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Abstract. By using phased bifilar antennas, helicon waves have been excited by
applying fields which rotate either in space or in time, or both simultaneously. The
direction of rotation is made to favour either m = +1 or m = —1 waves, where m is
the azimuthal mode number, and m is measured directly. Rotation in time is found
to be more effective than rotation in space and makes possible a direct comparison
of m = +1 excitation. An m = —1 structure was seen only in the antenna near field,
while m = +1 modes propagate far downstream. Up to 2 kW of RF power, density
profiles and antenna loading measurements show that m < 0 (left-hand) waves are
poorly coupled, and m = +1 (right-hand) waves are necessary for good plasma
production. Loading results indicate that antennas also couple to absorption
mechanisms unrelated to helicon waves.

1. Introduction waves indirectly by assuming that an antenna with the
proper helicity actually launches am = —1 wave [5, 8],
Helicon wave discharges are known to efficiently produce or by comparing radial density and wave field profiles
high-density plasmas [1,2], and have been exploited asto theoretical models [6]. Kimet al [7] inferred the
a high-density plasma tool for semiconductor processing existence ofm = —1 waves from azimuthal standing-
[3,4]. The physical mechanisms that give these dischargeswave patterns in the density, although it was not clear
high ionization efficiency are not yet understood well if there were any propagating modes in the system. In
enough that an optimal plasma source can be designedpapers in which multiple magnetic probes were used to
This paper addresses one of these problems, that of antenngheasure directly the polarization direction [10,11], only
coupling. Almost all early experiments employed the so- right-hand fz = +1) rotation was observed. The paper
called Nagoya type Il antennas, characterized by straightof Shinoharaet al [6] is not clear on the azimuthal
conductors collinear with the DC magnetic fieRh. Since  phase determination. In section 6.3.1, we show that
helicon waveforms are helices that rotate in both space andambiguities in such measurements can arise because the

time, one can couple better to them with antennas that aredominant polarization direction changes with distance from
themselves helices or with antenna fields which rotate in the antenna.
time. A physical picture of these mechanisms is given  Bifilar antennas phased to produce fields rotating
in section 3. Though each of these methods has beenin time have been used extensively in magnetic fusion
tried previously, they have not yet been compared or tried research, for instance in the work by Watati al [12]
simultaneously. We shall find that rotation in time is the for which Nagoya type Ill antennas were named. Such an
stronger mechanism, enabling us to force the generation ofantenna was used for helicon waves by Yasaka and Hara [9],
helicons of eithern > 0 orm < 0 polarization, as defined  pyt all these were straight antennas, which did not match
in section 3. Use of space and time rotation then permits ustpe spatial rotation of the waves. Differing experimental
to study a second problem, that of the asymmetry betweenconditions could also lead to disparities in the results. For
m = +1 andm = —1 azimuthal modes. In this paper we jnstance, the helicon waves were often generated in a small
attempt, not to explain this asymmetry, but to provide data type and then injected into a larger chamber [5, 6, 8, 9], thus
which can be used to compare with theory. violating boundary conditions used in existing theories. In
Though left-polarized whistler waves do not propagate some cases, a full-wavelength antenna was used instead
?n an infi.nite. plasma, they should, in principle, be. possible of g half-wavelength antenna [5, 6]; a light ion was used
in a cylindrically bounded system a8 < O helicons,  jnstead of argon [9] or the magnetic field was extremely
but they are not usually observed. Published reports of yniform [7]. Different radial density profiles can change
m = —1 helicons have been conflicting. They have been the wave patterns [11], and the operating pressure can affect
seen in some experiments [5-8], but not in others [9, 10]. the damping ofn = +1 waves. Reflections from endplates
Some of the positive reports have identified = —1 can cause am = +1 wave, for instance, to appear on the
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the pressure between 2 and 20 mTorr did not change our
conclusions.) In spite of the differing conditions, all these
experiments, including the one reported here, are in general
agreement thatn = —1 waves are weakly excited or are
rapidly damped even when the antennas are optimized for
them. This large asymmetry cannot be explained in simple
terms, but recent calculations by Arnush and Chen [13]
successfully predict the asymmetry as long as the density
profile is radially peaked.

2. Helicon theory

Helicon waves are cylindrically confined electromagnetic
waves in the frequency range.; < o < w.. A simple
dispersion relation for them, obtained by neglectingo.,
w.;/w, and the displacement current, can be found in [14],
based on previous work quoted therein. In the absence of
dissipation, the dispersion relation for a uniform plasma
reduces to the classic relation for low-frequency whistler
waves:

1)

wherek? = |k|?> = k7 + k|, k is the wavevectork, and

k, the parallel and perpendicular wavenumbdsg,the DC
magnetic field andig the electron density. The values of
k, andk; set by the boundary conditions generally differ
little between the cases of = +1 and—1 waves. For flat

or peaked density profiles, the = —1 mode has a higher
value ofk, resulting in stronger localization towards the
plasma axis [15]; however, this effect is not so severe
that one would intuitively expect very weak coupling to
this mode. Therefore, the observed difference in coupling
betweenn = +1 andm = —1 waves is difficult to explain

in terms of the dispersion relation alone.

However, more complete calculations [13,16] that
include antenna coupling, plasma inhomogeneity and
damping indicate strong differences in the excitation of
m = +1 and—1 modes. For the helical antennas used here
and typical experimental plasma profiles and parameters,
the plasma loading for thez = +1 mode is predicted
to be 27 @, compared with @6 @ for m -1, in
rough agreement with our observations. These predictions
were obtained from a code [13] that includes coupling to

w = kk” Bo/en()//,o

m<0

Figure 1. Wave vectors in a (a) positive (m/k > 0) and
(b) negative (m/k < 0) helix.

field vectors rotate clockwise in time when viewed along
By. This is right-hand (RH) polarization. Negativethen
indicates left-hand (LH) polarization. In this paper, we
consider the values: = +1. Anm = +1 (RH) wave
can have either positive or negative helicity (sigrmofk),
depending on the sign @f Figure 1(a) shows a waveform
of positive helicity. If the wave moves in thez direction

(k > 0), a stationary observer would see the vectors rotating
in the clockwise direction as viewed along this is an

m = +1 (right-hand polarized wave). On the other hand,
if the waveform were to move in thez direction & < 0),

the wave would be am = —1 (LH) wave. Similarly,
figure 1(b) shows a waveform with/k < 0, and this could
represent either a RH wave moving in the direction

or a LH wave propagating in the-z direction. In the
experiments, a single helical antenna can be used to launch
bothm = +1 andm = —1 waves by reversing the direction
of By.

3.2. Polarization of antenna fields

Trivelpiece—Gould electron cyclotron modes (by inclusion As explained in previous papers [2, 14, 17], Nagoya type IlI
of finite electron mass), as well as terms arising from the antennas (figure 2) couple to the electrostatic field of a
plasma density gradient. It is the latter effect that causeswave by generating space charges with the inducdig!d.

the asymmetry between = +1 and—1, but the physical This coupling mechanism had been established in a large
reason is not obvious. body of work on cyclotron isotope separation, of which
the only published account was given by Chen [18]. The
legs of the antenna carrying current parallelRBg are the
active ones; the end-rings used to close the current loop
make a relatively small contribution if the length/diameter
aspect ratio of the antenna is large. For clarity, a full
Linear helicon waves have circularly polarized eigenmodes wavelength is shown; this is twice the length normally
with electric fields varying a€ (r) exp[i(m6 + kz — wt)]. used in experiments. As the currefitin the antenna legs

3. Polarization

3.1. Polarization of waves

At any instant of time, theE-vectors therefore lie on a

twisting ribbon, as shown in figure 1. In the sign convention
we have adopted, positive denotes propagation along

Byz, and negativek in the opposite direction. Positive

m means tha# increases with time, so that, for fixedthe
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increases, ai-field in the opposite direction is induced in
the plasma by the rising magnetic field of the current. The
electrons are driven by along the magnetic field until
they meet electrons driven the opposite direction in the next
half wavelength; thus, a space charge piles up where the
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current would be zero at that time (figure 3(b)). At 180
phase, the wave is aligned with the opposite leg of the
antenna, but the antenna current has reversed, so excitation
resumes (figure 3(c)). Am = —1 mode of the same shape
would propagate in the-z direction and be in phase with
the excitation for the same fraction of a cycle. However, a
wave of opposite helicity, representing eitheran= +1
mode withk < 0 or anm = —1 mode withk > 0, would

not match the antenna field at all and would receive no net
excitation [10]. Thus, a helical antenna divides its power
between only two modes and is more efficient for circularly
polarized waves than a straight antenna. However, it still
offers no excitation when the relative phase is at 90 or 270

3.3. Rotating antenna fields

To further improve the coupling ta = +1 modes, one can
create antenna fields which rotate in time by building bifilar

Figure 2. A straight Nagoya type Il antenna, with a . - .
g g doya yp antennas with two windings driven at the same frequency

plane-polarized wave at phases of 0, 90 and 180°. The

thick arrows indicate the induced electric field as the but 90 out of phase. This is commonly done in fusion
current in the antenna rises, generating the indicated space applications, but not for helical waves. (Indeed, helicon
charges in the presence of a plasma. The lines in the discharges were foreshadowed when Wattrial [12]

waveform represent the E-field vectors of the wave. reversed the rotation of an ion-cyclotron heating field and

accidentally created a much higher density.) Figure 4(a)
antenna currents change sign. Inman= 1 configuration, shows a straight Nagoya type Il bifilar antenna. If the
the space charge is of the opposite sign across the diametetwo pairs of legs are driven with 90phase difference,
and this gives rise to a transvergefield which couples to  the net internal space charge and electric field produced
the diametricE-field of the helicon mode pattern [14]. In by the antenna at fixed can be made to rotate in time,
this antenna, the transverggfield induced by the current  as in figure 4(b). If the rotation is in the RH direction,
in the end-rings is in the same direction as the electrostatican m = +1 mode, whether it is a negative helix with
field of the space charges but is relatively small. The k > 0 or a positive helix withk < 0, would see the
straight antenna of figure 2 would couple best to a linearly maximum antenna field aligned with its owitfield at all
polarized wave, as shown. In figure 2(a), the maximum times. However, the excitation is still inefficient because
of the wave'sE-field coincides with the maximum of the the antenna’s rotating field does not rotate in space and
transverseE-field caused by the space charge. A quarter- therefore is not aligned with the wave at all positians
period later, the wave will move so that its maximum With the opposite phasing, this antenna would drive an

coincides with a null in the antenna field (figure 2(b)). At m = —1 wave, regardless of the sign & Thus, a
that time, the antenna current is also zero. At a phasestraight bifilar antenna can be made to discriminate between
of 180 (figure 2(c)), the wave maximum has moved to m = +1 andm = —1 waves.

the next half-wavelength section of the antenna, but the  If now the two windings are twisted into helices, as
antenna current has also reversed, so the excitation is agaishown later in figure 9, the phasing of the two windings
in phase. Waves propagating in the opposite direction arecan be made to select the signmf while the helicity can
subject to the same excitation. Thus the antenna divides itsbe chosen to select the signigfoncem is fixed. Thus all of
power into four channels: waves going in tfie directions, the power can ideally be coupled to a single helicon mode.
and the RH and LH waves which comprise each plane- The match between the antenna field and the wave field
polarized wave. As with all finite-element antennas, there would be perfect if the antenna currents were distributed
is also a less than perfect overlap between the antenna fieldsinusoidally iné and z, and if the antenna were infinitely
and the wave field because the latter varies sinusoidally inlong. In practice, antennas are on%yto 1 wavelength
bothz andé, while the antenna’s field is localized near the long, and there are end rings to close the current loop, as
conductors in thé-direction and near the leg junctions in  shown in figure 5(a) for a straight antenna and figure 5(b)
the z-direction. As a function of time, there is an additional for a helical antenna. These effects further broaden the
inefficiency because there is no excitation when the antennak-spectrum of the antenna and cause energy to be lost to
current goes through zero. modes that have undesired wavelengths. From figures 2
With a helical antenna (figure 3), the pattern of space and 5, one sees that the, -field induced by the current
charges would also be helical and therefore match thein the end rings adds to that generated by the parallel legs
pattern of anmm = +1 wave. In figure 3(a), the antenna if the antenna is straight, but opposes it if the antenna is
field is lined up with a wave in the form of a left-hand helical. This effect causes helical antennas to have higher
helix. If the wave is anm = +1 mode propagating in the  harmonic content than straight antennas.
+z direction, it will have moved 90out of phase with the It is also possible to phase the windings at an angle
antenna after a quarter period (figure 3(b)), but the antennaother than 90. In particular, if the angle is®0one obtains
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T

Figure 3. A right-hand helical antenna with an m = +1 circularly polarized wave at phases of 0, 90 and 180°. For clarity, the
full-wavelength antenna has been divided into two half-wavelength antennas like the ones used in the experiment. When the
halves are joined, the middle rings are not necessary, since their currents cancel. Black arrows indicate rising current in the
conductors. White arrows indicate the electric field induced in the plasma. These arrows and the resulting space charge
symbols are shown only for two azimuths; the whole pattern twists with helical symmetry.

excite a larger wave. In this experiment, as in earlier work
[2], we find that there is little or no advantage in paddle-
shaped antennas.

4. Apparatus

The plasma was contained in a quartz discharge tube 1.7 m
long and 50 mm in outside diameter with 2 mm thick walls
(figure 8). The centre of the antenia=£ 0) was positioned

=3 5 : 37 cm from the pump end of the discharge tube. Typical
. e -4 i operating parameters include a uniform axial magnetic field
By of 800 G, filling pressure of 20 mTorr, and 27.12 MHz
(b)

RF power up to 1800 W. The axial field was pulsed for
200 ms (typically every 4 seconds), with the 50 ms RF
Figure 4. (a) A straight bifilar Nagoya type Il antenna with pulse triggered during the latter half of the field pulse when
two m =1 windings phased at 90° in time. The current the applied magnetic field was constant.
returns have been suppressed for clarity. (b) The electric
field generated in the plasma under the antenna at five
different times during a half cycle. 4.1. Antennas

The bifilar antennas (figure 9) each consisted of two
the equivalent of the paddle-shaped antenna (figure 6) usedseparate current paths; each element being a half-
by Boswell [1]. If we neglect the current returns and focus wavelength right-helical antenna of the type used previously
on the legs of the antenna parallel B the Boswell-type  [19]. The elements were spaced ®imuthally from each
antenna is equivalent to splitting each of the legs of the other. For such an antenna, the dominant azimuthal Fourier
antenna in figure 5(a) into two legs carrying current in component ism| = 1. The axially directed components
the same direction. This could be advantageous for theof the antenna were made of copper strap 0.5 mm thick
following reason. An ideal Fourier mode would have an and 10 mm wide, while the end rings were 3 mm wide
amplitude that varies sinusoidally in th# direction, as with 52 mm diameter. The antennas were placed as close
shown in figure 7. A simple Nagoya lll antenna drives as possible to the outer surface of the discharge tube so
this waveform with currents located at two azimuths, say, as to minimize the capacitance to ground and maximize
at 90 and 270. By splitting the current into two paths, the antenna’s self-resonance frequency, which is desirable
the Boswell antenna drives the wave at four azimuths, say,when loading measurements are to be performed.
at 45, 135, 225 and 315. The peak of the driven sine Three different bifilar antennas were used, each with
wave is higher than would be produced by a simple Nagoya the same design as described above, but having different
antenna with the same current in each leg. However, sincelengths of 5 cm, 10 cm and 20 cm, corresponding to
there are four legs in a Boswell antenna, it is not clear expected dominant axial wavenumbers of 62.8, 31.4 and
whether or not the same power out of the supply would 15.7 m™!. Each element was centre-fed by a 10 cm length
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Nagoya Il Antenna Right Helical Antenna

(@) (b)

Figure 5. Realistic Nagoya-type antennas with end rings and current feeds: (a) straight, (b) helical.

/ T - - l'\ radial magneticand  dc magnetic
| \ - | \ quartz tube  Langmuir probes coils
| |
| 111 — B
(I (I
¥ ——*—“Li—- ¥ to pump
— - — -—V “——" ntenna  525feed  axial magnetic and
Langmuir probes
Boswell Antenna Figure 8. Schematic diagram of apparatus.

Figure 6. A paddle-shaped Boswell antenna.

F——10cm—

centre feeds

i

0 90 180 270 360
azimuthal angle (degrees)

Figure 7. Mechanism of the Boswell antenna. A
two-legged antenna simulates a sine wave by applying
current at two angles (shaded bars). A four-legged antenna ) " ) .
would simulate the same sine wave with less current in Figure 9. Bifilar antennas used in the experiment.
each leg (solid bars).

of RG8-U coax. Therefore, even for the 20 cm antenna, the power

! . *‘D L
electrical length of each element was only a small fraction Al

of a free space wavelength at 27.12 MHz, allowing the e
assumption of a lumped component model for the antenna. @ T
In order to reduce the capacitance between each antenna 1.8kW

27.12MHz

element, the elements were axially separated from each
other by 6 mm so that the end rings did not overlay each
other. Thus, the major contribution to the mutual coupling R,
between the elements was the mutual inductance between
the end rings of each element.

iP

Figure 10. Equivalent circuit used for phasing and
matching.

4.2. RF circuits

Figure 10 shows a matching circuit for the bifilar antenna, with directional couplers to measure the forward and
designed to allow arbitrary phasing between the elementsreflected power, together with identical current transformers
for most plasma loads. The circuit is composed of a (>70 MHz bandwidth) for each antenna arm, placed as
standardL-network in series with the two resonant arms, shown in figure 10. Details on the RF circuitry are given
shown in figure 10. Loading measurements were madein the appendix.
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and was typically swept in voltage ava 5 msperiod.

discharge : - The temperature was measured from the region of the
tube shielded b, coil ‘ot :
tatched & flat I-V characteristic between the floating potentigl and
flexible feeder Vf + 2KT,.
b, coil insulated
cavil
x4 5. Antenna nomenclature
(a) guide B

b, coil

machine earth

azimuthally slotted
copper tube

discharge tube

We have adopted the following notation to describe antenna
phasing and helicity. For our right-helical antennas,
propagation in the direction of magnetic fielf8y is
expected to favourm = +1 excitation. WhenBg points

in the direction of the long section of the discharge tube
(where all measurements are performed), the arrangement

shielded twisted
pair lead

®) —

Figure 11. Edge magnetic probe diagnostics for the wave
fields (a) B, and (b) By.

is denoted asM = +1’, in anticipation thain = +1 waves
will be excited in the experimental region. Likewise, upon
reversing the DC field, théBy and antenna combination
will be denoted asM = —1".

Clockwise or anticlockwise field rotation can be
produced by phasing the currents to the two antenna
elements separated by 90 degrees. The situation with
clockwise field rotation (when viewed in the direction of

) ) ) ] By) will be denoted asm’ = +1’ (again, in expectation
Magnetic probes were used to obtain azimuthal profiles of 4t ,,, — +1 waves will in fact be launched), while

the wave field in its evanescent region just outside the tube. nticlockwise rotation will be denoted byn* = —1.

Two probe guides, shown schematically in figure 11, were 1t is important to note that, in the azimuthal profiles
constructed for this purpose. The first guide was a groundedy, pe presented, the unit vectdr is always defined in
copper tube surrounding the discharge tube, slotted in they,e girection of B,. Therefore, upon field reversal, the
r and directions, and movable in thedirection. Aten-  azimythal angle is transformed to-6. However, this has
turn coil oriented forB, detection was threaded through pe advantage that a positive slope on a wave pliaptst
the probe guide, and its position moved on a shot to shot always corresponds to an > 0 mode, while a negative
basis, thereby building up an azimuthal phase and amplitudes|0pe always corresponds to an< 0 mode.
profile of the wave field. The coil was fed to a hybrid Finally, as explained in section 3, if the antennas used
combiner (balun transformer) via a shielded twisted pair. \yere of straight (non-helical) design, then for a given
The second guide was a non-conducting tube around thephasing (saym’ = +1),m = +1 waves would be expected
discharge chamber through which a flat, flexible copper foil 1o pe jaunched with equal amplitude in both directions. It
pro_be s_haft could be ms_erted. 'I_'he axis of the probe 90l|WaSis the antenna helicity which causes an asymmetry in the
maintained accurately in the direction for B, detection.  gjrectionality, since, for example, a right-helical antenna
Coil alignment was checked by driving RF current down tayoursm = +1 propagation in the- direction, andn =
a wire suspended along the axis of the discharge tube;_j propagation in the-2 direction. Thus, in the following
azimuthal scans with thg. probe gave signals only a few  regylts, the sign of’ may be considered to control the field
per cent of those from th&, probe. TheB, probe also  rotation under the antenna and the consequent coupling to
accurately reproduced the flat = O profile expected for propagating waves witlm = m’, while the sign of M
this arrangement. Azimuthal profiles of the edge fields were ¢ontrols the directionality by favouring the launching of
obtained at three different positions between the magnetyyaves withm = M down the long section of the discharge
coils, atz = 11.8 cm, 35.5 cm and 59.7 cm from the tybe (andm = —M up the short length). The relative
antenna midplane. Thus, near-field measurements wergmportance of the signs ofi’ and M in determining wave

obtained at a distance of only 1.8 cm from the edge of generation is the main point of the results presented below.
the 20 cm antenna.

A third magnetic probe was used to obtain axial profiles
of B,. The design of this probe was similar to that used in
previous experiments [19], except that a shielded twisted
pair was used as the transmission line between coil and
balun. With a Helmholtz coil, all magnetic probes were Figures 12(a) and (b) show a collection of axial density
calibrated in amplitude absolutely, and the phase to within profiles (obtained at = 0) for a variety of phasing cases
180 degrees of the antenna current. All measurements haveand for antenna lengths of 10 and 20 cm, respectively.
been normalized to the antenna current. The casesM,m’) = (+1,41) and (M, m") = (-1, -1)

Fully compensated, swept Langmuir probes (employing are shown; these cases represent those where one would
both resonant chokes and a large auxiliary electrode), wereexpect favourable excitation ofi = +1, andm = —1,
used to obtain both axial and radial density and temperaturerespectively, towards the long end of the discharge tube.
profiles. The probe tip was cylindrical and made of carbon, Also shown are the ‘crossed’ cases, whér,m’) =

4.3. Magnetic and Langmuir probes

6. Results and discussion

6.1. Density profiles
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(M, m') = (+1, +1)
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4 pomrn Figure 13. Axial temperature profile at r = 0 for the case
(b) mm (M, m') = (+1, +1), showing the temperature decay along
L=20cm B, the discharge tube. The scatter of the points indicates
37 — reproducibility of the data. The systematic error in RF
a o (:1, 1) compensation is estimated to be less than £0.2 eV for
e 5l e A (—8=0 | densities above 10 cm=3. The rise in T, at large z is
2 o caused by insufficient RF compensation at low densities.
[~
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" L=10cm [em=a |
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§
Figure 12. Axial density profiles at r = 0 for the four cases 9,2
m' =+1, M = 41, together with the case of By =0 for <
(a) the 10 cm antenna and (b) the 20 cm antenna. The ok
vertical lines indicate the antenna region. 1 J >
0 ; {—2090q000g

-40 -20 0 20 40 60 80 100 120

(+1, —1) and (-1, +1). The By = 0 case is shown for z(em)
comparison. Figure 14. Axial density profiles at r = 0 for the 10 cm

For both antenna lengths, there is a clear disparity antenna with M = +1, for the cases m’ = +1, m’ = -1, zero
between the(M,m’) = (+1,+1) and (-1, —1) cases. phasing and single antenna only. The vertical lines indicate
Except for the cases aBy = 0 (which are symmetric the antenna region.
about the antenna region), th#, m’) = (-1, —1) plasmas
represent the lowest-density discharges, at least on the long greater power flow towards the short side of the discharge
side of the discharge tube. Theés, m’) = (+1, +1) case tube for the(—1, +1) case.
shows a downstream density peak, which from previous Figure 12 also highlights differences between plasma
work is explained by the requirement of pressure balance production for different antenna lengths. The peak density
along the discharge tube [19]. The increase in density alongproduced by thd. = 10 cm antenna is only slightly higher
the tube corresponds to a measured decrease in temperaturéhan by the 20 cm antenna, but the density integrated along
as shown in figure 13. the entire tube is significantly higher. The peak temperature

Previous work on this same apparatus [11], but with measured a short distance downstream from the antenna
a single antenna, also showed poorer plasma productionis also about 0.5 eV higher than for the 20 cm antenna.
in the downstream region for the case of = -—1. Despite similar peak densities, there is a marked visual
However, the difference in density betweéh= +1 and difference between the discharges: for= 10 cm, there
M = —1 was not as severe as the differences between theis a brighter pencil-like core region produced. Possible
(M,m’) = (+1,+1) and (-1, —1) cases observed here; reasons for the difference in plasma production efficiency
instead the differences were comparable to those foundare given in the next section.
here between the casé¥, m’) = (-1, +1) and(+1, +1). Figure 14 shows a comparison of different phasing
In these experiments:’” = 41 antenna phasings result conditions for the 10 cm antenna, for a field alignment such
in far better plasma production tham’ = —1 phasings, that M = +1. The two rotating field phasings:( = +1
regardless of the helicity. This is not so surprising if and m’ = —1) are reproduced from figure 12(a). The
m = —1 fields are poorly coupled in general, since it is case of in-phase¢( = 0) excitation (which corresponds
expected that antenna phasing determinesstkspectrum to a Boswell antenna) is also shown, together with the
more strongly than antenna helicity because of the broadcase of single-element excitation—i.e., a single half-helical
k-spectrum of half-wavelength antennas, as explained inantenna, with the second element removed from the circuit.
section 3. For the sama’, the directionality induced by  All cases give similar density profiles (although thé =
the helicity would account for the difference seen between +1 case is slightly superior) except the = —1 case,
M, m') = (-1,+1) and (M, m') = (+1, +1) cases, with which shows weak plasma production. Despite the extra
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Figure 15. Radial (a) density and (b) temperature profiles 0.0 + e A -
for the 20 cm antenna measured at z = 23.5 cm, for -180 -90 (dogn 0 90 180
(M, m) = (+1, +1) and (-1, —1), together with the case ¢ (degrees)
Bo =0. Figure 16. Loading resistance against antenna phase

angle ¢ for the cases M =+1, M = —1 and By =0, for

: _ antenna lengths of (a) 5, (b) 10, and (c) 20 cm. The
effort to enhance the power into the = +1 component vacuum loading is indicated by the horizontal line in each

by phasing, only a modest gain in plasma production is graph.

obtained. The result can be understood if one assumes that

the coupling to then = 4+1 component dominates over the )

coupling to all other azimuthal components combined. That —180 degrees and 180 degrees, with the resultskipr
is, once a dominant fraction of the power in the antenna Shown in figure 16(a)-(c) fo. = 5,10 and 20 cm,
spectrum is coupled to the = +1 field structure (either ~ eSpectively. For each antenna length, the casés ef +1
by rotation in space or time), then strong wave generation @d Bo = 0 are shown. The phasg is defined so that
and plasma production are assured, since other azimutha® > 0 corresponds to C_|°CkW'Se field rotation when looking
components must always account for only a small fraction 80ng Bo (m’ > 0), while ¢ < 0 corresponds ten’ < 0.

of the coupled power. On the other hand, any suppressionTne case ok = +90° corresponds to the special purely
of the m = +1 field results in poor plasma production, rotating wave flelq cases of’ = +1 (the density profiles
since the weak coupling to azimuthal components such for which were given in detail above). Whep = 0 or

asm = —1,2,3, etc must now compete with other non- 180 the antenna field does not rotate in time. Figure 16
resonant coupling processes, which are less efficient forShows clearly thaip > 0 (m > 0 excitation) gives the
plasma production. The dominance of the = +1 superior loading. Strong plasma production and, as will be

component is indeed predicted theoretically [13,16], so Shown below, strong wave generation, is associated with the

these results are not unexpected. The effect of non-resonanf’@xima in the loading fop > 0. It should also be noted,
coupling is examined more fully in the next section. at least for the 20 cm case, that, because of the low value of

Radial density and temperature profiles for the casesvacuum losses for the antenna system, essentially the same
of (M,m') = (+1,+1), (=1, —1) and By = O plasmas  Power is delivered to all plasmas, even for th = 0
are shown in figure 15(a) and (b) for the = 20 cm case. (Power efficiency ranges between 75% and 85%
antenna. The profiles were measuredza& 235 cm. over all the plasma conditions fdr = 20 cm; efficiencies
The (+1, +1) density profile shows strong peaking, while Of up to 90% are achieved for the 10 cm antenna.) The
the other profiles are somewnhat flatter. This presumably differences in plasma production for the 20 cm antenna are
relates to differences in the radial plasma production profile. therefore mostly unrelated to changes in coupled power,
Flatter, or even hollow, profiles would be expected for cases Put must stem from differences in the radial and/or axial

where plasma is formed in the edge regions. power deposition profiles. .
A notable difference between the loading scans for the

three antennas involves the degree of modulation in the
loading curve. Fol = 10 cm, the minimum loading found
The phasing angle¢ between the currents in the at¢ < 0is somewhat lower than that found fbr= 20 cm.
two elements of the antenna was adjusted betweenAs will be shown in the following sections, wave coupling

6.2. Loading results
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is very poor for this phasing; waves are almost non-existent,
with the RF antenna near field dominating magnetic
probe measurements. The loading¢at< O represents
coupling to processes unrelated to wave generation, such as
inductive and capacitive coupling. It is expected that these
processes should be unrelated to wave launching, since
they are non-resonant. For example, capacitive coupling
depends primarily on the antenna voltage distribution, while
inductive coupling (without wave excitation) involves local
image currents within a few skin depths of the antenna. In
devices in whichmm = +1 helicons are not well coupled,
non- resonant loading is especially important, since it would
then determine the division of power between wave and
non-wave processes. Indeed, in some experiments, even
the vacuum loading enters significantly into the way the
power is divided, and a large portion of the available power
may be wasted in heating discrete circuit components.
Compared to well designed wave coupling, non-wave
processes are inefficient for plasma production, presumably

phase (deg)
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because much of the power deposition occurs in the edge

region, where direct losses to the wall will limit the density.
The fact that the non-resonant loading is weaker for the

10 cm antenna may explain the better plasma production

observed for this antenna, since more power may be Figure 17. Azimuthal profiles of (a) the amplitude and

coupled into wave generation. A reduction in capacitive (b) the phase of B, at various axial locations for the case

and inductive coupling for shorter antennas is expected for (M. 1) = (+1, +1).

several reasons. First, for a fixed power and loading, the

antenna voltage is reduced because of the reduced antenngy the antenna spectrum and plasma response. If it is

inductance; this would lower the drive for capacitive assumed that the shorter wavelength for the 10 cm antenna

processes. Second, shorter antennas have less surface arqaunches (on average) shorter wavelength plasma waves,

which would also reduce the capacitive coupling. The a higher plasma density would result by virtue of the

reduced antenna length also means that inductively drivenhelicon dispersion relation (1). However, for the very

image currents in the plasma span a smaller volume, whichshort 5 cm antenna, reduced coupling may result from a

may also have the effect of reducing the non-resonantvery broadened antenra spectrum, where the ‘optimum’

coupling. k; corresponds to a density that is inaccessible due to
Given the superior performance of the 10 cm antenna, power limitations. However, linking the antenna length

a 5 cm bifilar antenna was built in the hope of achieving and density by way of (1) to predict antenna performance

even better plasma production. A plot of the loading should only be regarded as an approximate method since, in

scan is given in figure 16(a). The trend in the reduction practice, the discharge physics is important in determining

of non-resonant loading for shorter antennas is found to the equilibrium. As observed in this experiment, the helicon

continue, with the level almost reduced to zero, leaving only wavelength varies in a WKB fashion according to the local

the vacuum loading as the primary competing channel for density, but the peak density or density directly under the

power dissipation. However, the coupling for this antenna antenna appears to have a weak relationship to the nominal

when phased for wave launching is reduced to less than‘design’ wavelength determined by the antenna dimensions.

1 @, representing only a 60% power efficiency. This is to Detailed wavelength measurements for different antennas

be expected, since the generation of space charge fields byre presented in section 6.4 below.

the process described in section 3.2 is less efficient at low

length-to-width aspect ratios. Nevertheless, a reasonableg 3 Azimuthal wave profiles

axial density profile is still produced for the cage, m’) =

(+1, +1), with an axial profile and peak density similar to Using the external magnetic probe, the azimutiahnd By

that shown in figure 12(b) for the 20 cm antenna. As a Wwave-field structure with the 20 cm antenna was examined

compromise between non-resonant loading in long antennagdor the casesM, m’) = (+1, +1) and (-1, —1).

and weak wave coupling in short ones, the 10 cm antenna

length appears to be optimum for plasma production for 6.3.1. B, profiles. Figure 17(a) shows results for an

5 cm diameter tubes. A similar optimum had been found azimuthal scan of3, at three axial locations, for the case

in early experiments in the same device [2]. (M,m") = (+1,+1). At z = 11.8 cm, the modulation of
The loading results may also be explained by the the amplitude profile is related to the near field induced

concept ofk; matching. In this device, wave damping is by the four differently phased end-ring sections. Further

sufficiently large that axial standing waves are not observed. downstream, however, the strong modulation disappears,

The parallel wavelength must therefore be determined to be replaced by a weak azimuthal modulation. Although
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Figure 19. Azimuthal profiles of (a) the amplitude and
(b) the phase of B, at various axial locations for the case
(M, m’) = (+1, +1).

Figure 18. Same as figure 17, but for (M, m’) = (-1, —1).

the decrease in amplitude with distance could be interpreted6.3.2. By profiles. In contrast to theB. case, theBy
in terms of a decay length for the waves, axial wave beating profiles gave surprising results. Figure 19(a) shows the
(to be described) prevents such a simple interpretation.amplitude profiles for th&M, m’) = (+1, +1) case. The
Figure 17(b) shows the corresponding phase profiles for themodulation of the wave amplitude at all three axial positions
data in figure 17(a). Excitation of the = +1 structure is stronger than for the correspondiy cases. But the
is clearly confirmed, and the purity of the phase profiles, phase profiles in figure 19(b) indicate that an= +1
particularly those taken downstream from the antenna, structure is absent; instead, the near-field profile exhibits
indicate that other modes such as= 0 or m = 2, if complicated phase b(_ahaviour, with ;ﬁajhase_jumps, while
present, must only exist with very low amplitude. The the downstream profiles are essentiaily= 0 in character.
phase shifts between the curves in figure 17(b) indicate Corresponding data are shown in figure 20 for the' case of
that the wave field corresponds to an axially propagating (M) = (1, —1). In contrast to the correspondinfg
wave. However, these data are not useful in assigning aProfiles, theb, field remains at an appreciable level, even
wavelength to the wave, since the phase is only known to aﬁz f: SQ-Tdcmh’ where ;,rl'e plasma is _ver;rq tenuous. Ag?]m,
within modulo 360. Axial measurements inside the plasma the af'f'e phase protiies are :.O inc aracter. SU.C
on a far finer mesh are given in section 6.4. behaviour for theB, field even persists in an unmagne_tlzed
Figure 18(a) shows the amplitude profiles for the case plasma. For_Bo N O. and 35‘5 cm, an appreciable
(M.m') = (—1.—1). The near field shows modulation (m = 0) By field amplitude exists, in stark contrast to
S - g . the corresponding3, case. Previous measurements [11]
S|m|ll<ar d'lto(j.rf]_fat n tflgrur:; 17, bll.Jtt ;he resul;tdi)v\ér;séream IS have also shown anomalous results B3 radial wave
ir];a\ie?y );mlaltla rsgnlwpare d ‘igw:r'u: cea{sivef;( T " 1 C?t' amplitude profiles, where unexpected wings were detected

. ) i at the plasma edge. Such radil scans were not made in
z = 59.7 cm, the signal-to-noise ratio was too small to

. X this experiment.
make meaningful measurements. Figure 18(b) shows the |, order to determine the axial structure of the —

corresponding phase profiles for the data in figure 18(a). feature, a portable, toroidal coil (essentially a high-
The near-field measurement shows the= —1 structure  frequency Rogowski coil) was constructed which could
produced by the antenna, but downstream the profile pe fitted to the outside of the discharge tube at every
exhibits a change in the sign of the slope, and most closely available space between the DC magnet coils. The coil
agrees withm = +1. Hence, the weak downstream as electrostatically shielded and compensated for&ny
field probably represents a vestigial field resulting from flux (although, because the. structure was determined to

the parasitic launching of a small amplitude = +1 bem = +1, little net B, flux was expected to thread the
component. This result indicates that despite strang- coil). The coil discriminates in favour ofi = O structures;
—1 near-field components at the antenpa,= —1 field and the signal, proportional to the line integral &f along

components appear to be damped rapidly in the plasma. the coil magnetic axis, may be expressed in terms of an
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Figure 20. Same as figure 19, but for (M, m’) = (-1, —1).
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Figure 21. Axial profiles of the edge m =0 B; field
structure (amplitude and phase), expressed in terms of an
axial RF current Iz¢, for the cases of (a) (M, m’) = (+1, +1)
and (b) By = 0.

Helicon wave excitation with rotating antenna fields

although there is a stronger decay in the axial direction for
the By = 0 case. The absence af= 0 deformation in the

B, azimuthal wave profiles indicates that this additional
mechanism couples predominantly to tBg field. This
would be expected for axial RF currents flowing in the
plasma.

Because of the lack of axial phase variation, together
with the observation ofn = 0 structure in plasmas with
weak wave coupling, it is unlikely that th&, field at
the edge is related to helicon wave generation. Some
experiments run at lower field and density have found
evidence of nonlinear generation of electron beams excited
at a given RF phase [20]. Such a process would give rise
to an axial current component at the RF frequency. For
the reasons given above, we exclude such a process here.
As a further check, a large electrode positioned to intercept
mostly the core region of the discharge was DC biased
into the transition region of itd—V characteristic. The
RF component of the collected current was then measured.
Although the interpretation of such a measurement is
complicated by RF potential fluctuations, the collected RF
current was about an order of magnitude lower then the
currents measured above, indicating that it is unlikely that
an RF beam current is generated in the core.

In principle, anm = 0 field structure could be created
by inductive coupling. However, for the antennas used
in this experiment theé; = 0 component is very small,
since there are no unbalanced axial current elements at
the discharge tube surface. Furthermore, the antennas
nominally do not have any: = O component, so it is
difficult to envision efficient coupling to am = 0 feature.
Instead, it is more likely that local inductive coupling under
each component of the antenna explains the non-resonant,
highk, features observed in the near-field measurements,
although a detailed explanation of near-field data is difficult
due to the various sources of field interference between the
helicon waves, inductively coupled field, and the= 0
structure.

A more plausible explanation concerns the details of
the experimental arrangement. The discharge tube is
surrounded for 1.5 m of its length by electrically continuous
DC magnet coil mounts, spaced 1 cm from the outer tube
surface. When the plasma is excited, the arrangement
mimics that of a coaxial cable with the plasma column as
the centre conductor. If an RF voltage appears between the
plasma surface and the coil mounts, the radialield in
the annular air gap can excite a transverse magnetic mode
with an axial RF current, am = 0 By-field and anE.-
field determined by the parallel resistivity of the plasma
surface. Then = 0 structure can be easily provided by
the antenna voltage distribution, in contrast to the antenna
current distribution. The 18@hase shift across the antenna
and the reduction in current on the short side of the
discharge tube are consistent with this hypothesis. The axial

axial RF plasma current. Figure 21 shows measured axialcurrent profile suggests that the transmission line should be
profiles of them = 0 edge structure for the 10 cm antenna modelled as an open-circuit line with a current node at the

for the cases ofM,m') = (+1,41) and Bo = 0. In

end of the plasma column. However, a detailed model

both cases there is very little axial phase shift, and & 180 incorporating losses and the equivalent driving voltage is
phase jump occurs across the antenna. Also, the maximummeeded to determine the validity of this hypothesis. This
magnitudes of the RF current are similar in both cases, non-wave coupling mechanism can also be elucidated by
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Figure 24. Comparison of the local axial wavelength for
the 10 and 20 cm antennas with the corresponding axial

. . density profiles.
using the shielded antennas that are planned for the future.

Whatever its exact nature, the non-wave effect, which spans

all the discharges studied, may in part explain the non-

resonant coupling observed in the loading data. The resultsonly 10% for an order of magnitude decrease in the filling
also suggest that, for this type of experimental arrangement,pressure from 20 mTorr to 2 mTorr. This is not surprising,
the edge By-field is not a good wave diagnostic. In since the dominant collisional damping is expected to
principle, such an effect could also occur in conducting- be associated with ion—electron collisions at these plasma
wall discharge chambers, so long as a well defined vacuumdensities. Changes in filling pressure do not impact strongly
region exists between the plasma surface and wall, and thereon the densities achieved, except for the tendency of low-
is a sufficiently strong radial RF electric field set up across pressure discharges to extend slightly further down the

the vacuum gap. discharge tube. We have observed that the beat patterns
can be modified by changes in pressure.
6.4. Axial wave profiles Figure 23 shows near-field, amplitude under the

20 cm antenna for a variety of cases. The near field for

Axial B, wave field profiles were obtained using the dogleg (M, m’) = (+1, +1) has the largest amplitude among all
probe at a fixed radius = 0.7 cm. Figure 22 shows cases, followed byM, m") = (-1, —1), the vacuum field
the axial variation of the amplitude and phase Rf for and finally Bo = 0. The vacuum andBy; = 0 plasma
(M, m") = (+1, +1), for both the 10 and 20 cm antennas. show strong axial wave field decay, as does the case for
In both cases there is a monotonic phase variation along(M, m’) = (—1, —1). This again indicates that the = —1
the discharge tube indicative of an axial travelling wave, field is poorly coupled. FoiBy = 0, strongB, shielding
showing that there is indeed strong wave launching for is expected on the scale of the resistive skin depth, so
this antenna phasing. Each amplitude profile exhibits a the weakness oB, measured deep in the plasma is not
similar decay length of about 60 cm but with considerable surprising. For the magnetized cases, in the absence of
modulation, especially for the case of the 20 cm antenna. Awave generation, the magnetic skin depth determines RF
similar effect was observed previously [21] and is related field penetration into the plasma, and this would explain the
to the beating of different radiah = +1 modes having  enhancement of thg, field under the antenna, as compared
different k,-values. The 10 cm antenna produces the to the unmagnetized case. TBe vacuum field (measured
stronger normalize®, field, in agreement with the loading for quadrature phasing) decays rapidly just past the last
results, where wave loading was largest for the 10 cm antenna end ring.
antenna. More detailed data on the phage than shown in

Variations in filling pressure only weakly affect the figure 22 can be used to determine the local wavelength, in a
axial field profiles. The axial decay length increases by WKB sense, by defining = 27 dz/ d¢. In figure 24,1(z)
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(obtained from a polynomial fit of the smoothed phase data) Appendix

is plotted for both 10 and 20 cm antennas. In each case,

the minimum wavelength is obtained in the far field, at the A.1. Matching circuit
position of maximum densities found in figure 12. This is
consistent with the helicon dispersion relation. This result

reproduces previous results obtained #6r= +1 antenna The equivalent circuit includes the uncoupled resistive and

excitation [11]. An interesting feature of the results in inductive components of each element (denoteckbyand
figure 24 is that for each antenna the measured wavelength, respectively), together with the coupled inductanée

in the regign under the antenna does not correspond exactljp ¢ appears in series with the two arms. The resistance
to the design wavelength. The fact that the 20 cm anten_naRc due to plasma losses associated with the mutual flux
produces a somewhat shorter wavelength than the designpreading the elements is also included for generality.
:;Xii:ﬂfgngtsoaggncnaag Zem%);gilagge:;g ;Tseof?\(;v?a; ]ESI?_Qua}drature phasing of the currents in the two elements is
achieved by adjusting the reactance of each of the arms
wavelength component. A contribution to this component it the tuning capacitor€; and C», so that the total
is made by the end-rings, which are in fact driven in phase ggries reactance of one arm4§R,, while the reactance
over the antenna length. It is also found that a shorter of the other arm is-jR,, whereR, is the series resistance
wavelength is produced under the 10 cm antenna thangf each of the elements (composed of parasitic losses plus
under the 20 cm antenna. This observation implies that an equivalent series resistance due to the presence of the
the antenna length determinksfor regions under or near plasma). In this case, the two arms in parallel form
the antenna, but in the far field the WaVelength Changes to f|ta resonant tank circuit with a resistive input impedance
the local dispersion relation, regardless of the wavelength g, . The standard.-network is then used to match this
at launch. resistance to 50 ohms. Zero phasing can be produced by
setting the arms to an equal impedance, while intermediate
phasings are produced by setting the reactance of the
7. Conclusions arms to the appropriate (oppositely signed) values. A
potential disadvantage of this system stems from the fact
Several conclusions on antenna coupling can be drawnthat the phasing depends on the loading. However, in these
from this investigation. First and foremost, the polarization experiments, the delivered power is quite constant. Except
direction is more sensitive to temporal rotation of the for a short-lived transient at the start of the discharge,
antenna fields than to spatial rotation. Second, left-handthe loading, and consequently the phasing, is constant
polarized waves are poorly coupled under all conditions throughout the discharge.
and also damp rapidly, but they can be excited by proper
phasing in both space and time. The dominance of right- A 2. | oading measurements
hand waves is in agreement with calculations which take
the density profile into account. Third, since the plasmas The antenna power, current, and voltage were measured
produced byn < 0 phasing have low density and exhibit an with dirgctiqnal couplers and the current transformers
absence of waves, we conclude that- 0 helicon waves ~ Shown in figure 10.  Each current transformer was
are necessary for good plasma production. With this mode, €lectrostatically shielded from the high-voltage primaries
the superiority of helicon discharges over ICP discharge @"d placed in a separate shielded housing. A capacitive
with Bo = 0 is clearly shown. Fourth, the wavelength of voltage divider was also installed on one of the arms.
the waves in the near-field appears to be determined byCrosstaIk between the two current probes and the voltage
the antenna length, but as the waves propagate downstreari"0Pe Was measured to be less than 2%. o
the wavelength changes to match the helicon dispersion ~ With knowledge of the power into the matching circuit
relation. Fifth, externaB, probes may be influenced by a  (forward powerP, minus reflected powe#, ), and the RMS
waveguide mode travelling in the space between the plasma2ntenNa Currentt.,;1 and/2, the resistive loading of the
and an outer conducting boundary. This diagnostic should antennak,,; can be computed from
be used with caution in similar discharges. Finally, there is
evidence that non-resonant processes play a role in antenna

performance. For all results,l, ;1 = L.ms2 t0 within 3%, with reflected
power less than 1 W. Referring to the equivalent circuit
in figure 10, it is easy to show thak,,, defined above
Acknowledgments corresponds to the quantiRy,+2R.. Equation (A1) is valid
only if a small percentage of the total power is dissipated
This work was supported by the Semiconductor Researchin the tuning capacitors. This is a very good assumption
Corporation, the National Science Foundation, and the in this experiment since, for all bifilar antennas, the total
Wisconsin Engineering Research Center for Plasma Aidedvacuum lossR,,. was 035+ 0.05 Q (corrected for the
Manufacturing. We thank Max Light, David Blackwell, self- resonance effect described below), as compared with a
John Evans and Professor Donald Arnush for technical helploading of about 22 for most of the plasmas excited. Most
and discussions. of this vacuum loading is believed to be associated with the

The matching circuit shown in figure 10 is composed of a
standardL-network in series with the two resonant arms.

Ram = (Pf - Pl)/([rzmvl + IrzmsZ)' (Al)
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aluminum coil mounts 1 cm away from the antenna straps; to equation (A4), relative variations between loading
loss in the tuning components is expected to be smaller measurements due to changes in the self-resonance are

than this. expected to be insignificant. The absolute value of the
The loading measurements are complicated by theloading measurements have uncertainties of up to 15%,
proximity of the antenna self-resonance frequengyto mainly due to the uncertainty in the estimatesegf but

the driving frequency,. Parallel resonance of the antenna relative uncertainties for measurements made with the same
is caused by unavoidable distributed stray capacitanceantenna are expected to be somewhat less than this value.
between the antenna straps and ground. Because of

the additional circulating current in the parallglC

arrangement, the antenna current measured external tdXeferences

the antenna is less than the true antenna current. This

circulating component becomes larger as the ratig, [1] Boswel R W 1984 Plasma Phys. Control. Fusio6 1147

[2] Chen F F and Chevalier G 199R Vac. Sci. Techno& 10

approaches unity. The increase in true antenna cuient 1389
over the measured currehy is given by [3] Pery A J and BoswdlR W 1989 Appl. Phys. Lett55 148
[4] Jiwari N, lwasawa H, Narai A, Sakaue H, Shindo H,
L =1,y y=1- (wd/a)u)z. (A2) Shoji T and Horike Y 1993)apan. J. Appl. Phys32
3019

The measured resistive loadimy,,; is related to the true [5] Shinohara S, Miyauchi Y and Kawai Y 1998asma Phys.

. . Control. Fusion37 1015
loading R, according to [6] Shinohara S, Miyauchi Y and Kawai Y 19Q&pan. J.

2 Appl. Phys.35 731
Rp1 = Ranry (A3) [7] Kim J-H, Yun S-M and Chang H-Y 1996EEE Trans.
) Plasma SciPS-241364
The estimated values gffor the 5, 10, and 20 cm antennas  [8] Sakawa Y, Koshikawa N and Shoji T 199pl. Phys.
are 0.97, 0.93 and 0.83, respectively. The modifications to Lett. 69 1695
the measured currents and loading have been included in [9] YasakaY and Hara Y 199dapan. J. Appl. Phys33 5950.

. L . Note that the convention used for the signmofin this
the results. Despite significant adjustments to the absolute paper is opposite to that in the present work.

loading and current measurements, the phasing betweer};o; suzuki K, Nakamura K and Sugai H 199@pan. J. Appl.
the current elements of the antenna is unaffected. This Phys.35 4044

is because phase shifts betweénand I, due to the  [11] Light M and Cha F F 1995Phys. Plasmag 1084
self-resonance effect are very small (except if operating [12] Watari T, Hatori T, Kumazawa R, Hidekuma S, Aoki T,
very close to resonance), and phase shifts are expected to iz\;"t?';?tsoa; ITrTu\t/sla(;r':gbgIrﬁeost{a’;l;ssmizﬁ\lv:ng

be the same for each element, thus nulling any possible Takayama K 197&hys. Fluids21 2076

shift in the phase between elements. A final consideration[13] Arnush D and Che F F 1997Phys. Plasmast press
involves possible strong changes in the antenna self-[14] Chen F F 1991Plasma Phys. Control. Fusio83 339
resonance frequency, which may induce apparent change$5] Chen F F, Hsie M J and Light M 1994Plasma Sources

. o . Sci. Technol3 162
in Ry;. Such variations are given by [16] Kamensk| V and Borg G G 1996Phys. Plasma8 4396
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