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ABSTRACT 

Considercd here is the experirnental and theoretical input admittance of a plasma- 

immersed monopole antenna orirnted in the direction perpendicular to the amhient magnetic field. 

The study is motivated by the need to know the admittance of the antennas used in the OEDPUS- 

C ionospheric rocket experiment. Theoretical calculations were carried out by adapting an 

existing approximate transmission-line analysis. Corresponding scaie-mode1 labontory 

expenments were camed out in a labordtory plasma chamber. Theory and rneasurements focused 

on resonance behaviour caused by sheath waves propagating dong the antenna. Theoretically 

predicted low-frequency sheath-wave passbands are in accordance with expenmentally observed 

resonance characteiistics. In particular, the existence of a very-low-attenuation passband ahove 

the cyclotron frequency in the presence of a weak ambient magnetic field has heen identified. 
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Chapter I 

INTRODUCTION 

1.1 Background 

When a material object is immersed in a plasma, a negative electric potential is 

established at its bounding surface relative to the plasma. This is a consequence of high electron 

rnobility as electrons rush to the surface leaving the less mobile ions hehind during the first 

instants of contact. Within a short period of time, the build-up of electrons charges the surface to 

a negative potential, preventing further electron motion toward the materid boundary. As a result, 

the immediate vicinity of the material surface is depleted of electrons, and therefore is known as 

the ion sheath. Because of the inability of ions to respond to high frequency electromagnetic 

excitations, the ion sheath may be considered as a vacuum gap as far as high frequency 

electromagnetic waves are concrmed. The sheath thickness is comparable to a "Debye length", a 

quantity proportional to the square root of the ratio of die electron temperature to the electron 

density. 

Now suppose that the "material object" is a metal wire. This situation resembles a 

dielectric (the vacuum gap representing the sheath) hounded by two conductors, a good conductor 

(the wire) and a poor conductor (the plasma), somewhat analogous to a coaxial transmission Line. 

This analogy suggests that the ion sheath could serve as a waveguide through which 

electromagnetic waves might pmpagate with sorne losses (Balmain [l]). Such "sheath wave" 

propagation is easy to observe but is strongly influenced hy an amhient, steady rnagnetic field 

such as the earth's magnetic field which permeûtes the ionospheric plasma and renders it 

anisotropic. 



The issue of sheath wave propagation has been approached by various authors from both 

theoretical and experimental perspectives. Previous studies of the propagation phenornenon along 

a wire were rnostiy limited to lahoratory arrangements in which the orientation of the conductor 

surface with respect to the ambient magnetic field remains invariant over the dimensions of the 

conductor. As an example. a theoretical formulation of the sheath wave dispersion relation was 

presented by Laurin [2] using an anisotropic, cold-plasma, vacuum-gap-sheath approximation 

with a simplified planar conductor geometry. For wave propagation parallel to the ambient 

magnetic field, this revealed a low frequency prirnary passband up to the cyclotron frequency and 

1 a secondary higher-attenuation pÿssband from the cyclotron frequency to - times the upper 
f i  

hybrid frequency. Experirnental venfication of this simplified theoretical analysis was also 

obtained by Laurin [2] for propagation along a cylindrical wire oriented parallel to the ambient 

magnetic field. However, the agreement hetween theory and experiment was only qualitative. 

Baker [3] esmblished a similar plruiar plasma-sheath mode1 for propagation normal to the arnhient 

magnetic field and found wave cutoff (stopband) conditions below the cyclotron frequency and a 

relatively high-attenuation passband betwean the cyclotron frequency and the upper hybnd 

frequency divided by f i  . Existence of the predicted stophand and passband was supponed 

qualitatively by expenmental evidence. 

1.2 OEDIPUS Experiments 

Large-scale testing of the aforementioned theory was implemented by a tether-payyload 

rocket experiment conducted in the ionosphere. The OEDIPUS (Observations of Electric-field 

Distributions in the Ionosphenc Plasma - n Unique Strategy) project was an experiment whose 

purpose was to observe the phenornenon of propagation of radiated waves and tether-guided 



shcath waves in the ionospheric plasma (James and Balmain [4]. lames er al. 151). Specifically, a 

plane wave propagation expenmant wÿs conducted on board the rocker using four-ann dipob 

antennas Iocated on the two separated rocket sections with nose and tail joined by a tether. In 

addition. the etfect of tethers on elecuomagnetic coupling via sheath waves was examined by a 

transmission expriment with a transrnitter and a synchronized mcsiwr siniated respectively in 

the nose and tail subpayloads. This is illustr~trd in Fig. 1- 1. 

Magnetic-field-paraIlel propagation characteristics hrrnulated on the premises of cold 

plasma theory have k e n  confirrned hy axperirnantal results of tethzr-guidrd signal transmission 

obtained from the OEDIPUS-A flight. Evidcnce of weakly attrnuated Iow-frequency wave 

propagation up to the cyclotron frequrncy was in accordance with the spectrum of the primary 

passhand as drduced in theory. Implications of these findings with regard to elecuomagnetic 

cornpatihility on plasma-immrrsed space structures such as the Spiice Station are believrd to be 

signifiant: propagation of low-frqurncy noise via shenth wûves could cause interference with 

Figure 1-1. Orientation of crossed dipoles on the OEDIPUS-C rocket 
with respect to the am bient magnetic field. 



e1ectrica.I systems on board (Balmain et al. [6]). 

1.3 Present Work in Perspective 

The present study of shcath wave effects on antenna impedance was proposed for the 

particular case in which an antenna wire has its axis perpendicular to the magnetic field. Such an 

arrangement is consistent with the orientation of the dipole antennas in the OEDIPUS-C tethered 

sounding rocket experiment. The motivations behind diis investigation aïe 1) the lack of 

understanding of propagation characteristics for this specific geornetry in which the near fields 

have an azimuthal dependence, and 2) the nred for antenna impedance estimates to support the 

interpretation of the OEDIPUS-C results. 

Because of the mathematical complexity anticipated in a rigorous field analysis for this 

arrangement, the proposed study was limitrd to labontory work and comparison with results 

obtained from approximate transmission-line theory. A lahoratory expenment was proposed in 

which two coaxial cable-monopole antanna assamblirs are immersad in a magnetoplasma. The 

antenna of interest was oriented perpendiculnr to the direction of the amhient magnetic field while 

the reference antenna which was used for plasma-diagnostic purposes was aligned with the 

magnetic field. The reflection coefficient from the antenna wires was measured over n linearly 

swept frequency range h m  300 kHz to a fcw gigahertz. Antenna impcdance as a function of 

frequency was denved from the retlection coefficient measurement. and particular attention was 

given to resonance phenomena along the monopole antennas. Labontory results were compared 

with values obtained from an adaptation of an existing transmission-line theory of input 

admittance for plasma-immersed antenna structures (Adachi et al. 171). 



Chapter 2 

TRANSMISSION-LINE TfiEORY FOR PLASMA-IMMERSED DIPOLES 

2.1 Concept of Transmission-Line Theory 

Formulation of a transmission-line mode1 for sheathless plasma-immersed dipole 

antemas was initially implernented hy Adachi et al. [7], who h3d suggested that such an analysis 

is plausible because of the resemblancè between the antenna of interest and a transmission Iine. 

This andogy is supported in part by the non-radiative characteristic of sheath waves which fonn a 

significant subset of the wave modes that can exist dong a wire in plasma. 

Adachi et al. [7] had computed the distributed inductance and capacitance of the antenna 

by quasi-static methods. These parameters are subsequently incorporated into the general 

transmission-line theory from which the propagation constant and the characteristic impedance 

are readily calculated. The impedance of the antenna is then presented utilizing the above 

panmeters for a dipole oriented at an arhitrary angle with respect to the static magnetic field. It is 

the purpose of the present work to adapt the existing transmission-line formulation by considering 

the effects of the ion sheath in the tom of distributed capacitance, thus modifying the resonance 

frequencies predicted by Adachi rt al. [7]. 

2.2 Geometry of the Proposed Problem 

The crossed-dipole antenna on the OEDIPUS-C rocket is treated in theory as two dipoles 

in paralle1 as shown in Fig. 2-1. This arrangement of parallel dipoles can be expressed as a thin 

cylindncd antenna with half length 1 and radius p immersed in an anisotropic cold plasma with 



Figure 2-1. OEDIPUS-C crossed dipoles treated as two dipoles in parailel. 

an angle of inclination 0 between the antenna axis and the static magnetic field. The dielectric 

tensor for the anisotropic plasma medium is given as 

X where K, = 1 - E  , -XY Xu ,k"'= - K ' =  1-- 
u' - y' ,y2 - y2 

in which w,. a,, and v are respectively the plasma, cyclotron and collision frequencies. 

Figure 2-2. Analogy hetween monopole antenna and transmission line. 



2.3 Distributed Inductance of Antenna 

The inductance per unit length for the transmission-line mode1 applicable to a monopole 

is deduced from Adachi [7] and is given by 

2.4 Disîributed Capacitance of Antenna 

The distributed capacitance for the repraentation c m  be denved by regarding the antenna 

in the plasma as a cylindncal capacitor in which the cylindrical metal antenna is the inner 

conductor, the ion sheath is the dialectric (rnodelled as a vacuum gap), and the sunounding 

anisotropic plasma is the outer conductor. The plasma contribution to the capacitance may be 

computed by evaluating the electrostatic potential due to a linear charge distribution dong the 

antenna axis, then utilizing the definition of capacitance to ohtain the required expression. 

Miyazaki [8] had formulated the rlectrostaùc potential due to a line charge in the 

presence of a static magnetic field. In a situation in which the antenna length is shorter than the 

propagating wavelength in free space. quasi-static assumption is invoked in which time variation 

of the vector potential is neglected in cornpaison with the static cornponent of the elecvic field. 

Consequently, the prohlem is reduced to solvinp the modified Poisson's equation. It should be 

noted that the use of the quasi-static conditions is consistent with the assumed uniforrn current 

distribution ernployed in the derivation of distrihuted antenna inductance as given by eq (2-1). 

For a uniform linear charge density of q per unit length, the potential at a point (x ,  y, z )  in 

rectangular co-ordinates can be written as given hy Miyazaki as 



generalized point (x,y,z) 

Figure 2-3. Electrostatic potenual due to a fine charge in a plasma 

Ko K o  2 2 where K = ~ ~ ( s i n 0 ) ~  + ~ " ( c o s 0 ) ~ .  b = -2zcos~-2( - )~s in~  and c = - ( x  + y ) + r 
K' Ir 

The potential at the sheath-plasma interface with CO-ordinates x = p + s, y = O, z = O , 

while making use of the assurnptions that 1 ~ 1 1 ~  f i  41~,l(p + s)* and 1 D p + S .  is given by 

Equation (2-3) describes the potential nt the sheath-plasma interface of one conductor relative to 

the reference value at infinity. Utilizing the definition of capacitance, the distributed capacitance 

(per unit length) arising from the plasma contribution to the single conductor can he computed as 

The distributed capacitance contrihuted by the vacuum sheath c m  be found by calculating 

the quasi-static potential difference between the wire surface and the plasma-sheath interface. 

Evaluating eq. (2-2) in free space at x = p and x = p + s yields a potential difference of 

which leads to the distributed capacitance (per unit length) given by 



Di pole 

Monopole Monopole 
wire surface r=p 

Cs - -  -+ - - - -  ----F - - - -  CS sheath-plasma interface r=p+s 
1 I 

L 

-r c~ plasma 
8 

\ 
' - infinity - - / 

Figure 2-4. Dipole capacitiince as a sum of plasma and sheath contributions 
from two monopoles. 

To account for the collisional losses of the sheath, the permittivity of the vacuum layer 

needs to be modifieci hy introducing a sheath conductivity o, which will he derived in Section 

2.6.2, and eq. (2-6) can h e  rewntten as 

Consequently, the resulting distrihuted capacitance for the two-conductor cylindrical capacitor is 

the series sum of the respective monopole capacitances as depicted in Fig. 2-4. 

This is the capacitance per unit length for a monopole. Adachi [7] defined a dipole capacitance 

per unit length as half the ahove, a procedure which is unnecessary here. 



anode ground 

PLASMA 

antenna 

B 

antenna under 
investigation 

Figure 2-5. Laboratory arrangement of monopoles. 

2.5 Input Impedance of Antenna 

Having established the expressions for distributed inductance and capacitance, the input 

impedance of the dipole antenna rnay he  denved hy simple substitution of these parameters into 

the generd transmission-line equaations. Because of the existence of the extra coaxial section to 

which the antenna is attached as indicated in Fig. 2-5, its respective impedance contribution must 

also be included in the calculations. Considering the expenmental reference plane location, one 

may use the position of the source in the transmission-line representntion to divide the coaxial- 

monopole assembly into two distinct sections. The antenna may be represented by an open- 

circuited transmission-line segment for which a corresponding open-circuited input impedance is 

computed. Under the assumption of perfect conductors, the characteristic impedance of the 

transmission-Iine representation is given by 



monopole antenna 

short circuit open circuit 
termina tion termination 

Figure 2-6. Total impedance Z = 2, + 2, of the transmission line 
representing a a monopole antenna, as a sum of open-circuited and 
short-circuited sections. 

where the dielecuic conducmce G has been absorbed into the distributed capacitance C utilizing 

the effective sheath conductivity. L and C were defined previously in eqs. (2-1) and (2-8). 

Subscript 'oc' indicates that parameters are evaluated using dimensions of the open-circuited 

section. The propagation constant y is dçfined as 

The input impedance of the dipole antenna is computed as 

Z0"C 

= tanh(yo,lu,) 

On the other hmd, the coaxial section, being connected to the ground plane via an RF capacitor 

bypass, embodies a short-circuited segment of transmission line for which the input irnpedance 

rnay be readily calculated- Expressions sirnilar to those of eq. (2-10) and (2-1 1) rnay be written 

and they lead to 

The resultant impedance of the whole structure is simply the algebraic surn of the irnpedances of 

the two sections, i.e. the respective open-circuited and short-circuited impedance values 



2.6 Sheath and Plasma Parameters 

2.6.1 Collision frequency 

Elecuon-neutral collision frequency is calculated for the helium gas using the formula 

taken from B r o m  [ 1 O], 

where u is the electron energy in eV, p,  = - 273p , p is the pressure in Torr, T, is the gas 
=n 

temperature, and P, is the probability of collision. 

2.6.2 Conduction losses in the sheath 

In Section 2.4 the sheath gap was regarded as a losslrss dielectric rnatenal which had not 

been specified. Although the electron population is sparse, there is a finite conductivity 

associated with electron-neutral collisions and electron absorption at the antenna surface. These 

losses may be taken into account by defining an equivalent sheath conductivity o such that the 

sheath permittivity c m  be modified to reflect the non-ideai behaviour. 

Following the analysis of Morin [9], the admittance for a cylindrical probe of radius p 

and length L with sheath thickness s is given by 

2 
(j'ps where E, = E ~ K ~ ~ ,  KOr = 1 - - jv, , (I = 1 - - , mpS is the angular plasma frequency in the 
uo' O 

sheath, and v, is the sheath collision frequency. Taking the real part of eq. (2-15) for o +D O and 

equating this to the DC conductance ohtained from the characteristic of the Langmuir probe, one 

gets 



where A is the surface area of the probe, one may define the sheath collision frequency as 

It should be noted that the introduction of a sheath plasma density has cornplicated the 

vacuum sheath mode1 since the sheath now rwonates at its own plasma frequency. Fortunately, it 

was realized by Morin [9] that this plasma frequency is significantly smaller than the sheath 

collision frequency, so  plasma monance effects have been masked by the losses. 

To represent the collision losses by a finite sheath conductivity, the sheath relative 

pennittiviîy must be redefined as 

io, K,, = 1 - - 
c"&o 

Comparing with the expression for sheath permittivity, 

0p.r K,, = 1--- ' 2 2 ' w'+v, w ( 0  + v;) 

one may deduce the conductivity to bt: 

The above evaluation for effective sheath conductivity is valid for an isotropic plasma. In 

the presence of a static magnetic field, particle transport in the direction perpendicular to the field 

lines is impeded as charged particles gyrate about the magnetic lines of force. This is believed to 

cause a reduction in particle flux to the antenna, consequently dfecting the DC conductance of the 



probe. Such an effect is especially pronounced for an antenna aligned with the ambient magnetic 

field, and also in situations in which the sheath thickness is larger than the Larmor radius of the 

electron. Thus an additionai complication of plasma magnetization is a decrease in the sheath 

thickness. 

A f o m d  treatment to properly address this issue would entail an assessrnent of the extent 

to which cross-field diffusion is hindered. A precise analysis which appropnately reflects the 

impedance variation with field strength is deemed too difficult and beyond the scope of this work. 

Determination of the degree to which sheath thickness is reduced is likewise impossible. As a 

consequence, effects of rnagnetization on the sheath will not be taken into account in the 

computation of the antenna conductmce. 

2.6.3 Sheath thickness 

Determination of the sheath thickness requires knowledge of the probe potential with 

respect to the plasma. The following discüssion lays the frarnework within which the floating 

potential of the probe may be determined theoretically 11 11- 

For an electrically floating surface, plasma flow to the probe surface assumes the form of 

ambipolar diffusion. Electron flux (per unit p e a )  to a cylindricai probe c m  be calculated for a 

Maxwellian distribution by integration utilizing distribution functions with the result being 

where 

flux at 

/z is the eiectron themial velocity- no is the ambient plasma density and ce = - 

By continuity, the ion flux (per unit area) to the probe surface is equal in magnitude to the 

the plasma-sheath boundary, thus 



where c, = is the ion acoustic speed. Equating eqs. (2-21) and (2-22), it follows that 
me + mi 

The thickness of the sheath has been calculated using the empincal result of Kiel [12]. 

Two-dimensional effects arising from cyliiidrical geometry have not been included in the 

continuity relation, in the expectation that a planar estimate for the fioating potential should 

suffice for the purpose of estimating the sheath thickness. The sheath thickness can be expressed 

as a function of the probe potenùal, and it is further related to various plasma parameters through 

the following relations, in which r-, and rp are the sheath and prohe ndii: 

w here 

r = 1.54(1-0.2a-35) (2-27) 

and where Z is the ion charge, Ti is the ion temperature in degrees Kelvin, <p, is the probe 

potential in volts, Q is the charge ratio of ions to electrons, and a is the ratio of ion to electron 

temperature. AU subsequent calculations are based on parameters summarized in Table 2-1. 



2.7 Summary of Parameters 

Table 2-1 Numericd Values for Parameters Used in Theoretical Computations 

parameter 
-- 

value 

0,, : angle between extended inner con- 
ductor and B 

8,, : angle between coaxial section and 
B 

1 : physical Iength of extended inner con- 
ductor 

Io, : inner conductor length taking into 
account "end effect" 

l,, : length of coaxial section 

p,, : inner conductor radius 

p,, : radius of coaxial outer conductor 

f, : plasma frequency 4 1 1 MHz to 990MHz 

f, : cyclotron frequenc y 
- - - 

f ,, : upper hybrid frequency 
- -- - 

411 MHz to 1602 MHz 

eIectron temperature 

a : ion to electron temperature ratio 

v : collision frequency 1 23.3 MHz or 500 MHz 

innar conductor bias relative to anode 1 -0.25 V to -2.2 V 

s,, : sheath thickness dong coaxial sec- 
tion 

soc : sheath thickness dong inner con- 
ductor 

O to 13 Debye lengths 



Chapter 3 

EXPERIR/IENTAL PRELIMINAEUES 

3.1 General Overview of Experiment 

The laboratory arrangement consists of a coaxial cable-monopole antenna assembly 

immersed in a helium discharge plasma as shown in Fig. 3-1. Experirnents were conducted 

utilizing a 16-litre glass chamber in which an anode-monopole assernbly of Fig. 2-5 was placed. 

Heliurn gas was let into the chamber to initiate a discharge by applying high DC voltage between 

the two electrodes. The gas pressure was rnaintained at approxirnately 50 rnTorr over the duration 

of the measurernents. 

The coaxial cables are fed through a brass anode which approximates an infinite 

conducting plane. Field coils generate an axial DC magnetic field of variable strength controlled 

by the coi1 current. The mis of the monopole antenna of interest is oriented perpendicular to the 

magnetic field while the reference monopole is aligned with the magnetic field in order to provide 

density measurements by the detection of quater-wave or higher-order resonances (Morin [9]). 

The reflection coefficient from the plasma-immersed monopole was measured at the 

base of the antenna over a frequency range from 300 kHz to a few gigahertz using an HP 8753 C 

network analyzer. Antenna impedance as a function of frequency was deduced from the reflection 

coefficient rneasurement using simple transmission-line relations. Points of resonance were 

identified as the peaks of the conductance vs. frequency plot. 



Outer conduc tor 
of coaxial line 

Figure 3-1. Plasma chamber and antenna-anode assembly. 

3.2 Experimental Apparatus 

3.2.1 Length of plasma-immersed coaxial cable 

Observation of resonrince phenornena dong the antennas requires the least amount of 

interference from electromagnetic waves excited in sheaths over the surface of any structures 

other than the antenna of interest. In order to collapse the sheath around the coaxial cables, a bias 

voltage c m  be applied to the auter conducior relative to the anode. The requirement that the anode 

surface area be considerahly larger than the total biased conductor surface area is a consequence 



of the need to maintain a constant anode potential with respect to the plasma. By ensuring a 

minimum ratio of 100 for a helium discharge, the anode potential remains relatively constant in 

spite of iarge variations in outer conductor hias. This sets an upper limit on the Iength of the 

coaxial cables immersed in the plasma for a given cable diameter. Ideally, the antennas should be 

mounted as far from the anode as possible in order to minirnize wave interference due to 

reflections from the anode sheath. An examination of anode sheath waves by Baker [3] revealed 

that the effect of sheath wave penetration into the plasma rnay be significant at Iow frequencies. A 

length of 0.03 m for the coaxial cable extension was selected along with a cable outer radius of 

0,001 1 m, 

3.2.2 Dimensions of monopole antennas 

Baker's work [3] had shown a non-unihrm magnetic field strength over the cross-section 

of the plasma charnher, especially toward the edge of the plasma. Therefore the antennas should 

be confined within the region of more uniform magnetic field toward the centre. This also serves 

to suppress plasma edge effects which mciy prevent laboratory conditions from approximating the 

unbounded plasma environment in which the OEDPUS-C experiment was conducted. On the 

other hand, the antennris must be sufficiently long to provide a reasonable nurnber of resonance 

frequencies for ease and precision of data analysis. It was decided that the reference antenna 

should have the snme langth as the field-perpendicular antenna of interest for cornparison 

purposes. The wire radius has been chosen to he  0.00026 m and the wire Iength is O. 1 m. 

3.2.3 IIC bias of coaxial cable and antennas relative to anode 

Sheath collapse along the coaxial cahlz was achieved by connecting the outer conductor 



to ground and applying a negative bias on the anode ground plane as depicted in Fig. 3-2. An 

anode bias setting of -0.75V to -0.W relative to ground was maintained throughout the duration 

of measurements taken. On the other hand, the antenna under investigation was negatively biased 

with respect to the anode in order to expand the sheath region available for propagation. This was 

implemented by connecting the inner conductor of the coaxial line through the DC bias port of the 

network analyzer to a power supply as illustwted in Fig. 3-2. Different bias voltages were used to 

obtain different sheath thicknesses- A positive antenna bias was sometimes necessary in order to 

observe the effect of sheath collapse on wave propagation chanctenstics. Antenna bias ranged 

from -2.2V to -t2.7V relative to the anode potential. It should be rnentioned that surface waves do 

not necessarily depend on the ion sheath as a medium for propagation as Laurin's work [2] 

suggested, but sheath collapse does provide an increase in attenuation of unwanted waves thcit 

propagate dong the outer conductor. 

Anode 
I 

Insulator and 
bypass capacit 

- Anode- 

Cathode 

relative I 

for discharge 

to ground 

Figure 3-2. Antenna b i s  and discharge circuit. 

3.2.4 RF capacitor bypass 

It was noticed initially that the sheath resonance region of the impedance plots was 

dominated by background noises in the range below 500 MHz, rendering the observation of 



sheath wave eEixts very difficult Therefore RF bypass capacitors were installed connecting the 

outer conductor of the coaxial cable to the anode ground plane. This provides an alternative 

current path at frequencies at which noise interference from the outside environment is believed to 

dominate the impedance, thus effectively eliminating the Low frequency interference. Subsequent 

measurements showed dramatic improvement in reduction of noise. 

3.2.5 Magnetic field rneasurement 

Correlation k twcen  the coil current and the magnetic field smngth was established by 

measuring the field strength using a Gaussmeter while varying the field current over the range of 

experimental conditions to be encountered. The use of a magnetic field probe enabled 

measurements to be taken for transverse and longitudinal orientations at locations inside the 

charnber which correspond to the positions of the monopoles. These measurements indicate rhat 

the field strength is fairly uniform throughout the region over which the antennas span with less 

than 5% difference over the dimensions of the antrnnas. The cyclotron frequency is related to the 

coil current by the empirically ohtaincd approximatr expression: f ,(MHz) = 35 I ( A  ) . 

3.2.6 Antenna construction and cahbration 

Assembly of the ananna-anode system was performad as described in the following. A 

section of coaxial cable was taken and stnpped of the dielactric and the outer conductor over a 

length of 10 cm, leaving only the inner conductor rit the end of a coaxial line. This section of 

exposed inner conductor serves as the monopole. The exact lengths of the coaxial sections were 

determined by the Time Domain Reflectometry (TDR) technique which detects reflection from 

the open end of the coaxial cahle and translates the time delay into a length factor. The 



monopole-coax was then positioned through the anode ground plane. An insulation ring was 

placed at the joint between the coaxial line and the anode, making possible the indepedent bias of 

the outer conductor from the anode. Connection of the anode ground plane to the outer conductor 

was established via RF bypass capacitors. The antennas were excited using an RF feedthrough, as 

c m  be seen in Fig. 2-5. 

Calibntion before impedance measurements was necessary in order to correct for the 

phase delay due to the section of coaxial line. This pmcedure enablcd the placement of the 

reference plane to be at the hase of the antennas, thus allowing meaningful measurement of the 

reflection coefficient. Caiihration referrnct: standards had to be manuaily constructed to take into 

account the existence of the coax. This was parformed by preparing segments of coaxial h e  

having the same length as the coaxial sections to which the antennas were attached. At the open 

end of the coaxial line. these refereiice segments were made short-circuited, open-circuitrd, and 

matched with a 50-ohm resistor. The short circuit was constructed by connecting the innar and 

outer conductors with copper t'cd, and the rnatched locid was achieved by soldering two 100-ohm 

chip resistors in paralle1 between the inner and outer conductors. 

3.3 Plasma Diagnostic Techniques 

It should be emphasized that no specific instruments were introduced into the plasma 

chamber for the purpose of plasma diagnostics. Estimate of the electron temperature is based on 

the experimental results of previous work and hûs heen assumed to be 0.2 eV throughout the 

calculations. The only instrumentation employed in the present work for diagnostic purposes is 

the antenna itself as a means of detennining the plasma frequency. Motin [9] suggested three 

different techniques for estimating plasma frequency: the use of a Langmuir probe, detection of 



the quarter-wave resonance, and the antiresonance method. It was pohted out in his work that 

accuracy of the Langmuir probe measurement of plasma frequency relies on having a 

contamination-fke environment which cannot be assured over a timespan of weeks or months- 

On the other hand, plasma frequency values obtained from detection of the quarter-wave 

resonance and the antiraonance method agree to within 20% of each other. However, Morin [9] 

pointed out that some arnbiguity was inherent in a graphical estimate of the plasma frequency 

using the antiresonance rnethod- As a result, the quarter-wave resonance method was chosen for 

density diagnostics of the plasma- 

Morin [9] has outlined the rnethod of quarter-wave resonance for antennas irnmersed in 

an isotropic plasma. A dipole antennri resonates first at the quarter-wave frequency at which the 

half-length of the antenna is equal to the quarter-wavelength of the propagating waves. The 

quarter-wave resonance frequency depends for the same mtenna on the permitûvity of the 

medium, i.e. in an isotropic plasma the resonance frequency moves to a higher value 

where f, is the measured free space quarter-wave resononce frequency, and f, is the quarter- 

wave resonance frequency measured for different plasma conditions. The plasma frequency can 

thus be derived from the shift of the resonance frequency. In the presence of a steady magnetic 

field, the equation used to calculate the plasma frequency is modified by replacing K, with K' to 

approximately take into account the effect of the medium anisotropy, which yields 

Derivation of eq. (3-2) c m  be found in the Appendix. 
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Figure 3-3. Measured free space quarter-wave resonance at 532 MHz 
for the field-paraliel antenna. 
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Figure 3-4. Measured free space quarter-wave resonance at 598 MHz 
for the field-perpendicular anknna. 

Caution was takm when attempts were made to identify the quarter-wave resonance 

from the experimental admittance results. To properly identify the quarter-wave resonances, it is 

assumed thnt the quarter-wavelength in the free space medium is equal to the total length of the 

monopole-coaxial section. The paak located closest to the free space estirnate in experimentd 

conductance plots is then idrntified as the quarter-wave resonance. Figures 3-3 and 3-4 display 

free space conductance maasurement of the paralle1 and perpendicular antennris, respectively. It 

has been realized that the effect of elongation of the coaxial section on the apparent antenna 

length cannot be ignored. Consequently, the monopole bngth involved in the free space estimate 

for the resonant frequency includes the length of the coaxial line section to which die antenna is 

attached. Furthemore, the end-effect on the monopole has also been included to take into account 

the apparent elongation factor of roughly 6% (Jordan and Balmain C13-J). The discrepancy 
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Figure 3-5. Measured quarter-wave resonance of field-paralle1 antenna 
in an isotropic plasma compared with the value when the ambient magnetic 
field is strong. 

between this estimate and the presumed resonmce in the expenmental data is reasonable at about 

5%. Some expenmental measures were taken as explained in the following to further ensure the 

correct identification of thase resonancas. In spite of the fixed length of the antennas in the actud 

experiments performed, some variation of the length was implemented while the antennû-anode 

assembly was outside the plasma chamber. Different lengths of solder wire were attached to the 

end of the antennas and measurement of reflaction coefficient was taken for each length. The 

longitudinal resonances were then identified for the free space case hy noting the frequency shift 

corresponding to each variation relative to the default antenna length. This has estahlished, 

beyond any douht, that these are indeed the quarter-wave resonances sought. It also provides a 

reference for cornparison when examining measurements taken in the anisotropic plasma 

medium. In addition, by comparing with f'ree space measurements prrformed outside the glass 

chamber, it was observed that the effect of iinwanted reflections from the chamber walls is 

relatively small. 

Plasma frequencies deduced from expenmantal quarter-wave rasonance maxima for the 

reference antenna are chamctenzed by values cansistently higher than results previously obtained 

at the centre of the chamber. Laurin [2] had pointed out that the density inhomogeneity accounts 



O: discharge current = 10 mA 
x: discharge current = 20 mA 
+: discharge current = 30 mA 

"VU 
- - 

O 1 O0 200 300 400 500 600 700 800 900 

CycIotron Frequency in MHz 

Figure 3-6. Plasma frequency derived from measured quarter-wave 
resonance of field-parallrl antenna for various discharge currents. 

for plasma frequency values up to 25% higher near the anode than that of the plasma core. For 

cyclotron frequencies above 280 MHz, these results also exhibit little variation in density with 

increasing magnetic field strength for various discharge currents. When the amhient magnetic 

field is allowed to increase, the dominant conductance peak graduaily subsides in magnitude and 

evenmally becomes absorhrd hy the background. The solid curve in Fig. 3-5 depicts the strength 

of the quarter-wave resonance in the absence of an arnbient magnetic field compared with the 

same resonance in the presence of strong ambient magnetic field indicated by the dashed curve. 

For discharge currents above 20mA, the conductance features flacen out considerably wiîh 



increasing cyclotron frequency, thus obscuring the quarter-wave resonance. This has rendered 

impossible the deduction of plasma frequency from experiments. As a result, the plasma 

frequency estimate obtained from the detection of quarter-wave resonance is incomplete for 

higher discharge currents. It is for this reason that the ensuing cornparison between theory and 

experiment shouid be lirnited to situations in which plasma frequencies are below 870 MHz. 

Figure 3-6 displays the values of plasma frequency obtained from the shift of the quarter-wave 

resonance relative to the free space admittance maximum. 

Altematively, detennination of the plasma frequency may ba canied out by the 

antiresonance method in which the phase of the impedance undergoes zero crossing near the 

upper hybrid frequency for an anisotropic plasma. However, arnbiguity arises when one attempts 

to Iocate the exact frequency of upper hybrid resonance because of the slow variation of phase 

with frequency near resonance. In fact, the phase remains relatively invariant over a wide range of 

the specmm which renders the task very difficult. For low cyclotron frequencies. resistance plots 

could be utilized to identify the upper hybrid frequency. As the magnrtic field strength is raised, 

however, the upper hybrid resistance peak became dispersed and could no longer be identified. 

Thus the detection of the quarter-wave monance remains most appropriate for this purpose. 



Chapter 4 

EXPERIMENTAL ADMITTANCE VS. THEORETICAL CALCULATIONS 

4.1 Introduction 

The notion of passband and stopband characteristics for sheath wave propagation has 

been utilized previously by Laurin [2] and Baker [3]. Their work suggests the existence of 

sheath-wave passbands, certain frequancy ranges characterized by relatively low attenuation 

levels. The cntenon for classification of passbands and stopbands is based on the relative 

magnitude of the real and irnaginary parts of the propagation constant. Frequency ranges in 

which the real part (atienuation) exceeds the irnaginary part (wavenumber) are considered as 

stopbands, and passbands are defined as those ranges in which the irnaginary part is greater than 

the real part Propagation constants grneratrd using transmission-line thsory are further sub- 

classified into stopbands and passhands of various dgrees. These theoretical stopbands and 

passbands c m  be displayed on CMA diagrams, thus helping in the interpretation of the theory 

while presenting an overview of the propagation chanctaristics. 

4.2 Field-ParaIIel Antenna 

4.2.1 Theoretical propagation constants 

The propagation constant for the open-circuited section of the transmission line 

(representing the extended inner conductor of the coaxial cahle) was computed using eq. (2-12) 

for various plasma conditions. Figure 4-1 provides a cornparison of its behaviour in the presence 

and absence of a finite shsath for a case in which f,< f,. In view of Fig. 4-1 (a) for the 
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Figure 4-1. Field-parallel antenna theory: real and imaginary parts of 
propagation constants for a case in which f, < fp- 

sheathless case. the present work predicts a low f'quency passhand from zero to a cutoff 

frequency f,. For the sheathed antenna of Fig. 4-1 (b). this cutoff frequency shifts upward from 

the cyclotron frequency to a frequrncyf] - It should be mentionrd that fI is sheath-dependent 

and is not simply related to either the plasma frequency or the cyclotron frequency. It should be 

f uh noted also that fi is Lower than the - cutoff frequency predicted by Launn [2] for the planar 
f i  

Further, Laurin's full-wave solutions reveal the existence of two passbands: a low- 
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Figure 4-3. Field-parallel antenna theory: propagation characteristics 
displayed on a CMA diagram. Note the cutoff houndary approximated 

X by y '+ -  = 1. 
6 

should be noted that Fig. 4-2 dispfays the propagation constant for a casa in which the normalized 

plasma parameters are comparable to those encountered in the OEDIPUS-C experiment Like 

Fig. 4-1, Fig. 4-2 suggests the existence of a very-low-attenuation passband at low frequencies. 

4.2.2 Display of propagation characteristics by CMA diagrams 

CMA (Clemmow, Mullaly, Allis) diagnms may now be utilized to provide an overview 

of the theoretical propagation characteristics (Jordan and Balrnain [L3]). For the parallel 
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Figure 4-4. Field-parallel antennn theory: CMA diagram for the 
sheathless case. 

orientation. Fig. 4-3 displays various passbands and stophands for a wide range of plasma 

conditions. The lower I I cumes are calcuiated results based on actual experïmental parameters 

encountered in the lahoratory whereas the upper 8 curves are computed for cases of highly 

magnetized plasma, similar to the conditions encountered on OEDIPUS-C. Each ray of symbols 

corresponds to a specific ratio of plasma to cyclotron frequencies. Tracing inwards from the 

outemost point of each ray represents a sweep in source frequency from zero upwards. 

Regardles of the specific plasma conditions, a passhand with virtually no attenuation is dways 



present at Iow frequencies, a s  represented by the circles in the CMA diagram. This is followed by 

a transition into a stopband in which strong attenuation dominates as indicated by the x-marks. 

2 X The transition occurs dong  a line given approximatdy by Y + - = 1. Above the upper hybrid 
6 

frequency, propagation resumes with Little attenuation. For the sheathless antenna, Fig. 4-4 

summarizes the propagation characteristics displaying a low-frequency passband below the 

cyclotron frequency. Behaviour of predicted passbands and stopbmds above the plasma 

frequency for the sheathless antenna remains similar to the situation in which the sheath is 

present. 

4.2.3 Observation of admi ttance features 

Quarter-wave resonance: bias dependence and plasma density variation. As described 

in Section 3.3, this feature is characterized by a rapid decay in magnitude of the quarter-wave 

resonance with ùicreasing cyclotron frequency for high discharge currents, thus severely iirniting 

the extent to which plasma frequency can be determined. In addition. the quarter-wave resonance 

frequency has been ohserved to ha dependent on conditions of applied bias as weU as antenna 

orientation. More specifically, the quaner-wave resonance frequency for positive bias is 

consistendy lower than that for ngative bias regardless of the ambirnt magnetic field strength. 

This is believed to be a consequence of local plasma depletion due to the positive applied bias 

drawing excessive electron current to the probe, thus reducing the surrounding plasma density. 

Sheath wave resonances: characterization by bias dependence. Experimental 

mesurement of the antenna admittance reveals appreciable variation of low frequency 

characteristics with applied DC hias in the presenct: of a weak magnetic field. In particular, for 

the monopole parallet to the arnbient magnetic field, the dominant low frequency conductance 
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Figure 4-6. Field-parallel antenna expenments: bias effect at higher 
ambient magnetic field. cornpared with Fig. 4-5. 
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Figure 4-7. Field-paralle1 antenna: experiments: bias effects for a 
rnagnetic field twice that of Fig. 4-6. 

peak near 200 MHz observable for negative antenna hias at low cyclotron frequencies is strongly 

suppressed by the application of a positive hias. Figure 4-5 shows this effect, indicating the extent 

to which the low frequency resonance is suppressed by positive bias. This evidence suggests that 

these resonances c m  be accounted for by propagation of sheath waves. It was observed that 

variation of the hias setting hetween -2.2V and -0.2V producrd little change in admittance at low 

frequencies at which sheath resonances are observed, and likewise bias variation between 



different positive settings of +2.7V and +1.7V yields little observable effect. 

The high magnitude and very narrow bandwidth of the dominant low-frequency 

conductance peak are indicative of its Iying in some low-attenuation sheath wave passband. For 

higher cyclotron frequencies, however, the effect of bias on the magnitude of this particular 

conductance peak dirninishes. This is obvious from Fig. 4-6 which compares similar-magnitude 

resonances of a positively and a negatively biased antennn This observation c m  be interpreted 

using the work of Mushiake [14] which predicts propagation of surface waves dong a conductor 

in the absence of a sheath. The introduction of a sheath produces a more highly-attenuated 

fuh passband between the cyclotron frequency and - , in addition to the primary passband below the 
Jz 

cyclotron resonance. Consequently, for a weak amhient magnetic field, sheath wave resonances 

are observahle ahove the cyclotron frequency in the secondary passband only for negative biasing. 

As the cyclotron frequency increases above the characteristic frequencies of sheath wave 

resonances. propagation now occurs in the primas, passband regardless of bias conditions and 

therefore no appreciable difference in resonance strength c m  be observed. The resonance 

frequency nevertheless continues to be strongly inRuenced by the applied DC bias. 

A further ohservation is the development of resonance spikes (indicated by the circles in 

Fig. 4-7) clustered about the aforemantioned conductance peak as the cyclotron frequency 

continues to increase. This phenornenon is also related to sheath wave resonances because of 

their apparent suppression in magnitude by the application of a positive antenna b i s .  These 

resonance spikes are confined within the passhand predicted by Launn [2] between DC and the 

cyclotron frequency and appear at regular intervals. Multiple resonances reported by Launn [2] 

were not observed experimentally due to the narrowness of the secondary high-attenuation 

f u h  passband from the cyclotron frequency up to - . 
Ji 
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Figure 4-8. Field-parallel mtenna: experimrntai admittance vs. 
theoretical results. for Iow magnetic field. 

4.2.4 Cornparison with transmission line computation 

Utility of the transmission-line representation for  plasma-immarsed an t ennu  suEers  

inherently from the premise of TEM mode propagation upon which d l  calculations are hased. Its 

validity may now h e  assessed by comparing with experiments before cxtending its application to 

the field-perpendicular antenna. Computation of input admittance is implernented by the self- 

consistent transmission-Iine theory derived in Chapter 2. Plasma and antenna parameters are 

selected to simulate conditions encountered in the experiments. In particular. plasma frequency 

values extracted from experimentrtl admittance data are directly suhstituted into the numerical 
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Figure 4-9. Field-parallel antenna: experirnent/theory cornparison 
for high magnetic field. 

calculation procedure. the result of which is then superposed on the expcrirnental admittance plot 

to reveal the extent to which theory accurately descrihes the propagation phenornenon. 

Experimenial vs. theoretka& admittance: passbands and stopbands. Figure 4- 8 de pic ts 

experimental admittance and its theoretical counterpart for a specific set of plasma conditions. In  

the frequency range of 1.5 GHz and ahove, there is strong disagreement hetween theos. and 

experiment as expected. This high frequancy region displays the limitations of the transmission- 

line theory which is only applicable to TEM waves and cannot predict either radiation or its 
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Figure 4-10. Field-parallel antenna: theory vs. experiment using 
v = 500 MHz which is about 20 timss the value used in Fig. 4-9: case 
with low magnetic field. 

damping effect on resonances. Below 1.5 GHz, theoretical predictions qualitatively agree with 

experiments which are characterized by the appearance of multiple sheath-wave and quarter-wave 

resonances. Prediction of the position of the quartrr-wave resonancs is quite accurate. Al1 

observed resonances are contained within cornputrd psshands; predicted stopbands are 

characterized by a lack of identifiable admittance fcatures in the exparimsnts. The frequency f, 

denotes the calculated upper cutoff of the low-frequency passband and weLl coincides with the 

point at which the experimental resonances subside into the background. However, the gradua1 

decay with increasing cyclotron frequency of the measured quarter-wave resonance appears 
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1, = 0.1W rn, f,, = 0.03 rn 
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s = 0.00043052 m = 12.4828 AD 
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O: propagation (abs[~ai(k,,)/irnag(k,,)] > 20 ) 
x: cutoff (abs[red(k,)fmag(koC)] < 1 ) 
+: ( 1 < abs[rd(k,,fimag(k,,,)] < 20 ) 
fi = 657 MHz 

Figure 4-11. Field-parallel antenna: comparison of theory with 
experiment using inflated v = 500 MHz: case with high magnetic 
field. 

sornewhat anornatous since it fails well within the theoretical very-low-attenuation passband (Fig. 

4-8 and 4-9). Figure 4-9 illustrates a funhrr comparison for different plasma conditions. 

Transmission-line theory agnin rxhihits limitrd accuracy with regard to predicting the exact 

experimentai sheath resonance frequencies- Multiple experimentÿl resonances below 500 MHz 

are not well-matched by numerically calculnted curves. Locations of predicted passbands and 

stopbands. however, remain consistent with the axpenmental admittance fratures. 

Varintion of collision frequency. The sharp definition of the theoretical curves suggests 

that inflating the value of the collision frequency heyond that calculated using eq. (2-22) may 



produce better agreement with the experiment As an example, in Fig. 4-10 the collision 

frequency is increased about twenty-fold compared to Fig. 4-8, resulting in much closer 

resernblance between the curves. This implies that the rnechanism of collisional losses may be 

greater than originally anticipated. Figure 4- 1 1 shows another example supporting the suggestion 

of inflating the collision frequency which produces rather encouraging agreement between theory 

and experiment for d l  frequencies below 1.5 GHz. 

Summary. Cornpanson with the exprriments and previous snidies leads to the following 

comments regarding the validity of the transmission-line representation. Modification of the 

cutoff frequency to a higher value as a result of introducing a finite sheath in the transmission-line 

calculations is qualitatively consistent with Laurin's work [Z]- However, differences arise when 

quantitative cornparisons with Laurin's results are made regarding the actual value of the 

predicted cutoff frequency, the attenuation levd of the low-frequency passband, and the lack of a 

change in attenuation at f, . In addition, it was obscrvcd that the quarter-wave resonance 

gradually diminishes with inc~as ing  ambient magnetic field, which does not support the 

prediction of a high-frequency low-attenuation passband. This is to be expected in light of the 

various crude approximations involved in the derivation of the present model. Nevertheless, its 

confonnity to experimental admittance implies its qualitative usefulnass for low-frequency 

calculations. These observations wili hcilitate the interpretation of propagation characteristics 

when analyzing the field-perpendicular antenna. 

4.3 Field-Perpendicular Antenna 

4.3.1 TheoreticaI propagation constant 

Figure 4-12 depicts the propagation constant for the sheathed and sheathless cases for the 
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Figure 4- 12. Field-perpendicular antenna theory: rea1 and imaginary 
parts of propagation constants for a low ambient magnetic field (f, < fp). 

field-perpendicular antcnna. The affect of addition of the finite sheath on die propagation 

characteristics is apparent from Fig. 4-12 for the case of a moderate ambient magnetic field. In 

the sheathless case a complex mode (where the ahsolute values of wavenumber and attenuation 

are identical) exists up to the cyclotron frequençy, followed by a stopband up to the plasma 

frequency. This is followed hy another complex mode up to the upper hybrid frequency and a 

passband above the upper hybrid frequency. Addition of a sheath results in the occurrence of a 

low-frequency passband up to a limiting frequency fi (this frequency would be difTerent from the 
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Figure 4-13. Field-perpendicular antenna theory: real and imaginary 
parts of propagation constants for a high amhient magnetic field (f, >&). 

similarly defined frequency fi for the field-parallel case). This passband is subdivided into a 

highly-attenuated passband up to the cyclotron frequency, followed hy a very-low-attenuation 

passband above the cyclotron frequency up to a limiting frequency fi . Sheath effects thereforr: 

are stronger in the perpendicular orientation than for field-porallel antennas with regard to wave 

propagation dong a conductor in a weakly magnetized plasma. On the other hand, f o r  a strong 

magnetic field, Fig. 4- 13 predicts different shsath effects. For the strong amhient magnetic field, 

the transmission-line calculations suggest virtually identical passband and stopband behaviour 



above approxirnateIy 600 MHz regardless of the existence of a sheath. Below 600 MHz, 

propagation is facilitated by the introduction of a sheath which reduces the level of attenuation. 

This high-frequency sheath-independent behaviour is new evidence which bas not been obsemed 

before, and needs to be experimentally confirmed. 

It has been calculated previously in Section 4.2.2 using estimated values that crossing of 

the cyclotron resonance with the plasma frequency does not affect the propagation characteristics 

for the field-paralle1 antenna For the perpendicular orientation, however, the point at which the 

cyclotron resonance exceeds the plasma frequency marks a dividing line beyond which the 

passband behaviour changes significantly. Figure 4-13 illusuates the behaviour of the 

propagation constant under such circurnstancas. The predicted low-attenuation high frequency 

passband between the plasma frequency and the cyclotron frequency as depicted in Fig. 4-13 has 

d s o  been noted by Adachi [7]. For the sliaathless antenna, theory also predicts the existence of a 

low-attenuation passband between the plasma and the cyclctron frequencies when f, > f,. 

Neither of these theoretical findings were verified through expenments due to the lirniting coi1 

current generating the ambient magnetic field. 

4.3.2 Synopsis by CMA diagrams 

To summarim the above observations, the use of CMA diagrams proves helpful. Figure 

4-14 depicts al1 passhands and stopbands as described by the relative magnitude of the real and 

imaginary parts of the propagation constant. For Iow amhient magnetic fields, propagation with 

Little attenuation is first encountered as frequency increases dong any radial line from DC 

inwards. A dip in the Ievel of attenuation is p ~ d i c t e d  (indicated by the change of symbols from + 

to O) at the cyclotron resonance ahove which a prirnary passband ensues, followed by an abrupt 



probe potentiai = -3.0321 V O: propagation (abs[real(k,,)/imag(X.,)] > 20 } 
8 = 90 degrees x: cutoff {abs[reaI(ko,)/imag(ko,)] c 1 ) 
v = 23.3 MHz +: attenuated propagation ( 1< abs[real(k,)/unag(koc)] < 20 ) 

*: complex mode (abs[rd(k,,~/imag(km)] = 1 ) 

Figure 4-14. Field-perpendiculnr antenna: theoretical propagation 
characteristics displayed on a CMA diagrarn for the sheathed case. 

transition into a stopband. The plasma frequency marks the onset of the complex mode, 

extending up to the upper hybnd frequency heyond which propagation resumes with little 

attenuation. In situations where the cyclotron frequency becomes comparable to the plasma 

frequency, the aforementioned low-attenuation passband becomes narrower and evenuially 

vanishes, being replaced hy more highly attanuated propagation. Lowering of the upper threshold 

of the primary pasband as a result of reducing sheath thickness translates into an outward shift of 

the low frequency, low-attenuation passband on the CMA diagram. indicating a narrower 
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Figure 4-15. Field-perpendicular antenna: CMA diagram for the 
sheathless case. 

frequency range availahla for waakly-attenuated propagation. In the Iimiting casa of sheath 

reduction to zero thickness. this passhand region indicated by circles is cornpletely absent as in 

Fig. 4-15. Variation in collision frequency, on the other hand, has no influence on the propagation 

characteristics other than slightly modifying the frequencies at which passband-stopband 

transitions occur. 

Figure 4-15 presents overall propagation characteristics for the field-perpendicular 

antenna in the absence of a sheath dong the wire. Low-frequency behaviour is characterized by 



a complex mode from DC up to the cyclotron frequency where transition into a stopband occurs. 

Cutoff conditions continue until reaching the plasma kquency.  Characteristics of the stopbands 

and passbands above the plasma frequrncy for the sheathless situation remain identical to the 

sheathed calculations in Fig. 4-14 . A surnmary of the criticd frequencies for sheath resonance 

passbands is presented in Tables 4-1 through 4-3 for antennas with parallel or perpendicular 

orientation with respect to the amhient magnetic field. 



Table 4-1 Calculated Passbands and Stopbands for Field-Parallel Antenna 
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Figure 4-16. Influence of antenna orientation on experimental quarter- 
wave resonances. 

Observation of admittance 

Quarter-wnve resonance. A distinct feature of experimental admittance data is the very 

narrow bandwidth and high magnitude of the quarter-wave resonance. Figure 4-16 provides a 

clear contrast in relative magnitude of the respective quarter-wave resonances of the two antennas. 

The resonance peak of the antenna of interest is much more emphasized than that of the field- 

parailel monopole. This is speculated to hc a consrqurncr of the parallel orientation of the 

monopole with respect to the ground plane. This particular physicd arrangement dong with its 

image more closely resembles the construction of a transmission line, thus resulting in lower 

radiation losses by the antenna, 

Another observation is the dift'erence in kquencies of the quarter-wave resonance 

between field-parallel and field-perpendicular antennas. The field-perpendicular monopole 

exhibits resonance frequencies thar are up to 2 5 2  lowar than its field-palle1 counterpart as 

indicated in Fig. 4-16. A plausible explanation considers the relevant plasma permittivity for each 
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Figure 4-17. Field-perpendicular antenna experiments: influence of 
discharge current on quarter-wave resonance. 

physical arrangement. It is known that the resonance frequency of an antrnna is directly related 

to the specific medium permittivity. Because of the medium anisotropy, calculatition of the field- 

perpendicular effective permittivity requires contributions from ebmcnts K, and K' of the 

dielectric tensor, thus giving nse to a quarter-wave resonmce frequency different from that o f  the 

p d l e l  antenna whose relevant permittivity is given hy n . 

The influence of variation in discharge current on the strength of the resonance is 

illustrated in Fig. 4-17 which shows the relative magnitude of the quarter-wave resonance at two 

different discharge currents. The rffect of the increase in the plasma density is an upshift in 

frequency of the resonance and its diminishing with the amhient magnetic field. 

Sheath wave resononces: characte&tion by bias and magnetic field variation. The 

data of Fig. 4- 18 for the field-perpendiculor an tanna at low cyclotron frequencies reveals that 

admittance variation with frequency helow 500 MHz is dominated hy admittance maxima. Bias 

dependence of these low frequency resonances is especially pronounced at low cyclotron 

frequencies. For cornparison purposes, the data in  Fig. 4- 18 were taken under identical lahoratory 

conditions with the exception of switching from negative to positive b i s .  It was ohserved that 

with the collapse of the sheath, low frequency resonance features have been strongly suppressed. 
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Figure 4-18. Field-perpendicular anknna experiments: Iow-frequency 
dependence of admittance on applied bias. 

An additionai factor conducive to the identification of these resonances as sheath wave effects is 

the observation that the frequency range of these resonances corresponds to plasma conditions of 

cutoff for al1 modes of plane waves. Thus this combination of evidence suggests the existence of 

a low frequency. low-attenuation passhand available for sheath wave propagation in the presence 

of a weak ambient magnetic field. This passhand appears to be restricted in a low-frequency 

region just as predicted hy theory which calculates die upper cuioff to be frequrncy fl . the point at 

which the magnitude of the attenuation hecomes higher than that of the wavenumber. These 

sheath waves are suictly contained below 500 MHz. 

Figure 4- 19 depicts successive measurernents taken with increasing cyclotron frequency. 

It is observed that as the cyclotron frequency rnoves up in frequency through the admittance 

peaks, the sheath wave resonance broadens considerably. This broadening effect becomes even 

more pronounced with furthar increase in the amhient magnetic field. This behaviour thereforr: 

suggests the lower cutoff for the passband to be the cyclotron frequency. This is well supported 
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Figure 4-19. Field-perpendicular antenna: evolution of experimental 
sheath wave resonances with increasing arnbient magnetic field. 

by the theoretical calculations of Fig. 4-12 which predict an abrupt decrease in the attenuation 
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Figure 4-20. Field-perpendicular antenna experiments: influence of 
discharge current on quarter-wave resonance- 

level nt the cyclotron frequency, resulting in a low-attenuation frequency range becoming 

available for sheath wave propagation. It  is interesting to note in Fig. 4-16 that sheath resonances 

for both antennas occur a t  identical frequencias in the presence of a weak ambient magnetic field. 

This observation may warrant further attention in the future. 

Figure 4-20 compares the sheath wave resonances observed at two discharge currents 

with little difference although the quartar-wax resonance has been shifted appreciably. Variation 

in the discharge current does not alter the essential characteristics of the sheath wave resonances 

although their magnitude has heen enhanced by increasing the plasma discharge current. 

Vanation in negative bias setting, on the other hand, sees reinforcemznt of one single conductance 

maximum for more negative antenna bias. as well as resonance-splitting for less negative bias, as 
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Fiyre 4-21. Field-perpendicular antenna expenments: influence of 
applied bias on admi ttance. 
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Fi y r e  4-22. Field-prrprndicular antenna: theoretical vs. expe~imentÿl 
admittance For low ambient magnetic field. 

indicated in Fig. 4-21. Resonance frequencies are also ohserved to undergo a slight upward shift 

with increasingly negative hias. 

4.3.4 Cornparison with transmission line calculations 

Admittance calculations for the field-parallel antenna reveal some limitations inherent in 

the transmission-Iine approach. These are rnanifested in two aspects: 1) calculations of sheath 

wave resonance frequencies are prone to he inaccurate, and 2) departure of theory from 



experiment at high frequencies. Thesa observations become useful when analyzing the field- 

perpendicular antenna. 

Experirnental us. theoreticai a h  &an ce: passbands and stopbands. Figure 4-22 is an 

example of experimental admittance variation with frequency on which theoretical computations 

are superposed. This particular set of results corresponds to an experimental antenna bias setting 

of -2.2V relative to the anode potential. As in the case of the field-paralle1 antenna, experimental 

admittance behaviour at high frequencies eludes the interpretation based on transmission-line 

analysis. Sorne agreement is ohtained for the low-frequency passband below 500 MHz. 

characterized by several well-defined conductance maxima. The sharp definition of the computed 

quarter-wave resonance is rnimrcd by the very Iow bandwidth of its exprrimental counterpart, 

dthough the resonance frequency is not well predicted. Figure 4-22 also depicts the location of 

predicted passbands and stopbands relativr: to the experimental admittance features. For various 

plasma conditions. theory mostly predicts either a complex mode (defined by equal magnitude of 

the =al and imaginary parts of the propagation constant) or a stophand at the location of the 

experimental quarter-wave resonance. Given the magnitude of the observed quarter-wave 

resonance suggestive of very low attenuation, it is evident that the transmission-line mode1 fails to 

predict accurately the position of the stopband. This is not surpnsing realizing the high frrquency 

limitations of the transmission-linr: thaory as applied to the analysis of approximate TM mode 

sheath waves. The presenci: of an experimental "hump" just below the cyclotron frequcncy is 

constant throughout the entire range of plasma conditions encountered in the expenment and is 

paralleled by theoretical çalculations of a Iow admittance peak at the cyclotron frequency. Figure 

4-23 provides another cornparison between the resonance maxima and the location of the 

predicted passband at slightly higher plasma and cyclotron frequencies. It should be emphasized 



sotid: experiment, dashed: theory 
experirnen ta1 conditions: 

discharge current = 10 rnA 
f, = 210 MHz 
antenna bias dative to anode = -2.2 V 

theoreticai parameters: 
0, = 90 degrees 
es, = O degees 
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+: { 1 < abs[reai(k,)/imag(kcIC)] c 20 ) 

- .  

*: ahs[real(k,)Amag(k,) ] = 1 
fi = 375 MHz 

Figure 4-23. Field-perpendicular antenna: theory vs. experiment for 
moderate amhient magnetic field. 

that observation of these esonances is limited to situations in which the amhient magnetic field is 

weak. 

A characteristic evident From theoretical cornputûtions is the broadening affect of 

increasing magnetic field on the shaath wave resonance group. Figure 4-24 shows that the 

experimental resonances hehave exactly in this broadrning pattern with increasing cyclotron 

frequency as predicted, with the admittance tuming into a plateau at low frequencies. 

V a ~ t i o n  of collision frequency. It has been suggested previously that the theoretical 
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solid: experiment, dashed: tlieory 
e x ~ ~ e n t a l  conditions: 

discharge current = 10 mA 
f, = 700 MHz 
antenna bias relative to anode = -2.2 V 

theore ticat parme ters: 
9, = 90 degrees 
es, = O degrees 
Id,  = O. IO6 m. l,,. = 0.03 rn 
p,,= 0.00026 m. p,,= 0.001 1 m 
probe potentiai = -3.032 1 V 
Te = 0.2 eV 

f =836MHz L= 700 MHz 
fui, = 1090 MHz 
v = 23.3 MHz 
s = 0.000i5424.4 m = 12.3697 ID 
O = 3 -4836e-8 
O: propagation {abs[real(k~,,)hinag(kcK)] > 20 ) 
x: cutoff (abs[real(Xc,,,)/lmrig(k,,)] < 1 } 
+: { 1 c abs[reaI(k,,,)hmag(k,)] < 20 ) 
*: abs[real(k,,)Amag(kcK)] = 1 

Figure 4-24. Field-perpendicular antenna: experiment/theory comparison 
showing resonance hroadening effect of strong amhient magnetic field. 

collision frequency may he sornewhat lower than its actual value. evidenced by the narrow 

bandwidth of the experimzntal resonance maxima. Therefore. in Fig. 4-25 a highly inflated 

collision frequency is introduced to calculate its influence on the admittance data. Figure 4-25 

illustrates the darnping effect of a magnified collision frequency on the resonance, resulting in 

closer resemblance between thaory and experiment cornpared with Fig. 4-22. Below the quarter- 

wave resonance, predicted passhands and stophands are well matched by exparimenrd 

conductance features of maxima and plains of minima. Fig. 4-26 is another comparison usine an 
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solid: experimen t, chhed: theory 
experimentai conditions: 

discharge current = 10 mA 
f, = 140 MHz 
antenna bias relative to anode = -2.2 V 

theoretical parameters: 
8, = 90 degres 
O,, = O degrees 
1, = 0.106 m, l,, = 0.03 m 
p, = 0.00026 m. p,, = 0.00 1 1 m 
probe potential = -3.032 1 V 
T, = 0.2 eV 

fui, = 805 MHz 
v = 500 MHz 
s = 0.0001003 1 m = 12,2075 hD 
o = 3.2127e-8 
O: propagation (abs[real(k,,)/imag(k,)] > 20 ) 
x: cutoff {abs[real(k,,)hag(k,,)] c 1 } 
+: { 1 c abs[real(k,,)/imag(k,)] < 20 ) 
*: abs[real(k,,~mag(k,,)] = 1 
fI = 350 MHz 

Figure 4-25. Field-perpendicular antenna: cornparison of theory with 
experiment using intlatzd v = 500 MHz. for a low ambient rnagnetic field. 

exaggerated collision frequency in the cdculations which leads to partial overlapping of the low 

frequency resonances frorn theory and experiment. 

Inmence of sheath conductiviîy. A previous discussion of effective sheath conduc tivity 

indicates that neglecting the rnagnetic fieid action results in estimates of conductivity 

somewhat higher than the actuat effective value. Figure 4-27 illustrates a cornpaison of 

admittance calculated using conductivity dcokrmined hy eq. (2- 16) with the result computed using 

a hundred-fold reduced conductivity. The reduction is observed to produce virtudly idenucal 
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solid: expriment, dashed: tlieory 
e x m e n t a l  conditions: 

discharge curren t = 10 mA 
/,=SI0 MHz 
antenna bias relative ta anode = -2.2 V 

theoreticai parameters: 
8, = 90 degrees 
€4, = O degrees 
l,, = 0. IO6 m, l.,, = 0.03 m 
p, = 0.00026 m. p,, = 0.00 1 1 m 
probe potential = -3.0321 V 
Te = 0.2 eV 

fui, = 856 MHz 
v = 500 MHz 
s = 0 . 0 0 W W  m = 12.3475 hD 
cr = 3 .M5e-8 
O: propagation (abs[real(k,,l/imag(k,)] > 20 } 
x: cutoff {abs[red(k,,,)/tmag(kJ < 1 } 
+: { 1 < ab~[real(k,,,)/imag(k(~)] < 20 ) 
*: abs[real(k,,,)/imag(kOc)] = 1 
fi = 375 MHz 

Figure 4-26. Field-perpendicular antenna: cornparison of theory with 
expenment using inflated collision frequency for moderate arnbient 
magnetic field. 

admittance data, thus its effrct is likdy to he inconsequential when calculating resonance 

frequencies. 

V a ~ t i o n  of sheath thickness. One othrr aspect of theoretical calculations which 

warrants mentioning is the variation of sheath thickness implemented numarically. Figure 4-28 

depicts a cornparision of experimental admittance with theoretical results for an intemediate 

negative bias setting of -0.25V (ktween the experimentd positive and negative bias extremes of 

+2.7V and -2.2V). This corresponds to a sheath thickness reduction to roughly 7 Debye lengths. 
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0, = 90 degrees 
es, = O degrees 
Io, = 0.106 m. ln,, = 0.03 in 
p, = 0.00026 m, p, = 0.00 1 1 m 
probe ptentirtl= - 1 .O821 V 
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v = 23.3 MHz 
s = 0.00027499 m = 7.2926 AD 
dashed: o = 3.9025e4 
sotid: cr = 3.9 025e-6 

Figure 4-27. Field-perpendicular ananna theory: eEect of wrying 
sheath conductivity on admittance. 

The extent to which theory agrees with rxpzrirnent remains limited to the low frequency region in 

which resonances are observed. The only observable effect as a result of the reduction in sheath 

thickness in the cornputations is a slight downshift of the upper cutoff of the low-attenuation 

sheath resonance passband. Funhsr decrease in sheath thickness restrïcts the passband to an even 

more Lim ited frequency range above cyclotron resonance. Properties of high frequency 

propagation remain unchanged as one would expect since sheath variation is a low frequency 

characteristic regardless of the antennli orientation. Characteris tics for the extreme case of sheath 

collapse are displayed using CMA diagram in Fig. 4-15. 

Surnrnary. The most suhstantial insight from the present analysis is the discovery of a 
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experimentai conditions: 
discharge current = 10 mA 
f, = 140 MHz 
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1, = 0.106 m. Z,, = 0.03 m 
p,, = 0.00026 m. p, = 0.00 1 1 m 
probe potentid = - 1-08? 1 V 
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hl, = 805 MHz 
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s = 0.00027499 m = 7.2926 hD 
o = 3.9025e-4 
O: propagation {abs[real(k,,)/imag(kOC)] > 20 ) 
x: cutoff {abs[reai(ku,)/imag(kOC)] < 1 ) 
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Fi y r e  4-28. Field-perpendicular antenna: expenment/theory cornparison 
for a lower applied bias producing a thinner shcath compared with Fig. 4-22. 

low frequency. low-attrnuation sheath wave passhand bounded below by the cyclotron frequency. 

Transmission-line theory has predicted its existence as  discussed in the previous section, and it 

has been confirmed by experimental observation. The upprr limit of this numericdly calculated 

passband, denoted f, . does not relate to familiar plasma parameters. It is interesùng to compare 

this with a previous study by Baker [3] which revealed the existence of a passhand between the 

fuh cyclotron resonance and - for propagation of sheath waves on a field-perpendicular planar 
Ji: 

conductor. The lower cutoff coincides with Baker's prediction. but the upper limit is different 
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. Further, the IeveI of attenuntion in the pasband predicted by the transmission-line 

mode1 is lower than that of Baker's results. This is not surprising because the orientation of the 

ambient magnetic field in the s tudy changes around the of the 

surface and therefore calculating its impedmce becomes a more complicated task In 

cornparison, Baker's analysis involves a perpendicular orientation of the ambient magnetic field 

b a t  remains constant over the conductor surface. 



Laboratory measurement of antenna admittance was conducted emphasizing the low 

frequency range appropriait: for the obmrvation of sheath wave passhands for a cylindrical 

conductor onented perpendicular to the amhient magnetic field. A transmission-line theory for 

plasma-immersed structures was modified to take the ion sheath into account, and to enable 

comparison with experimental admittance results. The computational mode1 was first tested 

against existing literature analyses for the reference antenna to enable plasma diagnostics. and 

subsequently was used to analyze the antenna of interest. The fundamental limitations of 

transmission-line theory preclude quantitative comparison of resonmca frequencies, especially at 

high frequencies. However, the theory dors predict the low frequency. very-low attenuation 

sheath-wave propagation hand ahove the cyclotron frequency as confirmed by the experimental 

observation of antenna resonances within that band- This hand had not been observed before, so 

in practical terms it provides yat another channel for the propagation of EMI on space vehicles. 

The theoretical sheath wava passhand and stopband behaviour is similar to axperimental 

observations, which shows the utility of the transmission-line theory at low frequencies in spite of 

the cmde approximations employed in its derivation. Admittance cornputations were used to 

explore plasma conditions characteristic of the ionospheric environment in which the OEDIPUS- 

C rocket experiment was camed out although comparable lahoratory exprriments were not done. 

Future work should invdve experirnents with higher plasma magnetization which more 

appropriately corresponds to the conditions encountered by the OEDIPUS-C rocket. Moreover, 



experiments with antenna length variation would facilitate quantitative analysis of the sheath 

wave resonance behaviour. 



DERIVATION OF PLASMA FREQUENCY FROM EXPERIMENTS 

The Iowest resonmce of a monopole in free space occurs at a frequency f, when the mono- 

pole Iength H is equal to a quanrr wavelrngth, thnt is, 

H 

In a cold, lossless, isotropic plasma of perrnittiv ity E, = eOKO, this resonance occurs at 

C H =  (A-2) 
4 f r &  

Equating the right sides of the first and second cquations gives 

C 

To approximately 

paraIlel antenna- 

account for the d e c t  of. the  magnetic field, K ,  

For a collisionless plasma, 

(f)1 f2- f:qp 
K'= 1-  - - 

f2-If 

Therefore, with f = f,, eq. (A-3) c m  be ra-written as 

replaced by R for the fiald- 



S o l h g  (A-5) for the plasma frequency yields 
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