a plasma at the electron cyclotron resonance in the
Impurity Study Experiment (ISX-B) tokamak. The influence of the toroidal magnetic field
magnitude, error fields, gas pressure, microwave power, microwave pulse length, and microwave
timing is studied for experiments with magnetic field and gas only. Also, experiments with
preionization followed by capacitor discharges are carried out in which these quantities are
varied, as are the capacitor bank voltages. Optimum conditions of preionization for some of the
parameters are determined. A theoretical model that adequately reproduces the data is given.
Calculations based on this model show the temporal evolution of the electron temperature and
density, the neutral density, and the plasma current. The model adequately accounts for present
and previous experimental results and can be used to make predictions for future experiments.

The decay of the discharge with no input power is not correctly predicted by the model.

I. INTRODUCTION

In present designs of tokamak reactors, the inner wall is
made thick to protect the circuitry during disruptions and to
accommodate a blanket and shield. One purpose of preioni-
zation is to start the plasma current with smaller voltages
that can diffuse through a thick inner wall. Another purpose
of preionization is to reduce the volt-seconds (magnetic flux)
that are expended in the start-up. This reduction can extend
the pulse length of the discharge.

Experiments on plasma production (magnetic field and
gas present} and preionization (magnetic field and gas prior
to an ohmic discharge) were carried out with electron cyclo-
tron heating (ECH) on the Impurity Study Experiment (ISX-
B) at Oak Ridge National Laboratory (ORNL). The power
for these experiments was produced by a Varian gyrotron
operating at a frequency of 28 GHz. The power was intro-
duced into the tokamak through a microwave window, and
breakdown occurred when the magnetic field was adjusted
for electron cyclotron resonance in the ISX-B vacuum sys-
tem.

This work continued the previous preionization and
plasma production study on ISX-B at 35 GHz.! Similar
work has also been carried out on a variety of other toka-
maks: FT-1,? JIPPT-2,®> WT-1,* WT-2,% Tokapol,® and JFT-
2.7 Earlier work was done by Anisomov e al. on a small
toroidal device.® Results of theoretical work by Peng et al.’
were an important consideration in the planning of these
experiments.

Previous experiments in ISX-B showed that preioniza-
tion caused substantial reductions in the loop voltage during
the initial phase of the tokamak start-up. '° Transformer flux
savings of 30% in the first few milliseconds were also
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achieved. The rate of rise of the plasma current was in-
creased by 40%. In the present experiments we adjusted all
the available parameters: magnetic field, gas pressure, mi-
crowave power, length of microwave pulse, timing of micro-
wave pulse relative to the tokamak firing, and voltage ap-
plied to the tokamak primary windings. Optimum con-
ditions for many of these were determined.

Section II contains a description of the experimental
arrangement and the available diagnostics. The experimen-
tal results are discussed in Sec. III. Section IV contains a
theoretical model, a comparison with the data, and scaling to
higher frequencies and other tokamaks. The last section con-
tains a summary and conclusions.

Il. EXPERIMENTAL CONDITIONS AND DIAGNOSTICS

These experiments were done on the ISX-B tokamak,
which is described in Refs. 1 and 10. Briefly, the major radius
i$ 93 cm, the minor radius is 27 cm, and the vacuum chamber
is rectangular in cross section with a maximum possible
elongation of 1.9:1. The magnetic field variation used in
these studies was 8.5 to 13.5 kG, and the plasma current was
typically 100 kA. The ohmic heating and vertical field coils
are combined into inner and outer poloidal field coil sets,
which are separately controlled.

In the normal start-up sequence the toroidal field is en-
ergized early and reaches a flat top at — 100 to — 10 msec.
A gas puff prefills the chamber at — 40 msec. A capacitor
bank is fired to energize the outer winding at # = 0, and this
voltage initiates ionization of the gas. The inner winding is
energized by another capacitor bank at a variable time, typi-
cally at £ = 5-7 msec. These capacitor voltages and the tim-
ing are preset to center the current in the chamber during the
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start-up phase. The capacitor bank voltages decay at a rate
determined by plasma resistance. After about 10 msec the
ohmic heating power supplies take over from the capacitor
banks and bring the plasma current to a predetermined level.
The plasma position and current are sensed, and the feed-
back control adjusts the inner and outer supplies to maintain
the desired position and current.

The microwave power source used was a Varian triple-
miter-bend-gyroton with an operating frequency of 28 GHz.
The power output at the gyrotron window was 100 kW max-
imum at the time of the experiment (although the output
power measured at the factory was about 160 kW). The pow-
er was emitted into an oversized waveguide with a 6.35-cm
{2.5-in.) inside diameter. Although the tube was designed to
operate in the TE,, mode, the triple-miter-bend construc-
tion resulted in a mode mixture that was not ideal for long-
distance transmission. As a result, the power delivered to the
tokamak was not more than 70 kW, as measured calorime-
trically with a water load at the end of the waveguide. (Dur-
ing the actual experiments it was impossible to measure the
power level.) The power supply was designed to allow pulse
widths of 100 msec, and these were occasionally used. How-
ever, because of the nature of the experiments, pulse widths
of 40 msec or less were normally sufficient. The power was
produced at times controlled by tokamak timing pulses. For
preionization work, the timing was before the actual break-
down produced by capacitor bank firing into the tokamak
primary windings. Pulse times as much as 50 msec earlier
could be used.

The antenna was mounted on the midplane of the toka-
mak on the high field side and oriented to launch the power
at an angle of 60° to the magnetic field. The antenna was
equipped with a Wengenroth polarizer,'' however, with the
mode mixture mentioned above, the polarizer was probably
ineffective. Hence, it was assumed that it produced power in
approximately equal amounts in the ordinary and extraor-
dinary modes.

Standard tokamak diagnostics were used for these ex-
periments. The most important of these for preionization
work were the loop voltage ¥, the plasma current I, visible
light from an array of pin diodes, soft x rays from collimated
detectors, current to upper and lower limiters, a double
floating probe, and density as measured by a horizontal 2-
mm interferometer and a vacuum ultraviolet (VUV) spec-
trometer. The interferometer measured the line density
across the midplane. The VUV spectrometer also viewed the
plasma across the midplane. The double floating probe was
mounted in the top of the tokamak and could be inserted
downward from the wall to the edge of the top limiter at a
radial position about 2 cm outboard of the plasma axis. On
one occasion an infrared camera was used to monitor power
deposition on the upper limiter.

The limiter current was measured with a commercial
current probe on a wire connecting the isolated upper or
lower limiter bar to the vacuum tank. These limiters are far
from the plasma during normal discharges and only inter-
cept a small plasma current. For the present studies it was
observed that current flowed in the curvature drift direction
(BX VB), as would be expected in a purely toroidal field.
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lIl. PARAMETER STUDIES

In an effort to find the best conditions for preionization
and plasma production, a series of studies was performed.
The studies were motivated by the desire to design a preioni-
zation system for a larger tokamak. The optimum pulse
length and the optimum magnetic field were determined. In
addition, information was gained on the microwave power
requirements, the initial pressure, and the optimum timing.
Some idea was obtained of how low the capacitor bank vol-
tages could be. Finally, some idea of the effect of field errors
was obtained.

A. Optimization of preionization pulse length

Two of the quantities of interest in scaling studies are
the reduction of the loop voltage during breakdown and the
concomitant reduction in the volt-second expenditure of the
transformer. In previous studies both the dependence of the
loop voltage and its time integral on the preionization plas-
ma were studied.'”

The first series of experiments to be described used a
microwave pulse of maximum power that was injected some
specified number of milliseconds before the capacitor break-
down and overlapped the main discharge by aproximately 1
msec. Figure 1 shows typical oscillograms of the loop voltage
with and without a S-msec pulse of preionization. (The pic-
tures are somewhat different from those reported in Ref. 1
due to a reconfiguration of the capacitors and bus bars since
the earlier work.) The large voltage spike noted in Ref. 1 was
probably due to a saturable reactor on one of the buses used
for earlier work. In Fig. 1, there is a clear difference between
the no-preionization and the preionization case, particularly
in the first few milliseconds of the discharge. Note the reduc-
tion of the measured voltage due to the preionization. In

2ms /DIV

WiTH ECH PI

VOLTAGE (arbitrary units)

WITHOUT PI

FIG. 1. Measured loop voltage ¥, as a function of time during the early
phase of the breakdown (a) with and (b) without preionization. Note the
marked voltage reduction in the first few milliseconds.
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these experiments there is no change in the voltage supplied
by the capacitor banks.

In Fig. 2, the reduction in the measured loop voltage at
two different times after the start of the tokamak discharge is
plotted as a function of the duration of the preionization
pulse. In this experiment, the pulse overlapped the main dis-
charge by 1 msec so that slight variations in pulse width
would always allow an overlap. Note that the measurement
made at the earlier time of 0.6 msec after capacitor bank
firing shows a larger effect. However, a 5-msec pulse is suffi-
cient for saturation in both cases. The 2-mm interferometer
indicates that the preionization plasma density has reached
an equilibrium in 1-3 msec.

A study of the reduction in the loop voltage integral
(i.e., the volt-second expenditure) showed that 5-msec pulses
were adequate. An integral over the first 5 msec of the dis-
charge was reduced by 25% by a preionization pulse of 5
msec, and longer pulses produced no further improvement.
Pusles as short as 1 msec produced a noticeable reduction in
the integral of 10%.

A series of experiments reconfirmed the finding of Ref.
1 that extending the preionization pulse into the main dis-
charge had no effect. This is probably due to the fact that the
microwave power is negligible by comparison with the oh-
mic power supplied by the capacitor banks during the break-
down phase.

Figure 3 shows the effect of pulse length on the rate of
rise of the plasma current. The rate of rise is clearly larger
(50%—-60%) with preionization than without it. Again, note
that the 5-msec pulse is adequate. No substantial improve-
ment in rate of rise occurs for longer pulses, and there is a
large effect for much shorter pulses.

B. Optimization of B, with 5-msec preionization pulses

In Fig. 4, the volt-second integral reduction due to the
preionization is plotted as a function of magnetic field at the
axis of the tokamak (R = 93 cm). In this experiment a 5-msec
pulse was used before the main discharge, again with a tim-
ing overlap of 1 msec. For a field of 10.0 kG, the resonance
would be exactly at 93 cm. A resonance exists in the vacuum
chamber for on-axis fields ranging from 7.1 kG (resonance at
the inside limiter) to 13.5 kG (resonance at the outside li-
miter). The figure shows that the maximum effect occurs at
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FIG. 2. Reduction in ¥, at two different times after breakdown as a function
of the preionization pulse length. The pulse always overlapped the break-
down by approximately 1 msec. The time indicated is the start time before
capacitor bank firing. The earlier measurement at 0.6 msec shows a larger
effect.
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FIG. 3. The effect of pulse length variation on the rate of rise of plasma
current df,/dt. The rate of rise is clearly larger with preionization than
without it, and a pulse of 5 msec is adequate to achieve saturation.

approximately 11.5 kG. At this field, the cyclotron reso-
nance position is displaced toward the outside of the vacuum
chamber by 14 cm. For a line density of 2 X 10> cm ™3 and a
central field of 11.5 kG, the upper hybrid resonance is at the
outer limiter (120 cm). The reduction in the effect for fields
higher than 11.5 kG may be due to the absence of an upper
hybrid resonance and its concomitant plasma production
and heating. Effects were observable for magnetic fields
higher than 13.5 kG because there was still some plasma
production in the pumping manifold on the outside (low field
side) of the tokamak, and the UV light from this aided in the
breakdown in the main chamber. On-axis fields below 8.5
kG could not be used since these would have placed the reso-
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FIG. 4. The reduction in expended volt-seconds for a constant preioniza-
tion pulse of 5 msec as a function of the toroidal magnetic field on axis. The
maximum effect occurs at B, = 11.5 kG, which give a cyclotron resonance
displaced from the axis outward by 14 cm.
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nance within the waveguide itself, a condition that causes
arcing and could easily lead to window failure.

As already mentioned, the plasma current rose faster
with preionization than without it, and the current was de-
tectable earlier. In Fig, 5 the rate of rise of the plasma current
is shown with and without the 5-msec preionization pulse as
a function of the magnetic field on axis. Note that the rate of
rise with preionization remains higher at higher magnetic
fields than it does without preionization.

The rapid current rise associated with preionization
sometimes led to deviations from normal tokamak oper-
ation. Ordinarily, based on observation of the in-out position
indication, breakdown starts at the outside since the outer
windings are energized first. The inner windings are ener-
gized a few milliseconds later, stopping the inward motion of
the nascent plasma current near the center of the chamber.
Eventually the feedback control takes over and centers the
current channel. Nonoptimum capacitor bank settings allow
the current to start early and give it a more rapid rate of rise.
Hence, the current can overshoot the equilibrium position
and be lost before the feedback can control it. Adjustment of
the capacitor bank voltages and timing can easily prevent
this effect.

C. Variation of microwave power with a 5-msec
preionization pulse

Figure 6(a) illustrates the effect on the loop voltage of
varying the microwave power for a 5-msec pulse. Note that
there is little effect for a factor of 2 change in power. The
gyrotron would not oscillate below a certain minimum beam
current, and hence it was not possible to achieve a larger
variation in power than this. The effect of varying the rf
power on the rate of rise of the current for the 5-msec pulse is
shown in Fig. 6(b). Again, note the insensitivity to the power.
The rate of rise was also measured at 2 msec during the rise
with the same result; above some unknown lower power val-
ue there is no further effect.

The light amplitude is approximately proportional to
the rf power level for the preionization plasma. Also, the
value of electron density varies approximately linearly with
power. As mentioned earlier, during these experiments the
line density was typically 2 10'> cm™> at the normal fill
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FIG. 6. Effects of rf power variation on (a) ¥, for a 5-msec preionization
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dl,/dt for the same pulse (again, note the lack of effect).

pressure, which is considerably lower than that achievable in
the previous work.'

D. Variation of fill pressure with a 5-msec preionization
puise

The tokamak would not operate over a wide range of fill
pressure; hence, the data for this study were limited. Also,
only capacitor breakdown plasmas were used to avoid opera-
tions problems with the main power supplies. A prefill pulse
of gas normally filled the chamber with gas 40 msec before
breakdown. Variation of the initial gas input by a factor of 4
caused no change to the loop voltage with preionization.
Similarly, there was no change in the transformer volt-sec-
ond expenditure. The current rate of rise was also indepen-
dent of the prefill gas puff input for a constant preionization
pulse. The interferometer showed a rise in density propor-
tional to the gas puff input and the light from the pin diodes
increased proportionally to it. However, the limiter current
dropped as the fill pressure was raised.

E. Variation of timing of prelonization pulse

Several studies were made of the effects of timing of
various lengths of preionization pulses. These were all done
at full power. Figure 7 shows the volt-second saving as a
function of the timing of a constant 20-msec preionization
pulse. Note that there is still an effect on the tokamak dis-
charge for a pulse that ended 30 msec before the capacitor
firing. This is evidence of a long-lived plasma component in
the purely toroidal field of the tokamak (i.e., without a rota-
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tional transform from a plasma current). As the pulse was
moved toward the time of the capacitor firing, there was an
increase in the volt-second saving until the pulse overlapped
the breakdown. Measurements of plasma density by the 2-
mm interferometer showed a density of ~2x10'2 cm™3
during this pulse, with an e-folding decay of about 10 msec.

The light signals showed a long decay but with addi-
tional features. Figure 8 shows several of the diagnostic sig-
nals as a function of time for an early 20-msec preionization
pulse that ended 25 msec before the ohmic heating start-up:
the limiter current, the radiometer signal, the interferome-
ter, and the pin diode light, with the microwave pulse signal
as a timing mark. The light signal always starts with a bright
spike that quickly decays and then rises slowly during the
pulse. The spike is due to the opening of the gas valve at

— 40 msec. However, after microwave turnoff the light be-
gins to decay and then displays two peaks before finally dis-
appearing. The density signal shows steps due to the auto-
matic fringe counter; this limits the resolution but the
density clearly shows a long decay. The limiter current
shows a slow 10-msec buildup and a 2-msec decay. The ra-
diometer signal also shows an increase during preionization,
but some of this is direct pickup.

There are several possible explanations for the long con-
tainment time observed. The light buildup and decay could
indicate the presence of superthermal electrons. If the elec-
trons are accelerated by the microwave power to energies
well above the peak in the ionization cross section, then after
microwave turnoff these electrons might decay in energy un-
til they begin to ionize the gas more efficiently. The visible
light peaks could be due to the electrons decaying in energy
through the region where the gas is easily ionized. The pres-
ence of a vertical error field can offset the curvature drift for
a class of electrons with a given perpendicular energy and
thus permit their containment.'>!*> These fast electrons
would constitute a small toroidal current. No such current
was observed within the accuracy of the measurement,
which was 1 kA. For ISX-B, electrons of approximately 20

1873 Phys. Fluids, Vol. 27, No. 7, July 1984

-

5 ST T T T T ]
] 8 - ' —
E 6 |- i —
82 4 — -—
x>~ 2 —
= 0 foe ~ -
5 2 _
A B B R N | I
eE
c
T
3
=¥
x3
r 1x10P
&
Z
w
a
zl’)
o5
gL
(&)
wi
)
w
e 0
N B _
~ 2
- kS
=]
— bl
g
B 5
l K]
— T
- s
b o~ -
~ TR W N
«
;i T ] I T I
28 L
- W S S B B
o
= 50 -40 -30 -20 40 O 40 20

TIME (ms)

FIG. 8. Several diagnostic signals as a function of time with (dotted lines)
and without (solid lines) an early 20-msec preionization pulse starting 45
msec before capacitor bank firing. Shown are the visible light from a pin
diode, density (horizontal 2-mm interferometer), current to upper limiter,
and a wide-angle radiometer signal. Note the reduction of all signals by the
preionization pulse and the peculiar behavior of the light signal after rf turn-
off.

keV could be contained in this way by a 5-G vertical error
field, and calculations suggest that a small toroidal current
below the threshold of detectability could be responsible for
the observations. On the other hand, Stix'* and Bulyginskii
et al."® have proposed mechanisms for confinement of plas-
ma in purely toroidal fields by means of a space potential
buildup that provides an effective rotational transform. The
possibility that an ambipolar potential aids confinement has
also been discussed by Borowski et al.'®

After the capacitor firing, other features are of interest.
All of the signals show an effect from the preionization pulse.
The loop voltage (not shown) is lower, the density is reduced
from the value achieved without microwave power, and the
light spike and the radiometer spike are reduced. These
changes are further evidence that the early preionization
pulse has altered the conditions inside the vacuum chamber.

Power should be deposited on the limiters during
preionization because of curvature (BX VB) drift and field
error drift. An infrared camera was oriented to look at the
upper limiter through a CaF window by means of a front-
surface gold mirror. No limiter surface temperature rise
could be detected, even though the limiter current was sever-
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al amperes. However, only about half the length of the lim-
iter could be viewed through the window, and it was not
certain that the heating zone was positioned under that sec-
tion.

The double floating probe located in the shadow of the
upper limiter was used to measure the temperature and den-
sity of the preionized plasma during this experiment. The
probe gave an electron temperature of 2.4 eV and a density of
1.3 10" cm 3. It was located just above the upper limiter
and separated by three sectors (120°) toroidally. The probe
was at a major radius of 95.25 cm, or 2.25 cm beyond the
cyclotron resonant layer at 93 cm. For a plasma density of
1.3 10" cm ™3, the upper hybrid layer would be at a major
radius of about 100 cm. Hence, the probe would not be posi-
tioned over this layer, and the temperature and density mea-
sured would characterize not this layer but rather the plasma
nearer the cyclotron resonance. The density is in fair agree-
ment with the line density measured by the interferometer.
Based on the results of Ref. 1, the temperature near the up-
per hybrid layer could be considerably larger than that mea-
sured by the probe.

A VUV monochromator viewed the plasma across the
midplane. In principle, it is possible to measure the plasma
electron temperature by measuring the intensities of a num-
ber of impurity lines, as was done in Ref. 1. However, in the
current experiments the signals were very noisy, and it was
not possible to make a determination of the electron tem-
perature by this method.

F.Reduction of capacitor bank voltages with a constant
5-msec preionization puise

In a study that is of interest for future large toka-
maks,'®!” the capacitor bank voltages on the inner and outer
supplies were lowered together so that the toroidal current
would start up approximately centered and remain there.
The outer bank was lowered from its typical value of 220 to
100 V, and the inner bank voltage was lowered from 100 to
40 V. With only these lowered voltage capacitor banks sup-
plying power, the plasma created was very resistive and the
current buildup was slow and short-lived {35-msec dura-
tion). However, with the application of preionization from
— 5 to + 6 msec relative to the capacitor bank firing, the
discharge duration was extended to 90 msec. The plasma
current was actually detectable 4 msec earlier with the
preionization. The longer discharge used the same amount
of transformer flux (volt-seconds) as the short-lived dis-
charge. Figure 9 shows the temporal behavior of the plasma
current, loop voltage, density, and rf pulse timing for the first
40 msec of the discharge.

Current start-up with much lower voltages makes pos-
sible a considerable saving in power supply costs for large
tokamaks. Also, the poloidal field system can be simplified
and the inner wall can be made more conductive for added
protection of the poloidal circuits during disruptions.

G. Evidence of field errors

There were no error field correction coils on ISX-B for
the purpose of changing or eliminating stray magnetic fields.
There were two ways to examine field errors. One was to
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FIG. 9. Temporal variation of the electron density, loop voltage, plasma
current, and microwave power for two discharges with lowered capacitor
bank voltages, one with (dotted lines) and one without (solid lines) preioniza-
tion. Only the first 40 msec of the discharge is shown. The plasma duration
for the case with preionization is 90 msec, the density rises to =2 10"
cm >, and the current reaches a plateau of 50 kA. Note that the current is
detectable about 4 msec earlier with preionization than without it.

reverse the direction of the toroidal field, which would
change the curvature drift direction. In the absence of field
errors, this reversal would only change the sign of the limiter
current and not its magnitude. The other was to use the inner
and outer windings to generate a field without a tokamak
discharge.

Figure 10 shows the upper limiter current due to a
preionized plasma with a constant microwave pulse power
and timing with the two magnetic field directions. All other
conditions are held constant. Note that both the sign and
magnitude change; the latter change indicates the presence
of an error field. However, it is impossible to determine the
size of the error field from this.

Other evidence suggested that accidental error fields
produced strong limiter currents in the presence of micro-
wave plasma production. These fields were produced by ca-
pacitor discharges in the inner and outer windings. How-
ever, it was not possible to calculate from these data the
magnitude of the actual error field without these accidental
fields.
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FIG. 10. Upper limiter current with a constant preionization pulse and with
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trace shows the microwave timing.

Calculations'® have shown that there is probably a ver-
tical error field of 5 G due to the back bias winding on the
iron core. Also, there is a radial error field from the toroidal
bus bars. These bus bars have a horizontal separation, and
the quadrupole component of this field gives a radial error
field of 8 G at the center of the plasma. The fractional field
error from these two effects is B /B~1X 10~>. Further dis-
cussion of the effects of error fields is found in Sec. IV C.

IV. ZERO-DIMENSIONAL MODEL OF PREIONIZATION

A zero-dimensional model of the preionization by ECH
is used to compare with the experiment and to develop scal-
ing predictions. This model is based on the work of Holly ez
al.®but has rather major modifications. Specifically, it has an
added ECH term and an error field loss term, and the dis-
charge is no longer considered to be neutral dominated. The
model of Fontenesi et al.'® does not include field errors and,
as a consequence, predicts densities and electron tempera-
tures somewhat higher than those produced by our model
and higher than those observed in the experiment of Ref. 1.

The first 10 msec or so of the discharge are modeled, so
that processes such as the transfer of energy to the ions from
the electrons are neglected. The typical timing includes a
preionization pulse followed by an ohmic heating phase; the
two may overlap. The quantities used are the electron den-
sity, the electron energy density, the neutral density, the
electron temperature, the plasma current, and the loop vol-
tage of the tokamak. Each of the densities is treated as a
volume average, and quadratic radial dependences are as-
sumed when converting to line averages or peak values. In
contrast to the work by Peng et al.,’ this model does not
include the possible processes of electron heating near the
upper hybrid resonance and electron confinement by ambi-
polar potential near the metallic vessel wall.

Webelieve that the most serious deficiency in the model
is geometrical. That is, one does not know the size and shape
of the plasma or the position of the microwave heating sur-
face. If the heating occurs at cyclotron resonance in the cen-
ter of the chamber, the plasma containment may be quite
different from the containment of a plasma heated at the
upper hybrid resonance at the outer edge of the machine. In
the model we assume a torus with minor radius a taken to be
the actual machine dimension.
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A. The equations
1. The electron density

The electron density », is governed by the rate equation

dn,
— =NVion — ne(verr + Vi + Vdiﬂ')! (la)
dt
with
vion = n0<0v>i0n . (lb)

The ionization rate is taken from published data.?® The first-
order field error causes field lines and plasma to spiral out of
the machine, with the electrons moving at their thermal ve-
locity v, = (T,/m)"/?. The distance traveled is the minor
radius ¢ divided by the angle that the actual field line makes
with the ideal field line, 5B /B. With a finite rotational trans-
form, the field error loss becomes a random walk, which is
negligible. The crossover where the direct loss becomes a
random walk occurs at a critical current I, defined as the
current where the poloidal magnetic field equals the error
field at the edge of the plasma, I, = 47a 6B /u,. The field
error loss rate is

Verw (6B /B v1/a)[1 — (I,/L,)] (1c)

for 1, <1, and zero for I, > I..

The loss from the curvature and gradient B drift is also
only present with negligible rotational transform and is
treated in the same way. A troublesome problem arises here,
since the opposite directions of the electron and ion drifts
lead to plasma polarization and to a polarization drift?' of
unknown magnitude. One experiment has led to the conclu-
sion that the plasma drifts outward at a rate near the ion
sound velocity.?? In contrast, Peng et al.® have suggested
that the loss is determined by the potential drop across the
sheath at the plasma boundary. We assume that the loss is
given by the vertical drift, since this rate is R /a times the
polarization loss rate if the average potentialis ¥ = T /e. We
use

Ve = (2T /aRw,m)[1 — (I,/1,)], (1d)

where w, is the electron cyclotron frequency and R is the
major radius of the tokamak. This loss rate is also zero for
1,>1.

The diffusive loss is produced by diffusion from classi-
cal electron—ion and electron—neutral collisions:

Vair = 8Te (Vei + Veo )/mwiaz‘ (le)

This rate is usually negligibly small.

2. The neutral densily

The basic problem asociated with treating the neutral
density is the treatment of recycling; just how many neutrals
leave the wall when it is struck by an electron orion? Here we
assume that the time scale for recycling is longer than the
other time scales in the problem and that neutrals are lost at
the same rate at which electrons are produced, which is equi-
valent to a recycling coefficient of one. Best estimates of the
recycling coefficient give values near one.”> We assume

dny, _ dn,

dt dt

(2)
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3. The energy density

The volume-averaged energy density is U= 3n,T,/2,
which includes only the electron energy, since the ion energy
is very small early in the discharge. The energy density rate
equation is

1[_1~PECH + Poy — Prag
dr Vv

p!

- U(verr + Var + VE)’
(3a)

where all quantities are volume averaged and V, is the plas-
ma volume. The entire volume of the tokamak is usually
used, although the ECH power may be deposited in a smaller
volume.

The principal power source is the ECH power Pgcy -
With input power P, the (single-pass) absorbed power at
moderate densities and temperatures is**

Pycy = Po[1 — £, exp( — 7o) —f.exp(—7,)], (3b)
where 77, and 7, are the dimensionless optical depths, and £,
and f, are the fractional powers for the ordinary and extraor-
dinary modes, respectively.

In the range of temperatures and densities that occur in
preionization experiments, the optical depths have not been
calculated or measured. In the extremely low density limit,
where the plasma dispersion can be neglected and the cutoff
layer of the extraordinary mode is very thin, the optical
depths are the same®

7. =7, =(m/2alR /1), (3¢}

where @ = w}/w” and 4 is the free space wavelength of the
incident wave. At higher density, the heating by the extraor-
dinary mode occurs at the upper hybrid surface through a
nonlinear mode conversion.® In both cases the absorption is
predicted to be essentially complete. Therefore we assume
the optical depth

7 = (7/2a(R /L)1 — af, (3d)

where the added factor cuts off the heating for @>1. This
formula yields complete absorption below cutoff for toka-
mak parameters. In the simulations, the cutoff only occurred
during the ohmic heating phase.

The radiation loss P,,, is produced entirely by the ioni-
zation process. With each ionization event an energy
E, =30eVislost, so

Prad = Eivion' (36)
The ohmic heating power is
P, =I>R,, (36)

where I, is the plasma current and R, the plasma resistance,
with
Rpl =2R /azae’ (3g)

and o, the electrical conductivity. The conductivity is calcu-
{ated with both electron—ion and electron—neutral collisions.
The conductivity from Coulomb collisions is taken from
Ref. 26, and for the neutral collisions we use

0)2

o= £ . (3h

4mo ony T, /m)'? )
where the electron neutral cross section is taken to be
Op =5.0x107% cm?
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The convective loss rates from the error field and the
magnetic drift are the same as for the density, but the basic
energy loss when the current is more than the critical valueis
the empirical scaling, “twice Alcator scaling,” with an ener-
gy containment time

Ty = const n,a% (3i)
and

vg = 1/71g, (3j)
whenl, > 1.

4. The current

The electrical circuitry is treated by a primitive model
with a constant applied voltage ¥, a constant inductance
L = 1.1 uH, and the calculated resistance

dl,
V=L—;t— +IPRP1' (4)
These four equations were solved by standard integra-
tion techniques (e.g., Runge-Kutta and Adams methods).
All methods used gave the same temporal evolution of the
electron temperature and density and the neutral density.

B. Resuits of the calcuiations

The time history of a typical simulation is shown in Fig.
11. Figure 11(a) shows the electron density #, and the elec-
tron temperature T,. The ECH is applied for 6 msec starting
at ¢ = 0 and the ohmic heating is started at 5 msec (the se-
quence commonly used in the experiment). The initial neu-
tral density is n, = 7X 10'? cm™?, corresponding to a fill
pressure of ~1x 10~* Torr. The applied voltage is 20 V, the
ECH power is 70 kW, and the fractional field error 6B /B is
1.5 1073, The ECH frequency is 28 GHz, and the volume-
averaged cutoff density is 5 10" cm >

The electron density rises to 2.2 X 10’2 cm ™2, in agree-
ment with the experimental results for preionization, and

840" T T T T ] °®
(a)
[3) r— -— 6
. -— s
€ 4 L — |4 =
< -
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30 I I l I 11
(b) -
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o | ! ] o
0 4 2 3 4q 5 [ 7
TIME (ms)

FIG. 11. Plots of (a) the electron density n, and temperature 7', and (b) the
toroidal current ] and the resistive loop voltage ¥, as functions of time from
the model. The microwave power is applied in the interval 0 to 6 msec, and
the ohmic heating is applied at 1 = 5 msec. The parameters are V=20V,
P,=70 kW, 8B/B=15%10"% f=28 GHz, n,=7.0x10" cm™>,
T{)=1eV,n(0}=1.0x10? cm™3 R =93 cm, and a = 27 cm.
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then rises again with the ohmic heating to its maximum val-
ue given by the gas fill. The electron temperature, after an
initial peak, decays to an equilibrium value of 3.3 eV with
preionization only. The electron temperature rises again
with the ohmic heating. This behavior is in general agree-
ment with the experimental results, although the electron
temperature is not measured at early times on this short a
time scale. The temperature calculated here is somewhat
higher (30%) than that measured with the double floating
probe (Sec. II1 E).

With smaller field errors (e.g., 5B/B = 1x107%) the
density rises to the cutoff density, 5X 10'2 cm 3. This does
not correspond to the experimental results.

Figure 11(b) shows the toroidal current 7, and the resis-
tive part of the loop voltage V,. The current rises at a rate of
14 kA/msec at 1 msec after the ohmic heating is turned on.
This is somewhat above the experimental value. With no
preionization, the value of dI,/dt is about 7 kA/msec,
which is close to the experimental value.

A study of the ECH absorbed power and the radiated
power shows why the electron temperature remains so low
during preionization. The ionization completely dominates
the energy balance. A slight increase in T, increases the ioni-
zation cross section, which increases the number of elec-
trons, and the associated radiative energy loss limits the tem-
perature. As a consequence, the radiated power is almost
equal to the input power. The burst of radiation associated
with the beginning of the ohmic heating is observed experi-
mentally and is limited by the depletion of the neutral den-
sity. For the case of start-up with no preionization there is
also a burst of radiation but of much longer duration. It is
also limited by the depletion of the neutral density. This too
is in rough agreement with the experimental observation. A
more realistic model for the radiated power would include
the radiation by impurity atoms,”® which can provide an
even more severe energy loss. However, with the electron
temperature limited to a few electron volts by the ionization
process, the impurity atoms should not be highly excited.

C. Parameter variation

In order to evaluate changes in parameters, we chose to
examine the electron density and temperature at the end of
the ECH pulse (just before the ohmic heating comes on), the
resistive loop voltage ¥, at 0.6 msec after the ohmic heating
is applied (5.6 msec into the simulation), and d7,/dt evalu-
ated 1 msec after the ohmic heating is applied (6 msec into
the simulation). These times are picked to correspond to the
times used in the experimental evaluation in Sec. III.

These quantities are shown in Fig. 12 as a function of
the fractional field error, 5B /B. The initial increase in 7, is
caused by the decrease in the density and hence the total
number of electrons in the machine with a constant power
input.

The resistive loop voltage decreases slightly with in-
creasing 6B /B (below 8 X 10~*) due to the increasing con-
ductivity. However, at larger field errors the loop voltage
rises due to the much lower density and hence lower conduc-
tivity. The value of d1,/dt remains high for small field errors
and eventually drops to near zero for very large field errors.
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FIG. 12. (a) The electron density n, and temperature T, at 5 msec, plotted as
afunction of the field error 6B /B. The other parameters are those of Fig. 11.
(b) The current rate of rise d/,/dt at 6 msec and the resistive voltage V, at
5.6 msec, plotted as functions of §B /B with the parameters of Fig. 11.

The current will not start for 5B /B > 10~2 By comparison
with the experimental data, we judge that the actual frac-
tional field error is 1-2X 10~ or 6B = 10-20 G. This is in
satisfactory agreement with the value found in Sec. 111 G.
The variation of various parameters as a function of
ECH power is shown in Fig. 13. The relative field error is
taken as 1.5 10™>. With a field error of this size the elec-
tron density rises linearly with power, in agreement with
experiment. The calculated density at 70 kW closely corre-
sponds to the actual density observed. The electron tempera-
ture is only weakly dependent on the power, due to the afore-
mentioned arguments about radiative power loss. We note
that at the gas densities typical of this experiment, it is al-
most impossible to get a very high electron temperature. For
this field error, a power of 1 MW gives 7, = 4.5¢V. The
value of d1,,/dt is almost constant over the range of 30 to 70
kW, which was the range of power used in the experiment.
This corresponds to the experimental observation. However,
the drop in the resistive loop voltage is greater in the simula-
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FIG. 13. The electron density n, and temperature T, at 5 msec, plotted as
functions of the microwave power Pycy for the model. The other param-
eters are those of Figs. 11 and 12. Also plotted are dI,/dt at 6 msecand V,
at 5.6 msec.
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tion than was observed experimentally. In contrast, with a
very small field error, the electron density rises in the simula-
tion very quickly to the cutoff value at low power.

Figure 14 shows the variation of #, and T, with gas
density at a constant power input and a fractional field error
of 1.5 107>, The density increases monotonically with
pressure in agreement with experimental observations. The
scaling study shows that T, would rise to much higher values
atlow gas density, dI,/dt would also increase, and V, would
sharply decrease. These quantities were not measured in the
experiment, suggesting another interesting area for further
experimentation. Smaller field errors (<5 X 107*) give a sat-
uration of n, at the cutoff density, contrary to the experi-
mental observations.

The decay time of the plasma density with no ohmic
heating was measured a number of times in the experiment
and found to be approximately 10 msec. Clearly, long-term
confinement of the plasma existed. Furthermore, the loop
voltage was affected for preionization occurring as much as
30 msec before the onset of ohmic heating. These effects
could not be reproduced in the model. Only for error fields of
less than 6 107> could the e-folding time of the density
decay reach 10 msec, which is in disagreement with the other
observations. The e-folding time 7 in our model was found to
be related to the error field by the relation

r=6Xx10""(5B/B)~".

Similarly, a study of dI,/dt and V, with a delay in the
ohmic heating turn-on showed that these quantities do not
follow their experimentally determined values. In the model
with 6B /B = 1077, the value of dT,/dt drops to its non-
preionized value within a few milliseconds after preioniza-
tion turn-off and the value of ¥, rises to its nonpreionized
value with the same time scale.

The variation in 7 with gas pressure was less pro-
nounced. There was only an 18% change in 7 as the gas
pressure was varied from 3 10'? to 12X 10" cm >

Itis clear from these results that the decay of the plasma
in the actual device cannot be reproduced by our model un-
der reasonable assumptions and hence is probably governed
by other processes (such as those proposed by Peng et al.®) or
by a superthermal toroidal current. Although other refine-
ments can be made to the present model to make the results
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FIG. 14. The density n, and temperature T, at 5 msec, plotted as functions

of the initial neutral density n, from the model. Also plotted are df,/dt at 6

msec and V, at 5.6 msec. The other parameters are those of Figs. 11-13.

1878 Phys. Fluids, Vol. 27, No. 7, July 1984

more closely agree with the present data, the model stands as
a reasonable approximation to the actual conditions during
the preionization, excluding the decay process. We also note
that since this is a zero~dimensional model we cannot predict
the experimental results of Figs. 4 and 5. These figures show
the effect of varying the magnetic field, which moves the
resonance region through the tokamak volume. Further-
more, although the limiter current measurements were in-
strumental in an analysis of the error fields, these currents
are not included in the model.

D. Extrapolation to higher frequencies, larger devices,
and higher fields

The model has been applied to the original preioniza-
tion experiment in ISX-B using 80 kW of 35-GHz power.'
Generally, conditions under which a density of 5X 10"
cm ? was achieved were easily obtained, but temperatures
were typically a few electron volts, as in the 28-GHz experi-
ment. Two points should be made. The 35-GHz experiment
was performed in 1979 prior to some changes in the toroidal
field bus work. These bus-work changes resulted in an in-
crease in the radial error field to approximately 8 G as noted
in Sec. ITI G. However, in 1979 the currents in the original
bus work would have produced roughly half this error field.
Hence, the total fractional field error from all sources should
have been somewhat less. We estimate that 6B /B

=5%10"* to 1x 1073, The second point is that for the
specific experiment in Ref. 1 in which the electron tempera-
ture was measured, the line density was 2.2 10" cm 3.
Typical bulk temperatures of 8~13 eV were obtained by a
scanning gridded probe, while regions of higher temperature
were observed near the calculated position of the upper hy-
brid resonance.

Using a lower gas pressure of approximately 3 x 10"
cm ™3, the model gives a density of 2.5 10" cm™? and a
temperature of 14 eV for a fractional field error of 5X 107,
The increased electron temperature is due to the reduction in
gas pressure. Under these conditions, the radiated power is
much less than in our standard 28-GHz case with full gas
feed. However, we could not reproduce the result in Ref. 1 in
which it was determined that only approximately 5 kW out
of 80 kW was actually radiated.

The present model has also been applied to the current
experiments on the Poloidal Divertor Experiment {PDX)
and Doublet I1I (DIII), which both use 60-GHz gyrotrons.
Plans are to use 400 kW of power on PDX?’ and to eventual-
ly have 2 MW of power on DIIL.*® At present, each one has
two gyrotrons for a maximum power of 420 kW. Both de-
vices have approximately the same major and minor radii,
which are taken here as 143 and 44 cm, respectively.

For the cases with 400 kW, the model predicts that the
volume-averaged density would reach 6Xx10 with
T,~4.5 eV for a fractional field error of 1< 107>, For the
higher power typical of DIII, the value of the density will rise
to the limit set by the gas feed, but the temperature can rise
significantly. For 1| MW, T, would reach 12.8 eV; for 2 MW,
T, would reach 25.9 eV. Again, this high temperature is due
to the low gas pressures assumed with this higher frequency
source so that the density cannot reach the cutoff density. If
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preionijzation is attempted with these parameters, break-
down should be facilitated.

V. SUMMARY AND CONCLUSIONS

A plasma was produced in the ISX-B tokamak using
microwave power from a 28-GHz gyrotron at the electron
cyclotron resonance. The influences of the toroidal field, gas
pressure, microwave power, pulse length, timing, and error
fields were studied. Both pure microwave discharges and
discharges that were initiated with microwaves and followed
by ohmic heating were studied. In the latter discharges, the
effect of the capacitor bank voltage was also studied.

It was found that the optimum toroidal field was that
which displaced the resonance toward the outside. The opti-
mum pulse length was found to be 5 msec, but large effects
were found for much shorter pulses. Timing that overlapped
the main discharge was best, but early pulses had a large
effect. With preionization, much lower applied voltages
could be used.

A theoretical model that adequately reproduces the
characteristics of the discharges has been developed for both
28- and 35-GHz plasma production. The decay of the after-
glow discharge, with no power input, is not correctly treated
by this model. Some other physical process maintains the
very low density, low-temperature plasma for a longer time
than predicted by the present model. However, this model is
adequate for the start-up phase of tokamaks, where the mi-
crowave and ohmic heating power dominates. Calculations
based on this model show the temporal evolution of the elec-
tron temperature and density and the plasma current. One
significant conclusion is that the magnitude of the error field
is critically important. Further calculations show that this
preionization technique will be useful in other devices at
higher magnetic field strengths.
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