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ABSTRACT

This thesis presents a comparative study of the theoretical foundations
and experimental results of the ICRF heating experiment on the Alcator A
tokamak at the MIT Plasma Fusion Center and Francis Bitter National Magnet
Laboratory. Due to the versatility of the high power apparatus, the fast
magnetosonic branch is used with w, = 1,2,3,4 w5, unlike most other ICRF
experiments. Unusually high magnetic field (B,= 40-80 kG), plasma density
(ng = 1013 - 5 x 101*/cm3), generator frequency (f, = 90-200 MHz) and
transmitter power, with shielded and unshielded antennas, are the key para-
meters of the experiment. This wide parameter range allows a direct com-
parison between fundamental and second harmonic regimes,and shielded and
unshielded antennas, our prime goals. The real and imaginary parts of the
parallel and perpendicular wave numbers are measured with extensive magne-
tic probe diagnostics for a spectrum of plasma parameters and compared with
theory. Qualitative and quantitative evaluations of the wave structure
and scaling laws are derived analytically in simple geometries and computed
numerically for realistic plasma parameters and profiles. General figures of
merit, such as radiation resistance and quality factor, are also derived
and compared with the experiment. Secondary effects of the high power wave
launching, such as changes in plasma current, density, Zg¢f, energetic
neutral flux, soft X-rays, neutron flux, and impurities are also discussed.
Most important, a general synthesis of the many engineering, physics, and
experimental problems and conclusions of the Alcator A ICRF program are
inspected in detail. Finally, the derived and experimentally determined
scaling laws and engineering constraints are used to estimate the ICRF
requirements, advantages, and potential pitfalls of the next generations of
experiments on the Alcator tokamaks. _
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I. INTRODUCTION

I-1. Motivation

Since the early 1950's, extensive work in the area of plasma physics
has been undertaken to achieve controlled thermonuclear fusion, which may
be the ultimate source of energy for the next centuryl. There are two main
steps to demonstrate scientific feasibility of controlled thermonuclear
fusion power. The first is to achieve sufficient levels of the product of
plasma density n, and energy confinement time T, known as Lawson's cri-
terion nt = 10!* sec/cm® . Many schemes for attaining these high levels
of nt have been proposed, an example being the Alcator tokamak?. Lawson's
criterion isAexpected to be achieved within the next decade of large scale
experiments.

The second step, which certainly has not been achieved, is to attain
the formidable temperatures required for fusion (= 108°K). Again, several
schemes have been proposed and tried with some success. Ohmic heating of
the plasma by intense currents has achieved consistently high temperatures
in tokamaks3, but fails in the thermonuclear regime since the plasma
resistivityl drops as Te~3/2, Injection of high energy neutral
partic]es5 has so far been successful in low density plasmas,but may be
impractical in a high density reactor because of the low efficiency of the
extremely high energy beams required for good penetration to the plasma
center.  For many years, radio frequency heating of these plasmas has
appeared attractive. A wide spectrum of wave frequencies is available at
high power and good efficiency with current technology. Several specific

frequency regimes have been tested, in particulars low frequency (= 10° Hz)
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Alfvén heating®, medium frequency {= 3 x 107 Hz) lon Cyclotron Range of
Frequencies heating (ICRF)7, high frequency (= 10° Hz) 1ower’hybrid8, and
ultra high freqhenéy (= 3 x 1010 Hz) electron cyclotron heating®. Each
regime has its’specific theoretical and practica1,advantages, disadvantages
and,especially,unknowns.

For the moment, the Ion Cyclotron Range of Frequencies is the prime
candidate because of the_re]ative]y’good agréement between theory and
experiment,and compatibility with engineering constraintsl0, Even within
the Ion Cyclotron Range of Frequencies, there are fundamentally different .
regimes of wave propégation and absorption, which can be broadly classified
in terms of harmonic number of the ion gyrofrequency.

.For fhe present work, we will investfgate ICRF heating in a high density
tpkamak,_and attempt to‘identify the most promising wave launching structures,
wave,frequency; and plasma parameters for efficient heatin921.

Almost all receht-ICRF.work'has been in one particdlar regime: the
minority fundamental ion gyrofrequency regimel1,12, Furthermore, the con-
ditions have always been in tokamak plasmas in similar regimes,
ne = 3 x 1013/cm3, B, = 20 kg, f, = 25 Miz, all being significantly short
of the high field and high density thermonuclear regime. The Alcator ICRF
experiment13 in these respects is different since it is a high field (= 60
kG), high central current density (=1,500 amps/cm2), high density (= 3 x‘
101%/cm3) and high frequency (f.i = 100 MHz) experiment14,15, Fortunately,
for comparison, the experiment can also be run at moderately low fields,
current density, plasma density, and frequency. The wide range of parame-
ters and their proximity to the reactor régime16 make Alcator an almost

ideal test machine for RF heating.
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I-2. Methodology and Overview

The main goals of this ICRF program are to identify the proper para-
meter regime which produces efficient heating. The single most important para-
meter is the harmonic number, i.e., fundamental, second harmonic or even
higher harmonics of the ion gyrofrequency. The harmonic number, coupled
with working gas and toroidal field, fully determine the transmitter chain
and antenna operating frequency, a non-trivial amount of expensive and
complicated hardware to be adjusted to a particular regime. A prime
objective is to be able to change the parameters of the experiment and
still satisfy wo = n ﬁﬁ for different harmonic numbers n. Two
frequencies, 183.5, 92 MHz, four gases, H!, D2, He3, He* and toroidal
fields from 30-90 kg enable n to be changed over a wide range (n = 1, 2, 4,
8) in different parts of parameter space.

The second issue is the selection of proper launching structure. This
is an especially sensitive topic in the fusion RF Community,and con-
siderable controversy exists over fundamental issues, in particular, whether
or not the antenna should be shielded 7. Many other secondary but
nevertheless essential issues are the choice of location, insulation, and
method of RF feeding of the antennal8, As far as achieving this second
goal;the Alcator experiment has a severe handicap; almost total lack of
space for insertion, access, and location of antenna near the p]asmaz.
However, several all metal shielded and unshielded antennas (Section III-2)
were built and tested.and experimental results showed small but accceptable
toading resistances of a few ohms13, An innovative all metal antenna and
matching system with the vacuum breaks at a point where there is little

reactive power is also proposed ({Section [I11-2-6),and could be a great

-13-




step forward in Alcator ICRF antenna technology and performance.

To achieve the above goals, a clear understanding of the basic physics
is necessary as well as a quantitative evaluation of the theory (Chapter
IV). First, a more or less complete review of the current theory7’19'22
is warranted to ensure that the approximations are still valid at high field,
high frequency, and in particular, high density.

The physics of the problem may be divided broadly into three areas’s 89;
wave launching and propagation, wave damping, and the physics of heating.

There are three basic aspects of the wave propagation prob1em:'

(1) the dielectric tensor, wave equation, dispersion relation and
polarization7’45;
(2) the homogeneous and inhomogeneous plasma cylindrical wave field

so]ution521»22’45'46; and

(3) stochastic mode stacking??.

The above aspects are first treated in conventional rigohous analytical
ways with approximations justified quantitatively in the Alcator
regime3. Successively more complicated models (Sections IV- 1-7) are
developed starting with cold uniform infinite'p]asma with a sing]é ion spe-
cies and zero electron mass. The final theory includes hot plasma effects to
first order, finite electron mass, two ion species, cylindrical geometry, 1/R

21,22,26,27 p tangible physi-

toroidal field, and inhomogeneous density profile

éaT explanation of the mathematical results is given whenever possib]é.
Second, the wave fields are numerically evaluated with realistic plasma

parameters and pr‘m"ﬂeszs’29 and compared with experimental observations.r

A multitude of important measurable quantities is also calculated in the
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same manner. Two prime‘examples are antenna loading resistance and RF
signals from magnetic probes distributed around the torus.

The second facet of.the problem is wave damping. The many wave damping
mechanisms?»21,26,30,31 ara derived in the high density regime, and again we
try to draw simple, intuitive, qualitative understanding as well as a quan-
titative evaluation and comparison with the experiment. Damping depends on
the theoretical and experimental results of wave propagation. Damping may
also significantly modify the propagation picture, especially on sensitive
parameters such as radiation resistance32.

The last theoretical aspect is the physics of heating, and we will con-
centrate on the parameters that directly affect the plasma diagnostics
used for monitoring heating, or the parameters that are likely to
modify the wave propagation or damping. A few good examples are the ion
distribution function as inferred from the fast neutral spectrum monitored
by charge exchange ana1yzer3s33'38, neutron flux39, plasma current and
density73, soft X-ray radiation39, edge temperature ,and density as measured
by Langmuir probezg.

The actual experiment is in the form of multi-dimensional scans to map
out the different functions of the multitude of RF and plasma parameter
combinations. This results in experimental scaling 1aws?0  that are com-
pared with theory. A good example of this is that, experimentally, antenna
loading resistance Rg linearly increases with electron density13. Loading
resistance also increases with mass density, i.e., Ry is larger in deut-
erium fhan in hydrogen, but on the other hand, He ® or He" loading resistance
is very sma]14]’42(ChapterII ). Until now, there has been no theory that satis-

factorily explains these effects, and they have not been seen in any other
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experiment. Plausible new explanations are discussed in detail, especially
in light of "Stochastic Mode Stacking" (Section IV-6), a new concept deve-
Toped in this work that refers to simultaneous excitation of a number of
randomly phaséd toroidal eigenmodes, which may profoundly affect the

wave structure at high density23'25’93.

The conclusion to this work will consist of a tentative synthesis of

the many interacting processes and parameters of the experiment,as well

as recommendations for further investigation.
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[-3. Summary of Related Work

The relatively new Ion Cyclotron Range of Frequencies (ICRF)
regime43 has evolved out of the lon Cyclotron Resonant Heating (ICRH)
scheme in the older magnetic confinement devices 1ike the stellarator?4,
Much of the theory for wave excitation and propagation was then summarized
in two books by T.H. stix*> and Allis et a].%ﬁ, and the formulation and
notation are still widely accepted.

The fundamental difference between ICRH and ICRF is that they each use a
different branch of the wave dispersion relation/. ICRH used the slow
branch, also called the ion cyclotron wave, at frequencies near or below
the ion cyclotron frequency. The new (1970)43 ICRF uses the fast branch,
also called the fast wave or fast magnetosonic wave, and the wave is
usually carr%ed by a majority ion componeht at some low harmonic number.
The ion cyclotron wave is evanescent under these conditions7.

Many national laboratories and universities throughout the world are
invo]ved in ICRF,but the most important are located in the U.S. (Princeton
University, Princeton, NJ), France (TFR, Fontenay- aux- Roses), and Japan
(Japan Atomic Energy Institute Tokai, Ibaraki). Princeton has been in the
field of RF heating for about two decades,and has developed both ICRH and
ICRF fhrough the Model .C Ste]]arator44, the Adiabatic Toroidal Compressor
(ATC)11, and finally, the Princeton Large Torus (PLT)IZ. Much of the
literature is by T.H. Stix’s9345 F g, Paolonil947, F.u. Perkins?8, J.c.
Hosea49‘50, P.L. Colestock51, and D.G. Swanson20. The TFR group is newerp
but has been producing consistently good experimental data and theory, and
is headed by J. Adams21:52,54  ap4 4. Jaquinot22’53’55. Several other

institutions®® also have published good work, particularly the
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University of Wisconsin (Madison, w1)15»99,25’27, but their confinement

device's plasma parameters are usually remote from the high density
regime57. | |

‘For this work, three review publications broadly define current theory
and technology sand contain the foundations of this program:

- The Theory of Plasma Waves, T.H. Stix, McGraw-Hill, New York (1962).

- "Fast Wave Heating of a Two Component Plasma," T.H. Stix, Nuclear

Fusion 15, 737 (1975).

- "Eigenmode Field Structure of the Fast Magnetosonic Wave in a Tokamak
and Loading Impedence of Coupling Structures," J. Adams and J.
Jaquinot, EUR-CEA-FC-886 (April, 1977).

State of the art in ICRF is well summarized in a number of papers

presented at the 8th International Conference on plasma physics10]'106
(Brussels, July, 1980), and the Fourth Topical Conference on RF Heating

in plasma107"7]5,(University of Texas, February, 1981).
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II. EXPERIMENTAL RESULTS

II-1. Available Parameter Space and Principal New Results

I1I-1.1. Available parameter space

The experiment was usually run in the form of multi-dimensional
parameter scans. The basic methodology was to map out the various plasma
and wave processes by indepéndently,varying each parameter at a time over as
wide a range as possible, with as many other different parameter
combinations as possible,while monitoring all the diagnostics. The main

parameters that could be independently varied were:

(1) RF power from .1 W to 100 kW
(2) Toroidal field from 40 to,SO kG
(3) Resonance layer position from 30 to 70 cm
(4) Plasma density from 1013 to 5 x 1014 /cm3
(5) Wave frequency 90, 180 (50, 360) MHz
(6) RF spectrum width up to 2 MHz
(7) Plasma current from 50 to 250 kA
(8) MWorking gas, HY, D?, He3, He"

' (9) Minority concentration from 1 to 100%
(10) Plasma radius from 9 to 10 cm
(11) Antenna loop area from 5 to 25 cm?
(12) Probe radial position from 9 to 13 cm
(13) Shie]ded or unshielded antenna

(14) Antenna phasingm = 0 orm = 1

-19-
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This represents considerable amounts of machine time,and efficient,
judicious choices of parameter scans are necessary. Theory and gradual
increase in experience guide these choices to enable formulation of
reasonably sound scaling laws, maximization of machine time, and better
understanding of the many interacting physical processes. Nevertheless,
only a fraction of all parameter space was explored.

Figure 1 shows a plot of resonant frequency with respect to magnetic
field for typical A]cafor, TFR and PLT regimes and different hydrogen
and helium isotopes. As we stressed in the introduction, Alcator stands
out as very different from other te@kamaks in many directions of parameter
space. We also note from Figure 1 how several resonant regimes may be
present at the same time. This effect is further emphasized in Figure 2
and Table 1 where we note how partially ionized impurities may séan the
whole width of the plasma and cause edge heating . (large concentrations

of impurities are most likely confined to the plasma edge).
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Table 1

‘Normalized cyclotron frequencies and refractive indicies

Z S
= o — o« YH
gas (ng. Bo ;onstant) W= Ny 7
H! 1. 1
D2 .5 1.41
He? .667 .866
He * .5 1.
Fully Ionized N5 a¥ [_g_]
Impurities o
Partially Ionized 1l 5 2 4o /T ]
Impurities " =%
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1I-1.2. Principal new experimental results

The most important products of this research are sound experimental
results that preferab]y can be explained by theory. To date,there are
many important guestions that need to be answered, most of which are
still unexp]ored in the high field, high frequency, and high density
regime. |

The first question is whether or not the minority or second harmon1c regime
should be used. Th1s is a far reach1ng question and needs much cons1derat1on,
meny parameter scans and is ofrcourse answered with best heating and engi-
neering compatibiiity. A ‘

The second questipn is ‘whether the antenna should be shielded or not.
This is answered for Alcator A by comparing the performance of the A;, As,
and A4 antenna over a wide range of experimental conditions.

Third, also of" utmost 1mportance, and closely re1ated to the
first two quest10ns, is the effect of dens1ty, work1ng gas, frequency.
antenna 1oop area, shielding, RF power and wave Q on antenna loading
Also corre]at1ons between RR’ Ha light, impurities, disruptions, X-rays,
etc., are important and not well understood.

" Fourth, what are the predominant wave damping mechanisms, near-field
power losses, and power deposition profiles? This can be answered by
changing the most critical parameters of particular processes, and noting
changes in field structure and heating efficiency. A prime example is the
effect of the resonant layer position on antenna 10ad1ng, RF probe signals, and
the charge exchange neutral spectra. Wall losses can be directly calculated
from probe signals. Near-field 1os§es ceuld be affected by antenna

shielding, etc.

-23-




Fifth, what is the wave field structure? In particular, what modes
are predominantly excited, and how are they affected by other parameters
such as toroidal field, ion mass, and electron density. Is the cold
plasma dispersion relation valid? What is the role of surface waves?
This set of questions will be énsweredby detailed study of the RF probe
signal phase measurements and comparison with theory.

Sixth, is wﬁét is the role of stochastic mode stacking ? How
many modes are excited simultaneously ? What are their
Q's? Does it explain the increase in radiation resistance and the satuka-
tibn of probe signals with density? This will be tentatively answered by
extensive simulations and comparison wfth experimental values of R and
- probe signals and phases. Finally, does large k, mean small -k, ;naking
“second harmonical damping small, 1eading to a natdra] selection of undamped
modes of high Q and Ry?

A11 these questions,and many more omitted here, are not fully answered,
- but much 1ight is shed on the basic issues. Tables 1 to 4 summarize
some of the basic experimental results that will be discussed in this
chapter. The results are broad]y categorized as wave propagation (Table 1),
wave coupling (Tab]e 2), wave damping (Table 3) and heat1ng (Table 4). In

~this chapter, voltages-and currents will always be referred to by their RNS

value (Peak to Peak)
2 /2
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Table 1

Wave Propagation Measurements from Magnetic Probes Around Torus

- Lardge number of high Q, closely packed eigenmodes
- Apparent mode cutoff below ng = 10'%/cm®
- No significant decrease in amplitude in the toroidal direction

- Magnitude compatible with radiation resistance and stochastic
mode stacking

- B,, B, B_, at edge, all have roughly same magnitude ( 3 axis probes
in cerami¢ thimble)

- 20 cm Tong, ks array shows nonuniform wave structure along torus
(short wavelength stochastic mode stacking)

- Large apparent k. = .5 cm~l, hence significant evanescent region
at the edge

- ko fringes show positive going sawteeth
- Electrostatic probe may not contain same phase information (tentative)

- Small k_, from relative phasesvbétween probes at different poloidal
positions
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Table 2

‘Antenna -Loading Resistance

Three antennas tested
A, electrostatically shielded
A, bare metal, slotted limiters each side

A, - electrostatically shielded, slotted limiters
each side

-RR increases linearly with density
RR essentially independent of IP’ BO’ RF power
Rp roughly increases as wo2

RR roughly unaffected by Faraday shield (taking into account antenna
geometry)

At 180 MHz, H, and D, show similar resistances (D, slightly larger
than H2) and He exhibits a much smaller resistance

R, sensitive to plasma position (RR decreases at end of shot when
plasma moves inward)

Rp and H, 1ight have similar time evolution

Multipactor regime is very wide in the nen'large ceramic breaks
(5W - 500U) o .

RR is roughly proportional to antenna length squared

RR is roughly independent of antenna phasing (m = 0,1)
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Table 4

Medium Power Heating Experiments

High Density:

Typical Parameters ﬁé 2 - 3 x 10t%cm™3, I, = 150 KA

B0 = 60 kG, 50% H, 50% D (also 100% H or D)
fo = 180 MHZ = ZFCH = 4FCD
P =30 - 100 kW

Results - Energetic H & D tails (>5 Kev) with short

decay times (<100 ps)
- 30 - 50% increase in soft X-rays

- Bolometric measurement indicates an increase
in (fast particles/radiation) flux propor-
tional to the RF input power

- 30% increase in H_ Tlight both at the antenna
and around the torus

- Some evidence of light impurities (extreme UV
spectra)

- Small dip in neutron production

- No significant change in I hard X-rays, Ee

p’ V1oop’
‘- With carbon Timiter:

- 10% density increase

- carbon deposit on antenna

- no consistent increase in energetic
neutrals ‘ '

Low Density:

Eé
Very energetic ion tail formation (both early
and at peak of discharge)

=5 x 1013 cm~3, deuterium (4 ch)<

-28-




II-2. Low Power Wave Measurements

II-2.1. High Q eigenmodes

In every case examined, except those at high density in the minority

regime, high Q closely packed eigenmodes were observed. An apparent mode

cutoff was also observed at about 10'%/cm. Density measurements below
3 x 10*3/cm® were very crude since the resolution of the alcohol

interferometer was about 10'%/cm®. Particle recycling usually keeps

the density above 2 x 10'%/cm?®. As expected, cutoff was much easier to
reach at 90 MHz than at 200 MHz because kA O Wo-

Figure 1 shows the plasma current (~150 kA), electron line average
density (10** cm™/fringe), RF pulse timing, forward (58 KW) and reflected’
voltages (9 kW), antenna current (150 Amps RMS) and a probe signal from
the Thomson port for a typical high density shot at 180 MHz (2wcH, 4wCD).
Figure 2 shows the antenna current, probe signal and square law detected
ks array probé signals for‘a medium density shot. Several important con-
clusions can be drawn from these two Figures. First, we obviously see
dozens of eigenmode peaks in as Tittle as 8 msec (in agreement with IV-6.3.).
Second ,these eigenmodes are vefy closely packed, overlap, and constitute
a virtual continuum. Nevertheless, some resonances are larger than
others (because of higher Q or coherent stacking of two modes ) and cause
dips in the antenna current. The peaks in the probe signal do not
necessarily line up with the dips in the antenna current because, with
many eigenmodes, fields add differently at different locations around
the torus. This effect is further emphasized in Figure 2,where the
different probes are only a few centimeters apart along z (111-3.2),

and show qualitatively the same behavior, but with some small but
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clearly discernable differences, implying the presence of stochastic

- stacking of relatively short wavelength eigenmodes (= array length).

Figures 3 and 4 show probe signals at very low density (=10%%/cm®)
where the eigenmode resonances are well separated, and can be compared
to Figures IV-6.7(3) - (9). From Figure 3 (Min/Max = 7) and equation

IV-6.2(7), we can calculate the damping length as

F
(1) 1/k, = 7 R\&> = 4.5 meters
i A

The eigenmode Q can be crudely estimated from equations 1V-6.4.(6) and

IV -6.4{21) as

K
k2
@ =g Txzx 107

25 at low density

1

100 at high density

2n 2n 13
(3) Q =3t = g—= AXIILM =500 at either Tow or
€ (at%)At (10‘ sec) 07" “high density

Although these two methods should be redundant, the large discrepancy
is easily justified by the crudeness of IV-6.4.(6) (k, is not known),
and the gross inaccuracy of an/3t. FR/FA is also underestimated, since
the antenna current dips (FR is underestimated).,and several modes

exist (skirts overlap and thus F, is overestimated).

Figure 3 also shows an A cos ¢ signal of two k, array probe signals.
Although the magnitude of probe 76 is almost 1dentica1‘to 77, their
phases are considerably different, as expected.

Figures 4 and 5 show probe signals at 10** and 2 x 10**/cm® line
average densities and 200 MHz. At 10'“/cm3,the eigenmodes are still

quite discrete, and mode stacking is only partial. At 2 x 10'*/cm®

-30-
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and above, the individua] modes are more difficult to discern, and
radiation resistance spikes disappear, in agreement with IV-6.7., where
we concluded that probe signals would always be "noisier" than RR'
Figuré 5 also shows a 23 kHz heterodyned probe signal for phase measure-
ments (III-3.3.and II-2.3).

Figure 6 shows a low density, pure hydrogen, 90 MHz (w = wcH) plasma
shot. Very high Q eigenmodes occur early in the discharge. At very
low density, late in the discharge, there is an apparent mode cutoff,

~in agreement with simple theory (this may not be a real cutoff, and
Section IV-5.4. showed that no cutoff should occur for them > 1,
p=1 modes). | |

Figures 7 and 8 show evidence of possible mode splitting (IV-3.3)
in a very low and a medium density plasmd. This effect could also be
caused by density fluctuations,or simply by two different-perpendicu]ar
eigenmodes.

Following the theory of Section IV—6.3, we are now faced with
the dilemma of labeling these eigenmode resonances (Figures 1-8).

Are they onsets, large RR eigenmode resonances (i.e., m =0 = 1

u > 3),or simply particularly high Q eigenmodes (m > 1) ? Onset has
the largest radiation resistance, and probably accounts for the thirty
or so larger peaks. For a quality factor as large as 1000, the energy

pump time (decay time, IV-6.4.(12))

(4) == %T'= 2Q . 1.6 usec

g
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is much less than any ekperimenta] resonance width. From Figures IV-5.4,(3-

14), we can approximately write

K . 10~1% om2
(5) ™ 10 cm
s0foru=1,m>1
+ o for p > 1
3Ky - ke 3N -1 o=l BN | 101k 03 eppd
(6) °t o 3t 50 ¢cm™! sec 5t 10% cm™ ® sec )
and for
(7)  aka = k; = 10-3/cm (1/ki = 10 meters)
we have
: -1
(8) At = [—g{—“—] Ak, = 20 u. sec

which is much longer than the pump time.
Until now, we have assumed Rp o %w-near onset. Taking into account
kg = Kug = 1073, and substituting Kng 27R - k,;4a and z > r in IV-6.2.(5),

we have instead a coherent, perpendicular stacking, limiting factor of the

form

1te @ =50
'] - e_k.l.'|4a

(9) RR a

and RR does not go to infinity even for k. = 0.
Away from onset,toroidal resonance radiation resistance peaks are
critically dependent on the evanescent edge and Q; Large perpendicular

mode humbers have smaller k., (small evanescence), but also larger damping
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(small Q), and the two effects compete. The m > 0 modes have larger Q
(IV-5.3), but cannot be discerned from the m < O by probes at the plasma

edge. Some peaks may also be beats between different perpendicular

eigenmodes (even for ki R > 1).
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Eigenmodes at High Density
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11-2.2. MWave ampTitude measurements

Neglecting near-fie]d power absorption, we show in IV-6. that,
for high Q toroidal resonances and many overlapping eigenmodes, the
probe signal average is proportional to ~<RR>/vW{_

Figure 1 shows a standard high density low power shot with the forward
and reflected voltage, antenna current and probe signal at HCN port.
Figure 2 shows the radiation resistance (E—T;~fﬂ), antenna currenﬁ,
antenna eiectric field (%B> and probe signal for the same shot. Note
how the radiation resistance and electric field increase with density, -
but the probe signal saturates and even decreases with density. Figures
3 and 4 are similar shots, and we notice: (Figure 3) the top and bottom
antenna currents are loaded in an almost identical manner (good balance
in: push-push mode). Probe signals around the torus (68 HCN top, 69 HCN
bottom and 67 top limiter), on the other hand, have significantly different
time histories (Figure 4). Many of these different behaviors are believed to
be due to the wandering plasma position. Radiation resistance is usually
lTower at the end of the shot (for the same density), and is most T1ikely due
to the plasma moving inward, since theke is usually too much vertical field
for the decreasing plasma current. In all cases examined (hundreds of
shots in almost all directions of available parameter space) except the
fundamental regime (with the cyclotron layer in the center of the plasma),
probe signals around the torus (+90°, 180° from antenna) were all about the
same magnitude (probe position in the complicated port geometry is critical).
These measurements were done‘very carefully,and are strong evidence of
long damping length.

Figures 5 and 6 show radial probe scans with a large magnetic

probe (Figure I1I-3.2.(3)) and a standard small unshielded probe

-41-




(Figure III-3.2.(2)). With the large probe fully inserted, it

becomes a good model of a short section of the A, antenna.and we can

write (without mode stacking)

' A
1y v ., = probe R
Probe Theoretical Aantenna antenna R

[

3 Vp experimental

and the discrepancy could be explained by some 9 eigenmodes or, of course, by

near-field or single toroidal pass power absorption. Figure 6 shows similar

results,but at three different power levels, and also showing a discrepancy

factor of three or so. If mode stacking is not invoked, this means that

only some 10% of wave power reaches 90° away from the antenna.

measurement is very crude because of the extreme sensitivity of the probe. and

plasma position (evanescent edge),and the mere fact that power is propor-

tional to voltage squared ( 50% error can easily be due to the average probe

signal value estimation from the oscillograph).

Figures 5 and 6 are indicative of large ku,since, for small k,, the

edge magnetic field should be roughly independent of distance from the

wall, which is clearly not the case here. For large ks (= .5/cm), the edge

BZ vs r should be either linear or exponential, in agreement with experiment.

(Note again the extreme sensitivity of the port geometry.)

The results shown in Figures 5 and 6 can also be used to estimate

wall power losses as

, _
(2) P - Ava11%wal1 . (XE)Z 1 1.8
wall o8 B Ap foUo g
@ T SO g
pwaH
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and wall Tosses can be totally neglected in any power balance calcula-
tion (this is a lower Timit due to the bellows convolutions and port
geometry).

High and low power experiments showed exactly the same results.
(except obviously.during multipactor), and all processes (coupling,
damping, etc.) were linear over six orders of magnitude (.1 W to
100 kW) (except perhaps some preliminary measurements of Tow level and
frequency parametric activity at the 50 kW input power levell.

Figures 7 and 8 show Tow and high density shots with predominantly
He“ plasma composition. The eigenmodes are High Q and very similar
to those for H; or D, plasmas. RR’ on the other hand, is very small
(II-2.4). The lower traces of Figures 7 and 8 show RF pickup by
the electrostatic Langmuir probe at the HCN port (Figure II1I-3.2.(5)).
The probe signal was shunted by a 1 uH inductor acting as a high

pass filter. At low density, the electrostatic and magnetic probe

signals show the same behavior (high Q eigenmodes), but differ considerably

at high density (activity continues even after RF is shut off).
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Radiation Resistance and Probe Signal at High Density
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Figure 1
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Radiation Resistance, Antenna Electric Field,and
Probe Voltage as a Function of Density
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[I-2.3. Wave phase measurements

As outlined in III-3.3., extensive probe phase measurement Schemes
were used to‘estimate parallel and perpendicular wavelengths., Figure 1
shows a typical high density shot with 50% H, and 50% D,. The lowest
trace is the phase (2n/fringe) between the oscillator (= antenna current)
and a magnetic probe 90° away from the antenna. For a finite Q system
and large dynamic range, the phase is never lost.and the phase difference

simply increases as k, (cxvﬁ;). Thus

=9 - 4N _

(1) ke =% =q = .61/cm at 2.2 x 10**/cm? (N = 8.3)

and from IV-2.2. the maximum k, (k, = 0) is

k .
(2)  ku=—m = == Bl g4 7078 2 A
1+ 1+ o 1+ VH

|14

.78/cm

Q 1 -
(3) — =115 for Q=2 Hy

= .8 for =2 Dz
= 1.26 for Q=4 Dy

R

1.2 for 50% H,, 50% D,

and the eigenmodes could be very near cutoff. Note that including an

2
initial phase shift (¢, nx R . n) and perhaps one to three initial

R

fringes at breakdown (n, = 1013/¢cm3)

(4) ¢ = kg 57R =4 x 1076 v/n = 2n
1013

would give k., = .76 = ka (k, = 0).
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At this point, we must caution the reader that.according to Figure IV-
2.2.(4), even for a large k, = .8 Kneytoffr Ko = -5 kp,and many radial
and poloidal mode numbers are still possible at high density.

Figure 2 shows an expanded view of a pure deuterium shot (k, = .5/cm
at 2 x 10**/cm®) with the phase difference between the HCN port and
antenna (68/ref), top and bottom of HCN (68/69) and HCN and limiter
(68/67). Although more difficult to read (due to the large dynamic range on
both inputs to the phase correlator), the phase difference between the HCN and
limiter is the same as between the antenna and HCN ports. Of course, the
phase difference between the antenna and limiter was twice as large as
between the antenna and HCN ports (Figure 3). The shots shown in
Figures 2 and 3 were at the 40 kW level, and the antenna broke down
after 60 msec.

The phase difference between the top and bottom of the HCN (68/69,
Figure 2) does not indicate any average increase in phase, and is
very noisy, as expected with a mixture of many randomly phased eigenmodes.
Eigenmode identification at high density would clearly be very difficult
if not impossible.

Fringe measurements during a single run were also done at 90

and 180 MHz, and as expected from (3)

0
(5) E)m:l_%?; 1.54

90

and there were about twice as many fringes at 180 MHz as at 90 MHz for
\
about the same experimental conditions. A similar effect was obge%ysﬁ by

changing the magnetic field from 40 to 80 kG in IT-2.4. \\“\\\\

Figures 4 and 5 show phase measurements between the reference and ~__
\N\

a near-field probe (5/2) and reference and HCN (5/68), with a linear
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and cosine phase éorre]ator for He® and He" plasmas at 183 MHz. Note
how the linear correlator is easier to read. The cosine correlator had

a bandwidth of about 10 MHz. As expected, the near-field phase deviation
was less than zm , and was highly dependent on eigenmode resonances. The

radiation resistance for these He shots was much lower than for H2 or 02

at the same density, in agreement with the accepted belief that helium
profiles are much narrower. (kAHe = kAH,but evanescent edge is much
larger). k, is also very large (=.6/cm), even for medium density

(ne = 1.6 x 101*/cm?).

Figure 6 shows‘an expanded view of phase measurement at medium
power (=50 kW). Note the slight phase difference between the top and
bottom HCN probes, and the usual slight dip in the thermonuclear
neutron production rate.

Figure 7 shows a close up of fringes and soft X-rays,where we note
the correlation between the "positive going" fringe sawteeth and the
central soft X-rays. This correlation could be an argument supporting

the hypothesis that these measurements represent bulk k,.
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Phase Measurements at 206 MHz and D, 50%, H, 50%
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Phase Measurements Between MW, HCN and Limiter Ports
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Phase Measurements at 183 MHz and He?
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Radiation Resistance and Probe Measurements in He" at 183 MHz
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Phase Measurements at 206 MHz and D,

Figure 6
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I1-2.4. Radiation resistance and magnetic field scans

Radiation resistance is the single most important parameter to
characterize ICRF wave coupling. Figure 1 shows how RR roughly
increases linearly with density,and is slightly higher for deuterium
than‘hydrogen. Although RR is usually quite répeatab]e within a given
run, significant changes were noted from run to run with roughly similar |
experimental conditions. Rp background seemed essentially independent
of plasma currents and magnetic field. Plasma in out position is believed
to be responsible for much of the variations, but this was not con-
firmed, since all the position 1loops on Alcator were inoperative (Figure 2).

Most of the data in this work was taken with the A: unshielded
antenna but Rp behaved essentially the same for the Ai, A2 and As antennas,
except of course, for their relative value. At 200 MHz and 3 x 101%/cm3,

A, was about 3 ohms while Az and Ay were typically 8 ohﬁs. At 90 MHz,
RR was lower by a factor of about 4, so that A, could only couple 30 kW
or less.

Figures 3 and 4 show typical 90 MHz shots with D, fill and H, minority
(recycling), and with the resonant layer either in (65.4 kA) or outside the
plasma (79.2 kA). The radiation resistance was calculated with a high
speed on-line analog computer (III-3.1.). RR'background is independent
of magnetic field,but fhé eigenmode spikes on RR and probe signal are very
sensitive to layer position. Figure 5 is a plot of probe signal versus
layer position, and unambiguously exhibits strong magnetic field dependence
in agreement with theory. The minority concentration was small (<5%),
so the TIIH layer was very near the cyclotron layer.Also note the difference

between the field probe signals for the two resonant layer positions. This may
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suggest that eigenmode spikes are due to toroidal resonances rather than on-
sets, because even with short damping lengths (no probe spikes), RR and near -
field should still exhibit large onsets (which they do not in Figure 3).

Figures 6 to 9 show the results of similar experiments at 180 MHz.
Only three fields were used in this case (smaller increments were used
in other experiments), but many shots were averaged to gain good statistics.
No significant field dependence was found on either the probe signals or
radiation resistance (except for the expected ku o 1/B. dependence). Medium
power field scans (II-3.3.) were also done in 50% Hz and 50% 02 plasmas;
again with about the same result (except for the neutral flux dependence),
indicating that second harmonic damping is weak. Rp background is not
necessarily expected to change (both single perpendicular pass and high Q
average Rp are independent of damping), but eigenmode peaks should be
inversely proportional to damping if they are representative of the bulk
power and second harmonic damping (the most important unknown).

Figure 10 shows -a high density D, fill and He* pulse shot,where we
again note (II-2.3.) how Rp-stays small with a predominantly helium plasma.
Figures 11 and-12 show H, and total light in front (MW bottom) and inside
{through ho1din§“bins) fhe antenna for two fbw powér, high density, disruptive
plasma shots. Note in particular, the c]dse feéemb1ancé betweeﬁ the Ry and the
Tight signals. The increase in Rp could be due to a broader profile
(thinner evanescent layer) or increased near-field losses (also edge density).
At medium power, this light increéses by 30% (11-3.3) all around the torus.
Also note (Figure 12) the close resemblance between the alcohol interfero-

meter fringes (¢ « ne) and the ICRF k, fringes (¢ « Jﬁ;).
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Radiation Resistance (Ohms).
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Figure 1
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Figure 2
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Radiation Resistance with Resonant Layer at Plasma Center
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Radijation Resistance with Resonant Layer Outside Plasma

BS, P7, S32
90 MHz Ip
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Resonant Layer on High Field Side B10, P16, S50
2/13/80
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Figure 7
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Resonant Layer at Plasma Center

Hydrogen

183.5 MHz

IB = 65 kA

3 9 at 2 fringes

Figure 8
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Resonant Layer on Low Field Side . B10, P18, S55
2/13/80
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Figure 9.
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Light Radiation and Radiation Resistance
B9, P70, s48

; VF
; Vo

Figure 11
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Effect of Disruptions on Ha, total

100mv Z0my 20m5

Figure 12

“light and RR
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I1-2.5. MWave coupling experiments

Aside from the carefully controlled A;, A, and A, antenna coupling experi-
ments, many other simple preliminary measurements were also performed. Ener-
gizing only haif of the antenna produced between half and a quarter of the
original RR, in rough agreement with IV-1.3, IV-6.5, and IV-7.1. RR also
seemed independent of phasing, further supporting IV-6.5.

It was most unfortunate that Ry a d? scaling (center conductor to wall
distance) was not proven (a + d remained constant), but the antenna was kept
as close as possible to the plasma to maximize coupling (both the A
Faraday shield and the Az side limiters showed some minor plasma erosion).
The Faraday shield did not affect coupling, as A, and Ay proved to be
almost identical in all respects (slightly lower RR as expected from bench
tests I111-2.5.).

Figure 1 shows capacitive probe (III-3.2.) coupling at high density and
180 MHz. The front of the 1.2 inch diameter molybdenum block was about
3/4 inch from the chamber wall. Note how the probe impedence was almost
exactly 50 @ without any matching network, in plausible agreement with
Section III-3.2.
VF + VR

p VF - VR

(1) z 50 =~ R

R

From shot to shot during a single run, it was consistently noted that,for
a given power (=10 watts), the capacitive probe and the A, antenna produced
roughly equivalent probe signals around the torus. Although very easily per-

formed,radial probe scans were not done because the probe had to be removed for
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the new k, array (the first array was destroyed by electron runaways).

-Note the discrete eigenmode structure of the probe signal at extremely

Jow density after the plasma shot. These afterglow effects were never
observed with A, A, or A, (probe singals are 50 msec/div).

The main tokamak limiter (Figure I1I1-3.2.(13)) was also used as a
transmitting antenna and receiving probe. Although the RF connection
was very inductive, the limiter provided a reasonably good match.
Crudely assuming Er ¥ Ee, and monitoring the received voltage on the
Timiter , produced roughly consistent results with magnetic probe

signals and Rp (11-2.2).
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11-3. Medium Power Heating Experiments

I1-3.1. High density regime

Most of the medium power heating experiments were done in the chH
and 4ch regimes, for either pure or mixed (50/50%) hydrogen or deuterium
plasmas at 2.5 x 10*%m?® and 65 kG.

Experimental conditions (disruptive plasmas and lack of diagnostics
and machine time) were not the most favorable, and mdst of the following
results were obtained with the A, unshielded antenna. Figures 1 and 2
show typical pure hydrogen shots with 40 kW. Note how the plasma current
and density remain unchanged (loop voltage and plasma position also
remain constant), while the plasma edge light (Ha and total light)
at the antenna increases by 30%. Figures 3-5 show the fast neutral
fluxes for the shots shown in Fiqures 1 and 2. Figure 5 shows the fast
neutral spectra for the third RF pulse of Figures 1 and 3, which has an
"effective temperature"” of about 300 eV above background (the spectro-
meter was uncalibrated in these runs). Unfortunately,the flux rise
and fall time is less than 100 usec,and is not indicative of bulk heating.
Figures 1 to 5 are for two consecutive shots of the same run.and show the
close repeatability of the RF effects on the plasma. From run to run, on
the other hand, repeatability was not nearly as good, especially for the
usual but inconsistent soft Xray increase (sometimes only center, then
edge also, and ranging from O to 50%). Almost identical results were
also obtained with pure deuterium, but with a very repeatable slight dip
in the neutron rate (Figure II-2.3.(6)). Edge Langmuir probe dijagnostics
showed no measurable effect on either the plasma edge temperature or

density (11-3.3).
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Figures 6 to 17 show the basic results of a carefully executed

- field scan between 50 and 80 kG, for a 50% H, and 50% D, plasma at 200 MHz,

55 kW and with thé A, antenna. Figures 6 and 7 show the high (5 keV)
and Tow (500 eV) energy components of the deuterium fast neturals
versus magnetic field (resonant layer position). Note how the low
energy component doubles independently of layer position, while the
high energy component jncreases by an order of magnitude when the
layer is at the plasma center. Figures 8 and 9 show similar results
for the hydrogen spectra, except for a very large increase in both
the low and high eﬁergy components when the resonant layer is at the
low field side of the plasma in the antenna near-field. Figures

10 to 13 show the unreduced neutral fluxes, as well as the neutral
spectras for the resonant layer at the plasma center.

Figures 14 to 17 show the radiation resistance and probe signals
at the HCN bottom inside (high field side), bottom outside and top
outside (Figure III.3.(1)). Radiation resistance is again (II-2.4)
independent of layer position (within experimental repeatabi1ity),
and probe signals are only weakly dependent (slight changes in plasma
position could prdduce even greater differences). One'could possibly
argue that a slight dip in probe signal exists when the resonant layer
is at the center and high field side of the plasma{at the particular

probe position that is monitored).

To lowest order and for bulk heating, we can typically calculate

n

(1) POH = IV = 150 kA x 2.0 V = 300 kW = 10 PRF

(2) top 7 T © 10 msec
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(3) Too =T [1 +-EBE] = 770 eV
RF = ToH Pon

and the high energy (5 keV) neutral flux is

(4) J « e_E/T

1 1
e )
(5) —==¢e = 1.9

Jou

and we can unequivocally conclude that no such bulk temperature increase
was observed- (Of course, one might argue that it is not clear that the
spectra is jtself representative of the plasma bulk temperature).

In the minority heating regime, we can rewrite (3) (again to zeroth

order) for the minority species (5% H,)

n, P
b Prr
(6) Toc = Ty 1 +-~—-——} =37
RF = Ton i Pon OH
J
(7) 355 = 117
- Jou

Although medium power 30 MHz heating experiments were only preliminary
(Rﬁ is 4 times smaller,and charge exchange was only available late in

the experiment), no such increases in the minority tail were observed

in any form (even 1 kW could produce AJ = J). From available evidence
(ne, I, CX, etc.), 90 MHz unfortunately behaved much like 200 MHz

P
at high density.
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Medium Power Shot 42
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IT-3.2. Low density fegime

After the difficulty in heating high density plasmas was clearly
observed, some very preliminary heating experiments were performed at
Tow density (5 x 1013/cm?® is still considered high density for other
tokamaks). Note that RR a new2 scaling is very unfavorable for Tow
density coup]ing,'expecially at 90 MHz where RR < R]osse§ Fortunately ,
fewer particles need to be heated, but on the other hand, POH remains ahproxi-
ma£é1yuihe saﬁei

Figures (1) and (2)'show the dramatic neutral flux increase for a
medium power 5 x 1013/cm3, pure hydrogen and 200 MHz shot with the A
antenna. Neutral flux up to 10 keV with tail temperature 250 eV above
background, were observed in this regime. Early in the discharge,
the apparent flux decay time seemed to be due to the density increase
since pulsing 5 msec later gave only a very small increase. However,
similar pulses were also done at the density maximum of Tow density
shots (< 5 x 1013 cm3) with similar energetic neutral tails but without

the decay time.
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I1-3.3. Impurities and radiation measurements

Figure 1 shows a typical disruptive high density plasma shot with
mixed hydrogen and deuterium. Note how the basic parameters (Ip, Ngs
Ia, Vprobe’ Ha,,pin 1ight) are well behaved and consistent over all
three 40 kW pulses. The soft X-rays and thermonuclear neutrons, on
the other hand, show a clear increase and flattening, respectively,
over all three pulses (this effect was reproduced over several shots).

Figure 2 shows a similar plasma shot, where we note that the top
electrical break broke down (LT = 250 m‘V,IT =-0) without affecting the
plasma current and density,but,kneverthe1ess, causing the usual increase
in Ha’ antenna light and fast neutral flux.

Figure 3 shows a similar shot where the current from an edge Langmuir
probe (HCN top) is also displayed. No significant change in the edge
temperature or density could be measured. Figures 4 and 5 show a
reduced edge density and temperature radial scan for a typical high
density shot. Considerable variation was observed from shot to shot,
and even more from rﬁn to run, as expected from the steep density and
temperature profile and the uncontrolled plasma position.

~Figure 6 shows the extreme ultra violet spectrum (550 to 1600 E)
before and during a particularly bad RF pulse (typically there is no
discernable increase in radiation). This small increase in radiation
is most 1ikely produced by 1ight impurities (0, N, C) at the plasma
edge (r > 8 cm), where Te < 40 eV and Ne < 10*"*/em?, and also indicates
no significant edge heating. The increase in central (and not edge) soft

X - rays may be indicative of electron heating, but was not accompanied

by any decrease in loop voltage or increase in electron cyclotron
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harmonic emission} Hard X-rays were never affected by the RF.

A1l previous measurements were done with molybdenum Timiters.
Surprising]y,combletely different plasma behavior with RF was observed
with a carbon Timiter (although Rp and probe signal behaved the same).
Returning to a different molybdenum limiter immediately reproduced
the original results (so conditioning and exact limiter radius and
geometry factors can be ruled out as the cause).

Figures 7 and 8 show the results of a dramatically affected (by RF)
plasma shot, with a carbon 11m1ter‘(a1though not very repeatable, no
such behavior was ever encountered with a molybdenum limiter). Note
how the electron density, central soft X-rays and total radiation
(pyrometer) unambiguously increase with a long time constant during
the medium power RF pulse. The Langmuir probe electron current was
also greatly reduced, possibly indicating an increased plasma potential
(ion saturation remained unchanged, III-3.4). Significant increases
in the neutral tail were never observed either in this mode, as shown
in Figure 7. Visual inspection of the antenna showed carbon deposits
at high electric field points in the antenna, but not anywhere else

near the antenna, which is far away from the limiter.
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IIT - EXPERIMENTAL APPARATUS

III-1. Transmitter Chain and Engineering Support

I11-1.1. Transmitter chain

Usually, the largest investment in any high power RF heating experiment
is the transmitter chain and its engineering support.66 In this case, we
were fortunate enough to acquire most of the high power components as a

gift from the Air Force, making the present installation the largest of its

kind in the world (Figure 1,2). The system was built in view of a multimega-

watt experiment on Alcator C, making the apparatus a gross over-kill for

Alcator A.

67 and "B2" driver amplifiers were

Four "A2" high power amplifiers
installed, yielding a maximum power of 6 MW, at 180 MHz. One of the B2
was also operated at 90 MHz with major modifications. Figure 2 shows the
initial basic transmitter chain from the oscillator, then exciters, B2, AZ,
RF §w{tch QEQ}, dummy loads, resonator, and finally, antenna. AnRF feedback
control system was built to stabi]ize either the antenna current or forward

power. An auto-tune processor and double-stub tuner with stacked 9" transmit-

receive switches as shorting elements was also planned to dynamically match

the antenna during a: plasma shot. Fortunately, s1’nce]34
(1) 33 <7/7, <3
(2) Pref]ECted = L - Zo 2 < .30

Pforward L+

and this system became unnecessary since, for practical purposes, Ry never
varied over much more than a factor of 3 during a given plasma shot.

Figure 3 shows the simplified version of Figure 2 that was actually
-97-




used during the Alcator A experiment. A broad-band T kW distributed
transmission line amplifier was used instead of the exciters and the narrow
band 5894,and the 4cx250 stages of the B2 were bypassed ({Appendix 12).
Any power level from a fraction of a Watt to 500 kW could be injected into
either Alcator or a 2MW dummy Toad through a network of motorized type-N,
3" and 9", single pole double throw coaxial switches. |

Figures 5 and 6 are very simplified diagrams of the A2 and the éé. ‘The
B2 uses an RCA 2041 hfgh power tetrode mounted on a A/2 plate coaxial
cavify with an output coup]iﬁg tap angle of about 30°. The input resonator
is a simple 3/4 A delay line with variable tap angie adjustment,and can be
operated at either 90 or 200 MHz without modifications. For 90 MHz opera-
tion, the plate cavity is extended some 2', and less tuning flexibility is
possible, due to the smaller relative size of the output tuning slug. The
B2 is keyed on by a small screen modulator very similar to the A2 grid
modulator,

The A2 uses anRCA 6950 coaxial super tetrode. The A2 grid is much
more complicated than the B2?'s, because the 200 1b tube is 1/4 long, and the

voltage maximum must be tuned to the center of the tube grid. The 2/2

_plate cavity is 300 and 4 feet in diameter. Four magnetic output coupling

- loops at the top of the cavity then combine to a single output 9" coax.

A fifth output coupling Toop is used to provide positive feedback ,that is
combined with the B2 output,through a variable delay line and a 4 port
hybrid ring. This feedback system was bypassed for more stable operation
in varying loads.

At conservative power levels, the B2 generates 100 kW of RF with 12 kVdc

at 15 amps, and thé A geneFates 1.5 MW with 20 kVdc at 100 amps. One 6950

élone requires é kwwof fi]ameht'bower and 150 gallons pervminute of plate

-98-




cooling water. A1l the tuning elements of the A and B? are motor opera-
ted, and the transmitter cabinets are thoroughly RF leak tight. The

A2 and ‘B2 DC plate supply leads are brought through two high power LC RF
~ feedthroughs.
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III-1.2. High power DC and control systems

-

Two multi-megawatt DC power schemes could be used to feed the [2 plate
with' 12 kV, and the A% plate with 20 kV, as can be seen from the simplified
schematic of figure 1 . A1l four power supplies are located underneath the
transmitter room in an explosion and fire proof vault (Appendix 12). In
the first and simplest scheme, two 3 ampere DC power supplies are used to

charge the 600 uF and 400 uF capacitor banks to produce a 40 ms, 500

kW RF pulse.

_4'
(1) W= -‘LEL%-@___F (202 - 152 kV%)= 35 kd

(2) p

¥= 875 kiWdc

Both capacitor banks are sp]it in half, isolated with critica]]ybdamped
current limiting RL networks (not shown in F1gure 1), and equ1pped wwth
mechan1ca1 and ignitron crowbars 1000 uF could also be installed 1n the vau]t
perm1tt1ng up 1.25 MW RF for 40 ms.

The second scheme uses 2 custom made Tong pulse 300 and 100 ampere
ignitron power supplies powered from the 4160 volt ac 1200 ampere Magnet
Laboratory bus system. Figure 2 is a simplified block diagram of this
- system. The main sequencer triggers the "domino block generator', which

1n turn,sequentwa]]y c1oses the 4160 Limitamp breakers feeding each of the A®
| and B? h1gh voltage tr-ansformers The sequencer also triggers the
rectifier phase controller, the gr1d modulator and the fast crowbar system.
The ignitron phase control system is very simple, since this is basically
a predictable capacitive-resistive Toad and no power inversion is necessary.
The phase control can be run either open or closed loop. The rectifier is
a fuTl wave, three phase array of 12 GL-5630 ignitrons (Appendix 12) These high

‘voltage ignitrons are rated 30 coulomb, 30 kVdc, with gradient and screen grids,

-104-
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and one holding and two triggering anodes.
The 500 gallons per minute at 80 psi of highly demineralized cooling
water is provided by a custom made heat exchanger unit using Charles River

water as primary coo]ant.69

A multitude of contro]_and safety systems was built to manage the
complex high power apparatus. The safety system can be broken down into
four basic blocks operating at different speed levels (Figure 3). First,

a number of kirk key and panic button interlocks are located throughout the'
system and, in particular,at the main control panel, vault, RF switch yard,
Limitamps, Alcator A sequencer and cell, physics station and matching

system. These interlocks, combined with literally hundreds of relay contacts,
monitor the status of everything from slow.high voltage overcurrents to

a Tow Qater flow in an A2 gfid. In the event ofwé fau1f, tﬁe main high voltage
interlock relay-K3 is opened, thus disabling all power systems operating

above one ki1oVo1t. Smaller 1nter1o¢k Toops will shut down only subsets

of the system to protect a particular part of the equipment.

The next two faster levels are solid state, monitor fast current,
voltage or reflected power transients,and disable the main sequencer,
wh1ch in turn tr1ggers the crowbars and cuts off the RF dr1ve At the
fastest speed level, some twe]ve short d1p01es 1ocated near the |
transmitters along the transm1ss1on 11ne and in the A]cator cells monitor
RF leakage, and, for power levels exceeding OSHAr?commendations, the RF
drive to the exc1ters is qu1ck1y cut off

The most 1mportant control element is the centra] high power control
unit (Append1x 12), which can be d1v1ded 1nto three subsgts, Ky K2, K3.
For all practical purposes, K1 enables all non-solid state systems (as
long as the safety circuits are satisfied). K2 enables the 4160

Alcator starters, and K3 enables all high voltage DC systems above 1 kV.

-105-
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The main seqUencer,68 fast crowbar system, grid modulator
and RF Teakage detector system70 were custom built in house. Many
channels, remote control and the recyclable features were necessary for
the sequencer, so that during a run, different RF scenarios could be
quickly implemented between shots, (i.e., Tow power long pulse for tuning,
three short interspaced pulses for high power heating, or simply a short
medium power pulse every second for antenna conditioning).

‘EQen when measured with é half wavelength 50 ohm matched dipole,
RF leakage signals of, at most, one volt were measured under the most

adverse conditions (i.e., a panel left off the resonator, and Pf = 50

kW). The Poynting flux,

(3) S = -E— = .07 W/m2 = 7 uW/cm?
whgre_

Vzrms
(4) P=35pq

1.65 A2

. was much less than the OSHA recommended 10 mW/cm?, and the system wa; not
needed. Normal readings in the cell were at the nanowatt/cm? level.

Nevertheless, the system should be used with high power AZ experiments.
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I1I-2. Matching and Launching Structures

I11-2.1. Basic matching and Taunching system

As we mentioned earlier, a series of three antennas, Ays A, and
A, were designed and tested (Figure 1). The first, Ap is an all metal
ultra compact shielded antenna. Significant attention was given to RF
properties, cooling, and especially to the stringent mechanical constraints
of the Alcator tokamak 71 (Section III-2.2.). The second antenna, AZ is
unshielded, also all metal, and has 2.5 times more loop area (Section
I1I-2.4.). The A, antenna structure wifh side virtual limiters is more
than an order of magnitude larger than the tiny 1.25 x 3.4 inch access
port, and extensive use of "Boat in the Bottle" technique was necessary
to install these unfolding structures inside the Alcator vacuum chamber
(Figure 2).

A4 is a cdmbination of A1 and Az.with an increased loop area, more finely
slotted Faraday shield and side limiters, and a Langmuir probe mounted in
the front of the shield. Figure 3 is a simplified diagram of the basic
antenna stfucture. |

A1l three antennas were located on the Tow field side of the plasma ,

- with their back plane electrically connected to the vacuum vessel (r(wall) =

12.5)cm). The ‘antennas were made with two current Toops (A6 = 65°)

that could be fed so their magnetic fluxes added (m = 0 mode, IT out of
phase with Ig, push-pull drive) or cancelled (m = 1 mode, I in phase

with IB’ push-push drive). A1l three antennas also had internal RF current
probes'near ihé voltage minihum, thus making possible direct calculation of
loading resistance, an advantage not usually seen in other éxperiments.

72

A high power 20 foot, 1200 1b. coaxial resonator system’‘ was built
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to match, balance, and e]ectrica1]y iso]ate the antenna (Figure 4).
The extremely versatile resonator_cou]d match almost any reactive or
resistive load down to a fraction of an ohm, from 45 to 360 MHz,and
up to the megawaft power level. Figure 5 is a simplified sketch of
‘the vacuum antenna feeder. The m = 1 capacitive coupler is shown in solid
lines,while the m = 0 magnetic coupler is shown in dashed lines. The
vacuum breaks are shown with their CCl, and teflon sleeves. A late
version, two stage dc break is also shown. The resbnator and coupler
box are at ground potential while the antenna and vacuum feeder hardware
are at machine potential. Note also how'the antenna feeder
center conductor is supported only at each end, the antenha currenf
maximum ground, and the vacuum breaks.

Considerable time was spent developing satisfactory high power
vacuum electrical breaks. Many materials and geometries were tested at
very high RF voltages using a modified panel at the voltage maximum in
the resonator. Liquid carbon tetrachloride was found to have superior
dielectric and c0011ng properties for h1gh power, Tow ]oss RF 1nsu1at1on

Finally, two 1nnovat1ve antenna structures and matching systems A3 and
A6’ were proposed and designed (Sect1on 111-2.6). These 1ast RF launching
systems could be a full 360° around the plasma, m =0 orm=1, a]l metal,
and shielded or unshielded. The resonator would be only a half wave]ength
long at Alcator vacuum and the vacuum breaks would be at a real power
feed point. The A6 launching system would, theoretically, have superior

power handling capability and loading and versatility characteristics.
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“A Boat in the Bottle" Technique

Figure 2
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I11-2.2. Ay antenna system and engineering constraints

The Alcator A access ports were made by milling holes and slots
in a 3" thick solid block of 304 stainless steel (Bitter flange),which
"is part of the high compressional strength Bitter magnet. The plasma
is actually located in a ten inch hole in this stainless steel block.

Figure 1 is a mechanical drawing of the A1 antenna mounted in the Bitter
flange. Two hollow pins ho]d the antenna firmly against the vacuum wall.
The treaded endé that écrew in the antenna. are locally weakened, so the
pins can be broken in case of galling. Light inside the antenna can be
monitored through a Tine of sight path between the antenna center con-
ductor and a window mounted on the main 10 inch spool piece.

The feeder outer conductor is one inch in diameter, and has a "valve seat"
fit td the back of the antenna. For comparison, this outer conductor is
smaller than the TFR and PLT antenna éenter conductors, aﬁd Ay is small enough
to fit inside the center conducforvof nine inch coax. The inside

conductor is only half an inch in diameter, giving an impedence of about

18, and is a

40 ohms. 40 ohms is optimum for power carrying capability
good mechanical compromise between a sagging small center conductor, and
a large stiff one requiring too much dimensional stability.

The A] antenna was "carved" out of a solid block of 304-L stainless
steel,as can be seen from Figure -2, Only the center conductor and front
Faraday shield clips were welded inafterwards. Five almost symmetric
pairs of holes were drilled in the backplane of the antenna. (Figures 2
and 3). Starting at the center of the antenna, we have the one inch
feeder coax seat, then the insertion rod holding threads, the holding pin

threads, the lLangmuir probe seat and finally, at the end of the antenna,

‘the antenna current probe seat.
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The rugged Faraday shield is an integral part of the back plane and
was formed by slicing the side limiters at a 60° angle. The front over-
lapping clips were then electron beam welded to the back plane (Figure 4).
Note how the vacuum vessel radius is only 12.5 cm,while the plasma limiter
is 10 cm,s0 the Faraday clips are less than 1 cm from the relatively
(to TFR and PLT) high power density plasma edge. |

Figures 5 and 6 are mechanical drawingsand assemblies of the vacuum
RF antenna feeder. A1l components are standard 4.5 and 2.75 inch stainless
steel hardware with knife edge and copper gasket seals. The ceramic vacuum
breaks are high grade alumina (A1203) with high temperature brazing,so the
whole antenna assembly is of u]trq high vacuum quality (10'9 torr) and
fully bakable. |

- The two 4.5 inch bellows enable the outer coax conductors to press
firmly on"the antenna seats. Two 30 liter/sec high-Q ion pumps, mounted on
the 2.75 and 4.5 inch "T's"pump the coax feeders and the large trapped
volume in the port behind the antenna. Note from Figure I11-2.1.(4) how the
main ten inch spool piece is at the bottom of a deep tunnel inside the
Alcator liquid nitrogen dewar, considerably Timiting access to the Bitter
flange.

‘A1l RF carrying surfaces are electroplated with .001 - .003 inches71

of pure silver (i.e., no organic brighteners). The skin depth at 200 MHz is

_[7 . -6 _ -4
(1) s ﬂvé;;% 4.6 x 107" m= 1.8 x 10 " inches

where, for silver,o = 6.1 x 107 mho/meter, and § is much less than the

silver thickness.

About half of the easily calculatable system resistive losses comes

from the two meters of half inch diameter center conductors
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(2) RL - g 68 2_“_" = -]8 Oth

With 200 amperes in these conductors,some

(3) P/cm = — ® 36 watts/cm
P/cm3 = iicm = 28 watts/cm3

and a final temperature of 830°K would be reached after (T. = 270°K)

(T "To)DC
(4) at = f P73 g =~ 80 sec
. | . s .. J ] M
where for stainless steel, p = 7.9 g/ cm 2 C, .504 g °K and k = .16 om oK

This corresponds to about two hours of antenna conditioning, with sixty
10 msec pulses a minute. The 830°K was chosen for a 10”8 torr silver

28
vapor pressure calculated from the approximate empirical formu]a1
(5) 1og]0 p(torr) = 8.865 - 14058/T(°K)

From the one dimensional heat diffusion equation in a solid

———
(=)
-
Q2 iQ
o+
H
Q
[+3RE+%]
%%
—

_where for stainless steel, a .S .04 cm?/sec

[}
Pey

we can calculate the approximate heat penetration depth for a 200 msec RF

139
pulses as
(7) ax = Joat= .09 cm<<r

and the heat is deposited only on the surface of the conductors. 1In fact,

. . 140
the surface temperature of a semi-infinite solid exposed to a heat flux is
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(8) AT-'Z‘T'T‘F—,E - = 5,7°K

Similarly, the heat diffusion time out each end of the center

conductors can be estimated from equation (7)

Ax2
Qo

(9) at = = 17 hours

which is much longer than any run ,and the heat simply piles up as in
equation (4).
For sufficiently large surface temperature (=830°K), black body

radiationl41

(10) P/fcm? = g & TH (°K) = .27 W/cm?

-12
where ¢ = 5.67 10 Eﬁzﬂaﬁq and ¢ = .1, radiation becomes important

( P/em2 = .09 W/cm? during conditioning).and the surface temperature
is not 1ikely to reach the 10° 8 torr vapor point.

Three basic_types of electrical breakdowns can occur in the vacuum
feeder: eTectron cyclotron, multipactor;and avalanche breakdown. Electron

cyclotron breakdown occurs in high electric fields where
_ 2meB _ . '
(11) fo = 5r— = 100 MHz at B, = 36 gauss

The Alcator fringe fields are greater than 36 G, but in any case, a simple
coil could easily be wound around the feeders (B parallel to the feeders) to
increase the magnetic field. 200 dc amperes pulsed could also be injected
in the center conductors (from an RF feedthrough in the resonator) to
produce a "poloidal" field, also possibly increasing the threshold of
avalanche and multipactor breakdown. The drawback is the significant IXB
force on the antenna center conductor. For 200 amperes, 60 kG, and 10 cm,

the force is

-119-




(12) F = IBe = 120 newtons = 27 1bs
and the average poloidal magnetic field is

(13) Bp = Iﬂ?° = 42 gauss

™

The time varying tokamak magnetic fields also induce voltages and

currents in the antenna feeders,
(14) v =22 < .03 volts

(18) 1= %— = ——— = 2.0 amperes

where wé assumed A = 50 cm?, %%— = 6T/sec, o s = 1.1 x 108 mho/meter,

S

and therefore, are unimportant.

Multipactor occurs when the accelerated electron path length in an RF

electric field becomes comparable to the electrode spacing.

~e Eo cOs wt

! (16) mx =
i X = %BEQ cos wt

2
(17) Eo = dzg ©® . 900 V/cm

160 watts

e
1]

where we assumed d = 2 cm, 200 MHz, 50 @ coax, and RR =1 q. The electrode -
must also have a secondary emission coefficient greater than one at about

W = 2 Eod,which is generally true for insulators, and in particu]ar,for
A1203,which has a peak coefficient of about 5, around 1 keV.142 At low energy,
the electrons cannot "knock out" secondary electrons,and at high energy, the
electrons are buried too deeply in the material. Conductors and, in particular,
silver, do not secondary emit easily, and the problem is most likely to occur

only in the ceramic vacuum breaks.
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For multipactor coefficients greater than one, the electric fie]dlg
need not be in phase with the electron motion, and a whole range of
electric fields are possible. In practice, multipactor can occur over
several decades in power {a E2), especially with long electrical breaks
where several different md]tipactor regions are possible. Figure 8 is
a dramatic example of how the antenna current can be almost totally sup-
pressed by slightly Towering the power into the multipactor regime.
Figure 7 compares the approximate experimental results with a more
sophisticated multipactor model that takes into account the electron
phase and the'multipactor coefficient. A static magnetic field can
greatly modify the electron motion,and thus multipactor. Insulating
coatings with low secondary emission coefficient have been developed but
were not necessary, since the effect could be circumvented with reasonably
Tow (< 1 watt) and high (> 1 ki) powers. |

The more common1y known avalanthe breakdown can occur either inside
or outside the vacuum, when electrons or ions are literally pulled out of
the surfaces, forming large quantities of highly conducting jonized gas.
The worst pressure region is in the high militorr range, slightly above
the Alcator backfill pressure. To ensure high vacuum integrity and keep
- as much as possible of the RF feeder at high vacuum, a 30 liter ion pump
was installed near the electrical breaks. The coax gas conductance in

the molecuiar flow regimego

(18) Apfp = 50 cm>> D at 107% torr

3 :
(19) U, = 12.2 %—— ~ .84 1/sec << 30 liters/sec

where D = 1.9 cm = average diameter, L = 100 cm, and therefore the vacuum

break preésure will be about an order of magnitudé below the torus pressure.
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On the other hand, the Faraday shield conductance is large

(20) U, = 11.7 AS liters/sec = 100 1/sec >> Uc

and the antenna remains at the torus pressure.

Figure 9 shows typical arcing conditions inside and outside the

vacuum feeders. Arcs outside the vacuum are usually "stiff", and
quickly crowbar the antenna current. Vacuum arcs can be either "stiff"

or "soft", and are accompanied by large amounts of light inside the

feeders.
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I1I-2.3. Matching reSonator

The Alcator A matching system used a simple high power resonator
(Figure 1f€ Since space was not a constraint, the 13" sguare coaxial
resonator was built large enough to accommodate almost any frequency
(45-360 MHz), any resistive or reactive loading resistance (.5 Q to
50 @), and either m=0 or m=1 phasing for powers up to the megawatt
level. The resonator was also used as a high RF voltage test stand

for electrical break development.

The basic matching system can be illustrated with a simple,half '

wavelength resonator ( Figure 2) with a load R at z = /2. The field

components are then72

(1) Vv(z) = Vo sin kz cos wt

(2) 1(z) é'%f' cos kz sin wt

At resonance, the impedence at the tap point z = d is purely resistive.

From conservation of power and proper match,:

(3 LU <22k

gnd substituting (1) and (2) into (3), we have

in2 2
(4) V3 ;ln kd _ géR

and the tap point angle

(5) kd s

R
]

8° for R=1 g and Zo 50 @

R
L,

26° for R = 100 and Z, 50
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The actual resonator used was a combination of three overcoupled
resonators as shown in Figures 3 and 4. At 200 MHz, the vacuum feeders
are about a wavelength long, and a voltage minimum in the main resonator
is tuned to half way between the antenna feeders. The input tap angle
is calculated again from (5). Three conditions must be met for proper tun-
ing.  First,the system must be resonant, second, the top and bottom
currents must be roughly equal, and third, the tap angle must be set for
proper match. These three conditions can be met by the three moveable
components; top plate, bottom plate, and tap angle. Unfortunatély, the
three degrees of freedom are not orthogona],and expertise must be developed
for quick,accurate tuning. A number of diagnostic current loop and capacitive
probes are located in the matching system, in particular,on the top and
bdttom tuning plates, near the vacuum feedthrough and,of course,in the
antenna. | »

At 90 MHz,the feeders are only A/2, and the resonator is 3/4 A, with the
bottom shorting plate removed. Other similar resonant modes are also
possible,especially at the higher frequencies.

Figure 5 is a much more general model pf‘the resonator sy§tem that

is valid,even off tune. Using the general lossless transmission line

impedence transformation formula

_ 7+ 2 tan ke
x=Z°Z°+'iZLtank9,

(6) z

the impedence.of each half of the antenna,ZL =;Z] = RR/Z,is trahsfbrméd over
a distance 2 = A, td a new,comp]ex impedencé,Zx = 22, Similarly, the Tower
circuit ZL = 0 is transformed to 235 Z3vand 22 are cdmbinéd to givé'24,
which,in turn, is transformed td ZS,and so on until Zg.which will be pure,

real 50 @ 1if the system is in tune.
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The vacuum feeders can also be run in the push-push mode by tying the
two feeders together, coupling capacitively, and displacing the lower
voltage node in the résonator. Balance is guaranteed by symmetry, only
two degrees of freedom are necessary, and the system becomes much easier
to tune.

Figure 6 shows the basic mechanical layout of the resonator box, coupler
box, and the one stage capacitive DC break between the vacuum feeders and
the grounded resonator. Figure 7 shows the top plate and center conductor
tap angle remote control drive mechanisms. Figure 8 shows the top shorting
plate and tap angle center conductor bellows. The resonator is built of
1/4 inch machined and silver plated copper plate. The resonator must be
extremely RF leak tight, since for 200 amperes of push-push antenna current
400 amperes circulate in the resonator, corresponding to 20 kV RF and 8.0
megawatts of reactive power. Even under these circumstances, as we cal-
culated earlier inSection I1I-1.2, the RF leakage is much less than 10'6

watts/cm2.
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Side View of 13 inch Dijameter Coaxial Resonator
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Resonator Waveform
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I111-2.4. A2 antenna system

To increase power coupling capability, a new antenna,Az,was built
with the same backplane and diagnostics as AP but with a Toop area 2.5
times Targer. The plasma radius was reduced from 10 cm to 9 cm, and slotted
side 1imiters were installed on each side of the antenna,as can be seen in
Figures 1, 2, 3, and III-2.1.(1).

The slotted side limiters were similar to the A] Faraday shield, and
were held in place by thin flexible stainless steel arms. These limiters
were installed first, then the antenna and current probes. When proper
fit was reached (as viewed from a .5 inch flexible boroscope through the top
keyhole Fig. 3),the two 1imiter arms and two hollow antenna holding pins were
tightened, wedging the antenna and limiters securely to the Bitter flange,
as can be seen from cross section view of Figure 11I-2.1.(1). The high current
carrying region between the center conductor and back plane was silver-
plated‘as*Al.

The impedence of the antenna can be calculated from the approximate
semiempirical formula for a narrow center conductor {w = 1.1 inch) over

(d = .54 inch) an infinite backp‘lane.135

(1) 2

125 - 116 10910 (w/d) for .2 < w/d < &

]

| 90 @

" To calibrate the antenna current loop probes, the test set schematically
shown‘in Figure 4 was used. The ahtenna with its Timiters and probes were
~mounted in an aluminum cylinder simulating the vaccum vessel. A 50 ter-
minated oscillator, directional coupler and coax were then connected to

the antenna coax seat through a special adaptor.
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The currents and voltages at the antenna are (Figure 4)

(2) I, = I, cos 8,

(3) Vy IaZa sin o5

where 6, = k 2/2 = 22.5° at 200 MHz.

- Similarly, on the coax side of the antenna-coax boundary

(4) I, = I, cos 8

(5)  Vy = LoZo sin 6

Equating (2) and (4), (3) and (5), and dividing the two results, we have

(6) Za tan o, = Zo tan 6,

(7) 6, = 36.7°
From (2), (4) and (7), we finally have

Cos 6 ,
(8) I, = —-""'—9- I. = .86 I = Io
A Cos 93

For practical purposes, we will assume
) Vf + Vr i 2V

f
(9) I,=—g5— =%

and the calibration factor
(10) C =& = 5g— = 6.7 amps/volt at 200 MHz (typical)

To increase the voltage and power capability, a much larger (compared to
the first version (Figure 6)) pair of electrical breaks was also installed
(Figure 7). Although several times longer, these new feedthroughs could

only carry about twice the power, since the thin, long exposed center
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conductors in the'e1ectrica1 breaks had a very high impedence, and unneces-
sarily increased the local RF potential. It is believed that the power
capability cqu]d Have been increased by simply enlarging the center-
conductors of the new electrical breaks. The electrical breaks were
"effectively" shortened @s in Figure8) by shorting the first half of the
electrical break with aluminum foil, resulting in an almost identical
current carrying capability.

After elaborate testing of many electrical breaks materials and
. geometries, it was consistently found that RF breakdown was several times
more severe than DC (arcs 6 inches long between feeders were common) and
always occurred on sharp edges. The most common and difficult to solve
problem was at the metalized surface of the insulator,where the brazing
‘thins out to a sharp knife edge. Several epoxies and corona rings were
tested with some success (factors of 1.5 - 2 in antenna current) to cover
these edges, but the main drawback was that,once breakdown occurred, the
voltage standoff was greatly decreased, and the breaks were very difficult
to clean.

Another important factor is keeping the electric field at the
metali zd joints, into the ceramic,sq that particles cannot acquire
kinetic energy before colliding. Figure 9 shows a ceramic break compatible
with the A] and AZ feeders using this princip]e;and where the brazing
is down in a groove at the end of the ceramic sleeve. High power RF
electron tubes are usually built this way. |

Several liquids were also tested to wet these edges, or even completely
submerge the ceramic electrical break inside a Teak tight teflon sleeve.
The 1iquid had to be of very high dielectric strength, low Z, volatile solvent

(in case of contamination of the tokamak), lossless (which,for all practical
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purposes, meant nonpolar), and nonflammable. Carbon tetrachloride met

all these specifications with no major drawbacks,except that it is a

known carcinogen, and great care must be taken to avoid personnel exposure.

Figure 101is a simplified sketch of a flexible version of A2 that could
be used for low power tests,and inserted in any of the much smaller HCN

or Thompson port side keyholes.
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Boroscope View of A, Bridge Assembly Inside
Alcator. '

Figure 3
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A, Vacuum Break

Figure 7

A_§hort Vacuum Break

Figure 8

Improved Vacuum Break

Figure 9

Flexible A, type antenna

Figure 10




I11-2.5. A4 antenna System and Faraday shields

The third antenna tested, A4,is shown in Figures 1, 2 and
111-2.1.(1). The backplane and side Faraday shield are from the old A

antenna. The center conductor was moved out like Az,and a thick, dome-

type Faraday shield front was added instead of the thin Al clips. Slightly

higher (than Az) slotted limiters were also added.

A radially scannable Langmuir probe.peeking through the front of the
Faraday shield,was installed to measure the tenuous plasma near the
“antenna (Figure 7). The probe connections were made through an additional

port on the already overcrowded 10 inch side port.

The purpose of the Faraday shield and side limiters is twofold. First,

it keeps the tenuous plasma and, in particular, the particles streaming along
the field lines out of the high electric field region of the antenna
{kilovolts/cm), and second, it shorts out the unwanted EZ component of the
antenna without affecting the E8 components.

Two general rules of thumb can be formu1ated for the design of a
Faraday shield that will not significantly shield out the desired B,.
First, the shield cl1ip width should be much less than the center conductor
to backplane distance. Careful examination of the clip geometry and the

backplane currents shows that part of the backplane current will weave
up the inside of the clip,about a distance equivalent to the clip width.
This image current path will be unimportant only if it is low compared
to the center conductor, and thus our first rule. In Ay the clip width

was 2.5 times less than d.
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Second, the c]fp geometry must be designed so the magnetic energy
stored in the gap between clips is less than the energy stored inside
and outside of thé shield. To see this we will,for simplicity, examine
the magnetic energy of only the center conductor of a coaxial antenna.

The stored energy is
r
2 2 f] 1
= A =1t .1 A
(1) W Al(‘l/r) dr {rl r?_}
1

where for typical Alcator values

inside shield W. 2 A 25" r < B¢

n

at shield W .33A LS« r < 6"

at
1.66 A B'<cr ¢ o

outside sh1e]d’ wout

For a good shield, the flux through the shield region is about the
same as without the shield. With the same flux and a gap to width ratio,
G, the energy density in the gap is increased by G2 but the volume is
decreased by G, so a net factor G remains. For A,, G = .25"/.032" = 8,
and the energy in the shield,wat,becomes 8 x .33 =2.64 = win = wout’and
a small reduction in flux can be expected as compared to A,.

These rules came from a number‘of experiments on the simple,but very
realistic,set up of Figure 3. Several stripline conductors of
width w, length % and height d above a large ground plane. ,were energized
as in Figure III-2.4.(4). Several types of slotted and unslotted limiters

and Faraday shields were also tested. Flux measurements at height h were
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made with a shielded magnetic probe (Figure ITI-3.2.(8).

Figure 4 shows how the magnetic field is independent of the center
conductor width’w, and decreases as 1/r? as expected from the quasi-
static near-field with d << r << )

1 1 1 1 . ¢2d
(@) Bo g -y = 5Tg - F¥d " W

Figure 5 shows the expected dramatic effect of Faraday shield clip
width. Figures 6, 7, 8 and 9 are similar tests with A, and A, inside
the cylindrical simulator. Figure 6 shows the weak effect of the
slotted limiters spacing on A,. Figures 8 and 9 show the flux ratio
of A1 to Aé fer carefully controlled conditions. Although the radia-
tion resistance increases as flux squared (4% = 16), the plasma radius
was decreased by a centimeter (from A to A,), and thus for large
ke = .6/cm, the evanescent edge layer is thicker and the resultant
factor is only
(3) 2 -85

e
A, had an effective flux about 30% less than Az,as measured in the
cylindrical simulator.

A side effect of a good Faraday shield is that the antenna becomes

.. . 3
a slow wave structure. From transmission line theoryl 4

(4)

ve 1
e
) 1=k
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For a vacuum dielectric, A, geometry without the Faraday shield (Figure 1),

and from equation I1I-2.4.(1) with w/d = .83

(6) V=1¢=23x10% m/s

134 @

(7) 1z

Combining {4) - (7) we have

- -11
<7 2.5 x 10 F/m

—~—
2}
e
o
1

= 4.5 x 1077 H/m

—
[t
N
—
i
oM

Adding the Faraday shield does not significantly change‘L,but the shield

capacitance from Figure 1 is large
(10) C, = 4.3 x 1071 F/m

The new phase velocity and impedence are now

(1) v-= l = .6 ¢
V[[E )

(12) Z=1/csc— = 8a

s
The impedence and phase velocity could be even further reduced by mounting
large slotted knobs on the back plane or center conductor (the Faraday
shield design rules apply here also) so as to increase the capacitance per
unit length ,but not the inductance and antenna loop flux.

Following the same procedure as in Section III-2.4,

(13) o 37°

it

a

51°

R

(14) o

0

-150-

[ RN Tt e e E———————



A g0t

N P R

(15) Ing = -79 I0 = .92 Ino = I

and our current probe calibrations are still within reasonable error.
Figure 7 is the calibration factor for the top and bottom A, current
probes as a function of frequency. As expected, the calibration factor

is nearly inversely proportional to frequency.
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End View of Antenna Test Set
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111-2.6. Az, As, Ag antenna systems

To further improve the power coupling capability of the}Az unshielded
type antenna, a longer and much higher current antenna system, A3, was
designed (Figure 1). The main new feature is that the matching is done
in a vacuum,so the ceramic feedthroughs are at a pure real power point.
Thus for a conservative 200 amperes, 800 kW can be coupled.

Figure 1 is a preliminary mechanical design of A;. The antenna
jtself could be almost twice as long as A,,and very easy to insert. Both
antenna center conductors are hinged to the large, four inch diameter, hollow
feeder conductor. Image currents run directly on the vacuum vessel, and
the end of the conductors are held in place by threaded rods through the
vertical keyho]esf The large .stiff.hollow feeder is very rigidly canti-
levered from the outer conductor behind the sliding tuning plate. The
tuning plate is positioned by motor driven hollow control rods (at atmos-
pheric pressure) with current loops at the plate’surface. The entire matﬁhing
and antenna system is the same size as the A, feeder, (/2 at 90 MHz,

X at 180 MHz). ATl parts are stainless steel, bakable and silver plated, as
is A;. Electrical breakdown can be mohitored through windows mounted on
the tuning and matching control flanges.

Tuning is done through a variable vacuum capacitor in a six inch "T"
near the voltage maximum. From conservation of power when the system is

in tune,and RR << ZO, we can approximately write

~ = = 12
(1) Pin Iin Vin Io R

which can be rewritten as

2
Vin vo ~

(2) — D e 'V' =
Z0 Xc in

o
o NO N
~
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and solving for capacitor reactance

Z
(3) X =Z,\Jg> =1602 forZ =500 andR =52

we find C = 5;0 x 10712 F at 200 MHz. This corresponds to a rather large
capacitor disk four inches in diameter with a half inch spacing.

Two other major advantages of the Aj system are that tuning and
matching controls are nearly orthogonal,and the smaller and simpler
matching system cannot contain as many parasitic modes. Aé is thus
much easier to tune and model accurately. A major possible disadavantage is
that the nigh current carrying part of the antenna intersects the cyclotron

resonance layer.

Figure4 is a very preliminary conceptual design of a fully shielded
360° antenna similar to A,. This antenna would be wider (1.6" instead
of 1.2"), and of lower impedence than A,. A could be inserted in either
(or both) the HCN or Thomson horizontal ports. The keyhole bridges in
these side ports would be milled in place without lubricants and without
dismanteling the tokamak,‘a tricky.bpt nevertﬁe]ess feasible task.
Finally, a no compromise realistic antenna was designed with all the
technology developed through the A;, A,, Az, A, and A designs. ‘Figure 2
is a simplified schematic of the A; RF components. The Ag antenna is a
slow wave, Tow impedence, 360° shielded antenna similar to A, and Aq
(Figure 4 ). Each half of the antenna is independently matched to 50 @
by two short A3 type vacuum resonators (Figure 3 ). The antenna halves
can be easily and arbitrarily phased by a variable delay line (Figure6)
The 9" diameter coaxial power splitter (Figure 5) is of the long linearly
tapered type, which is relatively broadband (90 - 200 MHz) and free of
parasitics. The 9 inch DC block is three stage, coaxial and similar to

the two stage A, version.
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Matching is mechanically most easily achieved by changing the
frequency ,since the Az tuning capacitor would be too large for the more
compact Ag. The tap point (near the operating frequency) can be easily
calculated and experimentally verified under bench test at atmospheric
pressure. For gross tap changes, the standard 4.5" "T's" can be inter-
changed. The vacuum feedthrougls can be custom built, or the already
available (FPS-17) high power 9 inch coaxial TR (Transmit-Receive)
switch tube vacuum barriers could be used. The power splitter and-delay
Tine could also be built from available 9 inch "T's" (FPS-17 up-down
switches) and already motorized A2 feedback phase shifters.

The antenna itself could be secured in place by any combination of
different ways, in particular, by horizontal back plane pins as A,
Az, Ay, vertical rods as A3, or even screws into the Ritter flange as Ag.
Ag could also have the full line of RF, plasma and breakdown diagnostics.
7 360° slotted side limiters similar to A, and A, would also be installed.
; For a sufficiently slow wave structure (V = VA4 = .6 ¢ for Alcator
C and 200 MHz);a voltage null in the antenna can be located slightly on the
low field side of the major radius. This producesa nearly ideal field pattern
for the single perpendicular pass regime (RTIIH <R .y and. 2 small near-field

edge heating at the resonant layer.
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Simplified Schematic of A System

W

Figure 2

v

Simplified Mechanical Layout of Ag System

5
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Figure 3
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I11I-3. Extensive Plasma and RF Diagnostics

One major objective of the experimental apparatus was to have as
extensive RF diagnostics as possible. For this purpose, almost all
easily implemented RF diagnostic schemes were used.

Forward and reflected power were measured at different points in
the system with 9" coax directional couplers. Top and bottom resonator
balance and antenna currents were measured with magnetic probes. A high
speed dedicated analog computer calculated RR in real time. Many unshielded
RF probes were located éround the torus, in particular, in the near-field
of the antenna, in the opposite limiter port.and poloidally a quarter of the
way around the torus. Ceramic thimbles were also built to house shielded
probes and also a three component, Be’ Br’ and Bz RF probe. Two k., arrays
of probes were used to measure the parallel wave length and field profile
at the port.

Several iﬁcreasing]y sophisticated phase detection schemes were used to
measure parallel and perpendicular mode numbers. These schemes include a
high speed compressor and mixer, single sideband generated fringe correlators,
and a sine cosine phase detector.

A number of plasma and RF breakdown diagnostics were also designed and
used, amoeng which were several high sensitivity light detectors monitoring
the RF antenna feeder coaxes, the electrical breaks, and the inside and
outside of the antenna (Figure 1).An Hy light detector, Langmuir probes,
high speed bolometer and trapped particle detector were designed for

measurements even in very high RF fields.

Finally, all the tokamak support diagnostics were used and, in particular,
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. *
the alcohol laser 1nterferometer73 , mass selective charge exchange

33-38* 39*

energetic neutral spectrometer , soft X-ray detectors ,

39* . . . . 2%
neutrons , as well as all the usual magnetic diagnostics

*Stephen Wolfe and Jeffrey Parker were responsible for density measure-
ments, Martin Greenwald and Catherine Fiore for charge exchange,
Robert Granetz for soft X-ray, David Gwinn, Daniel Pappas and William
Fisher for neutrons, and David Overskei and Bruce Lipschultz for mag-

netic diagnostics.
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III-3.1. RF power, radiation resistance and data acquisition

Forward and reflected power were measured right at the matching
resonator by 60.2 db (at 200 MHz), 9" directional couplers (Figure ITI-3.(1).
Top and bottom antenna current were measured by calibrated current loops
inserted through the top and bottom MW port.

Double shielded RG 55 coax (= 7 db/100 ft at 200 MHz) was used for
a11 RF diagnostics. A1l lines were properly terminated to 50 o and
shunted with high pass .2 microhenry inductors (XL = 250 @ >> 50 o at
200 MHz). Custom hfgh voltage (>1 kV) DC blocks were installed at all
RF sources. ,

Absolute RF measurements were made with 7A24, 400 MHz, 50 o terminated
Tektronix plug-ins in two (7834), 400 MHz storage mainframes. Relative
measurements at the base frequency and absolute measurements at lower
frequencies were made with 7A18 plug-ins in five 7623A, 100 MHz mainframes
(slew rate limited, = 3 db down at 100 MHz, 14 db at 200 MHz). RF voltages
were usually measured at the base frequency as peak to peak measurements
off oscillograms, and rarely by ordinary square law diode detectors.

Figure 1 shows the 100 kHz bandwidth on-1ine radiation resistance

‘ana1og.computer. Forward and reflected power and either top or bottom

antenna current signals were 3 db split, displayed at the base frequency
and square law detected. The diode signals were corrected for true
square law over a 20 db range by dfode networks, and then subtracted and
divided to calculate loading resistance,

Most of the plasma diagnostic signals were recorded either on storage
oscilloscopes, or on a slower CAMAC digital memory storage system interfaced

to a PDP-11/55 computer.
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I111-3.2. RF wave'probes and arrays

Many small unshielded RF wave'probes were installed around the torus,
- as can be seén from the cross Asection view of Figure III-3.(1).
Most of the probes were unshielded and similar to the ones shown in
Figure 2 and the bottom of Figure 1. These probes were mounted on 3/8"
0D pipe,with atmospheric pressure on the inside. Bakable .125".0D hardiine
coax and high temperature brazed alumina feedthroughs were used for high
vacuum integrity. The feedthrough welds were electron beam welded and
protected by side limiters. The Langmuir probe, A, flux model probe and
ka array of Figures 5, 4, and 1 wefe of similar construction. The array
probe spacing was about 2 and 1 cm. A simple k. array of 3 probes similar
to Figure 1 was also used.

Figure 6 and top left of Figurel show a ceramic thimble that was
used to house more complicated wave probes near the plasma, in an atmospheric
environment. Among these probes were unshielded (Figure 7}, shielded
(Figure 8), differentially shielded (Figure 9),and three axis cBe; B> Bz)’

magnetic Toop probes.

The inductance of the small probe Toops can be approximated a5136
R2 '
: o~ _..____._.._E_____‘ ~ -9 ~ 3] - "
(1) L= 9 Rp T90 rp“H =4 x 10 ° H, Rp = ,065", rp = ,025

The effective area of the probe Ae,is larger than the estimated Am (due

to the reentrant geometry of the probe tip).and can be accurately calibrated
in the nine inch diameter coaxial field simulator of Figure II1-2.4.(5).
The fieldé could be pure electric, magnetic, or both, depending on termina-

tion and location in the simulator.
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Yo

2y 1I= 7 for z = z,
- 1
(3) H "2 Tr.
(4) Vp = AmeO H
Vp e Z.
(5) Ae = Vofo no = ,19 cm? > Am = g r2 = ,086 cm2

Capacitive coupling effects by the unshielded probes were similarly
investigated. For simplicity, we will assume the probe tip has an effective
capacitance area AC exposed to a wave electric field. The current and

voltage induced in the probe can be estimated as

(6)

e
H

=
€
m

m

u
-
—

I
-
£

nN
>
™
m

(7) vC c

and can be neglected even in the high dielectric plasma edge since

.013 for ko, €oy 200 MHz

o~~~
=)
gt
<
o e
i
I
-~
‘E
~
”
q
—
i

i

.016 for k = 1/cm, 30 eo

Each half of the unshielded antenna can be modeled as shown in-Figures 11
and 12. Power can be dissipated by four basic different mechanisms;.
First and second, the conventional inductively coupled Rp and circuit
losses RQ, third and fourth, resistive Rp, and capacitively coupled
Re losses, primarily at the high voltage (Va) feeder area (A) of the
antenna. The many possible pitfalls are best illustrated by a plausible,

realistic numerical example.
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(lo) p = 12 (RR/Z) = 20 ki for I, = 100 amps and Rp = 4 @

L/2
Io RR . \
(11) Eow = —5— = 20 V/em or £ = 20 cm
- M2 oae. -
(12) 92/2 = 2q vl 24 for f, = 200 MHz
(13) Va = I, Zo Sin 92/2 = 3.7 kv for Z, = 90 @
v, |
(14) E, = 3 = 1.8 kV/em >> Eew ford=2cm
.~ ER g4 12 - 2 .
(15) C, = w - 0 10 F for A =10 cm? and r, - ry= 1 cm
=1
(16) lxcl-wc-sooQ
Ya
(17) lef=t=37g
(v /2)2
(18) Pp = ——— = 4.3 ki for R. = X
c = RC = 4, ror _\C = ihe
y 2
(19) P, = &%~ = 4.6 ki for R_ = 3000
p p p

The root of the problem comes from the fact that the antenna electric near-
field (eq. 14) is two orders of magnitude larger than the Eew (eq. 11)

wave field (five orders Targer than E This high voltage (eq. 13) combined

zw)'
with even large impedences, can give rise to substantial losses (eg. 18 and
19).

In equation(15),we assume a vacuum dielectric ¢ = eo. If instead, we
assumed a more tenuous plasma with ¢ = 30 eo, then [Xel = [X [>and substantial
current could be diverted away from the antenna. Note also that e, = 103 €
and the problem is even more severe along the magnetic field lines.

To investigate these possible pitfalls,a medium power (<10 kW), capacitive

antenna was installed. Figures 6 and 13 show this probe with a 1.5 inch diameter

=170~
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molybdenum electrode. Power was fed through RG 8 coax with custom-made
high voltage connectors. The inside of the probe was gas cooled,so the
probe could be inserted into the plasma past the limiter radius.

Since the tokamak main limiter radius had to be adapted to each
antenna, several partial limiters,similar to Figure 13, and full 360°

Timiters were built and also energized with RF or used as RF probes.
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Unshielded, Shielded and Shielded Balanced Magnetic Probes

Figura 8

Top View of k. Array and Access

Keyholes in Thompson and HCN Ports

9

~ Side —

Keyhole

ko Array

Figure 10
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Simplified Model of A, Antenna

Figure 11
1
-— 1L
V, N
L
L
Simplified Electrical Model of A_ Antenna

Figure 12
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I111-3.3. RF wave correlators

Several different-schemes were used to measure the phase difference
between various RF probes around the torus.‘ The measurement difficulty
comes from the large dynamic range necessary to continuously track the
phase of the nearly 100% high frequency (up to 100 kHz) AM and PM

modulated probe signals.

Figures 1 and 1I1I-1.1(5) show the most used basic techniques. Conceptually,

the simplest scheme was to actively compress and 1imit the probe signals

with cascaded 28 db RF amplifiers and diode limiters. These signals were

then mixed at the base frequency with standard 7 dbm double balanced mixes
to give a signal roughly proportional to cos (¢; - ¢5). The main draw-
backs are phase error and ambiguity. The advantage is,on the other hand,
unlimited bandwidth. A more clever scheme, the sine-cosine method, did

not require limiting.and is based on the simple trigonometric identities

(1) Acos aBcospg-= %§~ cos (a - B) + USB

AB

(2) Acos a B sing ='§—- sin (¢ - B) + USB

This method is implemented by mixing the A and B signal as in equation(1).

The upper sideband (USB) is suppressed by a 16 MHz filter. The B signal

also is phase-shifted with a 90° delay line and mixed with A as in equation(2).
The phase difference can now be unambigiously resolved, given D cos y and

D sin y, by either the PDP 11 or a high-speed analog computer (4 quadrant
divider and arctan (0 - 27)). The main disadvantages of this method are the
high data storage rates for off-line digitally processing many probe

signals, and the fact that the amplitude of the local port mixer signal
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must not be too modulated (the oscillator or antenna current are appropriate,
but not an uncompressed probe signal).

ATl these problems can be circumvented by superheterodining the
200 MHz probe signals down to 500 kHz,and thén using a Tinear set-reset
type 0 - 2 phase corre]ator. Figure 1 is a detailed schematic of a
later version of this method. The mixers can be operated in the linear
range, since the 1oca1 port signals are derived directly from the 200 MHz
transmitter oscillator and a 200.5 MHz Tocal oscillator. The USBs are
removed by 16 MHz filters,and all lines,including the out ports.are pro-
perly terminated. 60 db amp]itude dynamic range (5.mV to 5 V) is obtained
by a high speed zero crossing comparator. High phase stability (in terms
of local oscillator drift),500 kHz, input RC filters were used for more
accurate but smaller dynamic amplitude range tracking. Both positive and
negative feedback were used to control the gain and hysteresis of the
comparator. Without feedback and hysteresis, the correlator is unstable
without signal. Simple first order and active fourth order 50 kHz

output filters were also used to filter out the 500 kHz USB. An up-~down

counter could also have been used instead of the set-reset flip-flop, but

the output can run away if ‘tracking is lost.
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I111-3.4. Plasma edge and RF breakdown diagnostics

Three small Léngmuir probes were installed in the HCN port and in
front of the A, Faraday shield to estimate the density and temperature
of the tenuous plasma edge (Figures 1 and III-3.2.(5)).

Although probe theory can be extremely complicated in the presence
of high magnetic or RF fields, the basic physics is nevertheless the
same.77 For highly negative biased probe (with respect to the vacuum
vessel and plasma potential),a thin sheath, depleted of electrons is
formed around the electrode. Ions in the nearby plasma acquire an energy

KT

. e
(M eV, =

from the leaking electric field (Debye shielding) before entering the
sheath and free-falling onto the probe. Outside the sheath, quasineutra-

1ity and Boltzman relation are valid,so that
e Vs

(2) n_=n.e € =n,

The ion saturation current at the sheath boﬁndary is thus simply

(A. = A since rp >> AD)

S P
- 12 KTe
(3) I==¢e ni Vi AS =en, e M Ap

S1ightly above (in probe.potential) the ion saturation regime, the
dI/dVp is mainly due to the electrons reaching the probe,and again from

Boltzman relation
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(4) I_ae

and the electron tempefature can be inferred from the slope of the
In (I)vs. V, curve.

The Alcator edge plasma has a very small n, N[f;_ scale length
(= .2 inches), so the .050 inch diameter stainless stee] probe wire has an
effective area Ap = ,2 cm®. For a 10 eV, 5 x 1013 cm~3 plasma, the ion
saturation current will be about 3.0 amperes, and the electron temperature
can be inferred from a 60 volt peak to peak triangular probe voltage and
current trace. Figure 1 shows the basic circuit used,where care was
taken to avoid standing waves in the probe coax by proper termination at
200 MHz.

‘A number of high sensitivity (0.4 A/W) silicon pin diodes were used to
monitor visual light between 3,000 R ahd 11,000 K around the torus and
antenna system, andin particular through the antenna hollow holding
pins, inside the electrical breaks and vacuum feeders, and in front of
the antenna through the boftom MW keyhole. Ha filters (6520 - 6500 E) were
also used to estimate:hydrogen ijonization. The detectors were RF
shielded,and ‘multiple wave reflections were carefully suppressed to again
avoid any possibility of RF pick-up (Figure 2).

To further investigate the intricate arcing and diffuse light production
at the antenna, an optical viewer was designed to photograph (and later
film) the antenna from the HCN or Thompson ports during a plasma shot.
Figure 3 shows how a small pyrex window and polished stainless steel mirror
attached to a 5/8 inch diameter pipe could be used with a high resolution,
1/2 inch diameter boroscope to image the plasma cross section (Figure 4). This

diagnostic would also be used to monitor plasma edge position near the

antenna.
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Antenna

Top View of Optical Viewer Geometry

Figure 3
Detail of Stainless Steel Mirror and Boroscope Assembly

\%E Boroscope

Figure 4
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IT11-3.5. Charge Exchange Diagnostic

Charge exchange33‘38 was the sing]e most important diagnostic for medium
power heating experiments (Figure 1). Figure 2 is a simplified schematic of the
fast neutral spectrometer. Energy selection is done by a series of electro-
static capacitor plates C, - C;. Mass selection is also made possible by
replacing C, by an electromagnet. At high plasma density, the energetic
neutral flux is very small thus requiring high stripping cell efficiency.
Either 107% torr of steady-state nitrogen or 1072 torr of pulsed helium
was used .with extensive use of baffles and differential pumps,to limit
plasma contamination by the high pressure stripping gas. Figure 3
is a typical high density shot where both stéady-state N> and pulsed He
were used. The first 100 ms of flux is detected with background N,,
and then He is pulsed, giving a much higher sensitivity. The 20 ms decay
time of the He signal is due to the gas pressure decay, and not a change -
in the neutral flux.

The fast neutral flux arriving at the spectrometer can be written as

the product of three factors: co]1éction,production and attenuation.

+3 a
L SV
- dN_ g A Yio 7 Yex.
(M) - T vi.}f O ex Vinnfi (E) exp (- d]’ ————V;—w—— dr) dr
-a r
[} } 1 3 L i
collection production attenuation

For low density and ﬁigh energy neutrals, the flux is easy to calculate and
interpret,since attenuation (ionization and charge exchange) is small, and since
the neutral density in the center is not too many e-foldings lower than at the
edge, and high energy ions are only produced in the hot center. The central
temperature can then be simply estimated from the slope of the high energy

neutral spectra.
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At high density, and especially with RF in Alcator, none of the above
is true. Attenuation can be several e-foldings, and the central neutral
density is very low compared to the edge. Low energy neutrals from the
surfacev(nn = 1011 - 10!2 cm 3) have e-folding lengths of the order of a
cms and do not contribute to the central neutral density (107 - 108 cm™3)
which is sustained by electrbn—ion recombination. At high density, for
well-behaved distribution functions and profiles, the high energy spectra
will be colder than the central temperature. Figure 4 shows the neutral
spectra for different times in a typical plasma shot. Note how the
‘energetic neutral flux dramatica11y decreases with density. Figure 5 shows
a typical ion temperature evolution with time.

" Another major pitfall of charge exchange is that Alcator has a comparatively
large port ripple (Figure 7), and only perpendicular viewing is possible,so
only the vB drifting trapped particles are observed,and are, in many cases,
not representative of the bulk of the distribution function. The mean free

path for detrapping these particles out of the magnetic well is approxi-

mately (F'l gure 9 ) 1 »35,85,86

v_, 62 2 g5/2
(2) A= vB « 5.6 x 10131[E;§__§___

Yi4 nRB
where
v,2
(3) v, =

This mean free path allows the highér energy trapped particles to drift

upward significant distances (A = a) in the plasma. This effect is

mfp
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experimentally seen from Figures 6 and 8 where the asymmetric effective
temperature and neutral flux are shown. This observed asymmetry is

of course, reversed with reversed toroidal field, and closely tied to
temperature and density profiles as can be seen from the difference

between Figures 10 and 11, where the plasma current was changed from 100 kA

to 225 kA. At high currents the profiles are broader, and the high energy

- production source becomes closer to the high neutral density edge, thus

enhancing the asymmetry.

For high enough energies so the mean free path is larger than the
plasma radius, the central chord distribution function can be completely
depleted. This effect is also observed experimentally by a dramatic drop

in neutral flux above 4 - 7 keV in medium density pTaémas.
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11I-3.6. Bolometers and superbanana trapped particle detectors

In this Section,we present a zeroth order model to illustrate how trapped

particles may also be an important power absorption loss.This discussion will be

confined to the high energy particles at 5 keV, with w, = 2 Wep = 2 w 200 MHz,

4% ripple, and ny = 101%/cm3. The ICRF wave interacts with these trapped

particles in a vo]ume103

(1) vy = 4(AR a 2) =800 cm3 << 2 7R wrZ = 105 cmd
. T T

where

(2) &R

It

1 ¢cm (Eq. IV-4.2.(36))

(3) a=10cm

1 % 380

" (4) « X10° 5 R =20 cm (Figure 111-3.5.(7))

The trapped particles drift upward {or downward) at velocity

v, 2

(5) vy =5——% = 1.4 x 10° cm/sec

and are confined a time
(6) ty =<2 =7.1x1075 sec
T VoR
before leaving the plasma. A large fraction of velocity space is trapped ,

so that

(7)  np=no %ﬂ- =2 x 1012 cm™3

Since these trapped particles have large v, andbounce back and forth

through the resonant layer, they can absorb much more power than the statis-
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tical average (over the plasma volume) calculated in Section IV-4.2.
If 50 kW were absorbed by these ions they would reach an energy

P tT

nT \_IT

« 1.4 keV

(8) W=

before leaving the plasma. These ions would have a parallel velocity

(9)t Vi = \/E-E A

and pass some

f2

2 x 107 _cm/sec

i

= Yu a
(10) N=Y 2

70
Ve A1

"

times through the resonant layer, acquiring

(11) oW = 5 = 20 eV

2=

per pass. This very crude calculation is in reasonable agreement with the
energy kick we calculated from equation IV-4.2.(20) where we can make the

second harmonic substitution of equation IV-4.2. (34).

k, P\ 2 _2
(12) oW = ( > > E2 2T+ 9.2x10711 ergs = 14 eV
V2

where we used103

(13)W E = 1 statvolt/cm (Section IV~ 5.3)°

(18) o' =24, Yo 8B _ 5y 1013 gec™2

k. e
V2

Upon the realization of the importance of this possibly large power loss

(15)

mechanism, a trapped particle detector and bolometer were designed and bui1t.103

These probesvﬁere small (3/8 inch diameter), and could be inserted in any port,

3
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but in particular, at the antenna port (through the top and bottom
keyholes), under and»over the resonant layer where trapping is most
11ke1y to occur.
Figures 1 and 2 show a simple,conceptual design where a poloidal screen and
‘the machine virtual Timiters are used to shield out streaming particles,
but not the superbanana orbfts. The circuitry is similar to Figure I1I-3.4.(1)

and the probe current can be estimated as
(16) Ip =@ Vog Ny Ly Wy = 4.5 amperes

The parallel and perpendicular energy can also be estimated from the

probe characteristics

(17) W. = W, gﬁ- ~ 200 eV

if the probe can sustain the high vo]tage‘(v = 2W,/e = 400 V) needed to repel
the ions without causing a p]asﬁé.discharge 1ﬁ the probe tip.

The bolometer probe is a simple .002" thick stainless steel foil,
with thin, flattened thermocouple wires tack-welded to the back of the foil

(Figures 2 and 3). The ohmic heating power surface density averaged over the

torus vacuum chamber is
4

(]8) P_/sz = m‘Izﬂ_‘—Y‘*’a‘—“* = 11 W/sz

and from equation III¥2.2.(4),thé bolometer temperature increase over a

150 millisecond shot‘is:approximately

_P/em?2 t _ 440
(19) T = E"E;“Zi‘ = 41°C

where

(20)  ax = .002" foil + .002" thermocouple

-193-

e iy 4 O ——



The detector reponse time can be calculated from equation I11-2.2.(9)

-as

,
(21) at = a 2 = 2.6 msec. << tpp = 20 msec.

41°C correéponds to 1.6 mV, with cromel-alumel, type k, .062" OD jackefed
Omegaclad thermocouple wire, which is easily measurable during the plasma
shot. Localized trapped particle fluxes could give rise to Targe temperature
increases. A short 20 msec. 50 kW pulse, on the other hand,would only
produce 36 uV,and the measurement becomes extremely difficult due to the
large %%— and RF fields near the plasma. Even with a small 1 cm? loop in a

1 KG, 30 msec. decay time magnetic field, the pick-up voltage would be

300 uV.

To make the measurement of such small signals poss%b1e, a triple differ -
ential measurement scheme was used, as shown in Figure 3. The input differential
amplifiers have a gain of 1000, and were tested to discriminate a 10 uV,

1 kHz (-3 db) signal on top of a 1 volt 60 Hz common mode noise. A second
reference signal is used to subtract background temperature and pick-up.
The second differential stage is high pass {r > 2 sec) to avoid saturation
(total series gain is 105). The third differential stage is at ground
potential in the control room. |

The jacketed thermocouple wires are twisted and shielded inside an RF
tight stainless steel tube. The electronics is in a RF tight aluminum box
that is in a largen half-inch thick, soft steel magnetic shield box. The
steel box is electrically tied to the vacuum vessel, and acts as an electro-
static guard for the aluminum box. A heavy braid shield covers the thermo-
couple wires between the Conex vacuum feedthrough and the aluminum box. The

thermcouples and electronics are oriented so as to have minimum coupling to

the tokamak OH and vertical field.
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IV. THEORETICAL WAVE MODELS AND COMPUTATIONS

IV-1. Introduction,First Order Models and Approximations

For the pkésent'work, many parameters and processes not fully discussed

21,22,30-32 clearly in simple models to

in the literature need to bé defined
avoid confusion in the more complicated analytical or computational models.
An intuitive feeling for the order of magnitude of most important para-
meters is derived from the most elementary foundations of physics. Among
the processes that one must understand qualitatively and quantitatively,
are Alfven refractive index and wave]engthl, experimentally and theoretically
derived radiation resistance32, and wave quality factors7. The homogeneous46
Cartesian waveguide 1is then usually sufficient to derive the most important
scaling laws of the wave field structure and antenna design.

The reader more experienced in current ICRF work may wish to proceed
direct1y to Sections IV-5., IV-6., and IV-7, where the more édvanced

models are discussed: inhomogeneous cylindrical plasma model, stochastic

mode stacking, and single perpendicular pass regime.
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IV-1.1. Eigenmode wave field approximations in toroidal geometry

In the toroidal geometry of the Alcator tokamak, the wave is bound by
a highly conducting vacuum vessel. For wavelengths short enough to fit
in'the minor torus cross section, the wave will propagate and bounce around
inside the toroidal cavity. Since the minor diameter is much less than
the free space wavelength {i.= 150 cm at 200 mHz),we will have a density
cutqff below which the wave cannot propagate. In Alcator we typically
have

2n 200 MHz

e
o
[t4

60 kG

(e
[+]
R

R

(1) ng = 3 x 10*%/cm?

Apyfven = 4 om

1013/cm?

n

ncutoff

For wave damping length smaller than the minor radius, no eigenmode
is formed, a situation known as the single perpendicular pass regime (IV.7).
For damping length of more than the minor radius, but less than the major
radius (R, = 54), we have perpendicular eigenmodes,but not toroidal ones.
This situation is called the single toroidal pass regime. Since the Alcator
aspect ratio (Ro/a = 5.4)is large, toroidal geometry maps out well into
cylindrical geometry. (IV-3, IV-5, I1V-6)

The basic physics of a perpendicular eigenmode can be illustrated with a
simple TE]0 mode (Transverse electric) in a rectangular waveguide along z, of
width 2a, filled with an isotropic non-dispersive dielectric (Figure IV-1.2 (1)),

The electric and magnetic fields (from Faradays Law) are of the form (MKS)134

: _ . ik, - wt)
(2) Ey = E, sin (kxx) e ‘'z
= _Ku
(3) Hx = -Ey oo
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-1k
X

(4) H = Eo

z wio cos (k. x) eilk, - wt)

with boundary conditions

(5) E =0
Yix = 0, 2a

(6) kx:kJ_::u_L"Tzlé'

where p, is the perpendicular mode number (typically 1 < u, < 10 for

Alcator).
Similarly,in cylindrical geometry, using the usual coordinates

r, 8, z,we have TE or TM eigenmode solutions of the fmr'm]34

(7) A = A, cos (mo) Jm (k*r‘) e'i (knz - wt)

wherem =0, 1, 2...

For waves of the Alfven class near the ion cyclotron frequency (w =
chi), we notice ( Appendix 1 ) two basic differences between

a plasma and a "normal” dielectric. First,e. >> g,,50 Ey << E  and
thus the wave and its resulting eigenmode must be TE. Second, the
wave is not allowed to be linearly polarized, so we must let the eigen-
modes rotate(elliptically polarized) as they propagate along z. MWe

then have wave field solutions of the fonm46

(8) A= Rod (kur) e (M ¥ kuz - ot)

withm=0=+1=+2=%3...

We must allow m to be both positive and negative,since a field rotating
with the ions "feels" a different dielectric constant than one rotating

against the fons. The ion trajectory
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(9) ry = ro e1(-8 - ug;t)

and the m < Oyfield patterns are left-handed. (The m < 0 electric fields are
also predominately left-handed, as will be seen in IV-5.3.) The m > 0 modes
are right-handed, and have a larger dielectric constant than the m < 0 modes
(Section IV-5.3). The +m and -m modes thus have different ku, are orthogonal,
and must be considered separately. For m = 0, equations (7) and (8) are equiv-
alent since the mode field pattern is not rotating either way. For typical

Alcator ICRF wave and plasma parameters, radial mode numbers (u) up to 5 can
be obtained with small m and k, {Section Iv-5.3).
With damping lengths Targer than the major radius, both perpen-

dicular and toroidal eigenmodes can exist. To zeroth order, we have

a dispersion relation of the form

2 2 - 2...’ 2
(10) k2 + k2 = k2 = ky

combining (6) with (10) fully determines k,,and toroidal resonances
will occur if

ZTTRQ = nAu
(11)

kaRo = n
where n is the toroidal mode number (typically 1 < n < 60 for Alcator).

The orthogonality property of eigenmodes with different mode numbers

enables these modes to propagate and be calculated independently with-
out coupling to each other. For our simple TE modes,we can see easily

that indeed TE = is independent of TE o,Since form # n
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2a
(12) [ sin mEE) sin (1) dx = 0
0
Propagation along z is also orthogonal for k.1 # kuz.
Physically,an eigenmode resonance is formed when two or more waves
overlap coherently in space. The usual standing wave is found when
a wave reflects off a boundary and adds to itself,(i.e. the perpen-

dicular eigenmodes).
(13) cos (kx -~ wt) + cos (-kx - wt) = 2 cos kx cos wt

In tofoida] geometry, a toroidal standing wave can be formed by two
waves of the same k, and perpendicular field structure circulating
in opposite directions around the torus. If,on the other hand, the
two k, are not the same, but one of them satisfies (11), we have a

resonant running mode
(14) cos (kz - wt) + cos (kz - wt) + ... = A cos (kz - wt)

Physically, this amounts to a wave leaving the antenna, circulating
in one direction around the torus,and adding coherently to itself.
In this way,for small damping, and either standing or running waves,
the circulating wave power can be many times the power coupled from

the antenna.
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IV-1.2. Theoretical radiation resistance

To calculate the effective radiation resistance (RR) the plasma
presents to the antenna, we assume for the moment a simple TE10 eigen-
mode structure in a rectangular wave guide (Section IV-1.1) as seen in

Figure 1, and the single toroidal pass regime.

(1) -l]i;< k"i << —;—-

Since we have a lossless system except for the plasma, the power into

the antenna, Pin’ must equal the total wave Poynting flux flowing

down the waveguide (+ z), 2Py~ Thus (MKS)

@ Pin=z c7 T P

where

(3)  V=Ep = Eotsin kd = Eo k, dg
E._XH 2

_ »! X . = 2 @ k|

(4) PEXH ';[z; 7~ = ds = Eo®

and combining (2), (3), and (4) we have

2 2 a2
(5) R = Vz = Ea 22 Wlo = Ba - Wlo
R™F P, EZKaz 4 ~Ka? 4

| where we defined

Ea
(6) By =, ° k,d

[}

Y k°¢ d

Equation (5) is the most important coupling scaling law. For

typical ICRF in Alcator at high density
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ng =3 x 101* cm @ d=z1lcm
fo = 200 MHz - 2 = 20 cm
(7)  Bo = 60 kG | ko = ky/3 = .5/c
AA =z 4 cm | Ba =z .16
a =10 cm RR z .8 Ohms

Simply setting k, of'order kA2/3 is sufficient for rough calculations
except at densities near the mode cutoff where k, -~ 0 and RR becomes
momentarily large. The factor, Baz, is much more difficult to estimate
correctly, Since it can easily vary over more than two orders of magni-
tude due to the evanescent edge layer, as we shall see in SectionIV-5.
Of course,many modes can exist at high density, and the total
radiation resistance will be the sum over all the propagating poloidal

and radial eigenmode number combinations.

R

um

8) Rp =12
U

.
m
Calculating PEXH’ By and RT accurate1y>wil1 require careful modeling
of the antenna, and evaluation of the dispersion relation and wave
fields in realistic geometry and profiles. This will be the subject
of Section IV -5.3.

~ If we allow the damping to be very small and k,R, = n S0 as
to have a toroidal eigenmode, another almost equivalent approach is
to consider the back EMF produced by the wave in the antenna loop,

dé

(9) v100p = t

and the usual definition of Q
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wh

(10) Q=
Pais
where
(11) W= -% woH2> Vol s-% o Ho? Vol

We have again from conservation of power

VZ
s - - __loop
(12) Py = Pyis = 2 Ry

and combining (9) to (12) we have?3

H 2
(13) Ry = (..__S.f'd 2) ()7 25 q

The importance of the antenna loop area and the evanescent edge
are again emphasized, but a new factor, Q, has appeared. Physically,
a high Q resonant toroidal eigenmode does not change the single pass
Poynting flux PEXH of eq. (4),but increases the antenna electric field,

E., by a factor proportional to vQ.Thus at constant power and increased

a®
voltage, one has a large R impedence,RR. Surprisingly, but quite
correctly, weak damping produces a larger antenna loading and thus
better coupling (Neglecting Parasitics, Section IV-2.6 and IV-4.5).

The above formulations, although simple and physica]ly tangible,
are very limited. Either one must be in a narrow window of damping
length to have a single toroidal pass regime or to be on top of a narrow
high Q toroidal resonance. We will treat this problem rigorously,

with much more general and flexible formulations in Sections IV-5,

IV-6 and IV-7.
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IvV-1.3. Experimental radiation resistance

For typical loop antenna coupling systems,the real radiation resistance,RR,
is usually combined with a large reactance.To ease RR measurements, and
to allow efficient transfer of power between the transmitter and the antenna,
a matching network system transforms the complex antenna load RR + iX into
a real load of about the transmission line impedence (Figure IV-1.2.(2)). By
measuring the antenna current with simple current loops inside the antenna,and
the incoming and reflected power with directional couplers, we can use con-
servation of power to'write:

= 12
(1) p= IrmS R

=12

+
reversed rms (Rlosses R

(2) Prorward = P p]asma)

Coupling structure losses are easily measured by observing the loading
resistance without plasma when the wave cannot propagate in the tokamak.
Antenna matching system losses of the order of .5 ohms are common,and thus
plasma radiation resistances of at least several ohms are necessary for

efficient coupling.
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~ IV-2. Cold Plasma Approximation and Cartesian Dispersion Relations.

The next step is to produce a rigorous, quantitative evaluation of the
dispersion relation for the high density regime. Many approximations7 are
made ,and must be justified quantitatively in view of the accuracy needed
later.

The three main steps are the formulation of the dielectric tensor,
wave equation, and dispersion relation’>45, A1l three are evaluated at
high and low density and for the several harmonic numbers used in the

! experiment. Both branches, siow and fast7’22, of the dispersion relation

are also investigated over a range of wave k,, k. and frequency, and

g plasma parameters and profiles.

Iv-2.1. Cold dielectric tensor wave equation and dispersion relation

To derive the general cold dielectric tensor and wave equation,we

i proceed exactly as in Appendix 1 except that we let E; and Ey be
+

variables as well as arbitrary k.45

Assuming first order quantities proportional to

(1) ei(i'?.- wt)

and a current density

-+ >
(2) 9=} ng zx ex eVg
-k
where
k = electrons, ions
Zz = charge magnitude

charge signs

m
H
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the equation of motion is
d;I)k > ;’*k >
(3) my Fo = % ©k e(E t o x B)

For an ion,[3) becomes

_ e B
e B
(5) vy = —gom (By - vx 2°)
Substituting (5) + (4)
iwc,-c mcizc
s B.tx "Wz By
(6) Vy =
‘“ci2
1 -
w2
(1) vy = ...

and the expressions become overwhelmingly complicated as other species

are added.

The problem can be greatly simplified by separating thevcomponents into

left and right hand components. Thus,still being totally general,we assume
(8) VF = vy ¥ iEVy and E¥ = Ex * iEE‘y

Equation (4) and (5) can now simply be added giving

_ ic ®k Wek
O vid = 5 gruag ©

and just as before

ic € wek
(10) w2 5 w5 E
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Defining the dielectric tensor

T s s >
K'E=E+QZ1J

>
(11) D =
we need now only to substitute (9) and (10) in (2), and then finally into (11)
to get the full,general cold plasma dielectric tensor. An important pro-
perty of tensors is that they can simply be added. The total dielectric
tensor can be représented as the sum of the free space tensor,{an identity
diagonal tensor), the ion current tensor, and the electron current tensor.
Each of the charge particle tensors have on-diagonal polarization drift
terms (Kyy = Kyy),and off—diagona] EXE drift terms (ny = -ny), and of
course,an inertia term along B, (K;,).

When solving for a wave,we must always use the total dielectric tensor,
but once the fields are found,we can look at each of the tensors indivi-
dually to see what the velocities are. For example, two opposite cancelling
currents do not affect the wave, but there is still kinetic energy
stored in these velocities. Furthermore each species tensor can be divided
into a reactive part and a dissipative part. This formulation is par-
ticularly attractive in complicated situations near singularities,where the
absorption mechanism is not well understood,and one wants to know which
species are heated.

Furthermore,we willuse the widely accepted notation introduced by

stix?5, o
- - . -
S -iD 0 Ex
T
(12) K'E = iD S 0 ° Ey
' _0 0 P | _,EZ_]
where
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(13) s = 5
- R-1L
(14) D= —
' 2
Tk w
(15) R=1- Z w? ‘o + e mck)
2
Tk w
(16) L =1~
(16) E w¢ ‘w - € mck)
. L
(17) P=1-Ea-§—

The R and L notations stand for right and left hand polarized. If R and L
are the same as in the very low frequency regime, then D for difference is.
zero,and the wave is linearly polarized as we noted in Appendix 1. If
R and L are not the same,we generally have an elliptically polarized wave.

The wave equation and dispersion relation follow easily as before from

Maxwell's equations.
(18) vxE="L2B
(19) v X

- > > ”
(20) k X (k X E) oz
Defining a refractive index

>
> ke
(21} n = -

we have
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e
(22) nX(7 XE)+K-E=0
S - (ny? + ;)2 -iD + nyny nyn, Ey
(23) iD + nyny S - (ny? + n,2) nyn, «| Ey =
i Ny, nynz P+ (ny? + ny2) LEZ

We can usually choose our

(23) becomes

coordinate system so as to have ny = 0, so that

S - nj2 -iD Ny, Ey
(24) D S - n2 0 . By | =0
nyN, 0 P - n,? E,

Setting this determinant equal to zero gives the general dispersion

relation.




IV-2.2. Zero electron mass dispersion relation and polarization

We now evaluate the dielectric tensor elements in the w << wee regime

for a two component plasma.

2 .2
T

o1 Te
(1) R=1- m(m - wce)'- m(m + wcﬂ

We can make several important simplifications since

2 ¢ g2
L& e
(2)
w((wce
(3) Tl Ti?
Wee  Uej
then
2
- T
=L )]

Wed

For ICRF, the error in the tensor element will be of order EE"'E %-<< 1, a
: ce

good approximation for any practical application.

Similarly,

L2
(6) L=1+ i
weiZ (1 - Q)
2
R+ L _ LR 1
() S=Tm==1+5= 103
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@) De—g—=g—z T
.2 2 5.2
(9) P=1-a§—-—--&%—-ﬁ1--“—)z——

Since w 1is of order weis and at high density

.2

n .
—1—2 is of order 103
We i

9] .
-1—-_—"5-2- is of order 1

“ez . .
=z~ s of order 10°

we can,to a very good approximation write

. 2

LT 1
(10) S = wciz 1 - q<
(11) D = RS

. 1.2
(12) P=-—-

For the moment,let's assume that we are looking for waves of the Alfvén
type with ny = n; = 40 as we saw in Appendix 1. The third Tine of the wave tensor

equation then reads

0

nynz Ex + (P - n2) E,

(13)
402 E,  -108

0
and thus E, << E,,and E, would have a negligible effect on the first
two lines of the tensor. For practical purpoSes,we are now left with the

2 x 2 tensor equation




S - ne2 -iD E,
(14) . =0
iD S-(n2+n,2) Ey
Since this amounts to assuming P > -=  or simply mg + 0, this formula-
tion is usually referred to as the zero electron mass approximation, and

requires EZ = 0. Solving the determinant

(18) (S - m2)}(S - (n,2 +n,2)) - D2 =0

(5 -n2)2 -2

2
(16) n, S-n,?

Defining an Alfvén refractive index

> Yy
(17) N = n—v—T—;—

7
and multiplying both sides of {16) by mciz/ﬂiz’we have

A(l - A
(18) N.;.z = (A - Nuz) + A - Nn

where we defined

-1

Figures 1-4 are plots of N2 vs N,2, and N, vs N, for different regimes.
Several points are to be noted. First,.one distinguishes clearly thé fést wave
from the slow wave, since the fast wave has a refractive index severéi times
smaller than the slow wave. Second the slow wave is evanescent for o > 1,
but the fast wave propagates both above and below w.j. Third, for propaga-
tion across Bo, k, = 0, then N, = 1 independently of the frequency

regime. Fourth, for fast wave propagation along B, N* = 0, and

1
TR

(20) Ny =
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so one can then write the approximate simple dispersion relation
2 2 = ka2
(21) k2 + (2 + 1) k.2 = kg

From the first line of the dispersion relation (14),

D .
22) E, = ——— iE
( X S - nuz y

we can calculate the ratio of the left hand E+ to the right hand E_

po]arized~e1ec£ric field components.

(23) B+, Ex*iEy D+S-n2 R-nZ
E.  E -1, D-S+n,?2 <L +n,2
1 2
- Q + 1 - Nu
1 2
g1 * N

For perpendicular propagation (N, = 0)

.E : ‘
(M)~§=9‘1=.2fmn=15

Q+1
' 33 " 2
- .6 " 4
.78 " 8

For parallel propagation (20), E/E_=0 indépendently-of Q
“If we allow k, # 0 then (1v-2.1(23))

: D+1inn )
(25)' EX' — [ (nyz T nZZ) 'lEy

and

-

E

. - 2 -, 2
' ) + i N_N Ny NZ
(26) E_

g +1
1

+ 1 NN

2 2
5T + Ny + NZ

y

’ >
and the polarization is a function of all three components of k.
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1v-2.3. Inhomogeneous Cartesian waveguide and WKB

" We now assume realistic Alcator density and temperature profiles of the
- 28-29 _
form (Figures 1, 2, 3).

(1) n= [1-( )] 0<r< 9cm
- ne 139 e (770" N 9 < r < 12.5 cm
-rzlaT2
(2) T=T,e 0<r<12.5 cm
where
aTZ = 3312«9—- . = gcm, Qo = .9 g1 = 5
2 a1

Fixing k, one can now calculate k, as a function of r using eq IV -2.2(16)
Figure 5 shows k+2 as a function of r for k =0, .2, .4, .6, .8, 1.0, 1. 2/cm -

and for the standard condition

(3) f, = 200 MHz
n; = 5 x 101% Hydrogen
n=2

One must note that,while in the center, the disperéion felation is of
‘the type

(4) k2 +(1+a)k? =k

which allows K; to be of order unity; the dispersion relation in the near
vacuum edge is of the type

(6) k2 +k,2=ke? =1.7x 10-3/cm?

Thus

(6) Kk, = ik,

and we have an evanescent layer at the edge. Making k, larger not only

makes the layer (de) thicker, but also decreases the decay length. A pessi-
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mistic example can be estimated from Figure 5 with
(1 k, = 6/cm, dy = 4 cm
e~kX = o=8X.6 _ g
0f course, one cop]d‘a1so propagate.
(8) k, = +2,dg=1cm |

e"*2 = .8

E
One can already see the difficulty in evaluating 84 i in the

radiation resistance due to the evanescent edge effect alone. This
effect is much more pronounced in Alcaton since our antenna is narrow
and thus has a wide k, spectrum, the central density is very high and
thus can support a very large k,, and the edge vacuum layer thickness is
several centimeters. For Tow density tokamaks, typical parameters are
(9) ku = .05/£m, de = 10 cm
e--05x10 = ¢

and almost complete tunneling occurs.

To evaluate the eigenmode wave field shape,we must use a numerical
integration technique.
Assuming ky = 0 and a wave Tield of the form
(10) E(x,z,t) = E(x) eilk,Z - ut)
we have from Faraday's law

(11) 'ku Ey = % BX
(12) ku Ex = '2)' By

(13) %y - 12,
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and,from the x and y components of Amp&re's law,we have

(14) Kk By = .C‘f [SEx - 1DEy]

(15) ikjBy - 2%z =7 [iDE, + SEy]
Ix

Substituting (11,(12+14),13)+15), we have

(16) 3E/? .__wz' -D2 ., S-n,2 Ey
ax2  ¢2 [ s-n.?

which is recognized (from IV-2.2(16)) as

| e
N 0 e =

ax?2

Both sides of(lb can be integrated twice with respect to x

X X X X X
18) . 2 - (x)d2x = 32 _E(x 2y = 3E _ 3E dx
(, ) ffk (x) E (x)d2x jj 3_)((.2). d2x - % 9% s
00 ¢ o (4] '_x=0 :

9 X

E(x) - E(x) | - [LEL& 1x
x=0

x=0-

and assuming a symmetric mode

X X

(19) E(x) = 1 -Ika(x) E(x) d?x

00

Figure 9 is a simplified block diagram of how one can easily calculate

n(x), kz(k),-and Ey(x) using a first order integration scheme. Although‘very
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crude, it gives excellent qualitative and quantitative results. Figure 6
is a typical example with k, = .63, n =5 x 10i%, To arrive at a physically valid
solution, one must adjust ke so as to have E(X)lwa11 = 0. This is a tedious

trial and error process that will be circumvented in Section IV-5.4. One can
find the assymgtrical so]gtions by changing the E and %% initial boundary
conditions, Different radial mode numbers {u) can also be found by drasti-
cally changing k,,and looking for a ne& solution.

Another way to solve equation (17) is to use WKB theory.

To zeroth order, we can wr‘ite]6

i<k><x
(20) E(x) = Ece
to first order

ijk(x)-dx
(21) E{x) = Ece .
and to second order

(22) E(x) = E. g_i%x_)_fx

WKB theory, although analytically appealing, must be used carefully espe-
cially since the wavelength is of the same order as the density scale
length. Zero order WKB is obviously very crude and is only useful either
along B, or with flat density proff]es. First order WKB (Fig; 7) is in good
agreement with the exact solution, as it treats correctiy the evanescent
layer. Second order WKB, which one might expect to be better, has a singu-
larity when k, = 0,and is of no use for our purposes (Figure 8).

In Section IV-4 we will see that co]]isionless damping power deposition
is proportional to either the temperature, (Fig. 1) or to some exponential .
factor of the temperature. These profiles are extremely peaked, with half

power width of only a few centimeters. We thén should expect the
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collisionless damping power to be deposited near the center of the

plasma, almost independently of any reasonable electric field profile.
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Block Diagram of Heuristic Code

kus Bgs T,»
‘ Boundary
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= T
e Y
I=1+1 Counter
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1
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1
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1
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Iv-2.4. Finite electron mass, fast and slow wave dispersion relations

If we now keep the full 3 x 3 dispersion relation tensor with ky =0

and solve for the determinant, we have

(1) (5 - m2) [(S - (n,2 + n2)) (P - n,2)]

- D2 (P - n.?) - n,ny, (S -n2 - n,2) nn, =0

which,after some simple algebraic manipulations can be written in the form
(2) anm*+bn2+c=0

1

where a

AR NCRLTORS -

o
1

@
¢ =£0(s-n2)2-02]

Equation (2) has the fast wave root

b+ Vb2 -8ac _ b 2¢
N (-1+1 - Ez)

2 =
(4) Mot Za

where we made the approximation v1 - € = 1 - ¢/2 » since, in our regime

b2 >> 4ac
and thus

2’ c (S - n"2)2 - Dz
(5) n++ = -5" = S - nnz

which is the same as we found by solving the 2 x 2 determinant.

Similarly, we have the new slow wave root22
" _ -b - v¥b% - 4ac P
(7) "Jf = n_;i - 2a = -b = —S' (S - n"2)

- 2

For @ > 1 and reasonable densities, n,? is of order P = ——%T, which means

an extremely evanescent field. For this reason .we are now confident that
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only the fast wave can propagate in Alcator. Figures 1 and 2 are the fast
and slow wave k 2 profiles for standard condition B, = 66 kG, f, = 200 MHz,

ke = .5/cm and 5 x 1014 /cm® hydrogen central density.
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Fast and Slow Waves at 200 MHz

KPEPS vs RADILS
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Iv-2.5. 1/R Magnetic field, two ion sggpiés and the two ion-ion hybrid

resonance
We now introduce a 1/R magnetic field,so that

(1) B=BOTTF7R:__

and Tet wcjs Weas Mis M, be functions of r. At this point,we

alsb introduce sevéra] jon species,and numerically calculate R, L, S,

6, and P directly in their unsimplifiéd general form (IV-2.1.(13)-(17)).
Figures 1 and 2 shQW‘the fast and slow wave for one ion species at second
harmonic with 1/R magnetic field. We notice a slight shift of the

k*i maximum towards the outside,which is simply exp1ained by a Tower magne-

tic field (kp a 1/B). The effect of this is to make the wave effective major

radius some 3% larger than R,.
For a mixed hydrogen and detuterium plasma with
(2) Wo = wcﬂ = 2 ch

and a smaller concentration of hydrogen than deuterium

(3) ngy + ngp = Ng

(4 _M_=qa <1
np

we will encounter a singularity in the fast wave when

-n2) -
(5) ﬂLi = (S Sn: r)'"T p? +

or simply

(6) S"‘n||2=0
a condition often called the Two Ion-Ion Hybrid (TIIH) resonance. Figures

3 and 4 show wave profiles for k. = .3/cm, f, = 90 MHz, n, = 2.5 x 103/cm?,
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nD +

since the resonance is critically dependent on the 1/R magnetic field.

Neglecting the small electron contribution, equation (6) becomes

, : 2 T2
. D H

(Y n2-14+ + — — =0
) W - wtp W= Wiy

and for n,2 = 0 and high density
2 2 _ 2

8 Ty s _WE - wéey

8) "D W= = @%p

Combining (1), (2), (4) and (8), we have the simple formula

O) oy 1

5%
20%

.97 for a
82 for a

and the hybrid layer is some 1.5 to 6 «cm on the high field side of the

wci resonance layer. Of course for o = O,the resonance is right at the w

OcH layer.

For very low densities, when mj2 + 0, equation (7) can only be solved

for w2 + mcHz. Thus, for a parabolic density profile, the two ion-ion

hybrid resonance layer meets the minority cyclotron layer at the plasma

‘edge independently of a.

=5 x 10**/cm®, and B, = 60 kG. The k,2 profile is now grossly non-symmetric

- For the general case with finite n, , and n; ,we can write equation (7) in

the form

(10) n||2 -1+ ne F (R,.Bos a, mo) = 0

11' N = 1-n,2
(11) Te . TR, Bos o, a2)

Assuming a simple density profile

(12) ne(r) = nee (1 "?7)
W
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(13) r =r, T =0 (FI/m

and a two dimensional Cartesian coordinate system centered on the plasma,

(14) r2 = %2 + y2
(15) y = /rZ = x2
(16) R

Ro + X
Equations (11) and (12) can be numerically solved by slowly increasing x in

(16)+(11) starting at x = -r,,» until the condition

(17) 0 < nme < nee

is met, at which point we have a resbnance so]utidn requiring a
density na(r) = ng and radius r from (13}.

Thus, substituting (16) » (11) » {(13) » (15),

we have a resonance surface of the form

(18) (X,y) E X, 2' 1 - n.‘z « P
3 er [1 - noéF(RO + XQ BO, O:, m:)]— X

and a vacuum vessel at

(19) (x.3) = (x, /r2 = x7)

w

Figures 5 and 6 are typical two fon;ion hybrid resonance surfaces for a =

.05, .1, .2, .3, .45, 1 and kn = .1, .5/cm ,By=70 kG,and f5=97 MHz. We see
that at high density, ks decreases the disiance between the TIiH‘and
cyclotron layers. For reaspnab]e minority concentrations, the TIIH Tayer17
will usually start near the dense pTasma center and reach out to the cyclotron

tayer Tocated in the Tow field side antenna.
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Fast and Slow Waves at 200 MHz
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TIIH Layer Position for k. = .5/cm
Y vs RADIUS
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Iv-2.6. P]asmd edge lower hybrid resonance and E,

In Figures IV-2.5 (3-4), we noticed a singularity in k,2 when the den-
sity was decreased until the wave frequency was of the order of the ion
plasma frequency. Specifically,close examination of Section‘IV-Z.S shows

that this happens near

= sl 1 +
(1) S= 1+ w;iz Y — 0

or simply

(2) w? = wiz + “ciz

5
From the usual definition of the lower hybrid wave4

(3) L. 1 + 1 = 1 for 42 << wgj wee

2 2 2 . 2 ¥
WY Wei® * Ty Wee Wej Wei® * My

which is the same as (2),and we shall call this Tow density edge mode the
lTower hybrid resonance field. For the standafd second harmonic condition in
hydrogen at 200 MHz this corresponds to ng = 7 x 1011/cm3. Although very
low, this edge density could be obtained with normal density profiles and a
central density less than 101%/cm3.

In cold plasma theory, we can easily calculate E, from the third line of

the full (3 x 3) wave tensor

under normal fast wave circumstances, n,%2 = n,2 =np? = 402 , and P

= 10°, so that

Ez -n, N, -
(5) T "7 P 1073
X

i1
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and E, is only a small perturbation to the overall TE electric field.
(This is not true of the lower hybrid mode, since ’P! is of the order of
n2). Neverthe]es§, since S, D and n? are all of the same order, the

parallel electron current

(6) -8 e B2
Jn 4'"'1 PEZ 4Tl"i n EJ.

is of the same order as the perpendicular currents

-+

M 5 - T (SE- D E) =% n2E
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IVv-2.7. Fast Wave Enefgy Density

The total stored energy in the fast wave can be divided into magnetic,
electric and kinetic energy components (MKS)

= = 2 2 2
(1)<wv‘% Wy +Wp + Wy =3 wo H2 + 3 eo E +Eénkmkvk

From Faraday's law,we can crudely write

H
(2) Esﬁuous -2
€A
W €
H._A
(3) WE=€O>>1

and the electric field energy can be neglected.
In any wave, energy is transferred back and forth between two or
more energy storage mechanisms. A closer look at the different components

of Faraday's law
H ="£'"‘ E, = -Nu Wﬁ;- Ey

X wHo 7Y
- ke g . oy e
k-L
HZ = _m_ll-oE_Y = N_L VEAJUo Ey

shows that for k, = 0,only Hi remains,and energy must be transferred

between WH and wK, and
(5) W, =W

For k, # 0, energy is shuffled between the different magnetic components
and the particles velocities;so (5) is no longer valid.

Equation (1)may, in general, be rewritten for a lossless dielectric (CGS)7
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L Reg L 2 agd

<N>t TG;I—E;.B + E - -é:;(wK)-E]
(6) .

m

where the first bracket is the magnetic energy, and from the first line

of the wave tensor

i -4
Ey S - ny, 9]

Finally substituting {4) and (7) into (6) we have

iE
_ X -D . 1 -92 1
(7) F = 5 - [N_‘_Z + N..z - ']."—:'—52:]

= =1 2 =
< w >t sz 81’]’ EA Ey fOY‘ k" 0

_ 1 2 +q 2 7 .
"Gl Ty fork=0

(8) S |
=L, .44 E,? . fork,=0and0 =2
~ _1___ E 2 a s '|
= 87 EA y n genera
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[1-3. Homogeneous Plasma Cylindrical Waveguide Field Solution

For simple 5ha1ytica] purposes, the most important model is the homogeQ
neous cylindrical waveguide45’46s55s60. The zero electron mass cold plasma
dispersion re]ationl coupled with the electric field boundary conditions at
‘the wall, gives the deterministic equation which in turn, uniquely defines
k, as a function of ng, for the different values of radial and poloidal
mode numbers?Z, This, furthermdre, fﬁ]]y determines the cylindrical fié]d
solutions from which can be ca]cﬁ]ated the Poynting flux, antenna Eg field,
probe signals and the radiation resistance?l, An estimate of.the number of
possible propagating modeg3 and mode sp11ttingzz,52’55,due to the Ohmic

current around the torus, is also calculated.

Iv-3.1. Zero electron mass fast wave dispersion relation and mode cutoff

Proceeding exactly as in the previous chapter, we write Maxwell's
equation and the equivalent dialectric tensor in cylindrical coordinates.

From Faraday‘'s law we have,

- -
2) vxp-L120.-ie j.¢
cat “¢

S -iD o Ep
.
- >
(3 K-E= iD S o . Eg
0 0 P E,
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where in cylindrical coordinates

~

r/r o z/r
] >
() vV XA-= a/er 3/se 3/3z
Ap rhg A,

The basic methodology is to expand (1) and (2) in their r, ¢ and z com-

ponents using (3) and (4). Then assuming

(5) A=A e'i(me +kuz - wt)

and a TE eigenmode (E; = 0), so that
(6) By a dy (k,r)
we can write an equation of the type
(7} #(Bz) = g (Eg)

and using the boundary condition

(8) Ep =0
twall

- we have the deterministic equation and the dispersion relation.

We thus proceed with Faraday's Law,

4.+ =0Bg 1w B,

{lr) ¥z T

19) 53-= ¢

. i 8r Ee 3 Er1 _ iw BZ
12) sl - 55d=—<

and Amperds law
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arBe -iw .
—21 = — (SE - 1D )

1 _ 9B,
2r} —I-= -
(2r) 7 [—

287 4+ B = T8 (ip £+ S Ep)

(20) =75+ 535

and substituting (18) + (2r)

imB, Duw -imS | ka2
(9) ——=+—Ep = Ep (——+ ic—)
and (1r) + 28
aBZ 1ku o4 iUJS (.UD
(10) -+ B bog—-—1=-—FE

Finally, combining (9) and (10) we have

9B, mDw2 i D2 o3

iwS  k.2c

(11)

Using the Boundary condition (8)

2B mD w2
z = B

(12) a =
wall

+ - - B. = +
ar r(c2k.2 - w2s) *Z c(c?k 2 - w?s)

(Cz kn2 = wZS z wall

- i ]Ee

C w

and substituting (6) into (12), we have the dispersion relation

. 2
(13) k, a Jy (k,a) = —m2u Iy (k,2)

w2 S - CZ kuz

The mode cutoff can be found by setting k, = 0,and thus we have the

simple deterministic equation

x 9 (x)
(14) 'sz;*czy— = ~m Q
where ‘
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Form = 0, x will be simply the zeroes of J,'. Using the Bessel function

identitiest’

n Jn (x)
(16) ' (x) = Jn_l(x) - —

(17) 3_jtx) = (-1)" J_(x)

we can calculate the 1 mode cutoffs (Table 1) for hydrogen and Q = 2.
We note that m = +1 has the lowest density cutoff.and is therefore
the fundamental mode of the system.

We can now easily calculate the electric and magnetic field com-

ponents. Of course from (6)
z m'
and substituting (17) - (11)

(19) E, =B J '(kr) + ¢ 3 (k,r)

and (19) » (1r)

- uC
(20) Br = Ee

w
and (18, 19) - (9)
(21) E, =D J '(k,;r) +E J (k)
and (21) » {16)

- kuc
(22) By = 2C g

where A, B, C, D, E are constants pkoportional to the wave field,and func-

tions of the plasma and wave parameters.
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Table 1

m -1 T 0 +1
u ,
1 .32 : .19 .10 x 10*%/cm?®
2 .89 .63 .42
3 1.71 1.34 .98
4 2.79 2.28 1.83
5 4.09 , 3.52 2.90

Eigenmode cutoff density form =0+ 1, u = 1-5, ¢ = 2, hydrogen and

a =10 cm




Iv-3.2. Number of propagating eigenmodes at high density

Using equation IV-3.1(16)swe can transform IV-3.1(14) to

1) g, <000

For reasonable values of m, Q, and ¥, i.e.
m=3

2) a=2
X = kAa =10

and, since Jm-l has roughly the same amplitude as Jm, we can approxi-

mate equation (1) as

(3) 9,400 =0

From Figure 1 and IV-3.1(17),we can write the very crude but simple

cutoff dispersion relation

#)  ka=uln+3)
In a typical Alcator high density plasma with AA = 3.8cmand a = 10 cm,

k,a

(5} T'-:»\)ﬂs

and we can propagate as many as 45 perpendicular modes,as shown in Table 1.

Physically, we could have arrived at the same result by crudely

assuming
k, = kr + ke
ka=um

6)

k62w<r> =m 2n

<r> = ga
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Of course, at large r, where 1/r effects can be neglected, we must'ﬁave

(7) k2 = k2 + ()2

At this point, We must uée these simple relations for statistical
purposes only. Fbr example, in a normal dielectric, the lowest TE mode
of a rectangular guide is TEOl’ In a circular guide,the lowest mode
Accordingly, a careful Took at the electric field

is TE,., not TE0

11 1°
would have shown that the circular TE11 is only a slightly perturbed
Cartesian TEOl’ and wou1d~indeed require less k, than the more dis-
torted circular TEOl' With an only slightly more sophisticated version
of equation (4),7 which includes a phase factor dependent on the sign
of m, the mode spectrum would then be correctly symmetric about m = -1
instead of m = 0.

Cartesian fields (sin, cos) can be mapped into cylindrical coor-

dinate fields (Jm, Jm') by using the crude approximation

: singx}_
@) 4 = 7z

as shown in Figure 2. Our corrected inhomogeneous Cartesian solution
(IV42.3) then becomes a very good approximation to the exact solution,

as we will see in Section IV-5.3.
' Table 1

Possible perpenditu]ar eigenmodes for k,a = 5.

u | m

1 0+1+2+x3+24+5+6+718
2 0+14+2:3+4:52%6

3 0+1+x2+3=+4

4 0x1z2

5 0
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IV-3.3. Mode splitting .

For a wave field of the form
(1) o1 (M8 + kyz - wt)

we have a constant phase point at

(2) oy = 1'-(—'%5

So far, our wave field structure was always "tied" to a stationary
magnetic field. If the magnetic field frame.of reference is rotated, our field
solutions are still valid in that reference fréme. Unfortunately, we would
Tike a solution in the laboratory frame of reference. In a tokamak,
the confining field has a similar constant phase’point (Figure 1)

~ Be z
(3) % ~ B, r

Assuming k, positive and m‘< 0, the wave field rotates with a typical
parallel wavelength of a few centimeters. When positive Bg is added, the
wave field wraps around faster, and thus, as geen iﬁ the laboratory, has a
shorter parallel wavelength. | |
(4) y=2a eB=Aiew
and
) 2.3

- Yw
Substituting (2) and (3) in (5)
Be m_m

(6) Aku:'ﬁ'z'?:a"ﬁ

where q is the usuaT safety factor.l’22 If we now simulate an identical

wave going against B, by simply reversing Be, the wave wraps around
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more slowly, and thus has a Tonger parallel length. For typical Alcator

experiments

k., = .5/em
(7)

q =3
and

=
{f
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IV-4. Hot Plasma Mdde] and Damping Mechanisms

Five basic damping mechanisms32 of importance can be found in the
Alcator experiment20»26. Each of the damping decrements depend heavily on
the wave field structures and plasma parameter profiles. The first and
simplest are wall losses.which are always present and give an upper bound
on 032. Wall losses are dependent on parallel and perpendicular mode num-
bers and, in particular,the edge H field. Second harmonic of the ion
gyrofrequency damping can also be important if kchi is large enough, which
forpractical purposes, means large radial mode numbers in the hot plasma
center30'32. Fundamental and two ion-ion hybrid damping mechanisms have
been discussed the most in the literature,and have the 1abgest damping
decrementsl0,11,12,16,17,27,48,49

Electron Landau Damping (ELD) and Transient Time Magnetic Pumping
(TTMP) can be important in the high temperature center with large enough
ks and E, 1in the absence of other strong damping mechanisms30-32,

Finally, collisional and near-field damping may contribute to the 90,96
Toading resistance, and remove power from the antenna. Also,a whole genera-
tion of non-linear effects and surface waves may, unfortunately, heat the plasma
edgel’,32,74,

In this and the next Sectidns, all five types of damping mecﬁanisms will be
qualitatively evaluated in simple geometry, and then used in the weak damping
approximation to numerically calculate wave damping length, radiation resistance
and power deposifion profiles for realistic experimental mode numbers, field

strengths, plasma parameters and profiles.
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Iv-4.1. MHall damping

We now allow k,to be complex, so the power flowing down our simple

waveguide is
(1)

o PO e-zk:‘ﬂ Z

The power dissipated per unit length is

IPf
(2) - az.=2k-i Pf

and the wave damping length is

(3) 1 . -2P¢ - 2 Power Flowing
ki 9Pg/3z Power Dissipated

In Section IV-1.3,we calculated the power flowing down a simple wave

guide as (MKS)

a’k,
Witg

2

(4) Pg=

For wall losses, the power dissipated per unit length can be calculated

from the surface current resistive loss on the vacuum vessel

S wHodX oy
The power deposited per unit area and unit length are then134
J.2
(6)  P/m2 = 5>

(7) P/m = 2va P/m?

where the skin depth is

®) o Vg3
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Finally, substituting (4) - (8) into (3), we have

W

(9) 740 meters

1 272 [ B, |7 e
T(‘:i‘ = - BE/aX a kn WHo T
wall

for high density (IV-1.3.(7))and a stainless steel{c = 1.1 x 10° mho/m)
vacuum vessel.

We again see thg_gritica] importance o%.knéwing the edge field. Physi-
cally, for a given central field, and thus flowing power, a smaller edge

field will dﬁssipatevless power and have a Tonger damping length,




Iv-4.2. Cyclotron damping

To first order, we can write the left handed particle trajectories and
velocities (positive fong), as
(1) x=r.
(2) 'y

(3) vy = ro woCOs wot

re sin-wot

F'e COS Wot

(4) v, = “Fo WySin wet
For a right handed electric field (E_)
(5) Ex = E, cOS wot

(6) Ey = Eo sinwet

wWe can write the average power to the don as -

Tq(vxEx + vyE,)dt' . ,
(7y ©Pp. =2 T yy rowoqEo[€c0s2wotd - <sinZwot>] = 0

i

| and ,on the average, no poWer is coup]ed.'

For a left handed electric field (E+),

{8) Ex = E, cos wot
(9) Eyx

and the power coupled to the ion is simply, -

-Eo S'in mot

(10) Py = rowoqE, [<cosw t> + <sinZw t>] = r w gE_

0f course, negative power can be obtained by adjusting the phase of the electric
field with respect to the ion velocity, but the right hand electric field
component cannot couple power independently of'phase, and can be ignored in‘the
following power absorption calculations.

To understand this initial phase effect, we proceed directly to the tokamak
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geometry, where particles are streaming along the rotationally transformed
field lines in a 1/R magnetic field. For ICRF, the electric field is a wave

propagating along z, and the resonant condition is
(11) wo = wej + knVy

or simply, the cyclotron fhequency in the ion's moving reference frame.
Since the ijons are moving along z in a slowly varying magnetic field,

7
we can write.
(12) wc-i'(t) = wei +tw
and the equations of motion become

(13) vy - wci(t) vy = q/m Ey cos wot

(14) vy * weilt) vy = -g/m E, sin wot

Combining (13) and (14) in a rotating coordinate system

E = E
(15) B = XY
(16) u = vy + ivy

and neglecting the non-resonant right hand electric field, we have

d . V _3
(17) g¢ + 1 wei (t) u =2 E, e-fut
Equation (17) is linear, of first order, may be integrated using the

integrating factor132

(18) p = eiwci(t)

and has the so]ution7

. .
(19) uft) = exp(~ s fwcj(t)dt) [“("”) o E*V%i}
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The first factor in (19) is simply the phase angle of the velocity, and is
analogous to WKB solutions, with k(x) substituted by w.j(t), and x by t.
Assuming that u{-«) is randomly phased with respect to k., the average

energy kick per pass through the resonant layer is

[
Wieq

- (20) W =-% < u(t) g(t)* - u(-®) u(-=)* > = %% E,?

and is independent of initial phase and perpendicular energy. We can now

integrate this energy kick over a distribution of resonant particles to find

the power absorbed,

ta2E,2
(21) P/cm3 = : i: j];vx dvy f(v,, Vres)
“where from (11)

il - ugj

Physically, the 1/ka factbr is due to the fact that,for a given layer
thickness Ax, perpendicular distribution function, etc., the integration

interval width along V4 is proportional to 1/k,.

Substituting a Maxwe]lian distribution function1

) | -
(23) fp= —1— e Bth}
T Vih -

into (21),and making some changes in variables that cancel out the 1/R magnetic

field dependence, gives the usual cyclotron power absorption fbrmu1a21’31’32

2o, -fe-eci)?
(24) premd = —— BT o [Kuvgp;
8 Vn Kt Yeni
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We could have arrived at the same result in uniform B, theory by an

almost identical method, as in Section IV-2.1. First, we write the momentum

equation including the parallel velocity, V.45

L > > O e >
25) m[2Y + y3¥]= Ep + ¥XBo + V xg
(25) [a 3] .q[l c < 1]

Again we assume
(26) v& = vy ¥ ivy
Ex = EgF iEy
and solve for v adding the restriction v=0at t =20

ie E, (w - knV) ei(knz-ut) l—e"(‘“‘k"\‘;“‘ci)t

(27} v, = Mw w - knV ¥ wey

Averaging (27) over a Maxwel]ian distribution and randéﬁ“;nit{él-bhase, we can
then write a dielectric tensor with complex elements similar to Sand D
which,themse1ves,are‘aga1n functioms of complex R (right hand) and L (left
hand) components. The resfstive parts of S and D then represent dissipative
effects, since the current is now‘inAphase with the electric field.

We can thus writeZI

and

-

' 3 1 T 1 > > -iw N ->
(29) P/cm =_2_Re (E 'J)=.E(E 'J)+cc=.i.6; E (K - 1) *E + cc

In equation (7) we assumed the ions were "free falling" in the
resonant electric field, so the power delivered was proportional to E.t. In

practice, ions are not allowed to free fall, since the interaction time with
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the resonant field is finite,and phase $nc6herent from one pass to another
through the resonant layer. This finite interaction leads to a collision
type resistivity, and thus to an absorbed power proportional to E,2. The
interaction force fs,neverthe]ess,simp]y gE in the ion reference frame.

If we now assume an electric field at the second harmoni; of the ion
gyrofrequency, equation (7) becomes
(30) P = rowEc[<coswot €cOS 2 wotd + <Sin wot sin 2 wotd] = 0
and no power can be coupled independently of polarization or initial phase.
On the other hand,if we allow E to have a gradient,
(31) Ex = E + ._.x = Eg (1 + korg cos wot)

‘power can be coup]ed through the non-linear term
(32) <cos wot cos wot cos 2 wot> #0

Our effective interaction force is now

k L
(33)

q Eo = VX q Eo

instead of simply qE,,and all of our previous results can be upgraded for
the second harmonic regime by simply replacing E, ,by YA E, and wei by 2 weye

Similarly, we could go to the nth harmonic by inserting the_factors

(34) fin_l and nwcj

From now on,we shall consider the second harmonic regime at high den-

. 21,31,32
sity in the tokamak geometry

2
| (w-ch1
i A KuVins
(35) P/emd = —— 3
f’k""th I£+
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In this case, the wave energy is deposited in the perpendicular com-

ponent of the ion enerqgy for prédominantly large Larmor radii. At high -
power,this}will lead to the formation of energetic perpendicular ion tails.
If the resonant layer is at the center of the plasma,the resonant region

will be a cylinder of radius R,, height 2a and effective thickness AR (such

that the exponent is negative one on each side of the resonance )21

(36) AR = Eﬂ;&ﬂl = .6 cm in the hot plasma center.

The heat transfer along 8 is much greater than a1ong_r dug to the rota-

tional transform,and so we can write an average power per volume as a func-

tion of minor radius by integrating around ¢ at r and dividing by ZHP?]

I

2 2 2
T~ Rokioy " Re

(7)) Plem’ = qom ——— [ = 1gm e [EL?

This result is independent of k, and peaked at the center of the plasma (small
r). The apparent singu]arity can be removed by displacing the resonant
Tayer by AR (r+r + AR in denominator). In any case, we will either want the

power deposition profile or the power deposited per unit length, which removes

the singularity altogether

dhot
: = ’ 3 = 7 s _€rgs =
(38) p/cm J( 27r P/em® dr = 1.7 x 10 ggegeﬁ- 170 W/cm

o

where we assumed ot = 5 cm, ne,= 5 x 10%*/cm?®, E, = .16 statvolt/cm
and k, = 1/cm. Also assuming E= .5statvolt/cm and k, = .5/cm, the power

flowing is approximately
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(39) .= [SEMH g
)

The damping length is then

1
(40) +— =
kui Pd'is

which is several times the circumference of the torus, but is

2 €2 k& ; 12
ma g 1.1 x 10*? ergs/sec

= 13 meters

much shorter than the wall damping length.
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IV-4.3. Electron Landau damping and transit time magnetic pumping

The collisionless resonant damping.condition w - nwe - k, V¥V = 0 can
a]sq be significant for n = 0 if the phase velocity is of the order of the

parallel thermal velocity.] For electrons at high density in Alcator

v _ 2.5 x 109 cm/sec _
(1) e =gl— = T35 0" emfsec - 1*°
and we thus proceed to calculate what is usually called electron Landau
damping. Considering only motions and fields along z, and without using

complex variables we can write the momentum equation and its solution just

as in the previous Section.]’45
> -

(2) m%%L = eE cos [k (zo + Vot) - wt]

(3) v = gj sin [k (zo + vot) - wt] - sin kzo
' m kvo - w

The power absorption is then found by averaging the change in kinetic

energy over the initial condition z_, and distribution function fgvo)

3. d_ .ﬂ!i:}
(#) p/em?=no <:dt 2 / Zos Vo

_ ~mhow €%E2 3 f(ve)
2 ﬂ'Ik,z, 9 Vo

~le

Vo
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Substituting a Maxwellian distribution function (IV-4.2(23)) and (1),

we have

(5) P/(:mg’:\/ﬁ n; :ZE%' o2 e-az

The difficu]ty‘is now in cajcu]ating EZ as a function of Ey. It is
tempting to use the third line of the dielectric tensor, but as we shall
see later, for the hot dielectric tensor when 1/o is not small, the kZy
element can be of the order of np? instead of zero, and k,, s 1/k..2AD2
instead of -nze/w2.7 To circumvent these problems, we shall assume the
wave is more or less compressiona1 (k, > ka), and the electrons can keep
quasi-neutrality through Debye shie]ding,(\lte z_Vp);7 Both approximations
are quite crude for Alcator, but will nevertheless give a reasonable
answer. We can thus write from compressibility

B

o Bo

from quasi-neutrality
(7) ngy = ng
~ from hot electron shielding

&

; Kle _ e¢
(8) ny =nce "€=n, (1+ KTe)

el
and from Ampére's law

R | éEl
9 VEE = -Gt
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Substituting (7)+(6)+(8)+(9), we have

- _do es

and noting that

= - 9&: - |
(”) EZ 3z iku ¢
then
ik, kn KT, ¢
- X e

Substituting (12) into (5) finally gives the compact form]30

w B 2 2
P/emd-. €& |kiC - 2
(13) P/ 3 [ = ] o e IEyI

S

Note that, for Alcator, we could have achieved a similar result by
blindly using the cold dielectric tensor, since

1 Ta V3

R B e

except that the phase of EZ would have been wrong (which is of no impor-

tance here).

Until now, we have only allowed qE forces on the particles, but we

could also include -uvB forces, which would give rise to transit time

magnetic pumping (TTMP). Careful analysis of the hot dielectric tensorshows

that ELD and TTMP are coherent, and cross terms cancel in the power -

deposition calculation (IV-4.2.(26)),thus leaving ELD (EZ) alone in the form
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of (13), which is half the TTMP power 1oss. We note also that the wave

energy is deposited in the electron parallel .velocity near the thermal
velocity, unlike 2 wci'damping, which favors large Larmor radius ions.
Using the same numbers as in Section II-4.2. (E, = 150 V/cm, Aot = 5 cm,

ka = .5/cm, k, = 1/cm, o = 1.9, B, = 5.6 x 1073 and Pe = 110 kW)

= 2 3 = 8 er =
(15) P/cm = mag . P/em® = 1.4 x 10 EEE%EE 14 W/cm
1 %P
(16) P, < 160 meters
iu dis

The damping length is then many times the circumference of the torus,
butvis, nevertheless, shorter than the wall damping length, and much

longer than the 2 W damping length.
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IV-4.4. The hot dielectric tensor and approximations

So far, we have looked into selected topics of hot plasma effects, just
as in Appendix 1 we investigated selected simple wave regimes. Now we
introduce a totally general wave propagation and damping formulation, the

45,20

hot dielectric tensor and wave equation. The basic constitution of

the hot tensor is the same as the cold one, i.e., a sum of a vacuum, electron

and ion'terms, except that the elements can also be resistive. Unfortunately,
as we saw in Section IV-4.2.,the resistive and even reactive particle
currents are much more difficult to calculate than in cold plasma theory.
The basic trick is to calculate the field-particle interaction in the par-
ticle zeroth order trajectory reference frame, and then average over the
particle velocity distribution function. The product of this formidable
analytic computation is, even in its most compact form for Maxwellian
distribution functions, a somewhat overwhelming series of infinite sums
involving just about every plasma variable {Tg, ky, A ... V4) and 2 par-
ticularly nasty integral, the dispersion function. Nevertheless with a

number of not too restrictive and quite accurate approximations at high

density, 20,26
(1) Vgrify = 0
(2) T3 =T,
(3) ky =0

(4) j=e, i

(5) -5<n <+5
the formulation becomes manageable, and general trends become more

apparent.

The basic expansion parameters are as one would expect from our simple
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treatment of collisionless damping:20

k*ZQjZ
6) AJ. =

w + 'nwc .
(7) an— Ku vthj

ky =0 is the most restricting approximation, since ky affects the wave
polarization, and thus the reactive and resistive components of the
tensor elements. Although the dispersion relation is still found by simply
setting the wave equation. determinant to zero, we cannot write an equiva-
lTent biquadratic equation,since the tensof elements are infinite sums
already involving ky, Ky, K., ku. Without the further, major assumption
that A << 1, the many dispersion relation solutions can only be found
by using sophisticated numerical methods. Restricting A << 1 basically
reproduces the cold (2 x 2) tensor with very smal1‘26 changes in the
reactive components due to ELD, TTMP and cyclotron damping,and does not
allow any new wave solutions.

‘A realistic,comprehensive study of the effect of our approxima-
tions (equations (1) - (5)) can only be done on advanced algebraic
manipulators such as MAXIMA. In particulay at 10& density 5n'thé runawéy
" regime, the streaming parameter becomes appreciable (VDV¥ 0), Tj # To,
discrete positive and negative m modes dominate (ky =0), Zese > 1 (J =&,
i, impurities), and all approximations break down lamentably.

Fortunately, in Alcator,nearly pure hydrogen high density plasmas can -
be produced with very small drift velocities and nearly isotropic

Maxwellian distribution functions. For simplicity and not necessity,we
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will also assume. fok now, that k‘y = 0. The results of solving the cold and
hot wave determinants for a hot, dense plasma center and cold edge, for the
same k, and roughly fhe same magnetic field are shown in Tables 1 and 2.

As we suspected and assumed until now, the 2 X 2 part of the cold tensor is
almost the same as its hot plasma counterpart for the fast wave branch,

since indeed A << 1, and so all our previous work is well founded. Also,

as one would expect, at the cold edge, kxz and kyz are very small, and kZZ = P,
Unfortunately, this is not the case with the hot piasma center, which led to
our earlier difficulty in calculating EZ from the third line of the wave tensor.
It is important to note here that, although the reactive components of the
fast wave ‘tensor elements are insensitive to the major radius position, that

is, the magnetic field, the ion resistive components are dependent on the .

narrow harmonic resonant condition
(8) w - nmc -ks V=20

and the power deposition profile is very peaked at the resonant layer in a

one dimensional plasma formulation.

It is also interesting to note that, for k‘y =0 (m = 0), from the first

line of the wave tensor, we have

E E
Y ._8 _S-nd -
(9) E, E;' =5 5.46 at the edge,

.60 at the center,
1 at the cutoff layer(kZ = 0) .

which means that .from:a global point of view, the antenna couples to an Ee edge

wave that gradually transforms into. an Er wave in the center of the plasma.
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The mere fact that the wave equation is of higher order than

biquadratic means that other wave solutions exist. The most important

‘solution (besides the slow wave which did not even depend on hot plasma

effects, but wes found evanescent in our regime and could be neglected)

is the ion Bernstein wave. This new wave is critically dependent on A

and z, and thus cannot be coupled from the cold edge which does not allow
such a mode, as we saw in cold plasma theory. Nevertheless, the wave can
couple power from the fast wave near the center if the Bernstein wave k,
becomes equal to the fast wave k,. The two modes are then locally non-
orthogonal ,and power can be coupled between the waves giving rise to a
telescopingly comp]icated‘problem. In the two ion-ion hybrid regime, even
with cg]d_p1asma thebry, we encountered singularities in k., which would have
made A >> 1, and new waves would have immediately appeared. In fact, hot
plasma treatment of the'two ion-ion hybrid regime would have removed the
singulafity, but the general location of the resonance would still be
governed by the cold plasma k,, which "controls" the hot plasma expansion

parameter x.
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IV-4.5. Collisional Damping

‘To take into account collisional damping,we return again to the basic

momentum equation,but including collisions 1

v V. X B
(1) m n —ZE = q.n (E X Y X ) = y.n,m Vv
K"k dt T %"k C MV

Equation (1) can be cast in the form of equation IV-2.1.(3) with the sub-

stitution
(2) My > mk+ = m (1 +1 'Yk/w)
and

(3) a-+a
ta 2

(4) ===
c Cc

and our cold dielectric tensor is easily upgraded to include collisions.

We will confine this derivation to ICRF, and assume

-
uf 1
(5) 9y << Q; <\[z— = 6.5

e
[me
(6) Y4 = E";Ye: (T'i = Te)
CE M Y4
(1) s =3 R
¥
(8) K= <1
The new dielectric tensor elements are then calculated from IV-2.1 as
¥ “;2 “:2
(9) P = 1 - wz - LUZ

Trez (1 - 1 Te) +1T1-2 (1 -1 T.i)
2

(14

(0]

i

P (1 -1 1)
e -268-




L) t2
it T
(10) R=.—2 - !
+ ¥
w {w - wce) w {0+ mci)
) \ —_
_ s 1 . 1
“ocilat-1 et+1
e
(1) s 1T12 1 1 7]
11 L= - + —
W W, r ¥
ci fa, + 1 Qi - 1;
. 1 1 ke
(12) e L (1 -1 2t gr—y)
T 2
Q .8 Qc +1
(13) e (1-dvgr—3
and using (12), (13) and (5),
(14) st=R 1L £S5 (1+1 1y 707
i
ptot
+ R - LY - 2
(15) D' = 5 =D(1+1Ti'i——_"‘§z':i-
Power absorption is then calculated as
= Ju'Eu*_ Wt
(16) P, = Re eyt = Re 18 P E E *
T2 ¥ i ,
-._e _e 2 . 1 2
T w? 8 EZ - 2 8ﬂ E

= me/mi E , and

where we used (6),and assumed EZ y

o oL of +
(17) P, =R <& Es - 100 E)) Ex ¢ (10" £, 4 5 E) £ ]
= R T-———,T[ +1 -7 2D, |
e 18 kit - n|| - n"
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Further assuming n, = 0 and D = -0 S,we have

it Y, oM
1) po-G—g eV gl e

12

From Spitzer resistivity (7), and the jon-electron collision

frequency (6)75’82

(19) v, = 4.8 x 107 na T7%2 471/2 = 2.3 x 10%/sec
and the ion-neutral collision frequency82

(20) 1.5 x 10%/sec

Yin = "%Vthi ¥

3.8 x 10%/sec

i

@1) vy = Yip *+ vie

= = = “15 o2 = = 1014 /em3
where we assumed Ti Te 10 ev, T 5x 10 cme, g = ng 10L%/cms.

The cold neutrals from the edge will have a short meaﬁ freeﬂﬁéth,

78
due to ionization by electron impact

(22) Yion ¥ S0Ve> Ng = 1.9 X 10%/sec
V.
thi
(23) = -2 = 1,1 cm
P Yion

where we assumed T, = 5 ev, Te = 30 ev and ng = 101 */cm3.

Finally, the power deposition and damping length can be approximately

calculated as

(24)  P/em® = P, = 3.1 x 10 gggﬂzﬁg = .31 W/cmd

(25) P/cm P/cm?® = 19.5 W/cm

i

ZWaAmf

1 2P
(26) F;'= P/em © 110 meters

P

where we assumed from IV-4.2, P = 110 kW and E, = 60 V/cm.
From (18) and (20) it is clear that

(27) P «nE2 T2
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and

(28) Peenter < Pedge '

Even if the collisional damping length is much larger than the second
harmonic damping length, it may have very detrimental effects since
nT is much smaller at the plasma edge. Antenna near-fields can be
several times larger than the wave fields (and E, of the order of E,
for unshielded antenna) giving rise to large power absorption, and
even breakdown.

Collisional power absorption could also have been crudely estimated

by simply writing 1,75,90,96,144

. . 32
3z X
(29) P/cm 5~ Ng

wher‘e
(30) J = %EA E_,_ = JJ_ = J,

and n is the Spitzer (or any other) resistivity. Note that this is very

 different from writing P/cm3 = E2 n/2 as in ohmic heating, since the resis-

e s s . . 1
tivity is in "series" with a much larger wave reactance.

(31) Xy = %- -—1 _.1000 - cm

wEoEA

>> ng = .08 T-Ls = 107% g - cm
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IV-5. Inhomogeneous Cylindrical Plasma Numerical Model

We now turn to a somewhat more sophisticated model, the inhomogeneous
plasma-filled circﬁlar waveguide. The procedure for obtaining the field
solutions is a combination of all our previous models where we will
sacrifice simplicity for more precise results, especially at the low den-
sity edge near the antenna. A numerical codeZI written by J. Adams (TFR,
Fontenay - aux - Roses,France)and further extended to incorporate Ez and
hot plasma effects, is used extensively. A similar code is also used to
generate the full inhomogeneous plasma eigenmode dispersion relations.
Using these codes, radiation resistance and probe signal components are

calculated much more precisely.

1V-5.1. Inhomogeneous plasma eigenmbde differential equations and large -

r approximation

In this Section, we will again start with Maxwell's equations and the

dielectric tensor in cylindrical coordinates, as in Section IV-3.1., and

assume a wave of poloidal, toroidal and temporal form

(-') A=A e'i'(mO + kaz - mt)

but leave the radial behavior unspecified. We will also solve for a second
order differential equation in Ee’ instead of Bz’ so that the physical
solution with E@= 0 at the wall can easily be recognized, just as in Section

Iv-2.3.
Starting with equation(2r) of Section IV-3.1. and substituting (1), we

have

; im o = —iw
(2) =B, - ikuB, = —* (SE,

. o= c - iDEy).
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Then substituting (1e) and (1z) into (2) and collecting terms, we have a

first order differential equation in terms of Ee and Er a]oneZ]

: ) ” m2 _,mZS W m w2
(3) TE. [ki+yr - 1=FE +E [+ zD]

where the prime denotes differentiation with respect to r. Similarly, we
can also start with equation (20).and substituting (1),

N IR
(4) -8, + ik,B= =z (iDE, + SE,)

and again, substituting (1r) and (1z) and collecting terms, we have

E 2
" S 1 m .. . m w?D
(5) Eg+is +E 52 -k -21=0 dg - [T +22]
. e r 0 "2 2 r r r c2
Let's pause now from our general derivation and assume that r + =
but m stays finite, which simulates a Cartesian coordinate system with

ky = 0. Equation (3) then becomes

4 2g iDw’
(6) E.[*2 -K]-—2FE =0
rr Cz cz €]

~which we recognize as the first line of the wave tensor equation.

Similarly, equation (5) becomes

———
~J
ot
m-
+
(3]
€
[
w
~
=
1
€
1l
o

© © C2 | Cu (ﬁzs - k2
2 11]

where the factor multiplying Ee is easily recognized as the fast wave k2

in agreement with our inhomogeneous plasma Cartesian waveguide treatment

of Section IV-2.3.

Returning to our general derivation, we can rewrite (3) and (5) as
1
(8) A1Er =B Ee +C Ee
(9) Eg ¥ DEy + F E, = BiE, - CiE,

where A, B, C, D, and Fare all functions of r.
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By substitutihg (8) and the derivative of (8),
. I—B 1] Bl Q ] C'
(10) i E, = K'Ee‘+{(ﬁ) * A} Eg * (ﬁ) Eg

into (9) and collecting terms, we have a second order differential

equation in E@ alone,

(11) Eg = ——A~Eé [[-D + B (%)'] E; - [F-B (%§'+ c”. E,

where we note the possibility of a singularity at
(12) A-B2=0

which is simply our two ion-ion hybrid resonance condition, S -n3 = 0.
Also,unlike equation (7), we must take derivatives of the plasma parameter
functions, A', B' and C', which are trivial excépt for the dielectric

tensor element factors S' and D', which can be written as

(13) S, D a n(r)

- and these derivatives are easily calculated from the density profile

n{r) and %%iﬁl .

Cold plasma E, can be calculated from IV-3.1-(22z).

1 arBe aBl" _ iw
(14) r [ ar 30 1= c PE

and substituting (1r) and (18), we have

_ kac? ik, oom
(18) &, = o b+ B - R K
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IV-5.2. TFR-EZ code structure

We now wish to solve numerically equation IV-5. 1(11), which can

be rewritten as

1) E, =F(r,E,E)

6

and where we will use a density profile,

’ 2
2) n{r) =n (1 "gf) 0<r < .%
2
= n[o4 + 157120073 = 29 1 g o v < vl

and nys Nps Bo, wo etc.,to calculate F.

In Section 1V-2.3, we used a first order integration method to
solve
(3) y' =6 (r,y)
- 1

(4) - Yy =¥ tE (6a1)
with a; = h & (r . y,)

h = step size
Quite similarly,we could have written to fourth order, using the

Runge-Kutta method 132

(5) Y+l = Yk +%‘ (b; + 2b, + 2b; + by)

with

-

bl = G (rks ,Yk)

] Lho by
bz‘hG(rk-"'zsyk"'z)

b3=hG(Y‘k+’g'syk+%2')
bhth(rk+h9yk+b3)
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Now solving equation (1) to fourth order, we similarly write

- 1
(6) Ek+1 = Ek +6.._ (bl + sz + 2b3 + bq,)

E'yyy = E' +4 (b'y +2b', +2b' +b'y)

k41 = Bk

where we have successively calculated

| . h b]_ 1 k'

and so on for bz, b's, bs, and b*y.

To initialize the program,we need to specify E8 and E'e at r =0

for each poloidal mode number m, just as we needed to initialize FINT

(first integral) and SINT (second integral) in Section IV-2.3. By

judiciously varying k,,we can then solve for the desired radial mode

number u,while keeping E (w) = 0. Since we now have Egs E'gs Ss
D, etc. for all r, we can successively calculate iEr from Section
IV-5.1.(3), E, from Iv-5.1 (15), B,. from IVv-3.1.(1r), By from IV-3.1
and B, from IV-3.1.(1z). We can calculate [E.1, [E',], [E',]2 from

EB ¥ iEr ,
(8) Et = —— (statvolts/cm)

and the Poynting flux along +z and -z,as

r
(9) o(r) = %ﬁﬁ?f; [IEr!2 + ]Eelz] rdr  (ergs/sec)
6
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Similarly, power deposition per cubic centimeter and per unit length
for ELD and second harmonic are calculated from'IV-4.3. (13) and IV-4.2.(37)
with a Gaussian temperature profile defined by IV-2.3.(2)}. Finally,
the single pass radiation resistance can be found from (6), Ee (r =
antenna) and equation IV-1.2 (5).

Figure 1 is a simplified operational block diagram of TFR-EZ.
Data can either be written directly in the beginning of the main program
or through more convenient files. The initial data is then normalized
and reduced to more compact forms,and proper initial conditions are
set fqr E6 and E'6 as a function of m. ADIRKG is a general fourth
order subroutine that sets up (6) and (7). SYDELC is a specific sub-
routine that calculates (7} from the initial reduced data. CALPI
calculates n{r) and an(r)/2r from (2). The field components can then
be calculated and printed as the.main loop increases r to a maximum
radius,where all the field components can be plotted as a function

of minor radius.
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Block Diagram of TFR-EZ

Dimension
Common

-+ Format

9

Input
Data

Y

Data
Reduction

Yy

Initial
Conditions

Radius Loop

ADIRKG

\v‘

Y

Field
Components

9

Print

Plot

SYDELC

CALPI -

Figure 1
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Similarly, power deposition per cubic centimeter and per unit length
for ELD and second harmonic are calculated from IV-4.3. (13’ and 1v-4.2.(37)
with a Gaussian temperature profile defined by IV-2.3.(2). Finally,
the single pass radiation resistanée can be found from (6), Ee (r =
antenna) and equation IV-1.2 (5).

Figure 1 is a simplified operational block diagram of TFR-EZ.
Data can either be written directly in the beginning of the main program
or through more convenient files. The initial data is then normalized
and reduced to more compact forms,and proper initial conditions are
set for Ee and E'e as a function of m. ADIRKG is a general fourth
order Subrdutine that sets up (6) and (7). SYDELC is a specific sub-
routine that calculates (7) from the initial reduced data. CALPI
calculates n(r) and en(r)/2r from (2}). The field components can then
be calculated and printed as the main loop increases r to a maximum
radius,where all the field components can be p]ottéd as a function

of minor radius.
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IV-5.3. Field profiles at high density

~In this Section, we will discuss the Alcator ICRF field profiles for
‘a hot (T, = T; = 1keV) high density (fi, = 5 x 101%/cm3) hydrogen plasma
in the‘second karmonic regime (fo = 200 MHz).

Figures 1-4 show Eevs r for m = 0 and radial mode numbers u = 1-4.

Note how Figure 3 is in excellent agreement with our simple Cartesian
model of Figure IV-2.3.(6) (except for the Bessel function effect discussed
~in SectionvIVeB.Z.). Note also the extreme importance of the evanescent
layer for the smaller u (RR = 1073g). The evanescent layer is, on the
other hand, almost negligible for TFR.,as can be seen from Figures 5 and 6,
since k, is of order .05/cm instead of .5/cm for Alcator.

Figures 7, 8, and 9 are the complete set of electric and magnetic
fields and power absorption profiles, Ee, Er’ Ez’ Be’ Br’ Bz’ Stz’ Ei,

2 3 3
Ey®s Pa1d/ s P2y ilcm’ Pzwci/cm, as well as the radiation resistance

c
calculated from Ee (11.5 cm), for u = 3, m = 0, -1, +1. Many particularities

need to be noted as follows.
The simplest mode to visualize is the asymmetric (E@, about + r) m=20

mode shown in Figure 7. m = + 1 are symmetric as shown in Figures 8 and 9.
‘We must be careful with the definition of u, since only BZ (in homogeneous
" plasma) is a pure Bessel function (Ee is tha suw of two Bessel functions,
1V-3.1.(19)), so that the number of zero crossings is different for E, and
Bz‘ We will use Ee in defining u because of the wall boundary condition.
Since the m = + 1 has the lowest density cutoff, it has the largest k. for a
given p, and thus has the largest evanescent layer and smallest radiation
resistance (R,; < Ry < R ;).

In the plasma center, the magnitudes of E, and Ee are comparable for

all modes, and about three orders of magnitude larger than EZ (also Be =

B, = Bz). The phase between E . and Ee’ on the other hand, is very different
-279-




for the different poloidal mode numbers, so that the m < 0 are essentially
Teft-handed (E@ = -iEr), m > 0 are right-handed (E6 = iEr), and m = 0 is
about half and ha]f.Z] Second harmonic damping is dependent on the gradient
of the left-hand component, so that the m < 0 will have shorter parallel
damping length (= 5 meters) than the m > 0 modes (= 60 meters),as shown

in Figure 10.

2p

k. P /em  ~ P2ZWPL
1 2u¢

The effect of kzton the damping length can be removed by dividing the
Poynting flux (PHI o« E2 k,) by k,» also shown in Figure 10.

From Figures 7, 8, and 9, it is clear that it is not possible to discern
the m > 0 from the m < 0 modes by the relative phases between field com-
pongnts in the evanescent plasma edge (from either E or B). Most of the
wave fields are well confined to the plasma center, so that most of the
Poynting flux is from YpHI < 8 cm (Figures 7-9 and 11-14). The ELD and
2w j power deposition profiles are even more peaked,due to the narrow

o

Gaussian temperature profile, so that TeLp < 3 cm and r, < 4 cm.
Yei
Figures 15 to 18 show the single parallel pass radiation resistance

(Ro» IV-1.3.(5)), the toroidal resonance (FR Ros, IV-6.2.(5)) and anti-
resonance (FARO, IV-6.2.(6)), corrected radiation resistance, k""AZwC and
AgLp @ @ function of density for the m = 0, u = 3 and 4 eigenmodes (the
singularities at cutoff are, of course, unphysical, and are removed by

Tetting key # 0 (Section IV-2.1.) .

-280-




m=0, Ee profiles in Alcator and TFR
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Radiation Resistance and Damping Lengths for u = 3 and m = 0
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1V-5.4. Full inhomogeneous eigenmode dispersion relations

As we might expect, the full inhomogeneous eigenmode dispersion
relation cannot be put in some simple form such as equation IV-3.1.(14).
Numerically,; however, TFR-EZ can be put in a loop that successively
increases kZ and Nas following the Ee(w) = 0 boundary solution, and
thus tracing the dispersion relation (Figure 1). Although simple in
principle, this is a very large computation, and step sizes of the many
nested loops must be judiciously chosen to ensure reasonable computation
times, even on large computer systems such as Multics. The program is
started with the usual boundary conditions (Ee,Eé),but with a very small
ng and kz. After each TFR-EZ integration from the plasma center to the
wall, the wall Ee is multiplied with its previous value. If the product
is positive, no solution was crossed, and we increése n and rerun TFR-EZ.
At some value of n, an onset (cutoff) will occur, and the product will be
negative. We then increase kZ until the product is again positive, and

so on. To finder higher radial mode numbers, the program is simply

0.

started after a Tower radial mode cutoff, but still with kZ
Figures 3-9 are the dispersion relation of the 0, + 1, + 2, + 3

eigenmodes for 200 MHz, 67 kG, pure hydrogen and peak densities up to

6 x 101%/cm3. As we saw in our cruder model (IV-3.1.), the m = +1 is

the fundamental mode, and can have a radial mode number as high as 5 at

high density. kZ can also be as large as 1.2/cm,which corresponds to a

toroidal mode number n = 65. Some 27 eigenmodes (Figure 10) are possible,

which is in good agreement with Section IV-3.2. if we take into account

that we did not include the poloidal modes with |m| > 3.

For the m > 0 modes, we note an apparent lack of cutoff due to the

tenuous edge plasma layer. Figures 11-13 show the details of the Tow
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density end of the dispersion relations. The fundamental and higher

toroidal resonances occur at
12
(]) kll - Rs Rs

.018, .037, .055, .074 ... /cm

t

and further determine k,, so that densities of the order of 4 x 10!2/cm3

~are still necessary for the appearance of the lowest toroidal resonances.

Note that this corresponds to edge and even central densities at or below
the lower hybrid resonance, and these simulations are probably not
meaningful.

Figure 14 shows the m = 0, u = 1 mode dispersion relation for pure
hydrogen and deuterium plasmas, as well as a 50% H,/50% D, plasma, in

the ZwCH regime.
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m=0, uw=1 Dispersion Relations for Pure Hz, Pure
DZ, and 50% Hz/ 50% 02 Plasmas
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IV-6. Stochastic Mode Stacking

Iv-6.1. Introduction

The last theoretical aspect of eigenmode coupling, and one believed
to be of importance at high density, is stochastic mode stacking in a multi-
moded plasma cavity.24 This somewhat new theory and original work, at least
in the fusion field, ié now discussed at 1ength.23'25’7’93
In the Alcator program,our goal is to heat at high density, where a
multitude of modes can propagate, many of which are coupled by the antenna,
and several of which .can be simultaneously resonant,due to their finite
bandwidth in k space. This is fundamentally different from the regime
of most previous experiments which were at low density, where only one mode
at a time was imﬁortant. Either a particular mode was actually tracked,

or heating was efficient only for the short duration of the mode resonance.52

Very large damping mechanisms can also be used to stop the toroidal resonances
and stabilize the radiation resistance,but at a significant loss in antenna
loading, a major engineering drawback.30

The first issue is the overlap of the skirts of the finite bandwidth
modes. The coherent stacking of the many eigenmodes at the antenna will
result in the radiation resistance increasing linearly with the number
of modes present, whereas statistical interference away from the antenna
will result in a less than linear increase in wave field and RF surface
probe signal. This complicated multi-k wave structure can be analyzed

63 with many random frequencies and phases.64

in analogy to noise theory
The key issues reside in the judicious choice of distribution functions
of the statistical parameters. A1l previous theories of propagation, coupling,

and damping of the various field components are used in making this choice
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for various simulations.

The second major issue, which is closely related to the previous one,
is the reactive comﬁonent of the field structure and its effect on antenna
loading and observed probe signal. The reactive wave components of the
off resonance modes do not draw power from the antenna,and so do not
contribute to radiation resistance, but are of utmost importance in the probe
signal since, usually, only the magnitude is observed. If sophisticated
phase detection is employed, the reactive skirts of the modes will be of
importance in understanding the detailed phase structure of the measure-
ments. This way, apparent magnetic probe signal phase jumps over a short
time scale, as well as bulk continuous phase increase with density, are
explained by the average phase increase of the finfte Q toroidal modes.
Appropriate analytical results from simplified models are backed up by
detailed computational simulations.

The effect of internal plasma density perturbation565 on effective
Q is also discussed. The injection of a narrow spectrum of wave frequencies
could also simulate lower Q,and increase the importance of the stochastic
stacking.

It is also shown that,on the average, the total radiation resistance
is independent of damping, is roughly proportional to the antenna length,and is
independent of antenna phasing.

Finally, the above theory is used to tentatively explain three new
experimental findings that cannot be explained satisfactorily without sto-
chastic mode stacking. The first and most important is the somewhat linear

13

increase of loading resistance with density. The second is the satura-

41,42

tion of the probe signal with electron density, and the last is the

noisy but monotonic phase increase between RF probes distributed around
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the torus. The first two findings could be explained somewhat by some
near-field loading, but the fact that the probe phase is continuous is
most Tikely of the rea]m.of mode stacking.

A further, important, theoretically explained experimental finding is
that the measurement of the bulk parallel and perpendicular phase (hence wave
number) suggests a small propagation angle (referred to the toroidal field),
which would make second harmonic damping small. A corollary to this effect

is that these Tow k, modes will have large Q and enhanced resonant fields.

i e o
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IV-6.2. Coherent and stochastic stacking

For a given perpendicular eigenmode field structure, two independent

waves propagate away from the antenna along +z and -z around the torus,

and add to the original electric field. Assuming (Figure 1)
(1) k, =k, +1k

(2) 1 = 27R

we have the normalized electric field {z = 0 at antenna)7’22

E

(2) F =‘El . otk . oik (1-2)
+ eik+(1+z) + eik_(21—z)
s oikylnldz) oik_(n1-2)
i} eik+z X e]'l-(_('l-z)
1 - elkyl 1 - ek
=k o+ R

where we used the binomial expansion

1

(3) gox=1l+x+ x2....x"

. ‘s _ 56
Without mode sphttmg,kz+ = kz_,and

eikz + e1'k(1-z)

(4) F = _ g cos [(z - ) K]

1-c¢e

At a toroidal resonance, kZ =n/R, and z = 0

-k; 27R

1l +e 1
(5) F, = = for k,2mR << 1
R™ ] . oK 2R~k R i
_ 2Pf i} Kn
PdiSﬂR o}
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At antiresonance,kZ = D~iﬁligAand
1 - e-.i.k_i Z’WR
(6) Fp = LK TR kymR for k,2mR << 1

Figure 2 is a plot of FR and FA for large damping. Finally,the ratio
of the maximum to minimum 1is

F

(7) R LY for kK.2mR << 1
FA k.mR i
i/

The average value of F at the antenna between resonances can be cal-

culated from (4) as
(n+l)/R
(8) <F> = R f' Fdk = <F > + <F >
n/R '

and using the integration 1’0rmu1as]37

dx x 1 px
s ———————tt e 8 gy — +
J(a TL o aap 1oge(a be™)

(9)
ax
jf—~5i——5§5~ =L Tog, (b + ¢ e®)
b .

+c QdX  ac
we find
<F.> =1
(o)  °
<F > =20

independently of ki' The average of F_ is zero because F_ is negative
half the time. F+, on the other hand, is always positive. RR is pro-

portional to F (electric field),and thus <RR> is also independent of

damping.




Coherent Toroidal Wave Stacking Geometry
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IV-6.3. Mode spacing and onset

From Section IV-3.2, equation (5) and Table 1, we can calculate

the total number of possible perpendicular eigenmodes (onsets) as

(=2,u=1, ng = 3x101%/cm3, a = 10 cm, R = 54 cm)

(1) Nm = v(2v ~ 1) = 2v2 for v >> 1

<. 02a2
=3.9x 10716 887 . g5
. H e
Also recalling that

{2) | kK2+(1+0) ky2 = kAZ

. r - - TV
(3) k'.; = a
. »- N V
AU 1]
(4) ) kll = R ‘

for a given perpendicuiar eigenmode with k, << kA, we calculate the number
of toroida] eigenmodes as

kaR

- R '
(5) N, = =4.4 x10°8 LS /p =50
" fita Vi) Ve
The total number of toroidal resonances is then approximate]y93
Ymax -
1 : ‘ 2 R a2
_ o 2 . = 3
(6)  Nyg = 2v% Nyp (v} dv 37 Jim kn
)
NN - 3Ra2 -
= M ML . 5,75 x 1072+ L Ra% Ra/ n®/2 - 750
T+q u3/2

The rate of onsets and resonances and spacing (AN = 1) in density is
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calculated as

(7) M, =
ane ne
= 15 ) ~ 12 3
AI"Iem-L 2.56 x 10 9%z = 6.4 x 10'4/cm
(8) aNmT = _Nﬂﬂ_'.
3ne P ne
7 u(1+q) 13 /0m3
A"emT 4.5 x 10 TR _/n 1.25 x 1043 /cm
(9) Mns 3 s
Bne Z ng
3/2
ang ¢ = 1.16 x 1023 MI32u 1 . 2.7 x 101 /cm?

3 R a?
Ve
Finally, we can calculate the mode spacing in time (typ1ca11y at
5 x 1015 em™3 sec™?)

1

14

(10) at = An(at) 1.3 msec for m

n

2.5 msec for mT

[H]

54 pysec for mS
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1v-6.4. Quality factor

‘Wave or circuit quality factor is a criteria commonly used in

e]ectrddynémics and e‘1ectrica1_engineering.lg-a’m4 From fifst,printiples

(previous Sections and IV-7.2), we ha\ve]44

0 . 2P
) = =p—
ok Py
(?) o Pe= Nvg“
() v, gz Mip = Py for M- Sada-z
(4) g=uM
-~ Pdis
W
&

. (8) Q-
Combiniﬁgz{])y to‘c49;zand1fcfwthefrest.of.this-SéctiﬂnyaSsumjng
a plasma with @ = 2, u = 1, ng = 3 x 101%/cm?, a = 10 cm, R = 54 cm, we

have

: _ . . V_k‘
w1 =9 NE/2 - CA
(6) Qq-= KO - v W ‘ = = for Ny = .5

R

250 for ky = 1/cm, 1/k; = 10 meters

2kEZ
2P F—
N f . 2wy €
(7) T = — = T2 = 2n -
ki Pdfs T EZ | "
o e E2
w W 2 o
(8)‘Q_Pd1‘s £Z =nuwe
n
wh ® k
= = = for v_ =y
kiZPf k12v 2k1 p
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The quality factor can also be derived from the complex frequency

e-i (w-iwi)t

(9) E=E

e-Zw_i t

(10) W= W

' oW .
(1) Pyys 5t - 2w W

&

(12) @= -

in agreement with (8) for nondispersive waves, where

(13) & ok

wy @ ki

Further assuming k_ = kA and Te = T1‘ = 1 keV, we can calculate

(Section IV-4.2.) the second harmonic damping Q7 -

(14) W/cm = —é—; €A E_y2 ra?
E +4E E
X y_e-1 Y
(1) E, =" 7 By T2y

l' f = cm3 - 3
(16) Pdis/cm [Pdis/cm ds 2mar Pdis/cm

.5
W/cm a2 a B.?
{17) Q, =3 = = =« 5 x 1010 22 . yyp
2w¢ Pdi’s/cm R By _ R neT].

and‘ass-uming a = 1.9, we have the electron La.nda.u damping Q

=22 1 1
(18) Qg p ~ 5 6500
2.63 R
> 7 2 Que
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Similarly,we can calculate collisiona190’96 and wall damping
GQ as
N : w e, EZyp |
(19)- QCO]] N g i A/ ~ w g
dis n J%/2 A"
k .
« A &
K 5500
i
o W . a B»
(20) Q* 37— * %
’ W Pyis 8 Bedge
o
* - % 37,000
i .

where we-note the difference between equations (8) and (19).

From (5),We calculate the half power width in density atsT0
w3 . "e
21) Q=% & =@

2ne
(22) an, = T 6 x 1012/cm3 for Q = 100

93,134,144

Mode stacking becomes important when the mode width is comparable to the

mode spacing. Following the notation of IV-6.3., and using (20), we can

calculate the maximum allowable Q for mode stacking (overlapping skirts).

(23) 2ne
Q. = = 2 N = 90
m, “ A"em* m,
(24) 2ne
Q= = N =~ 50
mT AnemT mT
, zne
(25) Qms * I = 3 NmS = 2250
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Summarizing these results, we write

(26) Qup < Qm¢ < Qe < Qs < Qo11 < Yyp © Qual

and onsets and high radiation resistance perpendicular eigenmodes are
expected to be distinguishable from the background. On the other hand, the
average toroidal resonance is expected to be swamped out by stochastic
mode stacking, especially with the resonant layer in the plasma center.

Finally, for a single mode,we can calculate the ratio of the maximum

to minimum field from IV-6.2.(7),as

(27) . )2 (”) = 5.6 for Q = 100, k; = 1/cm

ATTR

l;a
/-‘—\

-308-

C g i e e T




1V-6.5. Poloidal mode stacking

From Section IV—1;3., we calculated that,in general,

v, 2
'l B e
m Ry TP,
(2) Ry = ) R,

In this Section, we will consider the poloidal mode coupling effects of
two independently fed antenna loops, as shown in Figure I11-2.1.(3). Figures
1-4 show the usual discrete Fourier (sin, cos, m > 0) component-s]37 of a
360° (TFR) and 130° (Alcator) antenna, which is fed either in or out of phase
(Section III-2.1.).

For simplicity, we will assume that the ratio of the Poynting flux
to the square of Ee at the antenna radius is independent of mode number

(E%m =B, Section IV-1.3.). For any particular set of eigenmodes, this may be

a very crude approximation (especially due to the evanescent edge), but will Tead

to two simple, important,statistical scaling laws.

Allowing m to be both positive and negative (Section IV-1.2.), we have

+6
{3) Vo, = J{ E., €5 €OS (mo - wt) a de
_ea
where
(4) . = * for push-pull
a -1 =0 0 +6 T
a a
+1
for push-push




Using the trigonometric identity
(5) cos (me - wt) = cos me cos wt + sin mé sin wt

and assuming a push-pull fed antenna,we have

8

a
(6) Vi, = a E, 2 ‘( cos me dé cos wt —0 < | < Fo
0
sinm 0,
=2 a Em — m#0
a2 E 2 g )
- m N sin2 mé
(7) Ry 5 02 + 2 Z_ ““Tn’f_&:,
fm m=1
in2
o e§+2z SN M0 = 9.87 for o, = 180°, m < 10
m=1
=~ 3.47 for 8, = 65° , m< 10
Similarly, for push-push we have
2 2 2
(8) RzaEm ZZ [1-cosmsaz
T Pm m=1 m
- 2
a 22 [l-——ﬁ%sm——-‘?a—] = 9.47 for 6, = 180°, m < 10
m=1 = 3.29 for o, = 65° , m < 10

and we note that the total radiation resistance is independent of antenna

phasing. A closer look at (7) and (8) further shows that

aZz g 2
m
(9) RT = P

T 0
f a

O0f course, the radiation resistances of the Tow poloidal mode numbers

still increase as 6,” (or even 8% ), but the spectrum width decreases

with & , resulting in RT a 6a.
2 -310-
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1V-6.6. Stochastic mode stacking

In this Section,we will examine the stochastic stacking of orthogonal
eigenmodes, at and away from the antenna. At the antenna (Ea), the eigenmodes
are coherent {all in phase),and the electric fields simply add. Away
(k,z >> 1) from the antenna (Ep),the modes become randomly phased with
respect to each other (incoherent), and statistically interfere.

For perpendicular eigenmodes (k*i = 0) and high Q toroidal
standing eigenmodes, the electric fields are either in phase
or out of phase with respect to the antenna (for the same poloidal angle o).
This random phase can be modeled by a simple coin toss with heads = 1 and

tails = -1. Thus for 1 coin (1 mode), two possibilities exist (2! = 2), and

- - A1+ i1 -
(1) <E>=<E >= 5 =1
<E_>
Bz
@ gl
For 2 coins, there are four possibilities (22) and

<Bp> 1+l 4 fa-] + 1+ 4 -1
a ]

<ta> Jap s+ nf + [+ ]+ [0+ ] o+ fag e -]

(3)

For 4 coin564

> 4@ @) 2[Q D+ o[R)]
>— 4(2%)

(4)

mr'rv‘_crrl
oojw

<
<
where

(5) (7)) = e
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and in general ,

n
X .
<Ep> < m>
(6) EE = ' n12;1 for x, = tl
< Ey> —
S
m=1
= L for n > o

as shown in Figure 1.

Considering the problem from another angle, we may write

| = Lok . nlo Eop
(7)) Pantenna = 25 LEL+E2t ... En] = —5—==
Ep222V01
(8) Pyis =T
(9) Pantenna = Pdis
and thus
(10) Eqoe n

() Eja o

: E
1

(12) P =

Ea Zn
in agreement with (6).

The electric field at the antenna is thus,on the average,\/;— times

larger than the electric field around the torus, and is much more likely
to produce edge heating (the edge evanescence even further deteriorates

the situation).
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To further investigate the stochastic field structure of a set of

random modes, we define the following statistical operators.

| [P
Pn
(13) Average (mean) = <p> = = =
joa
p = probe signal (|p(z)|), radiation resistance (Re p(z = 0))
q=k"’t,n

e

(14) Deviation = p - <p>

(15) Average Deviation = <|p - <p>|>

(16) Normalized Average Deviation = <|p - <p>[>

<p>

(17) Standard Deviation =«CEZp - <p>)®

ﬁ&p—<md§

(18) Normalized Standard Deviation =

<p>
(19) Range = p__. - Po:n
(20) Normalized Range = -Max__‘min
orm zZe ng 5
| P
. e 145 . . _ Prax
(21) Solidity' =~ (normalized maximum) = e

To illustrate the basic issues, we will use the following simple
heuristic model. Consider the field solidity near the antenna (coherent RR)

and away from the antenna (incoherent }Vp[).
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coherent incoherent

(22) <p>

9

aQ + (n - 1) | aQ +/n -1

aQ + (n - 1) aQ +4/n - 1
n \[ﬁ~

where n is the number of modes.and Q is the quality factor. Thus for the

(23) Ppay

(24) Solidity (S) =

plausible cases

(25) n=1,4aQ=10 S. = 10 s, =10
n =10, «Q = 10 5. =1.9 S, = 4.1
n =10, oQ = 2 Se = 1.1 $; = 1.6

and, in general

(26) S; >

(27 Si =S, n for oQ > n

which means that a probe signal (away from the antenna) will always have a
"noisier" time history than the radiation resistance.

Although this simple model is a good approximation in the coherent case
(since RR is always positive), it does not take into account stochastic
destructive interference (a high Q resohance with opposite phase can
totally cancel out the background). The norma]ized range is a slightly

more powerful operator (Range = p - <p> in coherent case), and further

max
shows that the probe signal is statistically noisier than RR' In the next

Section, we will computationally use the average and standard deviations,

again with the same results.
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Simple Stochastic Mode Stacking Model

Total Fprobe
n
Total Eantenna lme
m=1
4
1.0 XM Represents E or B Component
For Each Mode.
8 Sample Distribution of X:
] !
Ep +1 Xm
£
4
T ——
.2
g v A
3 2 4 6 8 10
NUMBER OF MODES (n)
Figure 1
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IV-6.7. Coherent and stochastic field simulations

In this Section, we will examine the results of realistic computer
simulations of coherent and stochastic fields. A code called "Stochastic
‘Mode Stacking" is Tisted in the appendix, and is versatile enough for almost
any parameter scan. Figure 1 shows the many parameters that need to be
chosen for.a given set of simulations (multi-dimensional scans). Table 1
is an outline of the basic functions and variables used in the code, and
‘is self explanatory with the code comments, Given the basic input data,
the code calculates and plots the real, imaginary, magnitude and phase of
the sum of s = 1, 3, 10 and 20 modes, as a function of linearly increasing
kZ of z. kZo is some random numbef (i,e., between .5 and ,6/cm) with ran-
dom or fixed initial phase, and z is the distance from the antenna. Th