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A computer simulation of the development of the parametric kinetic ion-acoustic instability is carried out for the
helicon discharge conditions by the "particle in cell" method. Linear and nonlinear stages of the ion-acoustic
instability and turbulence are investigated for the typical parameters of the helicon plasma. It is shown that the high
efficiency of the helicon plasma sources can relate to development of both short and long wavelength kinetic ion-
acoustic parametric instabilities and the turbulent heating of electrons and ions caused by the ion-acoustic turbulence
can be one of the dominant mechanisms of the pumping wave energy absorption in the helicon plasma.
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INTRODUCTION

The relative motion of plasma components across the
magnetic field can cause many instabilities of the beam
or parametric kind. Invoked by these instabilities plasma
turbulence is an origin of the numerous abnormal
phenomena in plasma: abnormal electric resistance,
quick relaxation of the charge particles beams, abnormal
pumping field energy absorption, turbulent heating of
electrons and ions, plasma ionization and so on. Such
beam or parametric ion-acoustic instabilities can arise in
the helicon plasma sources widely used in the plasma
technologies for plasma production.

The first attempts to explain the high efficiency of
the helicon waves absorption by the conventional
absorption mechanisms did not succeed. The problem
is the conventional absorption mechanisms such as
collisional one, Cherenkov's absorption and cyclotron
resonance are ineffective for the helicon waves.
However the nonlinear mechanism, which can explain
this phenomena, exists. It is well known that the ion-
acoustic (IA) activity is the phenomena commonly
observed in the helicon sources. For the first time it was
predicted in the theoretical papers [1, 2], where it is
shown that IA turbulence can arise as a result of the
kinetic parametric instability development and leads to
the plasma heating. In addition the 1A turbulence was
revealed in many experiments using both the microwave
diagnostic [3, 4] and the probe measurements [5].

In present paper we investigate the nonlinear stage of
the 1A parametric instability and turbulence in the
helicon plasma by means of numerical simulation with
PIC code [6].

This paper is organized as follows. In the section 1
we analyze the linear stage of the IA parametric
instability for the estimation of the characteristic space
and frequency scales of the 1A parametric instability. In
the section 2 we present the results of the computer
simulation of this instability, and then we draw the
conclusions.

1. LINEAR STAGE OF IAPARAMETRIC
INSTABILITY IN HELICON PLASMA

If the relative motion of electrons versus ions caused
by the pumping wave with the frequency of the order of
the ion sound one, the possibility of excitation of the 1A
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instability of the kinetic kind appears [7]. This insta-
bility are exited by the electrons moving along the mag-
netic field with the velocity v, that is equal to the phase

velocity of the beats between the pumping field and the
unstable oscillations. The frequency of these beats is
equal to @, — pay, , and the longitudinal wave number is

equal to k — pky,, where @, and k, is the frequency

and the longitudinal wave number of the pumping field,
and p is an integer number. The velocity of the resonant
electron is equal to v, = (e, — pe,)/(k,— pky ). The dis-

persion equation that determines the frequency of the
ion sound and the contribution of the electrons into the
growth rate reads [1]
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of the Bessel functions a. is of the order of magnitude
ag ~kou, /ay , were u, is the amplitude of the electron

velocity in the pumping wave field. The dispersion
equation (1) is valid for the short wavelength
oscillations, k, o, >>1. In this case the electron terms,

which determine the dispersion and growth rate of the
ion sound, are proportional to the small parameter

Io(kz,oe2 )e‘kz"e2 ~ (\/kajl. As we can see, in the case
of short wavelength oscillations the parametric
dispersion equation is reduced to the equality of the
diagonal element of the infinity determinant with zero.
In Fig. 1 the linear growth rate of the short
wavelength IA parametric instability are shown. It was
numerically obtained from the equation (1) for the

vTe). The argument

pumping wave frequency a)o/ w,@,; =1.2. The
relation of plasma frequency to cyclotron one is
o}, el =25. Such choice of the parameter @7,/
corresponds to the helicon branch of the oscillations
usually considered under the condition @, >> @}, . The
relation of the electron temperature to the ion one is
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T./T, =10. The relative velocity of the electron

oscillations considerably exceeds the ion sound velo-
city, u/v,=5. These parameters correspond to the
experimental data. The operation gas is argon usually
used in many experiments. The curves in Fig.1
correspond to the values of cos@ from 0.06....0.09
with the step 0.005, where & is the angle between the
magnetic field and the wave vector.
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Fig. 1. Growth rate of the short wavelength 1A
instability

One can see in Fig. 1 the maximum value of the
growth rate increases with decreasing of cosé up to the

value cos@ =0.06 . At this cos@ value the maximum
growth rate is y,. ~0.027,/@.@, . This maximum

growth rate value is reached at kp, ~1.17 . In this case

the frequency is w~1.15,/w,@,, , and the beat with

p=2 (paw,>w) is responsible for excitation of the
unstable oscillations. For the maximum growth rate the
Z,,| ~1. For the chosen numerical parameters the

interaction of the resonant electrons, which velocity is
of the order of the electron thermal velocity, with the
beats is essential.

Separation of the unstable short wavelength IA
oscillations is possible only for the "weak" magnetic

fields, when «, > ./@,.@,; . But there are a number of
experiments where the magnetic field is relatively
"strong"”, @, < \/m In this case it is necessary to
consider the long wavelength, kp, < 1, IA instability.

For the long wavelength 1A instability it is not sufficient
to consider only the diagonal terms but the nondiagonal
ones should be taken in account too. So we consider the
full parametric dispersion equation that is the equality of
the infinite determinant with zero [7].

D = detfayy,,, =0, 2
where
amn =5mn exp[_i 5+7r :| i ‘Jp+m
1+ e, (a) maw, k) =
xJ .. (ag) %, (a)+ pw,, K + pkHO).
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In Fig. 2 the behavior of the linear growth rate of the
long wavelength IA instability against the wave number
is presented. It is the result of the numerical solution of
the equation (2) with following parameters:

a’o/ e a);z)e/wcze =25, Te/Ti =10,
u/v, =5. The curves in Fig. 2 correspond to the values

of cos@ from 0.01 to 0.05 with the step 0.005, The
operation gas is hydrogen. As a rule in helicon sources
argon is used as an operation gas. But the result of the
calculation, as easy to be sure, does not depend from the
mass of the operation gas when Kkr,, <<1 under the

assumption that e, / Ja..o,; and u/v, are fixed.
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Fig. 2. Growth rate of the long wavelength 1A instability

One can see in Fig. 2 that with the cos@ growth up
to the value 0.045 maximum value of the growth rate
increases and reaches the value y, . ~0.03, @,

This maximum value is reached at kp, ~0,75. In this

case the frequency is equal to 09, m.m,; . For the

maximum growth rate |z, |~1 as in the case of short

ep
wavelength 1A instability, and the interaction of the
resonant electrons with the beats is essential too.

2. NUMERICAL SIMULATION RESULTS

For the numerical simulation of the nonlinear stage
of 1A parametric instability in the helicon plasma source
the PIC code [6] was used. The simulation parameters
was chosen in the following way: the plasma density
n, =10%cm?, the external magnetic filed B =100 G,

the electron temperature T,,=3 eV, the ion temperature
T,=0.1T,,=0.3eV , the pumping wave frequency
@, =1.2a,,, . The relative velocity of the electrons with
respect to the ions equals to 5-v,, where v, is the ion
sound velocity. Then, the parameter ¢ = /@, =32.

The operation gas is argon. In Fig. 3 the amplitude of
the relative velocity of the electrons and ions is shown
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during one pumping wave period. One can see that the
average velocity amplitude is modified by the cyclotron
oscillations of the electrons.
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Fig. 3. Relative velocity of the electrons and ions

The time behavior of the electric field energy density
normalized on the initial thermal energy of the electrons
is shown in Fig. 4. The electric field energy firstly
exponential increases reaching the maximum level and
then, after a number of the relaxation oscillations,
decreases together with the value of u/v(t). The curve

1 in Fig. 4 is proportional to exp(0.06- @y, (t—t,)). It
agrees with the maximum growth rate in Fig. 1. At the
final stage the value of E?/n,T,, reaches a quasi
stationary level.
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Fig. 4. Electric field energy density
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Fig. 5. Most unstable electric field mode
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Fig. 6. Frequency spectrum of the most unstable mode

The time behavior of the amplitude of the most
unstable (kp, ~1.17) Fourier harmonic of the electric
potential is presented in Fig.5, and correspondent
frequency spectrum is shown in Fig. 6. The frequency
spectrum is computed by means of integration of the
space Fourier harmonic ¢, (t) over the all computation
time interval and therefore reflects the possible
broadening of the resonant frequencies.
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Fig. 7. Temperature growth

In Fig. 7 the time dependence of the longitudinal
electron temperature and transversal ion temperature is
sown. The transversal ion temperature becomes more
than 5 times greater than initial one. The longitudinal
electron temperature becomes more than 3 times greater
than the initial one and continues to increase in the quasi
stationary state.
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Fig. 8. Electron density
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Fig. 8 presents the pattern of the turbulent pulsation of the CONCLUSIONS
electron density at quasi stationary state. The fluctuation The carried out investigation shows that high
level is found to be about 10% of the average value. efficiency of the helicon plasma sources can relate to
When the IA instability reaches the saturation level  the development of both the short wavelength and long
the ion velocity distribution becomes non isotropic one.  wavelength kinetic IA parametric instabilities. The
As shown in Fig. 9, the initial Maxwellian ion velocity — computer simulation by means of the PIC code gives the
distribution function (a) firstly stretches in some evidence that the electron and ion turbulent heating can
direction (b) and then the tail of the accelerated be one of the dominant mechanisms of the pumping

electrons appears on it (c). field energy absorption in the helicon sources.
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Fig. 9. lon velocity distribution
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MOJEJIMPOBAHUE MAPAMETPUYECKON KWHETHYECKO MOHHO-3BYKOBOM
HEYCTOMYMUBOCTH B TEJJMKOHHOM PA3PSIJIE

B.B. Onvwmanckui

Metomom "particle in cell" mpoBemeHO MOAENMPOBAHWE Pa3BUTHSA IapaMETPHUSCKOW KHHETHYECKOH HOHHO-
3BYKOBOW HEYCTOWYMBOCTH B YCJIOBHUSIX TEIIMKOHHOTO paspspaa. MccinenoBaHbl NHMHEHHAas M HENMHEHHas CTaaud
HMOHHO-3BYKOBOW HEYCTONUMBOCTHU M TypOyJIEHTHOCTH IIPH THIWYHBIX 3HAYEHUSIX ApaMETPOB FeJIMKOHHOM IUIa3MBI.
[MokazaHo, 4To BbIcOKast 3((HEKTUBHOCTh MeJIMKOHHBIX NCTOYHUKOB IUIa3Mbl MOXKET OBITh CBSi3aHA C Pa3BUTHEM Kak
KOPOTKOBOJIHOBOH, TaK M JJIMHHOBOJHOBOM KHMHETHYECKOW HMOHHO-3BYKOBOI HEYCTOMYMBOCTH, W TypOYIEHTHBIH
HarpeB 3JIEKTPOHOB M HOHOB, OOYCIIOBICHHBIM HOHHO-3BYKOBOH TYpOYJIEHTHOCTBIO, MOXET OBITh OJHUM H3
JIOMUHHUPYIOIINX MEXaHIN3MOB MOTJIONIEHHS YHEPTUN BOJIHBI HAKAYKHU B TETMKOHHOH IJIa3Me.

MOJIEJTIOBAHHS TAPAMETPUYHOI KIHETUYHOI IOHHO-3BYKOBOI HECTIMKOCTI
B 'EJIIKOHHOMY PO3PAI

B.B. Onvwancokuii

Metonom "particle in cell" mpoBemeHO MOIENIOBaHHS PO3BUTKY MapaMETPHUYHOI KiHETHMYHOI 10HHO-3BYKOBOT
HECTIHKOCTI B yMOBaXxX TeIiKOHHOTO po3psay. JlocmimkeHi niHiliHa 1 HeMiHiiHA cTajil 10HHO-3BYKOBOI HECTIMKOCTI i
TypOyJIEHTHOCTI TIPH TUIIOBUX 3HAYEHHIX MapaMeTpiB TelikoHHOi mia3mu. [loka3aHo, 1m0 BUCOKAa e()EeKTHBHICTH
TeIIIKOHHMX JDKepes IIa3sMH MoXe OyTH IMoB'si3aHa 3 PO3BHTKOM SK KOPOTKOXBHJIBOBOi, TakK i JIOBFOXBHJIBOBOI
KiHeTHYHOI 10HHO-3BYKOBOI HECTIMKOCTi, 1 TypOyJeHTHe HarpiBaHHA €JEKTPOHIB Ta 10HIB, 3yMOBJICHE 10HHO-
3BYKOBOIO TYpOYJIEHTHICTIO, MOK€ OyTH OJHUM 3 JIOMIHYIOUHMX MEXaHi3MiB MOTJIWHAHHS €Heprii XBWJII HaKauykKu B
TeIIIKOHHIN TIIa3Mi.
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