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PHYSICS OF PLASMAS VOLUME 10, NUMBER 6 JUNE 2003

Strong ion-sound parametric turbulence and anomalous anisotropic
plasma heating in helicon plasma sources

V. S. Mikhailenko and K. N. Stepanov
Kharkiv National University, 31 Kurchatov Prosp, 61108 Kharkiv, Ukraine

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

(Received 14 October 2002; accepted 3 March 2003

Experimentally observed anisotropic ion heating in helicon plasma sources may result from the
interaction of ions with ion-sound turbulence. The ion-sound turbulence develops due to excitation
of the short scale, kinetic, parametric ion-sound instability. From the quasilinear equation for the ion
distribution function, which includes the induced scattering of ion-sound waves by ions, the
turbulent heating rate is determined. This anomalous ion heating is predominantly across the
magnetic field and can lead to strong turbulence effects, such as the collective statistical effect of
ion-sound turbulence on individual ion orbifesonance broadeningResonance broadening is a
strong turbulence saturation mechanism for ion-sound turbulence. The energy density of the
ion-sound turbulence in the saturated state, the ion and electron heating rates, as well as the effective
collision frequency arising from the anomalous absorption of the helicon wave, are estimated and
compared to experimental data. @03 American Institute of Physics.

[DOI: 10.1063/1.1569487

I. INTRODUCTION measured by both emission spectroscopy and rf compensated

Helicon plasma sources efficiently produce high-densit))'angmu'r probe§. These measurements demonstrated, for

plasmas for moderate rf input powers at frequencies of 8—291€ first time, that the anomalous rf power absorption as well
MHz. Since Boswell's initial helicon wave experimeritthe as _ele(_:tron heating in he_llcon d|scha_;1rges is ass_omated with
mechanisms responsible for the high rf absorption efficiencyXcitation of small-scale, ion-sound-like, fluctuations.
of helicon sources and anomalously strong electron heating N @ddition to electron heating, anisotropig;(>T)
have been the subject of both theoretical and experimentdf" N€ating has also been observed in helicon 50&_&9@5;
investigations. Experimental studies have shown that Com_Cf'ireful analysis demonstrated that_ collisional eqU|I|_brat|on
sional damping of helicon waves as well as electron Landai/'ith €lectrons could not be responsible for the magnitude of
damping is insufficient to explain the high rf absorption ef- 0N heating observed in helicon sour¢@fkecent measure-
ficiency and electron heating observed in helicon soufdes. ments of ion temperatures tens of centimeters downstream of
has been suggested that helicon waves deposit their energy€licon antenna are consistent with damping of the slow, or
into the plasma by coupling their energy to Trive|piece_“TriveIpiece—GouId,” wave on ions at the edge of the heli-
Gould waves at the plasma boundary, which are then rapidigon source when the rf frequency equals the local lower hy-
absorbed° brid frequency*® Closer to the antenna, the perpendicular
It was suggested in Ref. 6 that another mechanism: exon temperatures appear to be correlated with the amplitude
citation of the kinetic, parametric, ion-sound instability andof low-frequency, ion acoustic waves that are parametrically
the subsequent turbulefguasilineay heating of electrons in  driven by the rf pump wavé® In this paper, we show that
the fields of the ion-sound turbulence along the confininganisotropic ion heating near the rf antenna may result from
magnetic field may be responsible for electron heating angurbulent ion heating in the wave fields of ion-sound para-
helicon energy absorption in helicon plasma sources. Remetric turbulence. We find that in helicon source experi-
cently, that theoretical suggestion received strong experimenments, the ion-sound parametric turbulence is predicted to be
tal support. Although the theoretically predicted wavelengthdn the strong turbulence regime. Therefore, the dynamics of
for the parametric ion sound turbulence are too small to béons and electrons in such sources is strongly nonlinear and
measured with probes, somewhat longer wavelength, lowis determined by their “collisions” with the ion-sound fluc-
frequency fluctuations in helicon sources have been detectddations.
by a cross-correlation enhanced-scattering diagridstiad The remainder of this paper is organized as follows. In
with fixed probe pairs!® (see also Ref. 11 The dispersion Sec. Il we give a brief description of weak ion-sound para-
relations deduced from the measured frequencies and wavesetric turbulence excited due to development of the ion-
lengths were consistent with turbulent ion-acousticsound kinetic parametric instability and describe the pro-
fluctuation$ and the helicon wave damping was found tocesses of electron turbulent heating and anomalous
increase with fluctuation amplitudeElectron heating, corre- absorption of the helicon wave. In Sec. llI, through exami-
sponding to periods of increased fluctuation amplitudes, wagmation of the nonlinear quasilinear equation, which includes
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the induced scattering of ion-sound waves on ions, we show (k)= wy(k)=kvg(1+k?r3,) "2 3
that the ion-sound parametric turbulence can result in aniso- w

tropic ion heating. In Sec. IV we show that the initially weak K)= v.(k)= Kk

turbulence is followed by the development of strong turbu- v(k)=velk) p;w Yeplk)

lence during which ion scattering by ion sound turbulence -

results in enhanced ion Landau damping. This effect leads to _ ws(k) 2 2(a)zP)

the saturation of ion-sound turbulence and to perpendicular 25 pe(1+ k2r%e p=e P e0

ion heating. The magnitude of the strong ion-sound turbu-

lence, the ion-heating rate and the effective collision fre- xexp(—(z89)?), (4)

quency for the saturated, strongly turbulent state are estj-

: o Wherez®) = (wy(k) — pwo)/ V2|kjp|Vre, andk,=k;—pky.
mated. Some concluding remarks are then given in Sec. V.In the case of strong ellipticity of the pump wave, when

Eox>Egy, the growth rate is a maximum with

1/2, 2,2 \—3/2
Il. THE ION-SOUND KINETIC PARAMETRIC Ymax~ 0.0% @cewei) " (1+KTpe) 5
INSTABILITY, TURBULENCE, ELECTRON HEATING,

AND HELICON WAVE ABSORPTION for ion-sound waves with frequenays<wq and an aniso-

tropic wave spectrum such that

The action of a strong electromagnetic wave on a plasma
results in relative oscillatory motion of plasma components ky —ox
that can drive a variety of parametric instabilities. The linear oy
stage of these instabilities is governed by the following eqUaghereu~ cEyy /By>avs.
tion for the Fourier transformation of the perturbed electro- k4, ion sound waves, the greatest contribution to the

static potentiak(k, »): growth rate arising from the sum over the Bessel function
terms in Eq.(4) is from the term withp=1, which is a maxi-
mum fora=~1.8—2.2. Contributions te, by the other terms

wo wo
ka~v—>ky~7a, (6)
s

[ [

(1+ 58i(k,w))90(k,w)+n:2_m p;_w Jp(@)Jpin(@) with p#1 are much smaller. Note that the ions are treated as
' unmagnetized (2 y.> w.; Kk, p;i>1). Equation(5) was ob-
X e8¢ o(k—pko,w— pwg) e(k+NnKg,w+ Nwy) =0, tained without including ion Landau damping of the ion-

sound wavesy; , or collisional damping due to ion viscosity,
(1) Yi ping Yy
vv- When these effects are included, the total growth rate is

wheredg; o(k,w) is the ion(electron dielectric permittivity, given by

Jp(a)2 ig thg 2Be;s/gel function With_largumematzae Y= Y= ¥i— Yo (7)
~c(kyEgy+KoyEdx) “TwoBo, 0= de~tan “(kyEoy/KyEoy)
and Eox and E, are radial and azimuthal components, re-where
spectively, of the helicon or Trivelpiece—Gould modes elec-
tric field Eg.

The kinetic parametric ion-sound instability is excited
in nonisothermal plasmas with hot electrons and cold ions _
(Te>T;) when the amplitude of the electron oscillatory ve- y==vi=—(1+ k?r3,) 9)

®

2
Vo Te ze'd
[y

Ti(1+K2y)"

locity u in the field Eg= e Eq,cos@gt—Kor) + &Eqysin(wqt 5T
—kor) of the helicon wave exceeds the ion-sound velocitygng
vs. For short wavelength ion-sound waves wikhp.>1,
wherep, is the electron Larmor radius, E¢l) becomes T
Pe @ =\ 5(1+k¥3o) 12,
2T
2
W i a
1= _p2I+ K2r 2 * K2r2 IO(kng)e_kzpé 4( W)llzeﬁnm T
w r r pi == — —FL,, =ln—
De De i 3 m; T?/Z i i ei3(477n0i)1/2
X 2 (@)BW(EZP) | e(k,w)=0. (2)  From Eq.(4) through Eq(6), it follows that fork~ wo/vs we
p=-= havekpo~ wgV1e/Vswee™ wo [ Vweewei fOr the most unstable

ion-sound waves. In the case where the pumping frequency,
HereW(zgp)) is the plasma dispersion function with the ar- wg, is much larger than the lower hybrid frequency
gumenlzgp)z(w—pwo)/\/§|k”—pk0”|vTe, k, andkg, are the  Vwcjwee the most unstable ion-sound waves have short
components of the wave numbdrandk, (rf driving wave  wavelengths withkp,>1, consistent with the approxima-
along the magnetic fiel®;, |, is the modified Bessel func- tions used to obtain Ed5). However, the form of Eq(4)
tion, andr , is Debye length. It follows from Eq2) that the  suggests that the value [of,a,(K)/w(K)| for the most unstable
frequencyw(k) and growth ratey(k) of this instability for  ion-sound waves should increase kpi,~ 1. These two con-
short ion-sound waves, &re ditions, kpe~ wg/\weewei and kp.~1, are satisfied when
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the frequency of the rf pump wave is of the order of the * , _

lower hybrid frequency,wg= Vo we I a high density ! > dk k) (aﬂ?;()) (Po— (k)

plasma, i.e.wp> wg; . @
Since the analytically derived E¢4) cannot be used in w

the case okp.~1, a complete numerical solution of E(. ~Y

is required. The numerical solution of Ed,), including Lan-

dau damping for a helicon wave frequency aé, For the levelW given by Eq.(12) we obtain the estimate

= k
Tel p=-= NoeTe (k) VoK)

e nOeTe . (14)

~0.6Jwgjwee for To/T;=20 andu/vs=5 yields iw( @_1) 877, s
Y= 0.3Vowy  and Rew(k)~0.9%w.wg,  (10) Tep | @s ) KV

In obtaining Eq.(13) we assumed thaty vee>1, i.e., during
the heating timer,, numerous binary electron collisions
take place and an isotropic Maxwellian electron distribution
with Tg~T, evolves.

for the growth rate and real frequency of the kinetic paramet
ric instability*® at kpe~0.75. This value of yma/Re o (k)]
is six times larger than the value given by H§) for the

same plasma parameters but in the likpt>1. 3 The helicon wave damping due to the excitation of ion-
Saturation of the kinetic parametric ion sound instability, so\nd turbulence and the resultant turbulent electron heating
electron and ion heating, and helicon wave absorption are afly pe estimated using the effective collision frequency due

governed by the development of weak-nonlinear and quasky, glectron scattering on the ion-sound waves. The effective
linear process@sas well as the development of strongly non- collision frequency is obtained from the energy balance
linear processes such as the collective statistical effect qf

: S X _ guation

ion-sound turbulence on individual ion orbitsesonance

broadening The induced scattering of the ion-sound waves kac? dTe  NgeTe

by ions was determined in Ref. 6 as being primarily a weakly 2Veﬂw_zwhelicon~n0eﬁ = T—e” (16
nonlinear process that can lead to saturation of kinetic para- pe

metric ion sound instability. The energy density¢  whereky and Wygicon are the helicon wave number and
= [dkW(k) = [dkk?w(k)I (K)d Re e(k)/4mdw(k) of the helicon energy density, respectively,

ion sound parametric turbulence in the saturated state was 2
determined in Ref. 6 from the equatign+ I';=0, wherey is K —_pe®0
given by Eq.(7) andT’; is the nonlinear damping rate arising 0 wceczkon'
from the induced scattering of ion-sound waves by the 1 Man.U2 K
ions 6 Wom 1o [B|2~ —2 Zee 01 (17
1677 2 wqo ko
F_(k):2wezl(1+k2r%e)5/zij dk B is the helicon wave magnetic field strength, and
! m2 Te k53 ak ! =cEy/By,. Combining Egs.(14), (16) and (17), v is
approximatel§
X1(kq)(k-kq)?(kXkq)?8(k—ky), (11 5
o . oy W ek W Ve (18)
where t6he spectral intensity(k) is determined by the eff 7e2W0 w0 Ko yenOeTe 0
relationt
For the energy density given by E{.2) we obtain the esti-
(p(k,0)¢(k",0")=1(k)d(0—w(k))d(w—o")s(k mate
—K') T 2
Y VT
. - ver~16yeT — —. (19
and( .. .) means the averaging over the initial phases of the i Wsu

perturbed potentiap(k,w). As was shown in Ref. 17, Another source for the excitation of the parametric ion-

W N To( T /T (8] kv 12 sound turbulence is the Trivelpiece—GouldG) wave,
oeTelTe/Ti) (8y/mkv) (12 which is excited due to the mode conversion from the heli-
The factor of 8 in Eq(12) is an approximation for the inte- COn wave near the plasma surface. The TG mode is a short

gration over angles in wave number space according to Egvavelength wave along the radial coordinate with k3g

(11) (this multiplicative factor is missing in Ref.)6 =(wcelwo)kgy and is strongly damped with Irk,
The scattering of electrons by the ion-sound waves carr — ReKox(vei/w). The optimal conditions for the maxi-

also lead to electron heating and the electron heating rate 4&8um growth rate,y., given by Eq.(6) for an anisotropic

calculated in Refs. 6 and 17 from the quasilinear equation foPUmp wave Ergy<Etgy) and ky~woa/Ue, Ky~ wo/Vs,
the electron distribution function is remain valid in the case of the TG pumping wave. For

the TG mode we have Eqg,~0 and Ergy

39Te Tg = (wce/ W) Epelicony - FOr the conditions of, for example,
2ot T_e” (13 the Chen experimeritB,=800 G, Ey yejicon=6 V/cm and
wo=1.7x10° s}(f=27 Mh2)] we haveE+g,=500 V/cm,
where u~5x10" cm/s, and for the wave number of the most un-
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stable ion-sound wavesk,~1 cm ! and k,~10* cm™*. (k-k")? , , ,
Therefore, the azimuthal wavelengths of ion-sound waves X K2K'2 A ars(K) —wg(k") = (k=k')-vi) (k—k’)
excited by the TG wave should be large enough to be mea-

sured in helicon source experiments. The effective collision Fio

frequency for the absorption of the TG wave is determined ' a_vi' (22

from the equation ) )
Because the wave vectois, of the ion-sound waves excited

NoeMeU? dTe Te by the kinetic parametric instability are directed primarily

2 NoeTgy ~Moe (20 2cross the magnetic field, E@2) predicts that the ions will
from which we obtain the following estimate fogy

be heated predominantly across the magnetic field. The pre-
dicted ion-heating rate 13

2veWra= Vet

1 Vi WV
~ & 21 JT; T
Veff Th u2 yenoeTe u2 ( ) ﬁII:L :T_e, (23)
1L
Because the velocity in a TG wave is much larger than in where
a helicon wave, Eq(21) [analytically the same as E{L8)]
yields a much smaller magnitude ofs for the TG wave 1 T,
than for the helicon wave. For a TG wave in a helicon source  —=-—— f dkf dk’1(k)I(k")
operating atT.~4 eV and at the conditions of Chen’s iL - 2minjg
experiment?® v is also smaller than the ion-electron colli- 1 -1 N2
; . de de (k-k")
sion frequency,ve;. Therefore, the absorption of the TG X e
wave remains predominantly collisional. The long wave- dw(k) da(k") kK’
length ion-sound waves observed in recent experimetits X (kX k") 28(wy(K) — wy(k')) (24)

may be parametrically excited by the TG mode, but these

easily detected long wavelength ion-sound waves are not rend ion temperature anisotropy with, >T;, develops. For
sponsible for the anomalous plasma heating and absorptidhe saturated state of the turbulence due to the induced scat-
of the TG wave. Their existence, however, can be consideregring of ion-sound waves on ions, we find tHat

as indirect evidence that short wavelength ion-sound waves

parametrically driven by the helicon wave, which are excited i _ J’ dky(K) W(k) _ i (25
at the same conditions and are responsible for the anomalous 7. NeoTe  Tej
electron heating and anomalous absorption of the helicoglnd
wave, may also exist in the plasma.
JT; aTe T w
L Te_ e (26)

At 1 e
I1l. TURUBLENT ION HEATING
It is commonly suggested that in helicon sources, thdV. THE STRONG ION-SOUND TURBULENCE REGIME
ions are heated isotropically by electron-ion collisions. The lon heating lead duced valusTai T and th
experimental discovery of the anisotropic ion heating pre- on heating leads to a reduced valueli T; and there-

dominantly across the magnetic fifldsuggests that colli- fore an increase in ion Landau damping, of the ion-sound

sional equilibration with hotter electrons cannot be responyvaves' Essentially, the entire process is a negative feedback

sible for all the observed ion heating. Interaction of ions With_CyCle' The ion orbit perturbations induced by scattering from

anisotropic plasma turbulence may be the source of the arllc_)n—soqnd waves Igads to on .heatmg th‘f’“ thef‘. provides a
isotropic ion heating. Since the bulk ions are nonresonan?"’ltur""t'on _mechamsm for the ion-sound instability through
with the ion-sound turbulence, it was suggested in Ref. 1éncr(la_|ased lon Lal?da_u damp,'”g- | off h .

that induced scattering of ion sound waves by ions through owever, co ective statistical eflects Such as 1on reso-
nonlinear Landau damping might result in anisotropic iona"c€ broadening can also lead to saturation of the ion-sound

heating. The quasilinear equation for the average ion distrinStability. The energy densitiV, of the ion-sound turbu-
bution functionF;, in which the induced scattering of ion-

lence in the saturated state due to ion resonance broadéning
sound waves by ions is taken into accourt is may be estimated from the equatign— y.=0, whereye is
determined by Eq(4) andv; is the renormalized version of
Fio € d aF; Eq. (8),
—=7r—2J dk| k- —|1(K)8(w(k)—k-v;)| k- —
at m; oV IV 77) 1/2( W )3 w2
= —| WX — =5 =5
8/ lkvg/ °° 2K2(V2,+V?)

Yi— : (27

+ %f ko dk’ 1 (k)1 (k")

miNio In calculating the renormalizeg;, we assume that the ion
1 -1 distribution is Maxwellian and account for the ion tempera-
y de ) ( de ) ((k—k’)' i)(k-v-) ture increase due to the interaction of ions with ion-sound
do(K) dw(k") 4% ' turbulence,
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5Tu~@~f HEK) 1 o W Ve
T V2 m?w? V3 AT PR
e?l(k) 1 W(Kk) V3, kve [\ Y2 T\%?] 2T,
~ 2 - —~ oy -1 > _= .
J a Pl VR Jagm: @ G R A TS T e E

where E(k) is the electric field strength of the ion-sound and for the growth rate determined by Eéd) we have the
wave with wave numbek that is directed predominantly estimate
across the magnetic fielck(,k,>k;). From the equation

2 3/2
ye— ;=0 we can obtain the energy densit, of the ion- Dy Vie |1 v2mekpe E) _ 2T (33)
sound turbulence in the saturated state due to ion resonance " "¢ 2 Ja) \Ti Te |
broadening:

For the Cheret al8 experimental conditions, E¢33) gives
W 1 2T, ver=3X10° s and v,;~3.8x10" s~ 1. Therefore, turbu-
NeoTe - kv Y2/ T\ %7 B T_e (29) lent electron heating may be the primary helicon ionization
In|— (?> mechanism in the Cheet al. experiment. The resulting heli-
Ve ' con wave damping length along the magnetic fieldl4is
For the growth rate given by E@4), we have the estimate ~w../Kovez. FoOr the experimental conditions of Chen

ko

8

o151 et al18we obtain forT,=4 eV, thatl;=<23 cm, in agreement
W |1 ‘/z—ekpe E) _ ﬂ (30) with the measurements reported in Ref. 18. The collisional
NeoTe J2(a) \Ti Te’ damping length for these experimental parametdts,

i i i i , i ~weel VeiKg, IS equal td . ~2.2 m. Thus, the helicon damp-
Which saturation mechanism dominates is determined by, que to electron scattering by ion-sound waves is an order

comparing the energy densities in the saturated states due §¢ magnitude larger than the collisional damping and is con-
induced scattering of ions on l(_)n-sound. waves, @@, and  gistent with the measured damping lentftht interesting to
due to ion resonance broadening, E20): note that the collisional damping length along the magnetic
W(EQ.(30)) field pf the8 TG mode for the parameters of the Chen
experiment?® | .~ w¢o/ veiKor, iS approximately,~18 cm,

W(Eq.(12)) i.e., of the same order of value as the turbulent damping
T wg [ . wo (Te) 3/2 2-|-i} lengthl of the helicon wave.
~10== ——1{In" 7| 8—r=| = - From Eqg.(28) we can estimate the magnitude of the
Te Jociwce Vrgioge! Ti Te electric field strength of the strong ion-sound turbulence,
(31
M; WV 2W
According to Eq.(31), for high helicon rf wave frequen- Ex~—% o T, (34)
(I}

cies, whenwy>(T./T;) Voo, the induced scattering of
ions on ion-sound waves may be the dominant saturatiofror the experimental conditions of Ref. 18{~0.7wy, wq
mechanism. In the case of low helicon rf wave frequencies=1.2x10° s, T,=4 eV, T,/T;~20, W/nyeT~0.05) we
whenwe=(T¢/T;)Jwcewc, the dominant saturation mecha- haveE,~0.5 kV/cm. The electron velocity amplituds, in

nism is ion resonance broadening. This second condition isuch an electric field is comparable with electron thermal
satisfied in the experiments of Refs. 12, 13, 14, 18. Therevelocity v,=8X 10’ cm/s. The motion of the electrons along
fore, it is reasonable to assume that the saturation level dhe magnetic field is due to the action of tBecomponent of
ion-sound turbulence in these experiments results from iothe ion-sound electrostatic electric field, equal E
resonance broadening and is given by E29). For the spe- =E, (k;/k,)~0.7 V/cm for the experimental conditions of
cific experimental conditions of Ref. 12 and Ref. 18, E3) Ref. 18. Thus velocity of resonance electrons along the mag-
yields W/Tcnge~0.05. For the same experimental condi- netic field is equal taig~€eE,/myy.~4x 10" cm/s, i.e., of
tions, Eq.(12), which calculates the saturation level of the the order of the electron thermal velocity,¥ 8x 10" cm/s.
ion-sound turbulence due to the induced scattering by iofhe velocity range for electrons that may be trapped by ion-
sound waves, gives the unrealistically large value ofsound waves is Z(V)T,ap~(2eEﬂ/mek”)l/2 and for k;~0.3
W/Tnge~ 1. It is important to note, that for the experimental cm™! is comparable with electron thermal velocity. These
parameters of Cheet al® (y,~2x10 ¢ s ' for T,=4 eV, estimates show that the dynamics of electrons in helicon
T~3.3x10 %s, T./T;=20, ».~3.8x10"s !, and sources are strongly nonlinear and completely determined by
W/nT,~0.05), we obtaintevee~20, i.e., the electrons electron “collisions” with ion-sound waves. So in spite of
should thermalize rapidly and our assumptionrg,>1is  the weakness¥<w(k)) of the kinetic parametric ion-sound
justified. In this case, a multiplicative factor of 3/2 appears ininstability considered, its ultimate nonlinear stage and the
Eqg. (13) and a Maxwell distribution for the bulk electrons saturation are determined not by weak turbulence effects, but

should result from electron-electron collisions. by the strong turbulence effects such as nonlinear resonance
The effective frequencyy.s, given by Eq.(17), for the  broadening. The effects of the weak turbulence are only sig-
energy density predicted by EQ9) is equal to nificant during the initial development of the instability.
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In the case of strong ion-sound turbulence, the ion heateited by mode conversion from the helicon wave near the
ing rate across the magnetic field is estimated from the ioplasma surfacé:® Although the electric field strength of the
renormalized quasilinear equatfdri?in which effect of the TG wave significantly exceeds the valueEf for the heli-
broadening of the resonances is included. The predicted iorcon wave, the ion-sound turbulence excited by the TG wave
heating rate is given by is not responsible for the anomalous plasma heating and ab-

sorption of the TG wave. Observations of long wavelength
aTi, 1 W T . . LY
~ =T ~Ye——=—Ti, . (35) ion-sound waves excited by the TG mode may provide indi-
at Ti Noele Tiv rect evidence of the existence of shorter wavelength ion-

The principal difference between this equation and Eqsound waves believed to be responsible for the anomalous
(26) is that this result is based on the ion renormalized quaglectron and ion heating and the anomalous absorption of the
silinear equation instead of E(R2). Equation(22) assumes helicon waves since both sets of waves are excited at the
saturation arises from the induced scattering of ion-soungame plasma conditions. In spite of the weakngss
waves by ions whereas E(35) assumes that the saturated > (k)] of the kinetic parametric ion-sound instability con-
state arises from resonance broadening with the energy degidered, the ultimate nonlinear stage and the saturation are

sity W in the saturated state given by HG9). determined not by weak turbulence effects, but by the effects
Another important point is that the ion temperature an-of the strong turbulence. Estimates show that the motion of
isotropy is not destroyed by ion-ion collisions whep v;; electrons and ions in such turbulence becomes strongly non-

<1, i.e., when the ion heating rate exceeds the ion-ion collinear with velocities larger then the their respective thermal
lision frequency. For the experiments of Chenal® (T,  Velocities and is completely determined by their interaction
=4 eV, T, T;=20, y=~2.3x10Fs? Vi (Argon)~ 4 with the ion sound turbulence. Therefore, the development of
X 10 571, W/ngeTe~0.05) we have7f1~1.85>< 108 s*1  acomplete theory of strong ion-sound parametric turbulence
and 7;, v;;~2, i.e., ion heating anisotropy should not occuris of prime importance for understanding the operation of
in the Chen experiments. However, for the argon helicorhelicon plasma sources.

plasma experiments of Scine al}2 in which significant ion We also showed that the valuesfand T, (as well as
temperature anisotropy was observeil«£5 eV, T;, ~0.4  the magnitude of the ratid./T;) are critically important for

eV, nyi~1.4x10% cm 3, By=800 G, wy=5x10"s ' the development of the kinetic ion-sound parametric instabil-
~wLy) for |ymadK/w(K)|~0.3 we haveW/ny,T,~0.065, ity and turbulent plasma heating. For the stationary state of a
7~10"7s, vj=~7%x10° s™! and 7, »;;~0.07. Therefore, continuously operated helicon source, the absolute values of
ion temperature anisotropy is predicted by this model. NoteT; and T, are determined by the coupled equations for ion

that the equation and electron temperatures that depend on ion and electron
12 a2 heating and cooling due to thermal conductivity, charge ex-
kvs( T 2T, - L
In~Y4== (_e) }2 _! (36) change collisions, and radiation.
Ye |8 T Te
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