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Recent experiments have demonstrated that phenomena associated with ion dynamics, such as the
lower hybrid resonance, play an important role in helicon source operation. In this work, a review

of recent ion heating measurements and the role of the slow wave in heating ions at the edge of
helicon sources is presented. The relationship between parametrically driven waves and ion heating
near the rf antenna in helicon sources is also discussed. Recent measurements of parallel and
rotational ion flows in helicon sources are presented and the implications for particle confinement,
instability growth, and helicon source operation are reviewed2@3 American Institute of
Physics. [DOI: 10.1063/1.1563260

I. INTRODUCTION phase velocity solution to the cold plasma dispersion
relation.

The first helicon source was built as a basic plasma re-  Although the early experiments were performed at rf fre-
search tool to investigate the left-handed circularly polarizedguency near the lower hybrid frequen@ frequency that is
whistler, wave in magnetized plasmaglthough the left-  routinely used to heat ions in thermonuclear fusion experi-
handed, circularly polarized wave was not observed, thosgients and later experiments indicated that ion dynamics
initial experiments demonstrated that the helicon source geritear the lower hybrid frequency could play an important role
erated relatively high densities for laboratory plasmas, in helicon sources] ion dynamics in helicon sources has
~10" cm™3, with a large ionization fraction. Except for a Peen largely ignored in theoretical studies. Some early theo-
few magnetoplasma experimeRtlittle interest was shown _retlcal sFudles did note that, near t.he lower hybrid frequency,
in the helicon source until the mid-1980s when silicon chip'qn mot'|on e“feFtSfO“'d substgntlally alter the cold plasma
manufacturing began to grow rapidly. The relatively high dispersion relation? However, since only the slow wave has

densities and large ionization fraction for moderate inputa resonance at the lower hybrid frequency, theoretical studies

powers made the helicon source a good candidate for a(r)lf helicon wave propagation typically ignored ion effects by

advanced plasma-processing source. The primary aoal of eo_nly examining solutions for frequencies much higher than
. P P 9 S P yd e lower hybrid frequency, assuming that the ions are cold
periments on helicon sources until the late 1990s was optl(—Iess than 0.1 e)2® that they flow out the end of linear
mlzat_lon for plasma processing. helicon sources at the sound speed, and that they have no
Since the late 1990s, hel!con sources have been used _@@nificant rotational flow® The lower hybrid frequency,
plasma sources for research in many areas of plasma physug)?h
including: space-relevant, high-beta studiesplasma
. 5 . . _
p.ropulsm.)n, and ba§|c plas_,ma suen?:é.Ope problem asso 1/wﬁ1:1/(wcewci)+1/(w|23i+wgi)a 1)
ciated with employing helicon sources in many of these re-
search areas is that the essentlgl physics of hellc_o_n sourc%?.'erewpi is the ion plasma frequency is the ion cyclo-
has been poorly understood until only recently. Initial theo—tron frequency, and., is the electron cyclotron frequency.
retical investigations of helicon sources focused on the excif, this paper, we summarize a series of experiments that have
tation of bounded whistler, helicon, waves and the dynamicgyamined ion heating and ion flows in the West Virginia
of electrons in those wavés. Later theoretical studies IN- " University helicon source. The experimental apparatus is de-
cIudgd the eff_ects 'of the slower root tq the cold plasma disscribed in Sec. II. lon heating observations and their relation-
persion relation in a bounded cylinder, the so-calledship to slow wave resonances and parametrically driven

, is defined as

Trivelpiece—Gould mod& ' Helicon waves are the faster waves are reviewed in Sec. Ill. Recent ion flow measure-

ments are described in Sec. IV and the significance of ion
apaper CI2 1, Bull. Am. Phys. Sod7, 56 (2002. effects in terms of helicon source operation is discussed in
lnvited speaker. Electronic mail: jkline@lanl.gov Sec. V.
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(@ X X . tromagnets between HELIXb and LEIA were disconnected.
gas Removing the two coils allowed the eight-coil configuration
. to reach magnetic fields of 1300'GHowever, in the eight-
inlet . : . S .
coil configuration, the outer magnetic field lines (
REREREEREE | >3.5cm) intersect the wall of the stainless steel chamber
) oo ° AN pumps near the junction with the LEIA chamber, thereby imposing a
=" IREEEEEE ' partially conducting axial boundary. Because HELIXa was
?a( - connected to LEIA \a a 6 in. stainless steel bellows, while
LIF & rf the stainless steel chamber of HELIXb was directly con-
Microwaves antenna nected to LEIA, the additional distance between HELIXa
=Y X and LEIA also resulted in outer magnetic field lines intersect-
<~ 1l.6m—> ing conducting bellows walls. Therefore, the axial boundary
conditions in the HELIXa and eight-coil HELIXb experi-
ments were somewhat similar. With HELIXb in the ten-coll
b X =Y configuration, nearly all the magnetic field lines terminated
gas on the inner conducting walls of LEIA. Although no specific
inlet work has been done to study the effect of axial boundary
AREERNRRRE conditions on ion heating, HELIXb ion temperatures were
] B.A . significantly higher in the eight-coil configuration than in the
) oo oo Qo o=~ pumps ten-coil configuration for the same magnetic field strength,
® é\&\& NNRRER 0.75 eV vs 0.35 eV. Thus, the magnetic field geometry within
/ ) ’”f a given helicon source vacuum chamber can play an impor-
Microwave antenna tant role in ion heating.
system Electron temperatures and densities were measured with
X a rf compensated Langmuir probeDensity measurements
<«— 16m > were confirmed on a subset of plasma parameters with steady
state microwave interferometety.lon temperatures and
FIG. 1. Schematic diagrams ¢ HELIXa and (b) HELIXb. flows, both parallel and perpendicular to the applied mag-

netic field, were obtained from direct measurements of the

ion velocity distribution function by laser induced fluores-

Il. EXPERIMENTAL APPARATUS cence(LIF).2%? |n HELIXa, the LIF measurements could
) ) . only be performed at a single axial point 57 cm from the
lon dynamics experiments have been performed usingqn¢ eqge of the antenna in both perpendicular and parallel

two different helicon source plasma chambers on the Hojjirections?? In HELIXb, the LIF measurements were typi-
hELIcon eXperimen(HELIX) at West Virginia University. a1y performed at the axial positions labeled A, B, and C in

The first chamber, HELIX4Fig. 1(a)], was a Pyrex™ tube Fig. 1(b), where position A was 5 cm, position B was 35 cm,
157 cm long and 15 cm in diamet€rThe all glass tube had position C was 66 cm from the front of the antenna. At

a single set of four 2in. crossing ports 57 cm from the front position C, LIF measurements could be made over a two-
edge of the antenna. The second chamber, HEL[Kig.  dimensional cross of the plasma column. Details of the LIF
1(b)], was a hybrid chamber consisting of a 60-cm-long, 10-system for HELIXa and HELIXb have been published
cm-diam Pyrex™ section connected to a 100-cm-long, 15elsewherd?’ The electrostatic fluctuation measurements
cm-diam stainless steel sectibhThe stainless steel section were made with a fixed pair of probes at axial position “B.”
had one set of four 6 in. crossing ports and four sets of fouThe electrostatic probe consisted of two Langmuir probe tips
23 in. crossing ports. The other end of the stainless steedeparated by 5.8 mm. So that high frequency floating poten-
chamber was connected to a large, 2-m-diam, 4-m-longjal fluctuations could be measured, the electrostatic probe
space simulation chambétEIA).* The other end of the tips were not rf compensated.
glass section of the chamber was connected to a 540 I/s tur-
bomolecular drag pumping station. Fill gas was added!!- ION HEATING IN HELICON PLASMAS
through an inlet between the glass section and the pumping Several key characteristics of ion heating have been ob-
station. A19 cmm= +1 helical antenna driven with an ENI served in helicon plasmas: anisotropic ion temperatures that
30 dB, 2 kW rf amplifier was used to generate the argorpeak at particular values of applied magnetic field and rf
plasma. frequency, an axial ion temperature profile peaked down-
The HELIX chambers were typically surrounded by tenstream from the antenna, and a strong correlation with the
electromagnets capable of providing a uniform axial magdower hybrid frequency. Measurements of these characteris-
netic field of up to 1185 G. For all the experiments describedics suggest that one possible mechanism for ion heating in
here, the LEIA magnetic field was fixed at 36 G. HELIXb helicon plasmas is the slow wave or “Trivelpiece—Gould”
was operated in two different magnetic field configurations, anode. Electrostatic probe measurements of wave spectra
ten-magnet coil configuration and an eight-magnet coil conshow that another possible ion heating mechanism may in-
figuration. In the eight-coil configuration, the last two elec-volve parametric decay of the helicon wave.
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FIG. 2. (¢) Perpendicular and4) parallel ion temperature measurements 2

as a function of magnetic field strength in HELIXa for a fill pressure of 2 0.4
mTorr, a rf driving frequency of 9 MHz and a rf power of 400 D) *
Perpendicular an¢®) parallel ion temperature measurements as a function
of magnetic field strength in HELIXb for a fill pressure of 6.7 mTorr, a rf 0.3
driving frequency of 9 MHz and a rf power of 750 W.
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The anisotropic ion temperatures measured in HELIXa 0 | | |
were completely unexpected given the large ion—ion colli- - 525 700 875 1050
sion freq_uenmes in dgnse helicon plasr_nas._That energy is Magnetic Field (Gauss)
coupled into the ions in a preferential direction provides a
critical clue as to the origin of ion heating in helicon sources.FiG. 3. (a) On axis(O) perpendicular anéX) parallel ion temperature as a
Our initial study of the ion temperatures demonstrated thafunction of magnetic field strength for HELIXb in the eight-coil configura-
the ion temperature anisotropy scaled linearly with the mag%'g’r”(:)t gc’rf'lf'rce’zugﬂg{'tgfagf':\'ﬂﬂ:zsn“«;;C;fffzrgzqzc:;'c?”gfg(.’s"\'(ﬂﬂf power
netic field strengti? The on-axis perpendicular ion tempera-
ture increased linearly with magnetic field while the parallel
ion temperature remained about the same. Perpendicular and
parallel ion temperatures versus magnetic field strength icies even though the rf frequency was hundreds of times
HELIXa (from Scimeet al?? along with measurements in greater than the ion cyclotron frequency.
HELIXb in the ten-coil configuration are shown in Fig. 2. The perpendicular and parallel ion temperature radial
Although the helicon source operating parameters were quitgrofiles at a rf frequency of 9 MHz and a magnetic field
different for the different chambers, ion temperature anisotstrength of 1185 G are shown in Fig. 4. Although the ion
ropy is clearly evident in both sets of measurements. temperature was isotropic at the center of the plasma, a sub-

lon temperature measurements in HELIXb in the eight-stantial temperature anisotropy at the plasma edge; the per-
coil configuration were remarkably differefit. Figure 3  pendicular ion temperature increased and the parallel ion
shows both perpendicular and parallel ion temperatures meéemperature decreased. A flat or peaked at the edge perpen-
sured on axis at position “B"(z=35 cm position in HE-  dicular ion temperature profile can only result from either
LIXb at two different driving frequencies with all other pa- edge ion heating or a large axial thermal conductivity. As
rameters the same. At 9 MHz, the ion temperatures increasedll be shown later, there is a strong axial gradient in the
with increasing magnetic field strength and there was no sigperpendicular ion temperature profile. Therefore, these mea-
nificant ion temperature anisotropy. At 13.5 MHz, a smallsurements demonstrated that the ions are heated at the edge
temperature anisotropy existed at low magnetic fieldof helicon sources and preferentially in the perpendicular di-
strengths but disappeared as the magnetic field strength wagction.
increased. The perpendicular ion temperature peaked at a The combined stainless steel and glass HELIXb vacuum
specific value of magnetic field strength and then decreasechamber was specifically designed to permit ion temperature
as the magnetic field strength increased further. The depemeasurements at four different axial locatiomns: —24 cm,
dence of the ion temperature on the magnetic field strength cm (position A), 35 cm(position B, and 60 cm(position
was clearly different for the two different rf driving frequen- C) from the front edge of the antenna. Perpendicular ion

= HOH

A. Characteristics of the ion temperatures in HELIX 0.1
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I T ! antenna, the perpendicular ion temperatures still exceed what

0.7 - 7] would be expected for simple collisional equilibration with
S 060 i the much hotter electror$.Since recent theoretical studies
IO % @ 0] suggest that parametrically driven ion sound instabilities can
® o5L d R explain observations of electron density maxima downstream
g of helicon antenna@reviously attributed to simple pressure
8 04F D . balancé?), we also considered the possibility that the para-
§* 1] metrically driven ion sound turbulence could heat i6h&
& 03- —
=
=2 02k _ B. Slow wave ion heating
The mechanism responsible for perpendicular ion heat-
0.1 7] ing at the plasma edge was identified by careful investigation
0 ! | l of the magnetic field strength and rf frequency dependence
0 1 ) 3 4 of the ion heating. The first detailed measurements of the ion

temperatures over a large range of rf driving frequencies and
magnetic field strengths by Balkest al*® showed that the
FIG. 4. (O) Perpendicular anéd) parallel ion temperatures vs radius for a perpendicular ion temperatures were correlated with the
fill pressure of 6.7 mTorr and a rf power of 750 W for a rf frequency of 9 |ower hybrid frequency, but peaked at values roughly 70%
MHz. below the lower hybrid frequencyFig. 6@a)]. After the
Balkey et al’® experiments were performed in HELIXa,
similar measurements were performed at location “B” with
HELIXb in the eight-coil configurationiFig. 6(b)].1"? The

ent magnetic field strengths. At magnetic field strengths Iesgerpendicular ion temperatu_res were ag.ain correlated with
g g g g d peaked below the on axis lower hybrid frequency. How-

than approximately 500 G, the ion temperature decreas . -
PP y P ever, the wider magnetic field and rf frequency ranges at-

monotonically with increasing distance from the antenna ( " din the HELIXb . h d a localized K
>0). At magnetic field strengths greater than 500 G, th(—:;[a'ne In the experiments showed a localized pea

perpendicular ion temperature peaks downstream from th! perpendicular ion temperature at a specific set of magnetic
antenna £~ 35 cm). The perpendicular ion temperature also |eIdehtreng|t2 ard i frzquency vaIuTzst._ hio has t |
peaks downstream from the antenna in HELIXb in the eight- . € cold plasma dispersion refationship has two so uf
coil configuratior?® As will be discussed shortly, the down- tians for wave_frequenmes near the lower hybnpl frequency.
stream ion temperature peak at higher magnetic fieIc]he lgaft’ helllglon, tr\]/valve an: bth(;afslow, Tn;/r:almece—
strengths is consistent with ion heating due to ion dampin§°u| ;- wave. eat: ? O\t';er Iy fl requendcy, € perpen-
of the slow wave. Note that the ion temperatures on the bac icular wave number for the Slow wave Undergoes a reso-
side of the antenna are lower than those in the front of th&'2"¢® while the perpendicular wave number for the helicon

antenna in both cases, confirming a preferential direction fo ave C?;r;t'_lr_‘#es smoothly_ ;[L\rough tk:f :ower hybrid
the energy deposition into the ions. Also note that near th requency. € resonance n the perpencicuiar wave num-
er of the slow wave can reduce the phase speed in the

perpendicular direction to speeds that are close enough to the

Radial Position (cm)

temperatures in HELIXb in the ten-coil configuration at
these four axial locations are shown in Fig. 5 for two differ-

0.4 1 | l ion thermal speed such that ion Landau damping can décur.
The result is an ion heating mechanism with a preferential
035 — direction with respect to the applied magnetic field.

The theoretically predicted characteristics of the slow
=~ 03} CP - wave are consistent with the measured spatial as well as rf
2 frequency and magnetic field strength dependencies of the
o 0251 CP ] perpendicular ion temperatures. First, the radial profile of
% 02 L $ N both the perpendicular and parallel ion temperatures shown
’g:_ ’ § in Fig. 4 indicates that the largest anisotropic ion heating
£ 0151 § _ occurs near the edge of the plasma. Theory predicts that slow
2 waves are primarily surface waves in helicon sources be-
5 0.1 - cause they are strongly damped as the plasma density in-
- creases toward the center of a helicon source discHarge.

0.05 - - Therefore, ion heating due to ion damping of slow waves
| | | would be expected to be largest at the edge of the plasma.

0_25 0 25 50 75 Second, the decrease in lower hybrid frequency toward the
edge of the plasm@ue to density profile effectsesults in a
peak in the perpendicular wave number of the slow wave for

FIG. 5. Perpendicular ion temperatures in HELIXa at different axial loca-& specific7 Zgar_]ge of magnetic f_ield strength and rf
tions for a magnetic field strength 6#) 453 G and(O) 808 G. frequencyl. “*Figure {a shows the ion temperatures mea-

Distance from front edge of antenna (cm)
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FIG. 6. (Color (a) Perpendicular ion temperatures as a function of rf and
magnetic field strength in HELIXa. The black regions are parameters a

il

FIG. 7. (Colon (a) Perpendicular ion temperatures measured at position
B” with HELIXb in the eight-coil configuration for a fill pressure of 6.7
3mTorr and a rf power of 750 W. The white lines indicate where the rf driving
gf'requency equals the lower hybrid frequency on dsislid line) and at the
plasma edgddashed ling assuming plasma densities ofx40% and 1

X 10" cm 3, respectively. (b) Calculated normalized wave numbers,
K, v/, from the cold plasma dispersion relation for the slow wave.

netic field strength in HELIXb in the eight-coil configuration at location
g

sured in HELIXb at thez=35 cm location in the eight-coil

configuration. The solid white line indicates where the rffrequency curve for a fixed density of110'* cm™2 (a typi-
driving frequency equals the on-axis lower hybrid frequencycal edge density valiieAlthough the plasma density varies
for a fixed density of X 10*2 cm™3 (a typical on-axis den- with magnetic field strength, these values include the range
sity value while the dashed line lies along the lower hybrid of peak and edge densities for magnetic field strengths above
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10! forward and backward propagating wav&tokes and anti-
N N A O I B R N O O O | . :
Stokes, and a low frequency beat wave are evident in the
power spectrum. A fifth spectral peak around 9 MHz is an
experimental artifact and exists in all of our electrostatic
power spectrum measurements. The power spectrum shows
that the frequency matching conditioh,=f,*+f, i.e., en-
ergy conservation is satisfied. Measurements of the wave
numbers and magnetic field fluctuation power spectra con-
firm that the wave number matching condition, i.e., momen-
tum conservation, is also satisfied and that the parametrically
excited waves are purely electrostaficRadially resolved
measurements of the wave amplitudes show that the electro-
static waves are localized to the center of the plasma (
<3cm). The experimental data, including wave phase ve-
locity and propagation direction measurements, are consis-

10

Electric Field Spectral Amplitude (V/cmHz)

) Jp S Y tent with the interpretation that the parametrically excited
0 5 10 15 waves(the sidebandsare electrostatic lower hybrid waves
Frequency (MHz) and the low frequency mode is an ion acoustic wave. The

FIG. 8. Electrostatic fluctuation spectrum for a rf frequency of 11 MHz andMe€asured phase speeds Qf the ele.CtrOStat_iC Iower .hybrid

a magnetic field strength of 845 G at location “B” in HELIXb in the eight- waves are too large for significant interaction with ions.

coil configuration. However, the phase speed of the low frequency wave is on
the order of three times the ion thermal velocity and ion

. . . : . damping of such waves is theoretically possible.

700 G. Using the cold plasma dispersion relationship of Cho A comparison of the spectral amplitude of the low fre-

including ion terms and collisiorfs, the magnitude of the guency wave as measured with the electrostatic probe at po-
slow wave perpendicular wave numbers in HELIXb as a

. o sition “B” with the perpendicular ion temperatures at posi-
function of magnetic field strength, rf frequency, and plasma{ion “A" (near the antends shown in Fig. 9 as a function
radius can be calculated using a series of simple homoge-, - L ) .

. . . f magnetic field strength and rf driving fr ncy. There i
neous annuli with different plasma densitlésror each rf Of magnetic field strength and rf d g frequency. 'here 1s

frequency and maanetic field strenath. the perpendicul a rough correlation between the measured perpendicular ion
quency gnetic gin, perpend ua{emperatures and the amplitude of the low frequency waves.

wave numbers were calculated at different radial positionﬁ.he wave numbers of the low frequency waves are larger at

using a parabolic density profile. The largest value of theiower rf driving frequencies where the fluctuation amplitudes

perpendicular wave number across the plasma radius WaScrease® The larger wave numbers result in wave phase
recorded and plotted as a function of rf frequency and mag-

o o speeds within a factor of 2.5 of the ion thermal velocity.
netic field strength in Fig. (B). The peak values for the nor- These measurements demonstrate that electrostatic waves are

mzﬂﬁsdavr\]/z;v;anL:]n;tt_)f;_seIcécgt?;natt;hsssiﬁ;nee\;?(luisr (:ng.grel' arametrically excited in HELIXb and that amplitude of the
quency gnetich 9 P perpendicuigy, frequency beat wave is large&nd the phase speeds

;nt;zmﬁggﬁgriz thiatTﬁepffil:én p:rzgen;rlgmma;lonne?sig allest for the same parameters at which the perpendicular
b 9 quency gnetic hielel temperatures near the rf antenna are largest.

strength dependencies of the ion heating are consistent wit
the conclusion that ion damping of slow waves in the edge ofy. |ON FLOW MEASUREMENTS
helicon sources is responsible for ion heating in helicon _ .

. . lon heating is not the only dynamic ion process that can
sources. In fact, except for the recent high frequency axial

current measurements of Blackwell and CRBthese ion affect the operational parameters of helicon sources. lon

. . flows can enhance particle transport, drive instabilities, or
heating measurements are the strongest experimental evi-

dence to date for the existence of Slow waves in helicorﬁerhaps even suppress transport by decorrelating instabili-

sources® Direct measurements of such short Wa"e'engt%zi'eIgegfiLr:éésti?tZt:éq%:Qchﬂmuﬁggﬁ;@“ﬁgﬁilngsma )
waves\ <1 mm, are still beyond the capabilities of conven- 9 ' Y P g mag

tional helicon source diagnostics. We note, however, that rer]etlc fields at the souqd speed. The more mobile electrons try
0 move ahead of the ions, but are held back by development

cent microwave scattering experiments are close to beingf an ambipolar electric field. However, LIF measurements
able to directly measure such short wavelength fluctuations, . P . ' - )
of ion flow in argon helicon plasmas indicate that the ions

; ; 3,29
in helicon sources: flow along the magnetic field at nearly the ion thermal ve-
locity, which is roughly ten times smaller than the sound
speed. Measurements of the azimuthal ion velocities have
shown that the inner region of the plasma column rotates as

Electrostatic, parametrically driven instabilities havea solid body and at the plasma edge the rotational velocity
been observed in the HELIXb experimefiszigure 8 shows decreases. Such a sheared azimuthal velocity profile could
the electric field power spectrum at position “B” in HELIXb excite Kelvin—Helmholtz or other shear driven instabilities
in the eight-coil configuration. The 11 MHz pump wave, thein the edge region of helicon sources.

C. lon heating via parametric decay of the helicon
wave
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FIG. 10. (a) Parallel plasma flows vs fill pressure afig) parallel plasma

- flows normalized to the ion thermal speed vs magnetic field strength for a
500 625 750 875 1000 1125 fill pressure of 2 mTorr, a rf power of 750 W, and a rf frequency of 9.5 MHz.
Magnetic Field Strength {Gauss)
argon ions, and helium neutrals, in the WVU helicon source
m were determined by direct LIF measurements of the parallel
0.10 0.22 0.35 047 0.60 ion velocity distribution functions.
Ion Tem e (eV) Measurements of argon ion flow along the magnetic field

FIG. 5. (Colon () Signal amplitude of the low f ¢ locat inside the HELIXa chamber toward the LEIA chamber are
“aand (1) perpendioular fon temperatures at location <A with HELG SOWN IN Fig. 168) as a function of neutral pressure. Paralle
in the eight-coil configuration for a fill pressure of 6.7 mTorr and a rf power 10N flow normalized to the parallel ion thermal speed as a
of 750 W. function of magnetic field strength is shown in Fig.(0for
HELIXb in the ten-coil configuration. In both cases, the larg-
est parallel flows inside the helicon source chamber are
slightly larger than the parallel ion thermal speed, but con-
siderably smaller than the ion sound speed (

In the past decade, a number of helicon sources have (V,./m;,)*?). Less accurate measurements of parallel flow
been constructed to investigate the possibility of using heliby Light et al. using a Mach probe yielded similar resulifs.
con sources as plasma sources for plasma thrustersr, ~ Thus, contrary to typical assumptions, ions flow out the end
directly as plasma thrustet§®? At WVU, an interest in in-  of linear helicon sources at roughly the ion thermal speed.
stabilities driven by shear in the parallel fl&#%3’ motivated ~ The parallel ion flow profile is not uniform across the plasma
a series of experiments designed to investigate parallel flondiameter and flows maximized on axis and maximized at the
in and exiting from helicon sources. The parallel velocities ofplasma edge have both been observed in HEL¥XBhe

A. Axial flows
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shear in the parallel flow normalized to the ion gyrofre-
quency can be as large asl\(/dx)(1/Q);)~=0.5, large
enough to drive both shear modified ion acoustic instabilities
and shear modified ion cyclotron instabilities in thermally
anisotropic plasma® 3’ 1.5
What happens to the parallel ion flow as the magnetic
field lines diverge into the expansion chamber is not well
understood. Measurements in LEIA 1 m from the end of the
helicon source find little to no evidence of parallel ion flow
in argon plasmas. However, recent parallel flow experiments £
(using LIF on argon ionsfound high-speed ion flows, on the =
order of 10000 m/s, emanating from a small aperture at the .15
end of the MNX helicon sourc#.The aperture separates the
high-power MNX helicon source from a larger expansion
region with an expanding magnetic field geometry. If neutral

3.0

0.0

osition {cm)

braking due to charge-exchange collisions was responsible -3.0

for Fhe slowing of the.parallel flow in the HELIX-LEIA ex- 3.0 15 0.0 15 1.0
periments, a net flow in the neutral atoms might be expected. i

Yet measurements of neutral helium atofmsth LIF) also X Position (cm)

found no net flow in the region directly downstream from the =W mISEmis

HELIXa chamber during helium plasma operation. The dy- T o -
namics of the iongand neutralsin the expansion region are _

the subject of a series of ongoing experiments at WVU using 0.00 0.05 0.10 0.15 0.20
LIF probes that can scan along the plasma axis in LEIA and ’ ' ’ ’
HELIX. lon Density (arb)

FIG. 11. (Color) lon metastable density and rotational flow measurements
versus position in a vertical plane cutting through the HELIX chamber at
position “C” for a fill pressure of 10.1 mTorr, a rf power of 750 W, HELIX

In recent studies of the saturation of plasma density wit{"agnetic field strength of 716 G, and a rf frequency of 9.5 MHz.
increasing magnetic field in helicon sources, Lightal®

prop((j)s_,;ad that enhallzjced (Ijlf_“fus;]on to thel ex0|tat|onf_of res'Sélttempted. Given the difficulties associated with perpendicu-
fuve r t waves cou expiain the poor plasma con INeMeNfy electron flow measurements and the harsh helicon source
n hgllcorl sources at high magnetic f'e.l,d_ strengths. ThoSg ), environmer(targe thermal loads and large rf noise
studies ignored other potential instabilities, such as th e do not, at this time, have plans to measure the azimuthal

Kelvin-Helmholtz instability, because there was no EXPellglactron flow. What is immediately clear from these prelimi-

mental evidence of plasma rotation in helicon sources. Meaﬁary ion flow measurements, however, is that significant ro-

surements of the total perpendicular ion velocity in argoNavional ion flows do exist in helicon sources
HELIXb plasmas are shown in Fig. 11 as a function of po- '

S|t|or_1 in a cross-sectional plane for HELIXb in the ten-_cc_)ll V. DISCUSSION
configuration. The flow vectors were measured by combining
LIF measurements made along the vertical and horizontal The experimental measurements reported here have
directions at roughly 100 locations across a cross section afemonstrated that: ions in helicon sources are preferentially
the plasma at location “C"(see Fig. 1 The flow vectors heated in the perpendicular direction; ion heating is maxi-
overlay a contour plot of metastable ion density, roughlymum at some finite distance downstream from the antenna;
proportional to the square of the plasma density. Based oand that the largest amount of ion heating downstream of the
previous measurements, the peak plasma density for theseantenna occurs when the rf frequency matches the local
parametergneutral pressure of 10.1 mTorr, rf power of 750 lower hybrid frequency at the edge of the plasma. lon tem-
W, HELIX magnetic field strength of 716 G, and a rf fre- perature radial profile measurements and comparison of ion
quency of 9.5 MHg is approximately K103 cm 3. The temperature measurements as a function of rf frequency and
ions clearly rotate around the central density peak and, exnagnetic field strength with theoretical predictions for the
cept for a small region neat=—2.0 cm, the rotation fre- perpendicular phase speed of the slow wave suggest that ion
quency is nearly constant all the way to the plasma edge. Thegamping of slow waves is responsible for the observed ion
rotation direction is counterclockwise with respect to theheating downstream of the antenna. Close to the rf antenna,
magnetic field direction, i.e., in the opposite sense of theadditional ion heating mechanisms appear to be important.
electron diamagnetic drift direction. To the best of ourlon damping of parametrically driven waves is one possible
knowledge, these two-dimensional LIF measurements of thenechanism that could provide for the observed ion heating
full azimuthal flow vector are the first such measurements imear the antenna and there is some correlation between the
a low temperature plasma. observed ion heating and the amplitudes of the parametri-
Azimuthal electron flow measurements have not beertally driven waves in the helicon source. As the downstream

B. Rotational flows
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ion temperatures are typically 50% larger than the ion temall of their efforts in constructing the HELIX/LEIA appara-

peratures near the antenfsee Fig. 3, the slow wave damp- tus. We also acknowledge useful discussions with David
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