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ABSTRACT

Experimental and theoretical investigations of ion cyclotron waves and
related wave phenomena in magnetoplasma are discussed. Experimental facilities
for the generation and detection of harmonic ion cyclotron waves and the fast
wave associated with the ion cyclotron wave are described. Results are presented
from the initial tests of a new preionization device of the reflex P.I.G. type.

An analysis is presented of the Stix coil as a means of exciting quasistatic ion
cyclotron waves. In the first approximation, coupling to the wave is shown to
be a secondary effect, as the primary fields of the Stix coil do not couple
directly to the wave. An outline is presented of the formalism for calculating
the coupling coefficients of the Stix coil for quasistatic ion cyclotron waves
assuming cold plasma boundary conditions. Experimental investigations of
propagation of the fast hydromagnetic wave are presented. It is shown that
the observed propagation in "bands" can be explained in terms of higher order
transverse and azimuthal modes and that, with this assumption, the predicted

waveguide cut-off is in agreement with the experimentally observed cut-offs.
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COMMUNICATIONS AND COORDINATION OF RESEARCH WITH

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION RESEARCH CENTERS

September 11-13, 1967, AIAA Electric Propulsion and Plasmadynamics
Conference, Colorado Springs, Colorado: Dr. Otto M, Friedrich, Jr.
met with Dr, Robert V, Hess, P. Brockman, D, R. Brooks, andJ.
Burlock, NASA-langley Research Center, and discussed recent
experimental and analytical research on gaseous plasmas,

September 19-22, 1967, Pulsed High-Density Plasma Conference,
Los Alamos, New Mexico: Dr, Otto M. Friedrich, Jr. met with
Charles J, Michels of NASA-Lewis Research Center, and discussed
recent experimental and analytical research on dynamic gaseous
plasmas.

November 2, 1967, NASA Headquarters, Washington, D, C.,: Dr, Otto
M, Friedrich, Jr. met with Dr, K. Thom and I. R. Schwartz of NASA

Headquarters to discuss research in progress, recent new results, and
plans on ion cyclotron and harmonic wave generation and propagation.

November 7, 1967, The University of Texas at Austin, Austin, Texas:
Dr. K. Thom of NASA Headquarters and Jack Reinmann of NASA-Lewis
Research Center visited with Jimmy G. Melton, Nathan B. Dodge,

Dr. Otto M. Friedrich, Jr., Dr. Hans Schliter, and others at the
University. Research discussions on new research results on harmonic
wave generation and propagation, and nonlinear wave phenomena were
held. Future plans and current research on NASA Grant NsG-353 were
described.
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PROPAGATION AND DISPERSION OF HYDROMAGNETIC AND ION CYCLOTRON
WAVES IN PLASMAS IMMERSED IN MAGNETIC FIELDS

Jimmy G. Melton and Nathan B. Dodge (Prof. Otto M. Friedrich, Jr.)

I. INTRODUCTION

During the research period covered by this report investigations have
been concerned with the excitation and propagation of the gquasistatic ion cyclo-
tron wave and of the Alfven compressional wave. The waves are being studied
experimentally in an apparatus in which the waves are generated by rf excita-
tion of a Stix coil and studied as they propagate along the magnetic field into
a magnetic beach. Theoretical investigations are concerned with deducing how

the waves will behave in the experimental geometry.

The observation1 of waves which propagate near the ion cyclotron
frequency and its harmonics has uncovered a new class of quasistatic waves
which exist near the ion cyclotron frequency. A recent theoretical treatment2
has shown that waves which behave qualitatively as observed can be deduced
from theory when finite temperature effects are taken into account. Another
class of waves has been observed3 to propagate for very low values of static

magnetic field, under conditions favorable for the Alfven compressional mode,

14

Further experimental investigations into these two classes of

waves have revealed that they do not behave in all respects as was expected.
Measurements of the axial wavelength of harmonic ion cyclotron waves revealed
wavelengths much longer than that imposed by the Stix coil, whereas measure-
ments of the cut-off conditions for the low-field waves were not in agreement

with theoretical values.

This report presents the recent progress which has been made in explain-
ing the observed wave phenomena. It has been found that a Stix coil theoreti-

cally should not be an efficient exciter of quasistatic ion cyclotron waves,



and that the observed low-field waves can be explained in terms of Alfven

compressional waves possessing higher order azimuthal modes.

Section II of this report describes the experimental facilities which were
used in the investigations. Also described is the construction and testing of
a reflex P.I.G. discharge arrangement to be used in future investigations as a

preionizer.

In Sec. III the Stix coil is evaluated as a means of exciting quasistatic
ion cyclotron waves. A model for the plasma is adopted which assumes cold
plasma boundary conditions. It is shown that the Stix coil couples to the waves
only as a secondary effect, such that one cannot assume a priori that the waves
in the plasma will be of the same wavelength as the Stix coil. A method is '
outlined whereby the excitation coefficients of the Stix coil for each mode can

be computed.

Section IV considers the effect that higher order azimuthal modes will
have on the propagation and cut-off conditions for the compressional wave.
The problem is analyzed assuming a cold plasma cylinder. It was found that
certain azimuthal modes can bring the theoretical cut-off conditions into
agreement with the experimental conditions, and, in addition, that the observed
propagation "bands" can be explained on the basis of the excitation of different

azimuthal modes in each band.

Reference for Section 1

1. M. Kristiansen and A. A. Dougal, "Experimental Investigation of Harmonic
Ion Cyclotron Wave Propagation and Attenuation," Phys. Fluids 10, 3,
596 (1967).

2. D. G. Swanson, "Quasi-static Ion Cyclotron Waves," Phys. Fluids 10,

7, 1531 (1967).



N. B, Dodge, J. G. Melton, and A. A. Dougal, "Experimental Inves-
tigation of Hydromagnetic Wave Propagation at Low Magnetic Fields,"
Semiannual Status Report No. 9/NASA Grant NsG-353, The University
of Texas at Austin, pp. 23-53, July 15, 1967.

J. G. Melton, N. B. Dodge, and A. A. Dougal, "Determination of Power
Flow in Ion Cyclotron Resonance Plasma Heating," Semiannual Status
Report No. 9/NASA Grant NsG-353, The University of Texas at Austin,
pp. 4-22, July 15, 1967.



II. EXPERIMENTAL FACILITIES, Jimmy G. Melton and Nathan B. Dodge
(Professor Otto M. Friedrich, Jr.)

The experimental arrangement used during the past report period remains
essentially unchanged. It is described in part A below. A proposed addition to

the experiment in the form of a new preionization source is discussed in part B.
A. Present Experimental Arrangement

The experimental facilities are arranged as shown in Fig. II-1. Hydrogen
or deuterium gas is confined inside a pyrex tube located along the axis of a
solenoidal magnetic system. A 300 kilowatt dc power supply provides current
for energizing the water-cooled magnet coils. The magnet coils are arranged
to provide small (10%) magnetic mirrors at each end of the plasma tube, as shown
in Fig. II-2. Rf power is coupled through a Stix-type induction coil into a uniform
(£1/3%) magnetic field region adjacent to an 18% magnetic “beach" or region of
decreasing magnetic field. Ion-cyclotron and harmonic ion-cyclotron waves
produced by the Stix coil may be observed and studied as they propagate into
the magnetic "beach," and transfer energy to the plasma through the mechanism

of ion cyclotron damping.

Rf power is supplied by a 10kW (20-30 kW pulsed) transmitter coupled
through a directional coupler and LC tuning circuit to the Stix coil. The direc-
tional coupler provides a means of measuring incident and reflected power to the
plasma. Typical measurements of power are ~ 20 kW incident and ~ 10 kW
reflected, for a net of 10 kW into the plasma and tuning circuitry. Normally,
about 5+ kW is absorbed in the tuning circuitry so that the main rf transmitter

is 20-25% efficient in coupling power into the plasma column.

Present preionization equipment is limited to rf sources. A 1.0 kW
transmitter provides preionization power coupled between a button electrode at
one end of the plasma tube and a steel vacuum flange at the other. Typical
ionization percentage is about 1% or less with this device. The preionization

pulse may, however, be extended for fairly long times (up to 3 msec), and the

4
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frequency range is adjustable in steps so that operation is possible at 3.5, 7,

14, 21 and 28 MHz.

A short (200-500 /,(sec) high~-power input for preionization is provided
by a 15 MHz, 40 kW pulséd rf transmitter. Power is capacitively coupled
through two copper braid straps wrapped aroung the pyrex tube at the mirror peaks.
Ionization rates up to 3-4% are possible with this preionizef, although it is not

as flexible nor as easily tunable as the lower-power rf preionizer.

Diagnostic transducers located at the experimental apparatus include
magnetic probes and microwave horns from an 8 mm interferometer. The dia-
magnetic probe consists of a loop wound outside the plasma tube and placed in
the magnetic "beach" region. The loop is movable outside the pyrex tube along

the entire "beach" section of the magnetic field.

A magnetic probe is located in a pyrex re-entry tube inside the plasma.
It may be manually or automatically moved axially along the plasma column by
means of a probe carriage driven through a stainless steel bellows assembly.
Radial adjustments made manually allow for measurement across the plasma,
and the axial adjustments allow positioning of the probe from under the Stix coil

to the far mirror at the lower end of the magnetic beach. Br, b,, and BZ may be

X
measured, depending upon the orientation of the coil in the re-entry tube. Both
probes are connected through shielded leads to one of the headers which terminate
the copper conduits extending from the screen room, as shown in Fig. II-1. All
oscilloscopes and the control circuitry for adjusting the magnetic probe position

and magnetic field intensity are located in the screen room.

An 8 mm microwave interferometer is located as shown in the schematic
adjacent to the experimental apparatus. Because considerable contamination of
the crystal detector signals from the interferometer was experienced, due mostly
to the rf noise from the preionizers, the entire microwave circuit except for the
horn antennas was enclosed in a small screen room. The interferometer is con-

nected by doubly-shielded leads to the copper conduit system of the large screen

room.,



B. New Modified P.I1.G.-Type Preionizer

The techniques of plasma production have long been considered of the
utmost importance, both at this facility and elsewhere. Although the 40 kW
preionizer described in part A provides sufficient ionization for coupling of ion
cyclotron waves, rf preionization is far from ideal in several respects. Since
the coupling of rf energy to the gas depends upon the conductivity of the gas,
which changes rapidly as energy is added to the gas and the ionization begins to
increase, tuning conditions for the preionizer are quite variable. Usually some
type of LC tuning circuit is used. It is normally true that one setting of the
tuning circuit will provide for maximum power transfer just at the point where
"breakdown" (initial production of ions) occurs, but that tuning condition
immediately begins to change as the plasma loads the Stix coil. As a result,
power transfer rapidly decreases so that after a short time an equilibrium is
reached between ionization and recombination, the level of ionization depending
on the rf power available. In the present case, because of the relatively low
rf power levels available for preionization, only 1-4% ionization is possible at

neutral gas densities of 1012 to0 1014em™3.

Further, tuning conditions are variable with a number of other parameters,
such as the aging of the active elements of the rf transmitters involved. Although
rf preionization provides sufficient ionization to allow the observation of ion
cyclotron wave phenomena, a better source of ionization is still desirable. Both
repeatability and the magnitudes of effects observed are markedly improved by
even small increases in preionization.,l A method of preionization capable of

50+% preionization has been the goal.

The design of a modified P.I.G.~type discharge preionizer has been
previously discussed. 2 A somewhat modifiéd version of this preionizer was
constructed and assembled separate from the main experiment at the beginning
of the last report period. Diagrams of the apparatus, as originally assembled,

are shown in Fig. II-3 and II-4.
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The device consists of a pyrex tube with copper, half-cylinder anode
pairs at both ends. At the right end is a pair of half-cylindrical cathodes;
these are unheated cathodes. The left cathode assembly is a heated tungsten
filament which provides free electrons initially. The cathodes are pulsed
negatively, accelerating the electrons axially and producing high ionization

through collisions between the electrons and neutral gas particles.

As originally assembled, the modified P.I.G. preionizer operated satis-
factorily above about 4 mT. However, higher voltages were necessary to cause
breakdown than had been anticipated. Potentials approaching 10 kV resulted
in a glow-type discharge down to pressures near 0.5 mT, but ionization was
once again marginal. Pulsed potentials of about 5 kV produced 50+% preionization
at and above 4 mT. The electron densities produced were verified by the 8 mm
microwave interferometer used on the main experiment. The plasma typically
reached a maximum in 10-22 msec, depending on the peak negative pulse voltage
and the magnetic field applied to the plasma column, and decayed in 20~40 gsec
subsequent to reaching this peak. Filament current was about 30 amperes, and

magnetic fields ranged from about 400 to 800 gauss.

Since typical neutral gas pressures on the main experiment are in the
range 0.1-1.0 mT, modifications were undertaken to improve the performance of
the discharge and permit operation of this lower pressure range. A cylindrical
oxide~coated cathode was built to provide enhanced electron production. This
cathode was completed and installed near the end of the present report period,
together with a heavy-duty ac filament current supply capable of providing 100
amperes of current. In preliminary testing, the preionizer has ionized hydrogen
gas at 1.2 mT, but performance has been sporadic. Significantly, however,

cathode potentials have been limited to =500 to -2000 v.

At the present time a new electrical feedthrough has been designed and
is being constructed to meet the higher current requirements of the oxide-coated

cathode. In order to further improve the performance of the preionizer around
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and below 1.0 mT, new anode assemblies are being designed. It is anticipated

that during the next report period, these modifications will be completed.

Upon satisfactory completion of tests, the preionizer will be disassembled
and installed on the main experiment. The use of the preionizer on the main
experiment will provide a highly ionized plasma for ion-cyclotron wave studies

in the 0.1 - 1.0 mT pressure range.

References for Section II

1. M. Kristiansen, J. G. Melton, F. C. Harris, N. B. Dodge, and A. A.
Dougal, S. S. R. No. 6 on NASA Research Grant NsG-353, Plasma
Dynamics Research Laboratory, The University of Texas at Austin,
January 15, 1966.

2. J. G. Melton, N. B. Dodge, and A. A. Dougal, S. S. R. No. 8 on
NASA Research Grant NsG=353, Plasma Dynamics Research Laboratory,
The University of Texas at Austin, January 15, 1967.



III. INVESTIGATIONS OF HARMONIC ION CYCLOTRON WAVES, Jimmy G.
Melton and Nathan B. Dodge (Professor Otto M. Friedrich, ]r.)

A, Generation of Harmonic Ion Cyclotron Waves

This section of the report describes the status of harmonic ion cyclotron
wave investigations and reports the recent progress which has been made.
Current investigations are being conducted to obtain a more complete verifica-
tion that the observed harmonic ion cyclotron waves are quasistatic ion cyclotron
waves. The investigations are directed toward achieving experimental deter-
mination of the plasma wavelengths and toward achieving the additions to the

quasistatic theory which will allow study in a finite geometry.

The experimental observations of harmonic ion cyclotron waves have been
described in a previous journal publication,” in a full length technical report,

!

and in previous semiannual status reports. The waves are generated in a
magnetic beach geometry by rf excitation of a Stix coil. The waves are observed
to propagate below the ion cyclotron frequency harmonics. When the waves uamp
at the cyclotron harmonics, the plasma diamagnetism increases, indicating that
heating is occurring. Measurements of the wave fields across the plasma cross-
section,by means of movable magnetic probes,show no variation, indicating a
higher order transverse mode structure. Measurements of the power input to the

plasma during wave propagation show broad coupling resonances, unlike the

sharper resonances which occur during good coupling to the ion cyclotron wave.

The theory of quasistatic ion cyclotron waves5 explains very well quali-
tatively each of the observations above on the experimental waves, except for
the power coupling measurements for which no predictions have been made.
However, quantitative agreement can be achieved only by measurements of the
wave numers parallel and perpendicular to the magnetic field, k“ and k.L’ and
by determining the density dependence of the waves. Modifications to the

experiment to achieve a variable density plasma are described elsewhere in this

13
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report, Measurements of k“ and k_L depend on the ability to excite only one
wave mode, and measurements so far indicate that more than one mode is

present.

Unfortunately, the quasistatic theory presented inRef. 5 does not
specify how the excitation of a given mode occurs. Quasistatic ion cyclotron
waves have been studied only in an infinite geometry. Yet, the question of how
these waves can be excited, by some mechanism such as a Stix coil, can be
answered only by taking into account the boundary effects. The question of
exciting these waves also has a bearing on the proposed use of these waves
to heat a plasma by ion cyclotron damping without the density limitation
encountered in heating by the ion cyclotron wave. > Any density limitations
which exist should appear when one considers exciting these waves at a plasma

boundary.

In the following section, results are presented for a model which assumes
a hot, homogeneous plasma with cold plasma boundary effects. Only m=0 azi-
muthal symmetry is assumed for the circular cylindrical plasma with the quasi-
static approximation. The question to be answered is how a Stix coil couples

to a quasistatic ion cyclotron wave.
B. Generation of Quasistatic Ion Cyclotron Waves

The problem to be considered is that of a hot, homogeneous, infinitely
long plasma cyclinder to which waves are coupled from some external source.

We will consider only waves of a quasistatic nature, that is, for which

| %] >> | Kij\ for all 1, (I1I-1)
at frequencies near the ion cyclotron frequency and its harmonics, but much
below the electron plasma and cyclotron frequencies. In Eq. (III-1), k is the wave-
number and Kij are the elements of the equivalent dielectric tensor for the hot

plasma.
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. . , b
The dispersion relation  greatly simplifies in the quasistatic approxi-

mation to
—> L P
’&'K'& = O, (I1I-2a)

which can be written in more detail for ky =0 as

'&f K + 2‘%,%2\@2 + B2 Key = O (I1I-2b)

o

I ) @ @ + e,
or +22 Qﬂm e . [1 +_E;;jZ( “ X7 J)‘l (111-3)

N=-co

k.L and k), are the wave numbers perpendicular and parallel to the static magnetic
field, which is in the Z-direction. ij and "Q'cj are the plasma and cyclotron
frequencies, respectively, for the j-th plasma species, V. is the thermal
velocity defined by \I = (2KT / 1/2 , I ()\) is a modified]Bes sel function of
the first klnd of order n, and Z(¢ ) is the plasma dlspersmn functlon of Fried
and Conte; >\ is the hot plasma expansion parameter, A= L )0‘_ , where

2
/OL is the Larmor radius.

If we are not too near one of the n&cj , i.e, if

@ + nl

lg’n_\\ = _&“ v, >> 1 for all "Yl,:‘ (I11-4)

then, following Swanson,5 the dispersion relation can be written approximately

2me\/2
&“ = W ( %—w\-\—i ) Q ()\L,%d) (III-5)

@ e T,.(N)
where Q_()\)“%,Q.q) = [Z\i ‘ _ XAJL“)] (I11-6)
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We note that for plasmas with thermal energy 100eV or less, that Eq. (III.5) is

valid except very near n "Q'c'

Equations (III-5) and (III-6) are the dispersion relation for quasistatic
ion cyclotron waves in an infinite geometry. We will consider this equation
in a bounded geometry, which will impose the additional restriction that the k's
be members of a discrete set (kllm' k.l.m) . In order to be consistent with the
use of the hot plasma dispersion relation, we should use boundary conditions
appropriate for a hot plasma. However, this problem has been solved only in
the limits >\ very small and X—»w Inclusion of effectis of n-th order in )\ near
A= 0 requires the specification of 2(n+1) boundary condi’cions.8 Consequently,
- we choose to treat the simplest case first, ih that we assume that the boundary

conditions are those for a cold plasma, i.e. in the A=»0 limit.

It is likely to be the case that plasma inhomogeneities near the boundary,
such as the plasma sheath, will be as important as finite A effects in deter-
mining the wave properties in the plasma interior. So we can expect this model

to yield good answers unless finite '\ effects are very drastic near the boundary.

The boundary conditions for the electromagnetic fields across the plasma-
vacuum interface can be obtained by integrating Maxwell's equations across an
-
infinitesimal volume element including the interface. If n is the inward directed
ol

-y i
normal, and [A] indicates the interface discontinuity Ap —Avac’ the jump

conditions are,

-rTx [-]s]=pcj*

_n>x L—E] = 0 (111-7)
n.[B]=0

T.[E]- o,

* -k .
where @ is surface charge density and a is surface charge density, We

B ad —
have assumed that normal velocities are zero at the boundary, no< \Y > =0.
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From these equations, it follows directly that

[_Br] =0 [Erl = ()’*/e‘>
atr=rp)Y_Be) = —)1052* [Ee] = 0 (I1I-8)
[le = )‘oae Y.Ez} =0

‘We use these boundary conditions to examine wave coupling from a Stix
> A
coil. The ideal Stix coil can be represented as a current sheet j(z) = jc(z) 8

at radius ro = rc > rp. The Stix coil has phase-reversed windings which have

axial periodicity )\O = 27(‘/\(.0, such that

-> ) A < - <
](Z) = ]c sin ng e fOI‘ -—Aax Z2=x a (III"9)

j(z) = 0 for |z|=a

In this idealization, the coil in the absence of plasma induces fields Ee, Br’
and Bz' If plasma is present, but without any surface charge or surface current,
the fields in the plasma are (EB' Br' BZ), together with higher order fields in
(Er' Ez, Be) which are induced by the plasma currents flowing in response to

the first order fields (EG' Br’ BZ) . The higher order fields will in turn induce
surface charge and surface currents which allow the boundary conditions to be

met.

The fields of the wave we wish to excite are those pertinent to the dis-
persion relation, Egs. (III-2) and (III-3), which are Er’ EZ, and Be. Egs. (III-2)
and (III-3) are applicable to cylindrical geometry only for the case of m = 0
azimuthal symmetry. For this case, however, we see that an ideal Stix coil can
excite quasistatic ion cyclotron waves only through the process of mode conver-
sion, whereby the TE mode pattern of the Stix coil couples through the plasma

currents to the TM mode of the waves.
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Since the physical Stix coil is non-ideal, (specifically it possesses
stray Er and EZ fields) fhe possibility also exists that excitation is occurring
through the higher order fields of the coil. Since these fields would couple
directly to Er and Ez in the plasma, their effect may be greater than that of the

mode conversion within the plasma.

There is the third possibility of the excitation of modes with higher
order azimuthal symmetry. This possibility has not been studied before in the
quasistatic theory since the inclusion of m # 0 modes replaces the very simple
form, Eq. (III-2a), with a more complicated form which includes the additional

dielectric tensor element Kyy’ that is

k%K +2kkK +k2K +% 2k =o0 (I1I-10)
X X% X Z Xz z zz 'y yy |

Physically, excitation of such waves by a Stix coil could occur only through
the non-ideal nature of the coil. Azimuthal asymmetry is present in the pitch

of the Stix coil turns.

We have determined that excitation of quasistatic ion cyclotron waves
by a Stix coil can occur through three possible mechanisms: (1) mode conver-
sion from TE to TM mode inside plasma, (2) coupling from secondary fields of
Stix coils (Er’ Ez, Be) , (3) coupling to higher order azimuthal mode, also from
secondary field of Stix coil. All three of these are secondary effects. Thus,
one should be able to devise more efficient coupling devices for exciting

quasistatic ion cyclotron waves.

To continue the formulation of how the Stix coil excites quasistatic ion
cyclotron modes, we consider the fields present in the hot plasma in order to
calculate the TE to TM mode coupling. We again exclude higher order azimuthal
modes in the interest of simplicity, although they are being included in the over-
all analysis. The components of the fields parallel to the magnetic field can

be expressed in the form8
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Bz (v) = Z A.Qn Jo ('eﬁ_h‘") (I1I-11)

R (IT1-12)
’ 2
where fgl — L?l" ( 70— Koz * LQ“) + K:!'zl
n 7 R / p)
[7“ Kzu N Km('&un + sz)]
2 !
7?\ = Kywm \<l
and the Kl' , K'z, K'zz, Ké) are elements of the equivalent dielectric tensor. We

only indicate where the elements appear in the formulas since their functional
form will not have a bearing on the following analysis. The K's are in general
functions of frequency and propagation vector K (<o ,T() . The field formulas
are correct to zeroth order in >\ , consistent with the assumption of cold plasma
boundary conditions. The sum on l indicates that 2(n+1) boundary conditions,
with n=0, are to be specified, meaning two values of k; are to be determined.
The transverse field components, -E-I:_ and TB'J_ , can be expressed in terms of
EZ and Bz'

At this point, all the necessary information is present to complete the
formal solution of the problem, and it remains only to outline the program of the
solution. By matching the field formulas, Eqs. (III-11) and (III-12) and expres-

sions for the transverse components, the coefficients Aﬂ“ are specified. The
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Stix coil (or any other exciting structure), being of finite length, excites not
just a single axial wavelength, but a finite spectrum of axial wavelengths.
This effect can be included by Fourier analysis of the Stix coil current,

c _ ., sin (K=K o
$ Tt T aeexo (111-13)

Solutions of the dispersion relation, Egs. (III-5) and (III-6), specify k“ for a
given k_\_ determined from (III-11) and (III-12).

The excitation of a particular mode can then be determined relative to

the other modes by evaluating the integral

[0}
> -
f E, (<) P “Cr)dr | (L11-14)
- 0

for a given mode. This, in effect, determines the power in a mode by weighting

that mode by the degree to which the coil excites that mode.

The analysis presented here in outline is presently being extended to
include the possibility of higher order azimuthal modes. The extended formula-
tion will then be used to numerically evaluate excitation of quasistatic ion
cyclotron waves by a Stix coil. If a reasonable determination of the stray fields

of a Stix coil can be arrived at, this effect also will be included in the analysis.
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v. EXPERIMENTAL INVESTIGATION OF HYDROMAGNETIC WAVE PROPAGATION
AT LOW MAGNETIC FIELDS, N. B. Dodge and J. G. Melton (Professor
O. M. Friedrich, Jr.)

A report of detailed investigations of wave propagation at low magnetic
fields (B < 1000 G) was given in the previous Semiannual Report.l It was noted
that propagation was strongly dependent on magnetic field B and neutral gas
pressure p. There were values of B for which propagation would not occur which
were interspersed between ranges of B in which propagation of waves of various
amplitudes was observed. In all cases except the waves propagating at the very
lowest magnetic fields, enhanced ionization occurred during wave propagation,
However, the diamagnetic probe information seemed to indicate that the nT-L
product was relatively unchanged, or actually decreased, during wave propaga-

1

tion. Such behavior is not characteristic of propagation of the so-called
"fast"” or right hand circularly polarized hydromagnetic wave, which left the

identity of the majority of the observable wave phenomena in doubt.

The completion of new notch-type filters and the improvement of filtering
techniques applied to the diamagnetic signal BD have resulted in much improved
diamagnetic signal measurement. These measurements have confirmed that
plasma heating does occur in the majority of the low-field wave propagation, so
that the identity of the low-field wave phenomena may be made. A low-current
dc power supply was also obtained so that much more accurate control was
possible over the value of the low magnetic fields that was not possible with

the larger 300 kW dc power supply.

Part A of Section IV describes briefly some of the data recently taken with
the modifications to the experimental arrangement described above, and discusses
some of the general characteristics of wave propagation in the magnetic field
range 0 to 1000 G. Part B discusses the waves which propagate in the 800 to
1000 G range in detail, Part C discusses wave propagation in the range 200-~700G,
and Part D describes wave phenomena below 100 G. Part E summarizes the
discussion in Parts A-D and the work which has been accomplished in this study
over the past two report periods.

22
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A, Hydromagnetic Wave Propagation at Low Magnetic Fields (B< 1000 G)

Two problems which appeared in the experiments reported in the previous
reportl were the accurate control of magnetic field and the filtering of extraneous
noise fromthe BDprobe. The 300 kW dc power suppfy was tedious to control at low
currents for fields less than about 1l kilogauss, and the ac ripple caused a further

uncertainty in the values of magnetic fields.

A low current dc power supply was obtained and placed in operation in
conjunction with a heavy~-duty rheostat and a high=current potentiometer. The
resulting current supply permitted very accurate control (+5G) of magnetic field
in the range 0-925G. The three power supply configurations are shown in
Fig. IV-1. Note that the magnet coils were in the normal configuration, including
the various electrical connections, used with the 300 kW dc power supply. That
is, there were three parallel sets of five coils in series, so that the current in all
coils was the same. The physical arrangement of the coils then produced the
axial magnetic field contour shown in Fig, II-2. Figure IV-2 shows the calibra-
tion curves for the three power supply configurations. These were obtained by
the axial placement of a dc magnetic probe, and the magnetic field recorded is
that in the flat (Stix-coil) protion of the magnetic contour shown in Fig. II-2.

Note that the current shown is at the power supply, not in the coils.

The current-field relation in Fig. IV-2a is of course nonlinear because of
the use of the potentiometer. However the readings were repeatable within + 5
gauss as stated previously. Although this made readings below 100G more
inaccurate, it was only below 40 gauss that control of the magnitude of the field
was really difficult. Actually, below 100G, it was usually possible to set the
field on even readings of ma;;netic field (20, 40, 60, 80 G) within +1 or 2 gauss,

or to the limit of the gaussmeter.

The diamagnetic probe circuit and the notch filter schematic is shown in

Fig. IV-3. The 360 Hz pickup from the three-phasetransformer in the 300 kW




24

"ssnen Gz6-0 9bury syl Ut Sprerd epraoid
oL, A1ddng 1o9mod uaun)D-MmoT JO SuorRINBIJUO) Snorres * 1~AI *bB13

(0Z -AI " B1d @9g) uonRNBIFUOD SSNEY) GZ6-0SS O

A1ddng

Jamod O v
sT10D 19ubRIN OF + | eseduy 09 OVA 0¢2¢

(AZ-Al "B14 99g) uoneMbBYUCD SSNeD §75-00T °q

A1ddng
IoMmo ,
STI0D 318ubeiN OF d Ld OVA 0¢e

-+ arodwy g9 pP—

(*xeIN saiadwy g°9¢) 1e1S09yY AINT-AARSY

(eC-AL *b14 83g) uomipMbYUOD SsNRD OFZ-0 ‘P

ST10D 18UbPN O]

A1ddng

1omod O | OYA 022
aradwy 9

("XeIN ssisdury §°gT)
Jajaworiualod
Ang-Aaeay | +




Magnetic Field (Gauss)

Magnetic Field (Gauss)

Magnetic Field (Gauss)

240_ 25

.
lGOﬁ
120 |

80 |

40 |

17y 11T 17177 77 17 11T T-17°1T7
4 6 8 10 12 14 16 18
Current (Amperes)
a. Calibration for 0-240 Causs Configuration (See Fig. IV-1a)

500
400
300
4
200 J
100 ]
L L N L S L U ]
2 6 10 14 18 22 26 30
Current (Amperes)
b. Calibration for 100-525 Gauss Configuration (See Fig. IV-1b)
-
900.% //////
800 -
700 -
600 |
ﬁ
L LA A L R A R L L
30 34 38 42 46 50 54 58

Current (Amperes)
c. Calibration for 550-925 Gauss Configuration (See Fig. IV-1c)

Fig. IV-2. Calibration Curves for Power Supply Configurations
Shown in Fig. IV-1.
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Fig. IV-3. Diamagnetic Probe Circuit and Associated Notch

Filter Circuitry.

Fig. IV-4, Diamagnetic Signal Trace with Improved Filter

and Circuit
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power supply is substantial at appreciable fields. Sixty Hz pickup is also a
problem, with both sources of "noise" normally being large compared to the BD

signal (360 Hz noise picked up by the B_ probe is normally much greater than

D
the signal caused by plasma diamagnetism),

The RC notch filter shown produced -66 db signal levels at 360 Hz
with a bandwidth of only a few Hz. Use of a Tektronix type O operational
amplifier for amplification and signal integration greatly improves performance
over the use of the passive RC integrator. A typical diamagnetic signal trace

with the improved circuitry is shown in Fig, IV-4,

Except for the diamagnetic signal data, results with the new low current
dc power supply tended to confirm data gathered previously. Propagation is not
normally seen below about 0.3 mT, except nearl kilogauss, although there is an
uncertainty in pressure readings of greater than 2 below about 0,3 mT. The
ranges of magnetic field for propagation (referred to rather inaccurately as "pass
bands” or "propagation bands"”) and attenuation ("stop bands" or “attenuation

bands") are shown in Fig. IV-5.

Above 800 gauss, there is normally propagation, the lower cut-off point
depending on the neutral gas pressure but nozjmally decreasing with an increase
in pressure, A "stop band" exists centered in the range 700-800 gauss, and a
broad region of propagation occurs between 200 and 700 gauss. Below this "band"
is another "stop band" in the region centered at 100-200 gauss, and a "propagation
band"” exists centered normally below about 100 gauss. Once again, the width
and actual location of the regions of propagation and attenuation is variable with

neutral pressure, although the approximate locations are the same.

Except for the upper band, no proper damping occurs in the magnetic beach.
Plasma diamagnetism increases markedly in the central region of propagation as

well as in the upper region (this increase in B_ in the upper region was previously

D
noted), but decreases in the lowest propagation band. A typical plot of BD is
shown in Fig. IV-6 with the corresponding plot of bz. As noted in the previous
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report,1 the magnitude of BD which was plotted was corrected for the magnetic

field reduction which occurred.

As was recorded previously, increased ionization occurred except in the
wave propagation below 100 gauss. Normally the maximum ionization was 2-4%
depending on the neutral gas pressure. Also the density of ion and electrons,
magnitude of magnetic signal, and plasma diamagnetism were at a maximum in
the neutral pressure range of 0.5-1.0 mT, the exact maxima depending on the
magnitude of magnetic field. Normally the largest wave effects and highest
electron densities occurred at 500-700 gauss at about 0.6-0.8 mT, although
these quantities were increasing around 900-1000 gauss, the upper limit to the

Survey.

It should be noted that the predominance of information was recorded for
hydrogen gas. However, near the end of the experimental measurements, some
data were gathered for deuterium gas. This final amount of information is
discussed in the summary in Part E. It should be pointed out that such informa-
tion as was gathered is not complete, though it does support the data gathered
for hydrogen gas. Further information on the low field wave propagation is
desirable to complete the picture given in Parts B, C, and D. No further studies

of these low field phenomena are planned at the present time, however,
B. Wave Propagation in the Range 800-1000 Gauss

Wave propagation in this region is characterized by enhanced plasma
density, the highest plasma diamagnetism recorded in the data taken, and
moderately high values of wave magnetic signal l.oz. This "band"” of propagation
was noted in the previous reportl to extend above the region studied in both

hydrogen and deuterium, up to near 2.0 KG in Hz.

As mentioned in the last report, this band of wave propagation appeared
to differ from the harmonic ion cyclotron waves, in that it is in the range such
that B < _';';S‘ i.e., the driving frequency is greater than third cyclotron harmonic

in hydrogen, Wave attenuation had previously been observed by Kristiansen
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and Douga14 in hydrogen only up to the third cyclotron harmonic. It appears
from the data obtained using the low-current power supply, however, that
attenuation might also occur at the fourth harmonic. Kirstiansen and Dougal
reported harmonic effects at very low neutral gas pressures,4 and the harmonic
effects were strongly pressure dependent. However, at these low neutral
pressures, the percent ionization may be a good deal higher than at some higher

pressures where the actual density of ions is greatly increased.

Swanson has also shown5 that the propagation of quasistatic ion
cyclotron waves is not density dependent. Such waves should propagate at
higher neutral gas pressures, where the plasma density is higher, although the
percent ionization is actually lower. At these higher pressures, however, where
the ratio of neutrals to ions is higher, ion-neutral collisions would be expected
to cause a "smearing out” of the wave effects so that wave propagation and
damping would not be sharp. A broad band of wave effects might appear over the
range where the cyclotron harmonics propagate, with no sharp damping appearing

to occur,

The wave propagation in the 800-1000 gauss range may be regarded, then
as the attenuating "tail" of cyclotron harmonic wave propagation, the sharp
damping phenomena much reduced by ion-neutral interactions. These waves are
not in actuallity "low magnetic field" waves, but represent the harmonic wave
band associated with the "hot plasma" effects which stem from the higher order

radial mode structure present in the cyclotron waves.
C. Wave Propagation in the Range 200-700 Gauss

The waves which were observed to propagate in this region were charac-
terized by the highest magnitudes of magnetic signal 1.32, increased plasma
diamagnetism (as shown in Fig. IV-6), and appreciable increase in electron
densities, In all the above respects this behavior is characteristic of the "fast”

1

hydromagnetic wave, as reported previously from other sources. In the previous

report, however, because of the lack of indication of increased plasma diamagnetism,
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and because the wave did not appear to match the cut-off conditions imposed by
the dispersion relation and boundary conditions, it was tentatively concluded
that the wave phenomena in this "pass band" were not attributable to fast wave

propagation.

With the improved diamagnetic probe, plasma diamagnetism is observable
so that there appears to be an anomaly in the plasma behavior. As discussed in
Semiannual Status Report No. 9, possible wave phenomena, other than the fast
wave, which might exist are ruled out by order—~of magnitude differences in the

parameters involved in the various dispersion relations,

The anomaly which then appears to exist is that the only possibility for
wave propagation is the fast wave. The wave which does propagate has all the
characteristic effects which might be attributable to the fast wave, but it does not

appear to obey the cut-off relation.

The cut-off relation is normally written:

/
w 5 5456 [ _L\* -1)
€2, ro e

for a plasma bounded by a vacuum. The driving frequency is w = 27 f, Qc is the

ion cyclotron frequency, = renB ’ ro is the plasma radius, e the electron charge,
i

i

B the static maghetic: field, m; the ion mass and n, the electron density.

It was shown previouslyl that for the fast wave to propagate at 500 G.,
the plasma density would have to be greater than any value actually recorded in
the experimental data. However, there are several factors which could either
lower the required density, or provide a higher density. First, the radial density
of the plasma contains gradients as has been previously noted. The measured
plasma density is somewhat averaged, even though a cosinusoidal radial
density profile is assumed. A brief photographic study showed evidence of a hollow

core of plasma of radius smaller than the plasma tube, so that a more accurate value
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of plasma density for the cut-off relation might then be 1 x lolz_cm_3 rather than
5x lOH. The value of plasma radius to be taken is also open to interpretation,
as will be discussed further on in this section. For the present, however, the
diameter of the plasma tube (3.0 cm) will be used. In this case, BC (the cut-off

field) would be:

-5
Bc-"-' 6300 1 Vn = 210 gauss . $IV-2)'

The cut-off field obtained in (IV-2) is higher than that previously derived,
but still less than the 600-700 gauss figure observed experimentally. However,
the consideration of azimuthal symmetry, in at least one case, may also increase
the critical or "cut-off" magnetic field, B . This may be:seen by considering the
equations of the field components of the fast wave in cylmdrlcal coordmates. The
cold plasma equations are considered rather than the more compllcated hot plasma

dispersion relation, for the following reasons.

First, the plasma may be regarded essentially as "cold;"” the wave results
in only moderate temperature increases so that T;‘ Ti<10 eV in all probability.
Secondly, the cut-off of the observed wave is very sharp, which rules out (at
least in the field region 200-700 gauss) high-order radial mode structure. Thus
radial and axial wavelengths are much larger than characteristic dimensions of
the plasma (such as the Debye and Larmor radii), so that finite Larmor radius
effects may be neglected. Notice, however, that the same is not true in this
same experiment for ion cyclotron wave propagation. Also note that all modes
above zero order are not ruled out; in particular the first-order azimuthal mode will

be seen to be important in the following development.

Although the cold plasma wave equations and dispersion relations are well
known,6 a brief review is necessary in order to provide background for relating

the modified fast-wave dispersion relation to the actual plasma case discussed here.
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The basic field relations are derived from Maxwell's equations:

TxE=iw B (IV-3)
s . P S . 2L o
Vx B =-Lg- K-E=-£K-E (v-4)

The various vectors and vector operators are in cylindrical coordinates in this

wlde
case. The dielectric tensor, K¥, has components:

\ (I\/’-S‘)
O O Ks
where
R 2 _ = é 2._27' _‘:j’:,_
K\ = (‘f: )K‘ - (%) (14-(9_:.@1') ¥ (w:'— w?) ) (Iv-6a)

_(?_ . W 2
=K (E) S - ) wew

(ks (H)(i- ) o
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The following definitions apply:

_ 2\ 1/2
i ne
ion plasma frequency = (

m.,e’
10

nez 1/2
electron plasma frequency = ( 3

m €
e 0

eB

m,
1

ion cyclotron frequency =

eB

m
e

electron cyclotron frequency =

plasma density (ions or electrons) (= n, = ne)

-19
electron charge =1.6(10) coulomb (V-7)

-31 '
electron mass = 9,1(10) kg.
ion mass = l‘,67(10)-27 kg.
e -12
free space permittivity = 8.85(10) farad/m
static magnetic confining field
driving frequency or frequency of wave in rad/sec (= 2mf)
. . 8

velocity of light = 3(10) m/sec
e 9 ,
ikx in the present case; = (~iw)
the wave number, or absolute value, I]::' ., of the wave-vector k.

In the experiment under consideration, w = 2m (5.8)(10)6rad/sec. Thus,

the following relations hold:
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wWés Wy _ _(Zf,z,(.,or
W <<wP __(2_‘, 4w,
o L<L ﬂ? —(lc, N

< (Iv-8)
L1, << Wo .

The plasma parameters of interest will include n“‘lolzcm"3 and B= 500

gauss. It is then possible to include the following relations:

WA W

T -
o= Wl ) WX 72, v Wiy AL (v 9)_

c )

-
Now, using relations (IV-8) and (IV-9), the components of X’ in (IV-6)

may be reduced as follows:

(= ( %é‘) (IV-10a)

IR

2 a.\e .
2 (IV-10c)
[ - [ > ,
Ka = ( et

The results in (IV-10b) were obtained by recalling that:

iy B
'QPI - % (Iv-11)
Sl T e

Now, an approximation often made at this point is K3'-> o, which somewhat

reduces the complexity of the problem. It is not, in the present case, a valid
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approximation. However, with the other pertinent approximations which have
been introduced, the (K; + ® ) approximation eliminates the consideration of a
mode of interest only for frequencies near the electron cyclotron frequency. Thus

in the present case, no loss of generality results in setting:
[
K » o (Iv-12)
3
which implies:
Ez —» O (IV-13)

and considerably simplifies the anticipated algebraic manipulations,

&
Then, using (IV-3) and (IV-4), substituting for K’ the values in (IV-10a),
(IV-10b), and (IV-12) the Z-component of magnetic flux density as a function of

r may be obtained in the following relation:

_[a - 5}(.—\)‘] B( r) y T B =0 W

where T is defined by the relation:

71\(,')1 {12
T = [+ T K.j' . '] (-15)

Equation (IV-14) is Bessel's equation, with the general solutions being
Bessel's functions of order n of the first and second kind. However, the Bessel
function of the second kind is not considered here since it results in values for
the fields which grow without }a{ound as r +0. Since the axis of the plasma
column is in the region of interest, this solution is discarded. The resulting

solution for BZ is:

Bz(ﬁe,%) = i Z ﬂni(u")ez[/éz*"é_w{) (V-16)

wz=-co "
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where Tm is T as written previously. The subscript indicates the fact that there
are many roots for the equations I (Tr) =0, or ] (T r) = 0, which will result from

the boundary conditions.

The relation which was first used to obtain the cut-off field B , Equation
(IV 1), above which the fast wave is evanescent, assumed boundary condltlons
involving a plasma-vacuum interface. In the present case, the plasma is sur-
rounded not only by a glass container and air (which would normally make the
above assumption accurate) but a series of copper magnet coils of bore only a few
centimeters larger in diameter than the plasma. There are actually a triple set of
boundary conditions to be considered (plasma-glass, glass-air, air-coils).
However the field magnitudes are in general much larger in the plasma, and they
diminish quickly approaching the "waveguide" surface provided by the magnet
coils. To a good approximation, then,the tangential E-fields may be assumed to
go to zero at some radius between that of the plasma and that of the magnet coils.,
This radius, rw, may be considered the radius of a "virtual waveguide” due to the

effects of the larger diameter coils and the smaller diameter plasma.
Since EZ = (0, the only boundary condition is on Eez

=0 (Iv-17)
Ee \r= rw -

where Iy is the "waveguide"” radius, defined above.

The dispersion relation for cylindrical waves may be obtained from the

definition in (IV-15):

TrEAK) + (K L = o (v-19)

At cut-off, the condition is that k2 = 0, so that (IV-18) becomes

T K T = (av-19)
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Referring to (IV-10b) the relation K./ = 10 (Kl’) is obtained. Substituting into

2 )
(1V-19): ‘ ©
KT s - K- 0, (1v-20)
aZz ™
z
w -
TEK )= e
Substituting for .Ki:
hy P
+ %5— (l—ﬂ: = O . (v-22)
or since Qiz< < wz,
2 <
T2 _ ——EL—“% ‘5;_ = 0 / (1v-23)
cofl
_(Za:-_ —_L(',T (1v-24)

-4
or B, = L.6700) <5W> _ (v-25)

Pom

In (IV-25), B is the confining field in gauss, ro the plasma radius in cm,

n the density in cm—3 , and Pm the root of the appropriate Bessel function. Now

12

the plasma density is on the order of 10 cm_3 , as stated above, so that;

LT v
-~ lol¥o (IV-26)
BT Ten C

From equations (IV-3) and (IV-4), it is seen that Ee ac-a—rz , since in the

range of parameters of interest, the compressional and torsional waves are

essentially uncoupled, and EZ=-= 0. Then .E‘.e may be written:

_ 1’ v-27
E,= CTUTr) . e

From (IV-17), the values of p,, are then obtained:
E,| =o= J.)(T. ) (1v-28)

r= rw
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with rw as defined above. The roots of Equation (IV-28) will be the P such that

’ =0, wi = . N . the - i
In(pm) 0, with pm TmrW ormally, only the zero-order Bessel funptmns

are considered, since azimuthal modes are ignored. In the present case, however,

the smallest value of P (which leads to the largest value of Bo) is obtained for
n = 1; that is, by allowing the first order azimuthal mode. This is quite reason~-
able, in that the exciting or driving mechanism in the actual plasma experiment,
the Stix coil, has one azimuthal discontinuity at the point of current input and
reversal of coil direction (there are two coil reversal points and three input points

but they all lie in the same azimuthal coordinate).

For n =1, (IV-28) becomes:
/
J'(em)y= O (v-29)
with first root pm =1.84.
The value of rw, as defined in conjunction with (IV-17), lies between the
plasma radius r('j and the magnet coil radius I
voé v & e (IV-30)

If B is set at 700 gauss, normally the field near which "cut-off” of the

wave is observed, then rw may be solved for:
Q &= 17-7 Cn, (IV—31)

which lies between the plasma radius of 3.0 cm and the magnet coil radius of
8.9 cm. If the actual coil radius is also used, a range of plasma density quite
close to the actual range of values recorded will be obtained corresponding to the

range of radii 7.7 cm srw <£8.9 cm.

The correspondence between the calculated and observed values for "fast"
wave propagation is very good with the assumptions made above, so that it may

be concluded that "fast"” wave does occur in the experimental case. The second
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"stop band"” at 100-200 gauss may be attributed to the change in coupling condi-
tions for the rf preionization which reduces the value of plasma density and thus

produce a lower "cut-off” value of B as well as an upper value.
D, Wave Propagation in the Region 0-100 Gauss

Wave propagation in this lowest range of B is characterized by increased
magnetic signal, bz, but with little or no increase in plasma density or diamagnetic

signal. As neutral pressure increases, this band extends nearly to the limit B=0.

It has been shown.7 that the coupling coefficients for higher-order azimuthal
modes of the fast wave (n 2 8) may actually be larger than coefficients for some of
the lower order modes. Attenuation for the higher modes is also large, however,
so that although their excitation would be somewhat easier than the lower order
modes, they would tend to attenuate rapidly. They would not penetrate well into
the plasma column and would exist essentially like surface waves, thereby having
little influence on plasma density or heating. Furthermore, from the boundary
condition on Ee, it is seen that the values of pm for these waves would be large,
corresponding to cut-off at-low values of B. The experimental plasma under
consideration is driven by a Stix coil, the individual loops of which are wound
helically. That is, there is a slight inclination of the plane of each loop from
planes exactly perpendicular to the plasma tube axis and the direction of B. Such
an assymmetry is sufficient to couple energy to non-symmetrical azimuthal modes,
although such slight coil assymmetry is involved that only those modes having

the largest coupling coefficients would be detectable.

The lowest band of low-field wave propagation may be attributed to fast
wave propagation also. High attenuation of the larger order modes and weak
penetration into the plasma account for weak interaction of this band with the

plasma column.
E. Summary of Findings on Low=Field Wave Propagation

It is concluded that cyclotron harmonic waves have been seen to propagate

at higher neutral gas pressures, although ion-neutral interactions "smear out" sharp
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damping effects. Since attenuation of these waves occurs between 800 and 1000
gauss, the fourth cyclotron harmonic in hydrogen (attenuating at B = —%—2) may be

present in some instances,

Wave propagation in the lower two "pass bands" is attributable to the fast
wave when waveguide conditions are assumed, the lower band consisting of
higher-order azimuthal modes and interacting only very weakly with the plasma

column.

The data taken in deuterium confirm what is seen for hydrogen, althcugh
there is some difficulty in interpreting all the data clearly. Since there is a
factor of (mi) in the dispersion relation, one would expect that B (deuterium)

= 2B

cutoff
hydrogen), and this does occur. The central propagation band which

cutoff(
occurs in the 200-700 gauss range in hydrogen extends above 1.0 k gauss in

deuterium.,

For deuterium, however, the cycletron harmonics may be seen to propagate
Bc

up to the eiglr:th4 (B = = = 925 gauss), which means that there is a range of
magnetic field for which cyclotron harmonic waves and the fast wave both propa-
gate. The resultant signals from the plasma (k.>z and BD) are large and the
influence of each wave on these signals is impossible to determine with the
present diagnostic equipment, in all but a few cases. Of most importance,
however, is the fact that the data taken confirm the findings reported in preceding

sections, and agree with the explanation presented.
F. Plans for the Next Period

No plans are at present being made for further studies of the lower magnetic
field propagation bands. Some data will be taken for B < 1000 gauss in connection
with the harmonic frequency phenomena investigation which is continuing at
present. A brief study is projected after completion of the installation of the new
preionizer in order to study its characteristics. Primary emphasis in the experi-

mental activities will be shifted to the other topics discussed in Section I.
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