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ABSTRACT

EXPERIMENTAL STUDY OF THE SHIZAR ALFVEN

RESONANCE IN A TOKAMAK

Franklin'Douglas Witherspoon
Under the supervision of Professor Julien Clinton Sprott

Studies of a new rf heating technique i; tokaraks, Shear
Alfvén Resonance Heating, have been perforsed on the Tokapole
IT tokamak at the Unlversity of Wisconsin. High power heating
experiments have been preceded by careful identification of the
resonance and its properties at low powver.

According to UMD theory, the shear Alfvén resonance
manifests itself as a resonant enhancement of the wave magnetic
field perpendlicular o the equiiibrium field at the location in
the non-uniform plasma where the frequency, w, and parallel
wavelength wmateh  the Alfvén speed Ya, f.e. w - kyva-
Experiments om the Tokapole 1II dgvice have deconstrated the
existence of the shear Alfvén resonance {n a tokamak by direct
probe weasurcment of the wave magnetic field within the plasma.
The resonance 1% experimentally Identified as a radially
localized enhancement of the poleidal wave wagnetic field. The

radfial location of the resonance agrees with a 2-D MHD



calevlation which Includes toroidicity and non-circularity of
the plasma ¢ross—section. Other properties of the resonance
such as polarization, radial width, risetime to saturation, and
resonant enhancearnt over the driving vacuwm rf fields are
found to be in good agreezment with theory.

The resonances are driven by a novel launching structure
which utilizes the four existing poloidal divertor rings within
the wvacuum vessel of Tokapele 1I. RF currepts at ~1.2 MYz are
driven through the mechanlcal supports of the divertor rings,
and are superposed upon the transformer-induced equilibrium
field shaping currents. Proper phasing of the currents in each
ring allow approximation to poloidal mode pumbers of m=1,2, or
4, and the toroidal structure of the antenna currents yields a
step-wise approxication to toroidal mode numbers n=1 and 2.
llowever, a broad n and m spectrum {s generated.

These studies have provided the experimental base from
which high power heating experiments utflizing the shear Alfvén

resonance can be pursued.
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CHAFTER 1

It is sometizmes the case that the dispersion relation

which describes propagating waves in a uniform plasma, such as
electrostatic plasma wa\'es1 or shear Alfvén wavesz, becomes &

cendition for a local rescnance in a nonuniform plasma. If it

£
can be arranged forT an external antenna to wmatch the mode
structure and frequency of this rescnance, then it may be
possible te couple electromagnetic energy to the plasma from an
external power source.

This theoretical result has been the cause of {ntensive
research in the plasma physics community for many years. There
are two primary reasons for this interest. First is the desire
to understand the basic physics of the plasma state, for which
waves are of fundamental {mportance. And secondly is the
worldwide effort to produce a controlled fusion reactor.

The device which has received the most attention, and
which 1is generally considetred the closest to realizatiom as a
teactor, 1is the tokamak3’5’5. Like most other magnetic
confinement devices, the basle tokamak design cannot reach
ignition conditions on its own, but must rely on some form of

auxiliary heating to supplement the ohmic heating of the

toroidal current. Ohmic heating {s insufficient because the



high conductivity of the plasma above z temperature of a few
keV typically requires plasma currents which are larger than
those allowed by MHD stability constraints. For non-tokamak
devices such as mirrors and stellarators, supplementary heating
wust provide all the energy to reach igniticn conditicas.

The wmost successful auxiliary heating method to date has
been injection of high energy neutral beamsf. 7. Unfortunately,
this wmethod has an uncertain future due to the techrelogical
complexity and expense of producing the high beam energies
{2200 keV) that would be required for a reactor. At present,
one of the most promising technigues for bringing tokamaks teo
ignition appears to be radio frequency (rf) heating. This
zethod heats the plasma through the absorptionm, and subsequent
thermalization, of electrpomagnetic wave emnergy which is
generated by antennas near the plasma boundary. This 1is a
versatile technique in that one can choose which class of
particles the waves couple to, and in general the location in
the plasma where the energy 1s deposited. The three most
studied techniques have been Ion Cyclotron Resonance Heating
(ECRH)S’Q, tlectron Cyclotren Rescnance Heating (ECRH)EO'll,
and Lower Hybrid Heating (LHH}lz. Each of these technigues has
achieved soume wmeasure of success, with each having specific
wezknesses and strengths. However, no single one of these thas

as yet proven itself as the method of choice for a tokamak

reactor. There is still plenty of room fer, and interest in,
new rf heating concepts.

This thesis will be concerned with one of the mare
promising of these new concepts, namely Shear Alfvén Resomance
Heating (SARH). Although ﬁtilizacion of the shear Alfvén
resonance for heating tokamaks was proposed more than ten years
ago by Hasegawa and Chenl?d azng Tataronils and Grossmannlﬁ, it
has only been in the last five vyears that experimental
application of the technique to tokawmaks has begun. There is
currentiy a great deal of interest in  tnls technique as
promising new results appear. This is evidenced bv the rapidliy
increasing number of both experimental and theorertical papers
on SARH appearing in the literature and at plasma conferences
during the past several years.

There are presently five experiments on SARH in tokamaks
worldwide. The largest of these 1is on the TCA tokamak at
Lausanne, Switzerland!l3. TCA is a wmedium sized tokamak builtr
specifically to rtest SARR o a tokamak:®. 1t has been
operating since 1980 and has recently reported the first
observation of {on and electron heating utilizing SARE in a
tokamakl’. Another experiment has been on the Pretext tokamak
at the University of Texas. auszin'8, They have concentrated
on loading measurements with various antemnas, and on CC; laser
scattering experiments to ohserve wave phenomena. As of this

writing, they have apparentlv observed the discrete glebal

()



Alivén uavelg, but have yet to observe the shear resonance.
Unfortunately, this experiment is beiny terminated. At the
University of Wisconsin, Madison, we thave concentrated on
identifying the shear resonance directly through probe
measurementszo, énd are mnew Involved 1In high power heating
experimenESZI. Two other somewhat smaller experimental efforts
are also underway on the Tortus tokamak at the University of
Sidney, Australia®? and in the RO-5 tokamak {n the USSRZ3,
Both have recently Teported interesting results. Their
experiments are only just Dbeginning, however. Some earlier

[A

experiments were performed on a linecar thera pinchz and in

stellerator deviceszs.

Just what are the features of EARY that have generated so
wuch recent interest 1In this technique? Probably the single
most appealing feature of SARH is its frequency vange- A
tokamak will probably need upwards of 100 MW of supplementary
heating power to reach ignition. Fer the freguency range of
$SARH this is not a probles, involving essentinlly off-the-shelf
technology. However, as the operating frequéncy regime for
each technigque rises, the technelogy to produce this power
level becowes less available and mnove expensive. Table 1.1
puts SARH in coatext with the other three main rf heating
methods.

A very appealing feature of S4RH is that the energy is

thesretically deposited on a magnetic flux surface, rather than
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maybe no
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in a cylindrical surface as for ICRH and ECRH. This featuve
could allow for the possibility of more uniform neating of the
plasma, especially the plasma core. This feature could alse
provide a powerful method of profile modificatrion thzough
radially localized heating to adjsst the tocal conductivity,
current density, and temperature.

There is currently a great deal of interest in operating
tokazaks 1in a steady state to eliminate the engineering

problems associated with pulsed operaticon. Hasegawazs, and

Fisch and KarneyZ?

have suggested using Alfvén waves for
current drive in a tokamak which could ultimarely be as
important as its heating functiocn.

Unforrunately, there are aiso a few negative features
associated with SARH. The most important of these is again
more of a practical nature. Namely, the antenna requirements
gt lower frequencies seem to be more stringent. In principle,
the lower frequencies would seem to require physically 1larger
antennas. Since the mode that one is trying to drive in SARH
is helical in nature, ideally one would then drive 1t with a
helical antenna which wraps around the plasma curreat channel.
This would be unfeasible for a reacter, slnce the antenna wmust
be close to the edge of the plasma and shielding from the heat
and neutron load would be a considerable problem. The solution
appears to be to use several localized antennas somewhat

similar to the antenna loops of ICRH. When preperly located

and phased, coupling to the helical shear Alfvén mode would be
possible. If efficient coupling can be artained with this
technigque then the antenna problem may turn out not to be any
worse than that for ICRH. There are also other 1deas for
solving this problem, using differemt antenna designs, e.g.
cavity resonatorszg.

Other problems that way appear are enhanced tadial
transport induced by the tf{ ficlds and coupling te deleteriocus
modes causing instabiliities o occur. However, the recent
heating resultsl? from TCA have apparently mnot shown any
degradation of confinement due to the rf and so these fears may
turn out to be unfounded.

The experimental base for SARH in a tokamak s still in a
very early stage of development wicth most cf the theory,
including that pertaining to the resonance itself, yet to be
confirmed by experiment. This is quite similar to the state
ICRH was in about 20 years ago when the basic concept had been
established, but there existed little experimentzl data to
confirm the theory. The shear Alfvén resonance has been
directly observed {n linear deviceszg and somewhat less
directly in steliarators3a, but has not heretcfore been
observed in a tokamak.

The first most obvious gquestion to ask about SARH in

tokamaks from the outset, is whether the shear Alfvén resonance

actually exists in a tokamak with the properties predicted by



432D  theory. iIf this most basic prediction of the theory were
inzorrect, then one could never hope to fully understand a
heating experiment based on this theory. It thus seemed
srudent to precede a high power heating experiment with careful
identification of the rTesonance in a tokamak at lower power
levels. With an identification firmly in hand, we could then
cosfidently attack the heating experiment from =a firm
theoretical basis.

The resonance is most easily identified through 1ts wave
maznetic fleld inside the plasma, which is relatively
straightforward to measure {for low temperature plasmas) and is
s direct indicator of the resonance in the folliowing sense.

irce the Tesonance is an MHD resonance {i.e. predictable from
¥HD theory) we were guided in the design of the ewxperiment
prizarily by MiD theory. According to MHD, three perturbation
gquantities are associated with the wave-—the wave fluid
velocity ¥, magnerie field é, and plasma pressure p. At the
resonant location, where the drive freguency and mode structure
of the external antennz provides & match to the local Alfvén
veloclity, E is predicted to be infinite, but this is not a
readily measurable gquantity im a2 plasma. g also becones
infinite a2nd can be wmeasured in Tokapole 11 with magnetic
probes. The perturbed pressure af the wave is a semewvhat
inditect indicator of the rescnance. If the equilibrium plasma

pressute is  zero (2 good approximation for the low beta

Tokapole II plasma), MHD implies that P is strictly zero
everywhere. If the equilibrium presssre 1is nonzere, § does
blow up at the resomance, but much more weakly than £, 1In

fact, at the resonance B/B goes te O even though § and g both

go to infinfity. For typical wueasured values of g in these
experiments, p/p <1074, Thus the plasma pressure §s5 both
indirect and difficult to measure. E is the observable of

chofce since it is beth strongly divergent and measurable.
This thesis will therefore concentrate almost exclusively on
the magnetic field measurements of the resonance.

This thesis describes the initial experimental work
performed for the Shear Alfvén Resonance Heating project at the
University of Wiscensin. This 1i{s perceived as being a
long~term research project with at least two follow-on theses.
It is presently one of only two Alfvén heating programs imn the
United States, the other one being on the Pretext device at
Texas. As of this writing, however, the experiment on Pretext
appears to be in the final stages of belng terminated-

In this thesis, we will describe measurements of the
spatial and temporal properties of the resonance In 2 tokamak,
and compare these results with MHD theory. In addition, the
radial location of the resonance is compared  with a
two-dimensional calculation by Xieras and Tataronis31'32 in
which the ideal MHD equations are solved for the Tokapole 1I

device, thereby imcludiag both teroidicity and nenelrcularlecy



of the plasma cross-section. We will show that, in all points,
the measured resonance properties are consistent with those
predicted by the theory. In deing this, we present what we
believe to be a convincing case for the filrst direct
observation of the shear Alfvén resonance in a tokamak.

In ehapter 2 the basie theoretical model of the shear
Alfvén wave in a non-uniform plasma is developed from MHD
theory- Since kinetie effects are not critical to the results
of this thesis, we give only cursery caverage to this toplc.
Finally, & brief summary of the analytical results obtained by
Kieras and Tataronis for toksmaks and their mnumerical
applicatien to the Tokapole II device is presented.

Chapter 3 presents a description of Tekapole 1I and
general machine hardware. The characteristics of typiecal
plasma discharges are described along with the primary plasma
diagnotics used.

A description of the rf apparatus used in this experiment
is given in Chapter L. This covers the launching structures, Tf
gsources and wmagnetic probes. The two most difficult problems
that bad to be dealt with on a constant basis in this
experiment were ¥f pleckup on  the diagnotics, especially on
magnetic probes, and the struggle to comstruct probes that 0ot
only survived the discharge but that did =not perturb the
discharge significantly. #his is also discussed in Chapter &

which describes how these problems were eventually solved.

10

Chapter 5 presents the experimental data supporting the

identification of the shear Alfvdn resonance. The data are

compared with the theoretical predictions from MHD, and the

radial locations are shown to be in good agreement with the

numerical calculations {(of Kieras and Tataroais).
Chapter 6 summarizes the experisental results and makes

suggestions for future experiments.

In this thesis, references will be made from time to time

to PLP reports. . These are internal papers of the University of
wisconsin Plasma Physics Group. Copie; are available on
request from:

Plasma FPhysics Depavtment

University of Wisconsin

1150 University Ave.

Madison, WI 53706

11
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CHAPTER 2

THEORY

The existence of shear Alfvén waves In uniform plasmas has

2
been well known for wmany year51'~.

In a uniform plasma the
Alivén speed Is constant, and the ideal MHD equations lead
jmmediately to the dispersion relation for the propagation of
small amplitude waves
w? = k%v% - k%BZIpOo

where k, is the wave propagation vector and v, is the Alfvén
speed.

in nonuniform plasmas, such as those encountered in the
laboratory, the Alfvén speed is no longer constant bur is a
function of position in the direction of the non~uniformity.
In generzl there are non-uniformities in both density and
magnetic field. Instead of a dispersion relation, the shear
Alfveén wave now satisfies a rtesonance condition, where wave
quantities =+ = and energy is absorbed at the location within
the plasma where the [requency and parallel wave vector satisfy

the local Alfvén speed, l.e.

W, = kivA(xc)

14

where x, 1is the location where this condition i{s satisfied for
the gliven N and k, which are wusually specified by external
oscillators and wave coupling structures.

The basic theoretical model for this resonance condition
and its applicability to plesma heating was first suggested by
Tataronis and Grossmannd and Hasegawa and Chen®. The Eirst
part of this chapter will follow Hasegawa and Chen ia the
derivation of the rescnance condition. In the following
sections we will follow Kappraff and Tataronis? to estimate the
radial widths and risetimes of the re;onances due to ohmic
dissipation. We will then briefly discuss the "kinetic Alfvén
wave” and some of 1its implications to heating. Finally, we
wil! discuss toroidal effects in the MHD wmodel following the

work of Kieras and Tataronisﬁv7

a. Basic model

Following Hasegawa and Chen, we assume a one dimensional
ideal MHED slab wmodel with the non-usiformity in the x
direction, i.e. the mass density p, pressure p, and
equilibrium magnetic field B varying only as functions of x.

The magnetic fileld is straight but has shear, i.e.

B(x) = B,(x)z ¥ By(x)y (1

No;e that to extend these results to a toroidal plasma, x, ¥y,

15



and z would correspond to the radial, poloidal, and toroidal
directions respectively.

By linearizing the 1{deal MHP equations for swmall wave
amplitudes, we ate immediately led to the differential equation

for the fluid displacement vector §
BopE = (B=T)TL = =pg¥p — B(B-VN(V+D) (2)

where 5*p+31§/uc is the total pressure to 1%t order, and b is
the 15t order perturbation in the magnetic field. b and § are

related throuzh Maxwell s equaticns

b= Px(EE)
ar

b= (B+VIE - B(VeE) - (§-T)B (3)

To close the MHD equations we sssume an adiabatic equationm of

state {not linearized yet)
d - =
a2 Yy =0
dt(pp

Combining this with the continulty equation

ap i
2+ ¥ = 0
&t 2

i6

17
and linearizing yields the perturbed plasma pressure in terms
of E
-..3_ dp
P &xa; = yp{ VL) {4)
Fourier analyzing along the svmmetry directions, y and z,
but not aleng  the non~uniforomity direct{ien, yields

perturbations of the form
E = EGdexp{i(k,z + key = wt]

Let wus define a wore convenient set of local orthogonal

rectangular coordinates:

In this coordinate system, Eq. {2) becomes far each component

€8y = 1k guob b BTk (0K E, + iy, 0 (5
dx
gL = ikyu ¥ (63
€5, = u gg . (7
In these expressions, g{x) = uzpcc - k%Bz, ky(x)B{x) = k,B, *F
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. d
compressional wave 1s recovered b lettin ik,
kyBy, and k (x)B(x) = kyB, ~ k;Be. By using Eqs. (3) and (4), F Y B agx * My which
b ifatrel vields the éi rsi 1 £ h
il(x) can be expressed in terms of L (x} as mmediately 3 spersion relation or the
compressional Alfvén wave,
2
1ak (B 4f
1 4
B8 2 gy (8
ak - €
i® P =2
where
alx) = 1 & Yﬁu;/{u; - Yﬁk%vij Eq- (%} has a singular solution when the leading
4 coefficient is zero. This occurs at the location X=X, where
an
B(x) = | e=0, i.e. when w= klvA(x). Near x=x
32/90
dey
For plasmas with low B {as for tokamaks 1like Tokapole I1}, e(x) = (Tﬁf}xo(x_xo)

¥f<<1 which implies u% >> ySk%vi, and we thus have a{x) = 1+yB

~0(1). Substitution of Egqs. {(6) and (8} then leads to the where £, Is the real couponent of E. {An artificial

wave eguation for Ex dissipation can be included in the analysis by including a

smail imaginary component, €y in €.} Using this Taylor

d { EUBZ dgx} _

_ et ef, = 0 )] expansion of £(x) zo evaluate Eq. (9) near =x, yields
dx‘akisz—cdx
4 S S
¥ote thar 1f the non-unifeormity is removed, T + 0, and (9} " + §:§;757 - kiax =0 (11)

reduces to

The approximate solutien for & displays a logarithmic

gL, = 0 singularity near X=X .
or
3 a_2 £ o= -
{w ugp - k;sj)gx = {0 {10) e = € In(x-x,}. (12)
thus recovering the sheatr Alfvén wave in a uniform plasma. The . We are also loterested in determining the behavior of the
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other perturbation wave fields near the resonance.
Specifically, we are interested In determining by, by, by mear
the tesonance. We can then compare experimental measurcments
with these predictions.

in the low 8 limit § = E-%/po. Thus Eq- (7) can be

rewritten as

Near the resonrance, Ex ~ ln{x-xo} which diverges, but & ~
(x=x 3. Since  {x-x )la(x-x;) + 0 as x + x,4 this implies that
b3 = 0, and thus that by = constant.

Next, Tq. (6} ecan be written as

€5, = ik BB

Thus

i

Ey(w) = ik byBle ~ T

Taking the x-component of Eq. (3) yields

b, = IkgBE. ~ In{x-x,)

And finally taking the Ll-component of Egq. (3} yields-

1 S 4 D( w)

Even though we have now determined all the f{ilelds, for
completeness we would also like te determise the behavier of I,
at the tesonance. Te de this leok at the foree balance

eguztion

Taking the parallel component ol this eguation we obtsain

dvy

=0
rT:

or

9
w‘pgi = 0

since the terms on the right hand side are ail 1 to the

equilibrium fileld.



To sumzarize the wave field behavior at the rescnance, we have

X-Xo(m)

£
?

In(x-x,{uw))

| e constant

1
1 Pramearaate
b3 xo{w)

o
!

« 1n(x—xo(m))

411 the guantities we have been dealing with so far, 1i.e.
g and b are the tramsform variables in f{requency space. To
determine the time behavior of these quantities, we must
perform an  inverse Laplace transform. This has been done by
Tataronisg, assueing a foreing function to represent an

sxternal coupler at a driving frequency of W - This yields the

following tiwe behavior for the fields:

b'(t) ~ s5in Lt

22

Bty ~ ¢ sinwgt

1

b {t} Int sinwgt .

We thus see that the wave magnetic field parallel te the

cequilibriue field simoly oscillates and does nat grow in

amplitude.  Both the radial compoment and the perpendicular
component (whick lies in a Fflux surface for a tokamak) are
divergent in time with the perpendicular component being wmore
strongly divergent than the radial component. It is the
perpendicular component of the wave field that is studied

experimentally in this thesis.

in the same paper, Tataronis calculates the energy

sbsorption rate for ideal MED by taking the dot product of v

with the linearized momeatum conservation equation and then
integrating over the plasma volume, forming thus an energy

equation for ideal MHD. The tesulting expression is

2'513... <
= b4 B 2 1o, 2,7 2
Wom T fFax{ pp(xvtOxie) + i BE(x)ES{x,t) }. (13)

where Ly is the plasma extent in the y direction, a corresponds

to the radius of the plasma ( the x-direction) and the integral

1]

along the z-~direction extends for one wavelength in th

d

il

z-direction, and v = The first term represents the wave

£
(el

[
L3



kinerice energy while the second term represents a wave
peiential energy.

Since the perpendicular components of the wave fields are
nen-square integrable, the wave energy grows without bound,
accumulating in an infinitesiwally narrow region about the
singular surface. The f{ields away from the resonant surface
sizmzly oscillate at constant amplitude while those at the
rescnant  surface grow in time. For a real plasma, dissipative
processes should be considered. However, before discussing
that, 1let us digress briefly to make a connection with
experiment.

The design of & coupling structure which can drive these
resonant modes c¢an be qualitatively wunderstood from the
screw-pinch model. The resonance occurs when € = 0, {.e. when
)2

F(r) = (kevy

or
2(r) = (k,B, + kgBg)?/
W 2Bz g/ PeP
where again z and 8 are the axial and azimuthal directions,

tespectively and r is the minor tadlus. To make the connection

to a2 tokamak, this expression can be rewritten as

24

() = (n g)sz/uopﬂz {14}

where ¢ 1s the safety factor, rB:/RB%, R is the major radius
and n and @ are the toroida! and poloidal mode numbers
respectively. The approximations kz = k. = n/R and ks = m/r
have been made. In general, the coupling structurc should have
the same toroidal and poloidal mode structure as the resonant
mode, <overing as large a fracticn of the plasma surfsce area

as is physically possible. Ideally, sheet currents which

completely enclose the plasoa atre the best, and many
theoretical caleulations assume Just such a current
distribution? 10,11, In reality, such current distributions

can be approximated by line currents which wind arcund the
plasma cross-section in a helical fashion (seec Figure 4-1). By
choosing toreidal and poloidal mode numbers of opposite sign,
it is possible te obrain resonant frequencies that are quite
low. This is one of the more interesting aspects of SARE from
a practical point of view, since it allows for the possibility
of heating at the relatively low frequency ramme of ~ 1 MHz,

for which a2 mature rf technology exists.

b. Dissipation
In the ideal MHD model, as time t + = the wave fields grow
indefinitely and the resonance width, A, approaches zero. In a

real plaswa, dissipation of the wave fields by the plasma will

(8]
w



kaen E_ and 4 finite. A resistive MHD boundary layer
calculation has hoan performed by Kappraff and Tataronis® in
which resistivity n was included in & thin layer about the
resonant surface and assuming ideal MHD outside this thin
iaver, with the solutiens in the two regions matched at the
boundary.

Theirt analysis revealed (wo time scales which characterize
the emergy absorption process. Up to some critical time,

—1/3,

Trige» which scalecs as 7 the incoming energy accumulates
about the resonant surface 3just as in the 1deal MHD case. This
scaling 1is =z result of wvatching solutions at the boundaries
between the resistive layer and the surrounding ideal regions.
For times greater than this, the growing resomant wave fields
in the resistive laver have saturated in amplitude and the
incoming energy {s transferred to heat through ohmic heating of
the electrons. The idea is illustrated in Figure 2-1, which

comes from their paper.

The expression they derived for the time te saturate is

Zhw B _ p’y-2/3
Tl ® (L3RR L 2yl (15
rise wﬂﬂ g )

where the prime indicates derivatives with respect to the
aon-unifermity dircction x, and all quantities are evaluated at
the singulartr surface X=X ,-

To lowest order in the resistivity, they found the rate of
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abserption to be equal to that eof the ideal MUD case. An
estimate of the resistive width can then be obtained by
formally setting the heating rtate due to ohwic heating
(integrated around some small layer of width Ax) to the ideal

MBD heating rate as calculated in Tataroniss. In other words,

: \%4
J",:nlexszna'nlz‘:""“ = (gf]ideal MiD

Assuming a constant 1 in the resistive layer and n=0 everywhere
else, the following estimate for the ‘resistive width was

obtained

ax = 8u(_ D _L/3(2ET _ p7y1/3 (16)
Howy B e

We will use these expressions in Chapter 5 te estimate the

<

predicred radial width and risetime of the observed resonances.

c. Kinetic effects

In order te obtain a more realistic plcture of the
resonance in a collisionless plasma, such as would be
encountered in a reactor, effects due to electron inertia,
finite ion gyroradius, and dissipative processes such as Ion

viscosity, electton collisions, Lacdau damping, and nonlinear

29



processes must be included. This has been done by Hasegawa and
Chen'? and Rosslo-

When the perpendicular wavelength 2-:1:/1(_L becomes comparable
in magnitude to the ion gyroradius, Py, ions can no longer be
considered tied to the field lines, whereas the lighter
electrons are still tied. Wave morion thus induces a charge
separation and a coupling to the electrostatic mode. Including
these effects leads to the kinetic Alfvén wave, whose
dispersion relation is given by

W = kgv%[l + kip%[ 3] -
Due to the small ki this kinetic Alfvén wave can propagale
across the magnertic field and can be dissipated by both
electron and Jon Landauv dampirg on the E[ associated witg the
wave. (There is no E; in the 1deal MHD case since mo charge
separation arises.) This dispersion relation holds for vTe >

vp- If the opposite Is true, then the dispersicn relation must

be modified teo

13
2 2,2 2 1 ~1
we o= kva(l £ ke (1 ¢+ 5 )
“Se
The physical importance of this is that for g < me/mi {or
eguivalently v < v,), where B = p/(Bziuo) is the plasma beta,
2

the kinetic wave will propagate to the lower density side of

30

the mode conversion surface. In a tokazmak this would be
towards the plasca edge, thus causing edge heating, which is

o

not desired. TFor B> o,/my, the wave propagates te the higher
density side and can thus beat the plasma core. 1If the damping
rate of the wave as it spirals in towards the cere is such that
it completely damps away by the time it reaches the center,
then this process could provide a wvery unifora methed of
heating the plasma core. 1f the dawmping rate is very fast
(relative to plasma scale lengths) then the wave energy will be
deposited closer to the mode conversion s;rface, in which case
it could provide nort only heating, but alse provide a means of
modi{fying plasma profiles through local adjustments of the
temperature and conductivity.

The singular surface of ideal MHD 1s removed by the
non-ideal effects. Howaever, the qualitative processes of the
wave are similar, with only the addition of a large k, (wave
vector in the radial direction)- The singular surface Is
replaced by a mode conversion laver where the {ncoming wave,
from the external coupler, is converted into the kinetic Alfvén
wave which then spirals inte the plassa core. Hasegawa and
Chen have shown that as long as the wave is completely damped
before reaching the center of the plasma (no wave reflection),
then the absorption s the same as that calcusliated for the

ideal MHD case.}!?

Hasegawa and Chen aiso calculate the wave fields assuming

31



gome given source term, which represents the external coupler.
They find that the poloidal wave field at the mode conversion
layer is enhanced over the corresponding vacuum wave field from

the coupler. The enhancement factor is given by the expression
1801l ~ Cep) 2300+ (Tt 02000 1801 vacl (17)

where Bpol vac s the vacuum wave field strength produced by
the external antenna. For a reactor, whete x ~ 71~ 10“3p;1,
this enhancement can be as large as 100. Feor Tokapole II it is
somewhat less as will be seen in Chapter 5.

As a final point to consider in this section, we can also
make some rough estimates of rhe width of the rescnance due to
ion viscosity and electron Landau damping. BRasegawa and Chen!?2
give expressions for the heatring rates dus to ohmle heating,
ion viscosity, and electron Landau damwping. Arguing
heuristically that the width should scale as the heating rate
to the 1/3 power, as Tataronis found for the resistive MHD case
(since heating rate ~ n), we calculate the ratios of heating

rates of lon viscosity and electron Landau damping to the chmic

heating rate. For lon viscosity we get

(dW/dE) yon viscous
{dW/dey

- oy /2 {Ti}3/2 L (18}
chmic (me} - T 81

vhere Bi = 2v%i/vi-

For electron Landau damping (ELD) we get

(dw/dt)ELD WYay
(dW/dey

~ (1%}
ohmic éekgv%

We will make use of these expressions In Chaprer 5.

d. Toroidal effects

It 1s not clear a priori that the results of the
screw—plnch model are immediately applicable to the ecase of a
tokzmak for the fellowing reason. The sc£ew—pinch model thas
two degrees of symmetry, the axial and the azimuthal
directions. All quantities are functions only of the radius r.
This weans, 1in particular, that the resonance condition given
by Egq. (l1) is satisfied, for Wy, at a glven radius r =
ro(wo)- A Tesomant surface has constant radius and is thus
also a magnetic surface. Each surface has a different resonant
frequency, given by Eq. {11), thus giving rise to a continuous
spectrum of frequencies. This simple resonance condition
breaks down in a2 tokamak because surfaces of constant k!vA do
not coincide with a magnetic surface due to the 1/R dependence
of the toroidal magnetic field. Estimates for the shear Alfvén
continuum frequencies in a tokamak based on the screw-pinch
approximation may not, therefere, be particularly accurate.

Paold and Goedblaed14 were the first to treat the torolidal

problem. They showed that by expressing the MHD equations in
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the mnatural orthogonal flux coordinates of a toroidal system,
that the continuum in an axisymmetric tokamak is determined by
the eigenvalues of a set of coupled first order ordinary
differential equations on each flux surface. It turns out that
even though v, 1is not constant on a flux gurface, the
eigenvalues are discrete on a given flux surface and cover a
continuous Tange as the flux surface is varled from the
magnetie axis out to the plasma edge. The radial eigenfunction
¢can be shown to be singular on the resounant surface %,, where
u% = u§(¢o). This problem has also been treated by Tatarvonis,
Talmadge and Shohetls, Tataronis and Salatlﬁ, Hameirii7, and
Hameirl and Hemmerl® for more general toroidal equilibria (for
Instance
analytical expressions for the continua in a toroidal
equilibriun.

Kieras®+7 has taken this one step further by deriving
analytic expressions for the shear Alfvén continuum for a large
aspect ratio tokamak by solving the set of coupled differential
eguations on each flux surface. Toreidicity is included as a
perturbation in the calculation utilizing an expansion In terms
of the inverse aspect ratio E=a/R°, where a is the minor radius
and R0 is the major radius of the plasma. The set of eguations
is then solved numerically. Specification of the eguilibrium
by a nuzerical codel® which selves the

is provided

Grad-Shafranov equation in the poloidal divertor configuration

stellerators). Noane of these studies derived
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of Tokapole 11, thereby inciuding effects due to
nen—circularity of the plasma cross-section.

Kieras found that, to lowest order in this expansion, the
continpuum is given approximately by the coatinuum of the
corresponding screw-pinch nodel. Howaver, first order
corrections due to the toroidicity cause a coupling between

particular poleoidal modes on rational q surfaces. Because of
this coupling, gaps can form in the spectrum in which there are
no continuum  modes. (Chance and ChengzD have recently
indicated the possibility of low toroidal ﬁumber discrete modes
occurring in the gap.)

This mode coupling can be explained by the following
picture. In the simple screw-pinch model, it is possible for
degeneraclies t¢ occur in the selution of the spectzum. This
happens because on a given magnetic surface two different modes
can have the same parallel wave nuaber kl = {m =~ nq)fr and
hence the same resonant frequency. This is illustrated in
Figure 2-2 where the degeneracy cccurs ar the q=3/2 surface.

The degeneracy in the cylindrical case is tremoved by the
toroidal perturbation as illustrated in Figure 2-3. Here, the
dashed curve represents the radial dspendence of the resonant
frequency for a cylinder showing the degeneracy of the {m,n) =
(2,2) and (3,2) wmodes. The solid curves represent the solution

with toroidicity fncluded. The degeneracy is removed by a

coupling or mixing of the two modes forming a gap in the
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DEGEXERACY

Fig. 2~2. Degeneracy in the cylindrical model occurs when two

mpdes have the same k!. ¥or the case shown,

q=3/2
degeneracy occurs at the g = 3/2 surface.
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frequency spectrum in whick no resconance exists. The reason
for the gap is revealed through the poloidal structure of the
twe modes, labelled A and B ia the figure. At radii far from
the mode coupling surface (where the degeneracy had existed}
mode A is nearly a pure m=3 mecde on the inside or a pure m=2
mode on the outside {of the torus}. The mode labelied B is
just the opposite. Right at the mode-coupling surface both
modes A and B are a mixture of o= and w=3 modes as shown in
Figure 2-4. In fact, modes A a2nd B have ldentical structurtes
there except for being shifted 180° in poloidal angle. Mode A
peaks 1n the high field, high v,, inner region of the torus and
thus has & higher resonant frequonzy  than the mode B which

-4: Poloidal vode structure of coupled modes at mode
peaks in the low fileld, low v,, outer region of the torus.

coupling surface shows a mixing of the poloidal
Kieras points out that this gap which forms due to

coupling of degenerate poloiﬁal wedes 1s analogous to the gap modes.
which forms 3r the energy spectrun of electrons in a periodic

crystal Ilattice. For that case, gaps form because of wave

localizgtion in either the hick or low potentizls {n the

reglions near or in between the ion lattice sites. Similarly,

gaps form in- the Alfvén spectrum because of mode coupling

between poloidal modes  which tends to localize the

eigenfunctions 3in regions of high and low Alfvén velocity

corresponding te the high or low {ield regions of the toroid.

The {mportance of this gap formation is that 1{t predicts

thart at certaln oscillator frequencies and antenna mode
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structures (helicities) it may not be possible to heat the
plasma.
For further details concerning the analytical and

numerical work of Kieras, the interested reader is directed to

references 6 and 7.
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TOKAPOLE IT

3.4. Machine deseription

The experiments descrihed in this thesis were performed om
the Tokapole II device at the University of Wisconsinl.
Tokapole II {Figure 3-1} is a small tokamak which operates in a
four-nade poloidal divertor configurarion which fs formed by
four internal fleld shaping rings. More complete descriptions
of the device can be found elsawhera?:3,

The vacuum vessel 1s an aluminum Corus with 2 major radius
of 50 em and a square cross—section 44 cm on a side
(Figure 3-2). Since field soak-in time for the 3 cm thick
aluminum wall is about 15 msec, insulated gaps in both the
torcidal and poloidal directions are provided in order to allow
the magnetic flelds to enter the machine. Vacuum is malintained
by a 1500 1l/se¢ turbonolecular-pump, which typically yields
base pressures of low 1077 Torr when the system is c¢lean and
relatively  leak-free. Both '{a}.rlc:r':l and glow discharge5
cleaning have been used to condition the walls overnight and
after bringing the system up to atmospherie pressure.

The fileld shaping rings are located at the four corners of
the vacuum vessel {Figure 3-2). ETach ring is made of a high

conductivity chromivm-copper allov with a minor cross—sectional

46

Fig. 3-i. Tokapole I1.
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diameter of 5 cm. Each ring is supported by three, equally
spaced, Thigh strength, beryllivm-copper rods which zre in turn
electrically insulated from the vacuum vessel walis. The field

shaping rings can be vertically adjusted 35 mm without breaking
vacuum to position the plasma.

The toroidal magnetic field, B., is produced by a 96 turn
poioidal winding. This winding is energized by a 52 wF, 3 k¥
ecapacitor bank which is switched through a class E ignitron.
The quarter period of this circult is ~10 msec with the field
passively crowbarred at peak field strengté. This provides a
nearly constant field for the majer part of the discharge.
When fully charged, this systes will produce ~8 kG on the
machine axis. However, due to the mechanical and electrical
stresses of such high fields, the machine i normally run in
the 2-6 kG range. All of the experiments described here were

performed in this range.

The torcidal plasma current, 1 and the

P’ divertor

currents, I, in the field shaping rings are both induced by
the transformer action of an fron core. The core has a flux
swing capabllity of 0.15 webers and is usually reverse-biased
("cocked™) in order to keep the core from saturating during 2
plasma discharge. The transformer core primary windings are
driven by a2 7.2 wF, 5 kV capacitor bank also switched through a

class £ ignitron. The 40:1 turns ratio ylelds a half pericd of

~5.6 msec. An 80:1 turns ratio is also available but not wused



for these experiments. A 0.96 ¥, 450 V capacitor bank provides
a “power” crowbar capability which clamps the peloidal gap
voltage, vpg' to a few wolts, thus extending the discharge
duration.

The poloidal field, Bp, is & superposition of the {ield
produced by the toreidal plasma current and the vacuum octupole
field generated by the four Tting curremts. Since these
currents are in the same torcoidal directiom, there will be
nuils (x-points) in the poloidal field located between the
central plasma current chanmnel and each of the four rings. The
vacuum pelicidal magnetic field is shown in Figure 3-3a, and the
corresponding theoretical flux plot for a case with plasma
current is shown in Figure 3-3b. Beth square and dee-shaped
equilibria can be produced as weasured by magnetic probe56’7.
The location of the x-points depends on the ting positions and
the ratic of the plasma current to the ring currents and can be
varied experimentally over a several centimeter range- The
dotted 1line 1is the separatrix wﬁich represents the boundary
between field lines which encircle one or more of the rings and
field lines which encirecle oanly the central plasma current
channel. The plasma current is typically 10-20T of the total
ring current.

The theoretical flux plot shown above assumes no plasma
current flows outside the separatrix, whereas in reality

roughly one-third of the total plasma current can flow in the
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Fig. 3-3a: Poloidal magnetic flux plet in vacuum.

Fig. 3-3b: Polceidal magnetic flux plot with plasma.
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commeon-flux region. Stalnless steel scrape-off plates can e
extended up te the separatrix from all four sides at one
torocidal azismuth. These "baffles” intercept field lines in the
“divertor scrape-off region” and prevent current from flowing.
Most of the experimental work of this thesis was done with the
baffles inserted. Figure 3-4 shows the scrape-off plates and
definitions for future reference.

A number of probe ports are scattered around the wmachine
to facilitate diagnostic access to the plasma. These ports
allow insertion of a wide variety of probes and diagnostics
into the machine while wmaintaining the vessel under vacuum

throughout the process.

4.8. Plasma Characteristies

Plasmpa formation in Tokapele Il is basically the =same as
in all other tokamaks, and has been described In detail by
Groebner>. For further information concerning tokamaks iIn
general the interested reader is directed to the seversl review
articles covering the Subjecta'gvio.

The time evelution of a Tokapole Il discharge is indicated
scheratically in Figure 3-5. A fast plezoelectric "puff” valve
iz triggered 16.66 msec before the poloidal gap voltage, vpg’
is applied, allowing hydrogen gas to fill the vacuum chamber to

a pressure of typically 100-300 mTorr. The toroidal £ield is

passively crowbarred at its peak wvalue to provide an

56

Fig. 3-4.

Central current channel is separated from the outer
scrape-off{ {common flux) region by the separatrix.
Stainless steel limiter plates can be inserted in
scrape~off region to eliminate plasma current outside

separatrix.
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Maximum total hoop current, EH'

Fig. 3-5: Time cvolution of fields for Tokapole IT discharge.

is typically 300 kaA.
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approximately constant toroidal field during the duration of
the discharge. The peoloidal gap veltage s power crowbarred te
extend the length of the discharge up to a maximusn of about
15 wmsec. Preionization 1is provided by 10 kW of either K-band
{16.5 GHz) or X-band (2.0 GHz) microwaves depending on the
toroidal field strength used. This produces a low density
srart~up plasma which seems to give a more reproducible
discharge than would result {rom relying on avalanche breakdown
alcne.

There are twa general types of discharges that have toe=n
used in these experiments. One is a velatively high current,
high density discharge (but of shorter duration}, while the
other is a rtelatively lower current, lower density discharge
but with a longer dJuration with several milliseconds of
quasi-steady state {(without probes inserted past the
separatrix). The priwmary difference in the production of these
two types of discharge was the presence of a “damping”™ Tesistor
in the primary circuit of the transformer driving the plasma
current.

Figure 3-6a,b shows current and density traces for the two
types of discharge. The dashed traces atre the typieal resultis
when & magunetic probe is placed several centimeters Inside the
separatrix. Neote that the "normal™ Tokapole II discharge, i.e.
the longer lasting one is effe;:ed considerably more than the

shorter discharge tvpe. Fer considerably maTe derail
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Fig. 3-6:

Current and line average density waveforms for high

current discharge (a) and for lower current “normal”

Tokapele discharge {b). The dashed lines represent
the typical effects of probes when inserted a few

centimeters within the separatrix.
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concerning  Tokapole I1 discharges,

Brickhousel} and OsborneT.

Table 3-1 gives a sumdary

parameters.

of

see the

typical

theses by

Tokapole II
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TABLE 3.1 TOKAPOLE Il PARAMETIRS

Major radius

Minor radius of plasma

Toroidal magnetic field

Plasma current

Line average density

Electron temperature

Ion temperature

Energy confinement time

Discharge length

Base wvacuum

30 cm

6-10 cm

<8 %G

10-40 kA
2—;§x1012 w3
~1D0 eV

~20 ev
500-1000 usec

3-15 msec

~3>16*7 Torr
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CHAPTER &

RF APPARATIUS

4.A. Launching structures

4.A.1. 1d=al launching structute

As pointed out in Chapter 2, the mode we wish to study for
heating purposes Is helical in nature. Ac;ording to ideal %D,
the besrt way to drive a helical mode 1s with a helical antenna
wrapping around the tokamak current chanmel with the same pitch
as that of the mode. For the experiments on Tokapoele 11, such
an antenna was completely out of the question for two reasons.
First, a helical antenna would severely interfere with the many
other experiments on Tokapole II. And secondly, even {f there
were no other experiments, it 1is not really possible to use a
helical antenna in Tokapole II because of the divertor rinzs.
It could not be placed ourtside the divertor rings because it
would then link the rings, which is unacceptable for elecrrical
reasons, and since the antenna would then be far from the
plasma. Neither could 1t be placed inside the minor radius of
the divertor rings, because proper plasma formation would then
be interfered with, preventing a good equilibdbrium. Ve were

thus forced to consider other possibilities.
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The next best choice to a helical antenna is an array of
separate and distinct loop antennas distributed about the
current channel in such a fashion that, with proper phasing of
the t1f ecurrents 1In each of the antenna loops, one obtains a
step approximation to a helical antenna. The idea is
{llustrated in Figure 4-1. Basically, what one ig doing is
simply to cut out small sections of the helical antenna and
then force each of these sections zo carry the same current and
phase it would have carried had 1t still been part of the
original helical antenna. Obviously, the mere sections used,
rthe better the approximation to a2 helical antenna. But this
alse fncreases the cowplexity of the extermal driviang clrcuitry
required, since each section needs to be carefully phased with
respect to the others.

In principie, 4f one is concerned mainly with the lowest
order poloidal and toroidal modes, with mode numbers = and n
respectively, then the woinimun number of antemnas needed for
effective coupling is four. These would be distributed as two
sets, with two antennas per set. Each set would be separated
by 180° toroidally, and by 180° poloidally within each set. By
driving these antennas either in or out of phase, one then
preferentially couples to the modes (m,m)=(1,1), (1,2, (2,1},
(2,2, Gf course, a spectrum is actually-generated, but wmost
of the powver will go into the lowest modes.

This kind of antenna system was rejected, temporarily at
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Fig. 4~1:

Finite section appreoach te a helical antenma. By
operating all antennas in phase, coupling to the
helical field line {s obtained. Best coupling is

obtained when each antenna is rotated so that it is

locally parallel to the field I{ne.
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least, ©because 1t was desired to begin the experimental phase
{mmediately, and the design and fabrication of new antennas
would take some time. It was possible to make this decisicn at
the start, because there existed another possibility for an
antenna which alrcady happened to cxist. This third
possibility was to utiliize the divertor rings themselves as the
launching structure. As will becoume clear, this was cnly an
interim sclution to allow experimental work to begin quickly

and nct the ultimately desired launching structure.

4.A.2. Divertor ring antenna

The basic idea 1is straightferward and ts illustrated in
Figure 4-2. Each divertor ring has three conducting support
rods which are electrically insulated from the vacuum vessel.
These supports provide the means to superpose rf currents on
top of the fnductively driven equilibrium "de” currents present
during the plasma discharge. What is desired is to set wup an
rf current distribution that has a toroidal mode structure.
This can be done with the hoops simply by grounding one of the
hoop supports to the vacuum vessel and driving one of the
remaining supports frem a source of rf power. The third
support is left floating and unused In this configuration. The
ring effectively acts as an inductor at tf freguencies. The
tesulting teroidal current distribution is pletted ivn Figure

4-3. Nore that current flows in both toroidal directions, thus
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1(8)

Toroidal current distribution for divertoer ring
anteana. Fourier analysis yiclds a spectrum of
toreidal mode numbers with amplitudes decreasing as
1/n. Multiples of three are absent from the sprectrum

due to the svmmetrTy.
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setting up a2 toroidal mode structure. Fourier analysis of this
current distribution indicates a broad spectrum of toroidal
modes but with Fourier amplitudes falling off as 1/n. Thus
greater than 752 of the total power goes Into the two lowest
wodes, n=1 and 2. Due to symmetry, mode numbers which are
muitiples of three are not present.

The establishment of a poloidal wode structure is
indicated by Flgure 4-4. Tor instance, an w=4 confipuration s
established by driving all four rings In phase with each other.
Because of the geometry of the heoops, the rf currents actually
fight against the helical mode for some sections of toreidal
azimuth. In spite of this though, there is a wezk coupling to
helical medes.

There is cone other method of driving the hoops whiech 1is
wore appealing from a symmetry point of view. That is to
ground two supports while driving the remaining one. This
would drive equal rf currents in opposite directien fn two legs
of the hoop while allowing zere current between the two
grounded supports. In principie, this is a superior antenna
than the single ground appteoach. Unfortunately, two supports
cannot be directly grounded simultaneousiy because of the
perturbations this would have on the equilibrium currents of
the hoops. To get around thi;. we attempted to place the two
supports at "ac” ground through capacitors which were a high

impedance at the 100 Hz freguency of the equilibrium currents,
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Poloidal mede generatioen for diverter ring antenna.
m=4 combination is shown. Generation of m=1 ar 2 is
accomplished by driving opposite rings either out of

or in phase respecrively.
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yet a small jmpedance at i MHz. This does not work very well,
though, due o the extreme sensistivity of the circuit to
resonant effects with the 1/3 of the zing between the
"grounded” supports, and to unavoidable stray leads. It was
necessary to abandon this techaique for the much simpler single
ground approach.

As the circuit of Figure 4-2 sténds, it would be difficule
te drive much rf current through the rings because of thelr low
impedance. The situation {s vastly improved by placing
capacitance across the rings forming a "resonant iC  Trank”
circuit. By choosing the capacltance to resonate the effective
hoop  inductance at  the frequency of the r©f source, the
circulating current through the rings can be increased by a
factor equal to the circult Q. For the heoops this turns out to
be ~20 in vacuum. This also provides a roughly constant purely
resistive load to the rf scurce, as opposed to a low impedance
inductance. The equivalent c¢ircult for a ring {s shown
schematically in Figure 4-5. The equivalent cilrcuit for an m=&
configuration is shown in Figure 4-6. At 1.2 MHz, aa m=4
configuration presents a 50 Q load te the rf source.

Probably the wost serious problem encountered In this
experiment has been the need to weasure magnetic probe cell
output signals of a few tens of microvelts in an extremely high
rf noise environment. There are two apprcaches one can follow

in trying to climinate this noise from the measurement system.
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Fig.

i~6: Equivalent circuit of m=4é configuration. Ceaxial
transoission lines {(RG/8) from single feed line to

each ring have been left out of figure for clarlry.
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One 1s to shield the measurement system, which will be
discussed in Section &4.L. The second is to shield the original
source of the rf noise, i.e. the oscillator, transmission
lines and antenna. Since neither of these techniques is 100%
effective, a combined approach was found to be necessary.

Shielding the source of rf noise consists of placing an
electrostatic shield around the entire tf generation system.
This inclsdes the pulse forming network, the oscillator, the
transmission lines and as muchk of the antenna as possible.
Since an antenna has the purpose of radiating rvf energy, ir is
clear that perfect shielding is impossible. The task 1Is to
confine the rf only to the interior of this shield and thus
prevent it from coupling te circuits in cther parts of the
ToOm@.- A schematic of the arrangement that eventuaily worked
can be found in Reference 1.

In order to aveld ground loops, which can cause as wuch
pick-up problem as direct radiation, the electrostatic shield
is grounded te the osclilator circult ground and insulated from
the Tokapole 1II tank which is the normal experiment ground.
Copper screen mesh imbhedded vitpin a fiberglass matrix cast in
the form of a "hat” covers the electrical connections to the
hoops. (Schematics of this system can be found 1in Reference
1.} This area was identified as one of the worst radiators of
the entire system due to the unavéidably large loop 1invalved

with the electrical connection to the ring supports, and due to
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the proximicy of this loop with 1ts 1large circulating rf
currents to the magnetic probes. Spuricus ground loops which
occur randomly can still cause significant pick-up problems 1f
not eliminated. The tf power to the antenna 1Is alsec
inductively coupled from the oscillator to aveid ground loops
as shown in the figure. 7The series rescnant clrcult shoun in
the transmission line was necessary te Ttemeve harwmonic aoise
from the drive voltsage. For wmore detalls concerning the

divertor ring launching structure see Reference 1.

4.A.3. The Kew antenna

4.A.3.a. Reasons for a new antemna

Before describing the new antemna, let us first establish
the reasons why the hoop antenna system is I{nadequate for
future studies. These reasons provide the design rationale for
the new antenna- The purpose of future studies will be focused
on two aspects: more detalled study of the rescnance structures
and actual heating experiments. The heoop antenna system 15

inadeguate for properly fulfilling either of these goals for

the foliowing reasons.

1) The divertor tings are not Faraday shiclded and thus suffer
severe electrostatic loading during a discharge due to  the

plasma 1in the private flux region around each hoop. This
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lowers the § and the parallel impedance of the resonant
circuit, which are already quite low to begin with, and this in
turn reduces the amount of <circulating current available to
drive the resonance. This reduced power delivery limits the
size of the resonant wmagnetic fleld. Because of plasma
generated t©f nolse in the freguency range that is being
studied, and which cannot be fllitered out without also removing
the real signal, this complicates wmeasurement of resonance
properties. This has been 3 constant problem in this
experiment, and it appears that the only solution to this
particular problem is to increase the amplitude of the wave
magunetic ield by. Presumably, this will be possible with
latger antenma current and a better coupling structure.

The original intent of the divertor scrape-~off plates was
to reduce the plasma near the hoops in the hope of reducing the
electrostatie loading, and thus allow larger hoop antenna
currents. Although the baffles succeeded in eliminating plasma
ecurrent in this region. plasma density still remains quite
high2 (a few 1032 cm_s), and electrostatic locading remains
essentlally unaffected. Since the parallel {mpedance of the
hoops at resonance is very low (~30 Q}, this means the parallel
equivalent impedance of the plasma would need to be guite low
in order to couple significant power to the plasma. This wvould

require at the very least a clesely coupled antenna, which the

hoops clearly are not.

2) A brute force approach to overcowming the electrostatic
loading and low Q and R, of the rings is mot possible due to
the low breakdown voltages that would be encountered In the

ring support region when plasma is present.

3) ¥rom a2 physics point of view, one desires the simplest
possible antenna which can exclte the modes under study. The
hoops have a very complicated mode structure with rf currents
flowing 1in uncontrolled directions In the vacuun vessel walls,
which act as the ground return. Not only does this cozplicate
physics 1issuves, but it also causes more nolse pick—up problems
because of the fields generated by these stray currents. As
mentioned earlier, the heops actually fight against the very
modes they are supposed to be coupling to in certzin parts of
the torecidal extent. Cbviously, this 1is an wundesirable
complication. It 1is highly desirable o be able to couple
preferentially to either the o=l or n=2 toroidal mode numbers
withour having a strong coupling to the othet one at the same
Time. With the hoops, however, the toroidal mode structure is

fixed and wust be lived with.

4} One of the big questions of SARH is concerpmed with what fis
the optimal antenna (see Section 3.F). The question desls

primari{ly with the direction eof the antenna currents with

respect to the ambient magnetic field (the physics of this will
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be discussed in Chapter 3). To study this gquestion
experisentally regulres an antenna whose orientation can be
varfed. The hoops do not have the capability to address this

question.

5.4.3.b. EEEEELEEiEE,RE new antenna.

A new antenna was designed to overcome the many
shortcozings of the hoop antenna and to extend the scope of
possible studies at wmuch higher power levels. The basic design
foliows that of the "next best design” from Section 4.A.1. A
schematic <disgram of the antemma Is shown in two views in
Figure 4~7. The antenna {rself is simply a double series loop
of soliid copper bar. This double loop sits in a curved coppeT
tub with the top enclosed by a Faraday shield. The purpose of
the tub is to eliminate any change in {nductance as the antenna
{e extended further into the vacuum chamber and away from the
wall. This eliminates the need to retune after each antenna
pseition change. 1t also increases the fieid above the antenna
by roughly 350%. The Faraday shield prevents electrostatic
coupling between the anternmna and the plasma. The entire leoop
is curved to follow the toreidal direction. This keeps all
parts of the antenna close to the plasma current channel and
thus provides coupling over a larger plasma surface area.

The physical size of the antemna is such that tt‘does not

tnterfere with any future octupole studies that may be
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Fig. 4-7:

(a) End-on cross sectjon view of high power antcnna

with representative rf magnetic field line.

(b) Schematic drawing of antenna currents indicating

torcidal curvature of

antenna.
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TABLE 4.1 HIGH POWER ANTENNA SPECIFICATION

2 series loops with coaxial vacuum feedthrough
Copper Faraday shield

Antennz loops insulated from plasmz with Macor

Antenna inductance = 0.75
Unshielded Q = 153
Shielded Q = 114
Rparallel = LRSS
Max design 1circ = 2 kA
Max design vant = 20 kv

antenna radial imservion range = 2.25 inches

Maximum rotatiom range when fully retracted 407

et o
Maximum rotatiom range when fully inserted *15

Toroidal extent of antenna = 54°

undertaken on Tokapole II. It thus has a fairly narrow radial
width so that it can sit outside the Yerie surface3 of an
octupole when it is not in use. Irs tercidal extent Is limited
by the distance between successive probe ports. There 1is a
siiding O-ring surface sc that the entire siTucture can be
radially inserted up to the separatvix. It e¢an also zTotate
#1029 when fully imnserted and #25C when fully retracted. The
difference i{s due to interference with the divertor .rings- A
summary of the new antenna”s parawmerters is listed in Table 4-1.

For further details see Reference 1.
4.B. RF SOURCES

This experiment has wutilized & series of rf sources,
gradually improving various features {rom cne modification to
the next. The first osciilator used was 3 single tube triode
eircult with tickler coil feedback leop. The circuit dizgras
can be found in Reference 1. 1t was nominally capable of
putting 100 kW into a matched load of 30 Q. It operated at 1.4
¥#z. This oscillator never worked reliably due to severe
arcing problems due to £ts compact size, and was eventually
abandoned for a larger, higher power system. It also had an
unavoidable ground 1loop im the system because of the direct
coupling to the hoops from z tapped LC "tank” inducter.

The oscillator with which most of the datz in this thesis
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were taken, is shown schematically in Figure 4-8. It comnsists
of a four tube, push-push pull-pull oscillator with tickler
coil feedback. Output to the antemna is transformer-coupled to
the antennz to avold the ground loop problems encountered with
the first oascillator. This rf source operated typically at
around 1.2 MHz, but was tunable by adjusting & vacuum varilable
capacitoer. 1t was capable of delivering 130 kW to a 50 Q
resistive load, end typically generated circulating currents
through the hoop antemna of 100 A in vacuum. With plasma,
circulating currents were a factor of 3-4 lower due to
electrastatic 1cading of the hoops. Voltages acress the hoops
were pnever above a few hundred volts.

When operation with the new antenna began, this oscillator
was modified to an ostiliator/amplifier configuration to solve
mode jumping problems encountered when trylng to inductively
couple two high Q rTesonant circuits. This version of the
source has driven as much as 2.0 kA of cirtculating curreat
through the new antenna, and voltages of 3 kV.

All the osciliators have been powered by high voltage
pulse forming networks consisting of delay iines®. Pulse
lengths with the first source were initially 120 psec, later
extended to 250 psec. The four tube gource was tun off =
higher pover pulse forming network than the first and provided

pulse lengths of ~1.2 msec.

Fig.

4-8: Schematic of rf source.
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4.C. MAGNETIC PROBES

The single most difficult, frustrating, and time consuming
effort in this experiment has been directed toward constructing
magnetic prnbe55’6’7 which meet the following three c¢riteria.
1} The probes should have a good signal-to-noise ratio. 2) The
probes should not significantly perturb the plasma. 3) The
probes should survive the harsh environmert of & 10C eV plasma
discharge, and provide for a reifable vacuum tight seal.

Probe designs evolved in an attempt to improve each of
these three eriteria. This wes by ao me;ns an easy task, and
is described in more detzil in Reference 1. In this sectieon we
will describe only the final cenclusions of this developmental

effort. Those conclusions are:

1) The solution to the first criteria turns out to he twe~fold.
First, the probe design must include a complete electrostatic
shield enclosing the pick-up coils and the associated
electronics. Secondly, the rf source, transmission iines and
antennas must be properly shielded to reduce the originm of the
rf “noise” te begln with. This was already dealt with in a
previocus section. A schematic of the rf shielding system wused
arcund the prebe and the assoclated electronics is shown in

Figure 4-9%. This entire shield is connected to Tokapoie II

ground at one single peoint on the vacuun vessel wall near where
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the probe enters the vacuul vessel. Oscilloscopes are floated

with respect to power line ground.

2) Plasma perturbations camrmet be entirely eliminated for any
of the normal Tokapole 11 discharges. (Probes seem to have
very 1liztle effect omn extremely low cutrent (<3 kaA) low
temperature discharges as would be expected.} For an indication
of probe effects on the discharge see Flgure 3-6. The only
answer here is to try to reduce the perturbations to a minimal
level. There are two primary techolgues to achieve this. Une
{5 to utilize the physically smailest probe possible. This
reduces the surface area expesed o the plasma, and thus
reduces the impurity “boill-off” which causes perturbhations in
the local resistivity which in furn reduces the local current
density. The second rechnigue 1s to utilize probe tubde
materials which ate mot easily sputtered and also consist of
only low-Z consiituent stoms- Low~Z satoms reduce the local
couling effects due to sonization of the impurities released

from the probe tube.

3) One cannot choose arbitrarily small probe dimensions. The
inner bore of the tube must be large encugh to accomcdate a
reasonsbly sized magnetic pick-up coil. Also, as probe
dimensions get smaller, it becomes move susceptible to thermal

shock and less abie to dissipate the abserbed heat load. The

material of the probe tube wmust have a very high melting peint.
Most cerawmics, like Alumina, which have high melting points

cannot take the thermal shock and other mechanical stresses of

the pulsed Tokapole 1T envirpnment.

The probe design that represents the cowpromise solution

to all these requirements is shown in Figure 4-10a. The 1/47

tube acts only as a mechanical support structure for the less
rigid 3/32" tube which actually extends into the plasmz. Tubes

smaller than 5/32" turn out to be wunsatisfactory since the

thicker walls rteduce the inner bore to such a smail size that
reasonably sized aagnetic coills cannot be inserted within the

tube. Thinner walls which do allow a larger Dbore size,

consistently thave their tubes destreyed by the discharge

ceusing sericus vacuum accidents and coil destructien.

This probe had o be used very carefully to avoid its
destruction. Discharge cycle rates were kept very low (~ 12-15
pet hour), with periodic {1 per bour) “cool-down” periods to

keep from overhezting the tube tip. But even this was mnol

sufficient to prevent probe destruction. It was found to be

necessary to rotate the probe Ctube 0% after each plasma

discharge. This “barbecue mode” served to spread the heat lpad

over a wider area te prevent local wmelring duc to the low

thermal conductivity of stainless steel. These operating

prpcedures did not prevent probe damage: they wmerely reduced it
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to a level that prolonged tube life enough to alliow a tube to
we used for several runs before requiring replacement.

To achieve the minimus plasma perturbaticns, the probe
needs extensive conditioning. This consists essentially of
scouring the probe tube in a plasma discharge. The tube 1s
constantly maintained under vacuum Iin the probe port even when
act beingm used, to avold coating the surface with atmospherie
impurities such as oxvgen and water. The tube i{s also placed
jnto the glow dischargeg cleaning plasma overanight for many
nights. At the start of & run period the fube is then inserted
into the discharmes sand slowly scoured for a period of
typically 2 Thours. As the tube surface cleans up, the

tsturbance of the plasma discharge become somevhat less.
Thete is alwavs a2 minimum perturbation beyond which ne awsount
of cleaning seems to help. The plasma curresnt waveforms shown
in Figure 3~6 were for the least perturhbing probes after
extensive conditiening. Without this conditioning, the
perturbations are considerably worse.

in addition to the extyeme care reguired for the probe
tube, great care also must be cxercised with the coils iaside.
These cocils cannot be left at the tip of the probe
continucusly. Because of the high temperature af the tip after
just s few discharges, the ecpils and the coil forms imside

would get too hot, melting the Teflon coated wire imsulatiom

and causing the coil to stiek to the cube wail, and eventusily
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shorting to the wall. Thus the coils had to be withdrawn frem
the tip after each discharge, removing it from the heat source,
and then reinserted moments before the discharge trigger. This
method alliowed eoils to last longer than the tubes.

Most of the problems associated with probe tube design
have recently been sclved by a newer approach. This desiga is
shown in Figure 4-10%. it censists  of a 1/47 0.D.
boron-nitride sheath® machined out of solid tod which is bonded
to a 1/8" stainless steel tube. Although the boron-nitride
shesthed probe has a larger outer diame&er rhan the 57327
stainless steel tube, it has proven to have somevwhat less of a
pertuthation to the plasma probably because of its low-2Z
composition. It appears to have completely sclved the problem
of probe and coll destruction. The boron-nitride sheath has
survived the highest current and hotrest discharges im Tokapole

11 with no significant damage. The omly drawback is its small

mechanical streagth. It wiil break under swall stress. This
has provesn mot to be z serious drawback though. Heat load o
the coils 1inside has been drastically reduced as indicated by
thermocouple measurements inside the tebel . Thus colils can  be
left 1in place between shots. This design is now the standard
magnetic probe design used for all magnetic field wmeasurements
on  Teokapole 1II. In addirion, reproducibility of the plasma
discharge with this probe inserted seems to be wuch betzer than

with stainless steel probes.
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CHAPTER 5

EXPERIMENTAL REZSULTS AND DISCUSSION

This chapter preseats data which we believe const{tutes a

clear identification of the =shear Alfvén resonance in a

tokamak. We will present this data in a topical format, first
describing the general properties of the resonances: {.e.
polarization, radial width, risetime, and resonant enhancement
factor, and comparing these with the MHD theory presented in
Chapter 2. In the last section, we will compare the wmeasured
radial location of the resonances with the predictions of the
2-0 thecry discussed at the end of Chapter Z.

The bulk of the data has been obrained with the divertor

ring antenna systeo. However, initizl results from the new
antenna have provided scwme significant complementary data which
serve to strengthen the validity of the ring antenna resulrs.
Since we fellow a toplical approach, data from both launching
structures will be presented tegether throughout the chapter.

The next chapter will give a summary of the results and some

suggestions for future studies.

5.A. General Radial profile

Let us first coasider what a typical experimental

resonance looks like, and then go on in the folliowing sections
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to discuss each of the particular properties of the resonance
in more detzil. Figure 5-1 shows a typical radlal profile of
the poloidal wave magnetic field generated by the diverror ring
antenna. This profile was obtained with a2 single-coil magnetic
probe with the tip of the probe tube placed 3.0 cm out from the
center of the vacuum vessel (on the mid-plane}, and then moving
the intermal coil to different radial locations on each
successive plasma shot.

There are a few genmeral features of these profiles that
bear discussion. The most obvious characteristic {s their
double-peaked nature. This is a general feature of profiles
obtained with the divertor <ring antenna, which {s in marked
contrast to the profiles generated se far by the unew éaraday
shielded antenna {hereafter referred to as the Alfvén zntenna}.
A typical profile produced by the Alfvén antenna Is showm later
in the chapter in Figure 5-10. It indicates only a single
resonance deep inside the current channel, with no pesking
outside the separattix. To date, neo resonance has ever been
observed outside the separatrix with the Alfvén antenna.

Qur interest is primarily focussed on the resonance within
the separatrix, since this is the one that would be used for
heating in a tokamak reacter- The outer resonances are 0t as
reproducible as the inner omnes, both in size and location.
Thus, we have not investigated them Lo the same extent as the

inner ones.
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Fig. 5-1: Representative radial profile of poleidal wave

magnetic {ield taken along horizontal mid-plane.
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POLOIDAL WAVE MAGNETIC FIELD

111 112
The dip in the profile always seems teo ocecur either at, or
at least very close to, the position of the separatrix as
calculated by the equilibrium code. This is exacrly what would
be expected for shear Alfvén waves based on the screw-pinch
model. Recalling Eguation 2.14

0

n
82
w{r) = (n F B2 "¢

Sopkz

we qnote that at the separattix the safety-factor, g+=. This
has the effect of removing the mode némber, w, from the
expression, leaving the resonance freguency to be determined by
the toroidal mode number, n. Since the S5ARH technigue typically
requires wode numbers of D?posite sign to ohtain Jow {requevcy
solutions, we find that at the separatrix, only very =much

higher {requencies have solutions. For the freguencies at

which we operate, 1.0-1.4 MHz, we are below the lowest such
frequency; for n=i, the lowest frequency is about 2.0 MHz.

1t ¢s not particularly surprising that the Alfvén antenna
doesn’t produce an outer peak. BSince the fields and density
are sufficient to support shear Alfvén waves in this frequency

range and since this resonance is polarized perpendicular to

| [ | | ! i ! }

the Ffield, it seems likely that this puter rescnance is some
2 [ 6 8 10 12 14
manifestation of a local Alfvén wave. However, we do not at
MINOR RADIUS (em)

pregsent know whether these are global modes In the same sense

as the respnances within the separatrix are. If it 1is indeed



am Aifvén wave, the small coupling to this regiom due to the
cinite extent of the Alfvén antenna, as compared to the global
extent of the diverter ring antenna is probably the reason 6o
outer resonance is seen with the Alfvén antenna. When all four

Al

TN

vén antennas are iastalled, coupling may become strong

enough for it to reappear-

5.5. Polarization

As we discussed in chapter 2 for the screw-pinch model,
bl~sinwot, and thus remains finite at the resonance. However,
br~1nt sinw,t and bL~t sinw,t at the resonance. Thus, both the
radial component and the perpendicular component which alse
141es in the flux surface blow up at the resonance, with the
perpendicular component being wuch moTe strongly divergent.
This is ciearly {llustrated by the polarization plot of Figure
5-2. Here, we see that the wave field is indeed polarized
perpendicular to the eguilibrium £ield direction {which s
mostly toroidal}, indicated by the dashed lime. This plot was
obtained from a resonance produced by the Alfvén antenna. This
is consistent with polarizatioen measurements of resonances
generated by the hoops, for which the ratio bpollbtor of the
wave fields is typically 7-10, the aspect ratio of the device.

Figure 5-3 shows a radtial profile of the radial compenent
of the wave field, bo 4547~ This profile was taken for the

same ease as shown ia Figure 5-1, but somewhat later in the
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Fig. 5-2:

Polarization plot of resonance

polarized perpendicular te the

field indicated by dashed line.

shows resconance

equilibrivm magnetic
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tun. As predicted by theory, the wmaximum awmplitude of this
field 1is smaller than that of the poloidal signal. It is alse
interesting to note that the rTesonance .in b

radial does not

oceur at the positicn cof the outer peak.

5.C. Radial width

Ideal! MHD theory predicts that as t+= not only do the
fields blow up, but the radial width of the resonance, A&,
approaches zero. However, Jjust as digsipation of the wave
field energy prevents the wave fields from Dbecowming infinite,

so too does 1t keep A finite. The resistive MHD estimate for A
is given by Eq. 2.16

o = Bnl D320 -

]-1/3
Holy

e’
4
This expression has been solved for Tokapole II discharges, and
is plotted ia Figure 5-4 as a function of the logarithmic
derivative of the density profile, with the resistivity acting
as a parameter through its dependence on Te and Z-effective.
The most probable regime for Tokapale 11 discharges is
indicated by the cross-hatched region, indicating that the most
probable value for the radial width due to ohmic dissipation is

in the range 4.0-8.0 cm.

Experimentally, typical resonance widths range from 2.0 cm



Fig. 5-4: predicted width of resonance due to cshmic
Jissipatieon. FParameter regime for Tokapole II

indicated by ecross-hatched region.

119 120
10
B L
£
=
et & fmin
£
E
oA 150 eV
o -
-
[=4
2 —
1 1
3 & -2
] {(x 10 7)
plp'  (em)



121 122

up to 3.0 em. The narrowest resonances have been observed with
the 8-coil probes, as would be expected, since this eliminates
broadening due to shot-to-shot variablility of the plasma
discharge. A good example of such a single shot resonance 1s
shown in Figure 5-5. Resonances generated by the Alfvén
antenna have widths comparable to those generated by the
divertor rings, being typically about 5.0 eom 1o width. See
Figure 53-10.
We can also make some rough estimates of the radial width
due to other dissipative mechanises such as electron Landau
damping and iom viscosity. Using Eq. 2.18 we find that the
width due to Lon viscosity is negligible compared to the ohaic
width. From Eq. 2.19, we find that the width due to electron Fig. $-5: Resonance profile obtained with 8-coil probe om
Landau damping is roughly a faetor of four larger tham the single shot.
ohmic heating width., It should be nored that the electroms fotr

Tokapole II are in the plateau teglon of ecollisionality.

5.D. Risetime

from chapter 2, we saw that dissipative processes prevent
the wave fields from growing indefinitely. The fields will
grow linesrly at first, but then saturate as energy is
dissipated by the plasoa as fast ag it is being delivered by
the external soutce (i.e. the antenna and Tf source).

The resistive MHD calculationm discussed im Chapter 2 also



Bpoloidal (arbitrary units)
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gave an estimate of the risetime due to ohmic dissipation. The

expression is given by Eg. 2.15

by,
rise ~ ( =

o

P

/31,87 p"y-2/3
) \zjy 7;}

This function {5 plotted in Figure 5-6. ‘The cross-hatched
region is the rost probable parameter regime for Tokapole IT
discharges, indicating a probable risetime cf 4-9 psec.

Determining the experimental value for the risetime is
difficulr. if the resonant risetime {s much faster than the
Tisetime of the external driving rf antenna currents, then only
an upper bound can be placed on the resonance risetime. This
is the case for our experiment. The risetime of the
circulating currents in the antennz to their steady state value
places an upper bound of roughly 40 ypsec on the resonant

risetime.

5.E. Rescnant enhancement of wave amplitude

One of the 1important featutes of the SARH technique is
that the amplitude of the driving wave is enhanced to a large
value at the rtesonance. For reacter grade plasmas, Hasegawa
and Chen' has estimated that the enhanced value of the wave
field could be as much a2s 100 rimes the driving vacuum field at
the same location. The impertance of this feature is that one

does rnot need to drive such large vacuum wmagnetic field
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strengths, but can allow the plasma to rescnantly enhance the
wave fields to a thigher wvalwe where non—linear damping
processes can occur such as coupling te the ilop-acoustic wave
and {ts subsequent damping.

A expression for this enhancement ratio was given in Eg.

IspolE = (KOi)_zja(l + ;Ekipg)lgpol vacl

Figure 5-7 shows calculated values for the enhancement
factor for three different raties of TE to T;- The best
estimare for Tekapole 11 is within the dashed lines predicting
an enhancement rtatic in the range of 30-30. Experimentally,
the enhancement factor ranges from 20-50 for the inner peaks
and considerably less for the ocuter peaks (<5).

To calculate properly the enhancewment factor for the new
antenna, really requires 2z more complete set than the single
antenna now installed, since the theoretical calculation
assumes a global antenna. We would thus expect that a single
antenna “peint” source such as now exists would not have such a
large enhancement factor since power is belmg put into the mode
at only one locality. Measurement of the {lelds i{mmediately
above the Alfvén antenna Indicates a ratie of 5-10. Ratios

measured at other toreidal azimuths naturally are much larger,

since the effective forcing field there 1s negligibly small.

Fig. 5-7: Rescnant enhancement factor of resonant wave fields
over corresponding vacuum wave fields. Parameter

regive for Tokapole 11 is within the dashed lines.

128



ENUANCEMENT

RESGHANT

129

We thus consider these nunbers as {nappreopriate. As more
antennas are I{nstalled, and more power is coupled intc the
modes, but with the local forcing fields above each antenna
remaining the saze, we expect this ratio should approach the

expected value, as for the rings.

5.F. Loading

A fundamental measurement {n rf heating experiments is the
loading of the rf system due to coupling to wave modes in the
plasma. Usually, the interaction Is wmodelied as a complex
impedance, vepresenting the plasma, in parallel with an LC
circuir, represanting the antenna. As coupling becomes
stronger, the equivalent plasma impedance becomes swailer,
loading down the parallel {mpedance of the antennaz cizrcuir. If
the coupling is very small, then the effective parallel
impedance of the plasma is wuch larger than the parallel
impedance of the LC circuitr, which f{s just a pure resistance at
resonance. Any imaginary part of the plasma effective
impedance serves to detune the LC circuit off resonance. This
can  be compensated by tuning the drive frequency off resonance
and aliowing the plasma to “pull” the LC eirecuirt into
rescnance.

Thus, as coupling to a mode becomes stronger, the
effective parallel impedance of the LC ecircuit is reduced,

which means the cireulit Q 1is reduced, and the circulating
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current through the circult is reduced. Thus, monitoring the
circulating current and voltage across the LC circuit is a good
way of determining when there is ceupiing between antenna and
plasca- & more detailed explanation of this has been given by
?ortgangz.

Consider then that for. a brief period during the
dischatrge, the proper conditions arise for coupling between the
antenna and a shear Alfvén mode 1in the plasma. This could
arise as a result of the evolution of the discharge, e¢.g. the
density or the plasma current changing with time. As this
resonance condition first appears and then disappears, one
would expect to see a dip in the circulating current through
the antenna. Its width in time would, of course, depend on how
fast this resonance conditifon was swept through.

We have looked for evidence of such effects in this
experiment. with the hoops, this 1is very difficult teo do
because of the severe electrostatic loading of the hoops and
because the effect is so small due to the weak coupling of the
hoops to the shear modes. Ia spite of this, however, we have
been able to observe the effect. One such case is shown in
Figure 5-3 (a) where we show a trace of a probe signal measured
at the peak of the resonance, and at bottom a lrace of the
circulating current through one of the heops, in this ecase the
upser  outer hoop. During thertime wvhen the probe signal goes

to zero, indicating the brief disappearance of the resonance,

Fig.

5-8: {a) Upper trace: poloidal wave 7ield on resonance.
Bottom trace: circulating current through upper outer

ring.

{b) Upper trace: poloidal wave {icld va resonance.
Bottom trace: circulating current throush high power
antenna. Both traces on same tize scale even though

picture sizes are different.
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the cireulating current through the hoop shows a swmall
increase. The effect on Icirc is indeed small (the werrical
gain has been turned up significantly, and a large negative
offser placed on the signal}. Although the effect i{s small, it
does indeed indlcate resonant coupling between the antenna and
the resonance.

With the new antenna, this phenomenon is wmuch easier to
Teasure. ¥ot only is the antenna Faraday shielded, but its
parallel lmpedance is also a factor of 5 larger than that for
the hoops. In Figure 5.8 (b) we have shown again a probe
signal near the resonance peak, and at the bottom the
circulatiag current through the antenna. The resenant leading
effect is more pronounced, and a2 serles of resonant loading
peaks can be observed.

Alternatively, 1f one has a steady-state plasma, then the
drive frequency could be swept through some tange of values in
which the frequency matches sone given mode which the antenna
can drive. One would thus see resonant loading as a function
of the frequency. Although this {s the better method for
controlled comparisons with theoretical Jloading calculations,
it requires a reasonably steady-state plasma, at least for the
duration of the sweep. It is not adequate for correlating
source loading with resomance profiles, since sweepling can only
be done at low power levels, at which one c¢annot see the

resonance zbove the background plasma noise.

A fundamental question for SARH concerns the optimal
orientation of the antenna rf currents with respect to the
equilibrive magnetic field direction. As we discussed earlier,
it would seem from ideal MHD theory, that the best antenma is a
helix which matches the pitch of the wode one is tryiang to
drive. This d4mplies antenna currents parallel to the
equilibrium fleld, thus producing a perturbation fleld which is
perpendicular te the equilibrium field, as is the case with a
shear wave.

Unfortunately, 1t may not be quite-this.simple. If the
antenna currents are parallel to the field, then the induced
Q&f@t will aliso be in the equilibrium field direcction. FPlasma
electrons near the surfzce of the antennz are frese to Taspond
to this induced electric field by flowing alonmg the field line.
This electron response could effectively shield out the
oscillating magnetic fleld from the inter{or of the plasma. If
that happens, pover from the antenna will he dissipated in the
region around the antenna. Note that this occurs whether or
not the antenna 1s Faradav shielded, since the ag/at field {is
unaffected by the Faraday shield. The effect does not have to
be 100% to be important but only enough to lower the efficiency
of the system to an unacceptably low value to allow i{ts use in
a reactor.

3

The TCA tokamak” has taken the opposite approach to the

antenna question by orienting their antenna currents in the
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poloidal direction. The tf currents then produce a modulation
of the plasma surface due to the magnetic pressure from the
oscillating by of the wave. Through the coupling between
different cowponents of the wave fluld wvelocity and wave
magnetic fields this pressure modulation mode converts to the
kinetic Alfvdn wave at the resonant surface. Althcough this
method appears at first glance to be a weaker coupling than
with a heiical antenna, it does avold the problem of plasma
electron shielding of the Qé/bt field, since the electrons are
tied to field lines and cannot easily respond in the
perpendicular direction. The method does seem to have some
validity as witnessed by their recently published heating
results®, However, it still remains to determine what 1{s the
most effective coupling scheme, and this will be studied in
future experiments on Tokapole II.

We have made some initial measurements to test this 1idea
on Tokapole II. 1In Figure 5-% we show the loading (in terms of
equivalent series resistance) of the new antenna vs. angulav
orientation of the antenna. Although there is an asymmetry Iin
the plot, not understcod yet, 1t 1Is «clear that a peak In
loading occurs for an orientation in which the antenna currents
are parallel to the fleld lines which lie immediately above the
antenna. Furtherwore, this increased loading does not seem to
correiate with any increased résonance ampl{tude, since there

were only small differences in the resonance profiles vs.

Fig. 5-9:

Series plasma impedance versus rotational angle of

high power antenna. In circuwit model of antenna, Ty

is series impedance of antenna while rp 1s equivalent

series lmpedance of plasma coupled by antenna.
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orientatlon. We believe this may be evidence of dA/Bt loading,
but it clearly needs more work to be understood completely. We
also examined a gun injected, octupole plasma for comparisen
and found virtwally no leading. The rf currents were still in
the toroidal direction, but there was no toroidal field
present. This is consistent with the above argument conceraing
loading of 2a/fdt.

Since the present Alfvén antenna does not allow 2 rotation
of more than *15 deg with respect to the torcidal direction
when fully inserted, z new antenna is being designed which can
rotate a full %0 degs. This will allow & good compariscn

between different antenna orientations in the same device.

5.G. Global structure of resonances generated Ei new antenns

The most significant cbservation vet wade with the new
antenna is that It produces clearly observable resonances at
locations far from the antenna. Figure 5-10 shows s rescnance
measured 90° toroidally around from the amtenna location. The
vacuum field strength of the antenna at this location s
negligibly small. However, when the rtrf 4s fired during a
plasma discharge we see 2 very strong rescnance which is
comparable (~1/2} in strength to those measured immediately
above the antenna. The resonance is clearly not being 1locaily
exclited, but Is part of a global resonance sttucture which iz

being locally driven {mmediately above the antenna. Of course,
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5-10: Radial profile of poloidal wave magnetic field
measured 90°% around toreidally from high power

antenna location-
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this is Jjust what is expected for the shear Alfvén mode, and has been done by Kieras®. 2) In order for this code to make
this observarion appears to be confirmation of this. useful predictions, it requires input plasma profiles that

This has implications for the future heating experiment, accurately reflect those profiles encountered in the
in that even the T“point-source”™ excitation from only one experiment. Since good plasma profile data are lacking for
antenna can couple very effectiveiy to the plasma modes. This Tokapele X1, these profiles must be 1inferred from those
was always wuncertain beforehand, since the hoop aatenna had 2z measurements which can be made. Planned upgrades and proposed
global structure, and there was no way of driving only a small new disgnostics may alleviate this deficiency. {See Chapter 7)
section at a time to test it. We expect thai the other 1t is the purpose of this Section to analyze a particular
antennas, when added, will provide an even stronger coupling, resonance for which- good wmode structure data exists, and
and that heating should be possible. demonstrate that very reasonable assum&tions concetning the

inferred plasma profiles, which are also consistent with global
plasma parameters, leads to very good agrecment between the

5.H. Radial Location weasured location of the resonance and the location predicted
by theory.

So far it has been shown that all measured properties of

the resonances agree with the expected characteristics of a 5.#.1. Mode structure data
shear Alfvén resonsnce. What we have now to show is that the The resonance data to be discussed are shown in
resonance occurs at the proper radial lecatieon. This {is also Figure 5-11. In this figure ve have plotted the radial profile
the most difficult Ffeature of the tesonance to compare with of the pololdal wave magnetic field. There are three separate
theory. profiles. The solid curve is a profile obtained with a probe
There were two reasons for this difficulty. 1) A 2-D through the ¢=60°, =0 probe port, The dot-dash curve through
calculation nust be performed which takes inte account the ¢*90°, 8=0° probe port, and the dashed c¢urve through the
toroidicity and non-circularity ¢f the plasma cross-section. ¢“90°, 8=90° probe port, where ¢ and G.refer to toreoidal and
This 1is especially true for Tokapole II with its squarish poloidal azimuths respectively. In each case the profile was

cress—gection. This must ultimately be done numerically and abtained with the stainless steel probe tube tip at the fixed



Fig. 5-11:

Poloidal wave magnetic field profiles measured along
three different chords specified im text. This mode
has a measured symmetry of (m,n) = (1,-2}.

Resonance location along mid-plane fs at minmor

radiug of 5.5 cm.
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jocation of 4.0 em from the axis of the machine where it was
left for a series of plasma shots. The single plck-up coil was
moved slong the axis of the probe tube ta a different radlal
location for each shot. Other probe details have been
discussed more fully im Sectiom 4.C and in Reference 7 and will
not be repeated here.

in order to match these data with theory, it is necessary
to derermine its mode identitv. This requires a weasurement of
the difference 4n phase of the wave magentic field between
different toroidal and poloidal locations. Unfortunately, this
seemingly simple measurement has turned cut fo be one of the
wost difficult attempted in this experiment. Ideally, the
difference im phase betwsen two wmagnetic probes at various
roroidal and poleidal zzimuthal lecations would be sufficient
to determine the mode structure. This is not straightforward
however, since two probes saverely perturb the plasma, and
necause there were difficulties in obtaining noise free signale
from two separated probes due to ground loops at the time these
phase measurements wWere attempteg.

5 second rechnique is to use a single probe, measuring 1its
difference in phase with respect to some arbitrary signal that
ts phase locked to the wave. By making phase mezsurements at
several different locatioms with vtespect to this phase
reference, one can then readily determine the phase difference

hetwaen the two pasitioms in the resonance. This veduces the

probe perturbations to that of =z single probe. The phase
measurement is pericrmed using & dual beam oscilloscope-

The wmost obvious and approprlate cheice for such a phase
reference is the circulating rvf curreat through one of the
rings- The upper outer ring was used for this case. Obviocusly
this technique only works 4If there {s a stable phase lock
between the measured signal and the phase reference rem shot
to shot. Althouzh many abttempts were made to measure mode
structures, and wmany resonances have been observed with various
Ting antenna co:figurations, we have been successful in
obtainiag good mode structure data for only the single case
presented here. For this case, excelient phase lock was
obtained with the phase teference, as determined by noting that
the phase was constant over a large number of plasma
discharges. All octher attempts were faced with apparently
randonly occurring phases which prevented obtaining mode
structure data for those resonances. It is not presently
understood why this occurs, although there {s & very stroag
suspicion that randomly cceurring, plasma generated, rf noise
is large enouzh to cause significant phase shift in the
relatively small wave mwagnetic field of the tesonances
generated by the Tring antenna. Other possibilities are that
normal variations in plasma parameters on a ‘time scale of tens
2f microseconds =ar have been affecting the resonance structure

engugh to cause variastions. For the datza presented hare, the
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plasma generated noise was sufficiently low to avoid this
probliewm.

Since the measurement technique can only measure phase
duting one or two cycles of the wave (1-2 psec), a time history
of the phase could never be obtained. A phase detector has
recently been constructed and is being tested in conjunction
with the new antenna. This will allow continuous phase
measurement during the entire rf pulse, rather than at a single
instant in time.

Using this measurement technigue, the following phases
were measured. The phase difference between the (4=60°, GBOD)
and the (&=20°, 8=0°) probe ports on resonance was 50 degrees.
Since the toteidal separation is 30 degrees, this implies &
toroidal mode number of n=2. The mneasured phase difference
berween the (¢=QG°, 8=0% port and {¢=90°, 6=90°) port on
resonance was 90 degrees, indicating s poloidal wmode number of
1. From the fourier analysis of the ring antenna it is highly
uniikely that the mode numbers are anything other than the
iowest mode possible . The best choice for the mode is then
inl=2, Imi=1.

The global plasma discharge characteristics, with probe
inserted, is indicated by the Tokapole II program output of
Figure 5-12. This program generates the time evolution of
various plasma parameters whicﬁ have been cobtained by a digital

data acqguisition systems. The generic type of discharge is the

Fig. 5-12. Tokapole program output showing discharge

characteristics for data of Figure 5-11.
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kind represented by the waveforms of Figure 4-6a. The lower

and upper scrape-off plates are extended to their furthest
inward extent, so that their inner edges are abont 2.0 cm
outside the separatrix. This implies that the plasma curreat
nmeasurement yields a more accurate measurement of the current

actually flowing within the ¢entrzl current channel.
The rf pulse of approximately 1 msec duration is triggered
at 1.7 msec after the chmic heating trigger. The circulating

current through the upper ocuter hoop was ~20 A zerc—to-peak

with plasma present. The frequency was 1.16 MHz. The rf
trigger time was chosen so that during the rf pulise the plasma
parametars are changing least rapidiy, alleowing an

approximation te @ steady state.

5.E.2. Comparison with theory

In comparing these dats with the predicted resonant
location there arve two poinf{g to conslider. Tataronis et al.?
have shown that even though the Alfvén velocity is not constant
an a flux gurface, the resonance condition is still satisfied
an a flux surface. That 1is, the elgenvalues we are flux
surface quantities. We should thus expect to observe the
reseonance iying on & filux surface and not skewing off the
surface as the field lines wrap around the torus. This is the
first point- The gecond peiat is ¢to determine whether the

Tesonance occuts on the correct flux surface.
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The global discharge parameters used as 1nput to the

equilibrium code are the following.

B, = 4500 Gauss

Ip = 24 k&

Total flux = 0.065

current peaking parameter = 1.80
The eguilibrium code assudes Zero plasma current ouiside the
separatrix. This 4is & bad assumption for mormal gischarges
where as much as 30X of the rotal plssma current can flow
outside the separatrix. However, whem diseharges are run with
+he baffles inserted, &5 is the case here, it Thecomes & wuch
Letter approximation, since there is then only a very swall

amount  of

plasma current outside the separatrix. 4 mnew
equilibrivm code developed by fehimoroll which sllows plasma
current cutside the separatrix, eoupled withk Rogowski coil
measurements of the plasma current denmsity in the scrape-off
regioq, may significantly improve the match berween
experimental and theoretical equilibria.

A total fiux of ©.065 is chosen teo match the total
measurad hoop current..sf 288 KA. The current peaking
parazeter, B, is a free paramerer of the equilibrium codell

which spec{fies how peaked the piasma current profile should

sa. it is defined by the expression
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£(4) = RgB,{1 + goef]
where ¢, = (& - &)/ (dy — ¢1), dy is the flux value of the

magnetic axis, gy is a parameter adjusted during each iteration
te maintain constant total current, and { = RB¢. 8 is chosen
to match experimental data.

Recent experimental work by Osborne and Brickhouse!? have
shown that a pesking parameter wzlue in the viciniry of 2.0 is
approprizte in order to match the inversion point in sawtooth
data obtained from SYXR diagnostics with the g¢=1 surface.
Related SXR date shows that the discharge axis lies 2.0#3.5 cm
outwards in major radive from the center of the vacuum vessel.
4 peaking parameter of 1.10 gemeraztes a theoreticsl equilibrium
whose wmagnetic axls lies st the center of the machine, whereas
a value of 1.8 produces the required ouwtward shift of roughly
2.8 cm.

The thecretical flux plet for this discharge is shown in
Figure 5~13. The magnetic axis ldies 1.75%i.0 ¢z outwards from
the machine center. The filux surface on which the resonance
lies along the wmidplane scanms has been darkened for clarity.
Mote that the flux surfaces have a slight verticael elongation
which means that the rescnance measured aioung the wvertical
chord would be expected to lie at a slightly larger minor

vadius.

Returning to Figure 5-11, we observe that both the
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resonance profiles taken zlong the borizontal chords peak at the same electron density. The density profile had a peak

the same radius while the profile along the vertical chord equivalent protom number density of 1.0x10%3 cm_3 2znd a2 half
peaks about 0.5 cm further out. Note that these data are width of 5.0 cm.
plozted with respect to the magnetic axis locatien of Flgure The resulting theoretical Alfvén  fregquency  spectrum

5-13 and mnot with respect to the center of the vacuva vessel. (continuum) is shown in Figure 5-14 for the four lowest modes.

slthough individual measurement eTTOrs telative to the machine [Some previous attempts to match this data with theory16 used

center are ~t0.25 cm, both the vertical smd horizontal position current profiles that were too flat {corresponding to a peaking

z

&f the magnetic axis have errors of roughly 1.0 cm, causing

parameter of 1.10) and alse did not take into account the

the systematic error to dominate. Within the accuracy of these contribution to the mass density due to impuritiss. These

mezsurements, the resonant peaks do indeed lie on a flux ingccuracies have been corrected here.] For the (1,~2} mode, a

surface. resconance at 1.1%6 MHz is predicted to occur at 3.C cm a2long the
horizontal oid-plane. This agrees very well with the observed

To determine whether <the resonance lies on the correct iceation of the (1,-2) mede in Figure 5-11, where the resonance

fiux surface we have used this equilibrium t¢ provide the imput pesks at ~3.25%1.253 om. For varistions of the density profile,

for the fregquency S§pectrum coda®. This code also requives a toreidal magnetic {ield and plasms current profile within the

mass density profile to be gpecified separately within the code limits of their mezsurements, the isecation of the (1,-2) wmode

irEelf. We have used gaussian profiles since these provide a is predicted to cccur within 22.00 cm of its mezsured loestion.

go0d match with measurements of the line average denmsity (fzom The fact that the (1,-Z) mode is the mest likely mode

the wmicrowave interfersmeteri-) and  with edge demusity predicted to occur im a region where a {1,-2) mode is

measurements via Langmuir ?robeslb. Since this is a mass

experimentzlly cbserved seems to be stromg evidence in favor of

density profile, care must be taken to include the ceatribution agreement between theory and experiment.

to the total mass due to impurities. Using the impurity

concentrations of

oxygen, copper and aluminum estimated by
%rickhousei5, we have determined the total nass dewsity to be

1.5-1.8 larger than that due to a purely hydrogenic plasms with
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{m,n)
2271 =

Fig. 5~14: Theorétical continuum Aifven spectrum for discharge

Frequency (MHz)

predicts (m,n} = {1,-2) mode resonance location at
1.16 MHz at @ minor radius of 5.0 cm alomg

mid-plane.

Minor Radius {cm)
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. . CHAPTER 6

© ' CONCLUSIONS AND COMMENTS

The maln .experiuental conclusions of this thesis are

'euhnarized'es'folleus:

1) The observed resonances have wave fields which are polarized

perpendicular to the equilibrium magnetic fleld as required

for the shear Alfvén wvave.
'.2) The neasured tadial _location 1s in 3agreenent with the

'toroidieity and non*eireularity nf the plasma croes—eeetlun

analytlcally.

4) - The 'radial' width is in good agreéeeni”.feith.-'rouéh

U width dne o’ electron Landau damping. : This seema’ te be
consistent with the in:etnediate cellisiouality regtne_ of ‘the

; electrnns in these dlscharges.

_predic:ions of 2~D calculstion vhich takes 1nto eceoun: 'both.'

B 3)" The Tesonance Iies ‘on &  flux surface as .Predieted:

-calculatioﬁs based on’ ohmie dissipatiun of the wave Tesonance : -

| '.'enex'sy. ‘but is a factar of feur ' smllcr r.han a:he estimated S
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5} The rise time of the wave fields to 2 saturated value is
consistent with the upper bound limits that can be placed on
the peasured rtisetime due to finite osciliator risetime

sffects.

£} The rescmant enhancezent factor of the wave fields over the
corresponding vacuum Wwave fields is in vough agreement with
sradicted enhancement factors for the diverter ring antenna

sygcem, and Is consistent with ewpectstions for <the new

7} Correlstion berwesn che wave fields aund obhgerved rasenant
leading effects are consistent with ewpected gqualinavive

icading behaviour, but more work is NeCessSEry LU quantify this

regonances have been obzerved at teroidal locarions which ata
Sisregn: frow the vacuu@ anienta fields, indicating toroidal

wave propagation fvom the antenna.

4t this point, a few remarks are in order concerning what
else the observed wave anhancesent might be. Since the wave is

two orders of magnitude lavger rhan the drift wave freguency

*
(w ~10 kH#z), the mode is not likely to be a drift wave ot

anstable resistive or ideal MHD mode, 21l of which oscillate at

%
about w . Since the wave frequency is much less than the ion

cyclotron frequency {w=w_y/6), finite w/w.y; effects should not

play & tole. Also, since the mode is radially localized, it is

not 1ikeiy +to be & drivem stable discrete global kink mode as

ohserved on Pretextt and inferred om Tcal.

ince all measured properties of the resonznces are in

good agreement with predictions, and since there does not

appear to be soy other known phenomenon which can explaian the
resulzs, we are led to the conclusicn that these observations
constitute an experimental identification of the shesr Aifvdn

rescoance in a tockamak.

This experiment does not =nd heve fhowever; on  the
13

contrary, this is just the baginning. Ve have taken the first

@

ceps towards an experimental investigation of a new Tf heating
& (=

bl

schnigue. We have shown that the resonance does exist in &

o

skamak with properties that are in good agreement with theory.
iz is now time to procesd to the next stages of the axperiment.

There are two primary goals for future SARH research on
Tokapole 1i, both of which aze closely relazed. The fivst is

to continue studies of the resonances, refining end broadening

the scope of the measurements in order to strengthen the
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identification and provide wmore detalled knowledge of the muiti-chord microwave interfer would help e pin
TESODNANCes. Ir is interesting to note that, although ifom density profile, since it is not possible fto insert Langouir
cyclotron resonance was identified im  tokamaks long  ago, probes past the sepavatriz.
sroductive and oecessary studies of the wave properties {with Aleng this same linme iz the need to wore acouragely
mode  cenversion, minoTity sons, differant antenna deteimine tha perturbations o the plaema discharge by magnetic

af considerable 2id {n determining

the

location of the gl surface and the T, profile. Thess im turn the Tiags. Ths coupliing to helical medes will be
will afd in modelling the current prefile. Rogowski-eoil the rings asuld achieve, and considerably easier
measuresents of the plassa current density in the divertor The vastly increased power handling capability of
scrape-off region, counled with an equilibrive code tzecemtly will allow the

3

developed by Uchimoto® which allows for plasma current outside Tqeasurements, to be performed more rteliably

the separatrix, could also go a long way toward constructing am plasma noise

equilibrium that more closely matches experiment. A which has not been the case with the rings.

since

possible with
stronget bthan
to interpret.

the rf systes

wave field measuremenis, especizlly the phase

background

will be a2 small perturbation on the wave signal
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Caupling to specific modes with virtually zers coupling to
other closely lying modes appears to be pessible with the new
antensia. This has never been possible with the rings, and
complicates things considerably. With the good mode ¢ontrol
that is expected from the new antennas, and with the ability to
easlly and quickly change the frequency of the rf system, it
should be possible to do the defintitive frequency change
expetriment, 4in which the frequency of the t{ system is varied
while maintaining ail plasma parameters comstant. This should
shift the radial location of the resonance in one direction at
the other depending on the specific mode Ybeing observed (see
Figure 5-14). 3if sufficient profile information is available,
including good mode structure data, it should be possible to
predict which direction the resonance will shift and by what
smount. Such a measurement would provide further confirmation
af the resomnance identification. Attempts to do this
experiment with the divertor ting antemna  have been
congistently frustrated by Thardware limitacioums. it is
suggested that some emphasis be placed on this experiment in
the future in conjunction with mode structure studies with the
new antenna system. it should be ewmphasized that this
experiment is of only wmarginal value unless good mode structure
data can be obtained via phase measurements.

Along the same lines as the above experiment 1is another

interesting featute of the theory, i.e. the prediction of

frequency gaps in the spectrum. If such gaps do indeed exist,
it wmight be possible to detect them, but only if coupling to &
specific mode can be demonstrated with the antennas. As the
frequency is lowered (raised} for z particular mede, it could
be possible to  observe the mode”s disappearance and
reappearance agsin at a lower (higher) frequency, but with its
poloidal mode number differing by one. This would be a very
impressive experimental achlevement and would provide even

further confirmation of the theory.
A primary functiom of the new anteuna system Is, of
course, to perform heating studies. The ability to heat 2

plasma in this frequency range has been recently demonstrated
on the TCA toksmak at Lausanne?. This result effectively
certifies SARH as a technique worthy of intensive and
broadbased experimentation. Since Tokapole II has an ohmic
heating power of 50-100 kW, coupling even 10 kW to the plasma
from the antenna should have observable effects. With 1 M¥
eventuaily to be aveilable with four antennas installed,
coupling a few tens of kilowatts of pover should be achievable.
This iz sufficient for examining the various aspects of heating
such as antenna design and correlation studies between the
resonance structures and loading of the antenna. Attainment of
record temperatures is not a goal and should be left to
tokamaks which have the required high plasma currents.

Instead, these experiments should concentrate on studying the
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physics of the heating process. Some key physics issues to he really occur on a flux surface, or will 1t be spread over a

addressed are the following: larger region?

6) What 1is the heating effictency for various plasma
1) What is the heating wmechanism in different conditions and antenna configurations? Will the low beta of
coilisionality regimes, and which species get heated? Tokapole 11 prevent core hesting? Can core heating be turned on

2) What is the optimal anteuna current orientation with or off simply by raising or lowering beta past the critical

respect to the equilibrium field? Determining the answer to value of me/mi? Can the kinetic Alfvén wave be excited in the
this guestion on Tokapoie 11 couild be of enormous value im the - Tokapole II device.
design of futere high power SARH experiments on large tokamak 73 What happens to the confinement time as the rf heating

devices. This particular question should receive a great deal power levels are raised? Wili there be enhanced Ttadial

of attention since Tokapole 11 seems to be an ideal device to transport of plasma?
rest this in, becasuse of the large divertor scrape-off treglon
in which to place antennas.
3} Do observed rescnances ecorrelate with antenna loading,
and 1f so do they agree with theoretical caleculations? This
will require development of a 2-D code to calculate loading
numerically in the Tokapole I1 geometry somewhat similar to the
frequency spectrum code devoloped by Kieras4 to predict the
resonance locatlom.
4) 1f frequency gaps$ in the spectrum can be experimentally
shown to exist, what will be their effect on heating? Will they
simply indicate regloms in which no heating can occur, Or will

more subtle effects be discovered?

5) - what rvegion of the plasma will be heated? will 1t
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