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A power absorption in helicon plasma excited by doubte 0 antenna is considered at high argon
pressures, when the electron collision frequency exceeds the driving frequency. The influence of
various factors is examined, including the plasma density and nonuniformity, magnetic field, gas
pressure, and antenna spectrum. The wave dispersion curves and absorbed power spectra are
comparatively examined to find out the scaling laws. The spatial distribution of the deposited power
is characterized both qualitatively and quantitatively by considering the absorption profiles and
fractions of the total power absorbed in the under antenna and edge regions of the plasma column.
Dependencies of the plasma load resistance on various parameters and magnetic field profiles are
examined and compared with experimental results. Computations are performed using two
alternative models, either taking into account or neglecting the excitation of quasi-electrostatic
Trivelpiece—Gould(TG) waves. Results on the plasma resistance are found to be close in both
models provided collisional damping of helicons is not so low as to give rise to the cavity
resonances. Inclusion of the TG waves yields magnetic field profiles which are substantially
localized near the antenna, and absorption profiles strongly peaking in the peripheral plasma,
underneath the antenna. With neglect of the TG waves, the magnetic fields and absorption profiles
are found to be much more extended in both axial and radial directions from the antenna. Theory
accounting for the TG waves gives a better fit over a broad range of parameters to the measured
data, especially regarding the magnetic field profiles.2@1 American Institute of Physics.
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I. INTRODUCTION tion of accelerated electrons in helicon discharges has been

confirmed in some experiments, but discarded in otkeze
The helicon discharge is extensively examined as an efdiscussion and references in Ref).11

ficient source of dense low temperature plasmas for both The appearance of quasi-electrostatic waves, which are

basic research and numerous ground and space app#iso referred to as the slow or Trivelpiece—GoUylbG)

cations®? It is employed in materials processitigee, e.g., Wwaves, is not self-evident in helicon plasmas. These waves

Refs. 3—5, and is expected to serve as an element for variare quasi-electrostatic and thus cannot be efficiently excited

ous tools, including a recent proposal of a plasma rocket foflirectly by the driving antenna via the mechanism of induc-

deep space missiofisThe mechanisms of a radio frequency Ve coupling:? The group velocity resonance cone of TG

(rf) power absorption in helicon discharges are still undefVaves, 0~ w/wc., whereg is an angle with respect to the

discussion in numerous papers. Since it became clear thmagnetic fieldw the driving frequency, andg, the electron

direct collisional damping of helicons is much too weak togyrofrequency, is not a location of spatially resonant power

. . . flux from a line rf current source exciting a uniform, un-
explain experiment§fwo most frequently discussed mecha-

. L . ) bounded pIasmlaP’. However, the plasma boundary and/or the
nisms are the kinetic mechanism of electron acceleration b

he heli ol 4 the fluid hani h dP’adial density gradient stimulate generation of the electro-
the helicon wave fields, and the fluid mechanism of the mo Static activity. It arises as a response to the redundant plasma

conversion of helicons into quasi-electrostatic waves. Th%olarization produced by helicon electric fields and can be
electron acceleration has been examined both in a linegpterpreted as the mode conversion of the helicon waves into
form, as the Landau damping of monochromatic Waveas TG waves. In uniform plasma, the surface conversion occurs
a transient wave-electron interaction in the antenna neait an abrupt interface of the plasma with insulating wall.
field” and in a nonlinear form as an electron trapping by theThe absorption in this case is mainly provided by the TG
longitudinal electric field of the helicon wa¥@The genera- waves and is maximum at the plasma boundary. The inten-
sive generation of the TG waves underneath the antenna can
3Electronic mail: kshamrai@kinr.kiev.ua give rise to the absorption hump, which extends along the
bElectronic mail: sinohara@aees.kyushu-u.ac.jp group velocity resonance cofi!® In nonuniform plasma,
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the conversion occurs also in the bulk plasma, where it is Double

enhanced in the regions of strong density gradi&htin this CF/\ vacuum 1m=0 antenna/\CF
case, the source of the TG wave generation is not spatially ‘ Plasma ” ]Q
localized, so that the contribution of the TG waves to the ol bl Lzl 1% k|2
absorption profile is quite smooth and cannot be distin- '
guished in computations from the contribution due to colli- l 1} H/ W
sional damping of helicon waves. kL a2

The antenna coupling to and power absorption in helicon d
plasmas was theoretically examined using two different ap-
proaches based on the fluid plasma model. One of them is
rigorous in that it includes the effect of electron inertia by
employing the full dielectric tensor. Specific computations
for radially uniform and nonuniform plasmas were per-
formed using codes of two kinds: 1D codes which assume
both axial and azimuthal plasma uniformity and use the Fou-
rier decomposition of field$2141517=1%nd 2D codes which
include the axial nonuniformity and use the finite element i | N
method?®?* Obtained results clearly showed the generation "0 50 100 150
of quasi-electrostatic activity in helicon plasmas. Another ap- Axial Wavenumber, [, = kL/z
proach neglects the effect of electron inertia and thus auto-

. 23 . FIG. 1. Amodel of the helicon source excited by double-laop 0 antenna
matically excludes the TG wavés?® Both theoretical ap- (top), and normalized spectral intensity of the antenna current defisity

proaches were recently compared in detail for weaklytom). Column graph and solid curve are, respectively, the real spectrum and
collisional plasmzf_4 its envelope for the parallel current®C) in the antenna loops. Dashed

Although rigorous theory predicts generation of TG curve is the spectral envelope for the anti-parallel antenna curtaats
waves in helicon plasma, direct experimental evidence is noqfondUCtIng end-flanges are denoted as CF.
yet available. The reason is that these waves are normally
very short scale in most experimental conditions. AnotheiAnother comparative study was recently performed with a
reason is that it is difficult to distinguish the contribution similar device at argon pressure of 30 mTorin general,
from the TG waves in standard measurements of the magsatisfactory agreement was reported of the experimental data
netic field profiles® which is confirmed by computatiod8.  versus the load resistance, with results computed with use of
A few experimental results reported so far provide an indi-theoretical approach neglecting the electrostatic waés.
rect evidence for the TG wave excitation in the range of lowthe present paper, we theoretically examine both approaches
gas pressures where the ratio of electron collision-to-drivingo ascertain the difference between them in the range of high
frequency is less than unity. These are recent measuremerggessures, and estimate the range of their validity by com-
of the power balance in a conventional helicon dischdrge, paring the computed results with experimental data on the
dispersion examination in a helicon discharge excited by flaload resistance and magnetic field profiles.
antenn&’ and comparative studies on the plasma load  The paper is organized as follows. Two theoretical mod-
resistancé™?"?® Unfortunately, a detailed comparison of els, both regarding and neglecting the TG waves, are intro-
theory with experiment was not yet performed for the lowduced in Sec. Il. Comparative analysis of the wave disper-
pressure range. sion and power absorption spectra is presented in Sec. Ill.
A discharge at high pressures, where the electron colliProfiles and quantitative characteristics of the spatial distri-
sion frequency substantially exceeds the driving frequencyution of the rf power absorption are discussed in Sec. IV.
and the electron mean free path is much shorter than thgection V presents computed dependences of the plasma
characteristic wavelength, has been examined less often dbad resistance on various parameters. Experimental and the-
though it is also of interest for applicatiofiSA comparison  oretical results are compared in Sec. VI. In Sec. VII, we
of experimental results with theory based on the fluid modesummarize the results and conclude.
seems to be more credible in the high pressure range inas-
much as kinetic effects are suppressed. Systematic data ¢oin THEORETICAL MODEL
the behavior of helicon discharge at argon pressures up to 51
mTorr have been reported only recenflyand have been

compared in detail with computations based on rigorou he effect of radial plasma nonuniformity. The plasma is con-
theory accounting for the excitation of the TG wavedn . P i ormity. P
sidered as an axially uniform cylindrical column of length

those experiments, a long straight device immersed in a unj- . .
b g g =2zr—2 , with two conducting flanges located at zg

form magnetic field was used, so that a geometry of theoret- . 2 . . !

) . . ndz, (see Fig. L The plasma is immersed in axial uniform
ical model was quite adequate for the experiment. Agreemerﬁ o . ) .

) ! . magnetic field of strengtB,, and is confined radially by a
of the results, including the antenna load resistance, maq
netic field profiles, and thresholds for the density jumps, was
shown to be pretty good over a broad range of operatior?

parameters, in spite of the use of a uniform plasma mbtdel. n(r)=n0—(n0—nedgg(r/ro)z, (N)

To examine rf power absorption im=0 helicon
lasma, we use a theoretical mottajeneralized to include

hin nonconducting vessel of radiug. The radial plasma
rofile is assumed to be of parabolic form
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wheren, is the center density, and the edge densityge, spectral intensity fol,>40 is important for antenna cou-
can vary from 0 tong. pling in some cases; it will be referred to as the “depletion”
The double-loopn=0 antenna is centered atz, and  of the antenna spectrum. The spectrum is found to have a
consists of two identical radially thin rings, each of radiys broken form with many local minima arising due to specific
and of finite widthb, spaced a distance apart. The rings position of the antenna rings relative to the conducting ends.
contain rf currents equal in amplitude with parallel or anti- However, such spikes are not physically important: all the
parallel directions](t)=1,coswt. The ac fields in plasma spatial distributions are found to be smooth provided that a
and vacuum are described by Maxwell equations sufficient number of harmonics is taken into acco(see
CVXE=—oB/at, CVXB=aD/ot+4mj,, @) also Ref. 19.' It is convenient_to characterize the antenna
A spectrum by its envelope. In Fig. 1 are plotted the envelopes
wherej,= 6i () §(r —r,)coswt is the antenna current den- for both the parallel and anti-parallel current spectra.
sity, @ a unit vector in the azimuthal direction, amdthe Substituting serie$4) into Maxwell equationg2) and
speed of light. As the plasma is supposed to be axially uniintroducing the dimensionless field amplitudgsand by
form, one can employ the Fourier decomposition over axial E(r)=(2m/C)i ), Bu(r)=(2/c)iby(r),

discrete wave numbets=1,7/L(l,=1,2,...F*>%
one arrives at the following set of the first-order differential
ia=>, iy sinkz, (3)  equations in cylindrical coordinates:

NK e, =—iNKye,+i(N2—K;)b,,

E=2 Re{z [E, (r)sinkz’ +ZE,(r)coskz'] iN(pe,)’ = —pb,.

Xexp(—iwt)], @ NK; b, =i(K2—K3—N?K)e,+iNK,b,, ©
. _ _ o IN(pby)" =Kspe,,
wherez’ =z—z , andzis a unit vector in the axial direction.
Series for the magnetic fied is similar to Eq.(4) but with
sinkZ and coskZ interchanged. Although each of harmonics L _ ; )
in Eq. (4) represents an axial standing wave, the total field iius p=Kr, and the subscrifit in the amplitudes is omitted
not a standing wave inasmuch as the amplitudes are the corff the sake of simplicity. The radial field components are
plex functions in the presence of dissipation. Thus, the totafXPressed in an algebraic way
field is found to be a combination of standing and traveling e =i(Nb,—K,e,)/K;, b,=iNe,. (7)
waves. Note that the form of serié$) implies vanishing of
the tangential field on the conducting end-flanges. In the
presence of sheath, the effective boundary condition cafP
change® However, this effect is inessential at high pressures
because the waves radiated by the antenna are damped be- Ki=1-2 (05 YalAy),

whereN=kc/w is a longitudinal refractive index, the prime
denotes the derivative with respect to the dimensionless ra-

The permittivity tensor is considered in the cold plasma
proximation

fore reaching the ends. Computation results were found to be (®)
insensitive to the value df.*® 5 2, 2
According to the results of measuremefitthe distribu- Ko=2 (0f,0cal 080, Ks=1=2 (0/0%y.),

tion of the antenna current is well uniform across the rings,

We assume also the azimuthal uniformity of current, that iswhere the sum is over all specuas:ée,]), ©pa and%a are
. . A the plasma and cyclotron frequencies of species, respec-
a charge-free or purely inductive coupling;j,=0. In the

computations, the following geometric parameters were chot-lvely’ and
sen to match the experimeffts Ay=(0y)?— w2, y.=1+i(v,lw). 9
z,=—20 cm, d=2 cm, b=1 cm, r,=2.5 cm, The electron collision frequency takes into account the

electron-neutral and electron-ion collisiong= ve,+ vei. In

the range of electron temperatures 3-8 eV, the following
except that the length of the plasma column was assumeapproximation was used for the electron-neutral collisions in
shorter than the experimental value=160cm (i.e., zz  argon,vey~1.3x1PpA Te (s 1), wWherep,, is Ar pressure,
=80cm). This allows one to keep fewer harmonics and thusn mTorr, and T, the electron temperature, in eV. The
to save computation time without loss of accuracy. Indeed, atlectron-ion collision frequency,;, was estimated from the
the high pressures under consideration the results do not suspitzer formula. Landau damping was found to be negligible
fer from parasitic reflections. With the above parameters, that the high collisionality under consideratibhin the com-
antenna spectral intensitli,|?, is shown in Fig. 1 for the putations, we putv;/w=0.1 and employed the following
parallel and anti-parallel currents in the antenna loops. Wittparameters, which are close to the experimental values: driv-
parallel currents, a broad spectral minimum appears, at ing frequency w/27m=7 MHz, electron temperaturel,
~80 due to the geometry of the antenna, which cannot excite=4 eV, and Ar pressurp,,=6 and 51 mTorf°

harmonics with axial half-wavelengths around the distance To find the fields, one should solve, for each of harmon-
between the antenna rings. A considerable decrease of thes, Eqgs.(6) in the plasma and similar equatiofwith K

r,=3 cm, zz=—80 cm, (5)
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=K;=1 andK,=0) in the gap between the plasma surfacecomputation$* Computation errors of this sort were found
and the antenna, ay<<r<r,, and in the region outside the to be well below 1%, in spite of the fact that the fields vary
antenna, at>r,. (The outer boundary is assumed at infin- extremely steeply at high collisionality considered. The
ity.) These solutions are joined by imposing the following plasma load reactance is defined.as-L,—L, whereL,, is
conditions on the tangential fieldé) continuity of all field  the vacuum(without plasmaload reactancé’

components at=ry, and(ii) the continuity atr =r, of all Along with the above rigorous model, we have also con-
components except for the, field, which has to satisfy the sidered a simplified approach taking only the helicon waves
conditionb,(r,+0)—b,(r,—0)=-1. into account. Following Ref. 24, we will refer to these mod-

Solutions to Egs(6) in the radially uniform plasma are els as to the helicon—Trivelpiece—Gould-TG) and trans-
readily found as combinations of the Bessel functionsverse electric—helicoTE-H) approximations, respectively.
Joi(k, r) where the perpendicular wave numlkeracquires  In the TE-H approach, it is assumed tl&t=0, so that the
the two valuesk, andkrg, which relate to the helicon and first Eq. (6) acquires an algebraic form whereas the last Eq.
TG waves’! These values are the roots of an exact biqua{6) is dropped from the set. Thus, the TE-H approach pro-
dratic (relative to bothk, andk) dispersion equatio?f With ceeds from solving of two equations instead of system
a nonuniform plasma profile, Eq&) were numerically in-  (6)%224
tegrated using Mathematica 3.0. The computation scheme . L b
was similar to that reported in Ref. 17: nonsingulat r IN(peg)'=—pb;, b,==INQey, (13
=0) fundamental solutions were found with the initial con- where Q=[ (N?—K;)2—K3]/N?(N>~K,). The rest of the
ditions taken at =r;;,<<ro, as appropriate values of the uni- field components are expressed as
form solutions. Outside the plasma, analytical solutions were . 2 . .
used as combinations of the modified Bessel functions. The o~ K28/(N"=Ky), br=iNey,  by=—iNe,. (14)
total fields were computed by making the finite su$
overl, ranging 1 to some maximum wave number, . In The computation procedure and accuracy control were simi-
each casel, s Was optimized to avoid the instability of lar to those described above.
computation for very short modes, but to hold accuracy to a
reasonable level of a few percent.

The rate of work done by thev=0 antenna current to
excite the fields,P=—[j,E,dV, where E,(r,zt) is the To interpret the spectra and profiles of rf power absorp-
azimuthal electric field and the integration is over volume,tion, it is helpful to examine the wave dispersion in the uni-
can be expressed as the product of the antenna current afitm unbounded plasma approximation by using the disper-
antenna voltage,(t)U(t). Using Egs.(3) and(4) and inte-  sjon relation in the fornk, =F(k,Bg,ng,ve) Wherek, =k,
grating yields the complex load impedance of the antenna-ik; is the complex perpendicular wave number, and the
defined as a proportionality coefficient between the complexarallel wave numbek is considered as a real variable. At

Ill. WAVE DISPERSION AND ABSORPTION SPECTRA

amplitudes of the antenna voltage and current zero collisions, this equation defines the regions of param-
A2 L eters in which the waves are propagating kinx0) or eva-
Zy=——7—2 lidPenlr=ra). (10)  nescent (Ink, #0). In the latter case, the fields exponentially
cly decay from the source even at zero collisions, with a pen-

: -1
The real and imaginary parts of the impedanZg=R,  ©iration deptrk; ~.

—iL,, represent the antenna load resistance and inductance, At 10w magnetic fieldswee<w| |, the plasma is actu-
respectively. ally unmagnetized and thus isotropic. For an axially uniform

The specific power absorbed in the plasma is mode withk=0, the following relation(see, e.g., Ref. 37
defines the penetration depth

Pa= - IM[K4|E, [+ K4|EJ?+ 2K, Re(EE)], (1) 5. (o) Im(Ky) V2w of o E (@) 11
cTH@ 3 1+[1+ (velw)2™?
where the asterisk denotes the complex conjugate. The total (15

power absorbed in the plasi, , is the integral 0b, Over  \yhere §=c/w, is the collisionless skin depth d@,=0.
the plasma volume. It may be written &,=(1/2)Ryl5,  Equation(15) shows a transition from the collisionless to
where the plasma load resistance is the sum of partial resigy|lisional skin effect: the penetration depth monotonically

tances ovef, increases withv, . For the mode with finite axial wave num-
ber, the depth takes the fornt/)Im(K;—N?) Y2 where
szE R(l,). (12 N=kc/w. It decreases with increasirlg as shown in Fig.

2(a). The power absorption spectrum; that is, the dependence
As long as the emission of electromagnetic waves outside thef the partial resistance on axial wave numB¢l,) [see Eq.
system and losses in the antenna circuit and metal enviror{12)], is shown in Fig. 2b) for the excitation with parallel
ment are neglected, the following equality holRg=R, . antenna currents. As the spectrum keeps the same fine struc-
SinceR,;, is the integral characteristic whereBg is defined  ture as the antenna spectryoompare Fig. J, it is suitable
by the boundary value of the azimuthal electric field, thisto consider the spectral envelope also shown in Fig).2
equality can be used for checking on the accuracy offhe spectral intensity rapidly drops with increasikgand
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FIG. 2. Spectral characteristics for an unmagnetized uniform plag&na. %00

. . . 0.0k QOQQOQCOOQT "
Dispersion curves of oscillations and asymptktek. (b) The power ab- 0 10 20 30 40
sorption spectrun{column graph and its envelopésolid curve, for the Axial W ber .= kL/
parallel currents in the antenna loopgs =51 mTorr and ny=2 lal Vvavenumber, /, = 4
X102 cm 3,

FIG. 3. Spectral characteristics for a magnetized uniform plasma. Wave
dispersion curves dg) zero collisions, andb) Ar pressure of 51 mTorr. H
and TG denote the helicon and TG dispersion branches, respectiegely.
. Envelopes of the power absorption spectra computed with H-TG and TE-H
vanishes foll ,> 40, due to both the decrease of the penetramodels, at parallel antenna currents ang=51 mTorr, B,=100 G andn,

tion depth and the “depletion” of the antenna spectrum. Note=2x102cm™2.
that a finite gap between the antenna and plasma also reduces
the contribution of the higher modes to the absorption.

At higher magnetic fieldsw > w|vy,|, the plasma is
magnetized and thus anisotropic. In this cakg,can be
evaluated from the solution to either the exact biquadrati
equatiori® or to the following approximate quadratic equa-

However, for dense plasmas, when relati¢gh3) are true,
one arrives ats, ~d,= 6., so that the effect of magnetic
Sield is of no account for the penetration of axially uniform

tion: fields.
' A finite axial wave number, even if it is quite smal
[kk(w /w)_kzy 162=1 (16) = (wl/w¢ed), substantially changes the dispersion. In this
t ce t /e ]

case, EQq.(16) describes the oscillations of two different
kinds, that is helicon and Trivelpiece—GoylBG) waves. At
zero collisions, their dispersion curves are shown in Fig.
3(a). Propagating helicon waves are known to exist in a finite
region of axial wave numbers

wherek; is the total wave number. Equatiqi6) is valid
providedw, y<w<w,e Wherew, y is the lower hybrid fre-
quency, andw .<wpe, SO that the components of the per-
mittivity tensor Eq.(8) take an approximate form

Kl%wIZJE'YGIw(Z:e* KZ'\N'_wlz)e/wwce: Kiow<k< k“p’ (19

., (17 where

K== opd e 1 1 172
As long as Eq(16) includes all the wave numbers multiplied Kow= 0 "2(@lwee) - and kup= (o eee) ™ 20
by &, this provides a scaling of the dispersion curves withThe upper boundary of this region is a cutoff for helicons
density. Although this approximate scaling neglects thgk, —0 at k—Kkyp). Short heliconsk>k,,, are purely eva-
variation of v with density through the Coulomb collisions, nescent oscillationg!™ =0. The branch of propagating TG
it is quite good at high pressures. waves exists at>k,,, and merges to the helicon branch at

In the axially uniform cases=0, the penetration depths k=k,,, . Both waves are evanescent in the long wave region,

are known to differ for the electric field polarized aloﬁlgvl k< klow: where they have real wave numbers opposite in
polarization and acros$TE polarization the static magnetic  sign, k)= —k(™® | and equak; which tends to 15 at k

field (see, e.g., Ref. 37 —0. The modes in this region subject to a magnetic field
s s 1 reduced collisionless skin effect, that is have penetration
0= 6:, 0, =(clw)IM[(KI—K35)/K]™™ (18)  depths exceeding.
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Figure 3b) shows the dispersion curves calculated at

/
high collisionality,p,, =51 mTorr. The TG waves decay at a sl (@) / Rek,
short distance which is less than both, and the . 716 oo Imk,
Wavelengtﬁl ‘Tg 2 ,,/// ny=1x10"% em™® 1
K(TO ~ kvewee( 02+ v2) ~1k(TO) (21) < -

On the contrary, helicons are extremely weakly damped
waves. Inside the propagation region E9) the following €
approximate relation is truk: 5

~ 0.10

KM~ pk 38 402w 3 ven2By . (22) S

% 0.05
One can see from Fig(B) that at 51 mTorr the helicons still $
exist as propagating waveg!{" <k{") over all the region © .00
k<k,p, except for its long wavelength part where they suffer — 0:08. "
from the reduced collisional skin effect. A0, the pen- E © AC
etration depths for both waves become equal to that for an Q 008
unmagnetized plasma, . The helicon branch of Irk, has a § 0.04f
minimum atk=k,,. At k>k,,, the graph ofk{") rapidly g
approaches to that for unmagnetized plasikas k. Very e 0.02 d %,
short helicon modes are similar to the evanescent vacuum TE T 000 B e
modes, and are insensitive to both collisions and the mag- 0 20 40 60 80
netic field. Axial Wavenumber, /[, =kL/xz

Figure 3c) shows t_he enveIOpe of the p_OW_er absorptiDnFIG. 4. Dispersion curve$a) and envelopes of the absorption spectra at
spectrum computed with the H-TG modsblid circles. As parallel (b) and anti-paralle(c) antenna currents, for the uniform plasma.
compared with the case of unmagnetized plasma, the spectnak=51 mTorr, B,=100 G, andhy=1x10"cm 2.
amplitudes are practically the same for the lower modtes,
<Kjow, but are found to be enhanced for the intermediate o ] ) )
modes, Eq.(19), whereas they are reduced for evanescenf?@imum arising from the first radial cavity resonance. A
modes,k>k,,. Thus, the spectrum is cut abokg, rather small hump corresponding to the second radial resonance is

1 up- ’ p

than above ¥, as it is atBy=0. Inasmuch ask,,d. also seen at lowek. _
~ (vl we) Y2<1, the magnetic field gives rise to narrowing Figure 4c) shows the envelopes of the absorption spec-

of the k-spectrum. The envelope of the absorption spectruni™UM for anti-parallel antenna currents. The H-TG envelope

computed with alternative, TE-H model is shown in Fi¢c)3 _has_a maximum, which arises in a competition of thg increas-

by open circles. In contrast with the H-TG spectrum, it dropsind intensity of the antenna spectrum and decreasing excita-
more rapidly for the short modes and demonstrates the maxflon €apacity of the short modes. One can see that absorption
mum at intermediaté. It arises from the first radial cavity SPECtrum is low ak>k,,, in spite of that the antenna spec-

resonance, as was found by considering an approximate difum grows up td,~80 (see Fig. 1. Thus, the effect of the
persion relation for the helicon eigenmodBs(r =ro) =024  Wave dispersion strongly predominates over the effect of an-

which yields the following condition for theth radial reso-  t€NNna spectrum. The maximum of the TE-H spectrum in Fig.
nance of thean=0 mode: 4(c) arises from the cavity resonance, at the s&mas in the
case of parallel excitation.
k~Kyes= rowwge/quche, (23) Figure 5 demonstrates changes of the dispersion and ab-
sorption spectrum with varying gas pressucellision fre-

where the numerical factay, refers to thepth root of J, guency and magnetic field. Plots in Figs(é and b) were
(g;~2.40,09,~5.52,..). computed for the same conditions as in Fig. 3, but at lower

As long as the dispersion curves scale approximatelyAr pressure of 6 mTorri./w=~0.9). One can see from Fig.
with density ass~*~n¢?, one can deduce their behavior at 5(a) that the effect of pressure differs substantially for the
higher(lower) density by extendingshrinking the graphs in  different parts of the helicon dispersion curve. As compared
Fig. 3 along both axes. Figure(a} shows the dispersion with the case of 51 mTorsee Fig. 3, the penetration depth
curves computed for the same conditions as in Fig) But  is lower for the long helicon modek<k,,, as a result of
at higher densityio=1x 10'*cm™3. The graphs look similar decreaseds,. On the contrary, the depth is substantially
to those in Fig. &), since the limits along both axes were higher for the intermediate modeg,,<k<k,, in agree-
deliberately scaled up as;2. The envelope of the H-TG ment with Eq.(22). The branch of evanescent helicon modes,
absorption spectrum is shown in Figb# (solid circles. As  k>ky,, is practically insensitive to pressure. The penetration
compared with Fig. &), a steeper drop of the spectrum oc- depths of the TG waves are much lower at 6 mTorr than at 51
curs for higher harmonics, due to the “depletion” of the mTorr [compare Figs. @) and Fa)]. Indeed, Eq(21) says
antenna spectrum. The envelope of the TE-H absorptiothat damping of the TG modes peaksiaf w~1, which is
spectrum, which is shown in Fig(ld) by open circles, has a just the case at 6 mTorr. The envelope of the absorption
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,,,,,,, FIG. 5. Dispersion curvestop) and
0 -7 envelopes of the absorption spectra
(bottom), for the uniform plasma of
_ . densityng=2x10'2cm 3, at parallel
£ —e—H-TG | (b) £ antenna currents. (8 and (b):
O 101 —o—TE-H o pa-=6 mTorr andB,= 100 G; (c) and
° ° (d): par=51 mTorr andB,= 300 G.
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spectrum computed with H-TG model is shown in Fi0)5  cons, k>k,,. Damping of the TG modes is stronger at
(solid circleg. The absorption is suppressed for the lowerhigherB,, as seen from Eq21). The envelope of the H-TG
harmonics from the region of reduced skin effdct ki,  absorption spectrufsolid circles in Fig. &)] is found to be
because damping of these modes is stronger than at Sarrower than at 100 G and much narrower than at zero
mTorr. The absorption clearly maximizes for the modes withmagnetic field. The TE-H absorption spectriopen circles

k well belowkup, rather than for those modes which have thejn Fig. 5(d)] maximizes at the first radial resonance.
maximum penetration depths. This results from the fact that  The influence of the plasma nonuniformity on the ab-
in the H-TG model a principal part of the input power is sorption spectra is seen from Fig. 6 computed with parabolic
absorbed through the mode conversion of helicons into elecjensity profile Eq.(1). With decreasing edge density, the
trostatic TG waves®'’ In uniform plasma, the conversion spectra computed with both models decrease for the short
occurs at a plasma boundary where the radial electron cumodes whereas increase for the long modes. This is due to
rent must vanish. This yields the following relation betweenthe decrease of mean density in the plasma column, which is

the amplitudes of the helicon and TG watfes followed by the decrease of the effective upper boundary for
EM9~i(wee/ yew)EYY at r=rq. (24
So, the amplitude of the TG wave and thus the absorption i ' : ' ]
g . ) i F (a) ——ng =0y | ]
due to conversion is maximum prowdEﬂ is maximum at 04F g .
the boundary. As long a&{"~J;(rewi/kctwc), the FH-TG | T Magge™ /2 |
maximum absorption occurs for the modes with axial wave 0.3 3 T Megge™ 0 ]
numbers 02k ”AAA%& pC ]
k~ kmax=r0ww,2)e/1.84:2wce, (25 ’E‘ 01 Ef‘.x.sfffi.o A;‘A:\..BO" 300G _
where the numerical factor 1.84 corresponds to the first S Tt a pan
maximum ofJ;. Equation(25) is found to predict well the g 005t e
maximum of the H-TG spectrum in Fig(9. The absorption 5 R ' ]
spectrum dramatically changes in the TE-H approximation g 08f ]
[open circles in Fig. &)]. As a result of low helicon damp- & . ]
ing, the spectrum has a sharp maximum relative to the first 06 ]
radial cavity resonance, and a small maximum, at loler 04l
corresponding to the second radial resonance. Positions of Tl ]
these resonances are in a good agreement with{Z3}. 0.2 % ]
The effect of increasing magnetic field on the wave dis- ,'g"'m \ A
persion is seen from Figs.(& and Jd) computed at the 0.0~ 1Ty veeectann
same conditions as Fig. 3, but &,=300G. The right 0 . 10 20 30 40
boundary for the propagating heliconls,,, shifts toward Axial Wavenumber, [, = kL/z

lower harmonics, and damping of intermediate helicon , .

. . FIG. 6. Envelopes of the absorption spectra computed for a nonuniform
modes Qegreases, In agreement W“h ER6) and(22). The _plasma with(a) H-TG and (b) TE-H models, at parallel antenna currents.
magnetic field weakly affects damping of evanescent helip,=51 mTorr, B;=300 G, anch,=1x102cm™3.
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(a)

FIG. 7. Profiles of the absorbed power, Jg®,) with p, in mWi/cn?, for an FIG. 8. Profiles of the absorbed power, in log scale, computed with the
unmagnetized plasma excited with parallel antenna currents, aH-TG model for a magnetized plasma, @t =51 mTorr, Bq=100 G, n,
pa=51 mTorr. Uniform plasma of densit{g) no=2x102cm 2 and (b) =2x10"%cm 3, and parallel antenna current@) Uniform plasma,(b)
no=1x10%¥cm3; and (c) nonuniform plasma with center density=1 Negge=0.5Ng, and(C) Negge= 0.

x10*%¥cm3 and edge densitflegye= 0.

. . . Aft higher densities, the profile substantially shrinks in the
propagating helicons. Another reason for the suppression of . Lo . . .
radial direction whereas its magnitude increases only

shqrt wave e_lbsorpnon Is the appearance Of. a low denSItglightly, as seen from Fig.(B). The influence of the plasma
region adjoining the plasma boundary, which is nontranspar-

. nonuniformity on the absorption profile is seen from Fig.
ent for the short helicons and plays the same role as th . )
7 (c). The absorption peak decreases, but the profile spreads
vacuum gap between the antenna and plasma cotdrin.

The TE-H spectral peak decreases withy., apparently due ra d"'.i”y from the pla_sma edge. As a result, th_e Fotal absc_)rp-
, ) tion is found to remain practically constant. This is so at high
to reduction of the cavity resonances.

central densities, when the mean skin depth is less than
~ry/2. At lower densities, the absorption area is extended
radially up to the plasma center and thus cannot vary consid-
Spatial profiles of the specific absorbed powsy(r,z), erably with density, so that the total absorption drops with
were computed using Eq11). Figure 1a)*? shows in log decreasing edge density.
scale, logy(pa), the profile for a uniform unmagnetized The absorption profile substantially differs when the
plasma at the same conditions as in Fig.(Mote p, has plasma is magnetized..> | y.|. Figure §a) shows, on a
dimensions of mW/crh) and the current in each of antenna log scale, the profile computed with H-TG model at the same
loops is equal to 1 A throughout this sectipin this case, conditions as in Fig. 7, but witlB,=100G. The helicon
the skin depths.~0.5, but the penetration depth is found radiation results in that the profile is considerably extended
to be somewhat less thaf,. It is equal to some average axially, especially in the bulk plasma, as compared with that
over the spectrum shown in Fig(l8. As long ask, is the  at zero magnetic field. An absorption peak under the antenna
only electric field component excited By=0, the absorp- s practically the same in amplitude as in BBg=0 case, but
tion vanishes on the axis fan=0 excitation. The axial is sharper. The peak is formed mainly by the power deposi-
width of the absorption profile is mainly defined by the totaltion from the TG waves and, to a minor degree, from eva-
width of the double antenna. At densities lower than in Fig.nescent helicons, since the TG amplitudes are much higher.
7(a), the shape of the absorption profile does not changdés long as the penetration depths of the TG waves are less
substantially, but its magnitude drops approximatelyngs than the skin depth, the near-antenna peak is sharper in the

IV. ABSORPTION PROFILES
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FIG. 9. Profiles of the absorbed
power, in log scale, computed with the
H-TG model for (top) uniform and
(bottom) nonuniform plasma with
Negge=0, at  pa=51mTorr, By
=300G, and parallel antenna cur-
rents.(a) and (b): ng=2x10%cm™3;
(0) and(d): ng=2x10"%cm3.

radial direction than that @,=0. In contrast with unmag- in Fig. 9c). The reason for this can be understood from a
netized case, one can see in Fip)& finite on-axis absorp- general property of the wave packages: the width of a local-
tion due to appearance of tlig electric field in magnetized ized wave profile in configuration space is inversely propor-
plasma. For the parallel excitatiol,,=0 in the antenna tional to its width ink-space. As long as the width of the
midplane,z=—20cm, as there are no waves reflected fromheliconk-spectrum;~k,,, increases with density, the width
the ends, and thus the absorption is zero at this position oof the helicon wave profile in the configuration space be-
axis. comes narrower with density. One can see from Fig. 9 that
Figures 8b) and 8c) show the absorption profiles com- the near-edge absorption due to the mode conversion is more
puted for the nonuniform plasma with the same central denpronounced at higher density, as a result of stronger damping
sity as in Fig. 8a). One can see that the shape of the profileof the TG waves. As seen from Fig(d®, the under-antenna
near the plasma center depends only slightly on the nonunpeak decreases with edge density, but not so strongly as it
formity, whereas the near-antenna peak decreases. As sedoes at lower center density. At the same time, the bulk ab-
from Fig. 8¢), the peak holds even at zero edge density, busorption increases and extends axially due to enhanced radia-
its position shifts somewhat from the plasma surface. In thigion of helicons.
case, the surface conversion of the helicon waves into TG Figure 10 shows the absorption profiles computed with
waves does not occur. Instead, the bulk conversion is stimuieglect of the TG wave§TE-H mode) at the same condi-
lated at the density gradieftThe absorption is proportional tions as in Fig. 9. One can see that the spatial distribution of
to the density growing inward from the edge, whereas theéhe absorption alters dramatically: the profile becomes much
generation of the TG waves intensifies with increase of thenore uniform, and is 1-2 orders of magnitude lower. The
density gradient toward the plasma edge. The position of thender-antenna absorption is very weak at lower dengiies
absorption peak is defined by a competition of these twdrig. 10@)]. At higher density, a peak formed by evanescent

factors. helicons exists in uniform plasma but practically disappears
Increasing magnetic field results in the decrease of thé nonuniform plasmdcompare Figs. 1®) and 1Qc)].
helicon dampindsee Eq(22) and Fig. %c)]. For this reason, Figure 11, as compared with Fig. 8, demonstrates the

the absorption profile in the bulk plasma extends far frominfluence of pressurécollision frequency on the absorption
antenna due to enhanced radiation of helicon waves, as seprofile. One can see from Fig. () that at lower pressure of
from Fig. 9@ computed at the same conditions as Fi@)8 6 mTorr the absorption is concentrated in a thin edge layer
but atB,=300 G. The near-edge absorption far from antenndgecause damping rates of the TG waves are higher than they
is found to be higher because the TG amplitudes increasare at 51 mTorr. Irradiated by the antenna, helicon waves
with magnetic field, as clear from Ed24). The under- propagate along the plasma column and preferentially trans-
antenna absorption peak is approximately the same in amplfer the energy to the TG waves near the edge rather than
tude as in previous cases, but falls faster radially due tauffer from the collisional damping in the bulk plasma. One
stronger damping of the TG wavégsee Eq.(21) and Fig. can see from Fig. Ib) that in a nonuniform plasma the
5(c)]. Decrease of the edge density changes the absorption genter absorption is enhanced whereas the absorption due to
the bulk plasma only slightly but substantially reduces thethe mode conversion shifts inward from the edge. The profile
under-antenna peak and shifts it inward at very low edgeomputed with TE-H moddkee Fig. 1{c)] demonstrates the
density, as seen from Fig(l9. At higher center density, the appearance of reflected waves and formation of standing pat-
absorption profile is narrower in the axial direction, as showrtern. This profile is asymmetric around the antenna midplane
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FIG. 10. Absorption profiles, in log scale, computed with the TE-H model, FIG. 11. Absorption profiles, in log scale, aj,=6 mTorr, Bo=100 G,
at pa,=51 mTorr, B,=300 G, and parallel antenna currenfa) Uniform no=2%102cm™3, and parallel antenna currents. H-TG model f@r uni-
plasma withny=2x10"%cm~3; (b) uniform and (c) nonuniform (eage form and (b) nonuniform plasma witmgge=0; (c) TE-H model for the
=0) plasma withny=2x10"cm™3. uniform plasma.

as a result of the asymmetric antenna position relative to the Figure 13 shows the variation with density of all three
reflecting ends. fractions computed for the uniform plasma, 51 mTorr, and

Absorption profiles for the anti-parallel currents in an- parallel excitation. They are found to be weakly sensitive to
tenna loops are presented in Fig. 12. In this case, the lonthe density variation. As seen from Fig. (&8 increasing
modes are excluded from the antenna spectrum and thusagnetic field gives rise to a decrease offhg/P, ratio, as
from the absorption spectrufsee Figs. 1 and(d)]. For this  a result of increasing helicon wave radiation. On the con-
reason, the near-antenna peak in Figal® very steep ra- trary, P.4/P, increases with magnetic field due to decrease
dially, as it is formed by the short, strongly damping TG of the TG damping lengths. A competition of these two ten-
waves. As long as the reduction of the edge density just cutdencies results in tha& /P, depends only slightly on the
the contribution of short modes, the absorption substantiallynagnetic field, as seen from Fig. (€3 This fraction can be
decreases in nonuniform plasma, as seen from Fi¢h)12 two orders of magnitude higher than the fractional volume,
The profile computed with the TE-H model is much more 7. All power fractions computed with the TE-H model are
extended from the antenna, as shown in Figcjl2 found to be much lower, as shown in Fig. 13 by dashed

To quantitatively characterize the spatial partition of ab-curves. The power fractions computed for the anti-parallel
sorption, we computed the fractions of the rf power absorbe@xcitation at 51 mTorr and for the parallel excitation at 6
in various parts of the plasma column. The portion of totalmTorr demonstrate, in general, similar tendencies. However,
power deposited in the axial part of the plasma column, censpecific results reflect changes in the helicon wave emissiv-
tered at the antenna midplane and 4 cm long, was defined @y, as discussed above. For instance, all dependencies are
the under-antenna absorptid®,,. The portion absorbed in more pronounced at 6 mTorr; the under-antenna absorption is
near-boundary radial layer of 2 mm width, which comprisesinsensitive to the magnetic field for the anti-parallel excita-
15% of the total plasma volume, was considered as the edg®n. Note that the power absorption at high pressures does
absorptionP.4. We also computed the portid?,. absorbed not demonstrate, neither in experiment nor in calculations,
in a 2 mmedge layer of the under-antenna region, of frac-any considerable peculiarities in the range of lower hybrid
tional volume abouty,~0.4%. resonanceB,~678G), as it does at low pressurés.
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FIG. 12. The same as in Fig. 11, but@t, =51 mTorr, B,=100 G, ny=1
X 10" cm 3, and anti-parallel antenna currents.

The influence of the plasma nonuniformity on the under-
antenna absorption can be seen from Fig. 14 computed with
the H-TG model. The variation oP,,/P, with the edge
density is very weak at zero magnetic field, but is stronger at
300 G. The edge under-antenna absorption clearly demon-

strates more substantial dependence on the edge density.

P,e/P4 is found to scale roughly asig.in unmagnetized

plasma, and almost linearly witlqgeat 300 G. At 6 mTorr,
the under-antenna absorption turns out to depend much
stronger on the edge density.

V. PLASMA LOAD RESISTANCE

The dependence of plasma resistance on density was
computed for various conditions with the use of Eg2).
Figure 1%a) shows the load resistance of unmagnetized, uni-
form plasma column excited with parallel currents, at two
values of Ar pressure. Also shown is the variation of the
collisional skin depths with densifgee Eq(15)]. The resis-
tance first increases nearly linearly, reaches the maximum
value at some density, and then slightly drops. The maximum
occurs when the skin depth drops down to the value of order

P./P,

P/ Py

P!P,, P!Pa

PlP., PulP,
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FIG. 13. Fractions of the total power absorbed in the under-antenna region
(a), edge layexb), and edge layer of the under-antenna red@nSolid and
broken curves were computed, respectively, with the H-TG model at various
By, and with the TE-H model at 300 @,,=51 mTorr and parallel currents

in the antenna loops.

[ —e— 210 cm® | (@]
—0O—2x10" em® 51 mTorr 1
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[O—CO O Q1
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-Q/?_ ] I3 1 1 1 1
—o—2x10% cm® (b) |
I —O—2x10" em™® 300G |
L PC
I ./’::: o———""""
.go——
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of 0.4r,. At this level, the azimuthal countercurrent gener- FIG. 14. Fractions of the total power absorbed in the under-antenna region

ated in plasma becomes strong enouah to cancel the anten s§lid curve$ and in its edge layefdashed curvesof the nonuniform
P 9 g sma column, at various edge densities agd 2 X 103 cm™2 (solid sym-

field in _the bulk plasma. Beyond the ma>_<imum, the resisyolg and ny=2x10cm 2 (open symbols pa =51 mTorr and parallel
tance slightly decreases due to a cooperative effect of severailtenna currentga) B;=0 G and(b) B,=300 G.
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Plasma Density, n, (10'2 em™)

FIG. 15. Dependencies of the plasma resistance on density for the uniform
plasma and Ar pressures of 51 mTgsolid curves and 6 mTorr(dashed  plasma countercurrent drops with increasiBg, and thus

curves. Unmagnetized plasm@a); B,=300 G and H-TG approximatiofi) ; [P ;
and TE-H approximatior(c). PC and AC refer to the parallel and anti- higher density is needed to induce the current strong enough

parallel antenna currents. At 51 mTorr, the resistance acquires the maximufQr canceling the fields in t_he bulk plgsma. A_S seen Trqm Fig.
value, Ry, at a characteristic densityyay. 15(b), the variation of resistance with density is similar at

both pressures. The reason is that the helicon waves directly

excited by the antenna are dominantly absorbed through the
factors, including shrinking of the absorption area, decreasmode conversion into TG waves. This cooperative mecha-
of the field amplitudes due to shielding effect of the plasmanism is weakly sensitive to the collisions. The resistance
current, increase of collision frequency through the Coulomblurns out to be much lower for anti-parallel antenna currents
addend, and the depletion of the antenna spectrum. One césee Fig. 18)] because the antenna spectrum in this case
see from Fig. 1&) that in the density range above 1 does not include long modes and thus excitation of low
x 10'2cm™2 the resistance at 51 mTorr is more than twice asdamping helicons is suppressed.
large as that at 6 mTorr. An apparent reason is that the skin  The resistance computed with the TE-H model is shown
depth and thus the spatial area of the rf power deposition ar@ Fig. 15c) for the same conditions as in Fig. (b). At 51
reduced at lower pressure. mTorr, the initial growth rate is lower than that predicted by

The resistance of a uniform plasma column computedhe H-TG model, but the level of saturation is nearly the

with the H-TG model aB,=300 G is shown in Fig. 1(B). same. The resistance curve is slightly rippled due to the cav-
For parallel antenna currents, the initial growth rate of theity resonances, which are well suppressed at such a high
resistance is slower than at zero magnetic field. The maxipressure. These resonances become pronounced with de-
mum value of resistance at 51 mToR,,., is only a litle  creasing damping of helicon waves. As seen from Figc)15
higher whereas the position of maximum,,y, iS consider-  the resistance peaks are very sharp at lower pressure of 6
ably higher than those valuesB§=0. At 6 mTorr, both the mTorr, and especially in the range of smaller densities where
maximum resistance and corresponding density are consi@ollisions are reduced. Each peak is split into two, corre-
erably higher than at zero magnetic field. The higher level oEponding to the first and second radial resonances. Another
density needed to saturate the resistance in magnetizaday to reduce the helicon damping is to raise the magnetic
plasma is a result of substantial redistribution of plasma curfield, as seen from Eq22). Even at 51 mTorr, the resistance
rents. As concluded in Sec. IV by comparing Figs. 7 and 9curves computed with the TE-H model turn out to display
the under-antenna region, where the fields are the most imistinct resonances at magnetic fields above 504nGt
tense, is radially greatly reduced while axially only slightly shown. As seen from comparison of Figs. (bb and 15c),
extended in the presence of the magnetic field. The reasahe TE-H resistance for anti-parallel currents is very low.
was seen in that the near-surface plasma current is mainly Figure 16a) shows the influence of radial plasma non-
due to TG waves penetrating a distance much smaller thamniformity on the plasma resistance computed with the
the skin depth. So, the total area occupied by the intensel-TG model for the parabolic profile, Eq1l). One can see
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that initial growth rate of the resistance curve is less in non- E PC ——hI16
uniform plasma. For parallel currents, the saturation occurs c 2
at higherny. This behavior may be understood by consider- k] . |
ing the influence of nonuniformity upon the plasma currents. ¢ | m—

Indeed, the resistance saturation occurs when the plasma ol -
00 05 10 15 20 25 30
countercurrent becomes strong enough to cancel the antenna , 12
. . Center Density, ny (10°“ em™)
fields in the bulk plasma. As long as the countercurrent flows
mainly on the edge, the saturation in nonuniform plasma:c. 18. Measured antenna load resistance and computed with the H-TG
occurs when the value Ofedge (if it is not too low) is ap- model plasma resistance vs center density, for the paraldid symbols
proximately equal to the value of density at which the effect2"d solid curvesand anti-paralielopen symbols and dashed curves-
. . . . tenna currents. Arrows show experimentally measured density jumps. Dot-
arises in the uniform case. One can see from Figa)liat  teq curves in(b) and (c) are computed with the TE-H modela)
the resistance of a nonuniform plasma column may be highas, =51 mTorr andBy=0 G; (b) pa,=51 mTorr andB,=300G; and(c)
at highng, even with zeronggge. Although the nonunifor- DAr:: m_Tr?ff anfiBozlogG-hln(a) arllldl(b), theoretice‘t]: curves were ;:om-
mity cuts out the high components of the spectrum, the tota{L“te With Negge= 05y, for the parallel currents, and ithyggs=no, for
absorption can be raised through the increasing contribution
of the long modes. With parallel currents, the dependence of
resistance on nonuniformity is similar at any magnetic fieldvi. COMPARISON OF EXPERIMENT AND THEORY
including B;=0. One can see from Fig. (@ that for anti-
arallel currents the decrease of edge density strongly re- . : )
b . £d9 y gy E%ance are compared with theoretical dependencies of the
duces the resistance, and the maximum does not occur in th(?a

range of reasonable densities. This is found to be the case %t sma resistance computed with both the H-TG and TE-H
9 o . ' . odels. Computations were performed with density profiles
any magnetic field. Resistance curves computed with th

TE-H del for th i | h in Fi fike those measured in experiment. Experimental resistance
-b mk? el for T-nonukmdo;m plasma are s ?Wt? N F19-includes, in contrast with theoretical one, an additional part

16(b). They are multi-peaked due to excitation of t € cavity gssociated with nonplasma losses in the rf circuitry and metal

resonances. At lowelleqqe, the mean level of the resistance g,ironment, which amount to a few tenths of Ohm but are

decreases; the peaks are reduced and change positions, Ryt known exactly. To within this addend and considering the

survive even at zero edge density. _ . alteration of the plasma profile with varying density, one can
Theoretical scaling of the resistance with magnetic field,gge in Fig. 18) that theory gives a good fit to the experi-
that is, dependencies oB, of the maximum resistance, mental data at zero magnetic figlCP dischargg for both
Rmax, @nd of its positionnmay, is shown in Fig. 17. Itis  the parallel and anti-parallel antenna currents. One can see in
computed with the H-TG model for a uniform plasma. As Fig. 18b) that the agreement of the H-TG theory with ex-
seen, the maximum values of resistance for both 51 and Beriment is good over the whole range of densities for 51
mTorr are very close and vary only slightly above 100 G.mTorr and 300 G, with both relative directions of the antenna
Below 100 G, the effect of magnetic field is more pro- currents. With parallel currents, the agreement is poorer but
nounced at the lower pressure of 6 mTorr. Positions of theiill satisfactory with TE-H theory: it underestimates the re-
resistance maxima are also close above 100 G for both presistance at lower densities while overestimates it at higher
sures and depend linearly on the magnetic field. For a nordensities. However, the agreement is much worse for the
uniform plasma, one can find a similar resistance scaling, butase of anti-parallel currents, as the TE-H approach yields
the resistance maxima become somewhat lower and occur &to low values of resistance.
higher center densities. Figure 18c) compares the resistances at the lower pres-

e anti-parallel currents. Ift), Negge=0.2n¢.

In Fig. 18, measured values of the antenna load resis-
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FIG. 19. Measured and computed with the H-TG model dependencies on ) ) o )
the magnetic field of the threshold power for the density jump(&mpar- FIG. 20. Axial profiles of FheBZ magnetic _fleld on the axis, as measured
allel and (b) anti-parallel antenna currents, ph,=51 mTorr. Threshold  (crossesand computed with the H-TGsolid curve and TE-H (dashed
power is normalized to that for the jump B=0 G. curves models, for the anti-parallel antenna curremig,=51 mTorr, and

3

Bo=300 G. (a) Low density mode before the jumpy=2x10cm 3, and

(b) high density mode after the jumpg=1x 102 cm 3,

sure of 6 mTorr. In this case, computations were performed

with negqe=0.2ng because the measured density profile is )

more peaked than in the case of 51 mTorr. The H-TG theorg®® from Fig. 168 th?t’ fol_r the@fcas_eh of parallel f_ar;(;e_nna
predicts a resistance about 1.5 times less than in the measuf@lTents, experimental scaling 8k, with magnetic field is
ments, and does not predict so strong density jump as it is iHearly linear and fits well with the theoretical scaling, the

experiment. The disagreement is thought to result from théatter being insensitive to plasma nonuniformity. For anti-

kinetic effects neglected in the model, and from SubstamiaparglIelbcu.rr?.nts, trl‘le slcalingh Is r?lso n_ea:ly lingsee Fig. q
change in density profile before and after the jump. The pre()]: but itfits well only to the theoretical curve compute

diction of the TE-H approach is worse as it yields a resis—for a “ea”Y uniform plasma profile. .
The axial profiles of the ac magnetic fieB,(r=0), are

tance 2—4 times lower than the experimental one. Note that . ) o
in Fig. 18c) there are neither experimental points at highcqmpared in Fig. 20 for the case of an-paraIIeI exmtaﬂgn.
densities for parallel currents nor any points at all for anti-':'gzlre 2bQ?) shO\;]vs tge n(_)rm_allzed Xroﬂles n tbherllovHv c_Jl%nsnyd
parallel antenna currents. The reason is that ignition of th&node, edolre t_ eld e;nsny Ju?_]lp' S ”s?_en,d ot h i an
discharge was not possible at 6 mTorr with anti-parallel ex-1 E-H models yield close profiles well fitted to the experi-

citation, in spite of the fact that computations predict a con-rm'mt":1I one. For the high density mofie Fig. 2(b)] the-

siderable absorption. The reason for this is not known foCretical curves were adjusted for phase to fit the nod of

sure but is thought to be a problem of discharge initiation! "® H-TG approach is found to give much better fit to the

rather than of power absorption. With parallel antenna cur€XPerimental data. The TE-H model strongly overestimates

rents, the discharge could be initiated at 6 mTorr. Howeve 'Ehe radiation of helicons into remote plasma. It is apparently

except for very high fields above 500 G, it produced much® general shortcoming th'at is inherent in t.he TE',H model, as
poorer plasma density and met problems with coupling to thds clear from the absorption profiles considered in Sec. IV.
high density mode, in contrast with the discharge at 51 mTorr
and the same input power. _ VIl. SUMMARY AND CONCLUSIONS

Computed dependencies of the plasma resistance on
density can be used to predict the jumps into the high density A comparative examination of the antenna spectrum,
mode by considering the power balance in the disch4tge, wave dispersion, and power absorption spectra as functions
which is known to be of primary importance as comparedof the axial wave number allows one to estimate the relative
with the particle balanc&“® Such a semi-qualitative ap- role of various factors in rf power absorption and thus to
proach permits one, in particular, to estimate the threshold ietermine the scaling laws. The antenna spectrum defines the
input power that is needed to initiate the density jump. Fig-regions ofk-space where waves can, in principle, be effi-
ure 19 shows computed and measured dependencies on ttiently excited. Whether or not they would be excited is
magnetic field of the threshold powd?,,, normalized to governed by the helicon dispersion. The simplest dispersion
that needed for the jump at zero magnetic fi€lg, One can curves for an unbounded, uniform plasma give a clear pic-
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ture of this. Excited helicons are absorbed mainly via modescales asB(]l, so that the current area shrinks radially with
conversion into TG waves at the plasma boundary and ithe same dependence. In nonuniform plasma, the resistance
regions of strong density gradient. increases with density at a lower rate because the intensity of
The absorptiork-spectrum includes three different re- mode conversion, and thus the near-surface countercurrent,
gions. The principal absorption is provided by the modesare reduced. The resistance maximum is reached at higher
with intermediate wavelengths in the region of helicon trans-density but is practically the same in magnitude as in uni-
parency, Eq(19). Inside this region, the most efficient ab- form plasma.
sorption comes from helicon modes whoBg fields are A detailed comparison of numerous experimental data
maximum near the plasma boundary, E25). A consider-  with theoretical computations on the basis of theory consid-
able absorption may be associated with long modes from thering TG waves shows a good agreement of the results, in-
region of the decreased skin effek&k,,,. Short evanes- cluding the plasma load resistance, thresholds for density
cent modesk>Kk,,, contribute weakly to absorption. In a jumps, and field profiles, over a broad range of parameters
nonuniform plasma, the short-wave part of the absorptiorisee also Ref. 19 Therefore, this theoretical approach seems
spectrum gradually weakens with decreasing edge density.to be satisfactory for the characterization of power absorp-
The double loopm=0 antenna with parallel currents tion in high pressure helicon plasmas. The approach neglect-
efficiently generates the long waves with lengths exceedingng the excitation of the TG waves yields reasonable values
twice the distance between the loops. For this reason, thef the plasma resistance at strong helicon damping, but is
absorption can suffer from the depletion of antenna spectruransatisfactory at low densities, and especially at low pres-
at high densities and/or low magnetic fields, when the uppesures and high magnetic fields when helicon damping is so
excitation boundany,,,, gets to the region of the poor spec- weak as to give rise to the cavity resonances. With neglect of
tral intensity of the antenna. On the contrary, the antennthe TG waves, the fields were found to penetrate much
with anti-parallel currents generates the short modes andeeper into remote plasma, in disagreement with measure-
gives rise to substantial absorption at high densities and/onents, and thus to result in absorption that is too extended
decreased magnetic fields, when its spectral intensity is higffom the antenna.
for the wave numbers aboveg,,, .
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