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ABSTRACT

An experimental investigation has been made of particle confine-
ment and magnetic fluctuations associated with short (< 1 msec) gas
pulses into a Tokamak discharge. The fluctuations are measured with
movable pairs of magnetic probes, each containing a poloidal and radial
coil and inserted into the outer regions of the plasma.

When neutral gas is added and the current channel contracts,
the fluctuation spectra are dominated by an m=2 mode that grows with
the classical tearing-mode rate. When the gas feed is terminated, much
broader spectra of modes with m up to 15 are observed. The modal fre-
quencies are nearly integer multiples of 11 kHz. The m=2 mode
dominates the poloidal spectra, while the radial spectra have numerous
modes of appreciable amplitude. Time-delay measurements suggest that
many of the higher-order (m > 3) modes originate in deformation of the
m=2 and m=3 magnetic islands. A strong m=7 is found to be localized
near the limiter in q(a)‘= 3.8 discharges, hence this mode is identified
as anm=7, n=2. It is found that the m=2 mode becomes destabilized
for discharges for which the peak puff density approaches the upper
1imit given by the Murakami scaling relation. The m=2 mode grows at
a rate much slower than the classical tearing-mode rate. The threshold
in peak puff density for this destabilization coincides with a degrada-

tion in particle confinement.
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I. INTRODUCTION

The Tokamak remains one of the most promising devices under consid-
eration for future generation of power by controlled thermonuclear reaction.
Briefly, it is a toroidal chamber on which is wound a solenoid providing a
large, static (over the duration of the discharge) toroidal field which
constrains charged particles to move about it in Larmor orbits (Fig. 1).
A simple toroidal solenoid has a magnetic field varying as 1/R, where R
is the radial coordinate in cylindrical geometry. There is thus associated
with this field a gradient drift perpendicular to the plane of symmetry
of the torus that has an opposite sense for the two signs of charge. Were
there no helicity to the magnetic field there would be no neutralization of
this charge build-up and the resulting E x B drift would cause outward
motion of the plasma into the wall. A toroidal current is driven through
the plasma by making it the secondary of an air-core transformer. This
current has the dual effect of ohmically heating the plasma as well as
creating a poloidal magnetic field, that is, a field consisting of closed
lines enclosing a convex_surface in an azimuthal plane within the Tokamak.
Superimposed on the toroidal magnetic field, the net effect of the poloidal
field is a twisting around the torus that permits neutralization of the
above-mentioned charge separation. A vertical magnetic field is added to
counteract outward movement of the plasma due to the excess of magnetic
pressure on the inner side of the plasma. This field is curved slightly
towards the toroidal axis of symmetry to provide a J x B force towards the
plane of symmetry should the plasma stray upwards or downwards. Finally,
a horizontal field is provided to compensate for errors in the toroidal
winding. The ohmic-heating, vertical, and horizontal fields are provided

by sets of windings external to the torus and toroidal field coil.
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Figure 1. Tokamak geometry. The angles 6 and ¢ are, respectively,
the poloidal and toroidal angles, r is the radial coordinate,
a and R are, respectively, the toroidal minor and major radii.
This convention is observed throughout this thesis.
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Referring to Fig. 1 once again, the quantity q may be defined at
a point as the ratio of the number of times a field line winds the long
way around the torus to the number of times it winds the short way around
the torus in the 1imit of an infinite number of circuits. If a field line
lies on a mode-rational surface, that is, if it closes on itself after n
times around the long way and m times the short way then q = n/m. Alterna-

tively, in toroidal geometry at a point x = (r, 6, ¢)

B r
alx) = g¢ " ¢ (1.1)

where B¢ is the toroidal field, Be the poloidal field, R the toroidal major
radius, and r the minor radius of the toroidal surface with major radius R
upon which x sits. Call this surface S. Approximating the plasma Tocally

as a cylinder (neglecting toroidal inductance) gives

B.(r) = 5= (1.2)

where I is the current enclosed by fhe surface S. Hence, evaluated at the

outer radius of the plasha, a,

2
2ma . B (1.3)

¢

IR

q(a) = T

where Ip is the total plasma current. Small values of q are desirable
since one would rather invest one's available energy resources in ohmically
heating the plasma (Isz) than in the magnetic field (B¢2/2u0). However,
q, often called the plasma safety factor, and its spatial derivatives
(magnetic shear) enter the theory of magnetohydrodynamic (MHD) modes,

and in practice q must be kept greater than about 2.5 for macroscopic

stability.
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Efforts in Tokamak research are, of course, aimed towards the goal
of sustaining a thermonuclear discharge. A calculation of the energy
required to create and sustain a fusion discharge radiating energy and
losing particles whose energy is recovered with an efficiency not greater
than 33% was carried out by J. D. Lawson! The result, known as the Lawson
Criterion, is that the product of the electron density and energy confine-

14 -3

ment time, nTe, must exceed a value of about 10 "cm “-sec for deuterium-

tritium reactions in which the ion temperatures exceed about 2.6 keV; nte

'3-sec to sustain a thermonuclear

must exceed a value of about 10]6cm
burn with deuterium-deuterium reactions in which the ion temperatures
exceed about 17 keV.

The confinement of Tokamak plasmas is considerably degraded by
diffusion via collisional and convective mechanisms. These make attain-
ment of the Lawson conditions even more difficult than one might antici-
pate. The particle diffusion coefficient due to stochastic Coulomb
scattering may be described by D (Ax)%%t where Ax is the mean spatial
step size and At the mean step time associated with a charged-particle
Coulomb-scattering event. In a homogeneous magnetic field (straight
field lines) the mean step size is the Larmor radius p and the mean time
is the reciprocal of the Coulomb collision frequency
)

4 13 -
1.6 x 10°Z_.-(n_/10" "cm
eff e (Hz) (1.4)

~

Vei (T,/1 kev)3/2




.Zg/gn.z. is the effective atomic number of the plasma

where Zeff = §n1 /042

th

made up of electrons and ions of the i~ species having number density

n, and atomic number Zi’ the sums being taken over all ion species present.
For a typical Caltech Tokamak discharge, Ne = 1O]3cm'3, Te = 100eV, B¢ =
4.1kG, and Zeff is assumed to be about 1.5 (the filling gas being hydrogen
and the remaining ion species being impurities of much larger mass); the
Larmor radius is thus o = 5.8x103cm and Vei ® 7.6x105Hz, hence the classi-
cal diffusion coefficient for Coulomb collisions is about 26cm2/sec.

The complexities of Tokamak plasmas considerably enhance the classical
diffusion value. Figure 2 shows the graph of the diffusion coefficient
due to Coulomb collisions and modified by geometric and trapped-particle
effects versus the Coulomb collision frequency. The Tower dashed line
represents the vaiue pzvei discussed in the foregoing. Enhancement of
diffusion comes about at small values of Vai® the "collisionless regime",
by the trapping of charged particles into so-called banana orbits. The
previously mentioned excess of toroidal magnetic field on the inside of a
toroidal solenoid with respect to the field on the outside of the solenoid
(_B¢ n (R + r cos e))-] in the geometry of Fig. 1) creates a magnetic mirror
which may reflect particles toward the outside of the torus thus preventing
the completion the short way around the torus of closed drift orbits.
These trapped (in the magnetic mirror) particles execute drift orbits that
have a banana-like shape when projected onto an azimuthal plane (Fig. 3).
The mean radial step size for trapped particles is the width of the banana
orbit, ary = 2q(r) o//r/R, where the safety factor q is evaluated at the
mean minor radius of the banana orbit. This mean step size is on the order

of 10 times the Larmor radius in most Tokamaks. Additionally, those
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particles with poloidal velocities sufficient to avoid entrapment have
their step sizes enhanced by a factor q (< 4) by the effects of toroidal
geometry.

At higher collision frequencies trapped particles may scatter before
they can completely trace out their banana orbits. If the collision fre-
quency is high enough that motion along the magnetic field is impeded by
diffusive resistance to the flow the collisionality is said to be in the
“plateau regime". This is the regime into which the Caltech Tokamak falls.
If the collision frequency is high enough that motion along the magnetic
field is impeded by diffusive resistance to the flow the collisionality
is said to be in the collisional or Pfirsch-Schluter regime3 and D ~ veipzqz.
The advantage to low-q operation is obvious.

Particle loss rates from Tokamaks are larger by several orders of
magnitude than those predicted by collision theory. Further enhancement
of diffusion may take place via so-called anomalous transport. The
phenomenology of anomalous transport is generally divided into two sections:
microinstabilities, which result from kinetic effects, and macroinstabili-
ties which result from fluid effects. Among the latter are the kink-
tearing mode MHD instabilities. These instabilities are believed to be
responsible for the creation of structures called magnetic islands (Fig. 4)
that have associated with their growth fluid convection cells. Particularly
worrisome is the possibility of non-linear destabilization of these modes
which theory predicts will permit the growth of the magnetic islands to
widths of one-third to one-half the plasma radius. It is confirmed exper-
imentally that magnetic-fluctuation activity of the type thought to be

caused by tearing modes, particularly the m = 1 and m = 2 poloidal mode



(From ref. (4)). m=2 (n=1) magnetic islands. The islands
are really a set of nested flux tubes resulting from the
superposition of a radial magnetic field perturbation with
the proper helicity, i.e., varying as expli(me+n¢)l, upon a
static toroidal field B, and sheared poloidal field

Be’ i.e., aBe/ar# 0. The widths of the islands are

exaggerated with respect to those deduced from experimental
measurements.

Figure 4.
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number oscillations, precedes the so-called disruptive instability. This
phenomenon is not a fluid instability derived from MHD theory but rather

a collection of phenomena that has so far defied theoretical analysis. A
disruption is characterized by simultaneous inward jumps in the plasma
major radius and outward jumps in the plasma minor radius and the appear-
ance of negative spikes on the loop voltage (that is, the voltage that
drives ohmic heating). The outward jumps in minor radius can severely
damage the apparatus normally shielded within the shadow cast by refractory
metal "limiters" (there are no such limiters in the Caltech Tokamak, hence
a reference to a limiter shall henceforth mean the terminus of the plasma,
that is, the vacuum vessel itself). The plasma may recover from mild
disruptions but severe disruptions may actually prematurely terminate the
duration of the discharge.

To return to the contribution to diffusion by transport across mag-
netic islands, theoretical efforts to obtain a simple expression for this
term have been frustrated by a lack of a concise expression for the radial
excursion associated with the fluid convection; in fact, there are stagna-
tion points in the flow and portions of the fluid make hardly any excur-
sions. Nonetheless field 1ines near the inside edge of the islands connect
to near the outside edge, hence transport across these structures is widely

believed to be rapid.

5

Recent experiments in the Alcator Tokamak™ have shown linear scaling

of energy confinement time with electron density in all but the most ex-
treme cases of high-density discharges (the Caltech Tokamak cannot reach
this extreme parameter regime). These experiments also demonstrated

linear scaling of particle confinement time with electron density.
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Daughney6 has proposed a scaling law for the average electron energy
confinement time
nT 3/2
- e e a’ (1.5)
Ee 7 |7213/2 )

eff

which is based on data from experiments in the ST, ATC, TFR, and Ormak
Tokamaks. Since it appears the ntp = n2 Tokamaks are intentionally
operated with the highest densities achievable. There is an upper ]1m1t7
on the filling pressure, and thus the particle density, which may be
broken down with currently employed techniques of gas pre-ionization and
subsequent application of ohmic-heating power.8']0 It has been found
experimentally that addition of neutral gas during a Tokamak discharge
can increase the charged-particle density beyond the level of full ion-
ization of the filling gas. This procedure is called gas puffing.

There is a further reason for wishing to add neutral gas during the
Tokamak discharge that has just recently had its importance revealed. The
major contribution to energy loss due to fadiation comes from acceleration
of electrons by nuclei, that is, bremsstrahlung. The power density radiated

by all electrons (in watts/m3) from a neutral hydrogen plasma is given by
w, = 4.8x1077n?T /2 (1.6)

where n is the electron density in partic]es/m3 and Te the electron temper-

11

ature in keV. Enhancement of the radiated power by a factor

2 2
(Zgnig)g(zg n1.C/Z]n1-1 )

z
3
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occurs when impurity ions of atomic number Z_ are added to a plasma with

g
ion density i1 and atomic number Z]. Even Tow-Z impurities such as
oxygen may substantially increase energy loss by bremsstrahlung, which at
thermonuclear temperatures is in the x-ray range of wavelengths. The TFR
group calculates 40% of the power input to their experiment is lost by low-
VA br*emsstr*ah]ung.]2 Theoretical calculations suggest domination of brems-
strahlung over such mechanisms as diffusion and heat conduction as the
principal cause of energy loss in the larger Tokamaks p]anned for the

13,14 Purity of substances entering the discharge is thus of

future.
crucial importance in progress toward power generation.

A substantial amount of impurities may be present within a Tokamak
in the form of gas adsorbed on the walls. In particular, discharges in

the Caltech Tokamak are commonly run at initial neutral (i.e., filling)

12 hydrogen atoms

hydrogen pressures of 1.35x]0-4 Torr, or roughly 9x10
per cm3, whereas a single monolayer of monatomic gas desorbed from the

walls and distributed uniformly throughout the volume would provide

roughly 4x10]4 atoms per Cm3. It is important to note that the walls

are under continuous bombardment by the plasma throughout the duration

of the discharge. Particle confinement times in Tokamaks are generally

of the order of one to a few tenths of the duration of the discharge,

hence on the average each plasma particle makes several trips to the wall
each shot. In the Caltech Tokamak the average electron temperature measured
by means of the plasma conductivity is in excess of 100eV, and this is cer-
tainly enough energy to knock adsorbed atoms off the wall and to ionize

them. Hence gas adsorbed on the walls is certain to figure prominently as

a source of particle influx. Evaporation of titanium onto Tokamak walls
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prior to each discharge has been demonstrated to effectively inhibit
oxygen influx;]5 this is, however, a costly, awkward, and time-consuming
process.16 Within the last few years wall conditioning by exposure to a
low-temperature audio-frequency hydrogen discharge has been demonstrated
to 1imit the oxygen and carbon available for such influx. Oren and Taylor
have shown that discharge cleaning removes oxygen and carbon by converting
them to water vapor and methane which may be pumped out, reducing the

residual amount of oxygen in the Microtor Tokamak to nearly 1010 atoms

per c:m?’.]7 Implementation of discharge cleaning is discussed in the body
of this thesis.

While discharges in Tokamaks with clean walls radiate less energy in
the form of x-rays and although discharge cleaning extends substantially
the parameter range in which the Caltech Tokamak can be operated without
premature termination of discharges, a deleterious effect on the electron
density subsequent to breakdown is observed. In the Caltech Tokamak this
manifests itself as a monotonic decay from the full-ionization value of
roughly 9><10]2 e]ectrons/tm3 to roughly 3x1012 e]ectrons/cm3 at four hi]]i-
seconds into the shot. Thereafter the decay is still monotonic but less
severe (Fig. 5). No such decay has been reported in Tokamaks that do not
employ discharge cleaning. Addition of neutral hydrogen by gas puffing
recovers the lost electron density, the pure gas substitutes for an influx
of impure gas atoms knocked off the walls by a discharge in a dirty Tokamak.

There exists an upper Timit on the amount of neutral hydrogen that
may be incorporated into the plasma without disruption. The peak achiev-

able electron density scales linearly with the ratio of toroidal magnetic

field to the major radius of the torus or equivalently with the product of



Figure 5.
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on-axis current density, J(0), and safety factor, q(0), (the Tatter

18 Such disruptions are generally believed to

quantity is close to 1).
be related to the cooling of the outside of the plasma by the neutral gas
feed and to the shrinking of the current channel.

In the body of this thesis a series of experiments is described that
demonstrates that while particle confinement in the Caltech Tokamak is
relatively unaffected by manipulation of those parameters that alter (within
the normal range of operation) the plasma safety factor, q, changing those
parameters that are believed to alter the magnetic shear, 3g/3r, in such
a way as to increase the shear strongly degrades particle confinement. The
phase relation between magnetic fluctuation components measured with pairs
of probes is shown to be consistent with the formation of magnetic island
structures rotating within, and with, the plasma. In the case of increasing
particle density the degradation in particle confinement is shown to coincide
with destabilization of an m = 2 fluctuation mode the growth‘time of which
is an order of magnitude larger than the classical tearing-mode growth time.
The phenomenology of the magnetic fluctuations is shown to be consistent
with classical tearing-mode theory in the growth rate of the m = 2 mode and
the stabilization of higher m-number modes during neutral gas feed to the
discharge (when the magnetic shear is beljeved to be largest) and in the
appearance of higher m-number modes upon cessation of gas puffing (when the
shear is believed to relax to a smaller value). Additionally, the nature
of these high-order modes is explained: both harmonic distortion products
resulting from deformation of the m = 2 and m = 3 magnetic-island and the

m=7, n =2, mde are present during the density decay of a short gas puff.
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IT. EXPERIMENTAL APPARATUS

A. Introduction
In this chapter the Caltech Tokamak system will be described. The

section following this one deals with the sources of energy and method of
implementation for the generation of the toroidal, vertical, and horizontal
fields, and the ohmic-heating current which heats the plasma and provides
the poloidal field. The next section describes the pumping and discharge
cleaning systems. This is followed by a discussion of the implementation
of gas puffing. The final two sections describe the systems of diagnostic

measurements and data acquisition.

B. Ohmic Heating and Confinement Field Generation

The short duration (s 20 msec) of Caltech Tokamak discharges and the
fact that the energy required to create and sustain the discharges is stored
in large banks of capacitors mandates the mode of operation be a cycle of
discharges followed by longer (v 1 min) intervals during which the banks
are recharged, data are transferred to permanent storage, and operating
parameters may be adjusted. The various energy supplies are discharged
and the data acquisition and gas-puffing systems are set into operation
by a system of digital timing units. Each timing unit produces an output
voltage pulse after a settable delay from reception of an input voltage
pulse. The triggering of the entire system is summarized in Figure 6.

Two time scales appear in this figure: timing unit time which begins

(t = 0) with the triggering of the toroidal field while shot time begins

(t = 0) with the simultaneous application of the ohmic-heating fast-bank
and triggering of the data acquisition system. The toroidal bank is dis-

charged first because of the slow rise to full value of the toroidal field;
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Figure 6.

The timing unit time scale

refers to the actual settings on the pulse generating units.

gas puffing and data acquisition.

Shot time refers t

0 to the application of the ohmic-heating

fast-bank which causes the filling gas to be fully ionized.

This time scale is the one used in the discussion of experi-

mental results.
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the other systems are triggered for the most part 6-7 msec after the
toroidal field is triggered. The toroidal field timing unit also
triggers the 60 sec delay to the next shot, a warning beeper that sounds
2.5 sec before the next shot, and the d.c. horizontal field and filament
source of electrons that are turned on 4 sec before the following shot
and off 6 sec later. Hence, these latter two systems are on for the
entire time span of Fig. 6. The timing unit system requires a manual
trigger pulse to start it cycling. The reader may find it convenient to
consult Fig. 6 as the various systems are discussed. To be included in
the discussion of diagnostic signals are plasma current, loop voltage,
microwave interferometer, and position-coil traces. These signals are the
basis upon which the experimenter selects his operating parameters.

The vacuum vessel is comprised of four noﬁ-magnetic stainless-steel
elbows (Fig. 7) flanged and pairwise bolted together. Bakelite spacers
outside viton o-ring vacuum seals isolate the two halves electrically so
that the vessel itself does not form the secondary winding for the ohmic-
heating air-core transformer. The assemblage forms a torus of 15 cm minor
radius and 46 cm major radius. Access to the plasma is gained via several
small circular ports and four long, thin, vertically-oriented ports. The
toroidal solenoid is wound directly on the torus, the shape and number of
ports having been chosen to minimize error fields which might cause the
magnetic field lines to intersect the wall rather than to "close upon
themselves" (in practice it is only necessary that particle loss due to
outward spiraling be smaller than replacement by recycled particles, that
is, those ions that are neutralized at the walls and that re-enter the

plasma where they are re-ionized). Energy to power the toroidal windings



The Caltech Tokamak

Figure 7
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comes from a 4.8 uf, 10 kV (25Q kJ) capacitor bank. The bank is dis-
charged into the winding, the current rising as a quarter-sinusoid of a
quarter-period m/2/LC (=9.55 msec), and when the current reaches its peak
the bank is crowbarred by two shunt ignitrons. The current in the winding
then decays with e-folding time L/R (=35 msec) where R is the resistance
of the winding.

Wooden collars serve as coil forms for the ohmic-heating, vertical
and horizontal-field windings. The ohmic-heating winding consists of 40
turns located primarily on the inside of the torus and spaced so that the
ohmic-heating coil itself is a flux surface. The flux induced by the coil
is thus external to the torus except for errors due to the discrete nature
of the winding. The coil is energized in a three-step process. At 5.91
msec after initiation of the toroidal bank discharge the pre-ionization
capacitor is discharged into the winding. This is a 1 uf, 10 kV (gener-
ally charged to 7-9 kV) capacitor whose small capacitance in series with
the winding creates a slowly decaying audio-frequency (4 kHz) acceleration
voltage fpr the free electrons in the torus. This signal is the major
source of noise in the system. After four or more cycles sufficient num-
bers of hydrogen molecules have been dissociated and ionized that appli-
cation of a rather high voltage (typically, 1 kV) to the winding from the
ohmic-heating fast bank of capacitors accelerates the electrons several
times around the torus to create an avalanche breakdown of the filling
gas. This bank has 432 uf capacitance and a n/2/LC quarter-cycle rise-
time much smaller than the ohmic-heating slow-bank of capacitors. The
latter is a 208 mF, 450 V bank which is crowbarred across the winding

when a zero-crossing circuit determines that the fast-bank voltage has
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fallen to that of the slow bank. The slow bank thus maintains the ohmic-

heating current for the major portion of the discharge.

It is appropriate to note at this point that the pre-ionization
circuit is guaranteed a supply of free electrons to accelerate by a
tungsten filament source recessed in a port. This filament is heated
with 60 Hz current for 4 seconds prior to the discharge. The filament
is placed at a lower DC potential than the torus, the potential con-
trolling the emission current. The ohmic-heating fast-bank is triggered
7.00 msec after initiation of the toroidal bank discharge. The number
of pre-ionization cycles is a function of the characteristics of the
particular ignitron which switches the capacitor into the circuit. This
turns out to be quite random and ignitrons must be selected and occa-
sionally replaced.

The vertical magnetic-field supply also consists of slow and fast
banks of capacitors, the capacitances (1.92 uf at 450 V for the fast bank,
396 uf at 100 V for the slow bank) being chosen so that the shape of the
vertical fie]d signal follows that of the plasma current. The ohmic-
heating slow-bank voltage is chosen to provide the desired plasma current
while the vertical-field slow-bank voltage is chosen, on the basis of
this current, to keep the plasma centered during the discharge. The
ohmic-heating fast-bank voltage is chosen primarily to provide full-
jonization of the filling gas for a variety of pressures. The vertical-
field fast-bank voltage is chosen for good centering once the ohmic-
heating fast-bank voitage is chosen. Gas-puffing requires re-adjustment
of the vertical field slow bank to slightly smaller voltages.

The horizontal-field winding originally comprised two turns on the

top and two turns on the bottom of the torus in series with the toroidal
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winding. The horizontal field corrects errors in magnetic field believed
to be caused by asymmetries in the toroidal winding. These asymmetries
arise from the excursions the winding makes around the diagnostic and
pumping ports. These errors should scale linearly with the toroidal
field, hence the series arrangement. In scaling the ohmic-heating and
vertical-field supplies upwards to create longer discharges it was deter-
mined that the horizontal correction was insufficient. A second set of
correction coils was wound next to the first and is energized by a
Hewlett-Packard Model 6453A 200-ampere, 15-volt supply simultaneously
with the filament. The desired correction scales linearly with the

toroidal field lending credence to the preceding theory of error origin.

C. The Pumping and Discharge Cleaning Supplies

A system base pressure of roughly 1x10-7 Torr is maintained with a
pumping stack consisting of a Leybold-Heraeus turbomolecular pump, zeo-
lite trap, and Sergeant-Welch forepump. No cryobaffle is used. High
purity hydrogen gas is leaked in between the turbo-pump and zeolite trap
to provide the filling gas for Tokamak shots or discharge cleaning. Since
the turbo-pump pumps heavy molecules faster than 1ight ones, the heavy
impurity molecules have greater difficulty making their way across the
pump, hence further purification of the filling gas is realized.

Each day, before the Tokamak is ready for experimental work, a
pulsed audio-frequency discharge is run. Neutral hydrogen at a filling
pressure of 2.5 to 3.5x]0'4 Torr (c f. typical Tokamak shot filling
pressures of 1.35x10"% Torr) is broken down by 5 kV at 38 kHz pulsed on
the ohmic-heating winding for 70-90 msec of each 1.0 second period. A

steady d.c. toroidal magnetic field of 146 gauss is provided by running
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70 amps d.c. through the toroidal field windings. This weakly confines
the plasma.

As Oren and Taylor maintain, the most abundant Tow-Z impurities,
oxygen and carbon, are knocked off the wall and ionized by the discharge,
the toroidal field keeps these ions away from the wall long enough that
between pulses they may combine with the filling hydrogen to form gaseous
HZO and CH4 which are subject to being pumped out of the torus. A quad-
rupole gas analyzer (Varian Model 978-1000) and strip chart recorder
monitor the composition of the gas present in the Tokamak. The analyzer
is programmed to sweep through atomic masses 10 to 20 each 5 minutes;
inspection of the strip chart shows the evolution of such lines as H20

and CH3 (methane radical). After a short (v 20 min) period of discharge
cleaning the water vapor line becomes the dominant peak on the chart; its
magnitude falls off roughly as 1/t. One finds that after about 5 hours
of continuous discharge cleaning the water vapor line reaches a level
that diminishes so slowly as to make further cleaning intolerable.
Fortunately, this level is sufficiently small to eliminate the most
obvious effect associated with dirty walls: less than optimal shot dura-
tion. One finds that operating with parameters that produce 20 msec long
discharges with very clean walls may produce shots lasting n 16 msec
with dirtier walls. Equivalently, discharges in a dirty Tokamak require
more ohmic-heating power to sustain them for a given period of time.
Exposure of the vessel interior to the atmosphere during alteration of
experimental equipment or contamination of the walls due to accidental
introduction of pump 0il or chemical solvents may make mandatory 24

hours. or more of discharge cleaning to restore clean wall conditions.
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D. The Gas-Puffing System

The gas-puffing system(Figure 8 consists of a separate source of
high-purity hydrogen gas which, via regulator and leak valves, fills a
reservoir consisting of a length of stainless-steel tube connected to
the Veeco PV-10 piezoelectric valve and thence via pyrex tube to one of
the small circular ports on the underside of the Tokamak. The reservoir
may be evacuated and then filled to the desired pressure.

The valve itself consists of a machined valve seat and a viton
disk cemented to a bimorph piezoelectric crystal. A voltage of the
proper amplitude and sign applied across the crystal opens the valve.
When no voltage is applied the mechanical forces are such as to close
the valve. The valve presents a nominal 30 nf load to the source
driving it. The manufacturer specifies that the valve opens in less
than 2 msec, presumably if a voltage step from fully closed (0 V.) to
fully open (100 V.) is applied. Since the duration of the plasma shot
is < 20 msec it is desirable to open the valve in less than the rated
time. To this end the valve is biased to a voltage just below signifi-
cant opening. In practice this is chosen to be the level that increases

® Torr (roughly 34 V). The voltage steps to 125 V

base pressure to 5x10°
rather than 100 V, this value being chosen to increase opening speed
without decreasing valve lifetime. This procedure reduces to less than
one msec the delay between the voltage step and the increase of electron
density as determined by microwave interferometry. Day-to-day variation
of valve characteristics are noticed. The valve sometimes fai]s to seat

reproducibly. The tendency of the valve to stick shut when first used

after several hours of remaining closed is lessened by keeping the valve
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fully opened during discharge cleaning and the interval between cleaning
and firing the Tokamak. Nevertheless, initial pulsing is always erratic
and requires frequent bias adjustment. Adjustment of bias does, however,
allow maintenance of constant filling pressure.

The toroidal field timing unit is used to trigger other timing
units that provide on and off pulses at presettable delays to the gas-
puffing valve voltage-programming circuit shown schematically in Appendix
I. A pair of on and off pulses trigger a D-type flip-flop, the output of
which may be variably attenuated. Up to four of these pulses may be
summed so that a relatively complex waveform may be generated if so
desired. The final stages provide offset and amplification to the
voltage levels discussed above.

The motivation for gas-puffing was described in some detail in
the introduction. Briefly, auxiliary neutral gas is needed to substi-
tute for the rather impure wall influx in a dirty Tokamak, and energy
confinement is believed to increase linearly with the particle density.
Hence gas-puffing creates conditions closer to those required by the
Lawson Criterion to reach thermonuclear breakeven. It will be shown in
the next chapter that if one puffs in gas and allows the elevated density
to decay by cessation of the gas feed then the time-evolution of the
particle density yields useful information about the containment of
particles. Figure 9 shows the microwave interferometer - derived particle
density for a shot for which the valve, with 970 Torr hydrogen reservoir
pressure, was opened with a 0.32 msec long, 125 V pulse beginning 3.4 msec
into the shot (cf. Fig. (5)).

The throughput of the puffing valve for a typical gas pulse is
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Figure 9. Line-averaged electron density trace with gas-puffing. The

shot parameters are identical to those of Figure 5. The
voltage pulse was applied from 3.40 to 3.72 msec with 970
Torr pressure behind the valve.
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estimated in the following way. Enough gas was puffed in to increase
the Tine-averaged particle density by three microwave fringes (the inter-
ferometer measurement is discussed in the following section). The
experiment was then shut down and the Tokamak valved off from the pumping
stack. Averaging over 30 pulses it was found that 8.1x10-5 Torr of
hydrogen was added to the Tokamak volume of 204 liters for a 0.56 msec,
125 V pulse applied to the valve (the reservoir pressure was 970 Torr).
The estimated valve throughput is

- VAP Torr-£
Q=7% =30 e

13 assembled a gas-feed system also using a Veeco PV-10 valve but

Burrell
deliberately employed Poiseuille flow through a tube 75 cm Tong and 0.7 mm
diameter between the valye and the ISX-A Tokamak. The throughput of this
system was 41 Torr-£/sec but the flow had a 10% to 90% rise time of about
8 msec.

The gas flow through the puffing system is non-steady and the effects
of viscosity (the gas pu1se travels down a tube 28 cm long and 0.95 cm in
diameter between the valve and the Tokamak; this tube consists of the
Tokamak port, flanges, and the glass electrical-isolation section) and
compressibility are likely not negligible. It is probable that the large
pressure ratio across the valve (970 Torr to ].35x10'4 Torr) causes a
shock wave to appear in the flow subsequent to opening the valve. How-
ever, the sluggish time-response of the valve suggests that following
application of the 125 V the flow from the valve is initially an isen-
tropic compression that eventually forms a shock wave weaker than the
M. = 5.2 obtainable from the normal shock relations and a pressure ratio

S
of 7.2x106. If a shock wave does form then no fluid may leave the
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puffing system until the shock reaches the Tokamak end of the 28 cm tube.

1/2 5cm

= 1.306x107 " /sec

Since the shock speed is c,= M.a where a = (vRT)
is the speed of sound in hydrogen at 293° K and MS is the Mach number of

the shock (< 5.2), the fastest the gas could enter the Tokamak is about

28 cm
th

© 5.2x1.306x10°C™

/sec = 0.04 msec,

while the sTowest it could take is about

. _ 28 cm
f 1.306x105cm/sec = 0.21 msec,

t

which is the time sound takes to travel the 28 cm.

There is a time delay from the leading edge of the valve voltage
pulse tb the start of the density-rise portion of the microwave signal of
about 0.65 msec for the above pulses. Thus, it takes about 0.44 to 0.6]
msec from the time the gas begins to enter the torus until the interfer-
ometer detects a density increase. The gas-puffing and microwave ports
are 'separated by 105° in toroidal angle, hence it is estimated that it
takes about 1.7 times as - long to travel 180°, or 0.75 to 1.05 msec for
the ionized gas to get half-way around the torus. Relating this to the
microwave signal means that the ionized gas pulse travels around the
torus in approximately the first 0.10 to 0.40 msec of the roughly 1 msec
long density rise.

It should be noted that the large mass fluxes associated with these
~gas pulses imply the flow into the Tokamak is a well collimated jet.
Langmuir probe temperature measurements in the Caltech Tokamak indicate
that the plasma electrons have energy >14 eV beyond 1 cm into the torus.
Thus, it is expected that the gas pulse is ionized in a small region of

the plasma near the puffing orifice.



30

E. Diagnostics

1. The microwave interferometer

The reader has already been exposed, in Figs. 5 and 9, to
particle density versus time graphs and, perhaps, has been convinced of
their utility but wonders how they are obtained.

In a cold (T = 0), magnetized plasma the wave which propagates per-
pendicular to and decoupled from the static magnetic field is called the
ordinary wave. The dispersion relation for this wave is given by

w2 = w 2 + kzc2 (2.1)

pe

2 2 .
r = = =
where Ype Ne® /meeo, Ne electron density, Mg electron mass, and

ion terms have been neglected since they are of order me/mi. This wave

is evanescent for Ng > N¢ where ne = wzeome/ez. If an ordinary wave is

launched in a plasma in which n_ < ne the wave is shifted in phase with

e
respect to a wave simultaneously launched in a vacuum region. This phase

shift, over a path of length L, is given by

L L

w n V. w w
o _ __e- 2 - _
8¢ = fO c [ nc] dx = ¢ L 2cn, [onedx (2.2)
wl wlL 1 -
Ap = - 2cnc ng> where <ng> = [-jc nedx and (2.3)

the approximation is valid provided Ng<<n.- Thus the chordal average
electron density of a plasma may be determined by launching an ordinary
wave of known frequency.

The microwave interferometry system (Figure 8) consists of a
60 GHz Klystron or 75.0 Hughes Impatt Oscillator source (the latter coming

into use after the former became gassy) feeding two 4 mm waveguide paths.
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One path remains external to the plasma, the second feeds a waveguide
horn just outside the plasma wall (i.e., recessed in a port) and con-
tinues with a similar horn diametrically opposed to the first. A hybrid
junction gives an output that is a linear combination of the two signals
and a 1N53 diode detector on the junction output gives an output voltage
which varies as the cosine of the phase difference of the two input
signals. The IN53 is selected for good output at the source frequency.
The detector output is fed via a short length of coaxial cable to a gain
100 amplifier consisting of two LF356 op-amps ac-coupled and each in a
times-10 configuration feeding a LM310 line-driving op-amp. Recording of
the signal is done on the transient recorders described subsequently.
The same signal is recorded on 2, 5, 10 and 20 msec time scales and trans-
ferred to floppy diskette via the Vector 1+ microcomputer. Each channel
is stored in an array of 1024 eight-bit bytes (i.e., as an integer between
0 and 255). Figure 10 shows the 2 and 20 msec full-scale traces corres-
ponding to Fig. 9 . 1In general, the fringes are fairly regular but have
noise superimposed on them. The noise is believed to arise mainly from
plasma density fluctuations. As an aid to interpretation of the fringes
some of the noise is removed by Gaussian averaging, that is, given an
array ny: 0<i<1023, the averaged array ﬁi consists of values

i+n

1
n. =4 £ c.n.
K j:'i-n JJ

N
where c. = exp[-(j/N)2] and K =

T c.. 2.4
] N (2.4)

Hence the averaging includes those samples NT either side of a given

sample, where 1/T is the sampling rate. Figure 11 shows the data of
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Raw microwave signals corresponding to Figure 9. Vertical
scale is 1 volt full scale. Lower trace is inverted with
respect to upper by transient recorder electronics.
Spectral analysis shows that over the last half-millisecond
of the upper trace the microwave fluctuations are pre-
dominantly of frequency 25 kHz.
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Figure 11. Gaussian averaged (see text) traces corresponding to
Figure 40. Gaussian half-widths are: top, NT = G0 usec;
bottom, NT = 60 usec (or FWHM = 10 usec, 100 usec, resp.).
The density build-up comes between 0.2 and 1.0 msec of the
upper trace.
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Fig. 10 smoothed by Gaussian averaging with a half-width N = 3. These
fringes are the ones used to obtain Fig. 9, the half-integral values marked
on Fig. 11 correspond to the "number of fringes" axis of Fig. 9. For the
range of electron densities considered herein, a linear approximation to

the phase relation, equation (2.2), works quite well; one recorded micro-

12 3

wave fringe corresponds to a change in density of 1.4x 10 © particles-cm~

for a 60 GHz source (i.e., the klystron) and to a change in density of

12 particles-cm'3 for a 75.0 GHz source (i.e., the Impatt oscilla-

1.8x 10
tor). However, since the output of the detector is proportional to the
cosine of the phase shift, this technique gives no information as to
whether a fringe represents an increase or decrease in density. When
single pulses are applied to the gas-puffing valve, the density evolution
is rather simple and the interpretation of the fringes is straightforward.
Difficulties in interpretation often arise from drift in the detector or
klystron outputs, i.e., poor signal-to-noise ratio, and during the second
millisecond of the discharge from noise that is believed to have its
origin in strong density fluctuations.

To generate plots Tike Figs. 5 and 9, pairs of values of particle
density and time from the extreme of averaged microwave traces like those
of Fig. 11 are entered into a FORTRAN program. This program also sorts
the data into subarrays consisting of the ordered pairs of particle den-
sity and time for the monotonically increasing and decreasing density
versus time segments. For example, the gas-puff density decay segment
lasting from 5 to 15.5 msec in Fig. 9 would be placed into one such

subarray. The program fits a straight line in the least-squares sense to
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such subarrays to give numerical values of the time-rate of density decay
or growth. The result of this computation will be shown in the following
chapter to be a useful measure of particle confinement.

The relation between the line-averaged density determined fram the
microwave phase shift along a minor diameter and the average density over
the entire plasma volume is dependent on the spatial distribution of
plasma density. Consider, for example, the density distributions given by
n(r) v (1 - rz/az)p; p = 0 gives a uniform density distribution, p = 1
gives a parabolic distribution, etc. Denoting the line-averaged particle
density by <n> and the volume-averaged density distribution by N/V where
N = f n dV and V is the Tokamak volume, then it follows that
(N/g)/<n> = 1.00, 0.85, 0.75 for p=0,0.5,1, respectively. That is, on-
axis peaking of the density profile causes the line-averaged density to be
larger than the volume-averaged density.

Returning to the measurement of the throughput of the puffing valve
discussed in the previous_section, it was mentioned that addition of
8.1x 10-5 Torr hydrogen to the 204 liter Tokamak volume adds three full
microwave fringes to the interferometer signal. From the perfect gas law

5 12

atoms-cm™> hydrogen. With a

8.1x 107" Torr corresponds to 5.34x 10

microwave source frequency of 75.0 GHz the Tine-averaged particle density

12 3

particles-cm ~. For

corresponding to three microwave fringes is 5.4x 10
density profiles varying as (1- r2/a2)p this result corresponds to 100,

85, and 75 percent ionization for p = 0,0.5, and 1, respectively. Judging
from the results reported from Tokamaks with spatial density resolution, a

parabolic profile (p=1) is fairly realistic for discharges without gas



38

puffing. Gas puffing tends to broaden the density profile but never to a
uniform density (p = 0). It seems plausible, then, that on the order of

80 to 90 percent of the added gas is ionized.

2. One-turn voltage

It would be useful to know the loop voltage driving the plasma cur-
rent ( f E- d% about a closed circular loop C down the major circumfer-
ence og the plasma) as well as the plasma current, so that the resistance
of the plasma would be known, since the electron temperature, in principle,
may be deduced from the plasma resistance. It is obviously impractical to
try to suspend a Toop inside the torus; instead, a single circular turn is
placed just outside the toroidal field winding in the doughnut hole
(Fig. 8) and the voltage across this loop is recorded. This loop, or one-
turn voltage differs from § E - dh driving the plasma current by the
poloidal magnetic flux linging the area A between the one-turn loop and
the Toop C. Figure 12a shows the one-turn voltage trace inverted. One may
see in this figure the tail end of the final pre-ionization ring, followed
a fraction of a mil]isecoﬁd later by the application of the ohmic-heating
fast bank which saturates the trace. The low-voltage portion of the curve
corresponds to discharge of the ohmic-heating slow bank following the
crowbarring at a Toop voltage of roughly 6.2 V.

A relation based on the flux linking the one-turn Toop that takes into
account the flux through area A but ignores the mechanical work required to
move the plasma if its internal inductance Lint changes with time20 is given
by

vio=riZe &y 1) (2.5)
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where vy is the one-turn voltage, Ip the plasma current, and Rp the plasma

resistance.Z]’22 The inductive term takes into account the flux through

A. The internal inductance of a plasma with a parabolic current profile

is given byzo

l]u R

Lint 24 = 0.265 ph (2.6)

The plasma resistance, often called the Spitzer resistance, is given by

_ 2mR _ _ -3 -3/2
Rp = ;;ﬁ»n = 4.21x10 Zeff (Tog A) Ta (ohms) (2.7)

3/2 n-1/2
Te e

defined in connection with equation (1.4). If equation (2.5) can be

-3, 25
).~ and Zeff was

where A = 1.54 x 10 (T in ev, N in cm

solved for Rp, then equation (2.7) can be solved for To- Integrating

equation (2.5) with respect to time gives

t+e/2 2
ft-e/Z RPIP at 1 t+e/2
Ry> = 52 pli oy J vil,at
P J T2 g f 12 gy Lit-es2z 0P
t-g/2 P t-g/2 P
- 7 Ling(15(tre/2) - Iz(t—e/Z))] (2.8)
2 1nt P ’

Equation (2.8) is easily evaluated numerically and yields electron tempera-
tures for discharges without gas puffing between 100 and 170 eV for that

portion of the shot in which gas puffing is usually employed. Gas puffing
decreased the conductivity temperature about 22% when the electron density
12 -3

was increased from 2.7 to 8.1x 10 The electron temperatures deter-

mined in this fashion become suspect at small values of the one-turn
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voltage when the inductive term is comparable to the ohmic-heating term
in equation (2.5), since Lint 1sAnot known accurately without knowledge
of the plasma current density distribution. DimockZ] reports that the
conductivity temperature is typically correct to within +50% of Thomson-
scattering values.

3. Rogowski coil

Plasma current is measured by a coil that is sensitive only to the
poloidal magnetic field (Fig. 7). The coil is formed by winding a solen-
oid on a piece of flexible tubing of length slightly greater than the
minor circumference of the toroidal-field solenoid winding. The Rogowski
winding doubles back on itself so that when put around the torus no
voltage is induced by the net toroidal field current passing through the
azimuthal planar section enclosed by the Rogowski Toop. The integrated
voltage induced on this coil is proportional to the plasma current. A

typical integrated voltage trace is shown in Fig. 12b.

4. In-out and up-down coils and plasma centering

Two other coils are wound on flexible tubing and placed linking the
torus in an azimuthal plane (Fig. 7). The in-out coil is wound with
greatest turns density on the inside and outside of the torus. The sense
of the winding reverses itself at the top of the torus. Thus a circular
filamentary current I in the plane of symmetry of the torus would produce
a voltage depending in sign on its distance from the inner and outer walls
and in magnitude on dI/dt. To remove the latter dependence, the inte-
grated voltage is divided by the plasma current with a Burr-Brown 4291H

analog divider chip. The output voltage of the divider increases as the
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plasma moves outwards (Fig. 12c). The up-down coil detects vertical motion
by the same mechanism (Fig. 12d). Since the exéct distribution of current
within the plasma is not known, these signals do not give exact positioning
information, but are vital to optimizing the plasma position by trimming
the vertical and horizontal fields.

As mentioned in the introduction, the vertical magnetic field exerts
a Q"? force in the inward direction (toward the toroidal axis of symmetry)
to counteract the excess of poloidal magnetic field pressure on the inner
side of the plasma with respect to the outer side. And, as discussed
earlier in this chapter, this vertical field is realized by the discharge
of capacitor banks, hence it is a programmed field with a limited number
of variable parameters, namely the capacitance and charging voltage of the
slow and fast banks. It has been established through variation of these
parameters that maximization of the duration of the discharge with mini-
mization of the interaction between the plasma and the wall is best
achieved by holding the plasma steady in lateral (in-out) position until
the last few milliseconds of the discharge when the plasma is allowed to
drift outward. This accounts for the shape of the in-out trace in Fig.

12c. Discharges of the greatest duration are obtained with extremely

small vertical field voltages which cause the plasma to sweep outward and

2

ride against the wall. As documented by S. 0. Dean et al.,“ if the major

radius of the plasma increases to the point of interaction with the wall,
then impurities are injected into the plasma, plasma current and energy
are lost, and the plasma is restored to a more well-centered position.

This phenomenon is detected in the Caltech Tokamak as a distortion of the
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microwave interferometer trace towards the end of the discharge and a
simultaneous loss of plasma current from the integrated Rogowsky coil
voltage. Extremely large slow-bank voltages prematurely terminate the
discharges. Between these extremes, widely separated in vertical-field
slow-bank voltage, the discharges are most reproducible. Thus, the in-
out trace of Fig. 12c represents the best achievable centering of the
plasma and the vertical field is trimmed to maintain the in-out trace
qualitatively the same. |

As mentioned in the introduction, the horizontal magnetic field
exerts a JxB force in the downward direction (toward the Earth) to
counteract the horizontal field having origin in toroidal field errors.
The former field, as previously discussed, is generated with a d.c. cur-
rent supply. In practice precise setting of the horizontal field is not
critical; it seems not to be within the capability of the d.c. supply to
push the plasma into the lower wall and interaction with the upper wall
is obtained only at very small supply currents.

To maintain good plasma centering in the above sense, the vertical
magnetic field must be increased as the plasma current is increased.
Extreme variations in the toroidal field or plasma current may require
small adjustments in the horizontal correction field to keep the traces

qualitatively the same.

5. Data acquisition and transferral system
Figure 13 shows the block diagram of the data acquisition and
transferral system and the peripheral data storage and analysis devices.

Timing unit pulses (Fig. 6) trigger a bank of 16 digital transient
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a) Data acquisition,

Fig. 13

diagram.

b) Single digital transient recorder module block diagram.
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recorder units. While each transient recorder is independently trigger-
able, it is convenient to trigger all units simultaneously with the
exception of those units devoted to recording fluctuation signals. One
millisecond sampling windows are used for the latter, and a delay is
needed to move this window across 