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The ability to obtain high plasma densities with high fractional ionization using readily available,
low-cost components makes the helicon a candidate plasma source for many applications, including
plasma rocket propulsion, fusion component testing, and materials processing. However, operation
of a helicon can be a sensitive function of the magnetic field strength and geometry as well as the
driving frequency, especially when using light feedstock gases such as hydrogen or helium. In this
paper, results from a coupled rf and transport model are compared with experiments in the axially
inhomogeneous Mini-Radio Frequency Test Facilitfgoulding et al, Proceedings of the
International Conference on Electromagnetics in Advanced Applications (ICEAA 99), Torino, Italy,
1999(Litografia Geda, Torino, 1999p. 107 (Mini-RFTF). Experimental observations of the radial
shape of the density profile can be quantitatively reproduced by iteratively converging a
high-resolution rf calculation including the rf parallel electric field with a transport model using
reasonable choices for the transport parameters. The experimentally observed transition into the
high density helicon mode is observed in the model, appearing as a nonlinear synergism between
radial diffusion, the rf coupling to parallel electric fields that damp near the plasma edge, and
propagation of helicon waves that collisionally damp near the axis of the device. Power deposition
from various electric field components indicates that inductive coupling and absorption in the edge
region can reduce the efficiency for high-density operation. The effects of absorption near the lower
hybrid resonance in the near-field region of the antenna are discussed. Ponderomotive effects are
also examined and found to be significant only in very low density and edge regions of the
Mini-RFTF discharge. ©2002 American Institute of Physic§DOI: 10.1063/1.1519539

I. INTRODUCTION a helicon wave with an electric field polarization correspond-
ing to the direction of the electron gyromotion: a right-hand
The term “helicon” is often used generically to refer to a circularly polarized wave. This mode has a maximum per-
cylindrical plasma source with an axial magnetic field that ispendicular electric field component on axis corresponding to
driven by radio frequency waves at frequencies between thghe J, Bessel functiod;® and helicon antennas are often
ion and electron cyclotron frequencies. These devices argesigned to predominantly excite this=1 mode. However,
capable of producing plasma densite40'® m~3 with only  the m=0 azimuthal mode has also been used effectively to
a few kW of rf power and can ionize a large fraction of an drive helicon plasma¥-**and, in general, helicon operation
incoming gas stream. A few of the possible applications in-covers a very broad range of plasma parameters involving
clude space propulsior’; fusion startup and component many interrelated physical mechanisms. Not only is the final
testing® plasma etching and deposition for semiconduc‘lors,plasma state highly dependent on the system design and the
and waste processing of hazardous chemitalse devices operational scenario, it also depends on the rf coupling and
typically consist of a dielectric gas tube surrounded by arall of the atomic interactions and transport losses in the de-
antenna, a vacuum pumping system, and a gas feed systewice. Furthermore, rf coupling mechanisms are needed over a
Figure 1 shows a schematic of the axially inhomogeneousiide range of densities from startup to the final state.
Mini-Radio Frequency Test FacilitgMini-RFTF)® that pro- A nearly ubiquitous feature of helicon devices is that a
vides the experimental results given in this paper. Helicorpower threshold exists where the mode of operation abruptly
research in the Mini-RFTF device has been performed fochanges from a low- to a high-densitigelicon mode, and
several year$,and many recipes have been developed tahe Mini-RFTF is no exception. In many experiments,
obtain high-density ¥ 10'® m~3) stable discharges in hydro- threshold power levels are observed to cause jumps in the
gen and deuterium plasmas. plasma density by more than an order of magnitude with
In high-density operation, the rf antenna typically drivessmall increases in the total applied rf power. Specific ex-
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amples of these jumps are given in Refs. 12, 13, 14, and 15cribed in Sec. IV B. The particle transport model along with
Additional jumps can occur in the high-density mode of op-simple estimates for the effect of magnetic mirrors on the
eration caused by shifts in the radial or axial eigenmode foaxial plasma density distribution is given in Sec. IVB1. A
the helicon wavé&!%121® The plasma density is highly description of the power balance and the importance of con-
peaked on the axis for these high-density modes of operasidering the ionization process is given in Sec. IVB 2. Re-
tion. sults and comparisons between the experiment and the model
In this paper, we demonstrate that many of the operaare given in Sec. V. Emphasis is given (®ec. V A radial
tional features of the Mini-RFTF device, including the tran- transport scaling,(Sec. VB power threshold for high-
sition from low- to high-density plasma profiles, can be mod-density operation(Sec. V Q fractional edge deposition for
eled quantitatively for hydrogen operation. A power high-density operation and the possible role of the lower
threshold to achieve highly peaked density profiles is foundybrid resonancgSec. V D cavity effects and loading, and
in the model. A trade-off between the rf power coupled to the(Sec. VB ponderomotive effects. Conclusions and direc-
helicon mode and that coupled inductively near the plasmaions for further investigation are given in Sec. VI.
edge gives rise to a transition between low-density operation
and high-density centrally peaked profiles as the power is
increased. A synergism between the radial transport and tr“a DISPERSION AND DAMPING MECHANISMS FOR
rf power deposition is ultimately responsible for the transi-\yavES IN HELICONS
tion. Power coupled inductively to the plasma edge is re-
quired for the formation of the discharge, but this inductively ~ The fast helicon dispersion relation for high-density op-
coupled power can significantly reduce the overall efficiencyeration was identified in early work by ChéhThat disper-
of the discharge because of rapid losses near the edge of th®n relation ignored ion contributions to the plasma current
device. and restricted consideration to an rf frequeney,between
The cornerstone of the model is an accurate highthe electron cyclotron frequency,.., and the lower hybrid
resolution solution to Maxwell's equations for the rf fields frequency’® w,,, given for a two-species plasma hy,
based on cold plasma conductivity that includes realistic an=[|wcjwcel '+ (w5 +wg) 1172 where wg;=q;Bo/m;,
tenna and static magnetic field geometries. A plasma densitg the cyclotron frequency of thejth species, wp;
profile that is consistent with the rf power deposition is ob-= \/q]-znj I(eom;) is the plasma frequency for théh species,
tained by iterating the rf calculation with a flux-tube- By is the static magnetic field strengtéy is the permittivity
averaged transport model similar to that of Ref. 17. The bestf free space, and;, m;, n; denote the species chargyeith
agreement between the model and the experiment is obtainaiyn), mass, and density of tHe¢h species, respectively. The
when the transport is based on classical diffusion. fast wave helicon dispersion relation was extended to include
In Sec. II, we review the general dispersion and dampindinite electron mass, and thus the Trivelpiece—Gould mode
mechanisms of waves in the operating regime for the Mini<i.e., Refs. 14 and)8 giving the dispersion relation

RFTF experiments. In Sec. Ill we describe the experimental neo o o2
conditions, diagnostics used, and results obtained in the k”\/kf+—k2 (K2+k?)= HoTet® _( Pe) ,
Mini-RFTF. Section IV discusses the iterative rf and trans- Bo |@cel

port model used for comparison with the experiment. The rf @

calculation with radially and axially varying plasma param-whereu, is the permeability of free space, and the assump-
eters is described in Sec. IVA. The transport model is detion thatw,.>w has been made.
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Note that Eq.(1) does not include any of the ion mass
dependence that has been shown to play a role in light-io
helicon operation. Maximum densities in Mini-RFTF are of-
ten found when the rf frequency matches the lower hybrid
resonance near the antefnaimilar to findings by
others?°~22and more on the effect of the lower hybrid reso-

cussed later. RF effects may also play a role through slo
waves on the resonance cone during stattipThe experi-
mentally observed ion dependence also typically leads td
more difficult operation with light ions, which may be par- A e | Coteme Disher
tially attributed to the increased sound speed and reduce B A e
confinement along field lines for light ions.
The damping mechanisms for high-density discharges
have been debated for many ye#tsSeveral collisionless
absorption mechanisms based on linear and nonlinear Lal
dau damping have been proposed that usually rely on direct

. . . FIG. 2. A quad-phased antenna with 90° phasing between helical segments
excitation of and/or mode conversion to electrostatic or sur: quac-p P g g

was used for most of the experiments and the modeling described in this
face mode$?~?® However, for many operational regimes, paper.

strong decorrelation between the electron motion and the rf

waves can be caused by electron—neutral collisions, Cou-

lomb collisions, or interactions between electrons and thdl: MINI-RFTF EXPERIMENTAL SETUP AND

confining electrostatic potential in the device. The electron—OBSERV'A‘TlO'\IS
neutral collision frequency is proportional to the electron A schematic of the Mini-RFTF facility is shown in Fig.
speed and the neutral density. The neutral density at fixell. The device consists of a 48 cm long solenoid magnet
pressure is inversely proportional to the temperature of theapable of a maximum field of 0.4 Tusing the present
neutral gas inside the discharge. The neutral temperature mapwer supplies with a 14 cm bore, in which the 5 cm diam-
significantly exceed room temperature in heliumeter quartz helicon source tube is centetid). 1). The so-
discharge$® and could be very high for the hydrogen dis- lenoid magnet has six radial layers with 28 windings per
charges considered here because of Franck—Condon neutrdisyer for a total of 168 turns. The source tube feeds into a
However, the electron—neutral collision rate can be crudelyacuum chamber with two mirror coils; however, only the
estimated using the total atomic cross secfiat standard mirror coil closest to the solenoid was energized for the work
temperature and pressure givingl MHz per mTorr of fill  presented here. The mirror coils have five radial layers with
pressure for electron temperatures of inter@st10 eV. eight windings per layer, giving a total of 40 turns. An end-
Typical gas pressures in the Mini-RFTF device are a few tengnounted turbo-pump produces a background pressure of 2
of mTorr so that the electron—neutral collision rate can be a<10 ’ Torr. The device can be operated at steady state or
significant fraction of the rf frequency. The Coulomb colli- pulsed. It features a flexible geometry antenna bolted into a
sion frequency is~70/T2 MHz per 13° m~2 of electron  ground plane. Parts of the antenna can easily be exchanged
density, which for typical electron temperatures~8 MHz ~ to allow for geometry changes. Diagnostics include a 68
per 13° m~2 of electron density. So, the Coulomb collision GHz interferrometer that can be axially scanned, and a Lang-
rate can become comparable to the neutral collision rate famuir probe that allows full radial measurements. Data are
very high plasma density. At a minimum, in the absence obbtained by using a LabVIEW-based data acquisition system
both electron—neutral and Coulomb collisions, the bounceunning on a PC. Gas-handling and safety systems have been
motion of electrons inside the electrostatic plasma potentiadlesigned to permit hydrogen operation.

well can lead to decorrelation on a time scale of order The antenna used for most of the data presented here is a
0.2 MHz/L,,, wherelL,, is roughly the length of the system phased dual design as shown in Fig. 2. It~9.15 m in

in meters. Thus, it is possible for any of these decorrelatioriength, with four helical current carriers having 90° relative
rates to become a significant fraction of the driven rf fre-phasing to excite a nearly pure=1 spectrum. Two ampli-
guency, and collisional decorrelation typically cannot be ig-fiers were used with a 90° phase delay to drive the quad
nored. These collisional processes also result in significantlgntenna shown in Fig. 2. Mutual coupling between the
more dissipation than can typically be explained by linear oiphased segments was minimized in the design, but an addi-
nonlinear Landau damping mechanisms|though the pre- tional inductor was used between the matching circuits for
cise damping mechanism may depend on the parameter reach amplifier to decouple the circuits. Total powers of up to
gime of operation. Thus, for high-density operatiorY 2 kW were delivered with typical operation at 1800 W. The

x 10 m~3), where slow waves are nonexistent or dampedpower to the plasma was measured in the experiment by first
over a very short distance and where the collision rate is aneasuring the vacuum loading and determining that it was
significant fraction of the driven rf frequency, collisional small compared to loading with plasma. The power coupled
damping and focusing of the fadtelicon wave on the axis to the plasma is estimated by subtracting reflected from for-
must play an important role, as will be shown in Sec. V.  ward power with the reflected power tuned to typically less
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FIG. 3. The Langmuir probésee Fig. 1 measures a typical radial electron (Z=0.351m)

density profile that is highly peaked. For this case, 2500 W of rf power was

delivered to the plasma. The mirror coil current was 1000 A while the G, 4, The hydrogen plasma parameters obtained using a quadrapole an-
solenoid coil carried 55 A giving a magnetic field strength under the antenngenna in Mini-RFTF show a strong dependence on mirror ratio and the

of roughly 0.025 T under the antenna. Deuterium with a gas flow rate of 92magnetic field near the helicon antenna. Power delivered to the plasma was
sccm was used giving a pressure-012 mTorr downstream. The circle size 1800 W at 16 MHz in all cases. The lower hybrid resonance appears in

indicates the shot-to-shot variation over 2 to 4 shots. the antenna region for all magnetic field strength@.0245 T.

than one tenth the forward power in the final plasma state. A
current and voltage sensor placed between the match box af@eration. Rather, the very sudden drop in density above a
the antenna has also been used to confirm that typica”prescribed magnetic field appears to be correlated, as shown
=90% of the power is coupled to the plasma. The current? the later modeling results, with an increase in the power
and voltage sensor is easily destroyed so it was not typicalljhreshold for accessing the high-density helicon mode of op-
used in the data presented here. Phase and amplitude det&kation. Below this threshold, hollow discharges can occur in
tors were used to monitor the rf antenna so that power waMini-RFTF depending on the neutral collisionality, similar to
balanced between the two phased segments to within 20%those reported by Balkey. The modeling results also indi-
As shown in Fig. 3, highly peaked density profiles arecate that low magnetic field operation has a lower power
typically observed for light-gas discharges in Mini-RFTF threshold, but that the density in the high-density helicon
above the power threshold for the helicon mode of operationhode is limited by classical radial diffusion.
To produce the highest densities at fixed rf power, optimum  In contrast to the hydrogen results, high-density helium
values of the magnetic field near the antenna are chosdfasmas 6e>10m~%) have been produced in the
such thate=w;, in Mini-RFTF. Optimization of plasma Mini-RFTF° and by others>**at high values of static
production with a driving frequency near the lower Magnetic fieldB, for which w<w),. This regime has not
hybrid frequency has also been observed by severdleen well explored in helicon sources, and it is desirable, for
researcher®?22"3However, the precise effects attributed SOMe applications, to replicate the hidg helicon operation
to the lower hybrid resonance are complicated by the axiayvith hydrogen. Additional experimental and modeling efforts
inhomogeneity and transport in Mini-RFTE. For example,With regard to the mass dependence will be performed in
more than one peak in density is observed as the lower hyfuture work, and our focus for this paper will be on the
brid resonance is swept through the antenna region. Thus,ydrogen results.
careful investigation of the role of the lower hybrid reso-
nance remains in progress on the Mini-RFTF device, an
modeling indicates that the presence of the lower hybri V. MODELING FOR AXIALLY VARYING SYSTEMS

resonance in the near field region of the antenna increases The modeling of the experiment is performed by iterat-
edge power deposition, thereby reducing coupling to the cenng between an high-resolution rf calculation and a transport
trally damped helicon mode. More information on lower hy- model based on the power deposition given by the rf calcu-
brid resonance effects are given later in the paper, and th@tion. We describe the rf calculation in Sec. IVA and the
topic is still under investigation in both the experiment andtransport model in Sec. IV B.
model.

The range of magnetic field strengths over which reason RF modeling
ably high-density plasmas can be achieved is relatively nar-  Maxwell’s equations for the linearized cold plasma re-
row. The performance is also a strong function of the ratio ofsponse can be written ds
the magnetic fields in the mirror throat to those under the .. - - ~
antennaRy, as shown in Fig. 4. Low frequency instabilities VXE=iwB, VXB=pgleqiweouoK-E,

can lead to a gradual decline in density with increasing mag- S —-iD 0 2
netic field>! however, no such instabilities are observed in  _ | R

the discharges shown here, possibly because of the magnetic K={ 1D S 0|, E=(E;1,E 5,E),

field inhomogeneity and the relatively low magnetic field 0 0O P
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FIG. 5. (Color) The model parameters used to simulate the experiment with roughly 0.0250 T under the antenna and 0.11 T under the (@DfAdnil
mirror coil, 56 A in solenoidl. The rf frequency was taken to be 16 MHz. The density was obtained by iterating the rf and transport calculations to convergence
for 2 kW of rf power. All units are in MKS. The field values are normalize to {p&ak in time in each helical segment of the antenna.

where P=1-3(w}/0?), S=1-3,05/(0’~wZ), and dimensional field problem to a sum over two-dimensional
D=Ej(wcj/w)-w§j/(w2—w§j) describes the Hall contribu- solutions weighted by the Fourier spectrum of the antenna.
tion to the plasma current. In these equatidisand B are  Absorption is introduced in the cold plasma model by adding
the complex rf electric and magnetic field vectors, respecan imaginary collision frequency to the RF frequency. The
tively, with implicit exp(—iwt) time dependence, anﬁ’ext hglical shape of the _antenna is input_to .the code by consid-
represents rf current sources from the antenna; all units af&fing rectangular strips of current spiraling on a constant
MKS. The 11 and 12 directions are orthogonal and are surface. For the calculations presenEed here, the current along
perpendicular to the direction of the static magnetic field.the strip is assumed to be consta¥it (.= 0), ignoring any
The | direction is that of the static magnetic field. direct capacitive couplingiNote that electrostatic modes in
The rf modeling here uses a new code, EMIR3, thatthe plasma can still be excited because of inhomogeneities in
retains finiteE, , and therefore the slow wave, to solve Eq. ("€ antenna and the plasmahe rf calculations for all re-
(2) in cylindrical coordinates. EMIR3 uses a staggered comSUlts presented here used 130 radial and 1200 axial grid lo-
putational grid that remains accurate in both vacuum an§ations to resolve short wavelength surface modes near the
plasma regions. Perfectly conducting boundary conditiond®Wer hybrid resonance. Typical results for the various field
are implemented at support structures inside the computatidhP'arizations and power deposition are shown in Fig. 5.
domain to reduce the condition number of the matrix. Regu- )
larity of the solution is enforced on the axis. The effectsB- Transport modeling
caused by radial feed currents for the antenna are included. To obtain a self-consistent plasma density profile, we use
Cases retaining finitéu are computationally demanding be- a flux-tube-averaged power balance with a particle balance in
cause very-short-wavelength electrostatic modes at the lowevhich the plasma source rate is determined from the depos-
hybrid resonance must be resolved accurately to obtain godited rf power, similar to work by Yasakd.Diagnostics in the
numerical solutions. EMIR3 code allow the deposited power density to be calcu-
The rf fields are expanded in a periodic Fourier sum inlated on radially concentric flux tubes upstream of the mag-
the azimuthal coordinated (=12), to reduce the three- netic field maximum. This information is then used in the
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transport model described below and iteratively fed back intgound speed, anidy is the effective confinement length of
the EMIR3 code to recalculate the rf fields with the updatedhe flux tube, including any mirror or collisionally enhanced
plasma density. confinement effects.

The transport model assumes that power deposited axi- L can be determined by the loss rates at each end of a

ally upstream(see Fig. 1 of the maximum magnetic field is flux tube. For mirror-constricted sonic flow at the ends,
rapidly carried by parallel thermal conduction along field

lines upstream on the flux tube. The plasma flowing down- an CsNy an| CeNy 5

stream of the magnetic field maximum is assumed to expand oz B JRy oz — VR, 6)
. . . . L 24 d 0 u

rapidly without contributing significantly to the source. Note

that, with the inclusion of, in the rf model, little power gives

deposition has been observed downstream of the mirror lo-

cation, contrary to results obtained whepwas neglected _ Z4| 2VRyRy+ 2a( VRu+ VRy)/3+ a?/6 @)

so that the effect of power deposition downstream of the SU) JR,+ VRy+ a '

mirror throat is insignificant for the cases presented here.
where the upstream mirror has a mirror ratioRyf, and the

downstream mirror has a mirror ratio &;. Mirror ratios

are determined from the midpoint between the boundary

condition locations on a field line. The densitidg, andN,,
Using a single fluid treatment for the steady state plasm& Egs.(6) and(7) are located, respectively, at the upstream

density,n, we assume that ambipolarity is handled primarily (z=0) and downstreanmz(= z4) locations for each field line.

along field lines, so that any radial currents are relaxed byrhe parametew=z4/2\. is the ratio of half the distance

field line connections at the ends. Such a diffusion modeflong a field line to the electron collisional mean free path,

1. Particle transport

takes the following form: Ne.
The parabolic axial approximation with mirror-restricted
S(.8)~— iD an(y,s) d - an(,s) 3 sonic losses at each end has implications for applications that
' s 9s ay- v oy require tailoring of the axial density profile. One implication

is that the maximum density along a field line can be shifted
toward the end of the device having the highest mirror ratio.
The axial location of the maximum density along a field line,
Zm, IS given by

whereS(y,s) is the local source ratd), is the collisional
parallel diffusion coefficient for weakly ionized plasrifa,
D, is the perpendicular diffusion coefficieny; is the flux
tube label, and is the distance along a field line.

The plasma source is a complicated function of electron (Zd> 2\/R_d+ a
temperature and density as well as the densities of any neu- Zm=|% | —— =
tral species in the device. These quantities are not well 2/ Ryt at \Ry

known spatially and are very difficult to model. However, a Thus, for highly collisional systems whese> \/R—u JRy, the
robust model can be obtained by averaging the source overgaximum density along a field line remains nearly centered
magnetic flux tubeS(y,s)— S(¢), and assuming the source petween the sonic boundary points, regardless of the mirror
rate on a flux tube is proportional to the total rf power de-ratios. To move the maximum density closer to the down-
posited on that tube. Such a model provides the averag&ream mirror location, as desired for some applications, the
value for the electron density on a flux tube and allows pamodel indicates that operation should be done w{fRy
rameterization of the density along a field line that is consis= , and R,=0 (an upstream cugpHowever, the average
tent with the flux tube average. For a uniform geometry,density on a flux tube may also be reduced ifecomes too
SeparatiOﬂ of variables indicates a parabolic Shape for th%W, as shown in Eq(?)' because of reduced axial collisional
density distribution along a field line B, is independent of  confinement. The density at the downstream sonic boundary

s. AssumingD, is weakly dependent os, one can consider (taken to be the mirror choke location in the simulations
a flux tube average by using Ny, given by

n(,s)~a(y)s’+b(¥)s+Ny(¥), ) (MyVRy(a+24Ry)

whereN,, is the density at the upstream boundary of a field d:2\/RuRd+ 2a(\JR,+ VRy)/3+ a?/6

line. The axial fitting parameters for the density dependence i ) . '
along the field linea andb in Eq. (4), are determined by the 'S proportional to/Ry for fixed average density on a field

boundary conditions at each end of a field line. In a “Iong—"”e' However, another implication of the model is that the

thin” approximation, the density evolution follows: ratio of the downstream particle fluX;4, to the upstream
particle flux,I",, per Eq.(6), is

®

C)

d an
S(lﬂ)%CS(¢)<n>/|_eﬁ—47T(?—$<BZ(Z)D”>¢;—¢/>, 5 E: a+2\/R—u

r +2VRy
where(n) is the average plasma density on the flux tube, e \/—d
Yy~ mr?B,(2) is the magnetic flux labelS is the ionization  Thus,R,>Ry is required fol y>T",, and the fluxes become
source rateD,, is the radial diffusion coefficienCs is the  nearly equal in the collisional limite>2\R,,2VRy.

(10
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2. Power transport ions. This energy will ultimately appear at any location of the
A power balance is required to complete the articledevice where atomic and molecular recombination occur.
P 9 P P The remaining =50% of the rf power, E;—13.6 eV

conservation equation. Rather than attempting to solve for

the electron temperature or distribution function, we choose 2 €V)/(Ei+ ¢), is lost to radiation processes during in-

a simple power balance on a flux tube to complete the Sysqlastlc collisions between electrons and neutral atoms or
tem: molecules. The ultimate fate of these radiated photons de-

' pends upon the materials in the system. Most of the radiated

Pi() =P;() + Pagial ) + Pragial ¥) (11 power is likely to be lost to absorbing structures or transpar-
ent apertures in the Mini-RFTF.

In greater detail specific to the computer modeling, field
lines intercept a solid boundary multiple times for some
magnetic geometries, preventing a consistent radial boundary
condition for Eq.(12) over the entire length of the flux tube.
'Rigorously, a fully two-dimensional transport model, as
given by Eq.(3), is required for these re-entrant flux tubes,
and for any conditions where the radial losses begin to domi-
ionization potentialE; =36 eV 333 However,E, is sensitive nate the axial losses. But, the insight offered by the parabolic

e . - model helps to shed light on the effects of the axial inhomo-
to the electron energy distribution, and could significantly . 2 ; )
exceed 36 eV for low values df.  Note that the value o gene_|ty of the magnetic field on density, and in any case, the
S e o ' .. density drops over a short radial scale length where the outer
only represents the ionization potential and radiative and dis; C .
e . — Iy flux tubes have very short magnetic field connection lengths.
sociative losses; it does not indicate the overall efficiency for : : ;
ionization in the device. For axial losses, we assuPgg In the computer model, the upstream field-line termina-
o P wal  tion points are found along the ceramiiguart? tube and
~$C(n)(¥)/Ley, where b is the electrostatic potential of along any conducting boundaries in the vacuum system. The
the flux tube. For radial power redistribution caused by dif- g any g o o y C
fusion. we assume downstream boundary con<_j|t|oln is spec!fled near the maxi-
' mum downstream magnetic field location. The parabolic

d oN model is applied along each field line based on the flux-tube-

PradiaI:_47Tw ¢<BZ(Z)Drr>¢(9_‘/I- averaged density. Inconsistencies near the boundary layer

_ o _ where field lines terminate upstream near the antenna are
With these definitions, Eq¢5) and(11) give a closed equa- jgnored because they can only be properly handled in a fully

where P is the rf power delivered to the plasmi, is the
power lost through electron—neutral collisions during the
ionization processk 4. IS the power lost axially along field
lines, andP, .44 is the power caused by radial diffusion of
plasma into or out of the flux tube. For the ionization model
we assume a fixed energy cost per electron/ion [Bgir,so
that S=P;/E;. For thermalized electron distributions with
temperatureT ., that is a significant fraction of the hydrogen

tion for the plasma density two-dimensional transport model. However, these inconsis-
P, () tencies appear to have only modest implications for the
~Co(P)N(P)(1+ GIE;)/ Loy Mini-RFTF magnetic geometries considered here and are
Ei handled in the code by truncating the density in the region

oN radially outside the ceramic tube.

J
_4778_l/,<Bz(Z)Drr>(l+ ¢/Ei)‘//a¢/- (12 Numerical evaluation of the flux-tube-averaged quanti-
ties are obtained by discretizingand by numerically map-
Multiplying Eq. (12) through byE; explicitty demon-  ping the cylindrical computational grid onto theegrid. Eq.
strates the power balance for the system and provides physit2) is then solved numerically for an initial density profile
cal insight for the rf power losses, and is iterated to convergence by using the RF results from
J the previous EMIR3 calculation to calculate a new density
Pi()~Cy(d)N(#)(Ei+ @)/ Le—4m—(B2)Dyy) profile based on Eq(12). The axial dependence that main-
i tains the flux tube average is then applied. Transport param-
FIN eters in Eq.(12) are estimated with the formulas found in
e (13 Ref. 30.
The total power delivered by the transmitter must be
Terms proportional tcE; in Eq. (13) represent the power reduced by the parasitic power lost in the rf circuit including
required to ionize the neutral gas. Terms proportionalpto the antenna,P.. Considering the frequency dependence
represent power lost because of the kinetic energy carried byaused by the finite skin depth in the conducté,
ions as they fall through the electrostatic potential. Typically~ (1/2)C.fun; I,Zf, with fy,, the driven rf frequency in
for Mini-RFTF, ¢~ T, is much less thak; =36 eV, and one megahertzC. is estimated from the experimental setup to be
observes that the power balance is dominated by the ionizdetween 0.015 and 0.03/MHz? for the Mini-RFTF circuit
tion process rather than the kinetic energy of the escapingsed for these comparisons. Plasma loadings for typical op-
plasma. Simple estimates indicate the ultimate fate of theration in the Mini-RFTF range from+ 0.5 to ). Thus, for
total rf power. As a hydrogen ion leaves the system, each ioall of the comparisons presented in this paper, the loading is
carries its ionization potential, 13.6 eV, plus a small amounsufficient to provide a good match to the plasma, and losses
of energy,~2 eV, required to dissociate the origina} khol-  to the circuit are negligible.
ecule, plus its kinetic energy; ¢, so that (13.6 eV 2 eV The presheath potential along a field line is strongly in-
+ @)/ (Ei+ ¢)=50% of the power is carried with escaping fluenced by collisionality, the source rate, and the flux tube

X(Ei+ )¢
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average of the electron temperature. It may be further com- 4.0

. . A :
plicated by the ponderomotive force in some regimes. A Simulation /% (E;gloclnl'rzerslt
complete modeling including the electron distribution is be- 2kW\ AN T

3.0 - ., \  Experiment

yond the scope of the model here. Rather, we seek to isolate

9
w&
important physical effects, so we assume the flux tube poten- é v/o=0.3
tial in Eq. (12) is given by b Rg=4.5
2 2.0+ Ta=5eV
p~Te+ apd’p(‘/’)v (14 % e
where ¢, is the flux tube averaged ponderomotive potential E 1.0
estimated from the parallel rf electric field calculatian,, 3 N
assumed constant, is proportional to the electron tempera- = \\\\\‘
ture, ande,<1 is a free parameter in the model. The EMIR3 0.0 | | : | | |
diagnostic generates an estimate for the maximum pondero- 200 400 600 800 10001200
motive potential(iin volts) by using a simple approximation Mirror coil current (Amps)
that is reasonable far from the ion cyclotron frequency,
2
bp=~ j!nii)z ~4.4x 10Y9E,|2(4)] w2, (15 L5 , Coil current ratio = 6.25
& A . ,
where|E;|?(¢) is taken to be the average of the maximum g F Simulation
value of the parallel electric field along a field line within the % 1.0 /I \\/ 2kW
upstream range of the flux tube. With such a model, we can C oo Experiment
vary a, between zero and one to compare results based on & / \
no ponderomotive effect with results having the largest pos- = b / v/®w=~0.3
sible ponderomotive effect. 5 0.5 Rg=24
jg Te~5eV
V. COMPARISON BETWEEN MODELAND |/ === T O\
EXPERIMENT 0.0

T T T T
200 400 600 800 1000

The magnetic field parameters for the Mini-RFTF device Mirror coil current (Amps)

are calculated accurately in the EMIR3 model by using a coll
filament model. The quadrupole rf antenna is modeled with &IG. 6. EMIR3 modeling results based on classical diffusion give reason-
single azimuthal Fourier mode because the phased antena@le agreement with experimgntal rgsults from F_ig. 4. An electron tempera-
structure is effective at isolating this wave. Parameters fof-re of 5 eV was used for all simulations. A drop in the electron temperature
. ; . caused by enhanced radial losses, with a resulting increase in radiation

the transport model are taken by following field lines and by|osses, may explain the discrepancy for the low magnetic field cases.
performing flux surface averages. Field lines that terminate
at more than two locations along the system are not dealt
with individually; rather, they are folded into the average, asPonderomotive effects and the possibility of generating a
discussed in Sec. IV. In Fig. 6, the model results are overlaidery small population of high energy ions in the downstream
with experimental results from Fig. 4. Over the range ofhalo plasma is discussed in Sec. VE.
parameters studied, reasonable agreement is found betwe/gn
the final density state in the model and the experiment when”
we use classical electron radial diffusiéescribed beloyv For radial diffusion, two scalings fo{B,(z)D,,) were
and axial collisional confinement that is enhanced by mageompared with experimental results. One scaling was for
netic mirror effects. Typical results from the model for the Bohm diffusion Where<BZ(z)Dr‘3r°h’“)~0.061'e Tm?/s, with
waves, the final density profile, and the power deposition], in electron volts, is independent of the magnetic field,
found above the power threshold are shown in Fig. 5. Notalepending only on the electron temperature. The other scal-
the focusing effect on fields from the helicon mode near ing was for classical electron diffusion based on the total
=0.5m. electron collision frequencyp., such that(B,(z)D&2

In the remainder of this section we discuss how classicak ( v,Bp2/2)~3X 10~ T (v, /B)Tm?/s with T, in electron
radial diffusion gives the best agreement with the experimenvolts andB in Tesla. For the comparison with experimental
tal results, and possible shortcomings in the transport modeésults, we found that classical electron diffusion gives the
in Sec. VA. The power threshold for high density operationbest fit to the experimental results and that Bohm diffusion is
and the formation of hollow radial density profiles at high nearly an order of magnitude too large to explain the highest
magnetic fields is shown in Sec. V B. The effect of rf powerdensity discharges that are observed.
deposition in the edge on the efficiency of the device, and the  The model with classical diffusion for the radial electron
possible role of the lower hybrid resonance is discussed itransport matches the experimental data reasonably well for
Sec. VC. A qualitative comparison of the antenna loadinchigh magnetic fields for downstream mirror ratios of both
and the reasons for an absence of significant cavity effects iRy=~4.5 andRy~2.4 (Fig. 6). However, the classical diffu-
both the experiment and the model are given in Sec. V Dsion model tends to over-predict the density for lower mag-

Radial transport scaling
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netic field cases, especially for the case with the lower mirror density contour

ratio of 2.4 shown by the experimental results in Fig. 6. The spacing = 108 m-3

most apparent shortcomings of the flux-tube-averaged model -0.02

used in this paper are the lack of self-consistent models for 8-0.01 r//? z
the electron temperature and the neutral density, but other = =3
effects could play a role. The exploration into the cause of ‘.5 0.00 7 1 2 g g
this discrepancy remains for future work, but the following & 0.01 Q )
are likely candidates. 0.02

(1) The neutral gas distribution, and the resulting colli- increasing RF power
sion rate, may vary significantly with plasma density for -0.02 >
fixed input power. -

(2) The mismatch between the flux tube and the quartz §-0.011 ; e @
tube, especially forRy=2.4, may require a fully two- é 0.00 1 6: aQ §
dimensional transport mode to accurately account for induc- S 0.014 { =8
tive coupling and rapid transport near the edge of the plasma. C
The two-dimensional effects can become important when the 0.02 : .
radial losses begin to dominate the axial losses. 0.02 increasing RF power

(3) Enhanced radial losses at low magnetic fields could

lower the electron temperature, thereby increasing the radia- 8 -0.01 i <

tion Iosseg_and requ_iring an increaseginin t_he model. Any 7§ 0.00 - i <<<8 ; S

such additional radiation losses would directly reduce the ~c§ Py

plasma source rate in the model. & 0.01 1 Z °s
(4) The ion gyroradius can become a significant fraction 0.02

of the plasma radius at very low magnetic fields and can increasing RF power

\J

influence the confinement by changing the mechanisms for

maintaining ambipolarity. 3-0.02 | —— z
If instabilities are present, they would also require con- ;‘0-01 7 1— =
sideration in the transport model, although instabilities are 5 0.007 g <
not observed for the data presented here. & 0.01 élf S&
0.02 ~
1T 1 17T 717 771
B. Power threshold for high-density operation 05 1.0 1.5 2.0 25 3.0 35
The iterative model described here tends to form two Power (kW)

types of Ste.ady'State density profiles, depending Or? the tOtfaﬁllG. 7. Radial density profiles at the axial Langmuir probe locatsee Fig.
rf power delivered to the plasma. One type has relatively Iowy) are plotted versus coupled rf power to form density contours illustrating
plasma densities that are either hollow at relatively highthe power threshold. For the three cases with magnetic fields near the an-
magnetic field strengths, or nearly uniform in the radial di-tenna of 0.011 T, 0.025 T, and 0.032 T, the densny profiles at the'probe
tion at relativelv low maanetic fields where radial losse change from hollow for low powers on the left side of the plot, to highly
rec '_ _y i g . ; Speaked as the rf power increases toward the right. For the highest magnetic
dominate the entire discharge. The other profile, consistenfield case with 0.042 T near the antenna, no peaked profiles are found over
with the helicon mode, has high density with a radial profilethe range of power shown. Thus, the power threshold for achieving the
that is very peaked on axis. A transition between these tw ellt_:on mode of_operatlon increases sha_rply Wlt_h increasing magnetic _fleld
. . or fixed magnetic geometry because axial confinement begins to dominate
types of profiles Qccurs at_’ove a threshold power. _ln Fig. he radial transport. The cases shown here model a range of power levels for
we show the profiles obtained as the power level increasesnditions that otherwise match the experimental setup use®fer4.5
for different magnetic field strengths at fixed magnetic ge-shown in Fig. 6.
ometry (downstream mirror ration oRy=~4.5). The power
threshold increases with increasing magnetic field strength,
and no transition is found below 10 kW for a modeling case(\//~0.006) through inductive coupling. This inductively
with 1200 A in the mirror coil and 96 A in the solenoid, coupled power deposited at the edge is relatively inefficient
which corresponds to a magnetic field near the antenna as a plasma source because rapid transport in this region can
about 0.04 T. occur both radially and along field lines with short connec-
The experimental measurements to directly verify ation lengths in the edge. However, plasma can diffuse radi-
mechanism for the power threshold to achieve highly peakedlly inward from this edge localized source to begin filling
density profiles are not available. However, the mechanisnthe central region of the discharge. As the power increases,
for this transition is clearly shown in the model. Figure 8the density rises, the plasma screens the evanescent modes
shows the flux-tube-averaged power density as a function ahto a narrow radial layer, and the plasma diffuses radially
J# to indicate the radial dependence of the power deposiinward until a fast helicon mode begins to propagate. This
tion. As shown in Fig. 8note the logarithmic scalewhen  fast helicon wave can then couple power through collisional-
the plasma density and coupled power are (0@, 0.5 kW, damping mechanisms near the axis of the plasma where con-
most of the power is deposited in the edge of the dischargénement is good. Further increases in power raise the density
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from Fig. 5. Figure 9 indicates the parasitic effect of power

.‘glo-l_ deposited by evanescent fields in the edge for the high-
g o | TR density mode of operation. Much of the plasma generated by
< 10 ™ the power deposited in the edge will either be transported
) 1034 radially to the quartz tube or axially along short connection
% 4 lengths to obstructions in the edge layer.
8107 Also from Fig. 9, the deposition caused by parallel
5! 10 -5 plasma currents accounts for more than half of the total rf
E power coupled by the antenna, indicating the importance of
S 1074 keeping the parallel field components in the model. Power
g flux inside ceping g , P : :
5107 dissipated near the axis by the perpendicular components of
S 3 quartz tube the plasma current must come from the helicon wave. Per-
10 T T pendicular fields also contribute to absorption in a very thin
0.005 0.010

VY ~<r>

layer near the surface of the quartz tube. Typically for the
parameters studied here, we find that, depending on the con-
figuration, from~40% to ~70% of the power can be de-

FIG. 8. The normalized power density shows the transition from inductiveposited by the dissipation of parallel plasma currents in long-

heating at the edge to central heating by the helicon mode as the power Wavelength modes or evanescent fields. We also find that

increased.

relatively little power is dissipated by short-wavelength elec-
trostatic modes because these tend to occur in regions of

and power deposition on axis until the radial density gradi-elatively low plasma density.

ents become inward everywhere across the plasma. At that A comparison of the axial power and density profiles
power and density combination, radial diffusion at the edgefrom the model for three magnetic field cases with contours
exhausts plasma from the region, steepening the profile at trff the lower hybrid resonance is shown in Fig. 10. These
edge and causing a transition to a highly peaked densit§aSes correspond to those shown in Fig. 7 for 3 kW of power
profile above the power threshold. Thus, a factor of sixdelivered to the plasma. All of these cases are above the
change in the rf power from 0.5 kW to 3 kW increases thePOWer threshold for high-density operation, and the lower
central power density by roughly two orders of magnitude. hybrid resonance appears beneath the antenna in the case

C. Fractional edge deposition for high-density

operation

with 700 A and 56 A in the mirror and solenoid coils, respec-

tively. The axial density profiles are averaged along a radial
cord to simulate results that might be measured by an inter-
ferometer. Note that the power deposition on axis from the

The fraction of the power deposited by perpendicularhelicon mode is not affected by the location of the lower
plasma currents inside a given radius is calculated by hybrid resonance. However, the threshold to achieve the

— ol JEE 3 rdrdz dolf ,f ,fLE-Jrdrdz do. This inte-

high-density mode of operation does appear to be affected by

grated power is shown for a case above the power thresholtie presence of the lower hybrid resonance near the antenna
for high-density operation in Fig. 9. The details of the axialas shown in Fig. 7.
deposition are shown in Fig. 10 and can also be inferred The model is consistent with the experimentally ob-

served window for operation near the lower hybrid resonance
when using hydrogen in Mini-RFTF. The use of heavier

2 1.0 X ) gases in the model leads to increased axial confinement times
‘-g \\ Perpendicular i proportional to the square root of the ion mass, which would
= 0.84 \ fraction 5 significantly reduce the power threshold for achieving
g N = peaked, high-density operation. More investigation is needed
ED 0.6- \\ < to determine the detailed effects caused by the lower hybrid
) \\\ \ resonance. However, these results from the model indicate
= RS - that the presence of the lower hybrid resonance in the low
g 0.4 Total > density layer directly beneath the antenna may influence the
'5 02 power\ parasitic goupling to the edge fo_r high d_ensity operation. In
5 Y Quartz general, increasing the magnetic field increases the radial
E tube confinement and density of the device, but the presence of a
D e e e o e . lower hybrid resonance in the near-field region of the an-
0.00 0.01 0.02 0.03 tenna can increase the power coupled to the edge, thereby
Radius (m) reducing the power available to the centrally damped helicon

mode. Thus, the presence of a lower hybrid resonance in the

FIG. 9. Roughly half of the coupled rf power is deposited in the evanescenfintenna near-field region can raise the power threshold for

edge region, just inside the quartz tube, and axially localized near the a
tenna(see also Fig. b The case shown here is for 2 kW of total rf power
with 700 A in the mirror coil and 56 A in the solenoidbughly 0.024 T near
the antenna

"high-density operation, although the details of the process
may be complicated by ponderomotive expulsion of plasma
in the near-field region. Significant variation in the geometry
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FIG. 10. (Color) The axial variation of the line-averaged density and the power deposition on axis is shown for three different magnetic field strengths all
having the same flux tube geometry. The axial variation in the density is determined in the model by the flux-tube-averaged power and transport. The powe
deposition on axis, caused by collisional damping of the helicon mode, is not sensitive to the location of the lower hybrid resonance. However, the pow
threshold to achieve peaked high-density operation is sensitive to the location of the lower hybrid resonance. The scale for power depogition ébase

rf current of 1 Ain each antenna. The line-averaged density is determined from iterating the model to convergence with 3 kW of power deliverezhia the pla

for all cases.

of the experiment may be required to isolate effects causedroviding an alternate absorption mechanism. This alternate
by the lower hybrid resonance from those caused by transbsorption is predominantly inductive heating very near the

port and nonlinear processes. antenna.
The antenna couplingoading in the model remains a
D. Cavity effects and loading surprisingly weak function of power despite the vastly dif-

fferent densities obtained for different rf powers. The power

gelivered to the plasma normalized to 1 Arfpgeak in time

ﬁg rf current for different powers below and above the power
reshold are shown in Fig. 11. Variations in capacitor set-

Cavity effects can significantly influence the operation o
systems with damping lengths larger than the size of th
cavity, and both traveling waves and eigenmodes consiste
with Eq. (1) have been observed in rf wave measurements i
helicons®# NisoaZ® for example, has used a carefully con-

structed system with nearly uniform axial parameters to 2.0
study the effects of eigenmodes on damping. However, for 5E
nonuniform systems, an accurate model must consider the EZ 1.5
inhomogeneities that can alter these eigenmodes. For sys- _? 5121 0
tems with strong axial variatiors the primary factors in %< '
determining this eigenmode behavior are the axial magnetic 2 = 0.5
geometry and the resulting plasma itself. SRS 0.0

Earlier modeling attempts that neglected parallel rf elec- : ' 1.0 ' 2'0 ' 3.0
. . 2 . . . . . . .
tric fields* indicated that cavity effects could play a role in p W)
the Mini-RFTF. However, strong cavity effects on the rf ower
loading are not evident in the typical experimental operatiorFiG. 11. Real power coupled by the antenna for rf currents of 1 A, peak in
for Mini-RFTF, and no strong evidence is found for them in time, is calculated by the EMIR3 code. The loading remains surprisingly

the EMIR3 modeling results described here. Thus. we ﬁnd'nvariant with density changes below and above the power threshold. Ex-
’ ! perimental loading values were not measured, but estimates based on ca-

that adding the pa_rallel rf el?CtriC ﬁe_ld_ to the rf _mOdeI pacitor positions indicate loading variations of roughly a factor of 2 and are
strongly buffers cavity effects in the Mini-RFTF device by not inconsistent with the model resullts.

Downloaded 19 Feb 2003 to 139.169.215.14. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



5108 Phys. Plasmas, Vol. 9, No. 12, December 2002 Carter et al.

field amplitude information from the model, as shown for
example in Fig. 5, one sees that rf waves propagating down-
stream from the quartz tube can excite large parallel electric
fields in this low-density halo plasma near the lower hybrid
resonancdaxially between 0.75 and 0.95 m in Fig). Al-
though the ponderomotive calculation used in this model is
far too primitive to accurately estimate the change in poten-
tial caused by these fields, it does indicate that enhancements
in the potential in the low-density halo plasma could be an
order of magnitude larger than potentials found in the main
downstream column. These enhanced potentials could give rise to a small
halo plasma number of high energy ions generated in the downstream
l l halo, as are observed in the sister facility to Mini-RFTF lo-
0.005 0.010 cated at the Advanced Space Propulsion Laboratory; how-

ever, more work is necessary to verify such a mechanism.
VY ~ <>

flux inside
10 - quartz tube

0.01

0.001

FIG. 12. The maximum estimate for the ponderomotive potential becomeg/| CONCLUSIONS
negligible for high-density operation, except near the plasma edge. Very

high ponderomotive potentials may be possible in the downstream halo  Several methods for producing high-density discharges
region. (>10' m~3) have been found in the Mini-RFTF facility. To

date, most of these methods were discovered empirically
tings for the experiment required to maintain the match in-22s€d on past experience. In this paper, rf modeling has been
dicate that the loading changes by less than a factor of 4ised to further explore the operation of this device. This

consistent with the modeling results. Variations in the reacModeling work represents an initial attempt to simulate plas-

tive loading are less than 20% in the model results. mas in the Mini-RFTF device and to compare the results
The dip in the power deposition on axis near 0.6 m inWith €xperiments in hydrogen discharges. _

Fig. 10 may be caused by a transition in the radial mode The model includes an accurate rf calculation for cold

structure of the helicon wave as shown in Fig. 5. This tranP!85ma, including the slow wave, and a simple diffusive

sition appears to be caused by geometric effects and axiéqa_nsport model. The transport model considers radial and

variations in the cavity; however, further work is required to@ial diffusion with averages taken along concentric flux
verify that cavity effects are playing a role. tubes and boundary conditions for sonic flow at the ends of

each flux tube. Classical electron diffusion in the model
shows good agreement with the experiment for the opera-
tional regimes considered while radial Bohm diffusion was
Figure 12 gives the modeling results for the maximumtypically an order of magnitude too large to match the ex-
ponderomotive potential on a flux tube for various powersperimental results. From these comparisons and by studying
with 700 A and 56 A, respectively, in the mirror and solenoidthe behavior of the model, we conclude that a soft power
coils. As shown in Fig. 12, the ponderomotive potential canthreshold to reach high-density operation with peaked pro-
become comparable with the electron temperatassumed files in the Mini-RFTF(the helicon mode of operatipis the
to be 5 eV in all simulationsnear the edge of the discharge result of a nonlinear synergism between transport losses, the
at \/Z~0.006. The dominant contribution to the parallel rf power absorption near the edge, and the propagation and
electric field inside the quartz tube is from evanescent fieldabsorption of the helicon wave near the axis.
that are axially localized near the antenna. In comparisons The synergism in the model arises because of the rf
(not shown between cases with,=0 anda,=1, we find  power coupled inductively near the plasma edge and the
that the ponderomotive potential only weakly affects thetransport of the plasma in the edge region. Large evanescent
power threshold to reach the high-density mode, and it is noparallel electric fields near the antenna can give rise to in-
important in the high-density central region above the poweductive coupling in a narrow edge layer @&, becomes
threshold. However, in some geometries, it may be signifismall compared with the radius of the device. This power
cant near the plasma edge. These results indicate that a bettezips to initiate the discharge, but it reduces the efficiency of
method for estimating the role of the ponderomotive potenthe device for high-density operation. In the transition to a
tial would be useful for understanding phenomena in thestate with high-density, inductive coupling becomes local-
discharge. ized near the edge under the antenna as the power increases,
The ponderomotive force may play an interesting roleand radial transport allows plasma to diffuse into the center.
downstream from the quartz tube. In this region, radial dif-As the power increases toward the threshold from below, the
fusion allows a halo of plasma to form around the maindensity increases and begins to isolate the region of high
discharge. The power deposited in the downstream halparallel electric fields in the edge region where plasma is lost
plasma is typically a small fraction of the total coupled rapidly by classical electron radial diffusion. However, with
power as shown in Fig. 8, but large parallel fields can besufficient power, the inductive layer becomes thin and the
generated by electrostatic waves in this region. Using thelensity becomes high enough to begin supporting a colli-

E. Ponderomotive effects
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sionally damped helicon mode. The helicon mode dampsarios with power deposition near resonance cones as de-
near the axis because of the radial mode structure of thecribed in Refs. 11 and 23. Additional experimental work for
helicon wave. The increasing density further screens the pathe comparison would include careful neutral pressure scans,
allel electric fields in the edge, reducing the radial range ofmeasurements of the electron temperature, and possible spec-
the edge damping and further reducing the fractional powetroscopic measurements of the neutral species inside the
deposition near the edge. Thus, the plasma profile in thplasma.

model shifts from one that is flat or even hollow at low

powers to one that is highly peaked above the power thresh-
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