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Wave propagation and absorption simulations for helicon sources
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A two-dimensional2-D), finite-difference computer code is developed to examine helicon antenna
coupling, wave propagation, collisionless Landau, and collisional heating mechanisms. The code
calculates the electromagnetic wave fields and power absorption in an inhomogeneous, cold,
collisional plasma. The current distribution of the launching antenna, which provides the full
antenna spectra, is included in the model. An iterative solution that incorporates warm plasma
thermal effects has been added to the code to examine the contribution of collisidreadsy

wave absorption by electrons. Detailed studies of the wave fields and electron heating profiles at low
magnetic fields B,<100 G), where both Trivelpiece—Gould@G) and helicon(H) modes are
present, are discussed. The effects of the applied uniform magnetic Bgid10—1000 G), 2-D

(r,z) density profiles o= 10''—10"3 cm™ %), neutral gas pressures of 1—10 mTorr and the antenna
spectrum on collisional and collisionless wave field solutions and power absorption are investigated.
Cases in which the primarily electrostatitG) surface wave dominates the heating and the power

is absorbed near the edge region and cases in which the propagating helicon wave transports and
deposits its energy in the core plasma region are examinedl998 American Institute of Physics.
[S1070-664X98)04812-5

I. INTRODUCTION suitable for describing helicon sources, to examine one-
dimensional radial density and temperature profile effects on
Helicon plasma sources are of considerable current inpower absorption that include both collisional and collision-
terest for a variety of applications, including material surfaceless damping mechanisms. In this work we extend previous
modification, use as a high-density plasma source for neutratudies by simultaneously including the effects of the axial,
beam submicron etching of semiconductors, processing afs well as radial, variation of the plasma density observed in
flat panel displays, use as a large volume plasma source feixperiments and an iterative solution incorporating Landau
space simulations, and for basic plasma source and wawdamping to the wave propagation and power absorption cal-
propagation studies. Despite the substantial experimental ireulation, taking into account the full antenna spectra. The
terest in these sourcés® no detailed two-dimensionat (z) two-dimensional ,z) wave field solutions, wave absorp-
plasma profile wave simulations have been carried out tdion, and electromagnetic Poynting flux flowing from the an-
date to better model and understand propagation and absor@nna to the plasma core for a realistic helicon source design
tion mechanisms. Several one-dimensional models that asre examined, utilizing graphics capabilities that we have
sume radially nonuniform plasma density and temperaturalso added to the cold plasnvaxes code®® which include
profiles and axially uniform applied magnetic field and contour and surface plots.
plasma density, have been presented in the literdtdrdis- The paper is organized as follows. In Sec. Il we provide
cheret al® examined helicon wave coupling and power ab-a brief analytic review of the propagating waves in the rel-
sorption in a finite plasma column, assuming an axially uni-evant plasma parameter range and their role in helicon
form plasma and applied magnetic field. Their modelplasma sources. A brief description of the physics and com-
includes temperature effects in the plasma dielectric tensoputational method of the modifiedaxeB simulation code is
which are necessary to model Landau damping. Kamenskiresented in Sec. lll. In Sec. IV, we discuss modeling results,
and Bord® developed a one-dimensional magnetohydrodyawhich include benchmark test cases in which the electro-
namic numerical model, which is based on a finite-elemenstatic and electromagnetic limits of the helicon mode are
method to analyze helicon wave coupling and the antennaxamined, the effects of linear collisionless Landau and col-
radiation resistance for various antennas in a cylindrical, axitisional damping on the two-dimensional spatial electron ab-
ally uniform, cold plasma. In a later pap€rthey developed sorption, and a direct comparison with experimental data. In
a one-dimensional cylindrical kinetic wave code, which in-Sec. V we summarize the results.
cludes the effects of collisional dissipation and Landau
damping that are necessary for the description of wave ab-
sorption. Cho and KwaR have investigated power absorp- Il. DISPERSION RELATION OF WHISTLERS
tion profiles using numerical integration methods for radially
nonuniform helicon plasmas with finite axial lengths. Mou-
zouris and Schargt developed theANTENA2 simulation
code, an improved version of the origir#TENA codé* and VXE=iougH, &)

The time harmonic form of Maxwell's equations, assum-
ing there are no external currents, can be written as

1070-664X/98/5(12)/4253/9/$15.00 4253 © 1998 American Institute of Physics

Downloaded 15 Apr 2002 to 128.104.184.4. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



4254 Phys. Plasmas, Vol. 5, No. 12, December 1998 Y. Mouzouris and J. E. Scharer

VxH=—iweK-E, (2)  The above equation shows that there are two valués &br
— ) _ _ _ ~eachk,. These two modes are identified as the heligdn
whereK is the equivalent dielectric tensor as used in Stix, mode (minus sign and the electrostatic Trivelpiece—Gould
which includes both plasma and displacement currents: (TG) mode (positive sign.*® When o<w.e, only the heli-
S —-iD 0 con mode exists in a cold collisionless plasma and its disper-
— . sion relation can be simplified as
=(iD S 0]. (3)
2

ww
° o P R (12)
. . . U 2w COS O
After Fourier analysis in space, Maxwell's equations com-

bine to give the homogeneous plasma wave equation in agolving the dispersion relation in terms of frequency, we

unbounded plasma as obtain the following?°
2
0" — ook KiC? k2c?
nx(”XE)+EZK'E_O’ (4) (8 the helicon mode:w= ——s——ipy ——, (13)
Wpe Wpe

wheren=kc/w is the index of refraction vector whose di- d
rection is the direction of the wave vectorand whose mag- an
nitude is the index of refraction. K,

In order to obtain a nontrivial solution of the above vec-  (b) the electrostatic TG modew= we P iv. (14
tor wave equation, the determinant of th&3 matrix must t
be equal to zero. This condition yields the dispersion relaThe low-frequency ¢ <w..) whistler in a bounded system
tion, which can be written in terms of the perpendicular re-js primarily an electromagnetic wave. As the frequency is
fractive indexn, =k, c/w, increased up to and near the electron cyclotron frequency,
wee, the wave becomes more electrostatic in character and

4 _ o2 _
An—Bni +C=0, ®) the Trivelpiece—Gould modébounded electron cyclotron
where wave becomes the dominant mode.
A=S, (6)
B=n?(S+P)—(RL+P9)], (7)1l INTRODUCTION TO THE TWO-DIMENSIONAL (r,2)
SIMULATION CODE
C=P(n2—R)(n?-L). (8)

Recent experimental observatiois 23 show that the

The two solutions of the above equation are known as thglasma density for helicon plasma sources often peaks sev-
fast[smallk, , high transverse phase velocity, helictt)  eral wavelengths downstream from the antenna, and its axial
modg and slow(largek, , slow transverse phase velocity, variation can substantially affect the electromagnetic wave
Trivelpiece—Gould TG) modd. field profiles and power absorption of the plasma electrons. It

Helicon waves are basically low-frequencyw{<w s, therefore, necessary to develop a two-dimensiona) (
<wce<wpe) bounded whistler wavegalso known as R model to account for the effects of the axial variation of the
waves. In the ionosphere, whistler waves propagating paralplasma density, temperature, and applied magnetic field on
lel to the magnetic field are right-hand-circularly polarized helicon wave propagation and absorption_
electromagnetic waves. However, in a bounded system the wvaxes, originally written by Whitson and Berr¥ is a
waves can have an important electrostatic component angvo-dimensional K,z) simulation code that calculates the
both right-hand and left-hand polarizations can océifhe  electromagnetic wave fields and power absorption in an in-
dispersion relation for R waves in a cold plasma can be writhomogeneous cold plasma immersed in a nonuniform mag-

ten as follows:**® netic field. The cylindrical magnetized plasma is surrounded
21,2 2 by a radiofrequencyrf) inductive coil and both are enclosed
2_C ki @pe i | ducti b he el ic field
n2=-——t =1 : , (9) in a metal conducting tube. The electromagnetic fields are
w w(0+tiv—w CosH) determined by solving the time-harmonic form of Maxwell's
where cog9=k,/k,, k>=k2+k?. For the frequency range of €duations,
interest,w < w= w<wye the dispersion relation becomes VXE=iwuoH, (15)
(,!)(1)2 —
2 pe .
= - VXH=— K-E+ Jayts 16
kt Cz(wce cosf—w—iv)’ (10 lwey ext (16)
which has two solutions fok; , where
212 4w(w+iv)w§e 172 - kin Kip Kiz
week, T | 05Ky — -z K=| Kz ka Ky (17)
k= . (1)

2(w+iv) ka1 ka2 Kaz
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is the dielectric tensor andl,,, is the external antenna current h,hs

density. In the cold plasma limit, tH¢ tensor reduces to the jg hiE;du; +hsEzduz=— |n|wf X T, dudus
familiar plasma equivalent dielectric tensor used in Stix ¢ S 2 23)
and the tensor elements attain the values,

k11=ko=S, Kkz3=P, Kpp=—ky=—1iD, and

(18)

K13= Kag=ka1=kg,=0. fﬁ h1B1du; +h3Bsdug

C

The code is written for a general orthogonal curvilinear co-
ordinate systemu,u,,us), but for the purpose of this pa- . . Koz .
per cylindrical coordinates are usedAxXEB assumes axi- =iw[n| s J2_k21El_k23E3_h_2 1A [hihdu,dus.
symmetry and Fourier analyses in the azimuthal direction to
reduce the three-dimensional boundary-value problem to two
dimensions:u; and uz, or in cylindrical coordinates, the
radial (r) and axial(z) direction, respectively. The fields can
be then decomposed as follows:

(24)

Note that for the cylindrical coordinate system, the scale fac-
tors attain the valuels;=1, h,=r, andh;=1. The integrals
are then approximated on a two-dimensiona] ,(3) grid.
m= -+ The right-hand side of the above equations is evaluated at the
[E,H]= X [E,H(up,ug)le™e (199  center of each enclosed path used to compute the left-hand
m= =

= side. Since every quantity can be determined in termg of

The components of Maxwell's equations form a set of equaf"nd)‘ and their derivatives, the above equations, along with

tions that can express the perpendicular components of tHePundary conditions, form a set of equations appropriate for
electric and magnetic fieldE, , H, , in terms of the third @ numerical solution. We have added the faster MA42 matrix

component E,,H,) and its derivatives. The set of equations solver packagé® which is used to obtain the solution of this

needed to solve for thE, andH, components is determined S€t Of equations, which reduces to the general form:
from the original curl equations. Applying Stoke’s theorem

to the integral form of the field equations yields AX=D, 25
where the matripA is large and sparse and is not assumed to
fS(VXE)-dSI 4; E~dr=iwLB~dS, (200 be symmetric or of any particular structure.
Cc

The current distribution of the launching antenna, which
_ provides the full antenna spectra, is included in the model.
f (VxB)-dS= 4; B-drzf (Jexi—iwegK -E) -dS, The external driving currents are assumed to be given as a
s ¢ s function of (r,z). The particle conserving Krook modgis
) . o :
implemented to treat collisional damping.
where dS is chosen to be in theug,u;) surface anddr Several antenna configurations, including the Nagoya-
=E]-3:1hjdujq with g being the unit tangent vectors to the type Il andm=0 coils, can be modeled withaxes. Sheath
(uy,u,,u3) curves. We can then write the above equations agffects are not important for these sources, since the sheath
thickness is very thirfof the order of 10 microns for typical
1 E, - (hyduye,+hydu ea):|n|f B.dS parameters of .= 3 eV andn,=10'2 cm3), and the sheath
iw Jo b Ut s s 2 velocity (vs=+T./m;) is much slower than the electron
thermal velocity, which preserves quasineutrality.
=|n|J' h,B, d_S:|n|f ix ds (22) We have modified the code to include local thermal ef-
s h s” hy fects. The local linear Landau damping term is treated by
computing a locak, value using the electromagnetic wave
fields previously calculated by the code. In particular, the
parallel wave number can be determined and written as:

and

1
= ¢ B, -(hyduye+hydusey)

C a¢
o= (26

k22
=|n|f (Jz— Kiz'BL =1~ (thz))dS
s 2 where ¢ is the phase of the axial electric fie,, the com-
ko ponent of the electric field responsible for the Landau damp-
:|n|J (Jz— KBl —iA h_) ds ing effect. A four-point central differencing scherffayhich
S 2 has an order of accuracy oAg)*, is used when calculating

where|n|=|e,-e;X ey, K, ,=[k,1K,3], and the components the derivative of the phase with respect to the axial position
E, andH, are replaced with the scalar potenti&dgh,=i\ z Thesek, values are used to evaluate the kinetic form of the

andB,h,=iy. dielectric elementP of the plasma dielectric tensor. The
These equations form a coupled set(yi\) and can be warm plasma dielectric tensdf,,,m with the P component
written in the following form: now given by
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2

Pl e 2

o (ka a)z I Voz ,
Lt oy 24

w

(27)

is then used along with the Maxwell's equations to determine
the new electromagnetic fields corrected for local therma
effects. The appropriate collision frequenay; for the
Krook model is given by

Veff= VenT Veis

(28)

where ve,=n,<ovpe>, and vg=2.9x10 X [n(cm 3)

In A/Tg(f] are collision frequencies for electron—neutral and
electron—ion collisions, respectively, and depend on the der
sity and temperaturer (z) profiles. The electron—argon col-
lision cross section that is weakly dependent on temperatut
is given bye=5x10 1% cn? and the neutral density is,
=3.54x 10" p(mTorr) cm 3. The argument,, used in Eq.
(26) is defined as

o+iv,tNwg,
b=

kv, ' (29

where « is the species typéelectrons, ionsand Z is the
plasma dispersion function tabulated by Fried and Cbhte,

Z(§)=i xdzi, Im £>0. (30
Nl B

For this paper, we neglect the effect of cyclotron damping on
helicon waves, which is negligible in most helicon sources

that operate sufficiently far from electron cyclotron reso-
nance. The argumenf, can then be reduced tf,=(w
+iv,) kv, for the casen=0.

The previously calculateld, values are recalculated and
checked utilizing the new wave fields, following the same

the helicon wave is then given by

1 wey —
= _ V= — 2 Erx.k(@
P 5 Re(E-Jg) 5 E*-K E.

warm’

(31

The iterative procedure converges rapi@ityneeds just one
to two iterations for the change in the wave field values to be
less than 15%for the collisional cases, whenéw is greater
than 0.2. At lower gas pressurgs<1 mTorr, a convergent
solution is reached after 10—15 iterations.

IV. MODELING RESULTS

The modifiedMAXEB computer code is used to model
and study helicon plasma sources. We benchmarked tt
modifiedMAXEB code with OUrANTENA2 code for an axially
uniform plasma in a uniform axial magnetic field. In particu-
lar, the radial electric and magnetic wave fields and the radie
power absorption profile obtained byaxes for an axially
uniform density profile are in very good agreement with
those obtained bgNTENA2, as shown in Figs. 1-3. We ex-
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FIG. 1. The normalized radial profiles of tBe field in plasma computed 15
cm away from the antenna for the=+1 mode, B;=150 G, ng=2
X 102 cm™3, f=13.56 MHz obtained fromnTENA2 (solid line) andmaxes
(dotted line.

lisionless wave absorption mechanisms for given two-
dimensional (,z) plasma density and temperature profiles
taken from experimental data. A typical run using a grid size
of 50X 120 in the radial and axial position, respectively, for a
cylindrical plasma column of length=120 cm and radius
r=5cm and utilizing only the dominant azimuthal= + 1
mode requires about five minutes of run time on our Sun
Ultra2 model 2300 workstation.

Both the helicon(H) and the electrostati€TG) modes

procedure described above. The power absorbed by theeX'St at low magnetic fields and the structure of these modes

plasma electrons due to Landau and collisional damping of'

as simulated using th&1AXEB and ANTENA2 computer

1.0
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o
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FIG. 2. The normalized radial profiles of tBe field in plasma computed 15
cm away from the antenna for the=+1 mode, B;=150 G, ng=2

amine wave pmpagatic@-)(ial and ra_dial wave f_ield COMPO- 1012 cm3, f=13.56 MHz obtained fromanTenA2 (solid line) andMAXeB
nentg and electron heating due to linear collisional and col-(dotted ling.
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FIG. 3. The normalized radial profiles of tltg, field in plasma computed
15 cm away from the antenna for the=+1 mode,By=150 G, ng=2
X 10* cm™3, f=13.56 MHz obtained fromnTeNnA2 (solid line) andmaxes
(dotted line.
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antenna
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FIG. 5. Power flow and power absorbfthax(P,,9=0.60 W/cn?] by the
electrons due to collisional damping of the TG and H waves forrthe
=+1 mode,By=80 G, ngg=5x10" cm ™3, f=13.56 MHz,p=1 mTorr.

tor and their length represents the magnitude of the Poynting
vector. The linear contour plots illustrate the spatial profiles

codes. The following table presents the parameter ranges e®f the absorbed power with the lightest shade shown in

amined and simulated using these codes:
B,=20-1000 G, f=13.56 MHz,
Te=3€V, Ipasmadcm,
Neo=10"1-10 cm3,
veii/ =0.1-0.6.

white, indicating the strongest absorption zones and the dark-
est indicating the lowest absorption zones. The maximum
value of the absorbed power is given in each figure to pro-
vide a better interpretation of the plots. The dark zones cor-
respond to the smallest power absorption.

The plasma density profile, which has a peak amplitude
of Ng=5%x10" cm™3, is assumed to be parabolic in the

Figures 4—7 illustrate the Poynting vector and power ab+adial direction and uniform in the axial direction. The elec-

sorbed by the electrons for the dominant + 1 azimuthal

tron temperature profile is assumed to be uniform throughout

mode number for different values of the applied magnetidhe plasma column, with an amplitude ©f=3 eV. Cases
field. The arrows describe the direction of the Poynting veccorresponding to an experimentally relevant axially varying

antenna

r(cm)

20 40 60 80 100 120

z(cm)

FIG. 4. Power flow and power absorbgthax(P,,9=1.3 W/cn?] by the
electrons due to collisional damping of the TG and H waves forrthe
=+1 mode,By=20 G, ngg=5%x10" cm 3, f=13.56 MHz,p=1 mTorr.

antenna

r(em)

20 40 60 80 100 120

z(cm)

FIG. 6. Power flow and power absorbgmhax(P,,d=0.45 Wicni] by the
electrons due to collisional damping of the TG and H waves forrthe
=+1 mode,By=110 G, n=5% 10" cm™3, f=13.56 MHz,p=1 mTorr.
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r(em)
r(em)
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FIG. 7. Power flow and power absorbfthax(Pa,)=1.0 Wicn?] by the ~ FIG. 8. Power flow and power absorbgthax(Pasd=1.1 Wicn?] by the
electrons due to collisional damping of the TG and H waves forrthe €lectrons due to collisional damping of the TG and H waves forrthe
=+1 mode,By=150 G,neu=5x10" cm 3, f=13.56 MHz,p=1 mTorr. = +1 mode,By=150 G, ngy=2x10'? cm™*, f=13.56 MHz,p=1 mTorr.

density profile are discussed later. The total coupled power ig result, the propagating helicon mode is not excited and the
kept constant Pre=1000 W) for the simulations by adjust- power is deposited entirely near the edge by the antenna.
ing the current on the antenna according to the value of the The power transferred to the plasma can be computed
antenna radiation resistance computed by the code. The coflem the wave fields as

is a linear absorption code that does not treat ionization,

recombination_, nor plasma losses, and changes in a_ssgmed P.=— E j E-J%.dV. (32)
plasma densities for the same pressure and magnetic fields 2

WOUId. be obtained by vanat.lons n co_upled power in theThe load impedance of the antenna is then written as
experimental case. The gas is argon with a neutral pressure
ranging from 1 to 10 mTorr, which corresponds #g,/® 2P (W) _

=0.1-1 at an electron temperature of 3 eV. For a plasma Z= T:RA"—]XAa (33
density ofngo=5% 10" cm 2 and gas pressure of 1 mTorr,

the electron—neutral collision frequency is much higher than

the electron—ion collision frequency. The modeling param-

eters chosen are typical for these sources.

The modeled cylindrical plasma column is 120 cm long, 400 - .
10 cm in diameter, and is surrounded by a conducting wall o
radiusr =8.0 cm. The conducting endplates, as modeled ir
MAXEB, are located at the axial positiors=0 cm andz —— TG mode
=120 cm. A Nagoya type-lll antenna of length 15 cm s0.0 = Helicon mode
and radiug =5.0 cm is centered &=27.5 cm.

Figure 4 shows that at a low magnetic fieldBy(
=20 G) and an Ar pressure of 1 mTorr, the absorbed powe
is localized near the antenna and the coupling is dominate
by the Trivelpiece—Gould mode, which propagates near th
outer plasma edge region.

Figures 5 and 6 show that at higher magnetic fields 190 k-
(Bp=80, 110 G the coupling is dominated by the propagat-
ing helicon mode that transports and deposits the couple
power well away from the antenna region. The electrostatic
TG mode is strongly damped and thus deposits power ne: 0.0,
the edge of the plasma. However, for a magnetic field of
Bo=150 G, as illustrated in Fig. 7, the axial wave number,

k,, excited by the Nagoya type-Ill antenna and plasma pag,; o 1pe ragial profile of the, field for the TG(solid ling) and helicon

rameters ass_ume_d, does not satisfy the dis_persion relation @ftted ling mode obtained fromanTenaz 15 cm away from the antenna for
Eq. (13) obtained in Sec. Il for then=+1 helicon mode. As them=+1 mode,By=150 G, ngo=2% 102 cm™3, f=13.56 MHz.

200

E (Vicm)

T
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By field (Gauss)

40 T T T T /1)
0
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0
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3 1'6
0‘0
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Sa0; ] 5
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¥ 0““,0/
; oo"’:‘,’;;;'ﬁﬂ )
1.0 7 f!
20
0
T ] FIG. 12. Radial and axial variation of tH&, field for the m=+1 mode,
09,5 0 20 30 20 50 By=150G,ng=2x102cm 3, f=13.56 MHz.
r(cm)

FIG. 10. The radial profile of thg, field for the TG(solid line) and helicon spondlng to Flg. 6 with an applled magnetic field 6

(dotted ling mode obtained fromnTENA2 15 cm away from the antenna for = 119 G. )
them=+1 mode,By=150 G, Ngy=2X 102 cm™3, f=13.56 MHz. Figure 8 illustrates the power flow and power absorbed

by the electrons due to collisional damping of both the heli-
con (H) and Trivelpiece—GouldTG) mode. The parameters
chosen areB,=150 G,ng=2x 102 cm 3, and a gas pres-

whereR, =R+ R_=antenna resistanci, =radiation resis- sure of 1 mTorr. TheaNTENA2 code is used to illustrate the

tance of the antenn&, =skin loss resistance of the antenna, existence of both modes, sineexes solves for the total

and X,=antenna reactance. ' : .
The radiated power input to the plasma is proportional gvave field solution and cannot separate the two modes. Fig-
-ures 9 and 10 obtained using cAMTENA2 code show that

2 . . .
[11°R/2, whereas the rea_ctlve power stqred in the fields She amplitude of the radid, and axialE, wave fields of the
represented by the reactive part of the impedance. The an- .
; . _ : G mode that peak near the edge are much higher than the
tenna impedance obtained for th&=150 G case isZ Lo . oo
= . L . corresponding fields of the helicon mode. The contribution
=0.29+5.15Q and has a much lower radiation resistance LT
X N . of the TG mode to the total absorbed power is significant and
than the one obtained f@,=110 G, which has a value of ; .
= X ) L . dominates the heating process near the surface of the plasma
Z=0.61+j5.25Q0. The higher value of the radiation resis- : : .
column. In contrast, the propagating helicon mode carries

tance for theBy=110 G case is due to the excitation of the . - .
and deposits the power through collisional damping away

helicon mode. Clearly, the power input to the plasma for & . ; : )
iven current can be increased by maximizing the radiatio fom the antenna region. The radial magnetic wave fields,
9 y 9 » By, andB, obtained bymaxes and shown in Figs. 11,

resistance and this was achieved for the parameters COMmes" nd 13 confirm the existence of time= +1 helicon

modé’ and are in good agreement with experimental

results?®
B, field (Gauss) B, field (Gauss)
(Xm\x

)
1.0t
0.5k
S

G
0 2 /’I"0&/0/"11;;//'1":';'/}'0\‘.‘);;':: T \
- ORI 9 P
NNt s S

0 Al IO
1 ml””””%%’”%g;’t:‘,"/ 4
8o el
80 W/ll
2epyy 40 4
) 2

FIG. 11. Radial and axial variation of tH#, field for the m=+1 mode, FIG. 13. Radial and axial variation of tH®, field for the m=+1 mode,
By=150 G, ngy=2x 10" cm3, f=13.56 MHz. Bo=150 G, ng=2x102 cm 3, f=13.56 MHz.
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FIG. 14. Power flow and power absorbpiax(P,,)=1.8 Wicn?] by the  electrons. Collisionless Landau damping heats the electrons
electrons due to collisionless Landau and collisional damping of the TG andmainly at the surface where the plasma density is low and the
H waves for the m-+1 mode andBo=110G, no=2x10%cm™>, f  resonant electrons have velocities near the wave phase ve-
=13.56 MHz,p=>5 mTorr. locity determined byv,,=w/k,. The ratio of the parallel
phase to thermal velocity,,n/v,, attains a value of about 1,
where the Landau damping process is most effective.

A helicon experimental cylindrical plasma recently de-
veloped in our research groffpis 120 cm long, 10 cm in
éLiameter with conducting endplates located at the axial po-
sitionsz=0 cm andz=120 cm. A Nagoya type-lll antenna
of length =15 cm and radiug =5.0 cm is centered at

Studies using the new, warm plasmiég; term of the
dielectric tensor show that collisional dampitizy electron—
neutral collision$ is the dominant heating mechanism for
gas pressures greater than 2 mTorr and higher densiti
(>2x10% cm3). Figure 14 illustrates the power absorbed

by the electrons at a magnetic fiddg=110 G and gas pres- . )
sure of 5 mTorr. Landau damping on the 3 eV Maxwellian_27'5 cm. The measured plasma density and applied mag-

background is found to be negligible for this case and th@etIC field profiles s_hown_l_n Figs. 16 and 17 are uged as an
power is absorbed entirely through collisional damping ofNPUL t0 MAXEB, Wh'Ch_ utilizes the IOC‘?' plasma dielectric

the wave as it propagates away from the antenna. At lowe nsor for th_e cal_culatlon (.)f the wave fields ar_1d the electron
pressures [{=1 mTorr), as shown in Fig. 15 when com- heating profile. Figure 18 illustrates the Poy.ntmg vector and
pared to Fig. 6, Landau damping becomes important and igbsorbed power by the electrons for a localized wave model

incorporated in the calculation of the power absorbed by thé‘ti"Zi_ng the _experimentally obtain.ed, axia}lly varyipg plasm_a
density profile. The electron heating profile for this case dif-

fers considerably from the one computed for an axially uni-
antenna form plasma, as shown in Fig. 19. The axial inhomogeneities
in the plasma density cause distributed reflections and pre-
vent the wave from propagating to the far end of the plasma
chamber. The steep density gradient near the axial position
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FIG. 15. Power flow and power absorbpuax(P,,)=2.3 W/cnt] by the
electrons due to collisionless Landau and collisional damping of the TG and
H waves for them=+1 mode andB,=110 G, n,=5Xx10"cm™3, f
=13.56 MHz,p=1 mTorr. FIG. 17. Applied magnetic field profile.
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entema_ was modified to include warm plasma thermal effects and the
: contribution of linear collisionlesd_anday wave absorption

by electrons. We have found that collisional damping is the
dominant heating mechanism for moderate pressuges (
>2 mTorr) and higher densitiesi{>2x 10'? cm~3). How-
ever, at low pressurep2 mTorr) Landau damping be-
comes important and heats the electrons mainly at the sur-
face, where the resonant electrons have velocities near the
wave phase velocity. The axial variation of the plasma den-
sity profile, as measured in experiments, can substantially
affect the electromagnetic wave field and electron heating
profiles. A future paper will examine the effects of strong
magnetic field inhomogeneities and comparison with experi-
mental measurements.
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