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A.ST OT J
The spatial waveform of the azimuthal electric field (E 8) of the Stix

coil is investigated. Methods are developed to improve the E 0 waveform by

making it more nearly sinusoidal. Varying the spacing between individual

coil turns in the coil section, along with the use of a "squirrel-cage" type

Faraday shield are found to give a more nearly sinusoidal waveform. The

effect of a number of Faraday shields on the E 8 waveform is also presented

and it is found that certain types of shields, notably the single-slit copper

cylinder shield, introduce distortions into the accelerating {E8) field. The

efficiency of these shields in reducing the longitudinal electric field {E ) is
z

reported. Several are found to be efficient E shields, except for a Faraday
z

shield placed outside the Stix coil, The effect of Faraday shields on the

equivalent circuit parameters of the Stix coil is also determined and the

variation of these parameters among the various shields is tabulated.
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CHAPTER I

LNTRODU CTION

Of the many processes of direct energy conversion being studied

today, none has more promise for the future of mankind than thermonuclear

fusion. The reward for mastery of this process, unlimited energy at the dis-

posal of our civilization, seems much nearer today than ever before, and a

number of methods for achieving thermonuclear fusion are being studied

throughout the world.

Ion cyclotron resonance heating (ICRH) offers one such promising

method for eventually heating the ion constituents of a plasma to thermo-

nuclear temperatures. Heating is accomplished by accelerating the ions at

1,2,3
their natural frequency of oscillaUon in a magnetic field, the acceler-

ating mechanism being either the time-varying radial or azimuthal component

(in cylindrical geometry) of an electric field whose frequency is at or near

the natural(cyclotror_ frequency of the ions. One device that has been widely

1,4
used as the accelerator or energy coupler for ICRH is the Stix coil, shown

in Fig. I-la (which imposes an E8 accelerating field) although other methods
5,6,7

of energy coupling have been proposed and used.

In addition to the E@ component, the Stix coil also introduces a z-

component of electric field, due to the potential difference between adjacent

coil turns. This "fringing" E is harmful to the energy coupling mechanism
z

because interaction of the plasma and E field results in forces which drive
z

energetic particles into the walls of the plasma container, releasing impuri-

ties that contaminate and cool the plasma. In order to "short out" or reduce

the E component of the field, a Faraday shield has been employed. Usually
z

this shield consists of a coaxial conductor or group of conductors placed

between the Stix coil and the plasma, parallel to the axis of the plasma

column.

Research on the IGRH experiment at The University of Texas indicated

the need for an investigation of the Stix coil and Faraday shield, which are

employed on this experiment, both separately and as a unit. Several questions
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arose from the use of Stix coil and Faraday shield which had not, to the satis-

faction of those at this facility, been answered in the existing literature on

the subject.

The Stix coil itself is usually treated theoretically as a current-sheet

device, wl-dch it does not closely approximate under experimental conditions.

Also, since it is shorter than the plasma column, end effects are introduced

into the spatlally-varying standing wavefonn created by the coil. These effects

considerably distort the E 0 field imposed on the plasma so that part of the

input energy is wasted.

Besides a concern for the shape of the E 8 field, there were questions

as to the shielding efficiency of the Faraday shield. Also, a number of Faraday

shields have been mentioned in the literature, and there had been no compari-

son made, to the author's knowledge, of these various shields. Finally,

because of the inductive and capacitive coupling between coil and shield,

the Faraday shield may cause excessive loading of the coil circuit, effectively

increasing the equivalent circuit coil resistance. The loading effect of various

shields had not at this time been studied, although there had been one investi-

8
gation of a particular shield.

The above considerations provided the primary motivation for this study.

A test apparatus was constructed, separate from the ICRH facility to avoid any

interferences with the basic experiments in ICRH, and for convenience in test-

ing.

It was felt that the data from what was essentially a "vacuum-case"

investigation was applicable to the plasma case, since the E 0 standing wave-

form created by the Stix coil and the E shielding or shorting effect of the
z

Faraday shield, as well as its effect on the coil circuit parameters, were more

or less completely independent from the plasma effects. It was recognized, of

course, that the plasma-shield-coil interactions, which involve complex

reactive coupling mechanisms, introduce further distortions which can only

be studied in the plasma case on the actual experiment.

A number of modifications of the copper-tubing Stix coil were made,

and several Faraday shields were constructed. The investigation was primarily
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concerned with improving the E8 field shape and E shielding, determiningz

the distortion of the E 8 waveform due to the Faraday shields, and examining

the change in the Stix coil equivalent circuit parameters due to the addition

of the shields. Significant improvements in coil and shield performance were

achieved as a result of these investigations.



CHAPTERII.

DISCUSSION OF STIX_COIL .AND FAPAD_AYSHIELD

Early research in ICRH faced the problem of coupling energy into a

plasma without creating excessive space charge. A number of methods were

proposed to overcome this difficulty. The "Stix" coil suggested by T. H.

Stix in 1958, l, 4 has been the most widely accepted energy coupling device.

The phase-reversed windings of this coil tend to partially neutralize the

space charges, and it has proven to be an effective coupler of waves to the

plasma column at higher plasma densities.

However, as mentioned in the introduction, the Stix coil itself intro-

duces distortions into the Ee waveform. Fig. I-lb shows an I E_ waveform

for the typical two-wavelength copper-tubing Stix coil of Fig. I-la. The

coil end effects cause the outer two lobes of the E@ field to be larger, intro-

ducing spatial harmonic distortions. Also, further distortions are introduced

by the gradual (rather than sinusoidal) decay of E 0 outside the end of the coil.

This second end effect is particularly harmful in that it alters the fundamental

wavelength as well as introducing considerable harmonic distortion. A simi-
9

lar increase in wavelength has also been reported elsewhere.

The copper-tubing Stix coil, as mentioned above, is the most common

type of coil. As shown in Fig. I-la, the coil usually consists of four sections

of turns in opposite directions to create several wavelengths (two, as shown

in the figure). These wavelengths correspond approximately to the anticipated

length of the actual travelling wave in the plasma. The number of turns per

section may vary from one to four or five. Generally, it has been accepted

that increasing the number of turns per coil section reduces the harmonic con-

tent somewhat, l0 although this is not as important as was previously thought,

a fact to be discussed more thoroughly in the results section. However, since

a constant wavelength is involved, increasing the number of turns per section

narrows the spacing distance, which can result in arcing between adjacent

turns at high coil voltages. This limits the number of turns practically, so

that three or four turns per section has been determined to be the optimum for

5
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the experiment at this facility. At present, a four section coil of four turns

per section (4-4-4-4 coil) is employed on the main ICRH experiment. A

3-3-3-3 coil, which had previously been used on the main experiment, was

used for most of the studies of Faraday shields. In order to investigate the

relative importance of the number of turns per section, a 1-1-1-1 coil was

built for comparison with the 3-3-3-3 coil. A 3-4-4-3 coil was also con-

structed to investigate the result of varying the turns ratio in individual sec-

tions, as discussed in the results.

The Faraday shield should combine two basic characteristics: a) the

highest E shielding efficiency possible, and b) distorting the E0 (accele-z

rating) field as little as possible. In order to optimize these two conditions

eight shields were constructed, the design of each shield being suggested

by its use at this facility or by some reference in the literature:

S-l, a solid copper cylinder shield, 0.010" thick, with one slit

approximately 5/8" wide parallel to the shield (Fig. II-la),

S-2, a multi-strip shield made of 0. 030" copper strips 3/8" wide

spaced 3/8" apart (Fig. II-lb). (Identical to the shield on the main ICRH

experiment),

S-3, a "squirrel-cage" shield of 0.030" copper strips 3/16" wide

spaced 3/16" apart, with a shorting strap at each end connecting all strips

together _ig. II-lc),

S-4, a shield identical to S-3 except for larger diameter so that it

could be fitted outside the coil,

s-6S-5t shields identical with S-2 except that the width and thickness

of the strips were varied,

S-7, a shield consisting of colloidal graphite solution ("Aquadag")

painted on a mylar sheet,

S-8, a shield of resistive paper bonded to mylar backing.

All shields were insulated from the Stix coil by mylar sheets and each

had a grounding strap (the "squirrel-cage" shields were grounded at both ends).
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Fig. II-lb Multi-Strip Faraday Shield
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CHAPTERIII.

TRANSDUCERTHEORYAND CONSTRUCTION

The field quantities of interest are E0 and Ez. Transducers for both

these quantities were required for the studies to be made. The E 0 probe was

available, since such a probe has been used on the main ICRH experiment

ll
at The University of Texas. This probe is a simple electromagnetic coil

pickup, sensitive to the time rate of change of the axial (z) component of

magnetic field (Bz). The proportionality between E 0 and Bz can be developed

as follows: Recall Maxwell's equation:

This vector equation may be separated into three scalar equations.

Examining the Z (axial) component in cylindrical coordinates:

(1/r) a(rE 8)/Dr - (1/r) aEr/a8 = -Bz

where (') = (_/_t)

Now, E and its 0 derivative will be very small compared to the other
r

E components in the vacuum case, so that the third term may be neglected.

Therefore:

(rEo_r = -rBz

d(rEe) = -rBzdr

E 8 -- -(1/r)fj r't_zdr'
Integrating by parts:

(1/r)/o r r']_zdr' = (l/r)[ (r2/2)_z - _r (r,2/2)@_z/_r,)dr,

But _Bz/_r = -(i_) _Bz/_r = O,

since B is only a gradually varying function of r over the inner por-
z

tion of the Stix coil. Therefore:



E8 = -(1/r)(r2/2)]_z = -(r/2)]_z.

Hence, the coil pickup, oriented in a plane perpendicular to the

coil axis, provides a direct indication of I Ee I . To provide preliminary

verification of the above derivation, a number of plots were made by hand

of B versus coil position, using a pickup coil from the main experiment, a
z

Tektronix Model 555 oscilloscope for display, and a Boonton Model 150-A

Q meter as a driving source for the 3-3-3-3 Stix coil. Such a plot is shown

in Fig. III-1; it corresponded within experimental limits to a theoretical plot

of E e .

Maxwell's equations provide no similar, simple, relationship for

E . Two methods were developed to measure E . The first method utilized
z z

an electrostatic probe and a piece of conducting paper, the theory growing

out of the relation of Stix coil and Faraday shield in the shielding process.

The Faraday shield is constructed so that E is affected primarily;
z

E e is only negligibly affected (with one exception to be noted in the results

section). In the vacuum case, E r (the radial field component) does not exist,

or is negligibly small. When a tube of conducting paper (carbon or graphite

impregnated paper) is placed inside the Stix coil (or inside the Faraday shield,

when it is in use), it will develop a potential proportional to the two field

components. Since the Faraday shield primarily alters the E level, any
z

change in the potential of the conducting paper between the unshielded and

shielded conditions must be primarily due to a change in E . Thus a methodz

exists for qualitatively evaluating the shielding efficiency of the various

shields.

Although the above method does give qualitative indications of the

shielding efficiency, it is relatively inefficient and suffers from one great

drawback; the potential on the paper conductor is more or less constant, the

average over the entire length of the Stix coil. What is needed is a more

reliable, quantitative picture of the shielding efficiency giving a picture of

the spatial variation of E along the Stix coil. Subsequent to the development
Z
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of the potential probe, a dipole probe was developed which did provide the

desired accuracy and spatial measurements.

The dipole probe is merely a small dipole antenna which couples to

the E field and is oriented along the Stix coil axis (Fig. III-2a). Common
z

mode signals coupled from the E 0 field may be eliminated by using a differen-

tial amplifier to amplify the probe signal.

The probes were constructed as follows:

The dipole E probe (Fig• III-2a) consists of two wires, inner con-
z

ductors of solid coaxial cable. The lead-in to the dipole is an extension of

the solid coaxial cable, the outer conductor providing shielding below the

dipole. The solid coaxial cables are set in a phenolic tube for rigidity, and

to enable clamping in the test apparatus discussed below• The cables are

soldered to twin RG-174 lead-ins which are terminated in standard BNC con-

nectors.

The B pickup (Fig. III-2b) is an 18-turn coil of #32 nylclad cop-
Z

per wire with the face of the coil such that when properly arranged on the

experiment, the plane of the coil is perpendicular to the axis of the Stix coil.

It is set in the end of a phenolic tube with an R G 58/U cable running through

the tube to the coil, also terminated in a standard BNC male connector.

The electrostatic pickup (Fig. III-2c) is solid coaxial cable (copper

tubing outer conductor), I/8" O D , with the pickup the tip of the bared

center conductor, polished with fine emery paper. The pickup is placed

against the tube of conducting paper set inside the shield-coil arrangement,

the potential registered by the probe being the signal sent to the diagnostic

apparatus.
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Solid Coaxial Cable

Fig. III-2a Dipole Probe Showing Current Induced by Ez

Field of Polarity Shown in Figure

Coaxial Cable

Fig. III-2b Bz ( E0 ) Electromagnetic Probe

Solid Coaxial Cable_Conducting Paper

Fig. III-2c Electrostatic Probe



CHAPTERIV.

ELECTROMECHANICALFIELD PLOTTERAND DIPOLE

PROBEDIAGNOSTIC EQUIPMENT

In the preliminary work done verifying the E@- Bz relationship and

investigating the wave fields of the Stix coil, hand plotting ofIBz I versus
axial position in the coil (z) proved to be tedious and time consuming. Since

it was anticipated that a large number of curves of the field components for

the numerous coil-shield combinations would be needed, it was soon obvious

that an automatic plotting device was very desirable. Such a device would

obtain two signals, one proportional to the transducer position in the coil,

the other to the field component, which would then be fed to an automatic

plotting device such as an X-Y recorder. Such an automatic plotter was

constructed, and is described below.

The diagnostic equipment consists of the position transducers, IBzl

transducer coil, electrostatic pickup, dipole probe, amplifiers, voltmeters,

and the X-Y recorder.

The B diagnostic apparatus is shown in Fig. IV-1. The Stix coil is
z

supported in place on one end of an optical bench with a precision one meter-

scale graduated in millimeters and marked in centimeters. The transducers

are placed in a holder consisting of a sliding support on the bench itself and

standard laboratory clamps which are adjustable in the planes transverse to

the coil axis.

To the base of the sliding support is attached a plastic bracket on

which is mounted a metal contact clip, constructed so that a constant force is

applied against a resistance wire, which runs the length of the optical bench.

This resistance wire is a part of the position indicator (Fig. IV-2) which trans-

mits the position of the transducer to the X-input of the recorder. The position

indicator itself, as seen in the figure, is a simple bridge circuit utilizing two

1.5 volt batteries as a voltage source, which provides a dc signal proportional

to the axial position of the pickup. The bridge circuit has been repeatedly

13
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checked and calibrated, and has shown excellent repeatability and linearity
in all cases.

The coil pickup signal is amplified by two rf amplifiers, a Hewlett-

Packard 460 AR, and anH.P. 460 BR, connected in cascade, providing a vari-

able gain of between 0 and 20 db. The signal is then fed into a Hewlett-Pack-

ard 411 h rf voltmeter, with frequency range to 500 MHz, which further ampli-

fies the signal. This meter provides a dc output, proportional to the ac signal

input, of 1 volt peak for full deflection of the meter on any scale. This output

is fed into the Y input of the X-Y recorder, providing an amplitude signal cor-

responding tolB _ at the transducer location. The recorder is a Mosely 135 plot-

ter which provides an 8 1/2" x 11" size plot of signal amplitude versus position.

A hand operated pully drive system provides the motive power for the

transducer holder. Although the probe holder was originally hand propelled,

the optical bench is not constructed for motion of the optical bench supports,

and a jerkiness resulted which distorted the plots. The distortion was fur-

ther enhanced by the rather long RC time-constant of the dc output circuit in

the H.P. 411A, which was sometimes "behind" the actual decreases of the

rf signal. The hand-crank system provides for exceptionally slow, smooth

motion of the transducer through the Stix coil, and there have been no distor-

tions of the plots using it.

The driving signal for the Stix coil is provided by an rf signal genera-

tor, which has been modified for an output frequency of 5.8 MHz {correspond-

ing to the frequency of the RF unit on the main ICRH experiment). It is con-

nected to the coil coaxial input by simple solder joints, there being no parti-

cular need to insure good impedance matching, since there are very low powers

involved. The driving unit delivers approximately 1.5 watts of rf power to

the coil input, and the actual rms voltage at the coil itself {center-to-end)

is about 6 v ac. This is sufficient to provide signal magnitudes useful with

the present transducers. Input voltage to the coil is monitored through a

second rf voltmeter.

The electrostatic pickup uses the same plotting system, except that

the probe signal is fed directly into the H.P. 411A {bypassing the amplifiers}
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_Fig. IV-2). Tests were run to verify that the conducting paper did not distort

the fields in any noticeable way, _....fact b_m_v out by *_.._ +_÷_ ._._÷_ ,,-_h the

'%quada4'and conducting paper shields, as described further in the next sec-

tion.

The dipole probe signal is fed directly into a Type W differential

comparator on a Tektronix Model 555 oscilloscope. The display is then

tabulated by hand or recorded on Polaroid film, using an oscilloscope camera.

A gear operated plotting device (Fig. IV-3) was also constructed so

that plots ofiBzlversus radial position could also be plotted. This was quite

useful in verifying the approximation _/_z/_r = O, which was assumed in

the derivation of the E8 - Bz relation.

Due to the inherent "noisiness" of the coil arrangement, as experienced

in early test work, all intercomponent rf wiring is completely shielded, using

RG-58/U and RG-174 cable and BNC connectors. All diagnostic instruments

are case grounded by use of the three-contact electrical power plugs.
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CHAPTER V.

COIL AND SHIELD MEASUREMENTS

In the preliminary testing of the Faraday shields, the properties of

shields S-5, S-6, and S-2 were found to be essentially similar, so that

S-5 and S-6 were subsequently dropped from the investigation. Shields S-7

and S-8 were found to have negligible E shielding properties so that they
z

were also dropped from further studies. The fact that these last two shields

were ineffective was fortunate in that the resistive paper could then be used

as a diagnostic tool with the electrostatic probe, as was discussed in Sec.

III.

The

the various

terms of the

A.

B.

C.

D.

remaining four types of shields were extensively evaluated with

coils and their modifications. The results may be summarized in

four basic topics which were investigated:

Shaping of the E 0 Field;

Effect of the Faraday Shields on E0 Field;

E Shielding Efficiency of Faraday Shields; and,
z

Effect of Faraday Shields on StixCoil Vacuum-Case Equivalent

Circuit Parameters.

A. Shaping of the E 0 Field

As discussed previously, the E 0 waveform should theoretically be a

pure sine wave two wavelengths long. Fig. V-1 is a drawing of the actual

E 0 field for the 3-3-3-3 coil as shown in Fig. I-lb but with a pure sine wave

imposed onto the trace for comparison. The effects are obvious, the outer

two amplitude lobes of the Stix coil waveform being too high, and gradually

decaying to zero outsize the Stix coil. Also, there is a very slight variation

from the true sinusoidal along the leading and trailing slopes of the inner

lobes, although this is practically negligible for a 3-3-3-3 coil. This last

condition is more pronounced for a l-l-l-1 coil, as may be seen from Fig.

V-2: which compares the E 0 waveform for the l-l-l-1 and 3-3-3-3 coils.

A solution to this last condition involves merely increasing the number

19
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of turns in each section, as discussed in Section II. In order to determine

the effect of this increase, a Fourier analysis of the l-l-l-1 and 3-3-3-3

coil Ee waveforms was performed. Several harmonics are introduced in each

waveform, primarily the 1/2, 3/2 and 2nd harmonics. Surprisingly, however,

the harmonic content of the 3-3-3-3 coil E 0 waveform is only slightly supe-

rior to the l-l-l-1 coil waveform.

The reason may be inferred from a further study of Fig. V-2. Although

the inner lobes of the 3-3-3-3 coil more closely approximate the true sinu-

soidal waveshape, the actual difference is small. But the significant distor-

tionsmthe higher end lobes and gradually decaying waveform outside the coil n

are substantially the same regardless of turn-per-section configuration, and

it is these distortions, not the slight curvature variations of the sinusoidal

parts of the curves, that produce most of the harmonic distortion. It can be

seen that the "culprit" in the case of harmonic distortion is not fabricating

error or inaccurate tolerances, but the end effects inherent in any coil of

finite length, i.e., shorter than the plasma column.

To correct the amplitude variation, it was theorized that increasing

the number of turns in the center coil sections would increase the E 0 ampli-

tudes in these sections. Accordingly, a 3-4-4-3 coil was constructed, the

E 9 waveform being shown in Fig. V-3. An overcompensation results with the

inner lobes now too high, so that one distortion has been exchanged for

another.

A second approach was to vary the turn spacing in the coil sections.

The turns in the outer two sections of the 3-3-3-3 coil were spaced further

apart, while the turns of the inner two sections were "squeezed" closer

together, so that the turn spacing in the outer sections was approximately

twice the spacing in the inner sections.

The result is shown in Fig. V-4. The amplitudes are identical in the

four sections of the coil, but now a further distortion is introduced. The coil

sections are now of different widths, so that the outer two lobes are consider-

ably wider than the inner two lobes.

The last distortion was greatly reduced by the use of the shield S-3,
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the "squirrel-cage" type shield. The shorting end straps at each end of this

shield form nodes for the E0 field, effectively shorting out and reducing the
end effects, and narrowing the outer two lobes, as seen in Fig. V-5 which

compares E0 for the unshie!ded coil and with shield S-3. The resulting wave-
form was the closest approximation to a pure sine wave that was obtained.

Fourier analysis of this waveform revealed that the excessive 1/2, 3/2 and

2nd harmonic content had been greatly reduced.

It might be noted that this reduction of the E8 end effects is a "dis-

tortion" of the Ee field, albeit a desirable one. The shorting effect due to the
end straps causes some additional loading of the coil so that additional power

is lost to the shield. But this additional loss must be minimal, as the maxi-

mum amplitudes are identical to the unshielded case.

B. Effect of the Faraday Shields on E 8 Field

Shield S-3 affects the E 8 field as described above, primarily short-

ing out undesirable end effects. However, no distortion or change of the

actual waveform occurs, so that the shield does not appreciably reduce the

coupling efficiency of the Stix coil.

Figure V-6 shows the Ee waveform for the modified 3-3-3-3 coil with

and without shield S-4. The results are similar to that for S-3, except that

the outer amplitude lobes are lowered slightly, which tends to introduce

greater harmonic content once again.

Figure V-7 depicts plots of E 8 for the modified Stix coil unshielded

and with shields S-1 and S-2. Shield S-2 produces almost no effect at all

on the E 8 field. However, shield S-1 causes a severe distortion of the E 8

field variation. The entire waveform is reduced in amplitude, and the inner

two half-wavelengths are severly attenuated. The null points, or zeroes of

the wave which should occur theoretically at 1/2 the wavelength and 3/2 the

wavelength ( t/2 and 3t/2 ) are displaced.

A Fourier analysis of this distorted wave reveals that the fundamental

is no longer the only major component. Approximately 60% of the signal

appears in the fundamental, but most of the remaining 40% of the signal
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With Faraday Shields S-1 and S-2, Ungrounded
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appears at the first subharmonic (=2X in wavelength). There are two pre-

dominant waves now impressed upon the plasma, one with wavelength

(or X + 6 where 6 is some small increase due to the coil end effects),

being the fundamental wavelength, and a second with wavelength 2_

(or 2 _ + 2 6 ). This type of spatial variation has been previously reported 9

for a similar shield arrangement and provides correlation with the present work.

The question arises as to whether there is a distortion of the E8 field
or whether the single slit of shield S-1 introduces field asymmetries that void

the approximation which relates E8 and Bz° The E8 - Bz relationship was
derived in Sec. III from:

]z

or (l/r) _(rEs)/_r - (l/r) 8Er/_8 = -]_z (in cylindrical coordinates)

where the E term -_ 0 in the vacuum case. By suitable manipulation and
r

integration by parts, the following relation was obtained:

E 8 = (l/r)[ (r2/2)Bz - _r (r,2/2)(_z/_r,)dr ,

and the condition for the approximate relationship was _]_z/_r = 0

Figure V-8 shows a typical radial plot of B for shield S-1 in the center region
.z

of the coil ( 0 < r < rcoil/2 ) and here B is nearly constant with respect to
= Z

r. Thus, the approximation must hold in the center region of the coil where

the plot of Bz (E8) was made for shield S-1 in Fig. V-7. The conclusion must

be that the distortion of E 8 exists.

Grounding the shields was found to produce negligible effects on the

E8 wave form.

C. E Shielding Efficiency of Faraday Shields
w.

The electrostatic probe was first used as a diagnostic tool for studying

the shielding efficiency of the various Faraday shields. Although this method

was more or less a "stop-gap" to supplement diagnostic procedures until the
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more sophisticated E dipole probe was devised, it produced results whichz
correlate surprisingly well with the probe method.

Figure V-9 shows a plot obtained by running the electrostatic probe

contact along the inner, graphite-coated surface of a tube of mylar insulated

conducting paper, for the unshielded case and for shield S-3. What is

recorded is the potential of the conducting paper, which is more or less uni-

form except for "noise" introduced by inhomogeneity in the graphite coating

as the probe is moved along the paper surface. The reduction in tube poten-

tial is around 60%with shield S-3 in place, which, following the argument

given in Sec. III, indicates around a 60% reduction in E . This is withinz
about 20% of the reduction in E recorded by the dipole probe for shield S-3,z
and similar correlation was found in the cases of the other shields. The

development of the E dipole probe pre-empted further use of the electro-
z

static probe, but the good correlation between the two methods provided addi-

tional verification of the theory involved.

The E dipole probe, because it utilized the oscilloscope and differ-
z

ential comparator, was not used with the electromechanical plotter developed

for the E 8 and electrostatic probes. The amplitude display on the oscillo-

scope was hand-tabulated and then plotted. Such a plot is shown in Fig.

V-10 for the unshielded E and for shields S-l, S-2, S-3, and S-4, un-
z

grounded. The E field, unshielded, is quite asymmetrical near the inner coil
z

diameter due to some small imperfections in the coil alignmept, although these

imperfections were subsequently improved by realignment of the coil. All

shields reduce the E field to a uniformly low level, masking out large local
z

E field variations. What is important here is not that E is only slightly
Z Z

reduced in certain places along the coil, but that the variation in E is keptz

at a low level and that variations, or local field perturbations due to flaws

in construction, are "ironed out", or reduced to the same constant level. It

is seen that such a sharp local peak in E as is shown in the figure might
z

result in violent plasma interactions which would drive particles into the con-

tainer, releasing impurities, and cooling the plasma.

The maximum value of E , shielded and unshielded, is the important
Z
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point. These values are tabulated below in Table V-1.

Table V-1

Maximum E For Unshielded 3-3-3-3 Coil
z

and for Shields S-l, S-2, S-3, and S-4

Coil Condition Max. Value of E
w.

TT_, _ 1_4 _ lrt,_1 2 2

Shield S-1 ungrounded 0.8

Shield S-1 grounded 0.6

Shield S-2 ungrounded 0.8

Shield S-2 grounded 0.6

Shield S-3 ungrounded 0.6

Shield S-3 grounded 0.5

Shield S-4 ungrounded 2.1

Shield S-4 grounded 2.0

(arb. units)

Shields S-l, S-2, and S-3 all were found to reduce the maximum E
Z

60-80%, with shield S-3 being slightly superior. Grounding the shields uni-

formly improved the shielding about 5% in all cases, but normally resulted in

severe loading of the coil and consequent reduction of the Q, as discussed

below.

Shield S-4 reduced E very little and did not "flatten out" local E
Z -- Z

perturbations. Although the use of this type shield has been considered on

certain experiments, it appears that such a shield is largely ineffective. The

advantage of placing the shield between coil and plasma is clearly obvious.

D. Effect of Faraday Shields on Stix Coil Vacuum-Case Equivalent

Circuit Parameters

A Boonton Model 160-A Q-meter was used in investigating the

circuit parameters of the Stix coils• It was calibrated against a unit of known

calibration with standard inductances. The circuit parameters were recorded,

with and without shields at several frequencies of interest. Because of the

low coil inductance ( -- 0.8 ph) the Q meter could not tune the coil at exactly

5.8 MHz. However, data could be taken at 7.5 MHz, and although most of

the parameters are frequency dependent to some extent, none fluctuate very



rapidly so that the data at 7.5 MHz can be taken as representative of the

parameters at 5.8 MHz. Table V-2 summarizes the data for the ungrounded

shields and the unshielded coil at 7.5 MHz.

Table V-2

Stix Coil Equivalent Circuit Parameters at 7.5 MHz (Shields Ungrounded)

Quantity Unshielded S-i 8-2 8-3 S-4

Coil Resistance 0. 164 0. 214 0.207 0. 243 0. 236

(Rs) (_ )

Coil Inductance 0. 822 0. 624 0. 848 0. 866 0. 885

(Ls) (Bh)

Distributed Capacitance 43.9 39.6 51.5 50.0 48.1

(Cd) (Pf)

Q 236. 135. 179. 155. 162.
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Grounding is desirable to reduce the fringing E field at the ends of
z

the shield. But in all cases above, grounding the shields severely reduced

the Q of the coil circuit and increased capacitance and effective resistance.

These undesirable effects may be minimized by also grounding the ends of

the Stix coil. Experimental investigation of ICRH at The University of Texas,

however, has revealed that "floating" the Stix coil reduces some apparent

12,13
plasma fluctuations and increases plasma heating.

It is not clear why shield S-1 reduces the distributed coil capaci-

tance while the others increase this quantity. Apparently the equivalent

circuit for coil and shield involves both parallel and series capacitance terms,

the series term predominating for the case of the solid shield and the parallel

term predominating in the multi-strip shield case. The reduction in Q and

increase in R verifies that there is some loading of the coil, as expected,s

even in the ungrounded case.



CHAPTER VI.

CONCLUSION

From results Sec. V-l, it is clear that the copper-tubing Stix coil

may be modified easily to improve the shape of its accelerating field wave-

form. The "squirrel-cage" Faraday shield used with the modified coil gives

_,,_+_ _ ...... + shape of the E 0 field, -while '_"-prov,u**,g an E shield-,mp._ve,,,=nL of +u_

ing efficiency as high as any of the shields tested.

The severe distortion of the accelerating field due to the single-slit,

solid copper shield provides proof that a great deal of care in the design and

use of Faraday shields is required. It is important to note that efficient

shielding of the fringing E field is not sufficient reason for use, if the shield
z

greatly distorts the accelerating field component. The resulting introduction

of large spatial harmonics results in a wave which cannot transfer all of its

energy efficiently to the particles in a plasma for one set of plasma parameters.

Thus, the benefit of shielding results in a higher cost to the heating process.

Although shields S-2 and S-4 did not significantly alter the E 0 field,

and shield S-2 provided satisfactory E shielding, the optimum condition is
z

met only by shield S-3 Grounding in all cases increased the E shielding
" Z

without substantially distorting the waveform, but here, the alteration of the

Q and change of circuit parameters indicate that grounding produces a different

tuning condition for the coil, so that efficient power transfer will be harder to

obtain.

The Fourier analysis verifies that increasing the number of coil turns

per section has limited importance, although an increase from one to three

provides some slight reduction in spatial harmonic content of the wave. The

prime causes of distortion are the end effects; the higher outer amplitude lobes

and the gradual decay of Ee outside the coil. These problems were met most

successfully in this study by the variation of coil spacing in individual sec-

tions, and through the use of the ungrounded "squirrel-cage" shield, which

also provided excellent shielding of the fringing E field while keeping addi-z

tional loading of the Stix-coil circuit to a minimum °

36
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The overall conclusion to be reached from this study goes a great deal

further than the singling out of the "squirrel-cage" shield and individual turn-

spacing on the Stix coil as the answer to energy coupling problems for ICRH

at this facility. It shows that much needs to be done in the realm of energy

coupling to the plasma, and that simple mechanical approaches are open with

which to attack the problem. The Stix coil itself is only one of several energy

couplers which have been proposed and used both here and abroad. These

other approaches likewise must be considered so that more efficient means

of ICRH may be attained. Some of these new methods of energy coupling,

together with ideas gained from this study, are at present being pursued with

this goal in mind.

At the same time, results of this study are being applied to the ICRH

experiment at The University of Texas, making use of some of the concepts

which have been more clearly defined herein. With this combination of

results, leading to applications in the laboratory and stimulation of further

research along the same lines, progress is being made in the continuing

efforts of mankind to control thermonuclear fusion.
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