PHYSICS OF PLASMAS VOLUME 8, NUMBER 6 JUNE 2001

Characteristics of radio frequency wave propagation in bounded plasma
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Detailed characteristics of radio frequer(cf) waves with pulsed modes in the whistler wave range
were studied in a cylindrical rf-produced plasma, where the plasma boundary lay in the intermediate
regime between infinite whistler wave propagation and bounded geometry helicon wave
propagation. Excited magnetic field amplitudes and phases with three components in
two-dimensional space were measured for different experimental conditions. Three magnetic field
configurations were used and the diameter of the excitation loop antenna was also varied. Numerical
calculation by the finite element method, which has been demonstrated to be a powerful means for
this analysis, showed good agreement with the observed results, satisfying the dispersion relation
and wave structures of helicons in the semisteady state and also satisfying the dispersion of whistlers
with a short pulsed mode. The excited waves propagated nearly along the magnetic field lines within
a small angle of less than 10°. Furthermore, in the (bigh) collisionality regime, domination of
standing(propagating waves was found from the wave analysis. 2001 American Institute of
Physics. [DOI: 10.1063/1.1368143

I. INTRODUCTION frequency region on the scalelengths shorter than the ion skin

A radio frequency(rf) wave with a frequency between depthc/wp; (c, velocity of light; wy;, ion plasma angular

. . frequency.
ion and electron cyclotron frequencids; andf.., respec- - :
tively, is known as a whistler wave? which has right-hand Although the fundamental wave characteristics of heli-

circular polarization. The spontaneous excitation of whistler£ON waves are well known, there have been few detailed
by lightning from the ionosphere was observedsStudies on the propagating characteristics of whistlers/

historically®# and this wave has been found to play impor- helicons under the different magnetic field configurations in

tant roles in the various space physics fiéldsich as in the & limited boundary, nor have there been comparisons with
aurora ionosphert® magnetotail, and solar wind. On the  the computation results in two-dimensional space. In whis-
other hand, from knowledge of the character of this wavetlers, most of the experimerifs*have been performed so
probing of the entire plasmasphere can be performed by, fdar under the conditions that the wave excited region along
example, whistler spectrograms recorded on the gréuksl.  the radial direction was much smaller than the boundary size,
for basic laboratory research, which has some common anldﬁing a small wave excitation source, which can be treated as
other different approaches from space plasma resdarch an unbounded electromagnetic wave. Furthermore, wave
thus both researches are complementary and imparidet  packet excitation using a short pulse and measurement on the
tailed characterization of the whistler wave excited by seviransient pulsed wave characteristics were done, which
eral methods, such as the loop antennae, electrodes, and elsbowed again approximately unbounded wave behavior
tron beams, and the role of the waves in these cases, haaong the axial direction. Wave studies under various field
been clarified:510-13 configurations for the case of a limited bounddiy our

One example of an application of the whistler wave is aexperiment, wave excited region is comparable to or slightly
helicon sourcé?~'8 The helicon wave is a bounded electro- smaller than the boundary sjzéave been scarcely per-
magnetic wave in the whistler wave range with both right-formed.
and left-hand circular polarization. This wave has been used As for heliconst>~"which show a really bounded wave
for plasma generation in a high-density plasma source, whicbharacter, a high density plasma with small insulated tube
needs to have a large diameter in some c&ésIn addi-  radius less than 5 cm typically has been produced, using the
tion, an application to a magnetoplasma ro€kettilizing  antenna wound around the outer side of the insulation tube,
this wave has been proposed. Furthermore, there are a nufirthe straight magnetic field configurations. In our previous
ber of interesting phenomena involving this wave, such as axperiments>**?'we have made some studies about the
fast collisionless reconnectith and some types of production of a larger diameter plasma, for the condition of a
turpulegscé“ in the electron magnetohydrodynam{EMHD)  |arger metal boundaryside than the wave excited region,
regime;” which describes the plasma behavior in the aboveyng also some studies under different field geometiés.28
However, in those experiments, wave measurements were
dElectronic mail: sinohara@aees.kyushu-u.ac.jp not done using the test wave, separating the source, which
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can be clearer for the wave characterization. In addition, an  This paper is organized as follows. First, the experimen-
immersed antenna with the smaller radius than the metal wathl system and the computation procedure are described in
radius (boundary effect is different from the insulating Sec. I, followed by a brief theoretical background of
boundary to excite the wave has not been tried for this testwhistlers/helicons in Sec. Ill. Next, contour plots of ampli-
wave. Furthermore, reliable numerical calculations in thetude and the phase of the excited magnetic field in two-
whole space(two dimensions in whistlers/helicons have dimensional space under the three magnetic field configura-
been scarcely reported, and no intensive and no direct contions (straight, divergent, and convergent figldsre
parative studies with the experiments to confirm the wavepresented in Sec. IV. Good agreement between experimental
characteristics have been done, to our knowledge. and computation results was obtained, and the propagation
Thus, the study described here is very important for thecharacteristics including the wave structures and the standing
understanding of wave characteristics for the case of a limwave formation are discussed. This contributed to the under-
ited boundary between regions of unbounded whistlers angtanding of the wave physics in whistlers/helicons. Finally,
bounded helicons, and also to understand the characteristi&ec. V contains the conclusion.
under various magnetic field geometries. The comparison to
the numerical results using a powerful c6té show the ||. EXPERIMENTAL SETUP AND METHOD OF WAVE
two-dimensional wave pz)rofiles also is important. Note thatANALYSIS
ray tracing ca_tlculann%, which have. be(_an sometimes em- The experimental systd? is shown in Fig. 1. Argon
ployed in whistlers, cannot be applied in the present case - -
considering the ratio of the plasma size to the Wavelengtrplasma ata filling pressure 6f=8—12mTorr was produced

. . In a linear device, 45 cm in diameter, and 170 cm in axial
The results obtained can be expected to contribute to th .
) . ength by a four-turn spiral antenna. The output rf power and
research fields mentioned above, such as the plasma process-

: ) : . . ?requencyf:wIZW were 2 kW (2 ms pulse with a duty of
ing field for optimum plasma production, the basic plasm6‘1/11) and 7 MHz, respectively. A test rf wave was excited by
and nuclear fusion fields for the plasma soujmeionization ' '

o . two sizes of loop antennae, located zat 10—15cm, with
and conditioning, and the space plasma field for the wave . . :

o _ . . —diameters of 10 and 30 ciffive turns each of copper wires
propagation in the complex magnetic field configurations.

Here, we will briefly summarize the main results from theWIth 0.1 cm diam covered with the insulation materiéd.5

previous experiment&2125-28and the different points in of- cm thicknesy to reduce the capacitive effects. Here,

I =0cm is defined as being at the window surface which
der to show the objectives of the present study. Wave char- . . :

S ! . . . faces the inner vacuum chamber. This test wave was excited
acteristics in two-dimensional space have been investigate

for the cases of straight, divergent, convergent, and cusp, the afterglow phase with a pulse length of 142 at the

o . ime of 0.3 ms after turning off the main rf power. At this
magnetic fields. The excited wave was found to propagat%me the plasma density was about one-third of that pro-
nearly along the field, which is similar to the observation in '

: . duced by the main rf power pulse. Both rf systems have
the magnetotaif. The above experiments were performed to. . S ;

e . _impedance matching boxes, directional couplers, and moni-
analyze the rf wave characteristics to understand the relatiorn)-

. . . . %)rs of antenna currents and voltages to estimate the antenna
ship between the density profile generated by this wave an - C :
Characteristics and minimize the reflection loss.

the regions of the wave propagation and damping, for con- Plasma parameters were measured by Langmuir probes,

structing a database so that a desired plasma profile can be . .
enerated. Therefore, the wave physics was blurred due ond typical r«_esults were electron density of (0.5-1)
g ' ’ 10*2cm™2 with electron temperatur@, of 2-3 eV. The

the plasma production during the wave propagatlon, WhIChexcited wave was detected by magnetic pralpes rotatable
changed the plasma parameters. In addition, use of four-turf - . .

. . : . crossed probes, 0.5 cm in diamefevhich were moved axi-
spiral antennae was not suitable from a viewpoint of theall (continuous measuring positignas well as radiall
detailed wave studies, which should be performed using a y gp y

wave excited by a local source.
The rf sources were separated into two, i.e., one was for

plasma production and the other for the test wave propagat Ar Gas Magnetic Field Coils Vacuum Pump
ing studies with a different rf frequency from the production S - \M <
one. In the research described in this paper, so that mucl M M T E m
clearer and more detailed results could be obtained. A loca s
-, . L r p Antenna —>B
source, positioned in the plasma, was made as a single loo ﬂ‘{ g
antenna, which was used to excite a test wave in an afterglov U> < - = R
. . . . Magnetic Probe, Langmuir Probe <+
condition in order to reduce the noise. The radius of the loop Spiral ”I
could be changed. Boundary effects on the wave characterantenna | == =
istics and wave structures were also considered from the Xl X ]{ M N X X X
viewpoint of whistlers/helicons and standing/propagating
waves, as well as the phase and group velocities and prope Langmuir Probe
gation angle. The obtained results were compared directly 170 om
and extensively to results computed using a finite element <
method(FEM),?° which is a powerful tool for the interpreta-
tion of these results. FIG. 1. Schematic view of the experimental device.
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excited waves in the various field configurations with a lim-
ited boundary under the semisteady state condition, except
for the short pulse case, while Ref. 10 used mostly a single
pulse with less than a As width only in the uniform mag-
netic field to see transient wave phenomena without the need
of considering limited boundaries.

The Transport Analyzing System for tokamaK/Wave
Analysis (TASK/WF) code was developed by Fukuyafia,
using the FEM to solve vector and scalar potentials of the
wave. This code analyzes wave propagation, using a linear
(b) treatment, in an inhomogeneous medium, in both two- and
three-dimensional space, under various magnetic field con-
figurations, plasma density profiles, antenna geometries, and
boundary shapes. The response of the plasma is described by
a cold-plasma dielectric tensor including collisions with neu-
—] trals. By the use of this advanced code, we can understand
; , the experimentally obtained wave characteristics in this
0 20 40 60 80 whistler frequency range with more detailed spatial struc-

z (cm) tures, under the three magnetic field configurations with a
limited boundary that were used in this study.

z (cm)

FIG. 2. Contour plots of the magnetic flgknear scal¢ with (a) divergent
and (b) convergent magnetic field configurations.

lll. BRIEF THEORETICAL BACKGROUND OF
WHISTLERS/HELICONS

(seven positions typicallyto pick up three components, First, we will consider the dispersion relations of whis-
B;, By, and B, in the cylindrical geometry. Data were tlers in unbounded boundaries. The phase and group veloci-
stored in a digital oscilloscope directly, and a boxcar integraties ofv, andv, respectively, of the whistler wave propa-
tor through a balanced mixer was used for the case of agating along the field lines can be written as follotussing
interferometric measurement. With the use of a phase shifteh2~w§e/w w.e as the approximate dispersion relation,

the amplitude and the phase of waves at each point could be

SN Y
estimated. In the present experiment, three magnetic field Vp=¢C Wl Wpe, @
configurations were tested: unifornimagnetic field B UQIZUPIZC\/m. @)

=40-60 G), divergenitFig. 2(a)] and convergentFig. 2(b)]
fields. The magnetic fiel@ was~54 (12) G atz=0cmand Here n and w,. are the refractive index and the electron
~8 (120 G atz=80cm for the divergentconvergentfield  plasma angular frequency, respectivaly. (= f.J/27). If the
case, and the angle between the field line andzthgis at plane wave propagate@.e., it has a phase velocjtyob-
z=280 (0) cm and radius =10cm was~9° for the diver- liquely with an angle of with respect to the magnetic field,
gent(convergentfield case. a factor ofy/cos# must be multiplied in both of Eq$1) and
Mostly, for the case of the antenna with 180) cm (2) for velocities along the field lines. From these equations,
diameter, uniform and divergeritonvergent fields were bothv, andv increase withyo (i.e., they have dispersive
used with the test rf antenna current of 0.5-2 A with thecharacters and for the case that the wave propagates not
input power less than 1 W. This power did not affect thealong the field line, the expressions fgy andv, become the
plasma parameters, since it was three orders of magnitudsame as those in the following helicon wave case, respec-
lower than the rf production power. Here, the frequeho§  tively, although for helicons, the perpendicular wave number
the test wave(=15 MHz) lay between two frequencies of T is determined by the boundary condition, not by the exci-
f.e=22—-340MHz (the effect of finite electron maks tation wave angle determined by the anteritids will be
mostly could be neglectedand f;;=0.3—5 kHz satisfying described later in this sectipnin our experiment, errors in
the conditions of whistlers/helicons. Alsbwas larger than using Egs.(1) and (2) were small, even in the low field
the lower hybrid frequency, y~ \f¢efi [the magnetic field region wherew was approachingo., (typically less than
range was also chosen as the reproducible plasma producti@%), and the curvature effect of the magnetic field was
by a spiral antenna witf=7 MHz (Ref. 20]. The skin  considered to be small, since the wave propagated nearly
depth ofc/wy; was 1.3-1.8 m, which was longer than the along the field lines, as shown in the experimental results
observed wavelengths by one order of magnitude. In oudescribed later.
condition, electrons were magnetized and ions were unmag- Note that, for this plane whistler wave, theoreticéllgg
netized(ion collides with ions and neutrals more than hun-(the propagation angle betweeg andB) increases with,,
dred times in one gyration time, while the estimated ion Lar-(propagation angle betweer), and B) and becomes maxi-
mor radiusr; was mostly less than the plasma radiy$. mum at the critical angle ob.=19.5° at6,=54.7°, and
These were similar to the condition in Ref. 10, except for thethen 6, decreases with further increase ). In other
larger ratio ofr; tor,. It should be noted that we observed words, regardless of the value 6f, the wave energy flows
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FIG. 3. Comparison of axial profiles &, on axis between experiment and Antenna }'{ /
computation, for the case of a uniform magnetic fiedd=<42 G) and ap 30 20 f ~ 7
cm antenna. =) ' @ ]
S 10 3
L‘ -
0 L 1 / 1 1 ]
within a cone angle ofl.. This critical angle is dependent on 20 / 40 60 80
31 : 0
several parametef®®' but does not change appreciably from H z(cm) H

19.5° in our experimental conditions. It is known as that the
most of the wave energy propagates with a localized cone - _
angle of 6, with respect to the external magnetic field. This F";-( ‘;-Bco?to‘:;] D'Ots'ogi‘”thm_'fc scalg of art‘f‘p'f'_tulfée;géagrv éb;b Bﬂ)
: . ana(c) b,, Tor the case or a uniform magnetic fie an
is known a_‘s the resongncg CCﬁJIéIIThIS angle WaS_ solved for cm antennaexperimenk Here,H and L denote the higher and the lower
the potential of an oscillating point chardfeand in our ex- amplitudes, respectively, compared with those in the neighboring regions.
perimental conditions off,. (electron plasma frequency
> f hi ne angl n Xpr roximatel ; _ 2 2

ce; this cone angle can be expressed approximately agaye number with a=(w/k) (w2dweL?), v, and vg

. 71 . .
~sin”(w/wcg), which was typically small, of the order of 5iong the field line direction are expressed as follows:
several degrees, for our conditions ©f.> w, although we

did not use a small source without boundaries. Vp=(0ceC? wie) K2+ T?=w/K, )
Next, we will describe helicon wave characteristics. In 2

our previous experimentd,a helicon wave with azimuthal Ug:(wCeCZ/wPe)Z(k/w)(2k2+T2)' )

mode number on=0 was excited using a spiral antenna, Here,k can be written as

while in the present paper, a loop type antenna is expected to

excite them=0 mode. For the case of a uniform density k2= (1/2{-T*+ ‘/T4+4[(“’“’12)e/“’cecz)2]}' ®)

profile 1 wave fields withm=0 are expressed as Bessel

functions ofJ,,: bothB, andB, are proportional td,(Tr), V. COMPARISON BETWEEN EXPERIMENTAL AND

andB, to Jo(Tr), where the perpendicular wave numbes COMPUTATION RESULTS

3.8/ for the case of the lowest radial mode, wheres the The wave characteristics of the experiment and the com-

effective radius. In this cas®, peaks on axis and both, putation were compared in detail, typically, in the form of

and B, peak atr/a=0.48, whileB, (both B, andB,) be-  contour maps in two-dimensional geometry. Before doing

comes zero when/a is 0.63(0 and 1. Normally a can be this, we checked the wave patterns as a function otz tnas

taken as the inner radius of the insulated discharge tube b& the uniform field. The results are shown in Fig. 3. The

cause of the character of the helicon wave imposed by thaterference wave pattern obtained experimentally was in

boundary, except for a few cagBincluding the present ex- good agreement with the real part of the computation pattern

periment that there are roughly two regions with and withoutfor the case of parallel wavelength of ~50 cm. In the

the dominant helicon wave propagation in the radial direc-computation, the mesh interval was 2 cm in both the radial

tion. and the axial directions, and results were not different appre-
Using the relatio of T?=a?—k? (k is the parallel ciably from those for the case of 1 cm interval in both direc-
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FIG. 5. Contour plotglogarithmic scalg of amplitude of(a) B, , (b) B,
and(c) B,, for the same condition as that in Fig(éomputation. Here,N
denotes the zero valU@ode in a linear scale, i.e., zero amplitude.

tions. Needless to say, depending on ph@setime), wave
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(a) Experiment

Antenna
20 /
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FIG. 6. Contour plotglinear scal¢ of phase oB, from (a) experiment and
(b) computation, for the same condition as that in Fig. 4. HErdenotes the
phase change aof, i.e., the polarity change of amplitude in a linear scale.

near the central axiseeH regions, and the phase @, at
z<<40 cm changed by- 7 radians in the radial direction from
the central axis to the wall, i.e., polarity change. This can be
seen in Fig. &) below, shown by the thick dotted line at
=7-8cm. Although the radial resolution was not so good
due to, typically, seven radial measuring positions mentioned
before, these characteristics are similar with that of the the-
oretical wave structure of the helicon wa$&®2°with m

=0, which was described in Sec. Ill.

structures change between the forms given by the real and As shown in Fig. 5, the computation results for the same
imaginary parts of the wave computed in the simulation. Incondition as the results shown in Fig. 4 were consistent with
addition to the present case, in which agreement of the anthe experimental ones, and showed clearer phenomena of
plitude and the phase change in two-dimensional space wagave propagation than those in the experimee regions
found, and other cases, such as the divergent field case, ther =0-10 cm and=10-40 cm and alsbl regiong. In this
feasibility of this code was confirmed previously for differ- figure, N denotes the zero valugode in a linear scale
ent magnetic field configuratioridivergent, convergent, and meaning throughout this paper: zero amplitudes &® for
cusp magnetic field configuratiofi<9. B, andB,, andr=5-7 cm(z is around 20—40 cirfor B,.
Hereafter, we will show the results in the following or- It can be seen again that amplitude$BpfandB , were larger
der: cases unddi) uniform, (2) divergent, and3) conver- away from the axis, while that oB, was larger near the
gent magnetic fields, followed by the cases(df a short central axis and increased again along the radial direction
pulse and a standing wave. Except for the short pulse casefter crossing the zero amplitude zoftke thick dotted line
the excited wave was analyzed with the semisteady statdenoted aiN).
with a pulse length 050 us. First, the uniform field case Figure 6 shows contour plots of the phaseBgfin the
(B=60G) with the antenna diameter of 10 cm is presentedinear scale(all intervals in this paper arer/2 radian$ in
for wave analysis. Note that the plasma extended to the inndroth of the experiment and the computation. Here, in the
wall surface and the ratiB of the wall radius to the antenna calculation, soliddotted lines show the positivénegative
radius was 4.5. Figure 4 shows two-dimensiofgbatia)  values and four nearly overlapping lines denote a phase jump
contour plots of the amplitude of magnetic fieB,, By, of 2 = radians due to the periodicit§phases were defined
andB,, in the experiment. Here, the intervals between thewithin the region of— to 7 radiang. Good agreement was
contour lines in the logarithmic scale was 0.2, and symbol®bserved for the regioz<40cm including thes phase
of H andL denote the higher and the lower amplitudes, re-change position, i.e., the polarity changes at5—7 cm de-
spectively, compared with those in the neighboring regionsnoted as thick dashed lines and the symBpivhich corre-
This constant scale value and symbols were used throughosponds toN in Fig. 5c). However, the agreement became
this paper. It can be seen that the amplitude8of&indB,  poor in the region further away from the antenna mainly due
were larger away from the axis while that Bf was larger to the poor radial resolution and lower amplitudiew signal
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to noise ratig in this region. The effect of the different den- (a) B,
sity profiles must also be considered, since we did not have

fully two-dimensional data of plasma parameters. Generally, 20
the density became lower toward the edge in thand z
directions in the experiment, while a uniform density profile
was assumed in the calculation.

Although slightly divergent wave propagation patterns in
the radial direction withz can be seen in Figs. 4-6, the
spread angle with respect to the straight magnetic field direc-
tion for the experimen{computation was within 5°(10°), (b) By
which was smaller than the critical anglg of 19.5° and was

L  Antenna
|
T

L

| 3 I I

8 10
~

0

=}
~
[N}
S
>
o
=2
(=]
@
S

comparable to the resonance cofe-5° in this straight 20 ]
field case oB=60G. Those two angles can be defined for & 10 .
the whistlers, as discussed in Sec. lll, although neither a very % ]
small source compared to the plasma region, nor a transien 0 ]
short pulse were used in our experiment. On the other hand I
for the helicon waves, the phase signals show the parallel 0 H/ 20 40 H/ 60 80
velocity and parallel wavelength without the perpendicular z(cm)
components. Standing wave patterns are formed in the radia(c) B z L Antenna H L
(perpendiculardirection, which are consistent with the the- 20 \ / / |
oretical expectation of parallel wave propagatignoup ve- =
locity) in the uniform magnetic field® § 10

From Fig. 6, N was estimated to be-20 cm atz a
=30cm, which corresponds tg,~ 3 X 10° m/s. These val- 0 /

ues were consistent with those of whistlgrs1.8x 10° m/s

from Eq. (1)] and the helicon wavep~3x10° and ~2.1

X 10° m/s from Eq.(3) with a=5cm (T=0.76cm 1) and z (cm)

a=10cm (T=0.38cmY), respectively. Note that values

of k were not the same in the evaluation of the above velocit'G: 7- ontour plotdlogarithmic scalg of amplitude of(a) B, , (b) By,

. . . . . and(c) B,, for the case of a divergent magnetic field angl 80 cm antenna

ties. The increasing wavelength in the region further awayg,nerimery

from the antennaz>40 cm) is mainly due to the decrease in

the density[see e.g., Eq1)]. In our experiments, the phase

velocities between whistlers and the helicon waves are not so

much different, due to the use of the larger vacuum vessdbcated outside the chamber at the end section through an

(smallerT valug compared with the case normally used in ainsulation window, was used for plasma production but not

helicon source, which has a largewvalue due to the smaller as a test wave generator. Note that in most past experiments

plasma radius. It should be noted that the Aifveelocity  done so far, as we mentioned before, antennas were wound

was slower than the whistler velocity in our experiment byaround the outside of a small insulation tube, and the waves

two orders of magnitude. excited in the whole plasma region extended to the inner
The observed characters in Figs. 4—6, in sum, indicate aall radius.

helicon wave character with nearly parallel propagation  Next, the results for the divergent field case, shown in

(slightly oblique propagationinstead of that of whistlers Fig. 2@), are presented. Figure 7 shows two-dimensional

from the observed wave structures, especially the Besseontour plots of the amplitude of magnetic fidltiree com-

function like radial structures, although there was not an apponents$ for the experiment, performed with the antenna di-

preciable difference of the phase velocities under our experiameter of 10 cm. Compared with the uniform field case in

mental conditions. The striking point is that even though theFig. 4, the excited fields spread more radidbyslight effect

radius of the excitation loop antenna immersed in the plasm& due to the weak divergent field curvatuveth an advance

is smaller than the inner radius of the vacuum chanttier  in the z position. On the surface, the smaller damping length

ratio R between two radii was 4)5which is made of stain- along the axis direction was found to be due to the geometri-

less steel, the helicon wave could be excited to propagateal effect of the divergent field, which is in contrast with the

first in the test wave excitation with two different regions; case of the convergent fieldrig. 9 below. The magnetic

the inner radial region where the most of the wave energyield line touching the antenna at a radiusref5 cm lies at

was concentrated and the outer region where wave energy-~13cm onz=80cm in Fig. 2a), which was consistent

was small. This is seen in Figs. 5 and 6, in that the radii ofwith the lower amplitude region oB, experimentally ob-

thick dashed lines in thB, signals denoted ds andC were  served and shown in Fig.(@. In other words, the trench

smaller than the chamber radius by less than one third. Thisoundary between regions having positive and negadive

feature has not been found, as far as we know, except for owmalues (see the phase discussion belodiverged slightly

previous work®?® under different experimental conditions. with z. This means that the wave propagatecve energy

In the previous work, an excitation loop with a larger size,nearly along the curved field lingsvithin 5°), which was
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(a) Br Antenna H L (a) Br

H Antenna L

0 é}@,{i‘-ﬁg =
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FIG. 8. Contour plotglogarithmic scalg of amplitude of(a) B, , (b) B,
and(c) B,, for the same condition as that in Fig.(@omputation.

again consistent with the character of whistlers/helicons. The
trend of this spread was Supported by the computatiorf'G- 9. Contour plotglogarithmic scalg of amplitudg o_f(a) B,, (b) By,
which showed the phenomena more clearly, as is shown ingef% a(Ber, L?irnfzgtcase of & convergent magnetic field ang 80 cm
Fig. 8. This can be seen by comparing tHeegions forz P
<40 cm with thel regions atz~75 cm.

At a fixed z position, phases changed byw radians
(near the radius comparable to the antenna radiugshe  very well (seeH regions withz<50cm), showing that the
radial direction from the central axis to the wall in both of wave propagated nearly along the curved field lifwghin
the experiment and computationot shown, and the wave- 10°. There was a tendency that the deviation angle from the
length became shorter withdue to the decrease in the mag- field lines in the computation was slightly larger than that in
netic field strength from the dispersion relation, as indicatedhe experiment. This shrinkage was also confirmed from the
by Eqg.(1). Here,A was~13 cm atz=30cm, corresponding phase analysis in both of the experiment and the computation
tovp~2X 10° m/s. This value was consistent with those of (not shown. The phase changed in the radial direction by
whistlers [~1.5x10° m/s from Eq. (1)] and the helicon ~ radians ar<6 cm (z<30cm), and the position of this
waves| ~2.2x10° and ~1.7x10° m/s from Eq.(3) with  change decreased with an advance.itlowever,B, com-
a=5 and 10 cm, respectively The obtained data for this ponents in both experiment and computation did not peak on
magnetic field configuration again indicated helicon waveaxis, especially near the antenna region, and they have simi-
structures with nearly parallel propagation along the fieldar structures with thé8, and B, components, which were
lines. different from the helicon wave structure afi=0 mode.

Third, we present the results for the convergent field,This may come from the smaller ratio Bf(metal boundary
shown in Fig. 2b). In contrast to the above case of the di- effect was largeand the weaker magnetic field near the an-
vergent field, a radial shrinkage of the wave excited regiortenna regionf~20 G). From the phase analysis,was~17
(all three components of the magnetic figldioong the radial cm atz=30cm, corresponding to,~2.6X 10° m/s. These
direction was very clearly observed. Figure 9 shows two-alues were consistent again with those of whistlersl (5
dimensional contour plots for this experiment, performedx 10° m/s) and the helicon waves~(2.2x10° and ~1.7
with the antenna diameter of 30 cfthe ratioR was 1.5. X 10° m/s with a=5 and 10 cm, respectively The slight
This result could be simulated by the computation in Fig. 10increase in\ as a function oz (z<50cm) could be under-
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stood as the increase in the magnetic field from the disper-
sion again.

. . o : :
_Fmally, the resu!t for the short pulse case and the domi- 0.05 0.10 015 020 0.2  0.30
nation of the standing wave phenomena are presented. |i «
order to see the time behavior of the wave propagation as t* (us)

well as to estimate the, value instead ob,, a short pulse
with a length of~5 us was excited, as shown in Fig. (AL FIG. 11. (a) Time evolution of antenna current aio) position of theB,
The main excited antenna frequency, determined from theomponentthe fourth wave as a function of time, for the case of a diver-
Fourier spectrum was 15 MHz, with additional componentsI€"t magnetic field and & 10 cm antenndexperiment. Here, t* was
. . . hifted compared with by ~0.6 us.

at, e.g., 30 and 45 MHz with lower amplitudes. The obtained
magnetic signals showed the main frequency of 15 MHz
with the smaller amplitudes with frequencies of 5, 30, and 45
MHz, having amplitudes much less than 10% of the mainmnegativez directions (* was shifted compared with by
component. The amplitude ratio of the main frequency to~0.6 us) due to the nondirectivity radiation compared with
that of the other frequencies changed from position to posithe good directivity by a linked loop-torus anterfrigere,
tion. By tracking the movement of a position of the fourth the measurements were done &0 cm, changing the po-
peak of the wave amplitud®, component, as shown in the sition. The speed af in the positivez direction was almost
lower part of Fig. 11a), the group velocity of the wave was constant at~2x 10° m/s in the period ot* =0.1-0.25us,
estimated. In this case, the wave was excited by a loop arexcluding the initial time oft<0.1us, since near the an-
tenna with 10 cm dianfcurrent was~0.1 A and power was tenna(in other words,t<0.1us) the geometrical effect of
less than 0.01 Win the divergent field, and there was no the antenna must be considered. Effects of the oblique propa-
appreciable qualitative difference of the pulse propagatingiation and the field curvature on the propagating characters
character between the cases in the uniform and the divergentere also considered to be relatively smaltat0.1us (see
fields. In addition, other peaks, such as the first and the sethe results in the divergent field mentioned befoféhe v,
ond peaks in the pulse train have the same results as thalue obtained in this way was consistent again with those of
fourth peak case. whistlers[~2.8x 10° m/s from Eq.(2)] and helicon waves

From Fig. 11b), this peak moved in both positive and [~2.1x10° and ~2.0x 10° m/s witha=5 and 10 cm, re-

Downloaded 18 Jun 2001 to 133.5.186.8. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



3026 Phys. Plasmas, Vol. 8, No. 6, June 2001 S. Shinohara and A. Fujii

(a) Absolute Amplitude Real Part Imaginary Part
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FIG. 12. Axial profile of the maximum amplitude 8, on axis, for the case
of a divergent magnetic field and¢ 10 cm antenngexperiment

spectively, from Eq(4)]. In this initial pulse phase when the
wave trains did not reach the boundary, the helicon wave cal
be excluded as a candidate of the excited wave, because tl
helicons need the boundary condition to haveE\alue after
reflecting from the boundary. Even if the pulses of the first,
the second, and the third peaks can affect the propagation ¢
the fourth peak, this effect is considered to be negligible(c)
because their amplitudes were smaller than the observed ar
plitude of the fourth peaksee Fig. 10a)] for our conditions.

In addition, the observed transient wave did not show heli-
con wave structures, e.g., similar to the Bessel function pro-
files. Therefore, the observed pulses are considered to ha\
the features of whistlers, under the finite valueRsf 4.5.

In the experiment presented above, the normalized col
lision v* =v/w was mostly above 0.3, which excluded the
presence of dominant standing waves. Herés the sum of
electron—neutrals and electron—ion Coulomb collisions, with
the former collision being more frequent than the latter for
our experimental conditions. Figure 12 shows an example o, z(cm)

a standing wave pattern mixed with the propagating Wave g, 13. Axial profile of amplitude oB, on axis, changing normalized
observed in the divergent field with 10 cm antenna radiusgoliision frequencys* = v/w as(a) 0.1, (b) 0.2, and(c) 0.5, for the case of
reducingyv* to ~0.2. This same wave feature was also founda uniform magnetic field and & 10 cm antenngcomputation.

in the uniform field. Here, the maximum amplitude Bf in

the several tens of rf periods was plotted as a functiorn of

Amplitude dips like nodes were observedzat20 and 40 direction can be a parameter. For the case©£0.2, this
cm, which showed ,~6X 10° m/s (this value was consis- damping lengtH in our condition was estimated to be0.6
tent with the estimation ob, for whistlers and helicons ~ m, which is comparable to the effective sikealong thez
where\ was estimated to be twice the distance between thdirection. Increasing* makes\ 4 shorter inversely, and the
neighboring dips. This standing wave pattern was verifiedsmaller value of\4/L contributes the weaker effect on the
qualitatively in the computatiofFig. 13, changingv* from  standing wave formation.

0.1 to 0.5 through 0.2, with the same experimental condition  From the various results for semicontinuous wave exci-
as in Fig. 12 except for the collision parameterwdf. From  tation described above in which the rafbwas 1.5-4.5, it
this figure, especially from the profiles of the absolute am-can be concluded that the excited waves exhibited the char-
plitude, the standing wave pattern can be seen. It was clearlycter of helicons rather than whistlers in the helicon plasma
observed with the low* value of 0.1, weakened with in- source?’ whose radius was larger than this type of sources
creasingv* and disappeared almost completelyvdt=0.5.  normally used. This can be concluded even though the val-
The observed phenomena of the mixture of the standing andes ofv, experimentally obtained were in good agreement
propagating waves may be mainly understood from thewith the dispersions of helicons and whistlers within a factor
boundary effects in the axial and radial directions, but non-of 1.5. This conclusion came from the fact that we observed
monochromatic wave excitation and the near field effect may “standing wavelike character” of the excited magnetic
also be important factors. In the axial direction, the ratio offields in the radial directiorfe.g., in the helicon source, as
the damping length\4 to the chamber siz& along thez ~ was mentioned, a Bessel function radial profile is expected in
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the uniform density cas®, and the collision was relatively diameter of the excitation loop antenfi® and 30 cm, where
high to avoid a strong boundafyacuum chambgreffect in  the ratiosR were 4.5 and 1.5, respectivelyn the afterglow
the axial direction, which was discussed above. cylindrical plasma was also varied.

It should be remembered that expressions plandv Numerical calculation by the finite element method, us-
for the whistler wave are the same as those of the helicoing the TASK/WF code, which has been demonstrated to be
wave if both waves have the sarkeandT values, but thd  a powerful and effective means for this analysis, showed
can be changed arbitrary for whistlers by the excitation angood agreement with the experimental results. The observed
tenna geometry, and for helicons by the boundaries. In othawvaves satisfied the dispersion relation of whistlers/helicons
words, we can say that the observed waves were formed asd wave structure@Bessel function like behaviorsf heli-
the mixtures of incoming and reflecting whistler waugs  cons: the semisteady state test wave except for the conver-
have helicon wave typgsffected by the boundariédNote  gent field case with a small ratio & showed characters of
that, in the present case, boundarigsin wave excited re- helicons, while the short pulsed mo¢sacke} showed those
gion) were determined by the antenna radiasd thus the of whistlers. The excited waves were found to propagate
value of T was determined by this radiy® but not by the nearly along the magnetic field lines within an small angle of
chamber or the plasma radius, which is normally import&nt. 10°, which was less than that @f,=19.5° and was not
As for the group velocity, from the short pulse experiment,larger thang, . It was also found that in the lowhigh) col-
vy Was found to obey the whistlers derived from the disperdisionality regime, in which the boundary wag/« was
sion, because the boundaries could not play an role in tharound 0.2 in our condition, standifgropagatingy waves
pulse phaséwave packetsin contrast to the semicontinuous were dominant from the wave analysis.
waves.
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