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PHYSICS OF PLASMAS VOLUME 10, NUMBER 1 JANUARY 2003

Parametric decay instabilities in the HELIX helicon plasma source

J. L. Kline
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

E. E. Scime®
Physics Department, West Virginia University, Morgantown, West Virginia 26506

(Received 13 June 2002; accepted 7 October 002

Parametric decay of the electromagnetic helicon pump wave into two electrostatic waves, thought
to be a lower hybrid wave and an ion acoustic wave, is observed. The parametric excitation of the
electrostatic waves is strongest near the axis of the helicon source. The parametrically excited wave
amplitudes can be as large as 8% of the pump wave amplitude. Thus, efficient coupling between the
parametrically excited waves and plasma parti@i@ss and electronsan lead to enhanced plasma
densities, electron temperatures, and ion temperatures. A correlation between the lower hybrid wave
and electron temperatures and a correlation between the ion acoustic wave and ion temperatures
near the antenna are observed.2803 American Institute of Physic§DOI: 10.1063/1.1528182

I. INTRODUCTION electrons. However, the phase speed of the parametrically

xcited waves can be comparable to the electron or the ion
rﬁ1ermal speed. Thus, energy from the helicon wave can be
onverted to particle kinetic energy through linear or nonlin-
ar damping of the parametrically excited waves.

In this paper, experimental evidence of parametrically
Ocgoupled electrostatic waves is presented for the HELIX heli-
Pn source experiment operating in the eight-coil configura-
tion. The characteristics of the coupled electrostatic waves,
ne-g., wave number, dependence on rf power, radial varia-
jons, and dependence on rf and magnetic field strength, are
Qvestigated. Measurements of the electromagnetic wave

ectrum are also presented confirming that the parametri-
hcaIIy driven waves in HELIX are purely electrostatic.
" The experimental data suggest that the rf pump wave
Cparametrically drives an electrostatic lower hybrid wave and
low frequency ion acoustic wave. Correlations between the
plitude of the lower hybrid wave and the electron tem-
perature and the amplitude of the ion acoustic wave and the
Jon temperature near the antenna are reviewed in Sec. V of
this work. The effects of parametrically driven waves on en-
£ray coupling into helicon sources are discussed in Sec. VI.

There are many unanswered questions concerning de
sity production, ion heating, and damping of the helicon
wave in helicon sources. Even if recently proposed generaﬁ
theories concerning rf power absorption in helicon source§
(see, for example, Ref.) lre validated by additional experi-
ments, questions about how other linear and nonlinear micr
processes can alter the general characteristics of helic
sources will remain. For instance, Light al? suggest that
the excitation of unstable low-frequency waves in helico
sources leads to anomalous particle transport and a const
or decreasing plasma density at high magnetic field strengtH
even though most general helicon source theories predict
increasing density with increasing magnetic field strengt
The theoretical prediction of Akhiezest al® that electron
EXB drifts in the helicon wave fields can excite parametri
sound turbulence that heats electrons via nonlinear scatteri
is another example of a plasma process outside the scope
most helicon source models.

In fusion plasmas, it has long been established that par
metric instabilities occur during rf heating of particfes.
The parametric instabilities can reduce the efficiency of th
rf heating if the pump wave is responsible for heating the
particles by reducing the amplitude of the pump wave. Howdl- EXPERIMENTAL APPARATUS
ever, the parametrically excited waves can also heat the par- The Hot hELIcon eXperimentHELIX) vacuum cham-
ticles. Therefore, parametric decay of the pump wave caRgr is 3 61 cm long, Pyrex tube 10 cm in diameter connected
also result in improved particle heating. Because helicoRy 5 91 ¢m long, stainless steel chamber that is 15 cm in

sources have a large amplitude rf wave propagating along th§ameter(see Fig. 1 The stainless steel chamber has one set
axis of the discharge, it should not be surprising that Parags four 6” Conflat™ crossing ports in the center of the cham-

metric decay of the rf pump wave can occur in helicqnber and two sets of four 2 Conflat™ crossing ports on
sources. In fact, Boswell studied parametric decayé of whisgither side that are used for diagnostic access. The opposite
tler waves in rf generated plasma sources in the 19F8. o of the stainless steel chamber opens @2 mdiameter
helicon sources, parametrically excited waves provide an aLépace chamber, the Large Experiment on Instabilities and
ternative mechanism for the helicon wave to interact with theAnisotropies(LEIA).g Ten electromagnets typically produce
particles. Typically, the phase speed of the helicon wave i§, gieady-state axial magnetic field of 0—1200 Gauss. How-
much larger than the thermal speed of both the ions andyer for these experiments, only eight electromagnets were
used so that the peak magnetic field could be increased to
dElectronic mail: escime@wvu.edu 1320 Gaus$® The source gas is argon at neutral pressures of
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were placed as close to the coils as possible to eliminate
electrostatic pick-up®’ The electrostatic probe consisted of

_gas two Langmuir probe tips separated by 3.2 rfthSo that

inlet high-frequency floating potential fluctuations could be mea-

RO RRR AN j sured, the electrostatic probe tips were not rf compensated.
ﬁ“_i pump ~ Wave numbers were calculated from the measgred phase
é . ’ differences between both the magnetic sense coils and the

EQEEEE‘E\\ electrostatic probe tips using a fixed pair probe analysis

microwave rf technique'® The phase difference and fluctuation power as a

system antenna function of frequency was determined from the cross-power

spectrum of time series from two probe tips or sense caoils.

The cross power spectru®;,(AX,w), is defined as

< 45m —>&—16m—s power spectiuuZ Ax,«)
o _ P1AAX,0)=® (X1, 0) D3 (X, 0), 1)

FIG. 1. Schematic diagram of HELIX and LEIA plasma chambers with

diagnostic placement. where®,(x,,w) is the fast Fourier transforrFFT) of the

time series from probe on&; (x,,) is the complex con-
jugate of the FFT of time series from probe two, akxl is
1-10 mTorr. RF power of up to 2.0 kW over a frequencythe spatial separation between the two measurement loca-
range of 6—-18 MHz is used to create the steady-state plasmgons. Writing the cross-power spectrum in real and imagi-
A 19 cm, half wave, right-handed helix antenna is usechary components
to generate the plasma. The right-handedness is relative to
the magnetic-field direction, and is designed to launch the P12 AX, )= (@1 reP2 Ret ®2 mP1im)
m=+1 helicon wave toy\{ardg LEIA. Characteristic electron i (P2 RePLIM— P2 MP1 RO 2)
temperatures and densities in HELIX afg~4 eV andn
=1x 10" cm? measured with an rf compensated Langmuirthe phase of the complex cross-power spectrum becomes
robe!! For all the experiments reported here, the magnetic _
?ield in LEIA was fixeg at 36 Gausz. k O(w)=tan* (#2 ReP1Im— #2 i1 R .
The ion temperatures, both parallel and perpendicular, (¢1reP2 Ret P2 mP1im)
were obtained from direct measurements of the ion velocityrrom Eq.(3), the wave number for each frequency step of
space distribution with laser induced fluorescefid€).}>!®  the FFT can be calculated by dividing by the probe separa-
A Coherent 899 ring dye laser pumps thed(}°G,, meta-  tion distance Ax. Although the wave numbers at wave fre-
stable argon ion line to the ()4)2F$,2 state which then de- quencies with large wave amplitudes can be obtained from a
cays via emission of the 461 nm photon to thes'(¥Dg,  single pair of filtered time series, in turbulent plasma condi-
state. As the laser frequency, centered on a wavelength ¢ibns or when waves have a small signal to noise ratio, an
611.5 nm, was swept through 10 GHz, the fluorescent emisesnsemble average of multiple cross-power spectra provides a
sion from the pumped upper level was measured with a filmore complete picture of the spectrum of wave frequencies
tered photomultiplier tube detector. A curve fit to the Dopplerand wave numbers.
broadened absorption linewidth was used to determine the To create the ensemble averaged spectrum, a two-
ion temperaturé**® All the perpendicular ion temperature dimensional matrix of frequency versus wave number is cre-
measurements referred to in this work were performed at thated. The average power for each frequengR(x,,w)
axial position labeled “C” in Fig. 1. +Py(X,w))/M (whereM is the number of time recorglss
Magnetic and electrostatic fluctuation measurementplaced in the appropriate wave number bin calculated from
were accomplished with pairs of probes at axial position “B” Eq. (3). This is repeated for multiple time records. In this
in Fig. 1. The magnetic fluctuation probe consisted of fivework, 84 sets of time records were used. For random signals,
sense coilgapproximately 175 turns of 40 gauge wire perthe average power will be small and the wave numbers
1.3 mm OD by 1.3 mm long coilhoused within a 25.4 mm spread out over the whole wave number spectrum. For peri-
diameter, boron nitride shield. The five sense coils formed a@dic signals, the average power will be large and the wave
cross pattern+) with the axes of all five coils in the same numbers will have a finite width. The values in the frequency
direction. The axes of the sense coils were 6.35 mm from thand wave number bins for these signals become larger than
end of the boron nitride housing. The boron nitride housingthose of random signals increasing the signal to noise. Since
was mounted on a probe shaft that could move radiallthe ensemble averaged spectrum is a compilation from mul-
across the plasma. The shaft could also be rotated to meastuigle time records, turbulent or time-dependent waves with a
magnetic fluctuations parallez @irection and perpendicular finite frequency and/or wave number range can be detected.
(azimuthal directiointo the applied magnetic field. With the This is the key advantage of the ensemble averaged, digital
cross pattern, simultaneous phase difference measurement®ss-power spectral analysis method.
of the same magnetic-field component could be measured in  Although the fixed probe pair analysis detects turbulent
two orthogonal direction® The two ends of the sense coils waves, there are limitations to the measurement. The maxi-
were connected across one side of a center-tapped, one-tmum and minimum measurable frequency is determined by
one transformer inside the probe shaft. The transformerthe typical limits of the FFT. As for the wave numbers, there

()
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are two limits. Mathematically, the minimum measurable
wave number is a function of the number of data records in
the time seriesN, and the probe separation distankg;,
=2a/AxN. For all of the measurements reported here, each
time series was 8192 points long and the mathematical limit
is much smaller than the physical limits of the probe and data
acquisition system. The minimum resolvable wave number
was estimated to ble,,;,=~0.05 rad/cm. The second limit is a
physical limit attributed to the probe separation. If the wave-
length is shorter than the separation distance between the two
probes, aliasing of the wave number occurs, i.e., the probe
cannot differentiate betweegh and ¢+ 2n wheren is an
integer. The criteria are further restricted if the propagation
direction of the wave is not known. The difference between
3w/2 and—7/2 cannot be determined by the probe measure-
ments. Since the propagation direction of the waves is UnFIG. 2. Electrostatic fluctuation spectrum at a radius of 2 cm for an rf of 11
known, the phase measurements are restricted to the rany]@lz, a ne_utral pressure of 6.7 mTorr, an rf power of 750 _Watts, and a
. o agnetic-field strength of 845 Gauss. The upper and lower side band peaks
72 t? —ml2, I|m|t|ng the ”?'”'ml_lm measurable Wavelgr!gth are displaced from the rf pump frequency by the same frequency as the
to twice the probe separation distanc&X2 Thus, the mini-  jow-frequency wave.
mum measurable wavelength for the electrostatic probe is
restricted to 6.4 mm or a wave number range*§.8 rad/

cm. Positive wave numbers represent waves propagating par-

allel to the applied magnetic field and waves propagating irpf Fhe parametrically exited waves were mgasured both in the
the right hand direction with respect to the applied magneti@zimuthal and the parallel direction relative to the applied
field. To ensure that the measured wave numbers were ngtagnetic field, a magnetic component of the excited waves
aliased, i.e., wavelengths smalleA®, wave number mea- would have been measured in the azimuthal or parallel di-

surements were made at multiple probe angles with respeE‘?Ction if the waves were electromagnetic. Thus, the electro-

to the applied magnetic field. The perpendicular wave numMagnetic frequency spectrum indicates that the three para-

ber at the various angles remained the same. If the wav/getrically excited waves(two sideband and one low
numbers had been aliased, the perpendicular wave numbg?quency are purely electrostatic. All other parametrically

would have changed as a function of angle as the phas%?(Cited waves discussed in this work were also found to be
difference went fromp to ¢-+27 purely electrostatic. As a quick check of the electromagnetic

fluctuation measurements, the area under the pump wave was

integrated yielding a magnetic-field fluctuation amplitude of
Ill. EXPERIMENTAL MEASUREMENTS OF 5.9 Gauss; consistent with other measurements of the ampli-
PARAMETRIC DECAY tude of the helicon wave in helicon sourcés.

The standard criteria for establishing that three waves
are parametrically coupled are the two matching conditions,
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energy conservation and momentum conservation, described S 107 —
by w,= w1+ w, andk,=k;+k,. Figure 2 shows the spectral %
amplitude of the electric field fluctuations at a radius of 2 cm 5 s
for a pump frequency of 11 MHz, a magnetic-field strength ’5 107 - -
of 845 Gauss, a neutral pressure of 6.7 mTorr, and an rf =,
power of 750 Watts. Clear energy conservation is established E 10° N
with the pump wave decaying into two side bands and a E
low-frequency mode as indicated in the figure. The wave 8 10
amplitude for the lower side band is about 8% of the pump & 107 - .
electric field and is the largest measured in these experi- E
ments. Figure 3 shows the frequency spectrum of magnetic- “:*_, oL _
field fluctuations parallel to the magnetic field at a radius of ]
2 cm as measured by a single magnetic sense coil for the §> 2

210 [N TN N S N N Y I I Y

same parameters and acquired at the same location as the 0 5 10 15
data shown in Fig. 2. The electromagnetic fluctuation spec-
trum shows no sign of parametric decay as only the pump
wave has an electromagnetic signature. Measurements of ti¥es. 3. Frequency spectrum of magnetic-field fluctuations along the mag-
azimuthal magnetic field were also made and showed no Sigrmetic field @ direction at a radius of 2 cm for an rf of 11 MHz, a neutral

; : ; essure of 6.7 mTorr, an rf power of 750 Watts, and a magnetic-field
of parametric decay' The residual small peak in the SpeCtrurﬂrength of 845 Gauss. No sidebands or low-frequency waves are apparent.

near 9.5 _MHZ is due to a large resonance in the mf_ignetiﬁ:ltegration of the area under the curve between the two vertical lines yields
sense coil at 9.5 MHZ Since the electric field fluctuations a magnetic-field strength of 5.9 Gauss for the pump wave.

Frequency (MHz)
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FIG. 5. (W) Azimuthal and(®) parallel electrostatic wave number of the
pump wave versus rf for a magnetic-field strength of 845 Gauss, a neutral
32 - . pressure of 6.7 mTorr, and an rf power of 750 Watts. The dashed line
indicates the azimuthal wave number expected far-a+1 wave.

In( Integrated Signal Amplitude) (arb.)
R
[
1

40 - _
48 InMe a i\nnnﬁ\ | ;{\ﬂ man
0 ] I T applied magnetic field. The sum of the wave numbers is zero
3 _(c) | to within the experimental errok;; ~2.1+ 0.2 rad/cm for the
low frequency componenk; sg~ —1.5£0.3 rad/cm for the
-16 - 1 lower side band, anki,~1.0=0.1 rad/cm for the pump. The
24 1 _ statistical error in the wave number measurements is the er-

ror in the mean based on 84 measurements at each frequency.

32 N Although the mean wave number is known with good preci-

40 - sion, Fig. 4 also shows that the standard deviatibk, is

48 locathod | FM\A,‘..-M,-. sl much larger, i.e., on the order dfk~1.5 rad/cm. Thus it
-10 -5 0 5 10 appears that the parametric decay processes in HELIX gen-

erate a turbulent wave spectrum. Nonetheless, these wave
number measurements demonstrate that the two conditions
FIG. 4. Natural logarithm of the electrostatic spectral power integrated ovefequired to demonstrate parametric coupling, energy and mo-

70 kHz around the central wave frequency versus wave number fdgkhe mentum conservation, are satisfied in these HELIX pIasmas.
pump wave(b) low frequency wave, an¢t) lower side band wave propa-

Wave Number (rad/cm)

The parallel and azimuthal wave numbers of the pump

The electrostatic fluctuation power spectrum also in-wave versus rf measured at a radius of 2 cm are shown in
cludes an additional electrostatic wave around9 MHz  Fig. 5 for a magnetic-field strength of 845 Gauss, a neutral
that has yet to be identified. The 9 MHz wave does notpressure of 6.7 mTorr, and an rf power of 750 Watts. Except
change frequency with magnetic-field strength, rf drivingat 10 and 11 MHz, the parallel wave numbers for the pump
frequency, or plasma density. The electrostatic fluctuationvave are on the order &~0.4 rad/cm, i.e., parallel wave-
spectrum was measured with two different digitizers at twolengths of approximately 16 cm. The most likely source of
different digitization rates and identical results werean approximately 16 cm long electrostatic wave at the rf is
obtained?® Because background test measureménith all the 19 cm long rf antenna. However, at 10 and 11 MHz, the
apparatus turned on but without argon gas in the plasmparallel wavelength of the pump wave suddenly decreases to
chambey show no evidence of the anomalous 9 MHz wave,approximately 6 and 3 cm, respectively. The measurements
the wave either truly exists in the plasma or results from arnndicate a fundamental change in the nature of the electro-
electrical resonance in the electrostatic probe-digitizer meastatic wave at the pump frequency at these two frequencies.
surement circuit. Although we continue to seek to understandt typical HELIX densities and a magnetic-field strength of
the origins of the 9 MHz peak, in the remainder of this work 845 Gauss, the lower hybrid frequency
the 9 MHz peak is not discussed as it is not coupled to the 2 2 P
other waves observed in the experiment. Vo= U ocgoc) + U oyt o), @

Parametric coupling also requires that momentum bevhere wy, is the lower hybrid frequencyy,; is the ion cy-
conserved among the sideband, pump, and low-frequenaglotron frequencyw.. is the electron cyclotron frequency,
waves. The wave number spectrum, obtained from the twandw; is the ion plasma frequency, is approximately 9 MHz
tips of the electrostatic probe, for the low frequency wavenear the axis of the source. Therefore, when the rf is just
the lower sidebandLSB), and the pump waves shown in above the lower hybrid frequency, the parallel wavelength of
Fig. 2 are shown in Fig. 4 for wave propagation along thethe electrostatic wave at the pump frequency decreases
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10 FIG. 7. The sumk;+kysg—kj, of the () azimuthal and(®) parallel
®) ' ' ' ' ' ' electrostatic wave numbers for the rf pump, upper side band, and low-
frequency electrostatic waves versus rf pump frequency. The upper side
- 8L _ band waves were always approximately 400—800 kHz away from the pump
g i frequency and the low-frequency waves were always in the range of 400—
3 800 kHz.
Egl @ i
2 . _ .
§ 4L L] » LI I wave. Similar measurements of the lower side band indicate
“ ¢ ¢ é that it is also electrostatic lower hybrid wave for rf below 9
§ é MHz for a magnetic-field strength of 845 Gauss.
2r § § i 7 Both the parallel and azimuthal wave numbers for the
low-frequency wave track the upper side band wave numbers
07 é ; 1'0 1'1 1'2 1’3 ’ as a function of rf{[Fig. 6b)]. The near one-to-one corre-
spondence between the low-frequency wave numbers and
Frequency (MHz) upper side band wave numbers is due to the momentum con-

FIG. 6. (W) Azimuthal and(®) parallel electrostatic wave number of tf& servation para_metric coupling condition and the small wave
upper side band angb) low-frequency waves versus rf for a magnetic-field number magnitudes of the pump wave. The wave number

strength of 845 Gauss, a neutral pressure of 6.7 mTorr, and an rf power @um,krf-i- kuss—Kis , is plotted in Fig. 7 as a function of the
750 Watts. rf pump frequency(not the actual electrostatic wave frequen-
cies. The parallel wave numbers are conserved for all fre-
quencies. However, the perpendicular wave numbers are
sharply. As reported elsewhere, the nature of ion heating iclearly not conserved at 10 and 11 MHz or below 8 MHz.
HELIX changes dramatically when the rf is equal to the localSince the group velocity for both of the parametrically ex-
lower hybrid frequency®?® Note that the azimuthal wave cited waves is in the same direction, the parametric instabil-
number is typically much smaller than what would be ex-ity is a convective instability>2* Therefore, it is possible to
pected for ajm|=1 wave propagating azimuthally at  obtain a wave number mismatch from spatial inhomogene-
=2cm (k,~0.5rad/cm). In fact, at the highest pump fre- ities in the plasma that change the dispersion relationship of
guencies, the electrostatic wave at the pump frequency is a@he excited waves as the instability travels through the
m= 0, azimuthally symmetric wave. plasma. If the low-frequency wave is an ion acoustic wave,
At r=2 cm, the azimuthalperpendiculgr wave num- as is suspectetevidence to be presented Igtea tempera-
bers for the upper side bafdSB) wave[see Fig. 6a)] start  ture gradient along the aXiscould alter the wave number of
at ky=7.5rad/cm and decreagm magnitude to aboutk, the low-frequency wave as it propagates from the excitation
=5.0rad/cm at an rf of 9 MHz. Above 9 MHz, i.e., above region to the probe. Therefore, if the parametric decay occurs
the local lower hybrid frequency, there is almost no changenear the antenna, wave coherence could be lost by the time
in the azimuthal wave number with rf. The azimuthal wavethe waves propagate 35 cm downstream to the probe loca-
number data between 7.5 and 9.0 MHz have the unique sigion. Note that below rf of 8 MHz, the wave lengtfgerpen-
nature of a backward propagating wave. Keeping in minddicular and parallgl of the low-frequency wave decrease
that the frequency of the upper side band wave for thessharply (Fig. 6). The lack of wave number conservation in
plasma parameters was always a constant 400—800 kHhe perpendicular direction at 10 and 11 MHz corresponds to
above the rf of the pump wave, the phase velocitlk,, of  the rapid decrease in the parallel wave number seen at the
the upper side band wave is negative while the group velodower hybrid resonance in Fig. 5. However, we do not have
ity, dw/dk, is positive, i.e., backwards propagation. Back-an explanation as to why momentum conservation is broken
ward propagation is characteristic of electrostatic lower hy-n the perpendicular direction and not the parallel direction at
brid waves??? Thus, for rf below 9 MHz, the upper side these rf. Similar results were obtained for other background
band wave can be identified as an electrostatic lower hybridhagnetic-field strengths, i.e., the wave number matching
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(b)
]
condition is generally satisfied and when the pump frequency o }
: 2 11071 -
drops below the local lower hybrid frequency, the electro- s -
static side band and low frequency wave lengths decrease. =
g ®
B. Parametric decay versus rf power ; 510°L .
=
Another key signature of parametric decay is the power % ®
coupling between the pump wave and the parametrically
driven waves. For fixed coupling strengths between a set of 010°
waves and fixed damping rates of the parametrically driven 6 1 2 3 4 5 6
waves, the pump wave amplitude must exceed a threshold Radius (cm)

before _parametrlc e.XCItatlon OCC%Flgure 8 shows the FIG. 9. Peak spectral power of tfi@ pump andb) upper side band waves
power in the lower side band and pump wave at four differ-ersus radius at a magnetic-field strength of 910 G and (€61 MHz, (W)
ent rf input powers, an rf of 11 MHz, and a magnetic-field 11 MHz, and(#) 13 MHz.

strength of 737 G. The peak power in the parametrically
excited waves increases linearly with pump power. For typi-
cal three-wave parametric decay, the power in the parametr
cally excited waves should increase exponentially with in-
creasing power in the pump wafé® However, in this
experiment, the same antenna that excites the helicon pu
wave is also responsible for generating the plasma. As th
input power increase@ncreasing the amplitude of the pump
wave), the plasma parameters change, i.e., density, electr
temperature and ion temperature. Therefore, the varying The electrostatic fluctuation power spectra were also
plasma parameters should also change the growth rates of theeasured at different radial locations for different rf pump
parametrically excited waves and a detailed theoreticalrequencies in HELIX. The peak spectral power in the pump
analysis including the interdependencies of the plasma pand upper side band waves for three differentf11, and
rameters and wave growth rates is required to accurately cal:3 MHz) and a magnetic field strength of 910 Gauss are
culate the expected scaling of power in the parametricallyshown in Fig. 9 as a function of radial location. For all three
driven waves as a function of pump power. Such a calcularf, the parametrically coupled waves are localized to the cen-
tion is outside the scope of the present work. However, Figter of the helicon source,<3 cm. The rf is slightly below

8 does show that a threshold for the parametric decay existthe on-axis lower hybrid frequency for the 9 MHz case,
Parametrically driven, electrostatic waves were not observesdlightly above for the 11 MHz case, and well above for the
for input powers less than 450 Watts, i.e., there is a cleal3 MHz case. In all three cases, the electrostatic signature of
power threshold that is consistent with a classic parametrithe pump wave is largest on aXisig. 9a)]. However, the on
decay process. For input powers less than 450 Watts, HELDaxis power for the 13 MHz case is less than half the power
also drops out of the helicon mode into the inductive mdde. observed for the two lower frequencies even though the input
Thus, the pump power required to operate the helicon sourcé power is the same in all three cases. At this magnetic-field
in the helicon mode exceeds the threshold for parametricallgtrength, higher plasma densities were obtained at 9 and 11
driving the electrostatic waves. If other helicon sources havéHz than at 13 MHZ° These measurements provide experi-
similar thresholds for helicon mode operation and parametrienental evidence of better power coupling into the plasma
decay, these measurements suggest that parametric decagves at lower rf for identical input powers.

should be observable in all helicon sources operating in the
elicon mode. There may even be a causal link between
parametric decay and the helicon mode transition. In other

ords, large enough rf powers to drive parametric decay may
nﬁée required for helicon mode operation.

o%' Parametric decay versus radial location
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0.01 I . | . than the lower hybrid frequency. Figure(bpshows the nor-
®) malized wave amplitudes for the lower side band, upper side
0.008 L- ® _ band, and low-frequency component plotted as a function of
o o magnetic-field strength foa 9 MHz rf driving frequency.

Again, the largest coupling occurs when the frequencies of
9 both side bands are above the lower hybrid frequency. The
vertical lines in Fig. 10 indicate where the lower side band
frequency is equal to the lower hybrid frequency. Similar
n 2 [ ] trends are seen in magnetic field and rf scans at other rf and
o % magnetic-field strengths. In the cold plasma approximation,
® wave frequencies above the lower hybrid frequency have real
oLg | l | perpendicular wave numbers. However, for wave frequencies
600 800 1000 1200 below the lower hybrid frequency the perpendicular wave
Magnetic Field Strength (Gauss) numbers are purely imaginary and the waves are strongly
damped® Thus, strong coupling to the lower hybrid waves,
0.05 — T T as seen in Fig. 10, is expected for rf above the lower hybrid
@ frequency.
0.04 L o i The power in the sidebands can become large for side
band frequencies below the lower hybrid frequeri&yg.
11(a)], but the pump wave amplitude also increases dramati-
0.03 - ® o 7] cally. Thus, the coupling is weaker for rf below the lower
hybrid frequency and it is unclear if the sidebands are lower
0.02 - - hybrid quasi modegstrongly damped wavgsor another
n plasma wave. For plasmas with finite electron and ion tem-
0.01 L | peratures, there are a plethora of waves that can propagate
u - o m near the lower hybrid resonante.
! o ®

o

0 1. l. [ S 1
6 7 8 9 10 11 12 13 14 IV. DISCUSSION
RF Frequency (MHz)

T
|

0.006
9

0.004

0.002

Normalized Wave Amplitude

Normalized Wave Amplitude

That parametrically driven waves appear in helicon

FIG. 10. () Normalized amplitudes di®) the lower side band an@) the sources should not be Surprising given the number of previ-
upper side band as a function of rf for a magnetic field of 845 Gabsgs. . . .
Normalized amplitudes qi®) the lower side band M) the upper side band, ous eXpe”men_tS _that have Observed_ parametrlcally driven
and (¢ ) low-frequency wave as a function of magnetic-field strength for aWaves when similar plasmas are driven with comparable
rf driving frequency of 9 MHz. The vertical lines indicate where the upper strength rf wave$.The electrostatic probe measurements in-
side band frequency matches the lower hybrid frequency. dicate that the power in the parametrically driven waves is
largest near the axis of the helicon source. The only electro-
. magnetic wave th n pr in this region of the heli-
At r=1cm, the power in at the pump frequency drops agnetic wa gt at ca P Opagate in t IS region o the he

con source is the helicon wave since the slow or

sharply for all three frequencies examined. At the same . . N )
_ : : : . “Trivelpiece—Gould” wave is strongly damped at the plasma
=1 cm radial location, the spectral power in the upper side

band wave increases sharply for both the 9 and 11 MHedgez'9 Akhiezeret al? haye .SqueSted that_dampin_g of Fhe
caseqFig. 9b)]. Note that for the 13 MHz case, very little elicon wave by the excitation of parametrically driven ion

lower side band power is measured at all radii. Across th(?Ound turbulence .COUId explain the hehcon wave damping
rate and the peak in the plasma density downstream of the rf

entire inner region of the plasma, the 9 MHz case exhibits, |\ o1 cerved in helicon sour@®&in their model, the
the largest levels of upper side band podiig. Ab)] short wavelength ion sound turbulence is most efficiently
driven for rf near the lower hybrid frequency. The ion sound
turbulence scatters electrons, leading to electron heating and
increased density production. Such a mechanism would ex-
To investigate the parametric coupling strength of theplain the correlation between the lower hybrid frequency and
driving wave to the lower hybrid waves verses rf and mag-plasma density production in HELIX and would be consis-
netic field strength, the side band and low frequency wavéent with a peaked density profilsimple magnetically lim-
amplitudes were normalized to the pump wave amplitude tdted diffusion also yields a centrally peaked density profile
account for amplitude changes in the pump wave. Figurdlthough the predicted perpendicular wavelengths for the
10(a) shows the power in the side bands as a function of rion sound turbulence are too small to be measured with
for a fixed magnetic-field strength of 845 Gauss. The ampliprobes, recent microwave scattering experiments suggest that
tudes of the side bands are largest when the rf driving freshort wavelength; ion acoustic-like turbulence is generated in
quency is larger than the lower hybrid frequency by a largehelicon sources?
enough margin such that all three watee pump, the lower Electron scattering by ion sound turbulence is not the
side band, and the upper side baficequencies are larger only mechanism whereby parametrically driven waves can

D. Parametric coupling versus magnetic field strength
and rf
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FIG. 11. (Color) (a) Peak spectral power in the electrostatic lower side band lon Temperature (eV)

wave as a function of magnetic-field strength and rf pump frequeingy.

Electron temperature as a function of magnetic-field strength and rf pumIG. 12. (Color) (a) Peak spectral power in the low-frequency electrostatic
frequency. The white line indicates the parameters at which the rf pummvave as a function of magnetic-field strength and rf pump frequey.
frequency equals the on-axis lower hybrid frequency. Perpendicular ion temperature measured 5 cm in front of the antenna as a
function of magnetic-field strength and rf pump frequency. The white line
indicates the parameters at which the rf pump frequency equals the on-axis
couple energy into the plasma particles. To couple wave erfower hybrid frequency.

ergy directly into the electrons through Landau damping, the

phase velocity of the wave must be near the electron thermal

velocity, vyhe. For the frequency range of 8—11 MHz, the as a function of magnetic-field strength and rf. Except at the
parallel phase speeds/k;, of the electrostatic lower side highest rf pump frequencies, the variations in lower side
band waves are on the order of 270'—-3.8<x10’ cm/s, or  band power and electron temperature as a function of mag-
0.4—0.8v,e. If the lower side band waves do couple energynetic field strength and rf are qualitatively similar. Both show
directly into the electrons, there should be a correlation bea strong correlation with the lower hybrid frequency curve
tween power in the lower side band waves and the measurexhd both peak for rf below the lower hybrid frequency. Note
electron temperature. The power in the lower side band wavthat these data are consistent with the previous discussion of
and the measured electron temperature are shown in Fig. tfie strength of the parametric coupling being largest for rf
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above the lower hybrid frequency. The parameter of interest 20
in this discussion is the total power in the lower side band
waves, not the normalized power shown in Fig. 10. The in-
crease in absolute power in the lower side band wave may
simply result from more efficient coupling of rf power into
the helicon source via an eigenmode of the systefiThus,

the increase in helicon wave amplitude increases the absolute
energy deposition into the parametrically excited waves and
electron heating and density production are correlated with
the amplitude of the lower side band wave.

Y=l .
15| '

Electron Temperature (eV)

To couple wave energy into the ions, the phase speed of Y=2
a wave must be close to the ion thermal speed. For wave 0 | A A A | |
numbers less than 10 rad/cfthe maximum wave number 7 8 9 10 11 12 13 14
resolvable with the electrostatic prgbéhe wave frequency Frequency (MHz)

must be below 900 kHz to be less than five times the thermal ] )
FIG. 13. Electron temperatures measured with the rf compensated Langmuir

spegd of 0.5 eV IOIT]S' Thus, only the Iovy-frequehcy eIG‘TCtro_probe(D) and calculated for an ion acoustic wave propagating at the mea-
static wave could directly couple energy into the ions. Figureésyred wave phase spee@®).
12 shows the power in the low frequency electrostatic wave
and the perpendicular ion temperature 5 cm from the front of
the rf antenna as a function of magnetic-field strength and rivith other experimental results that show the existence of
driving frequency. At high magnetic field strengths, aboveelectron and ion temperature gradients in helicon plasmas
900 Gauss, the peak in the amplitude of the low frequencyvith similar parameter§>2>?°So although the plasma is also
electrostatic wave is well correlated with the peak in thenot adiabatic, a choice for the ratio of specific heats between
perpendicular ion temperature. Both the perpendicular iony=>5/3 andy=2 (independent perpendicular and parallel de-
temperature and low-frequency wave power plots have a regrees of freedomis reasonable given the experimental data,
gion of reduced intensity around an rf of 11 MHz and aand the low-frequency wave is very likely an ion acoustic
magnetic-field strength of 1100 Gauss. These observationgave.
suggest that near the rf antenna, the parametrically driven Since the low frequency wave is polarized perpendicular
low-frequency electrostatic wave either directly heats theo the magnetic field, it is possible that the low-frequency
ions or is driven by the same mechanism responsible for thevave could be a backwards propagating cyclotron wave
ion heating. (with phase and group velocities in opposite directidsut

As noted previously, the characteristics of the lower andn the fluid limit (k\p<<1 where\ is the Debye lengththe
upper side band waves are consistent with expectations famly difference in the dispersion relationship between a cy-
electrostatic lower hybrid waves. If the low frequency, elec-clotron wave and an ion acoustic wave is the addition of the
trostatic wave observed in these experiments is an azimutleyclotron frequency as a constant. The additional ion cyclo-
ally propagating ion acoustic wave, the measured wavéron frequency term slightly reduces the calculated electron
phase speeda(/k) should equal the ion sound speed, temperatures in Fig. 13, yielding even better agreement with
~(ykpTe/my) Y2 for T,>T; wherek, is Boltzmann's con- the Langmuir probe measurements.
stant,m; is the ion mass, ang is the ratio of specific heats.
The electron temperatures calculated from the measur
wave phase speedB,= m;w?/ ykpk? with y=5/3, are shown
in Fig. 13 along with the electron temperatures measured on Parametric decay of the helicon wave into two electro-
axis with the Langmuir probe as a function of rf. Except atstatic waves has been observed in a helicon source. The mea-
13 MHz, the measured electron temperatures are consistestirements are consistent with the parametric excitation of a
with the calculated electron temperatures assuming the wavewer hybrid wave and an ion acoustic wave. The parametric
is an ion acoustic wave. The dotted lines in Fig. 13 also shovweoupling is strongest for rf above the lower hybrid frequency.
the electron temperatures calculated from the sound spee&ince intense downstream ion heating occurs for rf below the
for y=1 andy=2. The y=2 calculated temperatures are in lower hybrid frequency® these parametrically excited waves
better agreement with the Lagnmuir probe measured electraare not likely to be responsible for downstream ion heating
temperatures while the calculations fe=1 (an isothermal in helicon sources. However, a correlation between the am-
plasma are not. For a plasma to be isothermal, the electronglitude of the lower hybrid wave and electron temperatures
must be free to move multiple wave lengths in one waveand a correlation between the amplitude of the ion acoustic
period. It is true that the phase speed of the parametricallwyave and ion temperatures near the antenna are also ob-
excited waves is less than the electron thermal speed. Hovgerved. Since the parametrically excited waves can interact
ever, for an argon neutral pressure of 6.8 mTorr and electrowith the electrongand iong, providing an alternative means
temperature of 6 eV the electron-neutral mean free is 2.%or the helicon wave to deposit energy in the plasma, para-
cm—on the order of the wavelength for the parametricallymetric processes could play an important role in the energy
excited waves. Therefore, the electrons should not be exdalance of and rf absorption in helicon sources. These mea-
pected to act isothermalf{l. y greater than one is consistent surements demonstrate that nonlinear processes such as para-

e\(/j. CONCLUSIONS
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