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ABSTRACT

An experimental investiacation of low frequency floating potential
fluctuations (f < 200 kHz) in a research tokamak plasma using two spati-
ally separated electrostatic probes has been performed. The spectra,
correlation length, and the phase velocity of the fluctuations in both
the radial and azimuthal direction have been determined. The propaaation
velocity in the toroidal direction was also measured and was found to be
in the direction of electron current flow. The waves traveled azimuth-
ally in the ion diamagnetic drift direction, even after the usual ExB
rotation was taken into account. The electron density fluctuations
associated with these oscillations were large, én/n = 0.35-0.50,

The spectra were found to have regularly spaced peaks which seemed
to be related to specific azimuthal modes (m=1,2,3,-..,etc.) A para-
metric study was made to determine what effect plasma parameters had on
these peaks. During periods of high electron density in the first 2 msec
of the plasma lifetime, strong sawtooth type oscillations were observed.
These oscillations typically had frequencies of approximately 10 kHz and
were also present when larae amounts of neutral gas were added during the
discharge by a process called "gas puffing."

The results are compared with experimental observations made on
other plasma devices with electric and magnetic probes and with microwave
and CO2 laser scattering techniques. (The scattering measurements are
complimentary to the probe measurements since, in the former case, the
wavelength is fixed by the scattering angle, but the oscillations could

not be spatially localized.) The oscillations in the Caltech torus were
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probably related to a drift-tearing type instability which is thought
to play a major role in the anomalous particle and energy flux observed
in tokamaks. Comparisons are made between current theory and the ex-
perimental results. However, the theory for the observed oscillations
is still in a rudimentary stace of development, and it is hoped that

the present investigation will stimulate future analytical work.
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I. INTRODUCTION

Confinement of thermonuclear plasmas in tokamak toroidal magnetic
containers is believed to be a promising approach for the development of
fusion reactors. In a tokamak a plasma is confined in a strong toroidal
magnetic field Bt which is generated by an external magnetic coil. The
magnetic field lines are given a helical twist by the poloidal magnetic
field Bp generated by the plasma current. This current, which is produced
by external "ohmic heating" coils, also serves to heat the plasma resis-

tively. The basic magnetic field configuration in a tokamak is shown in -

Figure 1.
PLASMA CURRENT I _— INSULATED SLIT
POLOIDAL MAGNETIC COPPER STABILIZING SHELL
FIELD Bp
TOROIDAL MAGNETIC FIELD
INSULATED SLIT— By

DIRECTION

Fig. 1. The principal magnetic fields in a tokamak. (From Status and
Objectives of Tokamak Systems for Fusion Research, S. D.

Dean, et al.)

The degree to which the poloidal magnetic field twists the magnetic

1. which

Tines of force is measured by the rotational transform angle i
equals the angle a line of force rotates in the poloidal direction after
one complete rotation in the toroidal direction. With a T1ittle geometry

one can show that

t .- 2R (1.1)



or

lo=)

! %B—t = q , (1.2)

p

where R is the major radius of the torus and a is the minor radius.
Thus, a magnetic field 1ine makes g transits in the toroidal direction
in making a single transit in the poloidal direction. The parameter gq
is important in many aspects of tokamak research and generally must be
larger than 2.5-3.0 at the edge of the plasma if stability is to be
achieved.

The beneficial effect of the helicity of the lines of force can be
seen by the following argument. In a simple torus in which the lines of
force are closed circles, the magnetic field varies as 1/r. The resulting
curvature and gradient drifts cause a vertical charge separation, which in
turn causes the plasma to drift outward due to the E xE drift (to be de-
rived later). A helical line of force connects regions of positive charge
to regions of negative charge and therefore short-circuits the vertical
electric field. If collisions are included (i.e., if the plasma resistiv-
ity is finite), the rotational transform must be sufficiently large
before stability is established.

One of the major problems that confronts fusion researchers is how
to minimize the rate of leakage of the plasma from a tokamak magnetic
bottle. The observed particle and enerqy diffusion rates cannot be ex-
plained by classical diffusion theory and are therefore termed "anomalous".
Classical theory predicts that, for a fully ionized gas, a fluid element
should move across straight magnetic field 1ines with a diffusion coef-

ficient2
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where n, is the perpendicular resistivity, n is the particle density,
and the sum is over all particle species. D. is the coefficient for
the entire fluid; no ambipolar electric field arises because both the
ions and electrons diffuse at the same rate.

In toroidal geometry the diffusion coefficient becomes
DL = DL(1+-q2), where (1+-q2) is called the Pfirsch-Schluter factora;
and since q = 5-6 in most tokamaks, the geometrical effect is fairly
large. The situation in tokamaks, however, is made even more complicated
by the twist in the magnetic field needed to eliminate the unidirectional
grad-B and curvature drifts and the magnetic field's radial dependence.

As a particle travels along a line of force, it passes through a
larger Bt field near the inside wall of the torus than it does near the
outside wall. Thus, if the particle's mean free path is larger than the
distance between maximum field regions, it may be trapped by the magnetic
mirror effect. When trapping occurs, the partit]e will trace out banana-
shaped orbits4 as it makes successive passes through a given cross sec-
tion. If the particle collides with.other particles, it can move from
one banana orbit to another, and its random-walk step length becomes the
banana orbit width rather than its Larmor radius. Since banana orbit
widths in tokamaks are typically much larger than the ion Larmor radius,
the classical diffusion coefficient is increased.

The combined effect of toroidal geometry and trapped particles is

described by the neoclassical diffusion coefficient5 as seen in Figure 2.
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Fig. 2. The neoclassical diffusion coefficient as a function of the
electron-ion collision frequency. € = r/Ro, r is minor radius,

RO is major radius, p is the electron Larmor radius, and VT is

the electron thermal speed. (From F. L. Hinton and M. N.

Rosenbluth, Phys. Fluids 16, 836 (1973)).
For low electron-ion collision frequencies, banana diffusion is predomi-
nant, while for high collision frequencies, collisional Pfirsch-Schluter
diffusion is most important. The "plateau" region aptly describes the
diffusion between the two extremes. For the Caltech tokamak the collision
frequencies were such that all experiments were performed in the transi-
tion region between the plateau and Pfirsch-Schluter regimes.

If Coulomb collisions were the only significant processes that led
to plasma transport in tokamaks, the plasma confinement times would be
ample by several orders of magnitude for fusion reactor requirements. Un-
fortunately, while the Coulomb collisional transport theory for equili-
brium plasmas is reasonably well developed, its predictions have been
verified experimentally only for toroidal plasmas that do not carry a

6,7

toroidal current.? In current-carrying tokamak plasmas, the particle

transport and electron heat conduction processes typically exceed the
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neoclassical values by several orders of magnitude. However, it has been

found in several experimentsa’9

that the ion heat transport agrees reason-
ably well with the neoclassical prediction for the ion heat conductivity.
It is generally assumed that the discrepancy between the theoretical
values for particle transport and the observed values is due to plasma
instability.

Since a plasma must be spatially uniform and must have a Maxwellian
velocity distribution to be in thermodynamic equilibrium, any confined
plasma is necessarily out of equilibrium. A plasma that is not in equili-
brium can relax by either Coulomb collisions or by various types of col-
lTective plasma instabilities. These instabilities are customarily divided
into two classes: macroinstabilities (derivable from a fluid description)
and microinstabilities (derivable from a kinetic description, or in some
cases two-fluid theory). Macroinstabilities include the kink, flute,
sausage, tearing, and disruptive instabilities, while the important micro-
instabilities in tokamaks involve the drift-type fluctuations. Since the
transport caused by various types of these instabilities is in general in
excess of, and relatively unrelated to, classical transport, it is usually
referred to as "anomalous" transport.

In particular, when collisions are sufficiently rapid so that par-

10

ticles collide before they bounce, drift dissipative modes'™ may develop.

The theoretical particle diffusion coefficient due to these modes is
2 1N

1Y%eifoe °

this "pseudoclassical" theory is somewhat different for various tokamaks,

roughly DL = C The particular empirical constant 61 used in

At present, it is commonly assumed that C1 = 1.0. It is important to
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understand that pseudoclassical diffusion, although yielding diffusion
rates close to those observed experimentally, has been derived from a
phenomenological picture and not from first principles. Thus, its scaling
and validity for tokamak diffusion is a subject for considerable debate.

During the past decade many experiments have been performed on vari-
ous plasma devices in an attempt to identify which instabilities (i.e.,
kink, tearing, drift, etc.) were present and which contributed most
strongly to the "anomalous" transport. In Q-machines and stellarators
these experiments usually involved the use of electrostatic and magnetic
probes. However, in tokamaks the electron temperature is generally much
higher than in other plasma devices, and this has prevented the direct
insertion of probes into the plasma for diagnostic measurements. Other
techniques, such as laser and microwave scattering, have therefore been
employed to study the fluctuation characteristics in tokamak plasmas.
However, scattering techniques have suffered from several disadvantages.
First, the scattering volume comprised a fairly large region of the plasma
in which the magnetic field, temperature, and density all varied. In some
experiments the variations in temperature and density in the scattering
volume may have been as much as a factor of ten. Thus, in past investiga-
tions many of the important physical parameters which might affect the
fluctuations have been poorly determined. Second, the propagation direc-
tion and the radial and azimuthal correlation lenqgth of the oscillations
were difficult to measure by scattering techniques.

For this thesis, fluctuations were studied in a tokamak

plasma with electrostatic probes. This was possible since, in

the Caltech tokamak, the electron temperature and plasma current
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were lower than in most other tokamaks. Thus, direct probe measure-
ments were possible in the outer region of the plasma. This allowed
for very localized measurements of the plasma fluctuations.

In Chapter II a brief explanation of drift and tearing modes is
presented, and a summary is given of experimental results from other
machines which indicates that both modes may play a major role in the
anomalous transport of plasma to the walls. In Chapter III the Caltech
experimental equipment is discussed, and in Chapter IV the plasma
characteristics are described. Chapter V is devoted to the numerical
methods which were used to analyze the rather noisy probe signals, which
were digitally recorded during plasma shots, and the experimental re-
sults are described in Chapters VI and VII. Finally, in Chapter VIII
an attempt is made both to summarize the large quantity of data which
was accumulated and to indicate how the results compare with the predic-

tions of current theories of drift and tearina instabilities.
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IT. BACKGROUND ON DRIFT AND TEARING MODES

2.1 The Diamagnetic Drift Velocity and a Simple Derivation of the
Drift Wave Dispersion Relation

In the fluid approximation one considers the plasma to be com-
posed of two or more fluids, one for each species. In the simplest
case, when there is only onespecies of ions, there are two equations
of motion, one for the positively charged ion fluid and one for the

negatively charged electron fluid. The fluid equation of motion for

electrons 1512
=
dve > > -> = - 3 >
mn g~ = -en(E+V_ xB) - W_ - Vem_ + P . (2.7)

The term ﬁei represents the momentum gain of the electron fluid due to
electron-ion collisions; and the stress tensor %e has been split into
the isotropic part Pe and the anisotropic viscosity tensor %e'

Now if we neglect electron-ion collisions, viscosity, and assume

that Ve is uniform, then in the steady state
0 = -en(E + Ve xB) - $Pe : (2.2)

Taking the cross product with B and considering only Vei_we get

0 = -en(ExB + (VeJ_xB) x B) -VPexB 5 {2.3)
or
_ + - > 2 > 5
0=-en(ExB + E(Vel-ﬁ) - Vg BS) - W xB , (2.4)
S0 * & “* 4
Ve, = =58+ V—pifzg : (2.5)
B enB
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Thus, the perpendicular electron velocity has two terms: the
first term which is independent of particle charge and mass is called
the E xB drift velocity, and the second term which does depend on the
particle charge is called the diamagnetic drift velocity. Note that
) —V>Pex§ ) KT

De enéz eB

v (2.6)

+_ - —
when B = B,e, and n = no(x).
The physical reason for the diamagnetic drift can be seen from the

following diagram:

©s ®
~—Vn

OO0V
OO0

(From F. Chen, Introduction to Plasma Physics, Ref. 2)

In the preceding diagram the orbits of ions gyrating in a magnetic field
are drawn. Since there is a density gradient to the left, more ions will
pass through the fixed volume element traveling downward than traveling
upward. Hence, there is an ion fluid drift perpendicular to Gn and E even
though the guiding centers are stationary.

For drift waves]3 which are a type of universal instability (caused
by the lack of perfect thermodynamic equilibrium for confined plasmas),

kZ # 0, and electrons can flow along B0 to establish a thermodynamic
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equilibrium among themselves. Therefore, they will obey the Boltzmann

relation along B0

_ e¢/kTe
ng = N, e 5 Bl
where ¢ is the plasma potential. For the unperturbed plasma case
N, = Ny and ¢ = ¢0, S0
e /kT
_ = o' "'e
Bl ™ T 8 (2.8)
For the perturbed plasma case g = Nos * Ny and ¢ = ¢0+ ¢], where
|11 << |¢,| and e[| << kT, hence
_ e /KT ed,/kT
et My = My = Ne © 0 B 177e i (2.9)
or _ ed /KT, ed,
Moot s 20, 8 (1 + ET;J
EdJ-l
= noe + nOE ﬁ: s (2.]0)
SO
n e¢
le 1
28 y (2:11)
e Ko

The behavior of the ions is governed by the continuity equation

3!’11 - ->
g =~ ¥ einV,) (2.12)

and the equation of motion

lm

3T = - Vo + 91(\11 xez) . (2.13)

3

i
~ -3 ~
For directions perpendicular to e, (B = Boez), one can show, with a Tittle

algebra, that the linearized solution to equation (2.13) is
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b1 ~
~ =i k B—-e

Fe y B, (2.14)

X L]

assuming |w| << Q;. The perturbed continuity equation for the ions then

gives (again for directions perpendicular to gz)

an an_.

1 i . oi
at '"oivx(vix) = VixsMoi = Vix x (2.15)

where it is assumed that the term noivx(vix) is small compared with

v1xvxnoi; that is, the fluid oscillates incompressibly. Also, Noi is

assumed to vary gradually in the éx direction. Therefore,

: . B Al
-1Lon.h. = 'Iky B:)-—-a—)-(— (2.]6)
or
N3 0] an_.
11 1 1 01
——— = —k . | o . (2-17)
Nos y Bﬁg'noi 9X
Hence, assuming quasineutrality (n1i/n01 = n]e/noe)'
¢ an_. ed
-k, wB1 n1 321 - k‘1 (2.18)
o oi Te
SO
KTe 1 ano
w/ky SR ‘EB;"';I‘O—'-'é"-(* L= VDE (2.]9)

Thus, the azimuthal phase velocity of these waves is equal to the elec-

tron diamagnetic drift velocity.
It should be noted that in the previous derivation no instability

14 shows that if some process

is predicted. A more complete analysis
exists that can retard the motion of either the electrons or the ions,

then this retardation will cause the species to get out of phase. The
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result of this phase difference can be shown to make the perturbed poten-
tial ¢1 lag behind the perturbed density N and, under certain conditions,
to cause the perturbed fluid velocity to be outward when the plasma has

already shifted outward. The perturbation then arows.

2.2 The E11is and Motley Two-Fluid Drift Wave Theory'?

A complete two-fluid theory for current driven collisional drift
waves has been derived by E11is and Motley (1974), and their results were
shown to agree well with observations in a Q-machine. Their theory was
modified by the author to include the effect of different electron and ion
temperatures. The dispersion relation which was solved numerically on the
IBM-370 using typical Caltech tokamak parameters is of the form

a3w3 + azmz tawta, = o , (2.20)
where a3y s Aps and a, are complicated algebraic functions of the plasma
parameters (see Appendix B). The results of the numerical calculation,
using the Caltech computer 1ibrary program cpoly which finds the zeros of
any complex polynomial, give three roots: the first two roots are heavily
damped for all physically interesting values of k., but the third root has
a positive growth rate for specific values of k..

The two heavily damped roots can have phase velocities either in
the electron or ion diamagnetic drift direction, depending on the magnitude
of k.; however, the third root always has a phase velocity in the electron
diamagnetic direction. Both the real and imaginary parts of the frequency
for the third root are plotted vs. reciprocal wave]ength,]/ky, in Figures

3a,b. When the imaginary part of the frequency was negative (corresponding
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to damped waves), its value was set equal to zero in the plots.

The phase velocity of the third root is constant for Ay

than approximately 1.6 cm, but the oscillations are damped for Ay much

larger than 2 cm. Hence, the modified E11is and Motley two-fluid theory

larger

predicts growing drift waves for the Caltech tokamak parameters only
for azimuthal wavelengths shorter than about 2 cm. In the present ex-
periment, azimuthal wavelenaths between 6 and 70 cm were observed.

It should be noted, however, that for a plasma in a strong magnetic
field (mep >> p ) a necessary prerequisite for a fluid description is
Al >> CHE Since in the Caltech tokamak, py = 0.17 cm, any fluid theory
is strictly valid only for AL >> 0.17 cm. This condition was well satis-

fied for the observed fluctuations.

2.3 Kink and Tearing Modes

We now consider a different type of oscillation which is classified
as a macroscopic instability, since the gross motion of the plasma column
is affected. The following diagram shows a current flowing in a plasma

column in the direction of a magnetic field Bo'

SMALL 8,

LARGE B,

(From F. Chen, Introduction to Plasma Physics, Ref. 2)

If a kink develops, the poloidal magnetic field lines Bp which are pro-

duced by the current have a higher density on the inside of the kink than
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on the outside. The magnetic pressure B§/8n therefore acts to in-
crease the size of the kink, and the plasma is pushed to the walls.
Kink modes have been observed in linear plasma devices for many
years, and hence when toroidal devices were first built it was assumed
that some form of kink might develop in tokamak plasmas. The standard

MHD model for kink instabilities!®

assumes that a perfectly conducting
plasma exists in the radial direction between r = 0 and the plasma edge
at r = a. Outside this region the plasma is assumed to be surrounded
by a vacuum with a perfectly conducting boundary located at r = b (b>a).
An analysis has been performed by Kruska]16 for the stability
of a stellarator plasma against perturbations of the general form
Re ei(i e+ kz). On the basis of such analysis, the onset of instabil-
ity of the mth kink mode is predicted to coincide with a rotational
transform of 2m/m at the outer edge of the plasma column.

Since the rotational transform angle i equals 2m/q, theory
predicts that in a torus the onset of the mth kink mode should
occur when q(a) = m. Moreover, since gq(a) = a/R Bt/Bp, one would expect
that as Bt decreases, or as Bp increases, the predominant mode number
should decrease. Furthermore, in most tokamaks q(a) = 4-6 and is a mono-
tonically increasing function of radial position; so it is of interest
to determine what modes, if any, are unstable when q(rs) = m, where P
is a point in the interior of the plasma. It is found that in this case,
the standard kink mode models do not predict strongly unstable modes.

However, the description of the plasma as an infinite-conductivity

fluid surrounded by a vacuum region is not entirely satisfactory. In
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experiments, it is clear that the points r corfesponding to integral

s
values of q fall well within the reaion of conductive, and usually

_current-carrying plasma. Therefore, it is appropriate to treat the

medium at rg as a finite-resistivity plasma rather than as a vacuum.

This is the basis of tearing mode analysis.

18

To understand tearing modes =~ in a qualitative manner, consider

a slab of current JZ of width a which is uniform in the y-z plane

moving along a large Bz field.

Y
: II’ ’
1 '}I
; :
/—: ,/"_'20
z IB,
g, ’( | X
4
,I
v

(From J. F. Drake and Y. C. Lee, Ref. 18)

A self-consistent By(x) field is produced which changes direction across
the current sheet, hence By = 0 at x = 0. Finite resistivity allows the
tearing instability to relax the system to a lower magnetic energy

state. Specifically, the tearing mode results in a bunching of the
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current into filaments along the y direction. The magnetic field in

the x-y plane is also deformed and is seen in the following diagram.

!
Y
! Y Y ' 1

]
-—— —— — — N — — - e

Current boundary

(From J. F. Drake and Y. C. Lee, Ref. 18)

The nonlinear evolution of such a mode is characterized by the
Byfﬁe1d lines tearing and reconnecting near K-B=0 surfaces. (This
is equivalent to the region around q(r) = m when the toroidal wavelength
of the mode equals 2mR.) Within this narrow layer, the field lines move
without carrying the plasma with them, and this slippage produces an
induced electric field EZ which acce]eratés the electrons along the

local magnetic 1"1't~:‘1d.]8

The perturbed current Jz1 which results is
localized, and,along with the current in the other regions of the plasma,
self-consistently produces the magnetic field shown in the previous dia-
gram. Thus, the tearing mode is a mechanism in which magnetic energy is
converted to particle energy by the acceleration of electrons in the

narrow layers around E- E = 0. The kink mode, however, transfers magnetic

enerqy to the gross plasma column motion.
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Recently, the effects of electron temperature and density gradi-

ents have been included in tearing mode ana]ysis18’]9

» and the modified
instabilities are termed drift-tearing modes. Although the theory is
still very new and nonlinear, and toroidal effects have not been com-
pletely derived, some general remarks can be made concerning the latest
results. First, the instabilities are still predicted to be localized
around the i- E = 0 singular layers, but the disturbance widths are
broadened due to the electron temperature and density gradients. Second,
depending on the electron-ion collision frequency, the modes can be
classified in three groups: collisionless, semi-collisional, and colli-
sional. Most present generation tokamak plasmas lie in the semi-colli-
sional regime. Finally, for the Caltech tokamak plasma parameters, the

predicted oscillation frequency is roughly equal to the electron

. . o
diamagnetic frequency w kyVDe'

2.4 Fluctuation Characteristics in Past Experiments

Many experiments have been performed during the past decade on
numerous machines in the hope of determining which instability mechanisms
are responsible for anomalous transport. In this section a summary will
be given of the various experimental techniques and observations that
have preceded the current investigation on the Caltech tokamak. It
should become apparent in this summary that there exist large discrepan-
cies in past results, both between different experiménts and between
experiment and theory, and this confusion has served to motivate the

present research.
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Many of the machines used in previous studies and their plasma
parameters are summarized in Figure 4. As one can see, the observed
fluctuations were thought to be due either to MHD kink-tearing modes or
to drift-type waves. Moreover, the direction of the azimuthal propaga-
tion varied between experiments.

In the Etude stellarator experiments20 (1964), Bol used two elec-
trostatic probes and a wide variety of filters to measure the fluctuation
spectrum and correlation between the probes. He observed a broadband
frequency spectrum which extended to 2 MHz and which had a slight peak at
60 kHz for a particular plasma parameter range. This peak was attributed
to a 2.0)(104cyc1e/sec rotation rate of the plasma column, combined with
am= 3 kink-type distortion. Distinct peaks in the correlation function
existed for various plasma currents, and these peaks were related to
m=2,3,4,5 instabilities. The azimuthal correlation length for most fre-
quencies was found to be roughly a tenth of the circumference of the
plasma at the probe tips, and the azimuthal velocity was observed to be a
linear function of the frequency for f < 100 kHz. Since the E x B velo-
city was roughly 1.88 x105cm/sec at r = 1.5 cm, while the azimuthal phase

5

velocity extended to 5.65 x 10" cm/sec at the same radius, no explanation

could be given for the measured phase velocity.

14 found

In more recent experiments, R. F. E11is and R. W. Motley
good agreement between their two-fluid theory of drift waves and their
measurements on a Q-machine. The observed frequency spectra were fairly
narrow (f = 10 kHz), and the perpendicular wavelengths were of the order
of 1 cm. The waves were found to travel in the electron diamagnetic

drift direction, in agreement with drift wave theory, and long axial
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wavelengths were observed, Az = 250 cm. Other experimental results
such as the frequency dependence on magnetic field strenath and plasma
current and the variation of the critical current for mode onset agreed
favorably with their two-fluid theory.

In the Minimak tokamak.22

K. Makishimi, et al. used magnetic loop
probes to observe magnetic fluctuations which were found to travel in the
ion diamagnetic drift direction; similar results were obtained at higher

23 From both

temperatures and densities on T-3 by Mirnov and Semenov.
the Minimak and T-3 results, it was concluded that long wavelength

(AL ~ 10 cm) MHD tearing modes were present and were carried azimuthally
around the torus by the E x B drift.

However, a areat deal of confusion was created when Hosea, et a1.25
reported that in the ST tokamak the fluctuations had an azimuthal velo-
city in the electron diamagnetic drift direction. Both the methods of
measurement and the plasma parameters were very similar for the T-3 and
ST tokamaks, and thus similar results were expected. In ST, therefore,
drift waves were thought to play some role in producing the observed fluc-
tuations. The principal results of the study of the signals observed on
magnetic loop probes placed outside the limiter on ST were the fo]]owing.
First, the frequency spectra were narrow with f = 100-140 kHz. Second,
the density fluctuations (&n/n) were approximately four percent; and
third, the azimuthal mode number decreased with time, with cooling of

the plasma surface by pulsing in gas, with an increase in the initial gas

pressure, with a decrease in toroidal field, and with an increase in

plasma current.
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The most recent group of experiments performed since 1975 have
involved various scattering techniques in which large reaions of the
plasma have been examined at one time. S. M. Hamberger, et aT.26 re-
ported observing electrostatic drift-type waves in a plasma with tem-
peratures, magnetic fields, and currents similar to those in the Caltech
tokamak. Several microwave beams perpendicular to the toroidal magnetic
field were passed through the plasma, and correlation studies were per-
formed on the microwave signal fluctuations. The fluctuations were ob-
served to travel in the electron diamagnetic drift direction and to have
perpendicular wavelengths of the order of 1 cm. A wide frequency spec-
trum extending to 200 kHz was measured, and the density fluctuations
(8n/n) were estimated to be approximately ten percent.

In the ATC experiments CO2 1aser27 and microwave scattering28
were employed to study the instabilities, and results which, in some
respects, resemble those reported by S. M. Hamberaer were obtained. The
perpendicular propagation direction was not determined in these experi-
ments, but the frequency spectrum was broad and extended to 400 kHz. The
perpendicular wavelengths ranged between 0.1-2.0 cm, and the fluctuations
were attributed to electrostatic drift-type waves with density fluctua-
tions (6n/n) of one percent. However, no systematic study was undertaken
to determine the effects of different plasma conditions on the oscilla-
tions.

Thus, at the time the present research was begun, there were many

discrepancies in the experimental results. The earlier work on tokamaks

which involved magnetic loop probes seemed to indicate that the tearing
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instability was the most important source of turbulence, while the fluc-
tuations observed several years later using scattering techniques were
attributed to electrostatic drift-type waves. It should be pointed out,
however, that in the scattering experiments plasma oscillations in only
a limited wavelength range could be resolved. Since the plasma wave-
length observed in these experiments is determined by the scattering
angle and since detectors and beam dumps have finite solid angles, the
previous scattering experiments were limited to observing wavelengths
shorter than about 2 cm. Since the predominant tearing modes generally
have low azimuthal mode numbers (m=1,2,3,4, etc.) and the minor circum-
ference of most present tokamaks is of the order of 100 cm, these modes
could not be adequately studied by scattering techniques.

The purpose of this thesis, tﬁerefore, was to determine by electro-
static probe techniques, which afforded very localized measurements of the
plasma conditions, which instability was most predominant in the Caltech
tokamak. The results of this study indicate that both the drift and
tearing modes may be responsible for the observed fluctuations. Unfortun-
ately, a complete nonlinear kinetic theory in toroidal geometry which in-
cludes both types of instability does not exist at present. The linear

18 in cylindrical geometry is only

kinetic theory for tearing modes
several months old, and although the results look favorable, a more com-
plete theory is badly needed. Thus, it is hoped that the present work

will serve as motivation for theorists who are interested in plasma insta-

bilities.
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IIT. EXPERIMENTAL APPARATUS

3.1 The Tokamak: Machine Parameters, Power Supplies, and Discharge
Cleaning

The experiments in this thesis were performed on the Caltech
tokamak which was constructed between June 1975 and June 1976. The
vacuum liner was made from four 0.25-inch thick stainless steel 90°
elbows which, when joined together, formed a torus with a major radius
R = 46 cm and a minor radius a = 15 ¢cm. The toroidal magnetic field
coils were wound directly on the vacuum liner, and ohmic heating and
vertical field coils were attached to the torus by wooden brackets. The
ohmic heating coils were wound in such a manner as to produce a changing
magnetic flux through the center of the torus and thereby induce an
ohmic heating electric field around the tokamak. The vertical field
coils produced a small vertical maanetic field inside the torus to
stabilize the plasma acainst its natural tendency to reduce its free
energy and expand. (That is, the poloidal magnetic pressure B§/8n. being
larger on the inside,would tend to increase the major radius of the
plasma.) Stabilization was accomplished, since the plasma current Ip
coupled to the vertical field to produce a 3 X B force. By orienting
the vertical field in the proper direction relative to the plasma current,
an inward directed force on the plasma could be produced.

The toroidal magnetic field was produced by a 50 Kjoule capacitor
bank and was kept from ringing during the course of a plasma shot by a
crowbar circuit. The crowbar ignitron shorted the toroidal field wind-

ings when the current in them reached a maximum value. Thus, the only
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time variation of the magnetic field was a slow decay due to the finite
resistance in the windings. However, during the plasma lifetime, the
toroidal magnetic field was practically constant and could be varied from
2.6 kG to 4.7 kG.

The ohmic heating electric field and the vertical magnetic field
were each generated by two sets of capacitors, the fast and slow banks.
The fast banks had lower capacity than the slow banks and, therefore,
had shorter rise times t = /LC, where L is the inductance of the ohmic
heating or vertical field windings and C is the capacity of the respec-
tive fast or slow bank. This short rise time enabled the ohmic heating
coils to produce an initially large electric field in the torus to promote
breakdown of the plasma and allowed the vertical magnetic field to rise
to an acceptable level quickly. When the voltages on the fast banks de-
creased and became equal to the slow bank voltages, two "zero crossing"
networks added the slow bank capacitors in parallel with the fast banks
and hence increased the rise time of each LC circuit. This allowed the
ohmic heating electric field to be maintained for approximately 6 msec.

A single horizontal wire loop around the top of the torus was used to
monitor this electric field, and the signal from the loop was aptly
called the "one-turn voltage".

In order to facilitate the initial breakdown of the plasma, a
1.5 MFD preionization capacitor charged to 4 kV was discharged into the
ohmic heating coil for.rough1y 1 msec. This initial discharge, which
rang at roughly 13 kHz, preceded the main ohmic heating pulse by 0.9 msec

and was the source of considerable electrical noise in the laboratory.
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The inside wall of the tokamak was cleaned by a procedure called
discharge c]eam’ng47 in which hydrogen gas was broken down in a weak
(< 200G) toroidal magnetic field. The plasma was not well contained by
this field and hence bombarded the wall. Impurities were thereby knocked
off the surface and into the vacuum chamber where they were pumped out of
the torus. The plasma was produced by pulsing 3-5 kW at 20 kHz into the
ohmic heating coils for a period of 0.2 sec. The repetition rate for
these pulses could be varied, but it was generally set at about 1.0 sec.

A steady D.C. toroidal magnetic field of 180 gauss was normally
used during the cleaning process. This field was produced by passing
70 amperes through the toroidal field windings from a Hewlett-Packard
power supply, Model 6453A. A filling pressure of 0.2-0.5 millitorr of
hydrogen was used for discharge cleaning, and the impurities in the torus
were monitored as a function of time with a Varian quadrupole gas analy-
zer, Model 978-1000 and with a Hewlett-Packard chart recorder, Model
7155B.

It was found that the general impurity conditions in the tokamak
could be estimated by observing the levels of CH3, CH4. and H20 for a
period of several hours during discharage cleaning. The levels for these
impurities decreased rapidly during the first few hours of cleaning, but
once the wall conditions became favorable for tokamak operations, the
impurity levels decreased more slowly with time. Generally, the tokamak
was discharge cleaned every morning for approximately five hours before

data were taken.

Using this procedure for eliminating wall contamination, it was

possible to obtain a considerably cleaner plasma than in tokamaks which
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were not discharge cleaned by this process. Although we had no direct
confirmation, it was estimated that our Zeff = 1.5-3.0. The results of
no cleaning were most noticeable after the tokamak had been open to at-
mospheric pressure for several hours. Even with the ohmic heating capa-
citor bank charged to its full voltage, only very short low current plasma
pulses (5 kA for approximately 2 msec) could be obtained before discharge
cleaning. After several hours of cleaning, however, much longer and
higher current plasmas (15 kA for approximately 12 msec) were easily ob-
tainable. Thus, the impurity content drastically affected the value of
both the plasma current and the plasma duration which could be obtained

for a given amount of ohmic heating energy.

3.2 Diagnostics

Several diagnostic signals were available for determining the
general characteristics of the plasma. These included the one-turn
voltage, plasma current, in-out and up-down signals, Langmuir traces,
and microwave interferometer fringes. The one-turn voltage was measured
by a single loop of wire placed on top of the torus in which the ohmic
heating magnetic flux passed. This voltage fell to zero approximately six
msec after the plasma was formed, and thus no plasma heating occurred
during the last few milliseconds of the plasma lifetime (Td = 12 msec).

The plasma current was measured by a Rogowski coi]zg, and vertical
and horizontal plasma movements were detected by up-down and in-out
coi15,29 respectively. These latter coils were similar to the usual

Rogowski coil with the following exceptions. First, for the in-out coil,

the windings were more closely spaced on the sides of the torus than on
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the top and bottom of the vacuum chamber. For the up-down coil the
opposite was true. Second, the turns were wound in opposing direc-
tions on opposite sides of the torus so that the polarity of the sig-
nals from the coils (for a constant Ip) indicated the direction of
motion of the plasma column. When the plasma moved outward, toward
the side of the vacuum liner, the in-out coil produced a positive sig-
nal, and conversely, inward motion produced a negative signal.
Likewise, the up-down coil was used to detect vertical plasma movement.

The up-down coil was useful after the tokamak's initial construc-
tion when magnetic field errors prevented the plasma current from
lasting longer than 2 msec. However, once these problems were cor-
rected, the in-out signal became an important diagnostic in determining
the correct vertical field to be used for different plasma conditions.
It was found, for instance, that as the ohmic heating was increased
and the plasma current rose, the vertical field had to be increased to
prevent the plasma from moving outward.

Langmuir probe measurements were taken for the outer 6 cm of the
plasma, and from the resulting current versus voltage curves the elec-
tron temperature, density, and floating potential were calculated.
Also, the line averaged electron density was measured by a 4 mm micro-

wave interferometer.30

The interference fringes which were produced
by the phase shift created by the presence of the plasma in one path of
the microwave signal were recorded on a 16 channel digital transient
recorder. The number of fringes produced when the plasma conditions

varied was directly calibrated to the electron density; and thus by

some judicious counting, the line averaged electron density was
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determined for the entire plasma lifetime. The results of these measure-

ments and other plasma characteristics are the subject of Chapter IV.

3. Probes and Data Acquisition

Two electrostatic probes were used in this thesis to study the
spectra and correlation of fluctuations in the Caltech tokamak plasma.
The basic construction of the probes and the precision port aligner
(described below) in which one probe was mounted are shown in Fiqure 5.
The probes were approximately 40 cm long and were constructed from
0.317 cm stainless steel tubing. Tungsten wire 0.076 cm in diameter was
used as the center conductor, and glass insulation was employed to pre-
vent the tungsten and stainless steel from shorting. The length of the
exposed tungsten wire was 0.8 cm, and glass sleeves covered the stainless
steel near the probe tips. The insulating sleeves prevented the steel
from electrically shorting the plasma. The tungsten wire was connected
internally to copper wire near the R.F. connectors at the ends of the
probes.

Two 8-inch RG-174 semi-rigid coaxial cables connected the probes
either to 1.0 MR input impedance common mode rejection circuits, or to a
Hewlett-Packard dual DC power supply, Model 6205B, which was used to bias
the probes. Since common mode voltage problems were prevalent in the
tokamak laboratory, it was found by experimentation that operational
amplifier (LM-318 op amps were used) common mode rejection circuits were
needed to eliminate extraneous probe signals. Thus, most of the data in

this thesis were collected with the probes connected to 1.0 M2 loads.
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As will be shown later, the floating potential was between 0 and
+10 volts for the regions of the plasma in which most of the data were
taken. Moreover, a 1.0 MQ load line for the probes lay extremely close
to the voltage axis of the Lanamuir trace and intersected the Langmuir
curve near the floating potential. Hence, in most cases, when the
probes were not biased to measure ion saturation current (which was used
to calculate &n/n), the probe signals were equal to the floating poten-
tial fluctuations.

The probe's resistance near the floating potential was determined
from the Langmuir curves and was approximately 500Q. Since the 8-inch
RG-174 coaxial cables and the probes themselves had a combined capaci-
tance of around 40 uuf, the RC time constant due to these elements of
the system was roughly 2.0 x 10_85ec. In addition, the common mode re-
jection circuits had output impedances of about 500 , and approximately
20 feet of RG-58/u cable with a capacitance of 30 uuf/ft connected the
rejection circuits to the transient recorders. Thus, the RC time con-
stant due to this longer coaxial cable was T = 3.0 x 10'85ec. Therefore,
the frequency response of the system was limited by the transient re-
corder's sampling time of 1.0 usec, and not by the cable capacitance.

One probe was mounted in a Perkin-Elmer Ultek precision port
aligner which allowed the probe to be positioned anywhere within a 20°
cone. The second probe was mounted 4.3 cm directly below the port
aligner. Thus, a simple tilt of the first probe could be used to vary
the azimuthal distance between the probe tips. Both probes could be

moved radially; and if the probe in the port aligner was moved radially
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inward and tilted downward relative to the bottom probe, radial fluctua-
tion characteristics of the plasma could be studied.

The probe signals were recorded on a 16-channel
digital transient recorder with a 1.0 usec analog-to-digital conversion
rate. A 1024 word memory was available for each channel, which allowed
1.0 msec of data to be recorded for each plasma shot. Between shots the
digital data were transferred to paper or magnetic tape for numerical
processing on the IBM-370. A block diagram of the data acquisition units

is shown in Figure 6.
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IV. PLASMA CHARACTERISTICS

In this chapter the general properties of the tokamak plasma will
be described. As noted previously, by changing the ohmic heating elec-
tric field the plasma current could be varied. The minimum plasma cur-
rent which could be obtained was about 6 kA, and the maximum current was
approximately 18 kA. The one-turn voltage fell to zero 6 msec after the
plasma was formed, and the length of the plasma pulse Ty ™ 10-12 msec.

As the plasma current was increased, the conductivity and Langmuir probe
temperatures were found to increase as shown in Figure 7. (In the conduc-
tivity temperature calculations the inductance of the plasma L was com-
puted for a circular loop current with a parabolic current d'istr'ibution.29
L was assumed to be constant as a function of time; and thus, the one-turn
voltage V = RIp + L f;23 where R is the plasma resistance.) For a com-
pletely pure hydrogen discharge Zeff = 1,0, but due to impurities, Zeff
usually lies between about 1.5 and 6.0 in most tokamaks.

From the 4 mm microwave interferometer it was found that the Tline
averaged electron density rose to a peak value of about 1.0 ><1013cm"3
approximately 1.0 msec after the plasma was formed, and then dropped to

1.0x10"2em™3

1.0 msec later. The density was then fairly constant for
the remainder of the plasma lifetime. By taking Langmuir probe traces at
several radial positions (see Fig. 8a),electron density,electron tempera-
ture, space potential and floating potential profiles were obtained for the
outer half of the plasma. These results are shown in Figure 8b. By varying

the time in the discharge t in which these traces were taken, the electron tem-

perature and density variations during theplasma 1lifetime were ascertained.
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Figure 7. Variations of plasma temperature. as a function of I,, 2.0 msec

into the discharge. Top three curves show the conductivity tem-
perature using three values for Z,¢s. Bottom curve is the elec-
tron temperature from a Langmuir probe at r = 12.5 cm. H2
filling pressure = 1.05 x 10-4 Torr.
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The values calculated from probe measurements for the electron density
were in good agreement with the results obtained from the microwave
interferometer.

The time evolution of the plasma current, line averaged electron
density, one-turn voltage, conductivity temperature, and Langmuir probe
temperature at r = 12.5 cm are shown in Figure 9. Both the conductivity
and the Langmuir probe temperatures reached a maximum about 4 msec after
the formation of the plasma when the current reached its peak. From the
floating potential and electron temperature profiles (see Appendix A)
the radial electric field Er between r = 11 and 13 cm was calculated. The
ExB velocity was then determined and was found to be in the ion dia-
magnetic drift direction. The time evolution of the radial electric
field is shown in Figure 10.

Finally, in order to compare experimental results with drift wave
theory, a knowledge of the density and temperature gradients is necessary.
In Figure 11 the density gradient 1/n dn/dr, as measured by a Langmuir
probe, is plotted as a function of time during the plasma shot. As can
be seen, the density gradient was fairly constant in the outer regions
of the plasma during most of the discharge. The density and temperature
gradient profiles are also shown in Figure 12. Since the Caltech tokamak
did not have a lTimiter, the large gradients which were present at
r = 11.5 cm may be indicative of some form of magnetic confinement. If
magnetic field errors near the walls contributed to particle loss, the

observed radial profiles could be produced.
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Figure 11. Time evolution during a discharge of the density gradient,
1/n dn/dr, at r = 12.5 cm, Ip = 14 kA, By = 4.2 kG,
H, filling pressure = 1.05 x 10-4 Torr.
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Figure 12. Electron density and temperature gradient profiles as meas-

ured by a Langmuir probe at t = 2.0-4.0 msec; I, = 14 kA,
By = 4.2 kG, H, filling pressure = 1.05 x 10-4 "Torr.
Unless otherwise stated, all subsequent results are for the
same pressure.
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V. COMPUTATIONAL TECHNIQUES

In order to study the fluctuations systematically, the spectra
and correlation function were calculated from the digitized probe signals
on the IBM-370. In this chapter a description is given of the analytical

techniques used for these computations.

Let the two probe signals be denoted by f](t) and fz(t), each of
which is known at 2N equispaced points. (In the present experiment
2N = 1024 and data were taken at equispaced time intervals T = 1.0 usec.)

If the values of f](t) are denoted by X1 = x1(vT) where v = 0,1,2,+*"

2N-1, then the Fourier series of X] . is3]
]
a,(0) N-1 a,(N)
- muk . vk 1 Voo
X]’v * A kzl (al(k) cos T + b1(k) sin 5§ ) + 5 (-1)",
(5.1)
with ONT
_ . _ -imkt/NT
Fy(k) = ap(k) + iby(k) = 1/NT l x,(t) e at , e 29
k = 0,1,-¢+,N .
Similarly, F2(k) is defined as
2NT )
Fo(k) = a (k) + iby(k) = INT | x,(t) e TTKENT 44 |
2 2 2 2
(5.3)
k = 0.]’.--’N
The amplitude of the Fourier spectrum of each probe signal is
therefore,
AMPLF (K)] = [af(k) + b5()I1V/2 (5.4)
MPLF, (k)] = [ab(k) + b5(K)1V2 (5.5)
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and the phase angle between the two series is

8 (k) = ATAN[-a—:—(-D—] - ATAN[EZ—(U . k=0,1,++,N . (5.6)

Unfortunately, the computer calculates the arctan for angles be-
tween 7 and -m, and therefore 6 can lie between 27 and -2m. Since the
phase angle has meaning only in a 2m interval, points which lie outside
the range [-m,m] can be transformed so as to lie in this interval by add-
ing or subtracting 2w. However, if one wishes to average adjacent data
points over a small frequency interval when the points 1ie close to #*m,
points which originally had absolute magnitudes slightly Targer than =
will be averaged incorrectly with points of absolute magnitude slightly
smaller than n. This problem can, however, be circumvented by averaging
in the complex plane rather than averaaing the phase angle alone. To
implement this procedure, the cross power spectral density function was
explicitly computed.

Letting the Fourier series of each probe signal be denoted as
(k=0,1,2,-++512 in all the following expressions),

1e](k)
Fl(k) = A](k) e - (5.7)

iez(k)
Fp(k) = Ay(k) e ; (5.8)

where A](k) and Az(k) are real variables; the cross power spectral density

32

function is defined as

i(6,(k) - 0,(k))
Pyo(k) = FE(K) Fy(k) = AT(K) Ay(K) g L V002 agk) + iB(K).
(5.9)
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But

Fi(k) Fak) = [ag(k) - 1by(k)]Lay(k) + 1b,(K)]

a](k) az(k) + ia](k) bz(k) - ib1(k) az(k)i-b1(k) bz(k)

= A(k) + iB(k) (5.10)

Hence,
A(k) = a;(k) ay(k) + by(k) by(k) (5.11)
B(k) = a;(k) by(k) - by(k) ay(k) . (5.12)

However, since the amplitude and phase of the cross power spectral
density function were not smooth functions of k, the running averaged
amplitude and phase were computed for a range of k' using the following

expressions:

AMPLITUDE (k')

(R(k")? + B(k)2)1/2 (5.13)

PHASE (k')

ATAN(B(k')/A(k")) s (5.14)

where A(k') and B(k') represent, respectively, the averages of A(k)
and B(k) over the points k'-i, k'=i+1, -+, k', +«+k'+i-1, k'+i, where
i is an integer, k' > i, and k'+i < 512. Both step and Gaussian
weighting functions were used to calculate A(k) and B(k) from a set of

A(k)'s and B(k)'s. Thus, for example,

AKk') = wj;i)A(k'-i)+m(—1’+1)A(PI};__-1'+1)+ see w(+i) A(k'+i) (5.15)
where w is a weighting function, and
+i
NF = 7§ ‘ w(T) : (5.16)
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In the case of a Gaussian weight, both the number of points included in
the average and the width of the Gaussian can be selected.

One can also compute the cross correlation function or convolution
o(t) of f](t) and fz(t). For arbitrary real functions of t, g(t) and

k(t), the cross correlation function is defined as
400
o) = J o(t) k(t+7) dt . (5.17)

-0

+o0

However, from the convolution theorem,32 J g(t) k(t+ 1) dt has the Fourier

-COo

transform G*(f) K(f), where

+® -
G6(f) = J g(t) ef2mft 4o | (5.18)
and -
+m -
K(F) = ! k(t) el2"Ft 4¢ . (5.19)

Thus, one would expect that the phase velocities of the fluctuations com-

puted from the correlation function would aaree with those computed from

the cross power spectral density function. This was experimentally verified.
The algorithm used to numerically compute the normalized correlation

function from the two probe signals, each defined at 1024 data points, was

1 1025-1A
T025- : X [(m-1)T] x,[((m-2) + IA)T]
m:
py(IA) = : 1024 10724 . (5.20)
oo [(m):=1 2L (m-1)T1)( Z _,z[m-”T])]
and , 1025-IA
TO?E-TK f 52[(m-1)T]§_[((m-2)+ IA)T]
Dz(IA) = ]024 s IA=1,2,-+-1024

TEZI'[( 8 L1 )TJ)( E SLn-1)T] 2 (5.21)
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where

Xy (mT) = x,(mT) - X] s (5.22)

and
52(mT) = xz(mT) - ?é , m=0,1,2,-++,1023.
(5.23)

i} and ?é are the averages of x1(nﬂ) and xz(mT) over the range
m=0,1,2,+++,1023, respectively.

The averages were subtracted from Xq and Xp s since their digital
values ranged from 0 to 255 and hence were not symmetrical around zero.
p](IA) is the correlation function when x, is evaluated at progressively
later times relative to X3 in the product defining p; and conversely,
p2(IA) defines the correlation function when X5 is evaluated at progres-
Sive]y later times relative to X5

It should be noted that Gaussian averaging the cross power spec-
tral density function in the frequency domain is equivalent to multiply-
ing the cross correlation function by a Gaussian in the time domain. To
show this, consider the Gaussian averaged cross spectral density function
F'(w), .
F'(w) = J Flo') Blo-w') do' (5.24)

where F(w') = F?(w') Fz(w') and G(w) is a Gaussian weighting function.
Then by the convolution theorem, the Fourier transform of F'(w) is

+00

FF (@) = £1(8) = - at() | At Flee ™ au L (5.25)
P

™

=00

and G'(t) is another Gaussian function. Therefore,
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+co
8 =6 (e [ fl0) ) dr (5.26)
SO
f'(t) = G'(t) p(t) . (5.27)

Finally, by normalizing the amplitude of the cross power spectral

density function by the auto-power spectra

Pyp(k) = F(k) Fy(k) , (5.28)

and
P22(k) = F§(k) Fz(k) $ (5.29)

one obtains the "coherence spectrum"33

| F5(k) Fy(k)l
[F3(k) Fy ()17 [F8(k) Fp(k)1'/€

Y12(k) (5.30)
Y]Z(k) is a measure of the degree of cross-correlation between f](t) and
fz(t) at each frequency. If Y]Z(k) is zero at a particular frequency,
then f](t) and fz(t) are "incoherent", whereas if y12(k) =1, f](t) and
f2(t) are "coherent" at that frequency.

The plasma characteristics which were studied by the use of the

preceding analysis will be described in the following two chapters.
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VI. EXPERIMENTAL RESULTS FOR FIXED MACHINE PARAMETERS

6.1 The Spectra and Phase Relations

Data were recorded for 1.0 msec intervals during a plasma shot on
two channels of a digital transient recorder. Typical probe signals are
shown in Figure 13. The Fourier series of these probe signals was com-
puted, and a spectrum as seen in Figure 14 was obtained. The spectrum
extends to roughly 250 kHz and resembles the results obtained from micro-

27,28 In these latter

wave and CO2 laser scattering experiments on ATC.
experiments, the wavelenaths of the fluctuations which could be resolved
were limited by the scattering angle to roughly 0.1-2.0 cm. Drift insta-
bilities were thought to be the cause of the oscillations in ATC.

However, when the running averaged amplitude and phase of the cross
spectral density function, as defined in equations (5.13) and (5.14), were
computed, the spectra became more structured. The amplitude exhibited
distinct peaks at certain frequencies, and the phase difference between
the probes displayed a linear functional dependence on the frequency.
Again, using the same plasma shot as in Figure 14, the running averaged
amplitude and phase of the cross spectral density function are shown in
Figure 15 when eleven adjacent A(k)'s and B(k)'s were averaged with equal
weight in the calculations for A and B. A similar spectrum was observed
for the poloidal magnetic field fluctuations using magnetic loop probes.34
The linear dependence of the phase on frequency for a fixed azimuthal

probe separation 1implies that the azimuthal fluctuations propagated with

a single average phase velocity.
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" ] (a)

! ! !
50 100 150 200
FREQUENCY (KHZ)

Figure 15. The running averaged amplitude (a) and phase (b) of the
cross spectral density function for the signals seen in
Figure 13. A least squares fit line is drawn through the
phase points and from the slope of the line Vp =

1.2 x 106 cm/sec was calculated.

250
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In Figures 16a,b,c a series of spectra is shown for the same
plasma shot in which A and B were calculated using (a) 20 equally

weighted A(k)'s and B(k)'s, (b) 21 Gaussian weighted A(k)'s and B(k)'s

1

with the Gaussian weighting function falling to e ' at the end points

(G(10) = G(-10) = e'1), and (c) 21 Gaussian weighted A(k)'s and B(k)'s
with the Gaussian weighting function falling to e'2

(6(10) = G(-10) = e~?).

at the end points
It can be seen that the effect of Gaussian
averaging is to smooth, but not to drastically alter, the main features
of the amplitude spectrum.

If any type of perturbation with a poloidal dependence ei(me*”t)
were present in the plasma, then one would expect to observe peaks in

the spectra at frequencies f = mVp/an; where Vp is the azimuthal phase
velocity of the fluctuations, m is the azimuthal mode number, and r is
the radial distance from the center of the plasma. From the plot of the
phase difference between the probe signals versus frequency, the average
azimuthal phase velocity can be computed, and since r is known, the ex-
pected azimuthal mode frequencies can be calculated. The results of
these calculations and the amplitude of the cross power spectral density
function for two different plasma shots are shown in Figure 17. The fre-
quencies of the observed peaks and certain calculated mode frequencies
can be seen to correspond. This agreement was observed for all plasma
shots recorded in which the probes were separated in the azimuthal direc-
tion (roughly four hundred shots) and was not affected by the type of
spectral averaging performed. Thus, the observed peaks seemed to be re-

lated to specific azimuthal modes of the plasma.
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Figure 17. The Gaussian averaged amplitude spectrum for two different

plasma shots showing the correspondence between peak fre-

quencies and expected mode frequencies from Vp.
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The amplitude and coherence spectra for a typical plasma shot are
shown in Figures 18a,b. The coherence at the amplitude peaks was roughly
0.75, and this value indicates that the two probe signals were fairly co-
herent at the frequencies corresponding to amplitude maxima. Moreover,
it is well known that coherence values are affected by the amount of
averaging performed,35 and slightly larger values (around 0.80 - 0.85 at
amp1i tude peaks) were obtained if fewer points were used in the Gaussian
averaging process. However, since the spectrum becomes somewhat "noisier"
as fewer points are averaged, the amount of averaging used in Figure 18

was found to be appropriate for the study of the fluctuation spectra.

6.2 Correlation Function

By varying the azimuthal spacing between the probes, the azimuthal
correlation length of the fluctuations was determined. The normalized
correlation function for several azimuthal probe separations, x, is shown
in Figure 19. The correlation dropped to roughly 0.25 for a probe separa-
tion of 4.0 cm, and the shift of the peak relative to the zero time delay
point indicated that the azimuthal phase velocity was in the ion diamag-
netic drift direction. The magnitude of the phase velocity determined
from the correlation function(vp = 1.1 x106cm/sec) was in good agreement
with that obtained from the phase, see Figure 15, of the cross power spec-
tral density function, as expected, based on the convolution theorem. Since
the correlation length was short compared with the circumference of the
plasma at the probe tips, some dispersion in the phase velocities of the

di fferent azimuthal modes may have existed.
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The probes were also positioned so that the tips were separated
radially, and the correlation function was again determined. In Figure
20 the normalized correlation function is shown for various radial probe
separations in which the outer probe was kept at a fixed radius,

r = 13.8 cm. The rate of decrease of the radial correlation was larger
than that of the azimuthal correlation as the probes were moved apart;
however, at probe separations of roughly 4.0 cm both the radial and azi-
muthal correlation was 0.25.

From the shift of the correlation peaks relative to the zero time
delay point, the radial phase velocity was found to be directed outward--
toward the vacuum liner. The magnitude of the radial phase velocity
varied considerably as machine parameters were changed, and the results
will be discussed in Chapter VII. The outer probe radius was also de-
creased while keeping the inner probe tip at r ~ 11.0 cm. The phase velo-
cities calculated in this manner agreed with the results obtained by
keeping the outer probe fixed. Thus, for the outer regions of the plasma,
the radial phase velocity was not found to be a function of the radius.

The precision port aligner allowed one probe to be twisted relative
to the other so that the vector connecting the two probe tips could have
a large axial component. A little geometry then allowed the phase velocity
in the axial direction to be calculated once the azimuthal phase velocity
was measured. The axial phase velocity was found to be in the direction
of electron current flow with a magnitude (V, ~ 1.4x 10%cm/sec) of the
order of the azimuthal phase velocity for a variety of machine parameters

(plasma current, toroidal magnetic field, and time in the discharge were
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Data averaged over five plasma shots.
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varied.) For a current driven collisional drift wave of the type dis-

14

cussed by E11is and Motley, ° theory predicts that the axial phase

velocity should be in the direction of electron flow with w/kZ >> m/ky.

6.3 Temporal and Radial Dependences of the Fluctuation Characteristics

As discussed previously, the plasma duration was approximately

twelve milliseconds, and the line averaged electron density rose to a

peak value of roughly 1J)x10]3cm'3

and fell to 2.0 x 1012cm"3

1 msec after the plasma was formed,

1 msec later. Most of the data in this thesis
were taken after the density had become approximately constant and while
the plasma current was near its maximum. However, during the high density
phase of the plasma shot, strong sawtooth type oscillations at frequencies
between 8 and 13 kHz were observed on both probe signals.

‘The sawtooth oscillations had amplitudes which were typically five
times larger than the higher frequency fluctuations which were predominant
at later times in the discharge and propagated azimuthally in the electron
diamagnetic drift direction. Typical sawtooth signals, their spectrum,
and their correlation function are shown in Figures 2la,b,c. The correla-
tion length for the sawtooth oscillations was a few centimeters longer
than for the higher frequency fluctuations; and the axial phase velocity
of the sawtooth signals was in the direction of electron flow with a
magni tude of the order of their azimuthal velocity. Between 1.5 and 2.0
milliseconds after the plasma was formed, when the two types of signals
had approximately the same amplitudes, the correlation function developed

two distinct peaks on each side of the zero time delay point. Thus, a
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"transition period" existed for roughly 0.5 millisecond during which
neither type of signal was dominant.

The complete time evolution of the azimuthal modes is summarized
in Figure 22. The top two traces show the plasma current and electron
density. The third section describes the time evolution of the azimuthal
mode numbers m as observed from the spectra. The average azimuthal mode
number <m> was calculated by multiplying the amplitude of each major peak
in the cross power spectral density function by its corresponding mode
number, adding the products, and then dividing by the sum of the ampli-
tudes. Although the value of <m> does not represent the most predominant
mode in the plasma at the probe positions, the variations in <m> provided
a means of studying the effects on the overall mode structure at the probe
Tocations when plasma conditions varied. The fourth section contains a
plot of the average azimuthal phase velocity, Vé, as a function of time in
the discharge.

As can be seen from Figure 22, the average azimuthal mode number
<m> increased with time during the discharge, while the phase velocity
decreased after the first 2 msec. The E x B velocity remained fairly con-
stant between 2.0 and 6.0 msec and was approximately five times smaller
than the measured phase velocity at 2.0 msec. Thus, the observed fluctua-
tions propagated in the ion diamagnetic drift direction even after the
E X E velocity was taken into account. (In the calculation for the radial

electric field which was used to compute the E x B velocity, the effect of

11.5 cm was included, See

the Targe electron temperature gradient at r

Appendix A.)
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In Figure 23 the radial phase velocity and correlation amplitude
are plotted as a function of time in the discharge. The radial phase
velocity exhibited a decrease with time which was similar to that of the
azimuthal velocity and was almost zero during the high density phase
when the sawtooth oscillations were present. The correlation amplitude
was also 16w when the density was at its peak.

The radial dependence of the azimuthal characteristics is shown in
Figure 24. The most predominant modes and <m> increased as the radial
position of the probes was increased. This dependence would be expected
if the fluctuations were related to drift-tearing type modes, since q(r)
is an increasing function of the radius. The azimuthal phase velocity
and the maximum value of the normalized correlation function both de-
creased as the radial position increased. The hump in the E X E velocity
was due to the large temperature gradient at r = 11.5 cm; however, the
E X § velocity was always smaller than the measured phase velocity.

Finally, values of én/n (which were calculated numerically by
dividing the root mean square of the fluctuations of the ion saturation
current by the average ion current) are plotted in Figures 25 and 26 for
various radial positions and times in the discharge. d&n/n had a minimum
value at r = 12.5 cm and increased slightly on either side of this point.
Also, there was a small increase in 8n/n during the high density phase of

the plasma shot, but once the density reached a steady value, the fluctua-

tion level was relatively constant in time.
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VII. EFFECTS ON THE FLUCTUATIONS DUE TO CHANGES OF MACHINE PARAMETERS

In this chapter the changes in the fluctuation characteristics
will be described when the tokamak parameters were varied. Since similar

studies have been performed on the ST tokamak25

with magnetic loops
placed outside the limiter, it is useful to compare some of the results

in this chapter with the ST observations. This comparison will be made
in Section 8.2.

7.1 Effects of Filling Pressure

Normally, plasmas were created in the Caltech tokamak using a H2

filling pressure of 1.05 x107%

Torr. If the filling pressure was

lowered, the electron density was also lowered. When the filling pres-
sure was raised, the electron density was larger, but due to a lack of
sufficient ohmic heating power, the plasma duration Tq dropped. Hence,
when plasma lifetimes of at least 5 msec were required for experiments,

the maximum H
4

5 filling pressure which could be used was about

1.8 x10" 'Torr. Typical plasma current and density traces are shown in

Figure 27 for a filling pressure of 1.6 x10'4Torr. At this pressure the

conductivity temperature (assuming Zeff = 1.5) was roughly a factor of 2

4

smaller than for plasmas produced at 1.05x 10 'Torr (see Figure 9).

The azimuthal propagation characteristics using a H2 filling

4

pressure of 1.6 x 10° 'Torr are also summarized in Figure 27. Several

comparisons can be made between Figures 22 and 27, in which H2 pressures

4

of 1.05 x10'4Torr and 1.6 x 10" 'Torr were used, respectively. First, at

the same time in the discharge, the average azimuthal mode number was
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lower for the higher pressure plasma. Second, at the higher pressure
<m> did not become as large in the later part of the discharge as it
did at the lower pressure. Third, increasing the pressure increased
both the length of time the low frequency oscillations were dominant
and the width of the transition region, but had no effect on the sawtooth
frequency. (The broadening of the sawtooth region was most likely due to
the wider density peak at the beginning of the plasma shot at higher
pressures.) Finally, the pressure did not affect either the magnitude
of the azimuthal phase velocity or its characteristic decrease as a
function of time during the discharge. At 1.6 x10'4Torr the E X E
velocity was again much smaller than the observed phase velocity.

The maximum value of the normalized correlation function of the
azimuthal fluctuations for plasma shots using H2 filling pressures of

1.05 x1074

Torr and 1.6 x10'4Torr are graphed in Figure 28. In both cases
the maximum value of the correlation function was highest during the saw-

tooth activity and decreased after approximately 2.0 msec; however, the
maximum value of the correlation function was higher during the entire
shot for the higher pressure plasma. This increase in correlation with
pressure may have been due (although there was no conclusive evidence)
to the fact that at higher pressures the lower order modes were en-
hanced. Thus, the spectrum tended to be more peaked around a single

dominant frequency.

7.2 Effects of Toroidal Magnetic Field

The toroidal magnetic field was varied to ascertain what effect it

had on the fluctuations. Data were taken at By = 2.7 kG and By = 4.7 kG,
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and the results for the azimuthal propagation characteristics are sum-
marized in Figure 29. The correlation amplitude peak for Bt = 4,7 kG
was smaller and occurred at a larger time delay than the correlation peak
for Bt= 2.7 kG. The phase velocity and average azimuthal mode number <m>
for Bt= 2.76 kG were Vp= 1.3)(106cm/sec and <m> = 3.6, respectively. For
Bt= 4.7 kG, the phase velocity was Vp= 7.5)(105cm/sec, and the average
azimuthal mode number was <m> = 5.8. Thus, the average azimuthal mode
number was proportional to Bt while the phase velocity was inversely pro-

portional to Bt' (Er was determined to be constant as Bt was varied.)

-+ >
Since the E x B velocity varies as 1/Bt for tearing modes which

= -+
are carried by the E x B drift, one would expect the phase velocity to

B
vary inversely with the magnetic field. Moreover, since q(r)=-§-§—%?q,

as By is increased, q(r) is increased. So for tearing modes, the azi-
muthal mode number should increase linearly with By. However, the two-

fluid theory of E1lis and Motley'?

predicts the same dependence of the
azimuthal mode number on By for current driven collisional drift waves,
although at much shorter wavelengths than observed in the Caltech tokamak.
Thus, the observed dependence of the average azimuthal mode number on Bg
supports either a drift or tearing mode interpretation for the fluctua-
tions.

The radial propagation characteristics as a function of Bt are
shown in Figure 30. Both the radial phase velocity and the maximum
value of the normalized correlation function were found to drop linearly
with increasing magnetic field. Moreover, én/n did not change at
r = 12.5 cm as By was varied.

Finally, as the magnetic field was lowered below By = 2.7 kG
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(with the ohmic heating fixed) the plasma became grossly unstable, and
the current abruptly dropped to zero after approximately 6 msec. In

Figures 31a,b the spectrum is shown when such a disruption did and did
not occur for Bt= 2.7 kG, The m=2 mode was always predominant before a

gross instability developed. This result supports a drift-tearing mode
interruption of the fluctuations, since the m=2 tearing mode is thought

to play a major role in the disruptive instability.36

7.3 Effects of Plasma Current

When the ohmic heating slow bank voltage was increased, a larger
plasma current was produced. The conductivity and Langmuir probe temper-
atures also increased as seen in Figure 7. Several values for Zeff were
assumed in the conductivity calculations. Since the electron diamag-
netic drift velocity is proportional to the electron temperature, it was
of interest to determine what effect the value of the plasma current had
on the azimuthal phase velocity. The maximum value of the normalized
correlation function and the azimuthal phase velocity are plotted in
Figure 32 as a function of the plasma current for the 1.0 msec interval
in which datawere taken (between 2 and 3 msec). As can be seen, the
phase velocity did not increase linearly with the plasma current as would
be expected for a diamagnetic drift, and the correlation amplitude re-
mained relatively constant. (When varying the plasma current, the verti-
cal field was adjusted so as to keep the plasma column located in the same
position. This was accomplished by observing the in-out signal and the
electron density at the probe tips.)

The average azimuthal mode number <m> was determined for the dif-

ferent plasma currents at several different radii and several different
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By = 4.2 kG, r = 12.5 cm, t = 2.0-3.0 msec, and x = 3.0 cm.
Data were averaged over ten plasma shots.
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times during the discharge. The results are given in Figure 33. The aver-
age azimuthal mode number <m> exhibited a somewhat striking 1/Ip depen-
dence when the radius and time were fixed. As would be anticipated from
the results already presented, the curves shifted to larger <m> values as
both the radius and the time in the discharge in which data were taken
were increased. All curves, however, showed the same <m> dependence on

17

Ip. This dependence would be expected for a tearing-type mode ° since

q(r) is inversely proportional to the plasma current.

In Figure 34 the radial phase velocity and the maximum value of
the normalized radial correlation function are plotted as a function of
Ip. The radial phase velocity showed a strong dependence on Ip, but the
radial correlation amplitude was nearly constant as Ip was changed.
Again, the vertical field was adjusted so as to keep the plasma column
located in the same position as the current was varied. The density

fluctuation level was found to be independent of the plasma current; see

Figure 35.

7.4 Gas Puffing Results

Since one of the major problems in controlled thermonuclear re-
search has been to obtain an extremely high density plasma, various
methods have been employed to try to increase the electron density in
tokamaks. In earlier toroidal devices, discharge cleaning procedures
were not employed; and therefore the walls recycled hydrogen and impuri-
ties into the vacuum chamber and kept the densities fairly constant
during the discharge. However, in the Caltech tokamak, discharge clean-
ing provided a relatively Tow Zeff plasma, since particles which hit the

vacuum chamber were not readily replaced by hydrogen or higher Z mate-
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Bt = 4.2 kG, r = 12.5 cm. Data were averaged over five
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rials. Hence, the density fell after the first few milliseconds, and
neutral gas injection was required to prevent this decay. The method

used to add H2 during the discharae is called "gas puffing".

The fast acting piezoelectric valve which was used to gas puff
was mounted in one port of the tokamak; a Granville-Phillips leak valve
was employed to a11ow small amounts of H2 to flow to the backside of the
piezoelectric valve. The piezoelectric valve required a minimum applied
voltage of about 38 volts to begin opening but needed 100 volts to open
completely. Moreover, the speed at which it opened was drastically
affected by the initial bias voltage which was applied and the degree to
which it was "overvoltaged." If the voltage on the valve was programmed
to rise from zero to 125 volts in roughly 0.2 milliseconds, the valve
required many milliseconds to open completely. If, however, an initial
35 volt bias was applied and then the voltage was raised to 125 volts in
0.2 millisecond, the valve opened completely in one millisecond. The
electronic switching circuit used for gas puffing was partially designed
and constructed by Bruce S. Levine.

Some of the effects of gas puffing on the azimuthal propagation
characteristics are compiled in Figure 36. The top three sections show
the plasma current, electron density, and fluctuation characteristics
during the fourth millisecond when no gas puffing was used. The bottom
three sections show the same information when a small amount of gas was
added to double the density during the fourth millisecond of the plasma
lifetime. As can be seen, the azimuthal propagation velocity was un-
changed by gas puffing; but both the normalized correlation amplitude
and the average azimuthal mode number decreased when the extra gas was

added.
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Effects of gas puffing on the azimuthal propagation charac-
teristics. The top three sections are for no gas puffing,
and the bottom three sections show the effects of a small
puff at t = 4.0 msec. Data were averaged over ten plasma
shots; x = 3.0 ¢cm, r = 12.5 cm, and Bt = 4.2 kG.
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As more neutral gas was puffed during the discharge, the plasma
became progressively more unstable (as partially indicated by large
glitches on the plasma current traces), and the lower order modes with

frequencies f = 10 kHz became predominant. Figure 37 shows the plasma

conditions when enough gas was added to eliminate most of the density decay

at t=1.0-2.0 msec. The voltage applied to the piezoelectric Veeco valve
shown on the bottom trace, and the ohmic heating slow bank voltage was
set to its maximum value (V = 500 volts) in order to sustain the plasma
for as long as possible. The spectrum for this case is presented in
Figure 38.

The large peak at f = 13 kHz in Figure 38 is reminiscent of the
spectra of the sawtooth oscillations described earlier. However, the
correlation function was not reproducible when enough gas was added to
eliminate most of the density decay; the correlation peaks did not con-
sistently lay on one side of the zero time delay point, and the correla-
tion amplitudes varied considerably from shot to shot. Thus, no phase
velocity information could be obtained for the 13 kHz fluctuations.

Finally, a series of progressively longer gas puffs were used to
study the fluctuation level as a function of the plasma density. The
results of the calculations for én/n for different densities, as repre-
sented by the number of extra fringes seen on the microwave interferom-
eter signal, are presented in Figure 39. No change in the fluctuation

level was observed as the density was increased.

In summary, when the plasma density was increased either by

raising the filling pressure or by gas puffing, the average azimuthal

is
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The plasma current, one turn voltage, electron density,

and voltage on the Veeco valve when enough gas was puffed
to eliminate most of the density decay at t = 1.0-2.0 msec.
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Figure 39. én/n versus the amount of extra Hp added by puffing. One
microwave fringe corresponds roughly to n, = 1.5x 1012 cm-3.
Bt = 4.2 kG, t = 3.2-4.2 msec, r = 12.5 cm. Data were
averaged over five plasma shots.
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mode number decreased; similar observations were made on the ST tokamak
with magnetic loop probes. Since tokamak plasmas are known to become

more unstable as the density is 1'ncreased,37

the results indicate that

the lower order mode fluctuations are probably more deleterious to gross
plasma confinement than are the higher order modes. This conclusion is
also supported by the results obtained when the toroidal magnetic field

was lowered.
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VIII. SUMMARY AND CONCLUSIONS
Due to the diversity of experimental data that have been presented
in this thesis, a summary of the principal characteristics of the fluctu-
ations will be presented in this chapter. Also, some general conclusions
will be stated, and comparisons will be made between recent drift and
tearing mode theories and the observations on both the Caltech and ST
tokamaks. Finally, several ideas for future experiments are given in the

last section.

8.1 Summary of the Fluctuation Characteristics

After the first 2 msec of the plasma lifetime, the fluctuation char-

acteristics were the following

1. Broadband spectra were observed which extended from 1 kHz to
roughly 200 kHz

2. The aximuthal wavelengths were between 6 and 70 cm

3. The azimuthal phase velocity was in the ion diamagnetic drift
direction even after local ExB velocities were taken into
account

4. The radial phase velocity was directed radially outward and was
was independent of radius for the outer regions of the plasma

5. Peaks existed in the spectra which seemed to be related to
specific azimuthal modes

6. Both the radial and azimuthal correlation lengths were roughly
4 cm, and they decreased slightly as the toroidal magnetic field
was increased

7. The density fluctuation level &n/n = 0.35 for r > 12 cm, and was
constant as the plasma current, toroidal magnetic field, and
density were varied. However, &n/n increased by approximately
50% as the radial distance was decreased below r = 12 cm.
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8. The average azimuthal mode number of the fluctuations <m>
scaled roughly with plasma parameters according to the re-
lation

<m> = (7.5 x 10-4) o >

Ip p

for t = 2-3 msec and 13.5 ¢cm > r > 10 cm. By is to be ex-

pressed in KG, Ip in KA, r in cm, and p (H2 filling pressure)

in torr.

9. The scaling of the azimuthal phase velocity with plasma param-
eters was given by

)|
. 9
Ve = (2.9 x 10 ) 'B—t—%'—t'm s

for Ip‘g 12 kA, 13.5 > r > 10 cm, and 7 msec > t > 2 msec.
t dis to be expressed in msec and Ve in cm/sec.

10. Maanetic loop probe measurements indicated that the poloidal
magnetic field fluctuation spectra were similar to the electro-
static probe spectra.

The radial phase velocity decreased with time at approximately the

same rate as the azimuthal phase velocity and scaled according to the re-

lation 13

5
vV = (].3)(10 ) ’
r B? t372

t

for p = 1.05 x 1077

torr, 14 ¢cm > v > 10 cm, and 7 msec > t > 2 msec,
where Vr is also expressed in cm/sec. In addition, the axial phase velo-
city after the first 2 msec was in the direction of electron current flow
with a speed of the same order of magnitude as the azimuthal speed (for

a range of parameters, time in discharge, By, and Ip were varied).
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Moreover, it was found that the average azimuthal mode number <m>
decreased when extra H2 was added during the discharge by gas puffing
techniques. However, when the density fall-off was nearly eliminated by
agas puffing, the spectra possessed a large peak around 10 kHz, and the
correlation function was not reproducible for successive plasma shots.

During the first 2 msec of the plasma lifetime when the density rose

and fell to its stable value, sawtooth type oscillations were seen with very
sharply peaked spectra around 10 kHz. The amplitude of the sawtooth signals
was roughly five times larger than the amplitude of the higher frequency
fluctuations which were predominant later; and the azimuthal phase velocity
of the sawtooth oscillations was in the electron diamagnetic drift direc-
tion with a magnitude approximately 0.2 times that of the azimuthal phase
velocity observed at t = 2.0-3.0 msec. Finally, during the period in which
the sawtooth signals were present, both the radial phase velocity and nor-
malized radial correlation were very small compared with their values later

in the discharge, and &/n was approximately 30% Targer than at later times.

8.2 Conclusions--Theory versus Experiment

As stated earlier, the two types of instability which are currently
thought to play a major role in the anomalous particle transport ob-
served in tokamaks are the drift-type waves and the MHD tearing modes.
Unfortunately, in past experiments the results have never conclusively
determined which type of oscillation was dominant nor which was most
important in enhancing diffusion. Some experimental groups have re-
ported observing drift-type waves, while other groups have explained
their results on the basis of MHD theory. The results of this thesis

indicate that tearing modes modified by diamagnetic drifts are probably
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important in determining the characteristics of the fluctuations seen
in the Caltech tokamak; and a theory in toroidal geometry which
adequately combines the essential features of both the drift and tear-
ing mode instabilities is most likely needed to accurately describe the
results.

The kinetic theory of tearing modes of Drake and Lee18

was de-
scribed in Chapter II, and the predictions of their theory appear to
be in better agreement with the results of the present experimental
work than the conclusions from older theories. However, several dis-
crepancies still remain between their predictions and the present ob-

servations. Moreover, many other attempts38

have recently been made to
try to unify drift wave analysis with the usual MHD stability theory.
In fact, at the time of writing, the number of theories approximately
equals the number of groups working in the field, and thus more effort
is needed to reconcile the differing approaches to the problem.

To conclude this section, three groups of experimental results

from the Caltech tokamak will be outlined. The results given below will

pertain to the fluctuations seen after the first 2 msec of the plasma

1ifetime, since the sawtooth type oscillations are thought to be related

to a gross internal disruption39

and were of secondary interest in this
thesis. The first group is composed of results which are not consistent
with a classical drift wave theory; the second group summarizes results
which seem to support the newer drift-tearing mode analyses; and the
third group consists of results which are not fully explained by current

theory.
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I. Results which do not support a classical drift wave interpretation

A. The azimuthal wavelengths were Tonger than predicted by the

14

two-f]uid theory of E11is and Motley * for current-driven collisional

drift waves.

B. The azimuthal phase velocity was in the ion diamagnetic drift
direction.

C. No sharp increase in the azimuthal propagation velocity was ob-
served at r = 11.5 cm where Te and g had large gradients.

D. The azimuthal propagation velocity decreased as the time at
which data were taken was increased; however, 1/n dn/dr, Bt’ and Te were
relatively constant during the period in which the velocity decreased;

Te actually increased slightly.

E. The axial phase velocity was in the direction of electron cur-
rent flow which is opposite to that expected for drift waves (see Ellis
and Motley, 1974).

F. No change in the azimuthal phase velocity was observed when
small puffs of neutral gas were added to the discharge. One would expect
a local change in Te and 1/n dn/ dr.

G. The density fluctuations were not strongly Tocalized in the
region of maximum density gradient as observed for drift waves in Q-

machines14 and the FM-1 spherator.40

II. Results which support a drift-tearing mode interpretation

A. Long azimuthal wavelengths (6-70 cm) were observed.
B. The spectra were broad and contained several regularly spaced

peaks. This may indicate that the disturbances are not strongly
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localized around the ; . §-= 0 singular layers. Several modes would
be expected to be present at the same radius if the region of B field
line tearing weresufficiently wide. The effect of including density
and temperature gradients in the tearing mode analysis has been shown]8
to broaden the disturbance layers.

C. The average mode number decreased, as would be expected if
q(r) « <m> , when:

1. the radial position r was decreased;

2. the toroidal magnetic field was decreased;

3, the plasma current was increased.

D. The same parametric dependencies of the average azimuthal mode
number (on filling pressure, Bt’ Ip, and density variations due to gas
puffing) that were observed in the Caltech tokamak were also seen for the

unstable modes in the ST tokamak.25

On ST, magnetic loop probes placed
outside the limiter were used to observe the fluctuations, and hence
strong MHD activity was probably present.

E. The azimuthal phase velocity had a 1/Bt dependence as would
be expected if kink-tearing type modes were being carried around the
torus by the E X E drift. (However, for drift waves the azimuthal phase
velocity is also proportional to 1/Bt.)

F. The m = 2 mode was predominant when a disruption of the plasma
occurred (i.e., when Bt was too low to stabilize the plasma current pro-
duced by ohmic heating). The m = 2 tearing mode is thought to be a pre-
cursor for the disruptive instabi]ity.36

G. The electrostatic and magnetic loop probe signals had similar

spectra.
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ITI. Experimental results which remain unexplained

A. The spectrum indicated that several azimuthal modes may have
been present at the same radius; and thus, the disturbance layers may
have had widths of several centimeters. This is broader than predicted
by recent drift-tearing theory.

B. The observed azimuthal propagation velocity was in the same
direction as the E x B velocity but was larger in magnitude. Theory can-
not fully account for the discrepancy.

C. Most of the parametric dependences of the radial propagation
characteristics are not explained by present theories.

D. No theoretical explanation is available for the observed azi-
muthal or radial correlation lengths.

E. In the ST tokamak, the magnetic fluctuations had narrow spectra,
and the azimuthal mode number decreased with time. These observations

do not agree with the results of the present study.

Hence, the results of this thesis favorably support the concept of
unifying the theories for drift and tearing modes, but quantitative

agreement between theory and experiment is still lacking.

8.3 Suggestions for Future Work

The results of this thesis suagest that poloidal magnetic field
fluctuations with characteristics similar to those observed for the
floating potential oscillations may have been present. A complete de-
scription of the fluctuations and their relation to particle transport

therefore requires a study of the related magnetic field oscillations.
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The correlation lengths and propagation characteristics of the poloidal
magnetic field fluctuations could be studied with magnetic loop probes,
and the results could be compared with the floating potential oscilla-
tion characteristics. Moreover, the effects of R.F, heating on plasma
stability are not well known, and thus a study of the changes in the
fluctuation characteristics when R.F. power is applied would be ex-
tremely important.

Since the sawtooth oscillations seen in tokamak plasmas are
thought to be related to internal disruptions and have been studied by

X-ray techniques,39

it would be of interest to try to correlate line
averaged soft x-ray signals and probe signals during the high density
phase of the plasma. Also, since it is known that as the particle den-

sity is increased in tokamaks the plasma becomes more unstab]e,37

this
study could concurrently be performed when large amounts of neutral gas
are added during the discharge. Obviously, information regarding the
physical mechanisms and the spatial extent of the sawtooth oscillations
might be obtained.

Finally, the theory for the observed oscillations is still in a
rudimentary stage, and much analytical and numerical work remains to be

done before a complete understanding of turbulence in tokamak plasmas

is achieved.
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Appendix A
THE RELATION BETWEEN THE FLOATING AND SPACE POTENTIAL IN THE

PRESENCE OF AN ELECTRON TEMPERATURE GRADIENT

The following elementary derivation for the relationship between
the floating and space potential was derived by P. Vandenp‘las41 during
his visit at Caltech in the summer of 1977.

The floating potential Vf of a plasma is defined to be the poten-
tial of a Langmuir probe when the probe draws no net current from the
plasma. Thus, at the floating potential the electron and ion particle

flux, s and Tys respectively, are equal. Now in the sheath surround-

+e(V-V_) /KT,
ing the probe T = nOVe e P

and ry = novs, where Vp is the
potential of the plasma, V is the voltage of the probe, and VS is the

ion sound speed. Thus, at V = Vf

+e(Vf-Vp)/KTe T

e e
n — ~ n e e (1)
0 m. 0 Mo )
or
KTe B +2e(Vf-Vp)/KTe KTe
o< e W ' (2)
i e
so
KT m
- e _e
Vg = vp = —zg-zn(mi) > (3)
hence =
> = erTe e ‘
Ver o Ver + _?E——-En(ﬁ:) . (4)

In order to determine the radial electric field Er’ Ver must be

known. However, Vp is difficult to measure experimentally, and moreover,
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e has noted that the Langmuir curve may

in a magnetized plasma F. Chen
not have a distinct electron saturation region. Thus, one must measure
the radial profiles of both the floating potential and the electron
temperature to determine Er'

A more sophisticated derivation of the space potential taking
into account the modification of the ion density in the sheath region

can be found in Ref. 43. The results for Fe and Fi are

+e(V-V_) /KT J[KT—
Pe ™M, & P e 2wme ) (5)

e
and
K
_ e
Fi = Xng —ﬁq' ’ (6)
50
4 i KV. T m.
TV = UV, + =8 gn(—1, ) 5
r'p r'f " Ze 2 Mo ’ (7)

where X = 0.6 for Te s> T

;- Since 1/2 ln(mi/me) = 3.76 and

2
1/2 en[1/(27x )(mi/me)]= 3.35 for hydrogen, the third terms in equations
(4) and (7) differ by only ten percent. Equation (7) was used to cal-

culate the radial electric fields in this thesis.
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Appendix B

COEFFICIENTS OF THE MODIFIED ELLIS AND MOTLEY
DRIFT WAVE DISPERSION EQUATION

The coefficients used in equation (2.20) are

where “’T = -

= _ 1 .2 2

= Te/Ti b = Te/Ti 5 k3 s (1)
= (w.f + 1V1|)(1 + b) = Te/T.i(wE o i\)_L)

+ T /T, b(<2.7wy + &iv, ) (2)
= ("“’5 i T'\u.)(wf + iv,) - (w? + 1'\),,)(2.71031 - 3.i\),,)(1+ b)

-1.741 v, (1.7Ti v, - 1.50)(1 + b)

T /T (wh = iv) (2. 71w+ 4ivy) - T /T4 bov, (2.71 -3y, )

- T /Ty b(1.710v, - 1.50)(0.67w; + 1.741v,, ) (3)

_.

I

T
(m§ - .iVJ')[T:_ 'i\)"(2-7.|7(.0'l- 31\) Nl )+% (1'711. V” - ]-50.)-')

X

(0.67w,* 1.14iv )1+ (wé‘ - i\)_L)[(m’-l" + vy, )

X

(2.71wqy- 3iv, )+ 1.14iy, (1.711y, —1.5w])]' s (4)

cKT
e 1 an
k n

y eB
-k ﬂ_ 1 3an
y eB n 2ax
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