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This thesis addresses the following key issues in the lower
hybrid frequency range: 1. What are the important physics aspects
of wave propagation and heating in an experimental situation? 2. How
effective is plasma heating in the complex magnetic field configur-
ation of the octupole?

Experimental work is accomplished by launching 1-10ms pulses of up
to 40kW of radio frequency power at 140MHz corresponding to the hot
plasma lower hybrid resonance in the octupole. A dipole antenna which
is moveable radially and is also rotatable couples wave power to the
plasma. Coupling efficiencles greater than 95% are achieved by proper
antenna placement near the edge of the plasma radial denmsity profile.

Substantial ion body temperature increases of AT; = 37eV
(ATi/Tio = 1) in a helium plasma are measurgd from Doppler breadening
of the helium 4686 & line using a Fabry-Terot interferometer. From
spatial scans of ion temperature u§ing aminiature transverse ion energy
analyzer in a hydrogen plasma, heating efficiencies in the range of
15-40% are found. The higher efficiencies in this range occur for
denser plasmas.

The spatial scans of ion temperature also show that the heating

zone follows a constant density surface defined by w/mpi = 1.2 as the
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peak density is varied from n = 3 x 1077em to n = 8 x 10 cm

with m/(gcimce}% = 0,7. As the peak density is raised above

n=3x lollcmMB, edge heating results and the plasma is driven un-
stable as indicated by rapid Plasma loss measured on a 35GHz microwave
interferometer.

3

For n = 3 x 1011cm" the heating zone is on the separatrix, The

.density is held constant during wave heating for periods of 10 ms
indicative of a stable interaction at this density. Temperature
decay times are l~2ﬁs at this density, @lse corresponding to a stable
plasma situation.

Ion heating is eliminated and only electron heating remains at
3

densities below n = 3 x 10llcm" In addition, as the magnetic field

. -3
is lowered, higher densities, above n=3x lOllcm , are required

to produce ion heating. No ion heating at any density occurs for
& )% > 1.5 where the magnetic field values are evaluated near
ce ~

the location of the lower hybrid resonance.

o/ {®
C

These observations are in close agreement with the theory of mode
conversion from a cold to hot plasma lower hybrid mode if we impose the
condition that kzve/w =~ 0.3. This represents a substantial upshift of
the k,  wave power spectrum from that which is theoretically predicted
to be formed at the antemna. Detailed wavelength measurements of kx
(from which kz can be inferred) confirm this and indicate that the
upshift in kz occurs near the lower hybrid wave turning point. Sub-
stantial electron heating (ATe=7eV) is also observgd using Langmuir

probes, congistent with electron Landau damping at these high values
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of kz. It is proposed that the mechanism for transforming kz from
the edge to enhanced values near the turning point is associated with
plasma inhomogeneitiés.

Wave probe measuréments indicate that a high Q eigenmode asso-
ciated with the fast lower hybrid brangh exists in the octupole but
does not couple substantial power due to the weak absorption.

The substantial ion heating with plasma stability obtained in the
octupole, together witb the excellent cortelaticon of results with the
linear theory of mode conversion provide optimism that lower ﬁybrid

waves can provide effective heating in an octupole.
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CHAPTER 1

INTRODUCTION

The ultimate success of any radio frequency plasma heating scheme
under fusicn reactor conditions will depend not only upen maintéining
a device with adequate plasma confinement and stability but also upon
success in at least the following ﬁhree areas. First of all, a sub-
stantial part of the wave power must penetrate to the plasma core and
be efficiently absorbed by particles having well confined orbits.
Deleterious effects along the wave path such as evanescent regions,
surface wave coupling, and parasitic parametric modes should be
minimized or eliminated altogether, if possible. Secondly, plasma
stability must be maintained during and after wave heating. Naturally,
favorable confinement and transport properties of a giveﬁ device will
greatly facilitate any heating technique. For RF (radio frequency)
.heating, this is a particularly crucial prerequisite since, frequently,
high energy tails are produced on the distribution of particle energies.
Bulk heating and velocity isotropization are then dependeﬁt upon con-
fining these tails for times longer than slowing downn and pitch
angle scattering times. Finally, any RF neating scheme must be feasi-
ble from an engineering standpoint. Efficient high power RF socurces
must be available at the required frequencies. Launching structures
must couple power effectively and at the same time be compatible with
fusion plasma conditions. Problems such as high voltage, hirh frequen-

cy breakdown must be overcome.
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This thesis will examine in detail RF heating in the lower hybrid

2 2 2 2 . .
i = . v
frequency range, Sy mpi/(l + wpe/ wce) Stix first proposed that a

least the first objective outlined above, namely core heating, could be
- . 1

achieved by a lower hybrid wave launched from the edge of a plasma,
His early hypothesis was baseéd upon a relatively simple approach using
linear thecory and an idealized geometry.

Subsequent theories,built upon Stix's work, examined for the case
of lower hybrid waves such things as non~linear and three dimensional

. 2-5 L .6 ' .

affects , propagation in complex geometries , and scattering from
density flucuations. ’

A variety of absorption mechanisms were proposed, including ion

1 ; . . : 3 .
cyclotron” harmonic absorption, and stochastic heating. Absorption
. 4,9 ' 10
through parametric decay modes or through turbulent processes was
also thought to play a role. Wave fields in the propagating region
were predicted to be localized along conical trajectories referred to
t t ll
as 'resonance cones', But later theories showed that turbulence at
, 7

the plasma edge could disperse the resonance cones. At large ampli-
tudes, self-focusing would occur also breaking up the resonance cone
. T S i 2
structure_and leading to parametric instabilities nmear the plasma edge.
Ponderomot ive force effects were thought te occur near the launching
structures which added further complications to the coupling /propa-
gation picture.

To date, there is no clear concensus on any single theory to ex-

plain results for high-power large scale experiments due to the com-

plexity of the lower hybrid problem, The need for information on



lower hybrid heating is, then., clearly acute if we are to have con-
fidence in proceeding.

One-half megawatt continuous wave sources in the frequency
range needed for fusion reactor conditions (1-5 GHz) can be ceon-
structed with present technology. It is envisioned that a waveguide

12
Tegrill" will couple power from many separate sources to the
‘plasma. Total radio frequency power levels of about 80 megawatts
are needed to achieve ignition for a conceptual tokamak reactor.lj

Lower hybrid heating experiments, to date, have shown efficient

. . oy L A
wave coupling to ions { >40%) aven though there is disagreement on
the wave mechanisms involved. Results from the Wega tokamak show
that ion temperature increases are greatest when the lower hybrid
resonanca is at the center of their device indicative of a mode con-
, 14 . , .
version process. Similarly, the JFT-2 experiment shows maximum
ion heating when the lower hybrid rescnance is present at the plasma

15 o ’ . -
core, In addition, they demonstrate, for their conditions, that
thera is no correlation hetween core ion heating and parametric insta-
bilities, eliminating this as a possiblilry. Their observed parametric
spectra originates at the edge, quickly saturates, and absorbs a
negligible portion of the pump power. On the othey hand, experi-
ments on ATC do show a correlation between ion heating and the appear-

. 16 ) .
ance of parametric decay spectra. The disagreement with JFT-2
and Wega results has not been resolved.

Recent experiments on Alcator A indicate the entire pump lower

hvbrid wave may undergo & slight parametric downshift in frequency



(3 MHz downshift from 2.45 CHz pump frequency) at the plasma edge.17

This downconverted wave is then mode-converted in the plasma center
and collisionlessly absorbed. Finally, the Petula tokamak has ob-
served parametric decay spectra with sideband amplitudes as large

18  Non-linear mechanisms appear to be associated

as the pump wave.
with heating in this case.

The type of lower hybrid experiments presented in this thesis
are the first to be performed on a torcidal octupole. Work on
the General Atomic octupole has concentrated on eletrom heating at
frequencies well above the maximum lower hybrid frequency.lg This
also is generally referred to as lower hybrid heating because the
wave follows the lower hvbrid dispersion relation between the

launching structure and the absorption layer. However, because

w o> Wy and because they are launching waves having large values of

kKn = E : E / EE]. rhe wave is absorbed through electron Laundau
damping. No ion heating directly by the wave is expected in their
experiment.

The present experiment, on the other hand, is designed with
w ¥ wLH and k"ve/m << 1, where vé = kTe/me, to avoid electron
taundau damping and allow direct icm heating by the lower hybrid
wava.

The chief advantage of heating by this tethnique is that reso-
aance should occur on a constant density surface defined by w = wpi‘
This surface can be chosen to lie along the density peak near the

separatrix, which is an ideal location in which to deposit wave

I~



energy and heat the plasma. Plasma near the separatrix is well
confined and remains stable to increases in particle energy below
the 3 limit. In addition, particles in this region are heated well
away from walls and hoops so that neutral reflux can be minimized.
This simple plcture is, of course, modified by such things as hot
plasma effects on wave dispersion, plasma collisionalitcy, inhomo-
geneities and non-ideal antenna effects, as described in the body
of this thesis.

A unique feature of the octupole relative to most other devices
in which lower hybrid heating has been attempted is its complicated
magnetic field geometry and plasma configuration. It would be
useful to know that this complication coupled with the large plasma
density and magnetic field variations found in the octupole does
not severely limit the efficiency of lower hybrid heating. Condi~
rions in the FM-1 Spherator lower hybrid heating experiment at
W = mpi come closest to the complexity of the octUpole.zo How—
ever, there are significant differences in other aspects of the
experiment such as wave launching conditions and power levels.

Further motivation for this experiment stems from the recent
interest in advanced fuel multipeole concepts.2l This experiment
and later ones will contribute to a preliminary data base for this
concept, as it develops.

Physics issues that will be addressed in this work, which
may be compared to other devices include: 1. Does the wave
penetrate and heat the plasma core? 2, What are the heating mech-

anisms involved? 3. Is plasma stability maintained during wave

[
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heating?
Core heating, question one, has been demonstrated on other

l4-16 Wega for ex-

experiments during the course of this work.
ample, inferred core heating partly through measurements of the
Doppler broadening of various impuity lines, and calculations of
the spatial location of brightest emissicn for each impurity.

In addition, charge exchange measurements showed a decay time of

Ti after RE heating on the order of the energy confinement time,
indicative of core heating,

In this experiment, we are able te use mere direct means to
measure core heating. This is because the relatively cold
(Ti,e < 30 eV) tenuous plasma (n < 2 X lOlZ cmm3) in the octupole
allows the use of probes that can be placed directly in the plasma
environment facilitating spatial scans. A variety:of probes can
be used to gain not only informarion about ion and electron temper-
acure profiles, but alsc spatial information about wave amplitude
and wavelength.

Ion heating can be unambiguously attributed to wave absorption
in the octupole since there are negligible ohmic currents. These
currents could otherwise produce increases in temperature from RF
induced changes in plasma resistivity. This has been a difficulty
14

in tokamak experiments.

As mentioned earlier, the physics of the ion heating mecha-
nism, question two above, has not been conclusively resolved to

date by any experiment. However, strong evidence presented in this



thegsis indicates that most of the ion heating occurs afrer a mode
conversion of the wave. Complicating effects cause an effective
upshift of a large part of the k, wave power spectrum. This lowers
the values of density and magnetic field at which absorption cccurs
and at the same time produces some electron heating. A possible

explanation of this anomaly will be discussed in the last chaprer.



CHAPTER 2
THEORY OF LOWER HYBRID

WAVE PROPAGATION AND ABSORPTION

The theory that will be outlined in this chapter serves as a
basis for designing the experiment and interpreting the reguits to be
described in subsequent chapters. As such, specific examples and
graphs of the general theory will be presented in terms of octupole
parameters.

Many of the theoretical vresults which follow can be found in the
literature and will be referenced where this is the case. An
attempt has been made here to collate these resuits and expand upon
key peoints.

To begin with, the cold plasma model will be developed. Finite
remperature corrections to this medel will then be presented. To
make the temperate plasma theory more tractable, the dielectric tensor
is ewpanded to first order in ki. Some of the important features of
the lower hybrid wave can still be described under this approxi-
mation. In particular, the first turning point of the wave is ade-
quately modeled.

In the second section, the wavedifferential equation is solved
to find the wave electric fields in both a cold and a temperate

plasma. Finally, the effects of collisions will be considered.

A, The Collisionless Model

We use a coordinate svstem in which the magnetic field is in



rhe 2 direction, and a density gradient exists in the x direction.
The plasma is assumed to be uniform in the v direction. The wave is

incident from the low density edge of the plasma and propagates

toward the plasma center. The Faurier analyzed form of the wave
equacion is given by,

R —

AEE) - B+ TECE =0 (2.1)

- B .
where n=kc/w and E is the Fourier analyzed electric field. For a

cold plasma this is expanded as,

e . 17

i(nz + Kxx) (1ny) (nxnz) ! EX

! |

i . > 2 L P

(":Lny) (.0 - 0, + K ) (0) B o =0
g, (0 (n® + K D ILE (2.2)
_ X Z%J L z_

The following quadratic equation in ni results by setting the

determinant of the coefficient of E equal to zero and taking

mce >> o 2> wCi ,
4 2 .
an '+ bng” +c =0 {(2.3a)
% 3
where,
= = 3 2
a KXX’ b (Kzz + KXX) (nz K X) + KXX
- 2y
c o= (nz_ Kxx) ny
w2y w?
Ky =1=--0% [1-= (2.3b)
W W
h

4
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w
kR o= -EE e =0 (2.3b)
XY @ I ci ce

Two solutions to Egn.(2.3a)result,

) L
oL ohE (s )
x 23 (2.3¢)

The larger root has a slower phase velocity and a resonance
2 2
{

0.
. i . .
for a = K = - ~%— kl - -?) = (. This i1s the root of interest
XX [ wE
in most experiments and is referred to as the slow mode. For n = (

Z

the slow mode becomes the usual extraordinary wave,
The smaller root of Eqn.(2.3)is referred to as the fast mode.
For o= 0 i+ assumes the common form of the ordinary wave. In
a uniform magnetic field the fast wave has no rasonance based upon
cold plasma theory. However, in a strongly non-uniform magnetic
22
fiald, the fast wave does have a resonance.

To analyze this situation we assume the following linear re-

lation between density and the square of the magnetic field:

I 2 - 2 2 . . "
Goe = Wapg T Bmpe, where B dwce/dwpe. Substituting this value
for wgg into the equation for the lower hybrid resonance,
2 2 2 4,2 ) ) ) . 2
K =1+ /o -l /u =0 lds a quadratic e
x pe/ o pl/ , yiel qua ¢ equation in w7

which has solutions of the form,

1.
=]

“piL L {2 - D-g)t fle* -1 -8)° +8al}
28 -
{2.4a)

where, O F —eweeeeeews 5o,
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We see that there are now two densities where resonance will
occur. The plus sclution will correspond to the slow wave resonance
and the minus solution to the new fast wave rescnance. Taking lim
3 - 0 in Eqn.(2.4a), the fast wave solution goes to infinity so
there is, ineffect, no rescnance which wns the case in Egn. (2.3c¢). Using
L'Hospital's rule to take the same limit for the plus solution in

Eqn. (2.4a) yields for the slow mode,

s = . (2.40)

Eqn. (2.4b) is just the usual slow mode lower hybrid resonance con-
dirion. This exercise shows that Eqn. (2.4a) reduces in the proper
way as B + 0.

In order that solutions to Egn. (2.4a) will be real we require,
[34—(1-@){] B+ a+m? >0

This will be true only if the square bracketed terms have the same
sign. It is sufficient to require,

B>~ (1-0)?

or,
8 <= (1+a)?.
The second inequality above yields negative values for both

plus and minus soluticns in Eqn. (2.4a) if we require that w? > 1.
This inequality must be rejected on physical grounds. The first
inequality, on the other hand, yi¢lds positive real sclutions for

plus and minus signs unless B >» (0, For B > 0 one solution is positive,



(slow mode) and the other solution is negative (fast mode). If

we are to have a fast wave resonance we must then satisfyv,

dmcze whzo
0> —r > =(1- =" (2.4c)
depe 0
when, 2
52> 1

‘

w
For the case mﬁgfwz < 1, the quantity mgl/mz will have either
one positive real solution and one negative solution or else complex
solutions as B is varied. None of these correspond to fast wave
resonances, so we must additicmally require the second inequality

in Eqn. (2.4c).

Equation (2.4c) then, demonstrates that the magnetic field
gradient must be opposite to the density gradient to excite a fast
wave resonance. In addition, from Eqn. {2.4a) the density at which
the fast mode occurs is greater than or equal to the density at
which the slow mode occurs. The minimum resonant density for the
fagt mode exists for the steepest allowable magnetic field gradi-
ents (8 = ~(1 ~a)?). Under this condition, the slow and fast mode

resonances coalesce at a densty given by,

w? a1

Fast wave resonances do exist for octupole conditions. How-
ever, as the above analysis shows, these resonances require that
the wave follow paths into the plasma center from high magnetic
field regions to low field regions (B < 0).

For waves launched from the lid region of the octupole, as

ig the case in our experiment, the ray trajectories are not suitable

for direct excitation of fast wave resonances. Only waves reflected
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from the octupole hoops or from‘the wall in the nose region are
capable of executing the right trajectories. Hence, it seems un-
likely that éhe fast wave plays a role in heating of the ocutpole
ﬁlasma. The above considerations justify primarily studying the
slow lower hybrid mode throughout the remainder of this text.

Figure 1 shows the values of wSl/wz versus wﬁ/mz at which the

. ; 22
slow lower hvbrid resonance exists.

We find that for high mag-
netic fields or, alternatively, low densites (w;i/mi << 1) the
resonanqe lies along a constant density surface defined by w2==m62.
Oﬁ the other hand, for low magnetic fields or high densities
(wél/w; »> 1) the resounance lies along a constant §§I surface de-

. 2 ) N :
fined by @ =, 0 , =W No resonance exists when the magnetic

2

‘ ce el h
field magnitude is below the value at which w? = wé or the density
is less'thanthe value defined by w® = w;l. For the octupcle plasma,
we are constrained to density values less than about an = 1 x 101 %em™?,
This provides an upper bound on the practical operating frequency
for our experiment of about f < 170 MHz, for [ﬁl = 3,5kG. A lower
bound is found from the requirement that w »> mél. IFor the octupole
;his implies f »>> 8MHz, In addition, so as noﬁ to impinge upon
the plasmﬁ or interfere with other experiments or machine operation
the launching structure needs to be as compact as possible, which
is generally an easier task at higher freguencies. The higher
frequencies, also, will allow heating of denser plasmas in general.

Taking into account all of these factors, a frequency of £ = 140 MHz

was chosen.
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B (kG)

Tjgure 1. The line Kxx= 0 defining the lower hybrid resonance.

Sample density profiles are superimposed (curves a,b,c)
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The scales of density and magnetic field in Fig. 1 apply when
the frequency equals this value, The parameters are within typical

operating parameters.

Sample octupole density profiles are superimposed on Fig. 1
Resonance occurs where the two curves intersect. This shows that

resonance will result at the peak in the density profile when that

3

peak is about a = 7x 10''em” The experiment will attempt to
approach this favorable situation as close as possible. From Fig. 1
we also observe that resonance must occur in the higher magnetic
field regions of the machine with B > 2.0kG. Finally, as the peak
density is raised, the resonance can move out toward the edge of
the density profile {(profile ¢, Fig. 1 ). This later effect can
produce edge hearing and should be avoided.

With this qualitative picture of the lower hybrid resonance,
we can construct the resonance surfaces on actual octupole flux
plots as shown in Fig., 2 . At the optimum density of n=7 x10 tem 3,
resonance is antirely aleong the separatrix, while at higher densities
the crescent shaped surfaces of Fig. 2b develop,

The minimummagnetic field values at the ends of the surfaces
shown in Fig. 2 are given by w® = @2 /(@? /w®~ 1) where w°’

h b1, Dl pi
is evaluated at this peak density. The width cof the crescent at

high densities (n > 7 x 10''em™?) and in the high field region of

the resconant surface (widest part of crescent) is given approxi-

mately by,
(wpi)z [\ 2.
A af = gﬁuu ﬂB&) (2.5)
w 2
pl w2
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a

25 msec

A= 1.5 x 10°

b

Figure 2.

o= 139 cm

n= 7% 10 meS
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maximum magnetic fields on the octupole.



Egn. (2.5) applies when Awg,huz > w¥w? where w® is evaluated in
pi pi h h

the high field portion of the resonance surface and, as before,

wﬁl is evaluated at the peak density.

Thus far we have discussed wave behavior near the cold lower
hybrid resonance and assumed the wave can propagate to this rescnant
laver. In actual fact only waves having a slow enough phase velocity
along the magnetic field are able to propagate all the way to reso-

nance, This condition can be writtenzz,

2
(]
5 1+ 28 (2.6)

2
z Wee

where mﬁl/mé; ig evaluated at the lower hvybrid resonance.
Equation (2.6) can be derived from fgn. (2.3) by searching for
values of n that make ni real inside the plasma. It is referred
7 3

to as the "accessibility condition'. Waves that do not satisfy this
condition can propagate only in the low density surface regions of
the plasma.

Waves that do satisfy Eqn. (2.6) still must pass through a
thin evanescent region between zerc density and the point along
the density profile where @ = wpe' Since fields at the edge of
this evanescent layer go like exp(wkzx) field components with high
kzvalues will be affected more strongly by its presence.

For kz values such that, nZ > 3c/ve, whare vé = KTe/me and
¢ = velocity of light, appreciable electron Landau damping will
absorb wave energy from the component of wave polarization along the

10,

magnetic field. . Thus, there is only a window in the n,
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spectrum of wave power that can propagate to the lower hvbrid
resonance,

For the octupole, a broad spectrum of n, values is accessible
to the resonance because of low electron temperatures. For rather

Pl
typical experimental parameters, T = 10eV and n = 7 x 10 cm"3,
a2

the window of accessible n,'s is given by, 60 > n, o> 1.3. In the

experiment, our antenna is designed to have a peak in the n,

spectrum near n ¥ 4, which is well within the allowable bounds
z

om n .

A.l. Hot Plasma Effects

The above cold plasma theory is useful for developing a simple
preliminary picture of lower hybrid heacing in the octupole. How-
ever it is really applicable only in the low density edge of the
plasma where wavelengths are much longer than ion gyvroradii. In
the plasma interior, as wavelengths appreach an ion gyroradius,
hot plasma theory must be used.

another shortcoming of cold plasma theory stems from the fact
that the lower hybrid resonance is a wave resonance rather than a
particle resonance. As such, energy accumulates in wave fields

rather than particle motion, and so no heating can occur. This

resonant field behavior may be analyzed from Fgn. (2.2) where,

2
By _ Dy - Kpom (2.7

Ey N, Mg

We find that Ex*-w as o_ + @ at the cold lower hybrid resonance,

for a finite E . The wave field could not grow to this infinity if
2



there were any dissipating of wave energy by the particles.
This would introduce a wave damping term which would limit wave
growth for finite input powers.

This phencmanom can also be seen by evaluating,

- >
JE=o0_E + ¢ E°
. XX % zz 7
where, ,
- { 1
o = iwe @° gw]-“—;———--> (2.8)
XX 0 pl Gy g? w2
5 h
@
g = ie =R,
zz 0 w
-

From this we recognize that J+ E is a pure imaginary number and
therafore no real power loss can occur. If collisions are included
in the cold plasma theorv, a loss mechanism for wave power will
result. This will be discussed in section 2.3,
Finite gyroradius effects will provide us with a heating mech-
anism for a collisionless plasma. This situvation is analyzed by
-

—
making an electrostatic approximation, namely assuming E = -V,

This will be a valid approximation in the interior of the plasma

- -+
since the lower hybrid wave has El[ It there (kx > k? and EK > Ez).

iinder this approximation, the dispersion relation becomes,

nk 4+ 2na K+ 'K =0 (2.9)
X ww X Z Xz 7 ZZ

We use dielectric tensor elements from hot plasma theory given

4
by,24
2
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where a refers to particle specie, A = k’v®/2w® » v* = 2KT /m ,
& O A oo

2= (w + nw )/k7v » I is themodified Bessel function, and Z.is

N &) 5

the plasma dispersion function. Substituting these dielectric

tensor elements inte Egn., (2.9) vields an equation of the form,

1+ 7% =0 (
o

2

.10a)

where,

it
o zuh (‘-

ine)
-y v Cloy o pClny
=X umz_mxn(é«ﬁ) (1 + £52(EM) = 0 (2.10D)

3 5 n
This equation is reallv a modified ferm of the ion Bernstein
dispersion relation, where a finite n 1is introduced into the equa-
- Z
tions. As such we might exXpect there to be some structure about the
ion cvelotron harmonics.
In general, Eqn. (2.1l0a)must be solved numerically. A detailed
study of this equation without approximation has been provided by
. 25 . . . ,
Simonutti. Brambilla makes an approximation to Egn. {2.10),
valid for A >»> 1 and k vu/wca >> 1}, that eliminates the need to
z
, 2
calculare Bessel functioms.
In this thesis, a numerical solution of Zgn. (Z.10) will not

be attempted since it would produce little new information and is

more appropriate to a theoretical thesis. Instead we will provide

<

a rough idea of the salient features of the hot plasma theory..



We assume, first of all, that k¥ and k are real and
X z

We are interested in determining the temporal

W= oGyt dw
r im

damping rate rather than the spacial damping rate because this will
tell us if there is true absorption of wave energy as opposed to
evanescence. We cannot distinguish an evanescent effect from a
spacial damping effect having only a knowledge of the imaginary wave
number,

We begin by assuming wi < mr. Total wave absorption can still

occur in this "weak' damping approximation. We can write,

O e
o Dim( r)
m- jad @ {Z.ll)
im E Epr(mr)
o Sy

o o .
whare D and D7 are the real and imaginary parts respectively of
im T

Egqn, (2.10b), which is evaluated for real requency, w . HNote that
r

the total damping rate is given by the sum of electron and ion con-

. , .. i , .
tributions, mim = mim + mim. Using Eqn. (2.10), values for Dim
and Dr will simplify as follows,27

) W Wl w0 3 a2
D%y = Sl e @ v gy Pt GO
im ¥ kz‘va -OUR B
n
o
Zw:; o .
N o ~(g + (D2
3} = .2 2 {1 + % I (A o n 2.13
) =7 (L g [T () e ) (2.13)
n= =0

¥  1iY/T erf (i&i)

o
where § = {mr - nw )/kzv , erf if the error function, and we have
n e o

used the value of Z for real arguments. Using the fact that

13
derf(z})/ %z = 2w ﬁexp(—z)z we can write,
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We first consider the contribution to wave damping by the ions.
In this case, the dominant term in Eqn. (2.12) (for a fixed value
of hi) will occur for the minimum value of Ei. This occurs when
@ is sufficiently close to an ion cyclotron harmonic. Through this
swehavior we conclude that the damping mechanism is ion cyclotron
damping at a high harmonic of the fon cyclotron frequency (since
WP ow has been assumed).

el
Another important feature is that in the limit as k = 0

Z

{or gi + ) all the terms in Eqn. (2.12) vanish, and Eqn (2.14)
diverges (Ei + ®), Thus, no damping occurs if the wave phase velocity
is exactly perpendicular to the magnetic field. This is an impor-
rant characteristic which will distinguish this theory from the
straight line ion orbit treatment, to be described later.

The requirement that w be close to an ion cyclotron harmonic
is easily satisfied in the octupole. In fact, near the lower hybrid
resonant layer, confining magnetic field amplitude variations are
such that the wave frequency will be close to twenty different ion
cvelotron harmonics between w = 25wci and w = 45wci. Strong ion

damping is thus expected. Of course, some variations in the exact

magnitude of the damping will occur, depending upon the value of li



at the puint in the plasma where an ion cvclotron harmonic is
encountered.28

Since Ae/Ai = mé/mi we can take Ay << 1 and obtain an accurate
representation of electron dynamics over the region between the
plasma edge and the point along the density profile whereli ig on
the order ten, which covers most of the wave interaction region,
Under their approximation, the Bessel function in the electron
term of Eqn. (2.12) can be approximated as In () = (Ae/ﬁ)n/n!.
From this we see¢ that Io will be the largest Bessel function in
the summation. Also, (Si)2 »> (Ei)2 for n # 0. Because of this, an

examination of Eqn. (2.12) reveals that the n = 0 term will be

the most important term in the summation. D;; can then be simplified

as 2 : e, 2
' 7 i1} - _(r
“/Eree To(h)) e e g€ o (Qo)
D€« e 0 (2.15)
im 1(2Vé o

. e , ,
The quantity 3D /3w , in turn, can be written,
r
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Further simplifications result by assuming that &O >> 1. 1In this

1 2
limit, erf (i£%) = (—l)/(wligg) exp (Ei) and Eqn. {2.16) can be
Q

written,
€ 2
B -2 1) eTe (2.17)
Uy kzvgm
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The final expression for the electron damping rate then becomes,
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Unfortunately, the ion term does not simplify in the present
. - -2, . .
case. However, it can be held fixed while &~ 1is varied since the
o
electron thermal velocity is independent of any variable in
i . . . NI
3DY/dw . Because of the exponential function of -(£,)° in the nu~
r r

merator of Egn. (2.18) and the fact that the denominator is in-

=

sensitive to changes in Eg = g/l v for fixed v, we see the relation
e

of the electron damping process in this case to ordinary Laundau

damping. Namelv, as the wave phase velocity approaches the electron

thermal velocity, the damping rate becomes appreciable.

A.2. Uamagnetized Ion Approximation

It is apparent from the above analysis that both the ion and
alectron contributions to wave damping are, in general, very con-
plicated functions. In attempts to simplify che situation, what
is often done is to assume that the ions are unmagnetized and so

23 Electrons, on the other hand, re-

execute straight line ovbirs.
main magnetized and are treated much as they were before.

Since wavelengths can be much less than an ion gyroradius
and the frequency is much greater than the ion cyclotron frequency,

this may seem, at first glance, to be a reasonable approximation,

particularly if the wave damps away on a time scale less than an
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ion gvroperiod {(w, »> w ). We can obtain the desired approximate
im ci

result by taking wci = 0 for the ion term in the general dispersion

relation, Eqn. (2.10). This vields,

LJN

. W . i 3
ni - zv% (L+g 2 (g;) ). (2.19)
1

o

We have used the fact that

{~-1

I (A ) = exp (A ) in obtaining
n i i

Eqn. (2.19)., Using once again the expansion of the plasma dispersion

function for real arguments, we can obtain from Egqn. (2.19),

. —ut 1
D () = 2T i gl om(g) (2.20)
im v 122 o o
Vi
: 2(\2. i i .1 i
oty = SRk (gt e B erf (1£1) (2.21)
in r k"vz o O
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Taking w = 0 for the ion term in Eqn. (2.14), in turn, yields,
ci
b 1.2 2 i
b 0 2 i _ , . 21
; r(wr) _ “Wpy T (€5) erf (igé) (1 -2(65) + o)
0
. kzvi k v s
2
t (2.22)

i
Now if we assume go = u/k v, >> 1 then we can simplify Eqn. (2.22)
z i

as follows,

2
9
D gy
W K2yl (2.23)
r 1

e
Retaining the former assumption that § = w/k v >> 1 we can
o Z e

uge Eqns. (2,.15) and (2.17) that have already been derived. The

damping rate for ions can now be written explicitly by combining

Eqns. (2.11), (2.17) and {2.23) to give,
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The electron damping term can be obtained under the assumption that

£ 5> 1 from Eqn. (2.18) and using the new simplified form for
O
3D%/8w in Egqn. (2.23)., This will give,
i r
RSN
2 3 -A ={E7)"
5.2 wES L ) et T
im | o o e
W (2.25)
it Te - 1
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We now have simple analytic forms for the damping rates. A

new phenomenon becomes apparent for the ion damping term, indi-
cated in Eqn (2.24). Wave absorption will now become large as the
quantity Ei = w/kv; decreases. This process is thus fon Landau
damping with the difference that it occurs across the magnetic field
lines rather than along the {i=ld lines. (We can speak of a magnetic
field for wave damping by ions because a magnetic field was retained
for electrons, which have a contribution to the ion damping term,
-

Eqn. (2.24), and define the direction of k.}.

It should also be pointed out that for the ion term in the
dispersion relation, Egn. (2.19), kZ and kx become identical when
the magnetic field wvanishes. This is because our dispersion relation
is a local approximation for a uniform plasma. Therefore, when B = 0

) ] ] s . - 4 ~ ~ 4 .
there is no distinguishing feature defining a z and an x direction.



Equations (2.24) and (2.25) differ slightlv from the results
of Glagolev.23 This is primarily because of the order in which
the derivative BDi/er was taken. In this paper, the derivative of
the general dispersion relation, Egn. (2.10), was first taken, and
then the limit mci + 0 was used to simplify the resulting expression.

Glagolev essentially takes the limit mci + 0 first and then takes
the derivative of the resulting expression for Dﬁ. In any event,
Glagolev must retain two terms in the asymptotic expansion of the
real part of the plasma dispersion function to obtain finite results.
In the present case, however, only a single term in the expansion is
necessary to obtain a reasonable approximation.
An interesting feature that is apparent from Eqns. (2.24) and

2.25) is that the ion damping will be largest where k is largest
(Ei is smallest). On the other hand because of the factor
exp(—le) in the electron damping term, Egqn. (2.25), electron damping
will be largest for the smallest value of k ®* k for a fixed value

X
e
of EO = w/k v , and assuming k << kx' Since {E] generally in-
z z

2
creases as the wave propagates from the plasma edge into an in-
creasing density, this implies that electrons will be heated near
the edge of the plasma, while ions will be heated closer to the center
of the plasma.

A sharply peaked electron temperature profile could allow
greater penetration of the wave before any elctron abserption would

occur. This would be the case, for example, if the electron temp-

erature increased at such a rate that the value of the guantity



(Ae + Zz) decreased from the edge toward the center of the plasma.
In any event, from this fact we see that the electron and ion
energy deposition profiles will be important features, useful in
identifying the absorption mechanismin the experiment.

Before going on, some of the limitations of the straight ion
orbit approximation should be mentioned. First of all, it is really
a fair approximation only in its description of the real part of the
dispersion relation and only to first order in k;. As will be
shown later, this is because in the actual first order expansicn of
the dispersicn relation, the magnetic field disappears from the
ion terms without directly agsuming that W5 =0 (typically, mcl
appears added to w, but since w >>wc' the wci quantity is neglected).

i ]
Tt can be shown that for higher order expansions of the dielectric
rensor elements in powers of ki, the magnetic field cannot be
neglected. Therefore, the straight line ion orbit treatment becomes
invalid for very large values of k3.

The neglect of the magnetic field in the ion term is a poor
approximation in analyzing the imaginary part of the dispersion
relation for all ki values. As we have seen from Egqn. {(2.10).
which is a more exact treatment that retains beth the magnetic
fleld and the higher order terms in ki, strong ion damping is
critically dependent upon being in the vicinity of an ion cyclotron
harmonic. There can be ne such dependence for unmagnetized ions

in the present approximation. In addition, we found from the exact

treatment that in the limit k¥ =~ ¢, the ion damping vanishes.
z
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However, in the straight ion orbit case, there is no such dependence
upon kz' In fact, damping is still appreciable for kz = 0 (see
Eqn. (2.24). Thus, there is no straightforward connection between
the theory for magnetized ions and the theory for unmagnetized ions,

Nouetheless, as pointed out by Simonettizs, there may be situa-
tiong in a real experiment where the zero order ion orbits deviate
significantly from precise helices. In this case, neither Eqn.(2.10),
which is derived under the assumption of exact, helical zero order
ion motion, nor Eqn. (2.19) for straight line orbits will provide
a precise description. Rather they may model the extremes of the
situation In this light, the ion damping description from an
unmagnetized ion treatment may be useful.

A.3. First Order Approximation

We turn now to one final approximation to the dispersiocn
relacion, which bears similarities to the straight line ion orbit case
just considered in its description of the real part of the dispersion
relation. Srill using the electrostatic approximation, the relevant
equation is given bv Egn. (2.9). %e expand the dielectric tensor

elements to first order in k° which yields,
®

K o= KO L w2
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K = K% 4+ &K' g 2.26)
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2z zz zz X

where,
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Substituting these values for the dielectric tensor elements into

Eqnn. (2.9) and assuming w/kzvi >> 1

and w/k v >> 1 vields the

Z e
approximate dispersion relation30,
n 02 O, >
K' k' + K k™ + K k=0 (2.28)
XX x Xy & 22 Z
Note that taking T = T = 0 in this equation yields the fluid
e i

plasma electrostatic dispersion relation with Vp=0,

o}
k2=_KZZk
X KO?
XX

(2.29)

Eqn. (2.28) will be valid up to some maximum value of 'S
X

This maximum will be determined by the degree of linearity of the

tensor elements with resgpect to ki.

From the numerical results of

30
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SimonuttiZS, Eqn. (2.28) appears to be a fair approximation at

least up to the first turning point of the wave. For kzve/m < 0.1
it is a good approximation nearly to the point where k;vi/wzz 1.
Above this value, Egn. {(2.28) is no longer valid.

Having obtained a rough idea of the range of validity of
Ben. (2.28), we plot k  versus density in Fig. 3 as determined from
Fgn. {2.28). Representative curves are shown for kzve/m = (.29
and k?ve/w = 0.16 with w/mci = 41.9. The dashed curves show results
that are predicted from the fluid theory, Eqn. (2.29). As shown
in Fig.,3, the wave propagates along the fluid plasma branch as a
backward wave until it reaches a critical density where a significant
deviation from the fluid theory occurs. It then turns around
and propagates back out of the plasma as a forward wave along the
thermal branch of the dispersion relation. The point where this
conversion from a backward wave to a forward wave occurs is referred
to as the turning point. The whole process is referred to as "mode

. . 9
conversion' in the literature. 223

The plasma parameters that occur
at the turning point have heen calculated by Simonutti%l They
may be obtained from Eqn. (2.28) by solving for ki and then taking

aki/aw; +~®, The condition that must be satisfied at the turning

point is then,

Ovz oL w12 2
(Kxx) 4Kxxk2 (2.31)

In terms of plasma parameters this becomes,
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Figure 3. Warm plasma dispersion relation {B=2.2kG, f£.,=140MHz).
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Sample parameters at which the turning point occurs are pletted
in Fig. 4., We have chosen the same values of kzvebJas in Fig.3.
Also shown for comparison is the cold plasma resonance. It is
seen that the maximum density to which the wave can penetrate de-
creases with increasing kz and can be well below the cold plasma
value for large k . This will be an important consideration in
interpreting experimental results.

The value of ki at the turning point can be calculated by

solving, once again, Eqn. (2.28) for k?and then using Eqn. (2.31).

X
This yields,
L
0 2
K
K2 = k?( - g%z-) (2.33)
X i XX

In terms of plasma parameters Egn. (2.33) can be written,

22 -~
kv k v 2 2
=1 o 1 z e @ 1 Te 't
—5 = I I A e
Wy 3w e 4T, O (2.34)

where 2 and:% are evaluated at the wave turning point. From
ci

this result, we plot k v /&  versus & /w in Fig. 5. We observe
X 1 CL ci

that k increases with decreasing magnetic field and with decreasing
X

k.
z

All of the above information on the turning point is useful

in obtaining an idea of how the dispersion relation changes under
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a variety of conditions. The turning poiant in turn is important
because it marks the point along the dispersion curve where ion
damping can start as the wave continues up the thermal branch of
the dispersion curve. Thus, it will be useful to compare energy
deposition profiles in the experiment with the turning point of
the wave. This procedure has the benefit that it provides a
gimple and convenient means éf obtaining a rough comparison be-~
tween cur theoratical expectations and the actual experimental
results.,
B. Wave Fields

B.1l. Cold Plasma Model

Briggs and Parker have demonstrated from cold plasma theory
" that the lower hybrid wave energy tends to follow narrow channels

referrad to as the resonance cones.ll

If fields at the plasma
edge have any singularities, the field in the resonance cones will
also have singularities. The less singular the excitation at tha
edge, the less singular will be the fields in the resonance cones,
in general.

Of course, under more realistic assumptions there will be
a limit to how sharply peaked this electric field can become.
The kz spectrum for the electric field broadens asg the field be-

comes more peaked. Eventually, k values will be large enough to
z

allow Landau damping and further field peaking is thereby inhibited.

This effect would become apparent from a hot plasma treatment.

The procedure for analyzing hot plasmafields will be outlined

36



later in this section.
One of the simplest forms that a resonance cone takes is found
for a uniform cold plasma.lO In the electrostatic limit the dif-

ferential equation governing wave behavior is given by,

3%9 Koz 3%

= - 12.37)
3x? Kyx I3?

It is easy to see that solutions of this equation have the
|
-2
general functicnal dependence, ¢ = d(z GKZZ/K Y %x). Therefore
XX

values of constant potential lie along a conical surface defived

—

ES)Y

by (z * GKZZ/kXX) x). This surface is the resonace cone.

The next step up in complexity is to allow the plasma to be
non-uniform. The following analysis of this problem is an ampli-
fication of the results of Briggs and Parker.ll The differential

equation that must now be solved is,

X o 2z (2.38%

Taking the plasma to be uniform in the 2 direction allows us to
easily take the Fourier transform of Eqn. (2.38) in the %2 direction

yielding,

2 2K

r +w.....]:._. XX
il ox
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|

o
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(2.39)

where,
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We now take solutions of Egqn. {(2.39) to be of the form,

o = u(x)p(x) {(2.40)

where,

.;-1:__ dx-}-g)
K
h@.4

p(x) = expi{-

I-)\’.‘
S K

1 (2.41)
- eU(KXX<x))"’i.

The quantity ¢ is a constant of integration that will be determined
from the boundarv conditions. Equation (2.39) becomes an equation for

u(x) given by,

2
2o+ F(x)u = 0 (2.42)
Jx2
where,
foo = oo DL et ey
K. ax § RS X z Koy (2.43)

This equation may be solved approximately using the WKB method.32

Accordingly, solutions will be of the form,
N

u(x) = C+exp(if(f(x)li dx) + c,,exp(—a’.f(f(:m:)l/2 dx)J

(£(x)) [
(2.44)

Looking for waves that travel only in one direction, the con-
stant c_can be taken to be zero. The indefinite integral can be
changed to a definite integral over the ragion from zero to x. The

constant of integration left over from this change, together with the



constant in Eqn. (2.41) can be absorbed into the coustant oL

This constant, in turn, is determined by the boundary conditions,

- . y
i = - 3 -3 ; 7 24
J(o,kz) pl{o) ufo) c+((f(o)) 'Kxx(o) Y . Using Eqns. (2.40)
and (2.42) the final expression for the wave potential resultsll,
Lol g i
~ ~ K, (0) (£(0)) 2% [ (£(x))? dx
t (xk ) = 3(osk,)) | e° (2.45)
z Koy () (£ 7

Now in order to satisfy the WKB criterion,the quantity £{x)
must be a slowly varying function, over one "wavelength". In
order to satisfv this requirement, we first impose the constraint
that the scale length for variation in Kxx be large enough that,

BRELTS TS
b xS R (2.46)

Also, the curvature in the density profile is taken to be slight so

that,

a2
57Ky

1 KZZ}
KXX Ix?

KXX?' (2.47)

<< k?
zZ
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With these conditions imposed the quantity (F{x)}* becomes,

L L

(f(x))7? = !kzl(— EEYE (2.48)
x

Identifying f(x) with the wave number ki, the WKB approximation

will be valid for,

(2.49)
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and,

IX (2.50)

Tt is found that the WKB thecty will break down near the lower
hybrid resonance since the dielectric temsor elements change very
rapidly there, and Egns. (2.46), {2.47), (2.49) and (2.50) are
violated. WKB can also break down near the edge of the plasma where
kx can become very small relative to its derivative.

Cold plasma theory will break down near the mode conversion
point of the wave, rendering the above results invalid near this
peint in the plasma. TFinally, near the edge of the plasma, where
wavelengths can approach free space values, the electrostatic ap-
proximation can breakdown. In this case the theory will be valid
onlv over a portion of the wave trajectory in the plasma interior.
We could not make a connection with the boundary electric field and
the interior electric field without including electromagnetic cor-
rections.

In any event,it is easy to show from Eqn. (2.45) that a sin-
gular electric field near the plasma edge will produce singularities
along the resonance cone channels. Medeling the boundary field as
a delta function, ¢{o,z} = §(z), we can write the Fourier transform

of the potential as,

Fo(x,z) = B(x) [H(kz) ollez8(x) Ly ik )) e‘ikzg(’{)]

(2.50a)
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where H(k7) is the heaviside funcrion, & ig the Fourier transform

cperator and
L
(K (o) K (0} ¢
i ZZ
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ik () g 60
v HX ZZ

Mutipiying both sides of Eqn. (2.50a) by exp(—clkzl) and taking the

inverse Fourier transform vields,
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= B(x)fi__{? elkz (g(x) + ic + z) dic, + ? emikz(g(x)+ic—z) dk

\!

o : z
=T L0 -0
(2.30b)
The right hand side of Eqn. (2.30b) becomes,
2 (g(x) + z) — ¢ i{g(x) - z) + CJ (2.50¢)

Now taking the limit ¢ = 0 of Eqn. (2.50¢) and the left hand

side of Eqn. (2.50b) yields the fimal wave potential,11

= ,,...i-_ l l
d(x,z) o B(x) {g(x) -z * g(x) + 2} {2.51)
where,
g(x) = ?(%55)% dx.
o Kxx I

Tt is observed that singularities form along surfaces defined by

g(x) = 2z, which are the resonance cones in this development.
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Taxing tne opposite axtreme forcomparison we impose a boundary
potential to be a standing wave composed of two sinusicdal waves

traveling in opposite directiomns,

ikpo? -ik .z
$(o,z) = elkz0® 4 g7H0%,

It

For this case, $(o,k_) S{k ) + &(~k_ ) and the wave potential
z 20 0

becomes,

H

¢(x,2)

[t}

B(x) cos(kzoz) el (X ko, (2.52)

A unique phase can be assigned to each point along the standing
wave pattern at the plasma boundary. By writing
2 cos k 2z = exp (ik_z) + exp —-(ik_ z)ia Eqn. (2.52), it is easy to
zZ0 z0o zZo

see that surfaces of constant phase are defined by gi(x) = %z.

The peaks and vaileys of the standing wave pattern originating at
the plasma edge thus follow the same surface that was followed hv
the singular potential imposed at the plasma edge (Fan.2.3%).

Thug, we f£ind that for the two extremes (i.s. a very broad kz
spectrult and a very narrow one) features at the plasma edge are trans-
mitced along the resonance cones. Thus, the energy flow will be along
the resonance cones. Also. interier fields are amplified by a factorv
B(x}. We can expect similar behavior for more intermediate forms of
the boundary k, wave spectrum.

The axial {z direction) distance that the resonance cone tra-
vels before it reaches the lower hvbrid laver can be calculated

from z, = g(xh), where %, is the distance to the hvbrid laver, For

h h
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a linear density profile this can be found from 4&it elementary in-

tegral of the form,

S UGERY b

2 = :_J dx = - L (& L (2.53)

1+ 8x 2 4 8
o
where,

Z&Tfez one i'e'I!'ez 8“1

s o s o mem e
w'm Ax wim, 9x

11

Noting that at x = x , 1+ Bx, #* 0, we find that {zhim(m‘/me) Xy,
i

"’

For the octupole configuration, we can qualitatively describe
the wave trajectory based upon the above simpiified analysis. The
gscale length of densitv variation is as large as about 40 cm across
the midplane of of the device and is small as 6 c¢cm across the bridge
regions. For an average scale length of about 23 cm, the wave will
travel two and one half times poloidally around the machine before
being absorbed near the lewer hybrid layer. In addition the wave
should exist only in the common flux regions of the machine when
the density is high enough that @ < wpi' This is because the wave
trajectorias proceed from the launching structure up to the point
where @ < wpi’ near which total wave absorption occurs.

8.2, Three Dimensional Effects

In the treatment thus far, we have ignored the effect of the
third dimension and taken kz = ), The dispersion relation, discussed
in the last section, depends upon kx,ky and k_, through the parame-
25

ters (k‘1 + ki) and k .7 Because of this, for a finite imposed kv
X b Z A

we mav obtain a new value for k2 simply by subtracting ky from
x



the old kx value, This fact implies that the mode conveysion den-—
sitv doas not depend upon kv’ nor is the accessibility condition
affected (since it depends upon k only through the parameter kz).
Thus some of the important features of rhe dispersion relatién are
unchanged by a finite ky‘

The effect of a finite ky on the resonance cone trajectories,
on the other hand, can be significanct. To see this, we first find
the vector trajectory of the group veloclty at an arbirary point
along a rav which will be found from, ?U x d% = 0, where ?g = am/gk.

(=3

The slope of the trajectory is then given by,

BX _ BX . 3.8y
3z Vaz 3z Vez (2.56)

Including a finite ky in Poisson's equation, the cold plasma
dispersion relation can be written,

D= (k¥ + k%) K_ + k*k = 0. (2.57)
K - ki XX Z ZZ

Note that D is a function of w, which, in turn, is a function of k

through Egn. (2.57). Thus it must be that,

3D 3D 3w . (2.58)
= =
ok dw 3k

Using KEgns. (2.58) and (2.56) we can then write for the group ve-~

locity trajectory,

Bz By i, 52 Ok, S (2.59)
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Substituting the values of the derivatives of D using Eqn. (2.57)

vields,

B

v _Eg Ky And 9% _  _®xX (_ L Ky
oz T k_ K "¢ Gz K K K (2.60)

z

From this result we see that a finite ky allows the wave group
velocity to have a component in the ; direction since 3y/§z is
finite. This was not the case in the previbus analysis. Also the
group velocity ray will move into the density profile (X direction)
more slowly as a function of z than the previous analysis showed
because 3x/9z decreases with increasing kv.

Applying this result to the octupole, we find that the wave
energy velocity will now have an additicnal component in the toroidal
direction because of an unavoidable ky wave spectrum resulting from
an antenna structure having a finite length in the ; direction. The
wave energy will follow a roughly helical path for a pure poloidal
octupole magnetic field. The pitcﬁ angle of this helical path will
varv with individual kv components ¢f the wave. We thus can expect
to find the wave distributed over 4 large sector of the torus rather
than only in the single azumuthal plane of the machine where the
antenna is located. In addition, the fields should still be found
primarily in the common flux regions of the device betwsen the walls
and the separatrix because of the nature of the wave energy tra-
jectories.

B.3. Hot Plasma Model

Up to this point we have used cold plasma theorvy to describe

the wave fields. This will give a fair picture over cnly a portion
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of the wave trajectories. Near and beyond the warm plasma wave
turning point another description must be used, as already mentioned.
The differential equation describing the wave fields in this
case, may be found by inverse Fourier transferming(in the kx sense)
- e - N
the general electrostatic dispersion relation k * K © k4= 0,

We write this explicitiy here as,

e (R ik d bk K )ik h ¢ ik, (K, )ik $ + ik (€ )ik d =0
(2.61)
For the purpose of inverse Fourier transforming, the order in which
the multiplications appear in Eqn. (2.61) will be important.

The dielectric tensor elements can be expanded in powers of

k: as,
* T = 2ol
kK= Jax, & =] s’
XX n=0 4 Xz n=0
© o (2.62)

-~
il
-~
&
-

51K n K |
oA LS. 2 S S - { xz) 2
- n - - -
a7 BT Tk =0 noopBt Tk Tk, =g
n
y = e ez |

N O N R
a(kx) kel 0

Taking the inverse Fourier transform of these elements gives,



b 2n
-1 . T 3 ,
& (KXX) / o, o §(x)
n=0 X
-1 o 32n+l
PO, )= ) B e §(x) (2.63)
xz nxo n BX 2n+l
-1 d £ 27
AR, =) vy "’ 8 (x)
n=0 Z2n
ox

where 8(x) is the delta function.

Now using the property of Fourier transforms,
F'_'l bl L
£ 7(F(g) F(h)) = g * h, (2.64)

where the asterisk denotes the convolution integral is to be taken,
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the inverse transform of Eqn. (2.61) can be ohtained. The result is,

o o 2n+1
5/ 7 o, X045 LT ey ?
g SR B Te o b
% ax._n, X n=0 3% 4} / ox
bl (2.65)
Fie 1§ g ) (3 Chal } 0
RIS U AR N . A

where it should be remembered that o , Bn, v , are functions of x and
n n

k7 in general.

Eqn. (2.65) represents the general equation describing the wave

fields incartesian coordinates. We see that the cold plasma equation,

Eqn. (2.39), results from the n=0 term in Eqn. (2.65) (BO=O for
Ti,e=0)' The next higher order equation will be a fourth order dif-

ferential equation derived from the n=0,1 terms in Eqn. {(2.65),
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]

a 3 5 82 (2.66)
= ax Bogg T Sk O Ty s 020

& Q
;. = ; - ' um
Recognize that o K., 11 = K g {1/% ) K42’

3 = (l/k ) Kips Yo = K;;, and Yy = K], as defined in Eqn. (2.27).

For kzvifm << 1 and kzve/wce << 1 it can bhe shown that ul >> szl

. ; Lz . .
and a (kZSO szl). This essentially means that the K, term
and the first term in the expansion for Kz can be neglected in the

equation for wave potential, After regrouping terms, Egqn. (2.66)

, 33
can be approximated as™

4 3 2
a¢+i§§la_.?_+?ﬁﬂ+i_§ﬁnm%_kzza¢zo
ax" oy Ix 3% ay 8x® % A% gx g Y1 (2.67)

An analvtic procedure for solving Eqn. (2.67) is given in refer~
ence 33. Based upon this equation Colestock34 shows, for a point
source at the plasma boundary, that wave energy flows from the plasma
edge along the cold plasma resonance cone channel found from
Eqn. (2.51). ©Near the warm plasma turning point the energy flow
turns around and propagates back out of the plasma, as expected

from the dispersion relation.

C. Collisional Effects

All of the analysis to this point has ignored the effects of

collisions. Plasma collisions can randomize the otherwise ordered

[o ]



and cecherent charged particle motion that results from the elec-
tromagnetic and electrostatic wave fields., This randomization is an
irreversible process and can lead to appreciable wave energy absorp-
tion before the wave is able to mode convert.
The maximum plasma collisionality that will still allow mode
conversion can be estimated from the constraint,
*m

[ kg (0 dx <L, (2.69)
o]

where kwi is the spatial damping rate resulting from collisions and

Py

the integral is evalutated between the plasma edge and the mode
conversion region (x=xm).
The following expression for ki can be easily derived from fluid

equationslo,

k k? I W, v v G . k2
Xi = Pl .._...%. e _&3‘ ( e __};_ ___z_ ) (2- 70)
2 2 T 2
er S “Kzz @ w w Wy Mg Kk )
where k™ =k, + k * and w * = w ow ., as before. The quantity k
X z h ce ci r

can be approximated from the cold plasma dispersion relation (we
are examining wave behavior only up te the turning point so cold

plasma theory is a fair approximation) ,

K L
IR 2 e D (2.71)
Xr KXx A

Substituting cold plasma values for the dielectric tensor elements

given by Eqn. (2,3h} we obtain for condition (2.69),
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( ‘FO( q) b lFO w!’i \I
% e | dy + A dpl| < 1 : (2.72)
Mo (1ﬂw>) 25 -t )
where, |
1
K= w (3;).EL E
T (me)
N \Y
Vo o= (e - S
1 (m w)
o -1 1 dn
)\2"’("‘"’:52’ “?{a—;lx:)cm
0l - L -1
Y = = ke =1 +~2f3'kz < (—i)§3
Te !

In Eqn. (2.72), we have assumed for simplicity that m/wh < 1.
This is a fair assumption for typical magnetic field values near the
turning point in the experiment. We have also assumed a linear den-—
sity wvariation.

Evaluating the integrals in Eqn. (2.72)lyields the final ex-
pression for the maximum collisionality that will permit mode con¥

version,

N 3 15 - 1.
<t e ((—PO )" (3-%) + 3 tan (EEEQJ"— i j

b 1-d,

Ly

o

1

1.
‘2

1 1
1~Jo)ﬁ

@xp < 1.

+ 5 tan

k;:::;“ol

e b S
- ( 46 (I-%,) ;

o
(2.73)

11 -3
cm

¥

For sample experimental parameters, Ti = Te = l5eV, n=5x10

®, and 2/A_ * 0.3, the left-nand

v /o= 3.7 x 1074, v /w = 6.2 x 107
side of Eqn. (2.73) is about 0.1. The inequality for this case is

well satisfied,and over eighty percent of the wave power will
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propagate -to the turning peint.

The choice of experimental parameters used above is close to the
actual experimental values after RF heating and so it will be mean-
ingful to compare the experiment with the collisionless model at
least up to the wave turning point.

A more exact treatment that is valid closer to the turning
point than the above analvsis reveals that exactly at the turning
point there is no special enhancement of wave damping due to colli-

35,36

sional absorption. In this case the constraint that allows us

to neglect collisions is given bv,

[ge]

N1 (
.\; J (__.9__} < 1

K e
TR S T

This is adapted from Eqn. (9) of reference 36 where the notation of
Eqnn. {2.72) is used for comparison. The form of Eqn. (2.74) is
much like the more approximate case, Eqn. (2.73).

For the same sample plasma parameters that were substituted into
Ean. (2.73) we find that the left hand side of Eqm. (2.74) is about
0.08. Thus, the more exact result, Eqn. (2.74), is slightly iessg
restrictive than Eqn. (2.73). We conclude, then, that for tvpical
experimental parameters, wave behavier follows a collisionless theory
up to and including the turning point. Thus mode conversion should

be present in the following experiment.



CHAPTER 3

EXPERIMENTAL APPARATUS

A. The Toroidal Octupole

The toroidal octupole has been described in detail in the litera-
ture.37“39 Only a brief description of parameters pertinent to the
lower hybrid heating experiment will be provided here.

Figure 6 shows a diagram of the octupole., A purely poloidal
magnetic field is produced by curreants in the four internal hoops
together with image currents in the aluminum walls. A flux ploc is
shown in Fig. 7. A 48,000 yF capacitor bank charged to 2.5 kV excites a
maximum poloidal field strength in the experiment of about 2.0 kG
near the surface of the outer hoops, 4.5 kG near the surface of the
inner hoops and zero where the separatrix field lines cross. A
small toroidal field of about 200G 1is applied near the center of the
machine by imposing a voltage on the toroidal gap. This field elimin-
ates the electron cyclotron resonance that would otherwise occur at
about B=50G for an applied frequency of 140 MHz. Finally, the mag-
netic field is crowbarred at peak field values and resistively de-
cays in from ~90ms to~160 ms .

The machine has a major radius of l.4m and a minor cross section
1.2m % 1.2m with a total vacuum volume of 8.6m3 . Both  Thydrogen
and heliumplasmas are produced by gun injection vith TiﬂTe=&OeV and
n =2 -0,5x lOl?‘cm—3 garly in time. Temperature decay times are

typically 1-4 ms initially due to dominant charge exchange losses
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and ion neutral elastic collisions., Density decay times are be-
tween 10-20 ms initially.

B. Radic Frequency Sources

Radio frequency power up to 40 kW at 140 MHz is produced by class
C, push-pull oscillators. Forward and reverse power is monitored
using a directional coupler and diode detector circuitry.

Schematics of the oscillators are shown in Figs. 8 and 9. The
140 MHz oscillator uses two 3CX1500A7 triodes. An operating fre-
quency of 140 MHz is a practical upper limit of efficient operation
of the oscillator in its present design. The limit occurs because
the required tank capacitance and inductance eventually fall below
stray tube and circuit values.

Care has to be taken to keep the inductance between the cathode
connections of the two tubes to a minimum. Any small inductance
there acts as an RF choke and also alters the phase of the feedback
signal unfaverablv., This reduces the amplitude of oscillation.

Opt imuyw phase  of the feedback signal can also be destroyed if the
path between the plate of one tube and the grid of the adjacent tube
is too long. A small fraction of a wavelength (several centimeters)
is all that is necessary to destroy oscillation in this case. The
physical construction of the oscillatror reflects all of the above
considerations.

The design of the second oscillator, which operates at 100 MHz,
eliminates many of the difficulties of the first oscillator and should

be capable of operation at higher frequencies with some modifications.
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Tt uses a pair of 1PL4 triodes operated pusb-pull, and functions
much like a Colpitts oscillator. Circuit elements with adjustable
impedance values are formed in this case from transmission lines
with moveable shorting bars. A complete descripticn of design consi~
derations and constructicn of this escillator is provided in Ref. 40.
Qutput coupling of both oscillators is.matched to a fifty Ohm
load by varying the size and position of the coupliag loop. A
matching circuit at the antenna,should one be required, consists of
a line stretcher in series with the transmition line and an adjust-
able shorted stub in parallel with the line. The line stretcher
transforms the real part of the antenna impedance to 50 Ohms while
the shorted stub cancels the transformed antemna reactance at the end
of the line stretcher.

C. Wave Coupling

The wave launching structure employed in this experiment is a T
shaped rod antenna shown in Fig. 10. The antenna is insertable and
rotateable at the edge of the plasma. In free space it is essentially
a top loaded dipole.érl A detailed analysis of this type of antenna
in the presence of plasma is provided in reference 42.

The length of the antenna (I =A/4) and its symmetry about the feed
point are designed to produce a kz wave power spectrum that satisfies
the accessibility condition in the presence of plasma (see discussion
after Eon. (2.6)). In free space and with the antenna arms oriented

along the magnetic field the value of n, = k?c/w peaks at about n_ = 4.

A

In the presence of plasma, some damping of wave energy along the arms
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of the antenna is expected as wave energy is counled te the plasma.
This causes the current distribution to peak more toward the feed
point. The effect produces a slight upshift and broadening of the
peak in the n, wave power spectrum. In addition, a slight upshift
in n, occurs in the presence of plasma because of an increase in the
effective dielectric constant of the antenna environment. As shown
in reference 42, both of these effects are small for low plasma den-
sities near the antenna.

Besides the nz spectral requirements, the wave electric field
needs to have a component along the wagnetic field in order to coup le
energy effectively to the plasmacore, This fact is easily deduced
from Eqn. (2.2). A real part to the loading impedance into the an-
tenna terminals results primarily because of contributions to this

42

field polarization by antenna currents. Other polarizations con-

tribute primarily reactive impedance values, and coupling to them is

)
poor.

In actual practice, with proper antenna placement, along the edge
of the plasma density profile, over 95% of the incident power is
coupled to the torus without the need for a matching network at the

antenna. A plot of this coupling efficiency versus radial position

for several peak densities is shown in Fig. 1l. The antenna arms are

-

oriented along B. It is observed from these figures that to achieve
a1l -3

this excellent coupling we must have, n > 3 X lOl cm . As will be

shown later, this is the density at which lower hybrid resonmance ap-—

pears in the machine and ion heating begins.
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This together with antenna coupling behavier with pogsition along
the density gradient are about the only characteristics of wave coup-
ling that are in agreement with theory.43 Disagreements become ap-
parent when the antenna arms are oriented perpendicular to the mag-
netic field. Coupling efficiency versus position for this case 1is
shown in Fig. 12. Surprisingly the behavior is almost identical to
that in Fig. 11. The fast wave should have been excited in this case.
But coupling to the fast wave is more difficulc because of a thicker
evanescent layer near the plasma edge.22 also, coupling to the fast
wave should not be sensitive tc the presence of the slow mode resonance
yet coupling is wost efficient when this resonance is present in the
machine just as it was when the arms were parallel to the magnetic
field. |

In addition, the fast wave should do ne ion heating according to

22
simple theory. = However, a measure of the lon energy distribution
using a gridded perpendicular energy analyzer (to be described later)
shows that ion heating is as great with the antenna perpendicular to
the magnetic field. We must conclude that the slow mode is excited
independent of the antenna's rotaticnal orientation.

The reason for this apparent rotatiopal symmetry is not known.

Tt suggests, however, at least two pessibiliries, First of all,
wave energy may be coupled to the plasma most strongly from wave
fields near the antenna feed peint, since this point has the rota-
tional symmetry required to egplain the results. A second possi~

bility is that strong density [luctuations (An/n > 1)} near the plasma
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edge randomly scatter the wave fields. Information in wave fields
produced at the surface of the antenna could be smeared out in several
gcattering lengths making one antenna orientation indistinguishable
from another as far as interior field polarization and wave dispersion
are concerned.

Since the fluctuations can occur independent of the presence of
RF waves the effect should be present no matter how small the RF
power level may be. In fact, wave coupling in this experiment is
observed to be independent of the antenna'srotational orientation down
to power levels of only a few hundred milliwatts. Further investiga-
tion of the wave scattering idea is warranted.

| The feedpoint coupling theory, by itself, does not adequately
explain certain experimental results. For example, energy coupled
from the feed point would look effectively like apoint source. A4s
such, it would create a very broad n, spectrum. However, results
to be described in chapter 5 indicate that the spectrum must be peaked.
Other results indicate that n_ wvaiues originating at the plasma edge
must be only slightly above the accessible n, value.

An experiment was performed to see 1f strong wave attenuation
along the arms of the antenna was oceuring, which is one possible
mechanism restricting fields to the feedpoint. An effectively
shorter antenna was constructed for this purpose by replacing the
original antenna arms with a small metaldisk 2 cm in diameter. If
wave power were strongly damped along the antenna arms, this antenna
should have properties similar to the original antenna. However, the

coupling efficiency of this second antenna was extremely poor. This



indicates that there are, in fact, substantial currents flowing along
the arms of the antznna and no gignificant attenuation occurs along
them.

If, then, radiation into the plasma occurs only from fields near
the feed point, the antenna arms must provide only reactive antenna
loading, as is the case for a free space antenna. But - this is a con-
tradiction of the basic theory which says that 1f currents do exist on
the antenna arms, wave fields are produced from these currents that
should couple very efficiently to the plasma interior.‘{‘2 The theory
is, admittedly, a linear one, but then we have established that the
phenomenon occurs for minuvte power levels of a few hundred milliwatts
whare linear theovy should apply. Based upon this sort of argument
it is difficult to see how the feedpoint coupling idea could be respon-
sible for the observed behavior.

Scme theory has been developed on the scattering of lower hybrid

3 7,8
waves near the edge of the plasma , the second possibility mentioned.
Unfortunatelv,no adequate comparison is pessible in this report
based upon available data. These results suggest, however, that fluc-
tuations could play a role and, therefore, are an improtant topic for

future research.
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CHAPTER 4

DIAGNOSTICS

Some of the principle diagnostic instruments for obtaining plasma
density, and electron and ion temperatures will be discussed in this
gection. These include a microwave interferometer, an optical Fabry-
perot interferometer, parallel and perpendicular gridded energy
analyzers, and Langmuir probes.

The Fabry~Perot interferometer and the perpendicular energy
analvzer will be described in greater detail partly because of the
author's more extensive involvement in development of these particular
diagnostics. 1In additionm, the detail is needed to make clear the
various limitations of each instrument, and facilitate proper in-
terpretation of key results in the next chapter.

A. Microwave Fringe-~Shift Interferometer

This instrument measures, basically, the average value of density

across the path of a coherent microwave beam. The analysis is straight

4
forward and leads te the result .
2
? 1 Ad
= = = = 2 R N =
<n> = n, (4[5 dx) (1.2 x10%) (7)€ (3.1)
o

where np is the peak value of density, B = n(x)/np, Ad is the relative
phase shift in radians measured by the interferometer, lo is the
length of the path of the microwave beam through the plasma, and £
is the frequency of the microwaves.,

In the present experiment the beam path is across the machine

mid-cylinder, where 2. = 100 cm. Also £ = 35 GHz so that,
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10
v o= ((4.2 x 10 ) Ad) em™’ (3.2)
Frequently, we will be interested in the peak value of density,
which requires a knowledge of the density profile. This can be de-
termined from Langmuir probes. For more approximate measurcements a
lower bound on this weak densitv can be determined by assuming a uni-
farm densitv prosile.  Thus, the average value indiecated in Egn. (3.2
also gives a lower bound on veak density. The more sharplv peaked the
profile, the higher wiill be the peak density indicated by a given
number of fringe shifts. For a triangular density profile, which is

an approximation to the experimental profiles,

noo= ((B x 10°%) Ad) em . (3.3

From a knowledge of tvpical variations in the deasicy prefiles Tor a
variery of conditions, it is safe to sayv that Egqn. {3.3) will probably
he within a facror of two of the actual peak value for most condicions.
Small reproduceable fluctuations, frequently superimposed on
thue interferometer fring pattern are believed to be due to diffraction
effects.®® Ihis isenrirely possible since the size of the microwave
transmitting and receiving structures (parabolic reflectors in this
case) are onlv a little more than 10 times the free space operating
wavelength, and since perfect plane waves are undoubtedly not produced,
particularly because of slight focussing in the presence of plasma. The
antennas thus look essentiallyv like microwave 'pinholes', with the
focus of the parabolic receiver picking up zones of constructively

and destructively interfering wave components as the amount of beanm
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focussing changes. The phenomenon is related to ordinary Fresnel dif-
fracticn. However, since the effect is slight and does not seriously
interfere with interpretation of results, it will not be congidered

further.
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B. Optical Fabrv-Perot Interferometer

The Fabry-Perot interferometer is a widely used instrument
in high reseclution spectroscopy. A schematic of the instrument used
in the present experiment is shown in Fig. 13. It will be used in
this case to measure the Doppler broadening of the line profile
of the helium II 4686 & n = 43 transition, although it can be
adapted to measure other lines in the visible spectrum. Ion temp-
arature will be deduced frow the full-width at half-maximum (FWHM)
of the profiles as described below. Detailed principles of operation
of the instrument are provided in the appendices.

B.l. General Considerations

The Fabry-Perot was chosen over prism and grating monochromators
primarily because of its greater luminosity at a given resolving power
(see appendix B). In addition, because of its higher resolution, it
is capable of measuring low temperature plasmas (> leV) that mav be
expected late in rtime after gun injection in the octupole. Finally,
the very narvow line profiles of high Z impurites, such as carbon and
oxygen can be measured with the instrument if desired.

There are a number of difficulties associated with spectroscopic
measurements of this sort. First of all, since a hydrogen ion has no
line radiation, we are restricted to measuring line profiles for
neutral hydrogen and ions of heavier atoms (bound electrons must be
retained). However, measurements of light from small amounts of
impurity doping (>10%) in hydrogen can many times be used to estimate

the majority specieg temperature.
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A further limitaion is that a given line will not have measureable
intensity above electron temperatures producing complete burnout of
the ionized state. A lower bound of measureable intensity is set by
excitation and deexcitation conditions of the state but these are
generally not very restrictive. Measurements with He II 4686 A have

. 4565

been taken invarious experiments over the range LOOeV<:Ti'<0.06eV.

Nifficulties occur in intermediate temperature ranges because of
fine structure splitting of the 4686 A line. This appears as a series
of thirteen separate components of varying intensirv spread over a
spectral width of about 0.5 K.&i6%maasurements of the fine structure
profile widths can be used to obtain ion temperatures, but this re-
quires that broadening be less than or on the order of 0.04 A& to assure
that the lines are resclvable. For greater line broadening, the fine
structure becomes smeared together. Interpretation of true broadening
then requires a knowledge of the osclllator strengths of individual com=-
ponents, which cannot be accurately determined in the present exper -
iment. If, however, one component of the fine structure is dominant,
the overall line profile will be an accurate representation of true
broadening. Without knowing if this is the case, we can assign an
upper bound to the line width, and thus the ion temperature, by as-
suming that this is the case. A lower bound car he estimated by sub-
tracting the spectral width of the overall fine structure from the
measured overall spectrum,.

Finally, it should be mentioned that most of the theory for line

radiation is based upon equilibrium situations. This is sometimes
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a questionable assumption for transient plasmas. Since Lt takes colli-

sions to produce equilibrium, we can expect the theories to be more

accurate as temperature decreases and density increases (recall that
2

collisional relaxation times are proportional to T/n).

Keeping this in mind, we will next compare various broadening
mechanisms based upon these approximate thecries to determine that
Doppler broadening will be the dominant profile effect.

i. Doppler Broadening

For a Maxwellian distribution of emitting atoms the full-width

; . . ) 7
at half-maximum Ffrom Doppler broadening is given hy4 .

KT1

1
: 4
A) (3.4)

A= (7.7 x 1077 A (
where A)\ is obtained in Angstroms (&) if A is in Angstroms, K’I?i is in
electron volts, and A is the atomic weight. For the He II 4686 A
line, this becomes, Al = (.lBG?)(KTi)%. Typical experimental temp-
eratures on the order of 10eV then have a Doppler width of about 0.57 &,

It should be mentioned that for a Maxwellian plasma the intensity
of the line as a function of wavelength will have a Gaussian shape.
Other distribution functions will have other shapes. It can be a
rather involved process to determine these shapes exactly unless the
instrumental profile is verysharply peaked compared to the actual
profile shape., Otherwise various trial line shapes must be convoluted
with the instrument profile and then fitted with the output profile.

In our experiment only slight deviations from a Gaussian shape

occur. In addition, energy analyzer measurements indicate that, under



nost conditions, the bulk of the plasma Is Maxwellian., We will
therefore not be concerned with the above complicatious.

ii. Zeeman Effect

The presence of a magnetic field in the experiment c<an cause
broadening, in addition to the Doppler effect, on the ofder of,

5= 1077 A3 (3.5)
where AA will be given in Angstroms if A is in Angstroms and B is in
kiloGauss. The effect will be important only at low temperatures,
where Doppler broadening is small, and for large magnetic fields.

In the experiment, the Fabry-Perot interferometer views a path
across the midevlinder of the octupole. The magnetic field strength
varies from about 200G, near the peak in density, to about 1LkG, near
the edge of the plasma. Zeeman broadening for 1 kG fields is 0.02 A.
It would thus be observable at the plasma edge only for temperatures
below about 0.0leV, from Eqn. (3.4). TFurther into che plasma, where
most of the line radiation for an onticallv thin plasma originates, the
Zeeman effect will be even less significant and can be neglected for
all practical purposes.

iii. Stark Broadening

Collisional broadening can occur when the lifetime of an excited
state of an atom is long compared to the collision time with other
particles., Ccllisions can take the form of interactions with the
microfields of neighboring atoms.

Detailed methods of calculating the amount of broadening expected

48
are given in Griem. A more approximate result for hydrogen-like
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atoms, also given in reference 48 is,

o (3.6

where p is the principle quantum number of the upper state of a given
transition, aé ig the Bohr radius, £ 1is the dielectric constant of
o

vacuum and o is an impact parameter which is approximated by,
o = (B ”T (3.7)
3
We see from this that the Stark width is mainly dependent upon
density, being proporticnal to n%: For maximumdengities in the octu-
pole of about n = 1 x lG]'2 c:sm—3 line broadening by this §rocess will
he on the order of a thousandth of an Angstrom and so can be com~

15 -
pletely neglected. It is generally important only when n > 10 cm 3

for temperaturas on the order of a few electron volts.47

B,?. Experimental Procedures

The experimental instrument made use of a commercial etalen
(Burleigh model TL-15) with 13 mm diameter plates. Plate spacing
can be varied in seven discreteincrements between 0.01-1.0 cm using
invar spacers. From Eqns. (3.11) in the appendix and for ) =4686 4,
rhe free spectral range can then be varied between AA = 11 A~0.11 A.

The etalon plates are fiat to within-A/100,where A = 5000 A.
Typical losses in the dielectric coatings due to absorption and scatter

are 0.2%. Assuming perfectly flat plates, the maximum transmittance

ig given by,



When the reflectivity finesse, is on the order of the plate

FA,
flattness finesse, Fc’ further reduction in the transmission will

4
osceur.

From Eqn. (3.13) the reflectivity finesse is FA=43, and from
Eqn. (3.18) the flattness finesse is FC=50 for A/100 plates. The
total mirrer finesse is given by Eqn. (3.14) in the appendix, me32.
The effect of plate error raduces £ hy a Factor of 0.8 so the net trans-
mittance should be better than 77%.

The maximum resolution is determined bv the mirror finesse. For
minimum plate spacing (0.01 cm), A = AN/Fp = 0.34 A and for maximum
plate spacing (1 cm) SA = 0.0034 A.

For expected plasma temperatures in the range Ti * 1-20eV, the
Doppler broadening is 0.2 4-0.85 4. A plate spacing of 0.5 mm was
chosen to give adequate resolution (§) = 0.07 A) while at the same time
keeping a wide enouch free spectral range {AA = 2.2 &) to include
most of the broadest line expected.

Scanning of the plates is achieved by means of 3 piezoelectric
(PZT) pushers and is electronically controlled. Plate movement iz
2.5um per 1000V applied to the PZT's and is linear with voltage to
within 1%. Voltage is thus proportional to the wavelength to which
the system is tuned. At \ = 4686 X each order of interference is
separated by 93.6 volts on the PZT's, which means that 0.024 A are

scanned per volton the PZT's.
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The predisperser consists of a 10 A bandwidth interference filter
centered at A = 4688 A with a +6.5% variation in throughout over a free
spectral range centered at A = 4686 A. Throughput efficiency is
about 40% at A = 4686 A, The bandwidth of the f[ilter was chosen to
block the He T 4713 A iline,which is considerably brighter than the
A = 4686 A line early in time after gun injectilon.

The collimater lens has a focal length of 254 mm with a pinhole
limited resclution of 5lp = 0.044 A from Eqn. (3.17) of the appendix.
The overall instrumental resoclution is then SXI = ((Slm)2 + (6Ap)2)%=
0.083 3, using Eqn. (3.14). An improvement in throughput could have
been atrained by increasing the pinhole size, but this would decrease
the resolution, which was undesireable.

The detector was a 1P21 photomulriplier used withour refrigeration.
fefrigerationwould have greatly reduced the dark current and improved
the signal to noise ratie, facilitaring measurements of low light
ievels often encountered in the experiment.

Etalon plate adustments produce parallelism of the plates when
uniform illumination is obrained on a card placed in the focal plane of
the collimating lens, using an expanded beam monochromatic laser
source to provide incident flux. This adjustment couid alse be per-
formed by illuminating the etalon with an extended, moncchromatic
source and adjusting plate angles until the bullseyve patternis unchanged
as one scans across the plates by eye. A third technique involves
adjusting the plates for maximum output and resolution for a mono-

chromatic source of light, which is more convienient once the
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instrument is permanently in place on the occtupole.

A rough check of the actual resolution of the instrument and
calibration of the voltage scale was performed from measurements of
the He T 4713 & line, using a helium spectrum tube. A 100 A inter-
ference filter centered at A = 4686 A was used for predispersion.
Line widths of 0.14 & were measured with voltage separation between
orders equal toc about 94 volts *5 volts. The voltage scale, then, is
quite accurately related to wavelength scale and is close teo instrument
specifications.

The resolution, on the other hand, is almest a factor of
1.7 times the theoretical value. If the natural linewidth of the
4713 A line were 82 * 0.1 A then the above measurement would be
roughly the convcolutionof the actual natural line width with the
instrumental function. Since we have not determined the natural line
width, we will assume as a worst case that the resclution is given by
the measured value A = 0.14 R,

Keeping in mind all of the background information on the instru-
ment developed in this section, sample line profiles for the
He IT 4686 A line are shown in Figs. 14 and 15. The profiles were
taken on the octupole using gun injected helium plasma.

The prefile in Fig 14 was taken 1 millisecond afrer gum injection
and has a Doppler width of 1,2 A, while the profile in Fig. 15 was
raken: 9 milliseconds after injection and has a width of about 0.5 A.
Both measurements are close to the actual widths since the resolution

of the instrument is better than 0.14 A. The error bars represent
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ba;s in Fig. 14 are due ﬁrimarily to lower light‘levels with only
slightly decreased noise levels early in time after gun injection.
The measured line widths at a number of times after plasma

gun injection in addition to Figs. 14 and 15 are shown in Fig. 17.
The linewidths decrease rapidly in the first 2 milliseconds, then
rgmain roughly constant at about 0.5 A for essentially the lifetime
of the plasma. This is much broader than the instrumental resolution.
Recalling our earlier discussion, it is probably the case that after
the first 2 milliseconds, we are measuring only the natural linewidth

45 The true Doppler

of the radiation, which we know is close to 0.5 A,
broadening is thus only slight and the temperature is a few aV at most
late in time.

For earlier times, considerable broadening is apparent (up to
1.6 A). Figure 18 provides an estimate of the temperature range that
can be calculated from these Doppler widths. The dashed curve
represents the absolute maximum temperatures that can be deduced from
the line widths. It ignores the natural linewidth of the radiation.
The solid curve in Fig. 18 is a more conservative estimate found by
subtracting the minimum linewidth measured (0.4 A), which is close
to the natural linewidth, from the values indicated in Fig. 17. We
find that the temperature is initially > 40eV with an e-folding time
of about 0.4 millisecond. The rapid temperature decay is indicative
of very substantial ion energy losses. These temperatures will be

compared with energy analyzer measurements in the next section.

Before concluding, it should be mentioned that when a substantial
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part of the line profile extends beyond the free spectral range under
observation, some error will be produced by superposition of the
additional light from outside of that range. Its distribution in

the spectral range being considered will depend upon the relative
orders of interference between it and the main spectral components.
For simplicity, we have ignored this effect here. It may be respon-
sible for some of the assymetries observed in the measured line shapes.

C. Gridded Energy Analyzers

The spectroscopic ion temperature measurements discussed in the
iast section have a number of shortcomings, in additien to the com-
plexity of line profile interpretation. First of all, spacial in-
formation is not easily obtainable in the configuration of the diagnos-
tic described. This would require knowledge of the point along the
density profile where peak emission of the line orcurs, which can-
not be adiusted independently of the temperature. Secondly, due to
the contrast limit of the Fabrv-Perot, only a limited range of enerpies
in a given energy distribution canbe measured. It can be easily shown
that the maximum measureable wavelength deviation abcut the peak in

the line profile is given by,

Imax, ~

2, - v !
LY (“ I_m..l..ﬂ..__i , (3.40)
A/\L; Y inZ }

S

where A}, is the Doppler half-width. For our instrument,
2
Imax/Imin = 28 and so, Ak = 2.2 AV . Thus, the maximum energy in the
1
2

distribution function that can be measured is only a factor of 2.2

rimes the thermal velocity.
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Energy analyzers overcome both of the above difficulties, allowing
both spacial information and a wide range of energy ditribution to be
easily obtained. The type of analyzer used most often in the exper-
iment is shown schematically in Fig. 19. It is a modified form of
the type of analyzer used in references 54 and 55 and measures pre-
dominantly the ion energy distribution perpendicular to the magnatic
field.

The axis of the analyzer is perpendicular to the magnetic field.
The distance between the entrance hole and the collector plate is
less than about 0.7 millimeter. In principle, ions with gyroradii
greater than this are able to reach the cellector, while electrons
with much smaller gyroradii are skimmed off by the surface grid of
the analyzer. Tor typical magﬁetic field strengths of about B=1.53kG
this corresponds to collection energies of Ti > leV for hydrogen
and Ti > 0,25eV for singly ionized helium. Accurate use of the an-
alvzer will be restricted to ion temperatures greater that these
values.

Metal parts of the analyzer are made of stainless steel and in-
sutators are made of teflon. The wires of the first grid need not
be finely spaced since they act only as obstacles for electrons moving
along field lines. The second grid, on the other hand uses a fine
mesh (0.1 mm wire spacing) with about 50% transparency. Biased with
a variable positivevoltage it acts as an ion discriminator and must
maintain an equipotential across the plane of the grid.

The collector consists of a shallow cup about 0.2 mm deep. The
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cup reduces secondary electron emission from the surface of the collec-
tor since any secondary electrons will flow along the magnetic field
lines parallel to the surface of the collector and be reccllected on
the side wall of the cup. Because these low density, low energy,
electrons stick quite well to the field lines the cup depth need not be
great.

The collector is biasednegatively withrespect to the case of the
device, which is at the floating potential in the plasma environment.
This negative bias eliminates electron currents that result from secon-
dary emission from the first two grids and from residual electron flux
not skimmed off at the entrance grid.

A sample of the probeocutput s shown in Fig. 20. Collected ion
flux is plotted versus positive bias votage on the discriminator grid.
We find that the logarithm of the relative flux is linearly related to
the bias voltage over more than two orders of magnitude in collected
flux. This behavior is characteristic of a Maxwellian distribution
function. A unique ion temperature may be determined from the slope

of the line in Fig. 20 according to,36

AV Ky (3.41)
Afarl &

If the voltage V jis expressed in volts then KTfkawill,be in units of
alectron velts.
A good deal of experimentation and development has gene into the

final design of the analyzer. The first analyzer tested was of
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standard designba’ss, and did not have the second grid, The collector
was . biased a few veltsnegative with respect to the case to sliminace
secondary electrons but positive with respect to the plasma potential
to discriminate ion energies. Large electron current collection in
this analvzer prevented ion temperature measurements. FElectron col-
lection could be reduced but not eliminated by placing a ring arcund
the entrance to the analyzer or by using it in the high field

(B 3 2.5kG) inner bridge region of the octupole, Sensitivity of elec—
rron current collection to magnetic field was also observed by Motley
et. al. 58 They found that the magnetic field had to be above about
3kG before electron skimming became effective., It became clear that
manyv of the electrons collected were a result of an anomolous electron
diffusion ascross the field lines into the analyzer. Minimum electron
currvents in the inner bridge region of the octupole were about
one-tenth of maximum ion currents. Thev increased with increasing
positive bias to distort the higher energy part of the distribution
function, giving low ion energy readings.

These alectron currents were substantially reduced by adding a
second electron repelling grid in front of the collector. The first
analyzer of this degign used on the octupole was constructed by David
Brouchous., Unfortunately, the small amount of remaining electron
current was still enough to prevent clear ion temperature measurements
under manv conditions. The source of these electrons is not clear but
mav be due to secondary emission from the second grid icself, or from

insufficient repelling of external electrons.
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It was found experimentally that these remaining few electrons
could be eliminated completely by simply altering the hiasing arrange-
ment of the various electrodes to the final form shown in Fig, 19 and
described at the beginning of this section.

One final problem was secondary emission by the collector. As
we have seen, secondary emission at the grids or any other external
£lux of electrons produces a decrease in fon current at the collector
and an effective lowering of ion energy veadings. Secondary emission
at the collector, on the other hand, results in an increase in ion
current at the collector and an apparent increase of ion energy
readings. Testing of the analyzer shows that this effect appears
onlv as an apparent tail on the distribution function and is most
apparent for low plasma temperatures.

The emission could be reduced by loweriny rhe nerative bias
on the collector. This reduces the acceleration of ions into the
collector and the associated secondary electron emissicn.

There are a number of c¢cmplications in internreting the data
even after electron collection has been eliminaced. First of all,
particles with large ratios of velocity aleng the field lines to
velocity perpendicular to the field lines will strike the walls of
the analyzer or the grid wires because of vpometrical considerations.
This is expected to be a small effect, however,because the ratio of
diameter to height of the analyzer is large (=7}, 1In addition, only
the low energy part of the analyzer characteristic should be affected.

4 second source of complexity arises because the guiding caenters
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of high energy ions are farther from the analyzer than low energy

iong., If there are significant density gradients over an ion gyro-
radius, the flux at a given energy will have to beweighted according

to its respective density. The largest gyroradius encountered in

the experiment is about 0.4 cm which is much less than the scale length
of densitv variation (f 4 cm), This effect is therefore not expected
to be important, unless the probe itself severely perturbs the density
over distances of an ion gyroradius. A number of other sources of
error involved in interpreting the analyzer characteristic are discuss-
2d in reference 55 and do not appear to be significant.

Keeping the above considerations in mind, sample ion temperature
measurements were taken in a hvdrogen plasma produced by gun injection
and are shown in Fig. 21a. Results are compared with ion temperature

- . 57

measurementcs from a different gridded analyzer placed in the zero
magnetic field region at the center of the octupele. Because there is
no magnetic field there, this analyzer does not suffer from the geo-
metrical complications of the perpendicular analyzer. The comparison
thereby provides a check on the perpendicular analyzer and an indica-
tion of how geometrical considerations affect performance. The agree-
ment between the analyzers is very good except at earlv times where the
perpendicular analyzer gives somewhat higher readings than the zero-
field anmalyzer. It is interesting to note, however, that an analyzer

58 : ) .
usad by Breun” also gave consistentlyhigher readings than the zero

field analvzer early in time.
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Gun temperature is dependent upon neutral pressure as shown in
Fig. 22b. Lower neutral pressures allow higher Eemperatures and longer
decav times consistent with losses to neutral atoms. Initial temp-
eratures for the hydrogen plasma between 30-502V are in close agree-
ment with Doppler broadening measurements in the helium plasma dis-
plaved in the last section. BHowever, temperature decay times are
tvpically greater than 1.2 milliseconds for hvdrogen plasma,a factox
of three longer than the decay time observed in the helium plasma.
This is very likely because the helium plasma is injected into a higher
background neutral density and because helium ion charpge exchange cross
sections in He gas 1re larger than profon cross-sections in HZ gas .at

, . - . >
the energies in this experiment.
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CHAPTER 5
ION HEATING ASSOCIATED WITH MODE

CONVERSION PROCESSES

In the last chapter we established a basis for confidence in the
ion diagnostics and in Chapter 3 we demonstrated efficient wave
coupling. We are now in a position to analyze ion heating by the
jower hybrid wave. Variations in ion heating with density, magnetic
field, spacial position, and power level together with the wave mea-
surements in Chapter 8 will provide a fingerprint by which an identi-
fication of mode converion processes, described theoretically in
hapter 2, can be made.

AL Bulk Ilon Heating

Before poing into very detailed measurements of ion heating
using the erergy analyzers, we will first verify by a separate diag-
nostie, the optical Fabry-Perot interferometer, that ion heating is
in fact occurring. Magnitudes of the ion temperature determined
from Doppler broadening of the He LI 4686 & line can be compared to
rhe energy analyzer measurements in the next sections of this chapter
to establish some credibility in their calibration.

Sample Doppler profiles before wave heating and after wave heating
are shown in Fig, 22. The experimental sequence of events inveolved
in taking these profiles is shown in Fig. 23, 4 2 ms pulse of 40 kW
of wave power is injected into a helium plasma beginning 3 ms after gun

. . -3
injection with an initial density of n = 8 x 1011 cm ~ measured on the
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Figure 23.

Upper photo: 35CGHz microwave interferometer fringe
shift and fon saturation current versus time after
heljium plasma injection (interwediate gun}). An
additional interferometer fringe exists off the scale
of the photo.

Lower photo: Light signal and RF power versus time
after plasma injection. Wave power = 40%kW turned

on at t = 3ms.
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microwave interferometer. Forty kilowatts is the highest power level
that has been injected into the plasma in this experiment. Consider-
able line broadening is apparent in Fig. 22 after wave heating. The
widch is 0.56 & before and 1.6 A after heating. Subtracting a line-
width of 0.4 & (recall that this was the narrowest linewidth measured
bv the instrument in Chapter 4 indicative of the natural linewidth
under present conditions) from these values and using Eqn. (3.4) we
find a temperature of 3eV before wave heating increasing to 40eV

after heacing,

We see that the ion saturation current in Fig. 23 after wave
heating is brought up to a value close to the initial gun value. Taking
into account the smaller densitv after wave heating and since isagxn/KT
the relative value of currents in Fig. 23 indicates that the temperature
alter wave heating is 1.3 times the initial gun value. We know from
the last chapter that the initial temperature of the gun is close to
40eV so the ion saturation current measurement is consistent with the
Deppler breadening measurement.

The ion temperature as a function of time derived from Doppler
profiles is shown in Fig. 24. The ion temperature decay time is O.4ms
which is 0.2 ms faster than the initial decay time found in Chapter 4
for gun injected plasma alone. Greater losses could be partly due to
known increases in background neutrals resulting from unionized re-
sidual helium influx from the gun plenum following plasma injection.

The decav time is., however, close enough to gun plasma dacay times to

indicate that the wave does not excite instabilities greater than
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those present for the gun plasma.

The Doppler broadening measurements have proved to be possible
with the present instrument only over a restricted range of experimental
conditions. For electron densities below about 5 X 1011 cm‘3, the
wave heating causes a normally strong light signal to vanish completely
in a few hundred microseconds. Microwave interferometer measurements
show that density decreases are slight on the time scale of the light
disappearance. The light signal returns a few milliseconds after
wave power is turned off.

The reason for this phencmenon is not known. It is not due to
RF interference in the phoromultiplier tube or its power supply, since
a helium spectrum tube light source placed in front of the instrument
does not show a variation in its signal as wave power is applied to the
octupole,

At densities above 5 x lOll cm~3 wave power levels need to be
above about 20kW to have a clear effect on the plasma. This is be-
cause of large total gun plasma energies before the wave heating
{n 2 8 x lOll cmd3, T = 3eV) and hecause of rapid energy loss mech-

anisms in the helium plasma.

B. Ion Temperature Profiles

More detailed information will be obtalned in this section using
Langmuir probes and the perpendicular ion energy analyzer described in
Chapter 4. Energy distributions will be measured in additicn tc temp-
erature profiles. These measurements wili illuminace the physics pro-

cesses involved and facilitate the determinaticn of heating
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efficiencies. A hvdrogen plasma is used throughout the remainder of
this chapter.

B.1. Ion Saturation Current Profiles

This is perhaps the easiest measurement to take on the octupocle.
It provides a measure of nvET across the plasma where T is the larger

47
of T, or Te. Fig. 25 shows the profiles before RF heating and at
two different times during heating for 20kW of incident power,

For this case, the heating peak shifts from about 0.25 inches in-
side the separatrix before RF heating to exactly at the separatrix
after 1 ms of heating. The peak in the ion saturation current in-
creases a factor of 3.4 during the first millisecond, then increases
more slowly for the remaining 4 ms of RIF heating.

Microwave interferometry indicates that the initial density is

2 x lOll cm_3 and increases sltowly over the duration of the RF pulse

to 3 x lO11 cm‘ . This means that the increase in lon saturation cur-
rent during the last 4 ms of heating is due primarily to a demsity in-
crease rather than a temperature increase. The increase during the
first millisecond, on the other hand, is caused primarily by a tempera-
ture increase which quickly saturates after a millisecond.

These current profiles, unfortunately, do not reveal if electrons
or ions are being heatied. Furthermore, the temperature profiles can-
not be determined for certain without an independent measure of the

density profiles. The following energy analyzer measurements will

provide a direct measure of ion temperatures,
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3
3
6 (AgTe + AgTa)
ls
nGZéZé (Byhg) “Lnh

Te = 7.2 x 10

(5.1)
where o and 2 refer to the plasma components, A is the atomic mass
number, Z is the charge, n 1is the background plasma density, T is the
temperature in eV, and inA is the coutomb logarithm. For the 68eV
rail shown in Fig. 26, equilibration with a 24aV background plasma

-3 rakes at least 2 ms, a time much

having a density of n = 1 x lOllcm
longer than observed tail lifetimes. Therefore another factor must be
invoived which shortens tail lifetimes.

Charge exchange cooling of the tail in the present case does not
provide an adequate explanation of rhe short tail lifetimes since, as
caleulated from formulas in reference 61, the time scale for charge ex-
change is about 9 ms for measured neutral pressures of p=2XlO_6 Torr.
This is much longer than thermal equilibration times.

A third possibility is that the tail is lost simply because it is
unstable and/or poorly confined relative to the main body. A detailed
analysis of this question is beyond the scope of this thesis. However,
as will be shown in Chapter 7, plasma that is heated off the separatrix
{(recall that the present measurement ig 2 cm ocutside) is indeed unsta-
bile and is lest very rapidly.

From the theory outlined in Chapter 2, collisionless ion absorp-—
tion is a finite gvroradius effect. As such, we would expect the high
energy portion of the distribution function to absorb wave energy

wefore it is absorbed by the main body. Thus, the obgerved tail
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formatiosn is consistent with theory.

Note that with thermal equilibration times on the order of a few
milliseconds from Eqn. (5.1), the main body heating can be due largely
to energy exchanggwith the tail particles for RI heating periods from
1.2-10 ms.

The fact that the distribution measured in Fig. 27 is Maxwellian
does not mean that there are no high energy tails. They may break away
from the Gaussian characteriscic at an energy outside the range of
measurement. Because of this possbility, it is difficult to speculate
orn the trends governing tail behavior.

In the remainder of this section we will quote ouly the main body
temperatures, without specifying whether they occur through direct wave-
particle interaction or through absorption of tail energy. The perpen-
dicular analvzer will measure the main body of the distribution for
energies grealer than a few electron volts, Above these temperatures
most of the distribution functiomwill have ion gyroradii greater than
the distance between the entrance limiter of the analyzer and the col-
lector.

Keeping the above preliminary considerations in mind, the ion
temperature profiles in Fig. 28 were taken. Fach peint is derived by
obtaining analyzer plots similar to Figs. 26 and 27, which requires up
to ten shots per point. Plasma shot-to-shot variation is less than a
few percent as monitored on the microwave interferometer and ion satur-
ation current probas in additon to the analyzer.

The profiles in Fig. 28 are taken at two different densities using
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Figure 28. Ion temperature increases across the lower outer
bridge region in the same azumuth as the lower
hybrid antenna. Hydrogen plasma is produced by
the large Marshall gum.
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the octupole’'s large Marshall gun, The analyvzer is placed in the

lower,outer bridge region of the octupole in the same azimuth as the
lower hybrid antenna. We find, in accordance with theory, a general
movement of heating to the plasma core as density is lowered. However, a
number of features need additional explanation. First of all, why

does substantial edge heating remain when the density is lowered?
Secondly, for the high denstiy case, why is there not a second peak

in temperature between the hoop and the separatrix, since we found in
Chapter 2 that at these densities the resonance exists on both sides of
the denstiv profile? Finally, why is heating obtained at a density of

Ollcmmg? The cold plasma theory in Chapter 2 indicated that

heating should have vanished below densities of about n = 7 x lOllcm~3.

only 3 x 1

A plausible answer to the second question stems from the fact that
the analyzer does not measure plasma in the private flux regions of the
inner hoops. Since this is also where a lower hybrid resonance exists,
only the common flux heating will be measured by the analyzer.

To provide more information to answer the first and third ques-
rions, ion temperature profiles were taken at a density of n=2xlollcm_3
using the octupole's intermediate gun. This gun produces hotter, more
collisionless plasmas with a factor of about ten fewer neutrals than
the large gun. Tt was thought that if collisional heating or neutral
ionization play a role in the anomalous edge heating at low densities,

a difference inthe profiles should be apparent.

The data is shown in Fig. 29. The profile after RF heating is

not very different from Fig. 28, with the largest heating stillieaning
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slightly roward the outsideof the plasma.

From the analysis in Chapter 2, section C, collisional heating at
these temperatures could absorb no more than about 20%Z of the RF power
The remaining 80% should have been absorbed over a narrow region at the
plasma center, producing a peak in ion temperature there. No such
peak is observed in the data presented thus far.

Since the above measurements were taken only a few tens of cen-
timeters from the antenna and in the same cross-sectional plane, it
was thought that large electric fields near the antenna might play a
role in the anomalies in the temperature profiles. To test this idea,
measurements were taken 180 degrees around the machine.

It was found by doing this that heating at the edge was reduced
considerably relative to values at the plasma center. Evidently some
anomalous heating does occur very close to the antenna.

The new data shows results in clearer agreement with theory and
is displaved in Fig. 30. Well defined peaks in the icn temperature
develop with Ti = 130 « 17eV that are substantially above initial plasma
temperatures of Ty f 7eV. We see that central temperatures are in
line with temperatures of 40eV measured with the Fabry-Perot inter-
ferometer at twice the power level in the last section using a helium
plasma. The peak temperature from the energy analyzer measurements is
at the center of the density profile for peak densities of n=3xlOllcm_3
and moves toward the edge of the plasma for peak densities of

-3
n=8x1011cm . The dashed line in Fig. 30 is a typical experimental

density profile from which we see that, in fact, the peak in ion
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Figure 30, Ion temperature profiles in hyvdrogen plasma. Wave

power = 20kW, pulse period = l.Zms.
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Densities are peak values. The dashed line is a

typical sxperimental densicy profile {(normalized to

peak density using the axis on the right}.
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i

temperature follows the constant density surlace n=3xlor om

This is substantiallv below the density that is predicted from
11 -3 . Lo .
cold plasma theory (n=7x10""cm ) and also the value that is predicted
from warm plasma theory (n=6xlOllcm_3) based upon the theoretical o,
spectrum of the antenna (n73£). The next section will examine in
greatar detail how the heating varies with plasma parameters to

nrovide addicional insight into this anomaly.

C. Variation with Density and Maenetic Field

In Fig. 31 we have plotted ﬂnKTi/E versus densitv for three dif-
ferent magnetic field values between B = 1.4kG and B = 3.3kG. E is
the RF energy input divided by the torus volume. ILon temperatures are
measured on the separatrix with the perpendicular energy analyzer.
Magnetic field values used are the highest fields found on the separa-
tyix. since this is where the wave turning poinﬁ will first appear in
rhe machine as densitv and magnetic fields are increased.

We find chat ion heating becomes effective above a specific value
of densicv which increases with decreasing magnetic field. For
magnetic field values below B = 1.4kG essentially no ion heating is
obtained out to densities of 9 x lOllcm—B. These trends are perhaps
the strongest evidence presented so far that a mode conversion process
is involved in the ion heating.

To make this statement more quantitative, we plot in Fig. 32 the
transition conditions where ion heating begins, obtained from Fig.31
rogether with additional data at B = 2.9kG. The theoretical turning

point conditions derived 1rom Eqn. (2.32) are also shown ir che



Figure 31. Variation of ion heating with demsity for

a B = 3,5%G
b B = 2.1kG
[ B = 1.,4kG

E = (RF energy)/(octupole volume).

The densitv scale is labeled on curve o,
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Figure 32.

Points represent magnetic fields and densities
where iomn heating first cccurs as parameters are
{ncreased (from Fig. 31). Lines are theoretical
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figure for comparison. Curve (a) ,for example, results if nz equals
the value at the antenna (nz=4). We see that the experimental points
are well below values of density and magnetic field that would result
from such an n, value. In fact, the fit with theory is good only

for higher values of n, such that kzve/w % 0,3. It now becomes clear
that the density where energy deposition occurs in Fig. 30 of the last
section (n = 3 x lOllcm"B) is very close to the turning point dens ity
for a wave having this same upshifted value for kzve/w. This provides
additional support to the possibility of an upshifted n, spéctrum.

If the o, spectrum of the lower hybrid wave does shift to the
higher value indicated in Fig. 32, energy in the spectrum at these
values would have to be fairly substantial. This is because near the
cransition densities, considerable RF power is absorbed by the ions.

Interestingly, at the same time that this result was first report-
ed, the Alcator group reported an increase in n, from nz=3 to nz=5

62
in their lower hybrid heating experiments. While this represents
less than one fourth of the fractional increase in n‘Z found in our
experiment, 1t yields about the same value for kzve/m, due to their
highér temperatures. A common mechanism producing this effect has
not been identified, however.

Detailed wave measurements in Chapter 9 will support the idea

that the n, value is upshifted from its value at the plasma edge.

D. Powar Dependence

The theory that is purported to explain results in the previous

sections is a linear ome. As such, one would expect heating to occur
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for all power levels nomatter how small. This, unfortunately is not
alwavs the case.

Fig. 33 shows the increase in uKT; versus RF power level for
an initial density of n = 2 % lOllcm—3. A clear threshold power level
of 5kW must be exceeded before any ion heating is observed. The plasma
densitv remained coustant below 10kW, so the threshold has nothing to do
with density changes.

The saturation in the heating at power levels exceeding J0kW
mav be partly due to increased impurity influx from the antenna, It
has not been studied in any detail, however, and is not relevant in the
pregent discussion.

The threshold behavior in Fig 33 suggests that a non-linear effect
occurs somewhere between the antenna and the lower hybrid resonance.
Because the results in the last twe sections can be explained by a
linear model at the resonance, it is possible chat the non—1linear re-
sponse is formed at the plasma edge near thé antenna.

Additional credence is lent to this idea by the fact that wave
fields and wave energy per particle are largest near the antenna
(measurements indicate at least a factor of six larger). In addition,
non~linear response near the antenna with linear response near the re-
sonance have been shown to be a possibility from a theoretical stand-

point.8

Finally, we know that something unusual is occurring at the
antenna because of the anomalous heating near the antenna reported in

section B.2 of this chapter. This complex question cannot be conclilu-

cively resolved in this thesis, unfortunately.
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Figure 33, AnKTi versus wave power. Initially, n = 2 ¥ 1011cm“3

for hydrogen plasma.
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E. Heating Efficiency

Accurate determination of the ion heating efficiency requires a
knowledge of all possible energy flow chavnels during RF heating.
Possible loss channels include such things as particle and energy trans-
port and radiation. Without explicitly identifying these channels we

will obtain an estimate of the ion heating efficiency, £ , from,
i

{9
il

2 1 fatnkry) av 2 (5.2)
2 pae F

v
where P is the RF input power,At is the RF pulse durationm, Qi is the
rate of ion energy loss, QnKTi is the increase in plasma energy density
at the end of the wave pulse, and the integral is taken over the oc-
tupole volume. A lower bound on the efficiency will be found by taking
Qi equal to the measured rate of decrease of plasma energy just before
wave heating. An upper bound will be estimated by taking Qi aqual to
the measured rate of energy decrease immediately after wave power
is turned off.

The volume integral can be calculated from the temperature and
density profiles in Fig. 30 and a knowledge of 30/3x, where 2 is the
volume of a magnetic flux tube and x is the distance across the bridge
region where the profiles in Fig. 30 were taken. Practical values of
30 /3% areestimated from planometer measurements of computer flux plots
of the ocrupole and zye shown in Fig. 34. This curve is first mul-
tiplied with the experimental temperature profiles. The resulting

curve 1s then multiplied with the density profile. Finally, the
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outer bridge region. {2 is the volume of a flux tube.
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integrated area under this last curve is taken to determine the total
ion energy increase.
Based upon this procedure, for a 1.2Zms, 20kW wave pulse, the ef-

-3

ficiency is 254 > £ » 15% when the peak density is n=3xlOllcm
(Fig. 30Ca) and 30% > ¢ > 30% when the peak density is n=8x1011cm—3
(Fig. 30b). It should be noted that the factor 3/? in Egn. (5.2)
ocours for an isotropic velocity distributionwhereas the measurements
in Fig. 30 provide only perpendicular temperatures. Earlier parallel
energy analyzer measurements show temperature increases close to those
in Fig. 30, indicative of velocity isotropy, thereby justifving the 3/2
factor.

additional contributions to the efficiency will be provided by

alectron heating described in the next chapter.
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CHAPTER 6

ELECTRON HEATING

As discussed in Chapter 5, sections B and C, the variation in ion
heating with density and magnetic field and the location of the heating
zone along the densitv profile suggest that the n, spectrum of the
wave uhaergoes a substantial upshift. For values of n, such that
kzve/m * (0.3, as indicated in Fig. 32, considerableelectron Landau
damping should occur wi;h associated electron heating.

In fact, electron heating is observed with &Te_i 7eV at
n = 3% lOllcm—3 for 20kW of input RF power. This lends further sup-
port to the possibility of a kz upshift. Electron temperature versus
rime is plotted in Fig. 35 based upon Langmuir probe measurements.
Temperature decay times are on the order of 1-2ms after wave heating.

In determining the temperatures in Fig. 35 the entire probe char-
acteristic is plotted for each point, and standard analysis is
used.”’&3 A sample probe characteristic after wave heating is plotted
in Fig. 36. The portion of the characteristic between ion and electron
current saturation is exponential over at least an order of magnitude
Occasionally, a high energy tail is observed on the characteristic just
as was the case for the ion distribution. The tails are generally
more apparent near the edge of the plasma and last for less than
100us.

From Chapter 2, we found that if ordinary Landau damping is

occurring, it should be strongest near the edge of the plasma.
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Sample Langmuir probe characteristic after wave

heating.



This has been observed in mirror machine experiments.
test this possibility on the octupole the electron temperature profile
after RF heating was taken using Langmuir probes and is shown in
Fig. 37 for a density of n =3 % lOllcm_B. The entire probe charac-
teristic was plotted for each point, once again.

Surprisingly, the electron temperature is nearly uniform 1t50us
after the RF. Uniform electron temperature after lower hybrid heating

20

was also observed on the FM-1l Spherator. A broad electron temper-
ature profile can be expected in the present case if the cross field
electron thermal transport occurs on a time gscale faster than 15C us.
The electron temperature profile would then have time to spread before
the measurement in Fig. 37 could be taken. Detailed calculations of
transport ratesare needed to determine if this is a possibility.

Measurements during wave heating would provide a better indication
of local energy deposition to the elecérons if it occurs. This
measurement was not possible in this experiment because of RFF inter-
ference on the diagnostic during wave heating. The profile can still

be broad in this case if the local heating rate is less chan the

thermal trangport rate.



133

Figure 37. Electron temperature profiles.
- 13,73 -
n 3 x 10%*em , wave power 10kW.
a. Before wave heating

b, 150us after the end of the RF pulse.
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CHAPTER 7

EFFECTS OF HEATING ON PARTICLE CCNTAINMENT

Considering the magnitude of the perturbation of the ion and
electron temperatures from RF heating described in Chapters 5 and 6
(ATJ._/'I‘..L > 3 and AT, /T > 2) it is not difficult to imagine that plasma
stability and confinement will also be affected. In fact, the efifect
on the octupcle is considerable,

In Fig. 38 are photos of typical microwave interferometer traces
with and without RF heating. For the samples shown, the peak density

before RF heating is n = 1.8 x 1012cm“3

which is well above the density
at which lower hybrid wave energy is deposited. Ton heating at the
edge of the density profile, similar to Fig. 30b, is initially oc-
curring as we know from energy analyzer scans. The rate of density
decav increases sharply when RF power is applied as evidenced by
rapid interferometer phase shifts. This behavior is apparently as-
gociated with the edge heating.

The data displaved in Fig. 39 makes this clear. The density decay
measured on the interferometer is plotted versus time after gun injec-

12 -3
cm

rion for four different initial densities between n = 1.5 x 10
and 0o = 5 X lOllcm~3. RF power levels are 1S5kW with pulse periods of
10ms. We find in all cases that the density decays rapidly in 1-2ms

1 -
after RF heating until n = 3 x lOl cm 3

.The density is then held con-
stant at this value for the duration of the wave pulse.

Note that this is the density at which wave energy is deposited

at the peak in the density profile near the separatrix, as we found in



Figure 38.

Fringe shift on the microwave interferometer
and icon saturation current versus time after
plasma injection.

Upper photo: No wave heating.

Lower photo: 20kW of wave heating applied lms

after plasma injection.
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Fig. 30a. Apparentlv, the edge heating at higher densities is an un-

stable situation, while heating on the separatvix is stable. The sta-
a1 11 -3 . . )

bility at n = 3 x 10 "cm confirms the strong wave-particle inter-

action at this density that was found in Chapter 5 for comparable wave

power levels.

It should be noted frem this result that, while the adge heated
plasma in Fig. 30b absorbed wave power more efficiently, it was un-
stable and poorly confined. Temperature decay times were on the order
of a few hundred microseconds which is shorter than loss times for
charge exchange under the conditions of the measurement. Therefore

) _ 11 -3 . . .
the reducad heating at n = 3 x 107 cm in Fig. 30a is really better.in
the sense that it 1is stable with temperature decay times on

the order of 1-2ms based upon energy analyzer measurements.
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CHAPTER 8

LOWER HYBRID WAVE FIELDS

The following wave measurements reveal a number of complexities in
the physics of lower hybrid wave heating. In section C of this chapter
wavelength measurements support the earlier idea that the kz wave
power spectrum shifts to higher values. In addition,they show that
this upshift occurs near the wave turning point. However, section A
reveals that a dominant fast mode is excited through some unknown pro-
cess. Observation of the slow mode is obscured by its presence. Fi-
nallv, section B show that parametric instabilities are present but
they do not appear to play an important role in heating.

EW Spacial Profiles

Wave potentials are measured with a coaxially shielded probe
having a small (0.5 mm), flat, insulated copper disk at the tip of
the probe which couples capacitively to the plasma. The signal passes
through a high pass filter (fc = 100MHz) to either a Tektronics 7704
high speed scope terminated in 50 Ohms, or aHewlett Packard 855118
spectrum analyzer fix-tuned to 140 MHz with a 500 kiz bandwidth. Both
signal monitors give the same potential nrofiles.

Sample profiles are shown in Fig. 40 for densities between
n=25x l(}llcmu3 and 2.4 x lOlzcmHB. Measurements are taken in the
upper inner hoep region near the lower hybrid resonant surfaces. Sur-

prisingly, we find that the wave fields propagate everywhere across the

density profile even for the highest density shown. Thecry says that



Figure 40,

Capacitive RF probe voltage, Vp {arbitrary units)

versus position near the upper inner hoop.

a n=256Xx lOllcm—'3

b. n = 1.2 x 108%™
12 -3

¢ n= 2.4 x 10 cm

Actual electric field values are found

from,

o, 2 1 yy2
|51 K(R? + wzcg) .

where R = SOQ, K is a constant, and Cp ig the probe
capacitance in the presence of plasma, which
decreases with density. A typical experimental
density profile near the inner hoop is shown by the

dashed line in (a).
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the lower hybrid slow mode should have been absorbed near the edge of
the dénsi;y profile for_these_high dénsities.

Iﬁ addition, for densitiés_above n =6 X lOll cm“3, a structure to
the wavé pattern develops that looks much like a standing wave. In
fact careful examination of wave patterns (b) and (c) reveals that
the peakb in (c) are closely c01nc1dont with the valleys of (b) as
if - he mode pattern changes from an odd mode to an even mode as density
decreases. The photo in Fig. 41 supports this.possibility. In this
photo, field amplitude is measured as a fuaction of time, as density
decays. We find that field amplitudes are large for densities at which
patterns (b) and {(c¢) exist but drop significantly for densities be-
tween these values. This drop is consistent with standing wave fields
undergoing a transition.between odd and even eigenmocdes. Finally, spa-
tial scans using a pair of subtracting probesplaced 1 cm apart (de-
scribed in section C) reveal that the phase between adjacent peaks is
180 degrees, consilstent with a standing wave.

The first thing to note about this behavior is that absorption for
this mode must be rather weak since standing waves are generally as-
sociated with high Q situations. The other observation is that the
wavelengths indicated by the patterns are a few centimeters which is
much longer than slow mede wavelengths even at lower densities. The
wavelengths are, however, on the order of fast branch lower hybrid
wavelengths.

From Eqn. (2.3c) we can approximate ni for the fast wave branch

at these high densities (mpe-— wce) using,



Figure 41.
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= §z - (8.1)

Taking pattern (b) as an example, with Ax ¥ 3.5 em, B = 2.5kG and

2 =3 . c . c
x 10+%cm , we find that n, * 0.5 must be imposed to satisfy

]

n = 1.
Eqn. (8.1). Curiously, at this value of n, cold plasma theory pradicts
that the slow mede branch of the dispersion relation joins to the fast
mode branch at the plasma edge. However it is not known how the wave
can propagate to the plasma interior since it must pass through an
evanescent region just beyond the thin propagating region at the plasma
edge. _A_similar mode was qbserved on_;he FM-1 Spherator experiment
which_%lsé_dominatad wa#e fields éﬁd was identified with the fast lower

20 O '
hvbrid wave. ™ . More will be said about this mede in section C.

B. _Pa;ametric instabilities
;f&é ﬁentioned in the introduction, parametric instabilities have

heen tofrelafed with ion heating on the ATC experimentl6 and are seen
in almost every high power experiment.ladlg

Parametric instabilities are also observed in this experiment
with representative spectra shown in Fig. 42. A lower sideband and an
associated low frequency spectrum are observed, characteristic of par-
ametric modes. Anomalous peaks in the spectra occur at frequencies of
30MHz and 100MH=z.

Tt igs observed, however, that the sidebands are more than 30dB
down from the main pump signal. In addition, the total area under the

sidebands is onlv about 0.0l times the area under the main pump signal.
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Figure 42. Wave power per wnit frequency, 5(f), versus

frequency measured near the upper inner hoop
N | l‘l "'3
separatrix, Wave power = 20kW, n = 4 x 107 em

(lower traces use higher gain on spectrum analyzer).
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It is difficult to imagine how such small signals could have much of
an effect on plasma heating.

Spacial scans of sideband and low frequency amplitude show no
significant changes relative to the pump wave. This indicates that
the small amplitude of the sidebands cannot be due o strong absorption
bv ions since we know from Chapter 5 that icns are heated locally.
This would cause a rapid drop in sideband amplitude near the heating
zone, which was not observed.

Further arguments against heating by parametric instabilicies
stems from the Fact that the sidebands saturate with increased pump
power levels above 20kW, while ion heating continues to increase.

The data is shown in Fig. 43 which should be compared to Fig. 33 from
Chapter 5. (Note alsc that clear thrashelds occur in sideband ampli-
rudes as power is increased, another indication that these are para-

netrric modes). We must conclude that these modes are not responsibie
for the observed heating.

C. Slow Mode Wavelengths

The heating behavior presented in Chapters 3, 6 and 7 as well as
the coupling behavior in Chapter 4 point strongly to heating by means
of the slow lower hybrid mode rather than the fast mode. This is why
the wave results in section A of this chapter were so puzzling.

A possibility for this unexpected behavior was that the slow mode
could still be present in the machine, but was simply swamped out by
the weakly damped fast wode. The arrangement shown in Fig. 44 was
constructed te test this idea. Signals from two identical RTF probes,

spaced 1 cm apart, first pass through a high frequency wideband balun
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Figure 44.

Subtracting probe arrangement for measuring short

wavelength slow lower hvbrid mode.
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and then through a high pass filter to the high speed scope or the

fix tuned spectrum analyzer. The output signal will then be propor-
rional to the potential difference between the twc preobe tips. The
common-mode rejection ratio through the balun was 40 db at 140 MHz.
The long wavelength fast mode will produce no output signal, while the
short wavelength slow mode (} << 1 cm) will produce a difference
signal between the tips. By allowing the density to decay from some

high value such that w<w the signal should go through maxima and

pi’
minima as the wavelength between the tips {(and thus the relative phase)
changes. The entire dispersion relation could conceivably be obtained
from one shot in this way.

In practice, the exﬁeriment worked better than imagined. ¥Fig. 45
shows typical output signals. The upper twe traces are the signals to
each individual probe tip, whilg the lower trace shows the difference

N : -3
signal as the plasma decavs from n * 4 x lOllcm to

il -3
n = 2.5 %x 10 em ~. A phase shifting pattern, much like an interfero-

meter trace, is observed just as expected. The amplitude of the peaks
in the fringe pattern are from % to % of the amplitude of the longer
wavelength fast mode, which would explain why the slow mode could
not be measured earlier!

The fringe pattern that develops in Fig. 45 cannot result from
the parametric sideband components observed in the last section. This
is because the amplitude of the sidebands are less than one-eighth of

the amplitude of the peaks in the fringe pattern. Therefore the

fringe pattern must result from wave components at the frequency of
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the pump wave {l40MHz}.

It is very unlikely that the pattern is caused by two wave com-
ponents of slightly different frequency beating together and forming
a modulated envelope signal. From Fig. 45 the beat frequency would
have to be close to about #kHz. The pump wave, however, has a band-
width of a few megahertz, It is difficult to imagine how two very
distinct and closely spaced frequency compenents could be isclated from
the myriad of possible frequencies within this band.

It is alsc unlikely that the fringe pattern is due to a plasma
fluctuation. Because of the high pass filter, thesefluctuations would
have to medulate the wave fields. The lack of medulation in the unsub-
tracted signals in Fig. 45 is evidence that no suchfluctuation is oc-
curring. In addition, lower frequency plasma probes do not show any
regular fluctuating signals resembling those in the photo.

We can obtain the wavelength of the wave from the fringe pattern
in Fig. 43, having established some credence in the measurement from
the above discussion. Combining the wavelength measurements with mea-
surements of ion temperature and density, we obtain the dispersion re-
lation shown in Fig. 46. The theoretical dispersion relation for
kzve/w = 0.29, 0.16, and 0.02 with B=2.2kG are included in the figure
for comparison.

For densities below about n = 2.75 x lOllcm—S, the wavelength
is slightly less than values based upon the theoretical antenna n,

spectrum, Above this density the curve can be explained by invoking

a monotonic increase in the edge values of n, as the wave propagates
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toward the plasma interior, consistent with the heating results in
earlier chapters.

The manner in which nz must increase in order to explain Fig. 46
is shown in Fig. 47 which is derived from the dispersion relation,
Eqr. (2.28). We see that values of kzve/w determined in this manner
are in close agreement with heating results (see Figs. 30 and 32 for

example).
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Fig. 46 and Eqn. (2.28),
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CHAPTER 9

CONCLUSIONS

We have demonstrated that lower hybrid wave heating is an effec-
tive method of heating both ions and electrons in the complex geometry
af a toreoidal octupole. Heating efficiencies between 20-407% have
bean obtained with stable confinement when the wave turning peoint is
coincident with the magnetic separatrix.

The heating zone follows the wave turning point if we assume
that the k, wave power spectrum is upshifted to a value defined by
kxve/w = (3,3, This represents a factor of between eight and fifteen
increase in the value of kz over its value at the antenna.

Assuming this same value for kzve/w, ion heating is measured only
when the theoretical lower hybrid wave turning point is present in
the machine. This is perhaps the strongest evidence presented sup-~
porting the idea that the wave undergoes a mode conversion from a
cold plasma backward wave inte a warm plasma forward wave which is
then absorbed near the conversion point,

Calculaticns in chapter two show that over 807 of the wave should
be able to mode comvert for typical experimental conditions. In
addition, we have eliminated in chapter eight the possibility that
ion heating is due to parametric instabilities. Both of these points
back up thepossibility that ion heating results after a mode coaversion
process.

Finally, we have verified that a shortwavelength mode (kxoi:lo~20)
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exists near the lower hybrid wave rurning point. Typical wavelengths
for this mode are verv close to those required for the slow lower
hybrid wave with kzve/w = .3, This is consistent with the icn heating
results and backs up the idea that kzve/w is increasing from its value
at the antenna. In additicn, the wave measurements indicate that the
increase in kz must occur near the wave conversion point where kx in-
creases rapidlyv.

The exact mechanism by which this upshift in kz occurs is not
well understood. The Alcator group has suggested in their experiment
that the upshift in kz that they observe is due to a parametric down-
shift in frequency of the entire pump wave near the plasma edge which
simultaneously undergoes an upshift in kz. While this result may
apply to the Alcator experiment, it is not consistent with our results,
since we observe the upshift near the center of the plasma rather than
the adge.

It can be shown that plasma inhomogeneities cause substantial in-

6,11
creases in kz near the plasma center. This provides a more reasonable
axplanation of our results, especially considering the nature cof the
octupole geometry. This possibility can be demonstrated mest simply
by reconsidering the electostatic equation for wave potential

(Eqn. (2.37)),

2wy g L

9% KX 3% dz oz az)= 0

In the analysis ¢f chapter two, the plasma was assumed to be uni-

form in the 2z direction. This allowed us to Fourier analyze this
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equation in the % direction and hold kz fixed as we moved in the X
direction. The value of kx increased censiderably along x. Because

of the symmetry of this equation in the derivatives with respect to

v and z, we could also assume uniformity in the % direction and non-
unifermity in the 2 direction. 1In this case kx would be held fixed and
kz would vary with plasma parameters. For nen-uniformity in both % and
7 directions, we would expect both kx and kz to vary with position,
which is what the experiment implies.

The argument can be made a little more quantitative by consider-—

11
ing, as an example, the results of Briggs and Parker. They assume
that a slight density gradient exists along a magnetic field lipe in
addition to a large gradient across the magnetic field. The total gra-
dient then makes a slight angle, o, with the normal to the magnetic
field lines. The angle need only be oo the order of o = (m_/m.)
have an enormous effect upon wave behavior.

Thev find that the wave number along the demsity gradient, kD’
now grows to large values for densities close to n=nH(l_+mi/me sinzm)ml,
where 0y ig the resonant density for the usual case of a=0.

But this large kD will now have a projection along the magnetic

field (2 direction) that will enhance the value of kz at the plasma

edge, ki, according to,

= 1 e
k7 kOSLnu + k5 . (9.1)

Since o is small, we can take k Zkk and sina* ufix/iz, whare ix
P

and Lz are the scale leagths for density variation across and along the
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magnetic field, respectively. The amount of kz enhancement will then

be given by,

3
Z H X
£ = (1 + -2 )
8 K2 9 (9.2)
z z oz
Taking values from the experiment, ki clw = 4, kxvikﬂci = 20,
and kzve;m * 0.3, we find that RK/QZ < .05 is necessary to produce

sufficient kz enhancement to explain our experimental results.

This represents a rather small variation in density along a
magnetic field line that would be difficult to measure in practice
particularly in the presence of RF heating. In addition it is possi-
ble that such a gradient would occur locally near the lower hybrid re-
gonance in the inner bridge region of the octupcele. Probe access to
this region is very restricted and measurements along a magnetic field
line would be almost impossible.

It is not unreasonable to expect, however, that local density
parturbations do exist in the presence of RF heating, considering the
magnitude of the ion temperature perturbacion (ATi/Tio > 3) and the
fact that lower hvbhrid wave power is deposited locally in space. The
RF heating could, for example, set up electrostatic potential barriers
along a field line to restrict the flow of plasma along the field.
Study of this area should have an improtant place in future research.

The results from this experiment imply for future lewer hybrid
heating experiments that efficient ion heating can be cobtained even
though careful contrel of the kz wave power spectrum may not be pos-

sible., FExperiments designed to achieve ion heating should therefore
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be flexible enough to allow for possible variations in the lower
hybrid resonant parameters caused by changes in kz from its value at
the launching structure.

Flexibility is in additionwarranted by the observation in the
octupole that lower hybrid ion heaging results from efficient wave ab-
sorption without preducing unstable plasmas over a rather narrow win-
dow of plasma parameters. Once attention has been given to the above

intricacies, however, effective lower hybrid heating can be obtained.
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APPENDIX A

PRINCIPLES OF TABRY-PEROT INTERFEROMETRY

A basic schematic of the Fabry ~Perot instrument is shown in
Fig. 13. The main part of the instrument consists of two parallel
and partially transmitting mirrors followed by a focussing lens. Ravs
of parallel light at an angle B to the mirror normal undergo multiple
reflections between the etalon plates and are then focused by the lens.
Each ray will have a different phase at the focal point of the lens,
producing an interference effect.

For an extended gource, rays of manv angles will be incident
on the instrument. If this source is alsce menochromatic , a bullseve
pattern will result in the focal plane of the lens. The distribution
of intensity along any line through the center of the pattern in the
focal plane is given bv Airy's squation

4R sin® (9/2) 4
oy T

I =1 (1 (3.8)

(1-RY*

where R is the reflectiviy of the mirvor, ¢ is the phase difference

between successive transmitted ravs, and I 1is the peak value of in-
m

tensity. The value of ¢ 1s given by,
$ = 4mucl cos ¢ (3.9

where U is the index of refraction of the medium between the mirror
plates, © = 1/, and 1 is the distance between the mirror plates.

The value of I will depend upon mirror reflection and losses according

il



163
£o,

I = (——) I (3.10)

where ID is the intensity of the incident radiation, and T is the
transmittivity of the mirrors after losses and reflection.

Note from Eqn. (3.80)that maxima in the fringe pattern occur
whenever § = 27n, where n is the order of the fringe. VFor fixed 7,
v, and ¥, we see from Eqn. {3.9) that peaks occur periodicallyv in
¢, producing the bullseye ring pattern mentioned earlier. Each ring
corresponds to a different order, n.

Normally, a pinhole is placed on awxis in the focal plane of the
lens (Fig. 13). This restriccs us to measuring at the pirhole only
ravs that are nearly parallel to-the axis of the device. With 9 = 0

and u and 2 now held fixed the peak intensity will be periodic in =

occurring whenever,

n
g o= " {3.11)
28

where the free space value for i, u=l, has been used. The change in
¢ between peaks, AN = 1/28, is called the free spectral range of (he
instrument. It determines the maximum breadch of the spectrum that
can be measured without confusion with other orders,

The spectral width at which the maximum intensity decreases by

one-half is obtained from Eqn. (3.8) as,

LR (3.12)
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The ratio between the free spectral range and the spectral width as
determined from Eqn. (3.8) is called the Airv finesse or reflective

finesse and is given explicitlyv as,

FAx:“i{:ﬂT}_ , (3.13)
8% (1-R)

Phvsically, the magnitude of the Airy finesse equals roughly the number
ol monochromatic light beams, equally spaced in frequencyv, that can be
resolved by the instrument within a free spectral range. Eqn. (3.13)
represents the maximum finessse possible in a given instrument. The
overall instrumental finesse will be reduced by such things as defects
in the mirror plates, or finite pinhole size. Each of these can be
assigned an effective finesse. The overall instrumental finesse will

49
R 4
then be given bv 7,

- |
7z “ o {3.14)
T 1 F§

where F_ is the overall imstrumental finesse.
i
Understanding these limitations, we can define the maximum re-

solution of the Fabrv-Perot as,

=-E-“—"?QA N
Rp = = = 2008, (3.15)

¥

[

From Eqn. (3.13), we see that the maximum resolution is limited bw
mirror reflectivity. Attempts to increase the reflectivity in order
to increase the resolution result in loss of transmission, as will

be shown later. In addition, as the reflective resolution Rr increases
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and F_ increases, eventually other broadening mechanisms will dominate,

£

as is evident from Egn. (3.14).

One other quantity that will be important is the contrast, c,
of the Fabrv-Perot. From Eqn. (3.8) a minimum in intensity occurs
when i = {Zn+l)7. Taking the ratio of maximum intensity, Im’ £o

minimum intensity vields,

(1FR) (3.16)

This characteristic of the instrument is sometimes a problem,
particularly if very bright spectral lines are present besides the
spectral line of interest. If the minimum in the profile of spurious
lines is brighter than the maximum intensity of the line under inves-
tigation, measurements are impossible even if rhe interfering orders
of the lines are arranged so that the peak of one occurs at the minimum
of the other.

The pre-disperser in front of the etalon must be carefullv chosen
to eliminate these interfering lines (Fig. 13). Tt is generally made
up of a prism or grating monochromator. or an interference filter. The
predisperser will reduce the overall throughput of the imstrument and
under some conditions mav even dominate the throughput efficiency.

The pinhole on axis in the plane of the telescope lens (Fig.13)
can also limit overall light gathering efficiency if it 1is smaller than
necassarv. If it is too large, on the other hand. it can destroy

resclution. More light is garhered as the pinhole size increases
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the instrument width should be on the order of the actual line width

to give maximum throughputwhile at the same time maintaining acceptable
. . . . - ) . 50 . ,

errors in the determination of actual line widths. This requires,

however, use of a flexible instrument and knowledge of the approximate

line width cof the incident radiation.
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APPENDIX B
COMPARISON OF FABRY-PEROT THROUGHPUT

WITH PRISM AND GRATING MONOCHROMATORS

We begin bv designating for each monochromator the incident power
ser unit solid angle per unit area per unit wavelength as the guanticy

5. The throughput will be given by,

¢ = [ { | sedadfd) (3.20)
Ao

where £ is the transmittance of the system, & is the solid angle of
light acceptad by exit aperature, and A is the area of the light beam
rassad by the system stop.

Foer uniform illumination of the system stop, and for incident

nower per unit wavelength squal to one, the throughput becomes,
To= Ale (3.21)

For monochromators having stops of equal area, we see that the
chroughput is simplv proportional to the product of transmilbtance and

solid angle of light accepted by each system. This assumes that the

resolving power allowed by the exit aperature, Rp, ig less than or on

rhe order of the maximu possible resolving power of the syvstem,

denoted bv R . Finally, to obtain a fair comparison among the various
o]

monochromators, we must examine throughput for equal resolving powers,

in addition to equal areas. This will be facilitated by obraining O in
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rarms of the resolution for each instrumeunt as [ollows,

For the grating and the prism moncchromators,which use slits,
o = 2do, whered is the angular height of the exit slit and do is
the angular width. The angular width of a moncchromatic extended

source at the detector will be given by,

. ds
A = da(—) (3.22)
dA
where di/dh is the angular dispersion of the dispersing element. The

angular width of the slit is thus related to the overall resolution of

the moncchromator according to,

do = o d8 (3.23a)
R dA
P
The total throughput can then be expressed as,
. AsBA de
v ”" (3.23b)
R dd

Specializing this eguation to the case of a prism monochromator,

we find,

=== (3.24)

where w is the longest distance of the beam through the prism, b is the
height of the beam of light exiting the prism, and n 1is the index of
refraction of the prism material. TFor a prism of length h. the

throughput is then given from Egqn. (3.23b) as,
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3= (whye =2 SR oaope 22 SR (3.25)

where B 1s the arsa of the base of the prism.

For the grating monochromatorSZ,

dg _ m (3,26)

where m is the order of interference, 2 is the grating length, 1 is
the number of lines in the grating, and 2 is the angle of observation
relative to the normal to the grating surface. The following equation

applies to reflecting grating monochromators,
(sina - sinf) = (F)mi (3.27)
L%

where 3 is the angle of incident radiation with respect to the normal.
The order. m, can then be eliminated in Egn. (3.26),

df (sinc = sinB) . (3.28)
d R COs 3

¥oting that the area of the aperature stop is given by A=G cos a2

where G is the area of the grating, we obtain the throughput from

Fgn. (3.23h) as,

a ,x - ’ Al
sin sinP (3.29)

b = GRe
&g

Obtaining the maximum intensity from the grating requires operat-

ing in the center of the spectral range for which the blaze angle of
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the groves is cut., The maximum intensity within this spectral range,
in turn, occurs when & = 8 = p, where ¢ is the blaze angle. Assuming

this optimum operating condition, the grating monochromator throughput

becomes,

9
b = GRg (3.30)

Now taking the ratio of Eqn. (3.30) with Eqn. (3.25) we find°>

¥

G

P = 2 sind dA

prism b} dn E (3.31)
grating ;

where we have assumed the area of the base of the prism equals the
area of the grating, and the slit angular heights 8, the transmit-
tances, and the rescolving power are all equal.

Now the blaze angle ¢ can be related in the following way to the
blaze wavelength, lb, which ig the wavelength of maximum intensity in

the center of the spectral range for the grating,

2 sing (E) Ay - (3.32)

]

If we assume, finally, that A Ab then Eqn. (3.31) becomes,

T
k%

prism _ £ dn (3.33)
§ ] T od)
grating
As an example, for a prism made of crown glass, dn/d* = 7.5x107651

at A = 4861 A, A high qualityv grating could have 1200 lines per milli-

meter. Adjusting the blaze angle so that hb = 4861 A, Egn. (3.33)
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1
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grating

There is thus a significant advantage of the grating over the prism
monochromator.

We turn, finally, to the Fabry-Perct interferometer. In this case
the solid angle accepted by the detector is given by, & = 73° where 8
is the maximum angle of the incident rays with respect to the normal
to tne etalon plates. Now from Eqn. (3.17) and noting that =20,
we can write,

(3.34)

i
2

But if we assume that the rerflective finesse i3 equal to the pinhole
finesse then from Eqn. (3.14) the overall resolution of the instrument
is given bv,

1

?“%*

12 (3.35)
I o

TR

el

Z
A

b

In terms of the overall resolution, then, the solid angle becomes,

wa n g
Q=20 (3.36)
RI
Notice that, as with the other monochromators, the resolution-intensity
product is a comstant, which was alluded to earlier and now is made
expliicit .

For a given monochromatic beam some of the line profile produced



bv the etalon at the focal plane will be blocked by the pinhole. This,
in effect reduces the transmittance by a factor of /4, The [inal
axpression for the throughput of the Fabry-Perot interferometer is

then given by,

PR (3.36)

2T Ry

caking the ratio of Eqn. (3.36) with Eqn. (3.30) and using Eqn. {3.32)
53

we find” 7,

FP 7L 1 (3.37)
? /2 n ANE

grating
where the peak transmittances and resolutions are taken to be equal
far the two instruments, and the area of the grating equals the.area
of the atalon plates.

As a tvpical example, for a 1 meter grating monochrometer with écm
slit height, 3 = 1/30. Assume, once again 1200 lines per millimetcer,
and take hb = 4686 &. Egn. (3.37) then becomes,

&
TEP . 300 (3.38)

5 - =
gracing

The superioritv of the Fabrv-Perot is clearly demonstrated.
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PLP REPORTS

Tn this thesis, several references are made to the internal
reports of the University of Wisconsin plasma physics group.
These reports, which are identified by PLP numbers, are available
upon request from:

Plasma Physics Office
University of Wisconsin
1150 University Avenue

Madison, WI 53706
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