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The role of Trivelpiece–Gould waves in antenna coupling to helicon waves
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It is well known that the simple theory of helicon waves, in which the electron massme is neglected,
is valid only if Ez also vanishes, a condition which is not satisfied in experiment. Exact solutions of
cold plasma theory with finiteme and Ez predict the existence of additional highly damped
Trivelpiece–Gould~TG! modes~H-TG theory!, which can greatly modify the nature of helicon
discharges. However, most experiments have been explained using only the simple theory for which
the helicon waves are undamped. In that case, antenna-plasma-coupling calculations predict infinite
resonances. To avoid this problem theorists have setEz50 and included finiteme effects~the TE-H
theory!. By comparing the TE-H theory with exact~i.e., closed form! solutions for uniform density,
the role of TG modes has been clarified. To do so for nonuniform density, a new algorithm is
developed to treat the case of high magnetic fields, when the wave equation becomes singular. The
results show that, though the wave patterns are not greatly affected by TG modes except at low
magnetic fields or near the radial boundary, thekz spectrum and radial profile of the energy
deposition are greatly modified. In particular, the peaks in the TE-H-mode spectrum, which lead to
predictions of erroneously high antenna loading, are suppressed and broadened by the TG modes
which also produce high edge absorption. Both the TE-H and exact theories give maximum antenna
loading for 1

2me(v/k)2'10– 100 eV, in contrast to several hundred electron volts predicted by the
simple theory. ©2000 American Institute of Physics.@S1070-664X~00!01607-4#
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I. INTRODUCTION

Plasma sources employing helicon wave excitation
of current interest because they may provide the high den
and uniformity needed for the fabrication of the next gene
tion of semiconductor circuits.1,2 It has been known for som
time3 that finite electron massme , couples helicon to elec
tron cyclotron Trivelpiece–Gould~TG! waves4–6 in uniform
plasma. Despite that fact, most early experiments were in
preted using a simple model of helicon waves in whichme ,
and henced5v/vc is neglected.7–11 More recently Shamra
et al.12–14 have investigated antenna coupling to a unifo
density plasma and explained why, for most cases of inte
the wave magnetic fields, which are the easiest to meas
are dominated by the helicon waves. They also showed
the major channel for plasma heating is coupling to helic
waves, which are weakly damped throughout the body of
plasma, and ‘‘mode conversion’’ from helicon to TG wav
near the surface. The TG waves are strongly damped.
menski and Borg15 treated antenna coupling to nonunifor
plasma theoretically, assuming that the axial electric fi
vanishes, and neglected TG waves. More recently, Arn
and Chen16,17 have calculated antenna coupling to a nonu
form plasma at low to moderate static magnetic field (B0

&1 kG) and density (n0&1013cm23), to first order ind, and
found results in agreement with Shamraiet al. for nearly
uniform density profiles. For more centrally peaked profi
~e.g., for a parabola! they found that the large radial TG
currents near the surface are canceled by helicon curr
and consequently the plasma center is more intensely he
In contrast to the prior studies of cylindrically bounded pla
mas, Borg and Boswell18 considered wave excitation by a
3041070-664X/2000/7(7)/3042/9/$17.00
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infinite line source in infinite uniform collisionless plasm
They found that the TG mode does not lead to a signific
increase in antenna coupling, and that the resonance co
not a location of spatially resonant power flux.

In this paper the antenna coupling to cylindrically sym
metric plasma is considered using a collisional cold plas
dielectric. The role of TG wave damping is explicitly ex
plored by comparing uniform density, exact solutions w
solutions using a transverse electric~TE! approximation that
includes only helicon waves~TE-H!, similar to that investi-
gated by Kamenski and Borg. For nonuniform densities a
low to moderate magnetic fields (B0&300 G for a 5 cm ra-
dius plasma! the plasma field equations can be solved n
merically by standard methods. At higher magnetic fields
equations are singular~i.e., the coefficient of the highest or
der derivative tends to zero with increasingB0) and an ap-
proximate solution is obtained and investigated. The m
focus of this paper is a discussion of the dependence
density and magnetic field of the power spectrum of wa
absorbed by the plasma, the radial distribution of the pow
absorbed, and the antenna resistance. These quantitie
featured primarily because their understanding is key to
signing optimal helicon sources, and also because the p
ence of TG waves has a relatively small effect on the spa
dependence of the observed magnetic wave fields makin
difficult to measure.

II. GENERAL FORMULATION

A. Boundary conditions

Consider a cylindrical plasma of radiusa, which is uni-
form axially and nonuniform radially, and which is enclose
2 © 2000 American Institute of Physics

pyright, see http://ojps.aip.org/pop/popcpyrts.html.
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in a conducting cylinder of radiusc, with an intervening thin
shell antenna of radiusb, such thata,b,c. There are two
linearly independent sets of solutions that are finite on
axis. These plasma ‘‘basis functions’’ are distinguished
their behavior near the axis and are denoted by lower c
symbols~e, b, andj for E, B, andJ! and the subscripts 1 an
2 ~for a uniform plasma 1 denotes the helicon and 2 the
wave!. Take the Fourier transform of each componentVI i , of
any wave quantity to be

Vi~r ,m,k!5E
2`

`

dzE
0

2p df

2p
VI i~r ,f,z!e2 i ~mf1kz!. ~2.1!

Variables are underlined to distinguish configuration-sp
from k-space functions. In Eq.~2.1! and the following we use
k[kz . There are ten unknown basis function coefficients~2
vacuum regions32 polarizations32 behaviors at 0 and in
finity 12 plasma basis function sets!. Using the usual ten
boundary conditions (Etan50 at r 5c, is continuous atr 5b
andr 5a; Btan is continuous atr 5a but undergoes a jump a
r 5b) and the fact that in the vacuum spaces we have

Ef5
mk

rT0
2 Ez1 i

v

T0
2

]

]r
Bz , Bf5

mk

rT0
2 Bz2 i

v

T0
2

]

]r
Ez ,

~2.2!

where T05Ak22k0
2 is the transverse wave number in th

vacuum andk05v/c, Arnush and Chen17 have shown that
Vi(r ) can expressed as

Vi~r !5
H2v1,i~r !2H1v2,i~r !

F1G22F2G1
im0Kf . ~2.3!

The m andk functionality is understood.Kf is derived from
the antenna current density of the formJO(r ,f,z)5d(r
2b)KO (f,z) @the surface current is assumed to be closed
that (m/b)Kf1kKz50# and

Fn5bn,r~a!1
k

T0
pm~a!b̃n,z~a!1

m

aT0
2 m0@ve0en,z~a!#,

~2.4a!

Gn5 j n,r~a!1
m

a

k0
2

T0
2

1

m0
b̃n,z~a!

1ve0F k

T0
qmen,z~a!2ẽn,r~a!G , ~2.4b!

Hn5
kb

T0a
pm~b!m0Gn2

m

a

k0
2

T0
2 rmFn , ~2.4c!

where

pm~r !5
Km8 ~T0r !I m8 ~Tc!2Km8 ~T0c!I m8 ~T0r !

Km~T0a!I m8 ~T0c!2Km8 ~T0c!I m~T0a!
, ~2.5a!

qm5
Km8 ~T0a!I m~T0c!2Km~T0c!I m8 ~T0a!

Km~T0a!I m~T0c!2Km~T0c!I m~T0a!
, ~2.5b!

rm5
Km~T0b!I m~T0c!2Km~T0c!I m~T0b!

Km~T0a!I m~T0c!2Km~T0c!I m~T0a!
. ~2.5c!
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Equations~2.4!, ~2.5!, and the forthcoming text are some
what simplified from Arnush and Chen17 by the use ofb̃r

5 ibr , b̃f5 ibf , andẽr5 ier . Note that the termẽn,r in the
expression forGn was inadvertently omitted in the origina
published version of this equation.

B. Wave equations

Using the Krook-modified dielectric tensorK5e/e0 , in-
cluding electron–ion and electron–neutral collisions and
notation of Stix:19 exx5eyy5S, ezz5P, and eyx52exy

5 iD , the equations for the wave fields are

]

]r
Ef5

m

r
Ẽr2

1

r
Ef1k0cB̃z , ~2.6a!

]

]r
Ez5kẼr2k0cB̃f , ~2.6b!

]

]r
B̃f5

m

r

k

k0

1

c
Ef2

1

r
B̃f1k0S P2

m2

k0
2r 2D 1

c
Ez , ~2.6c!

]

]r
B̃z52D

k0

c
Ẽr1~k22k0

2S!
1

k0c
Ef1

m

r

k

k0c
Ez ,

~2.6d!

Br5
1

k0c S m

r
Ez2kEfD , ~2.6e!

Ẽr52
D

S
Ef1

kc

k0S
B̃f2

m

r

c

k0S
B̃z . ~2.6f!

Equations~2.6a!–~2.6d! form a closed set and can be solve
numerically by standard methods except at large magn
fields. If the density is uniform the basis function fields a
the familiar Bessel function solutions given by

bn,z~r !5Jm~Tnr !, ~2.7a!

where

STn
41Tn

2@k2~S1P!2k0
2~SP1RL!#

2P~k0
2R2k2!~k22k0

2L !50, ~2.7b!

R,L5~S6D !/2. ~2.7c!

III. SPECIFIC SOLUTIONS

A. Transverse electric helicon solution „TE-H…

If we assume thatEz[0 in the plasma, then only the TE
mode exists in the cavity. Including the single, helico
plasma mode there are five basis functions and hence
unknown coefficients. Three of the general boundary con
tions are automatically satisfied so that there are se
boundary conditions, and the system of equations for
coefficients is overdetermined. We derive the TE-H ana
of Eq. ~2.3! without the use of the boundary conditions o
Bf The consequences of this action are discussed in
III C. The results are

V~r !5
v~r !

F ~0! S i
kb

T0a
p~b!m0KfD , ~3.1a!
pyright, see http://ojps.aip.org/pop/popcpyrts.html.



-
, w

-
io

-
t-
en
e
ll
n

ns

d

is
-

ve

s,
e
at
of

e
-
an-

p,

-
ts

a

the

ce.

to

.

3044 Phys. Plasmas, Vol. 7, No. 7, July 2000 Donald Arnush
F ~0!5br~a!1
k

T0
p~a!b̃z~a!. ~3.1b!

A TE-H resonance as a function ofk therefore occurs for
F (0)50, in contrast to the simple theory condition7 br(a)
50.

If we set Ez[0 in Eq. ~2.6! the second equation be
comes algebraic and the set is overdetermined. However
note that in the limitme→0, P}me

21 and Ez}me . Conse-
quently, the productPEz in Eq. ~2.6c!, and hence the equa
tion is indeterminate. We therefore eliminate the equat
from the set and obtain the following:

]

]r
Ef5k0S 11

m2

r 2~k22k0
2S! D cB̃z

1
1

r S m
k0

2D

k22k0
2S

21DEf , ~3.2a!

]

]r
B̃z52

m

r

k0
2D

k22k0
2S

B̃z2
1

ck0
T3

2Ef , ~3.2b!

B̃f5
kk0

k22k0
2S S D

c
Ef1

m

k0r
B̃zD , ~3.2c!

Br52
k

ck0
Ef , ~3.2d!

Ẽr5
k0

2

k22k0
2S S DEf1

m

k0r
cB̃zD . ~3.2e!

In Eq. ~3.2! we have used

T3
25

~k0
2R2k2!~k22k0

2L !

k22k0
2S

. ~3.3!

For a uniform plasma the solution to Eq.~3.2! is bz(r )
5Jm(T3r ). T3 can be obtained from Eq.~2.7! by taking the
limit P→` and self-consistently neglectingT4. Note that
this solution differs from theme→0 limit since in that case
S50, D is real, and henceT3 is real. Consequently, the reso
nances of Eq.~3.1! are infinite. The inclusion of these firs
order terms provides dissipation which limits and broad
the resonance. In addition,T3 is a good approximation to th
helicon root of Eq.~2.7!, except at long wavelengths we
above the cutoff for helicon wave propagation. For nonu
form plasma, the closed set of Eqs.~3.2a! and ~3.2b! are
solved as in the general case.

B. Helicon Trivelpiece–Gould solution „H-TG…

If the density is uniform the closed form Bessel solutio
are used. If the density is nonuniform, andB0 is not too large
~typically B0,300 G) the solutions of~2.7! are used in the
first radial step from the axis and Eq.~2.6! is integrated out-
ward to the plasma surface. IfB0 is sufficiently large the
equation set~2.6! becomes numerically difficult to solve an
we resort to solving it using a series inme .

If we integrate Eq.~2.6! starting near the axis, each bas
function will be a linear combination of TG-like and helicon
like waves. At large magnetic fields the TG radial wa
 02 Aug 2000 to 128.97.88.10.Redistribution subject to AIP co
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number can be approximated byT2
2>2k2P/S. If uIm T2au

@1 both solutions are dominated by the TG-like function
then Eq.~2.3! requires the calculation of a small differenc
of large numbers. To avoid the difficulties inherent in th
process note that any two linearly independent solutions
Eq. ~2.6! may be used in Eq.~2.3!. We therefore choose th
solutions to Eq.~3.2! for the first, helicon-like basis func
tions. The second, TG-like solution is obtained by an exp
sion in me . For me of order e, S and P are of ordere and
e21, respectively, in the limite→0. We expand the field
components in the following series:

Vi5expS i
c

e D (
n50

`

Ai ,nen. ~3.4!

If we require a nonzero solution and calculate to ordere0 we
obtain

c85
]c

]r
5kA2P

S
, b5

D

~2PSr2!1/4, ~3.5a!

C~k,r !52 i E
r

a

dr8F c81

k0
2~PS2D2!1

m

r 8

]D

]r 8

2kA2PS
G ,

~3.5b!

b2,r50, b̃2,z5
b~r !

b~a!
exp~C~k,r !!, b2,f52

iS

kD
b̃2,z ,

~3.5c!

~ ẽ2,r ,e2,f ,e2,z!52
c

k0D S 2 ic8,2
m

r
,2kD b̃2,z . ~3.5d!

C. Relationship of the solutions

Neglecting terms of order (k0 /T0)2, as well as the dis-
placement current terms~in square brackets! in Eq. ~2.4!, Eq.
~2.3! becomes

V~r !5
j 2,r~a!v1~r !2 j 1,r~a!v2~r !

j 2,r~a!F1
~0!2 j 1,r~a!F2

~0! S i
kb

T0a
p~b!m0KfD ,

~3.6!

which is valid provided that the outer cylinder-plasma ga
c-a, is not too small.17 Resonance occurs as a function ofk
if the denominator of Eq.~3.6! vanishes. Antiresonances oc
cur if either one of the basis function radial curren
vanishes.20 Thus, if for a givenk, j 1,r(a)50 ~equivalent to
the simple helicon boundary condition for uniform plasm!,
only helicon waves are present and we recover Eq.~3.1!.
However, except for rare coincidences, the amplitude of
helicon wave is reduced sinceF1

(0) will not be near zero at
that k. For high magnetic fields (d5v/vce!1), Im$T2% (T1

andT2 are the helicon and TG radial wave numbers! is very
large and the second term in the numerator of Eq.~3.6! is
negligible compared to the first except near the surfa
Similarly, sincem0 j i ,r>Tibi ,r ~the relationship is exact for a
uniform density! the magnitude of the ratio of the second
the first term in the denominator is of the order ofuT1 /T2u
!1. Thus, neglecting the second terms in the ratio, Eq.~3.1!
is recovered from Eq.~3.6! in the helicon approximation
pyright, see http://ojps.aip.org/pop/popcpyrts.html.
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However, in calculating the configuration space fields fro
these equations by taking the Fourier transform, the res
are dominated by resonances due to the vanishing of the
part of F1

(0) . The imaginary part of this quantity, related
the imaginary part ofT1 , is very small since the helicon
wave is undamped to lowest order inme . On the other hand
the imaginary part ofF2

(0) is significant since the TG wave i
heavily damped. Thus, to meet the boundary conditions, b
helicon and TG waves must be induced at the plasma
face. The TG waves reduce and broaden the resonance
significantly modify the power coupling.

Consider now the consequences of ignoring the bou
ary conditions on the magnetic field in deriving Eq.~3.1!.
Using DBf

A as the value ofBf just outside the antenna, m
nus that just inside, the jump condition across the antenn
satisfied if the following quantity vanishes:

DBf
A2m0Kz5

k0
2

T0
2 m0Kf . ~3.7!

Since, for most cases of interest, (k0 /T)2 is very small, the
jump condition is satisfied in the sense that the correctio
much smaller than any of the individual terms in the eq
tion. Defining the difference inBf at the plasma boundary a
DBf

P in a similar fashion, we obtain

DBf
P52 i

k

T0
2 m0 j r~a!. ~3.8!

The simple theory was derived for uniform plasma wherej r

is proportional tobr . The simple boundary condition there
fore is equivalent to settingDBf

P , and hence the radial cur
rent, equal to zero. In the general theory we setDBf

P50 and
an axial current carried by the TG waves balances the ra
current near the surface. In the TE-H theory, since the ra
current is not necessarily equal to zero it must be balan
by an ad hocaxial surface current given through Ampere
law by DBz

P5m0Kz(a).

IV. ANALYSIS

A. Measures of power coupling

We define the specific plasma power spectral functi
SP(k8) as the power absorbed by the plasma for an ante
with Kf5d(k2k8),

SP~k8!5
1

2
ReH E EO * "JOplasmad

3r J . ~4.1!

SinceSP(k8) is an even function, for 1 A the plasma power
spectral functionPP(k), and plasma resistanceRP , is

PP~k!5SP~k!pA~k!

5
ve0

2 E
0

a

Im$S~ uẼr u21uEfu2!1PuEzu2

12D Re$Ẽr* Ef%%r dr, ~4.2a!

RP52E
0

`

PP~k!dk, ~4.2b!

where
 02 Aug 2000 to 128.97.88.10.Redistribution subject to AIP co
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pA~k!5uKf~k!u21uKf~2k!u2. ~4.2c!

There has been considerable speculation in the litera
about helicon waves accelerating electrons with the velo
v/k by the Landau damping mechanism. It is therefore u
ful to expressPp(k) as a function of the energy of the ele
tronsu5 1

2me(v/k)2 using a variable transformation, as fo
lows:

Pu~u!5Amev
2

8u3 PkSAmev
2

2u D , ~4.3a!

RP52E
0

`

Pu~u!du. ~4.3b!

Similar to PP(k), the antenna power spectral functio
PA(k), and antenna loading resistanceRA , can be defined as

PA~k!52
1

2
ReH E EO * "JOantennad

3r J
5

m0c

2

k0a

T0
pA~k!ImH pm~b!

B̃z

Kf

1
m

ka

k0

cT0
rm

Ez

Kf
J U

r 5a

~4.4a!

RA52E
0

`

PA~k!dk. ~4.4b!

Note that for most cases of interest the second term in
expression forPA(k) is negligible and hencePA is propor-
tional to the surface axial magnetic wave field. As we sh
see, at high magnetic fields the spectrum is dominated by
or a few resonances and the antenna resistance may be
mated from the sum of the residues at the resonances. I
power escapes axially~due to either end reflections or tota
absorption in a very long cylinder! then

PA~k!5PP~k!, RA5RP . ~4.5!

Indeed, the degree to which these equalities are met is a g
measure of accuracy of basis functions either numeric
integrated or approximated. It is also instructive to consi
Pr(r ), the power absorbed in a differentially thin radial sh
the length of the cylinder

Pr~r !5
ve0

2 E
2`

`

Im$S~ uẼr u21uEfu2!1PuEzu2

12D Re$Ẽr* Ef%%dk, ~4.6a!

RP52E
0

a

Pr~r !r dr . ~4.6b!

To illustrate the results of this formulation the followin
parameters were selected for argon, using a collision
quency calculated from the electron–ion analytic form a
the electron–neutral cross section21 convolved with a Max-
wellian electron distribution:

a55 cm, b55.5 cm, c515 cm,

f 0513.56 MHz, Te53 eV, P053 mTorr. ~4.7!
pyright, see http://ojps.aip.org/pop/popcpyrts.html.
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A half-turn helicon antenna is used, and results are quo
for them51 azimuthal Fourier component. Bessel functio
of a complex argument,Jm(z), are calculated using a powe
series foruzu,11 and an asymptotic series22 for uzu>11. For
a radially nonuniform density, for eachk, Eq. ~2.6! is inte-
grated if Re$C(k,0)%,23 ~i.e., uexp(C(k,0))u,1010), and
Eqs.~3.2! and ~3.5! are used if Re$C(k,0)%>23. It is neces-
sary to select a sufficient number of radial integration poi
N, to adequately sample the rapid radial oscillations of
TG waves. It was found that the fractional error in the c
culated resistance (RA2RP)/RA decreased at the approx
mate rate 1/N1.75. For all calculationsN was chosen large
enough to produce an error less than 1%. The cylinde
assumed to be sufficiently long to sample the narrowest s
tral resonance. The calculation is performed using a C-ba
PC computer program, with a graphical interface, calledHE-

LIC. It implements the analysis described herein for a w
range of parametrized density profiles and calculates
various power functions and resistances, as well as the e
tric and magnetic fields and the current as a function ofz for

FIG. 1. H-TG vs TE-H power absorption spectrum~a!, and radial profile
~b!, for a uniform densityn051011 cm23 and magnetic fieldB0525 G.
 02 Aug 2000 to 128.97.88.10.Redistribution subject to AIP co
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e
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fixed r, and a function ofr for fixed z. Simple plots of these
functions are also provided. The code is currently being b
tested for later release.

B. Uniform density

Consider first uniform densities for which closed for
solutions are available. The power spectral functions and
dial absorption profiles for the TE-H and H-TG solutions a
shown in Fig. 1 for a plasma densityn051011cm23 and
B0525 G. Even at this low density and magnetic field t
TE-H solution absorption profile is more sharply peaked th
the analytic one. The respective antenna resistances are
and 1.39V, a ratio of about 4. Apparently the TE-H approx
mation yields a larger loading resistance because of the
riously high peaks in thek spectrum. Both solutions predic
peak absorption on axis with the TE-H displaying a larg
peak relative to the surface. Figure 2 shows the results
n051012cm23 and B05100 G. Both solutions have two
dominant resonant modes at approximately the same w

FIG. 2. H-TG vs TE-H power absorption spectrum~a!, and radial profile
~b!, for a uniform densityn051012 cm23 and magnetic fieldB05100 G.
pyright, see http://ojps.aip.org/pop/popcpyrts.html.
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number. The TE-H solution displays an additional, low
power, long wavelength mode. The TE-H and H-TG anten
resistances are 2.97 and 1.20V, a reduced ratio of about 2.5
The TE-H peaks have increased and narrowed, but the
grated power has not increased correspondingly. The T
absorption still peaks on axis, but has a flat plateau star
about midway to the surface. The H-TG profile peaks on
surface and decreases exponentially radially inward, indi
ing the dominance of the TG waves in absorption for th
parameters. Approximately 75% of the power is deposited
a 1-cm-thick surface layer. The pattern is continued forn0

51013cm23 and B051000 G, shown in Fig. 3, where th
TE-H and H-TG resistances are 3.21 and 1.81V. In that case
the width of the TE-H spectral resonances are of the orde
0.2 m21. In an ideal cavity, where the axial cavity modes a
separated byp/L ~L is the cavity length!, the cavity would
have to be 15 m long to ensure that the TE-H modes
excited. Thus, a major result of the broadening of the re
nances by the TG modification of the denominators in E

FIG. 3. H-TG vs TE-H power absorption spectrum~a!, and radial profile
~b!, for a uniform densityn051013 cm23 and magnetic fieldB051000 G.
 02 Aug 2000 to 128.97.88.10.Redistribution subject to AIP co
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~2.3! and~3.6! is to permit excitation of the helicon modes
cavities of acceptable length. For plasma stability]R/]n0

<0 at constantB0 is required.23 The peak ofR(n0 ,B0) for
B051000 G occurs forn05431012cm23. The H-TG power
absorption as a function of accelerated electron energ
shown in Fig. 4 forn054, 6, 8, 1031012cm23. The curves
all diminish rapidly foru.100 eV even for the cases whe
long wavelength secondary peaks are present, due the fa
u23/2 in Eq. ~4.3!. The corresponding result for the TE-H
solution shows large peaks with widths less than about 1
Thus, the H-TG theory predicts that the waves are prefer
tially absorbed in a broad range of energies from about
ionization threshold up to about 100 eV, depending on
density. This contrasts with the TE-H theory that sugge
the presence of electron beams with narrow energy spre
Calculation of the radial dependence of the wave magn
field 20 cm from the antenna,BO (r ,0.2), for n051012cm23

and B05100 G yielded only small deviations between t
H-TG and TE-H solutions. They were located in the 1 c
surface layer. The effect of the broadening on the variat
of BI z(0,z) for the same parameters is shown in Fig. 5. T
magnitude ofBI z calculated using the TG-H approximatio
clearly displays a beat phenomenon between the modes a
gradual decay, as seen in experiments.24 The calculated beat
ing is less pronounced, and the decay is more rapid with
H-TG formulation, due to interference between the wi
range of k’s in the broadened spectrum shown in Fig.
However, as seen in Fig. 5~b!, the phase is surprisingly little
affected. Since there are many effects not included which
affect the rate of spatial decay, it would be difficult to use t
measurement ofBI z(0,z) to distinguish between the H-TG
and TE-H result.

Contour plots of the antenna resistances for the two
proaches in the range 1012<n0<1013cm23 and 100<B0

<2000 G are shown in Fig. 6. The contours of constantR in
the TE-H approximation are straight lines~i.e.,B0}n0). The
ridge of maximumR ~'5.9 V! is given approximately by

FIG. 4. H-TG power absorption spectrum as a function of accelerated e

tron energyu5
1
2me(v/k)2 for n054, 6, 8, 1031012 cm23.
pyright, see http://ojps.aip.org/pop/popcpyrts.html.
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B0(G)5250310212n0(cm23). The local peak resistance o
the H-TG contour plot nearn052.331012cm23 and B0

5550 G is approximately 3.5V. The resistance varies slowl
along the ridge, dropping to 2.8V at the saddle pointn0

56.531012cm23 and B051500 G, and rising to 3.6V at
n05631012cm23 and B052000 G. The ratio of resistanc
calculated using the TE-H and H-TG treatments is in
general range 1.5–2. The ridge in the H-TG contour p
follows approximately a straight line forB0,1000 G. The
line intersectsn05831012cm23 at 1500 G. The spectra fo
B051500 G andn055, 6.5, and 831012cm23 are shown in
Fig. 7. The resistances vary slowly~2.7, 2.8, and 2.7V,
respectively! although there is significant variation in th
spectral shapes.

C. Nonuniform density

It is of interest to explore the effect of the radial dens
profile on the power absorption. Linear (12r /w) and para-

FIG. 5. H-TG vs. TE-H amplitude~a!, and phase~b! of the axial wave
magnetic field on axis as a function ofz, BI z(0,z), for a uniform density
n051012 cm23 and magnetic fieldB05100 G.
 02 Aug 2000 to 128.97.88.10.Redistribution subject to AIP co
e
t

bolic (12(r /w)2) profiles, wherew is adjusted to keep the
ratio of central to surface density equal 10, were calcula
and the results compared to a uniform profile. In the th
cases shown in Fig. 8,B0 is 1000 G andn051013cm23 on
axis. As the density profile becomes more centrally peak
the resonances shift to smaller wave number and bec
narrower, but remain much broader than those predicted
the TE-H approximation. The antenna resistance for the u
form, parabolic, and triangular profiles equal 1.81, 3.17, a
3.36V, respectively. Much greater power dissipation on a
occurs for the centrally peaked profiles. This result is con
tent with the experimental observations that density profi
for high power, high-density discharges are centra
peaked25 and approximately triangular for the highest dens
cases. The high dissipation on axis sustains the high den
there, and the high dissipation near the surface sustains
high power loss to the walls. Calculations were perform

FIG. 6. Contours of constant H-TG~a!, and TE-H ~b! antenna resistance
~V!, as a function of density and magnetic field.
pyright, see http://ojps.aip.org/pop/popcpyrts.html.
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using the same profiles but with the central densities
creased by a factor of 2 and 3 for the parabolic and triang
shapes so that total amount of plasma was approximately
same for the three cases. The results were similar to th
shown in Fig. 8, except that the antenna resistance only
creased to about 2.5V for the centrally peaked cases. Th
diminished enhancement is due to the fact that, at cons
magnetic field, the resistance decreases with density in
parameter range.

V. SUMMARY AND CONCLUSIONS

The H-TG solution of the uniform-density, collisiona
plasma model of antenna coupling was compared to a w
defined, transverse-electric, pure helicon model. For mo
ate to large static magnetic fields (B0*100) differences be-
tween the configuration-space wave magnetic fie
predicted by the two solutions were found to be small and
difficult to measure. Differences in the spectrum and the
dial profile of the power absorption, as well as the topog
phy of the antenna resistanceR(n0 ,B0), critical to optimal
plasma source design, were found to be significant. The
dicted TE-H resistance is typically somewhat less than tw
the resistance predicted by the H-TG method. The redu
resistance in the H-TG calculation occurs partly because
presence of TG waves changes the predicted electric fi
and currents, but more important because they modify
charge and current balance at the plasma surface and c
quently the height and width of the plasma resonance.
large magnetic fields the predicted TE-H resonance is
tremely narrow, requiring a very long cavity to ensure ov
lap between the resonance and the axial cavity mode
equilibrium, as well as in the temporal approach to equil
rium. Landau damping for the H-TG solution is predicted
occur in a broad range of energies from about 10 to ab
100 eV, in contrast to the TE-H solution that predicts t
presence of narrowly energetic beams. For a uniform den
and large magnetic field, both models predict a small a

FIG. 7. H-TG power absorption spectrum atB051500 G and uniform den-
sitiesn055, 6.5, and 831012 cm23.
 02 Aug 2000 to 128.97.88.10.Redistribution subject to AIP co
-
ar
he
se
n-

nt
is

ll-
r-

s
r
-
-

e-
e
ed
e

ds
e
se-
t

x-
-
at
-

ut

ity
l

peak in the power absorption profile, with the H-TG soluti
predicting an additional sharp increase in the absorption
thin surface layer. For more realistic, centrally peaked, d
sity profiles the H-TG solution predicts a thickening of th
surface layer as well as a much more pronounced peak in
heating on the axis.
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