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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 Facility@Goulding et al., Proceedings of the
International Conference on Electromagnetics in Advanced Applications (ICEAA 99), Torino, Italy,
1999~Litografia Geda, Torino, 1999!, p. 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 Physics.@DOI: 10.1063/1.1519539#
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I. INTRODUCTION

The term ‘‘helicon’’ is often used generically to refer to
cylindrical plasma source with an axial magnetic field tha
driven by radio frequency waves at frequencies between
ion and electron cyclotron frequencies. These devices
capable of producing plasma densities*1019 m23 with only
a few kW of rf power and can ionize a large fraction of
incoming gas stream. A few of the possible applications
clude space propulsion,1,2 fusion startup and componen
testing,3 plasma etching and deposition for semiconducto4

and waste processing of hazardous chemicals.5 The devices
typically consist of a dielectric gas tube surrounded by
antenna, a vacuum pumping system, and a gas feed sys
Figure 1 shows a schematic of the axially inhomogene
Mini-Radio Frequency Test Facility~Mini-RFTF!6 that pro-
vides the experimental results given in this paper. Helic
research in the Mini-RFTF device has been performed
several years,6 and many recipes have been developed
obtain high-density (.1018 m23) stable discharges in hydro
gen and deuterium plasmas.

In high-density operation, the rf antenna typically driv
5091070-664X/2002/9(12)/5097/14/$19.00
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a helicon wave with an electric field polarization correspon
ing to the direction of the electron gyromotion: a right-ha
circularly polarized wave. This mode has a maximum p
pendicular electric field component on axis corresponding
the J0 Bessel function,7–9 and helicon antennas are ofte
designed to predominantly excite thism51 mode. However,
the m50 azimuthal mode has also been used effectively
drive helicon plasmas,10,11 and, in general, helicon operatio
covers a very broad range of plasma parameters involv
many interrelated physical mechanisms. Not only is the fi
plasma state highly dependent on the system design and
operational scenario, it also depends on the rf coupling
all of the atomic interactions and transport losses in the
vice. Furthermore, rf coupling mechanisms are needed ov
wide range of densities from startup to the final state.11

A nearly ubiquitous feature of helicon devices is tha
power threshold exists where the mode of operation abru
changes from a low- to a high-density~helicon! mode, and
the Mini-RFTF is no exception. In many experimen
threshold power levels are observed to cause jumps in
plasma density by more than an order of magnitude w
small increases in the total applied rf power. Specific e
7 © 2002 American Institute of Physics
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FIG. 1. A schematic of the Mini-RFTF
device at ORNL with an expansion o
the region that is modeled shows th
vacuum configuration for the experi
ment and the location of the diagnos
tics used. The upstream and down
stream directions are based on th
direction of the gas flow. Transpor
modeling is only performed upstream
of the mirror coil.
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amples of these jumps are given in Refs. 12, 13, 14, and
Additional jumps can occur in the high-density mode of o
eration caused by shifts in the radial or axial eigenmode
the helicon wave.8,10,12,16 The plasma density is highly
peaked on the axis for these high-density modes of op
tion.

In this paper, we demonstrate that many of the ope
tional features of the Mini-RFTF device, including the tra
sition from low- to high-density plasma profiles, can be mo
eled quantitatively for hydrogen operation. A pow
threshold to achieve highly peaked density profiles is fou
in the model. A trade-off between the rf power coupled to
helicon mode and that coupled inductively near the plas
edge gives rise to a transition between low-density opera
and high-density centrally peaked profiles as the powe
increased. A synergism between the radial transport and
rf power deposition is ultimately responsible for the tran
tion. Power coupled inductively to the plasma edge is
quired for the formation of the discharge, but this inductive
coupled power can significantly reduce the overall efficien
of the discharge because of rapid losses near the edge o
device.

The cornerstone of the model is an accurate hi
resolution solution to Maxwell’s equations for the rf field
based on cold plasma conductivity that includes realistic
tenna and static magnetic field geometries. A plasma den
profile that is consistent with the rf power deposition is o
tained by iterating the rf calculation with a flux-tube
averaged transport model similar to that of Ref. 17. The b
agreement between the model and the experiment is obta
when the transport is based on classical diffusion.

In Sec. II, we review the general dispersion and damp
mechanisms of waves in the operating regime for the M
RFTF experiments. In Sec. III we describe the experime
conditions, diagnostics used, and results obtained in
Mini-RFTF. Section IV discusses the iterative rf and tran
port model used for comparison with the experiment. The
calculation with radially and axially varying plasma param
eters is described in Sec. IV A. The transport model is
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scribed in Sec. IV B. The particle transport model along w
simple estimates for the effect of magnetic mirrors on
axial plasma density distribution is given in Sec. IV B 1.
description of the power balance and the importance of c
sidering the ionization process is given in Sec. IV B 2. R
sults and comparisons between the experiment and the m
are given in Sec. V. Emphasis is given to~Sec. V A! radial
transport scaling,~Sec. V B! power threshold for high-
density operation,~Sec. V C! fractional edge deposition fo
high-density operation and the possible role of the low
hybrid resonance,~Sec. V D! cavity effects and loading, and
~Sec. V E! ponderomotive effects. Conclusions and dire
tions for further investigation are given in Sec. VI.

II. DISPERSION AND DAMPING MECHANISMS FOR
WAVES IN HELICONS

The fast helicon dispersion relation for high-density o
eration was identified in early work by Chen.18 That disper-
sion relation ignored ion contributions to the plasma curr
and restricted consideration to an rf frequency,v, between
the electron cyclotron frequency,vce , and the lower hybrid
frequency,19 v lh , given for a two-species plasma byv lh

[@ uvcivceu211(vpi
2 1vci

2 )21#21/2, where vc j5qjB0 /mj ,
is the cyclotron frequency of thej th species, vp j

5Aqj
2nj /(e0mj ) is the plasma frequency for thej th species,

B0 is the static magnetic field strength,e0 is the permittivity
of free space, andqj , mj , nj denote the species charge~with
sign!, mass, and density of thej th species, respectively. Th
fast wave helicon dispersion relation was extended to incl
finite electron mass, and thus the Trivelpiece–Gould mo
~i.e., Refs. 14 and 8!, giving the dispersion relation

kiAki
21k'

2 2
v

vce
~ki

21k'
2 !5

m0neev

B0
5

v

uvceu
S vpe

c D 2

,

~1!

wherem0 is the permeability of free space, and the assum
tion thatvpe@v has been made.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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Note that Eq.~1! does not include any of the ion mas
dependence that has been shown to play a role in light
helicon operation. Maximum densities in Mini-RFTF are o
ten found when the rf frequency matches the lower hyb
resonance near the antenna6 similar to findings by
others,20–22and more on the effect of the lower hybrid res
nance in the near-field region of the antenna will be d
cussed later. RF effects may also play a role through s
waves on the resonance cone during startup.11,23The experi-
mentally observed ion dependence also typically leads
more difficult operation with light ions, which may be pa
tially attributed to the increased sound speed and redu
confinement along field lines for light ions.

The damping mechanisms for high-density dischar
have been debated for many years.24 Several collisionless
absorption mechanisms based on linear and nonlinear
dau damping have been proposed that usually rely on d
excitation of and/or mode conversion to electrostatic or s
face modes.24–28 However, for many operational regime
strong decorrelation between the electron motion and th
waves can be caused by electron–neutral collisions, C
lomb collisions, or interactions between electrons and
confining electrostatic potential in the device. The electro
neutral collision frequency is proportional to the electr
speed and the neutral density. The neutral density at fi
pressure is inversely proportional to the temperature of
neutral gas inside the discharge. The neutral temperature
significantly exceed room temperature in heliu
discharges,29 and could be very high for the hydrogen di
charges considered here because of Franck–Condon neu
However, the electron–neutral collision rate can be crud
estimated using the total atomic cross section30 at standard
temperature and pressure giving;1 MHz per mTorr of fill
pressure for electron temperatures of interest~5–10 eV!.
Typical gas pressures in the Mini-RFTF device are a few t
of mTorr so that the electron–neutral collision rate can b
significant fraction of the rf frequency. The Coulomb col
sion frequency is;70/Te

3/2 MHz per 1019 m23 of electron
density, which for typical electron temperatures is;3 MHz
per 1019 m23 of electron density. So, the Coulomb collisio
rate can become comparable to the neutral collision rate
very high plasma density. At a minimum, in the absence
both electron–neutral and Coulomb collisions, the bou
motion of electrons inside the electrostatic plasma poten
well can lead to decorrelation on a time scale of ord
0.2 MHz/Lh , whereLh is roughly the length of the system
in meters. Thus, it is possible for any of these decorrela
rates to become a significant fraction of the driven rf f
quency, and collisional decorrelation typically cannot be
nored. These collisional processes also result in significa
more dissipation than can typically be explained by linear
nonlinear Landau damping mechanisms,25 although the pre-
cise damping mechanism may depend on the paramete
gime of operation. Thus, for high-density operation (*5
31018 m23), where slow waves are nonexistent or damp
over a very short distance and where the collision rate
significant fraction of the driven rf frequency, collision
damping and focusing of the fast~helicon! wave on the axis
must play an important role, as will be shown in Sec. V.
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III. MINI-RFTF EXPERIMENTAL SETUP AND
OBSERVATIONS

A schematic of the Mini-RFTF facility is shown in Fig
1. The device consists of a 48 cm long solenoid mag
capable of a maximum field of 0.4 T~using the presen
power supplies!, with a 14 cm bore, in which the 5 cm diam
eter quartz helicon source tube is centered~Fig. 1!. The so-
lenoid magnet has six radial layers with 28 windings p
layer for a total of 168 turns. The source tube feeds int
vacuum chamber with two mirror coils; however, only th
mirror coil closest to the solenoid was energized for the w
presented here. The mirror coils have five radial layers w
eight windings per layer, giving a total of 40 turns. An en
mounted turbo-pump produces a background pressure
31027 Torr. The device can be operated at steady state
pulsed. It features a flexible geometry antenna bolted int
ground plane. Parts of the antenna can easily be excha
to allow for geometry changes. Diagnostics include a
GHz interferrometer that can be axially scanned, and a La
muir probe that allows full radial measurements. Data
obtained by using a LabVIEW-based data acquisition sys
running on a PC. Gas-handling and safety systems have
designed to permit hydrogen operation.

The antenna used for most of the data presented here
phased dual design as shown in Fig. 2. It is;0.15 m in
length, with four helical current carriers having 90° relati
phasing to excite a nearly purem51 spectrum. Two ampli-
fiers were used with a 90° phase delay to drive the q
antenna shown in Fig. 2. Mutual coupling between t
phased segments was minimized in the design, but an a
tional inductor was used between the matching circuits
each amplifier to decouple the circuits. Total powers of up
2 kW were delivered with typical operation at 1800 W. Th
power to the plasma was measured in the experiment by
measuring the vacuum loading and determining that it w
small compared to loading with plasma. The power coup
to the plasma is estimated by subtracting reflected from
ward power with the reflected power tuned to typically le

FIG. 2. A quad-phased antenna with 90° phasing between helical segm
was used for most of the experiments and the modeling described in
paper.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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than one tenth the forward power in the final plasma state
current and voltage sensor placed between the match box
the antenna has also been used to confirm that typic
*90% of the power is coupled to the plasma. The curr
and voltage sensor is easily destroyed so it was not typic
used in the data presented here. Phase and amplitude d
tors were used to monitor the rf antenna so that power
balanced between the two phased segments to within 20

As shown in Fig. 3, highly peaked density profiles a
typically observed for light-gas discharges in Mini-RFT
above the power threshold for the helicon mode of operat
To produce the highest densities at fixed rf power, optim
values of the magnetic field near the antenna are cho
such thatv*v lh in Mini-RFTF. Optimization of plasma
production with a driving frequency near the low
hybrid frequency has also been observed by sev
researchers.20,22,27,13However, the precise effects attribute
to the lower hybrid resonance are complicated by the a
inhomogeneity and transport in Mini-RFTF. For examp
more than one peak in density is observed as the lower
brid resonance is swept through the antenna region. Thu
careful investigation of the role of the lower hybrid res
nance remains in progress on the Mini-RFTF device, a
modeling indicates that the presence of the lower hyb
resonance in the near field region of the antenna incre
edge power deposition, thereby reducing coupling to the c
trally damped helicon mode. More information on lower h
brid resonance effects are given later in the paper, and
topic is still under investigation in both the experiment a
model.

The range of magnetic field strengths over which reas
ably high-density plasmas can be achieved is relatively n
row. The performance is also a strong function of the ratio
the magnetic fields in the mirror throat to those under
antenna,Rd , as shown in Fig. 4. Low frequency instabilitie
can lead to a gradual decline in density with increasing m
netic field;31 however, no such instabilities are observed
the discharges shown here, possibly because of the mag
field inhomogeneity and the relatively low magnetic fie

FIG. 3. The Langmuir probe~see Fig. 1! measures a typical radial electro
density profile that is highly peaked. For this case, 2500 W of rf power
delivered to the plasma. The mirror coil current was 1000 A while
solenoid coil carried 55 A giving a magnetic field strength under the ante
of roughly 0.025 T under the antenna. Deuterium with a gas flow rate o
sccm was used giving a pressure of;12 mTorr downstream. The circle siz
indicates the shot-to-shot variation over 2 to 4 shots.
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operation. Rather, the very sudden drop in density abov
prescribed magnetic field appears to be correlated, as sh
in the later modeling results, with an increase in the pow
threshold for accessing the high-density helicon mode of
eration. Below this threshold, hollow discharges can occu
Mini-RFTF depending on the neutral collisionality, similar
those reported by Balkey.20 The modeling results also indi
cate that low magnetic field operation has a lower pow
threshold, but that the density in the high-density helic
mode is limited by classical radial diffusion.

In contrast to the hydrogen results, high-density heliu
plasmas (ne.1019 m23) have been produced in th
Mini-RFTF,6 and by others,15,11,31 at high values of static
magnetic field,B, for which v!v lh . This regime has not
been well explored in helicon sources, and it is desirable,
some applications, to replicate the highuBu helicon operation
with hydrogen. Additional experimental and modeling effo
with regard to the mass dependence will be performed
future work, and our focus for this paper will be on th
hydrogen results.

IV. MODELING FOR AXIALLY VARYING SYSTEMS

The modeling of the experiment is performed by iter
ing between an high-resolution rf calculation and a transp
model based on the power deposition given by the rf cal
lation. We describe the rf calculation in Sec. IV A and t
transport model in Sec. IV B.

A. RF modeling

Maxwell’s equations for the linearized cold plasma r
sponse can be written as19

¹3EW 5 ivBW , ¹3BW 5m0JWext2 ive0m0K̃•EW ,
~2!

K̃5S S 2 iD 0

iD S 0

0 0 P
D , EW 5~E'1 ,E'2 ,Ei!,

s

a
2

FIG. 4. The hydrogen plasma parameters obtained using a quadrapol
tenna in Mini-RFTF show a strong dependence on mirror ratio and
magnetic field near the helicon antenna. Power delivered to the plasma
;1800 W at 16 MHz in all cases. The lower hybrid resonance appear
the antenna region for all magnetic field strengths*0.0245 T.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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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 mirror coil~700 A in
mirror coil, 56 A in solenoid!. The rf frequency was taken to be 16 MHz. The density was obtained by iterating the rf and transport calculations to conv
for 2 kW of rf power. All units are in MKS. The field values are normalize to 1 A~peak in time! in each helical segment of the antenna.
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where P512( j (vp j
2 /v2), S512( jvp j

2 /(v22vc j
2 ), and

D5( j (vc j /v)•vp j
2 /(v22vc j

2 ) describes the Hall contribu
tion to the plasma current. In these equations,EW and BW are
the complex rf electric and magnetic field vectors, resp
tively, with implicit exp(2ivt) time dependence, andJWext

represents rf current sources from the antenna; all units
MKS. The '1 and'2 directions are orthogonal and a
perpendicular to the direction of the static magnetic fie
The i direction is that of the static magnetic field.

The rf modeling here uses a new code, EMIR3, t
retains finiteEW i , and therefore the slow wave, to solve E
~2! in cylindrical coordinates. EMIR3 uses a staggered co
putational grid that remains accurate in both vacuum
plasma regions. Perfectly conducting boundary conditi
are implemented at support structures inside the computa
domain to reduce the condition number of the matrix. Re
larity of the solution is enforced on the axis. The effec
caused by radial feed currents for the antenna are inclu
Cases retaining finiteEW i are computationally demanding be
cause very-short-wavelength electrostatic modes at the lo
hybrid resonance must be resolved accurately to obtain g
numerical solutions.

The rf fields are expanded in a periodic Fourier sum
the azimuthal coordinate,u (5'2), to reduce the three
Downloaded 19 Feb 2003 to 139.169.215.14. Redistribution subject to A
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dimensional field problem to a sum over two-dimension
solutions weighted by the Fourier spectrum of the anten
Absorption is introduced in the cold plasma model by add
an imaginary collision frequency to the RF frequency. T
helical shape of the antenna is input to the code by con
ering rectangular strips of current spiraling on a constanr
surface. For the calculations presented here, the current a
the strip is assumed to be constant (¹•JWext50), ignoring any
direct capacitive coupling.~Note that electrostatic modes i
the plasma can still be excited because of inhomogeneitie
the antenna and the plasma.! The rf calculations for all re-
sults presented here used 130 radial and 1200 axial grid
cations to resolve short wavelength surface modes near
lower hybrid resonance. Typical results for the various fie
polarizations and power deposition are shown in Fig. 5.

B. Transport modeling

To obtain a self-consistent plasma density profile, we
a flux-tube-averaged power balance with a particle balanc
which the plasma source rate is determined from the dep
ited rf power, similar to work by Yasaka.17 Diagnostics in the
EMIR3 code allow the deposited power density to be cal
lated on radially concentric flux tubes upstream of the m
netic field maximum. This information is then used in th
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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transport model described below and iteratively fed back i
the EMIR3 code to recalculate the rf fields with the upda
plasma density.

The transport model assumes that power deposited
ally upstream~see Fig. 1! of the maximum magnetic field is
rapidly carried by parallel thermal conduction along fie
lines upstream on the flux tube. The plasma flowing dow
stream of the magnetic field maximum is assumed to exp
rapidly without contributing significantly to the source. No
that, with the inclusion ofEi in the rf model, little power
deposition has been observed downstream of the mirror
cation, contrary to results obtained whenEi was neglected,32

so that the effect of power deposition downstream of
mirror throat is insignificant for the cases presented here

1. Particle transport

Using a single fluid treatment for the steady state plas
density,n, we assume that ambipolarity is handled primar
along field lines, so that any radial currents are relaxed
field line connections at the ends. Such a diffusion mo
takes the following form:

S~c,s!'2
]

]s
D i

]n~c,s!

]s
2

]

]c
Dc

]n~c,s!

]c
, ~3!

whereS(c,s) is the local source rate,D i is the collisional
parallel diffusion coefficient for weakly ionized plasma,30

Dc is the perpendicular diffusion coefficient,c is the flux
tube label, ands is the distance along a field line.

The plasma source is a complicated function of elect
temperature and density as well as the densities of any
tral species in the device. These quantities are not w
known spatially and are very difficult to model. However,
robust model can be obtained by averaging the source ov
magnetic flux tube,S(c,s)→S(c), and assuming the sourc
rate on a flux tube is proportional to the total rf power d
posited on that tube. Such a model provides the aver
value for the electron density on a flux tube and allows
rameterization of the density along a field line that is cons
tent with the flux tube average. For a uniform geome
separation of variables indicates a parabolic shape for
density distribution along a field line ifD i is independent of
s. AssumingD i is weakly dependent ons, one can conside
a flux tube average by using

n~c,s!'a~c!s21b~c!s1Nu~c!, ~4!

whereNu is the density at the upstream boundary of a fi
line. The axial fitting parameters for the density depende
along the field line,a andb in Eq. ~4!, are determined by the
boundary conditions at each end of a field line. In a ‘‘long
thin’’ approximation, the density evolution follows:

S~c!'Cs~f!^n&/Leff24p
]

]c
^Bz~z!Drr &c

]^n&
]c

, ~5!

where ^n& is the average plasma density on the flux tu
c'pr 2Bz(z) is the magnetic flux label,S is the ionization
source rate,Drr is the radial diffusion coefficient,Cs is the
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sound speed, andLeff is the effective confinement length o
the flux tube, including any mirror or collisionally enhance
confinement effects.

Leff can be determined by the loss rates at each end
flux tube. For mirror-constricted sonic flow at the ends,

FD i

]n

]zG
zd

52
CsNd

ARd

, FD i

]n

]zG
0

5
CsNu

ARu

, ~6!

gives

Leff5
zd

2 F2ARuRd12a~ARu1ARd!/31a2/6

ARu1ARd1a
G , ~7!

where the upstream mirror has a mirror ratio ofRu , and the
downstream mirror has a mirror ratio ofRd . Mirror ratios
are determined from the midpoint between the bound
condition locations on a field line. The densities,Nd andNu ,
in Eqs.~6! and ~7! are located, respectively, at the upstrea
(z50) and downstream (z5zd) locations for each field line.
The parametera[zd/2le is the ratio of half the distance
along a field line to the electron collisional mean free pa
le .

The parabolic axial approximation with mirror-restricte
sonic losses at each end has implications for applications
require tailoring of the axial density profile. One implicatio
is that the maximum density along a field line can be shif
toward the end of the device having the highest mirror ra
The axial location of the maximum density along a field lin
zm , is given by

zm5S zd

2 D 2ARd1a

ARd1a1ARu

. ~8!

Thus, for highly collisional systems wherea@ARu,ARd, the
maximum density along a field line remains nearly cente
between the sonic boundary points, regardless of the mi
ratios. To move the maximum density closer to the dow
stream mirror location, as desired for some applications,
model indicates that operation should be done withARd

*a and Ru50 ~an upstream cusp!. However, the average
density on a flux tube may also be reduced ifa becomes too
low, as shown in Eq.~7!, because of reduced axial collision
confinement. The density at the downstream sonic bound
~taken to be the mirror choke location in the simulation!,
Nd , given by

Nd5
^n&ARd~a12ARu!

2ARuRd12a~ARu1ARd!/31a2/6
, ~9!

is proportional toARd for fixed average density on a fiel
line. However, another implication of the model is that t
ratio of the downstream particle flux,Gd , to the upstream
particle flux,Gu , per Eq.~6!, is

Gd

Gu
5

a12ARu

a12ARd

. ~10!

Thus,Ru.Rd is required forGd.Gu , and the fluxes become
nearly equal in the collisional limit,a@2ARu,2ARd.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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2. Power transport

A power balance is required to complete the parti
conservation equation. Rather than attempting to solve
the electron temperature or distribution function, we cho
a simple power balance on a flux tube to complete the s
tem:

Prf~c!5Pi~c!1Paxial~c!1Pradial~c!, ~11!

wherePrf is the rf power delivered to the plasma,Pi is the
power lost through electron–neutral collisions during t
ionization process,Paxial is the power lost axially along field
lines, andPradial is the power caused by radial diffusion o
plasma into or out of the flux tube. For the ionization mod
we assume a fixed energy cost per electron/ion pair,Ei , so
that S5Pi /Ei . For thermalized electron distributions wit
temperature,Te , that is a significant fraction of the hydroge
ionization potential,Ei*36 eV.33,34However,Ei is sensitive
to the electron energy distribution, and could significan
exceed 36 eV for low values ofTe . Note that the value ofEi

only represents the ionization potential and radiative and
sociative losses; it does not indicate the overall efficiency
ionization in the device. For axial losses, we assumePaxial

'fCs^n&(c)/Leff , wheref is the electrostatic potential o
the flux tube. For radial power redistribution caused by d
fusion, we assume

Pradial524p
]

]c
f^Bz~z!Drr &c

]N

]c
.

With these definitions, Eqs.~5! and~11! give a closed equa
tion for the plasma density

Pr f ~c!

Ei
'Cs~f!N~c!~11f/Ei !/Leff

24p
]

]c
^Bz~z!Drr &~11f/Ei !c

]N

]c
. ~12!

Multiplying Eq. ~12! through byEi explicitly demon-
strates the power balance for the system and provides ph
cal insight for the rf power losses,

Prf~c!'Cs~f!N~c!~Ei1f!/Leff24p
]

]c
^Bz~z!Drr &

3~Ei1f!c
]N

]c
. ~13!

Terms proportional toEi in Eq. ~13! represent the powe
required to ionize the neutral gas. Terms proportional tof
represent power lost because of the kinetic energy carrie
ions as they fall through the electrostatic potential. Typica
for Mini-RFTF, f;Te is much less thanEi*36 eV, and one
observes that the power balance is dominated by the ion
tion process rather than the kinetic energy of the escap
plasma. Simple estimates indicate the ultimate fate of
total rf power. As a hydrogen ion leaves the system, each
carries its ionization potential, 13.6 eV, plus a small amo
of energy,;2 eV, required to dissociate the original H2 mol-
ecule, plus its kinetic energy,;f, so that (13.6 eV12 eV
1f)/(Ei1f)&50% of the power is carried with escapin
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ions. This energy will ultimately appear at any location of t
device where atomic and molecular recombination occ
The remaining *50% of the rf power, (Ei213.6 eV
22 eV)/(Ei1f), is lost to radiation processes during in
elastic collisions between electrons and neutral atoms
molecules. The ultimate fate of these radiated photons
pends upon the materials in the system. Most of the radia
power is likely to be lost to absorbing structures or transp
ent apertures in the Mini-RFTF.

In greater detail specific to the computer modeling, fie
lines intercept a solid boundary multiple times for som
magnetic geometries, preventing a consistent radial boun
condition for Eq.~12! over the entire length of the flux tube
Rigorously, a fully two-dimensional transport model,
given by Eq.~3!, is required for these re-entrant flux tube
and for any conditions where the radial losses begin to do
nate the axial losses. But, the insight offered by the parab
model helps to shed light on the effects of the axial inhom
geneity of the magnetic field on density, and in any case,
density drops over a short radial scale length where the o
flux tubes have very short magnetic field connection leng

In the computer model, the upstream field-line termin
tion points are found along the ceramic~quartz! tube and
along any conducting boundaries in the vacuum system.
downstream boundary condition is specified near the m
mum downstream magnetic field location. The parabo
model is applied along each field line based on the flux-tu
averaged density. Inconsistencies near the boundary l
where field lines terminate upstream near the antenna
ignored because they can only be properly handled in a f
two-dimensional transport model. However, these incon
tencies appear to have only modest implications for
Mini-RFTF magnetic geometries considered here and
handled in the code by truncating the density in the reg
radially outside the ceramic tube.

Numerical evaluation of the flux-tube-averaged quan
ties are obtained by discretizingc and by numerically map-
ping the cylindrical computational grid onto thec grid. Eq.
~12! is then solved numerically for an initial density profi
and is iterated to convergence by using the RF results f
the previous EMIR3 calculation to calculate a new dens
profile based on Eq.~12!. The axial dependence that main
tains the flux tube average is then applied. Transport par
eters in Eq.~12! are estimated with the formulas found
Ref. 30.

The total power delivered by the transmitter must
reduced by the parasitic power lost in the rf circuit includi
the antenna,Pc . Considering the frequency dependen
caused by the finite skin depth in the conductor,Pc

'(1/2)CcAf MHz I rf
2 , with f MHz the driven rf frequency in

megahertz.Cc is estimated from the experimental setup to
between 0.015 and 0.03V/MHz1/2 for the Mini-RFTF circuit
used for these comparisons. Plasma loadings for typical
eration in the Mini-RFTF range from;0.5 to 2V. Thus, for
all of the comparisons presented in this paper, the loadin
sufficient to provide a good match to the plasma, and los
to the circuit are negligible.

The presheath potential along a field line is strongly
fluenced by collisionality, the source rate, and the flux tu
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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average of the electron temperature. It may be further c
plicated by the ponderomotive force in some regimes
complete modeling including the electron distribution is b
yond the scope of the model here. Rather, we seek to iso
important physical effects, so we assume the flux tube po
tial in Eq. ~12! is given by

f'Te1apfp~c!, ~14!

wherefp is the flux tube averaged ponderomotive poten
estimated from the parallel rf electric field calculation,Te ,
assumed constant, is proportional to the electron temp
ture, andap,1 is a free parameter in the model. The EMIR
diagnostic generates an estimate for the maximum pond
motive potential~in volts! by using a simple approximatio
that is reasonable far from the ion cyclotron frequency,

fp'
euEiu2

4mev
2 '4.431010uEiu2~c!/v2, ~15!

whereuEiu2(c) is taken to be theu average of the maximum
value of the parallel electric field along a field line within th
upstream range of the flux tube. With such a model, we
vary ap between zero and one to compare results based
no ponderomotive effect with results having the largest p
sible ponderomotive effect.

V. COMPARISON BETWEEN MODEL AND
EXPERIMENT

The magnetic field parameters for the Mini-RFTF dev
are calculated accurately in the EMIR3 model by using a c
filament model. The quadrupole rf antenna is modeled wi
single azimuthal Fourier mode because the phased ant
structure is effective at isolating this wave. Parameters
the transport model are taken by following field lines and
performing flux surface averages. Field lines that termin
at more than two locations along the system are not d
with individually; rather, they are folded into the average,
discussed in Sec. IV. In Fig. 6, the model results are over
with experimental results from Fig. 4. Over the range
parameters studied, reasonable agreement is found bet
the final density state in the model and the experiment w
we use classical electron radial diffusion~described below!
and axial collisional confinement that is enhanced by m
netic mirror effects. Typical results from the model for th
waves, the final density profile, and the power depositi
found above the power threshold are shown in Fig. 5. N
the focusing effect on fields from the helicon mode neaz
50.5 m.

In the remainder of this section we discuss how class
radial diffusion gives the best agreement with the experim
tal results, and possible shortcomings in the transport mo
in Sec. V A. The power threshold for high density operati
and the formation of hollow radial density profiles at hig
magnetic fields is shown in Sec. V B. The effect of rf pow
deposition in the edge on the efficiency of the device, and
possible role of the lower hybrid resonance is discusse
Sec. V C. A qualitative comparison of the antenna load
and the reasons for an absence of significant cavity effec
both the experiment and the model are given in Sec. V
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Ponderomotive effects and the possibility of generating
very small population of high energy ions in the downstre
halo plasma is discussed in Sec. V E.

A. Radial transport scaling

For radial diffusion, two scalings for̂Bz(z)Drr & were
compared with experimental results. One scaling was
Bohm diffusion wherê Bz(z)Drr

Bohm&'0.06Te Tm2/s, with
Te in electron volts, is independent of the magnetic fie
depending only on the electron temperature. The other s
ing was for classical electron diffusion based on the to
electron collision frequency,ne , such that ^Bz(z)Drr

Class&
'^neBre

2/2&'3310212Te^ne /B&Tm2/s with Te in electron
volts andB in Tesla. For the comparison with experiment
results, we found that classical electron diffusion gives
best fit to the experimental results and that Bohm diffusion
nearly an order of magnitude too large to explain the high
density discharges that are observed.

The model with classical diffusion for the radial electro
transport matches the experimental data reasonably wel
high magnetic fields for downstream mirror ratios of bo
Rd'4.5 andRd'2.4 ~Fig. 6!. However, the classical diffu-
sion model tends to over-predict the density for lower ma

FIG. 6. EMIR3 modeling results based on classical diffusion give reas
able agreement with experimental results from Fig. 4. An electron temp
ture of 5 eV was used for all simulations. A drop in the electron tempera
caused by enhanced radial losses, with a resulting increase in radi
losses, may explain the discrepancy for the low magnetic field cases.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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netic field cases, especially for the case with the lower mir
ratio of 2.4 shown by the experimental results in Fig. 6. T
most apparent shortcomings of the flux-tube-averaged m
used in this paper are the lack of self-consistent models
the electron temperature and the neutral density, but o
effects could play a role. The exploration into the cause
this discrepancy remains for future work, but the followin
are likely candidates.

~1! The neutral gas distribution, and the resulting co
sion rate, may vary significantly with plasma density f
fixed input power.

~2! The mismatch between the flux tube and the qua
tube, especially forRd'2.4, may require a fully two-
dimensional transport mode to accurately account for ind
tive coupling and rapid transport near the edge of the plas
The two-dimensional effects can become important when
radial losses begin to dominate the axial losses.

~3! Enhanced radial losses at low magnetic fields co
lower the electron temperature, thereby increasing the ra
tion losses and requiring an increase inEi in the model. Any
such additional radiation losses would directly reduce
plasma source rate in the model.

~4! The ion gyroradius can become a significant fract
of the plasma radius at very low magnetic fields and c
influence the confinement by changing the mechanisms
maintaining ambipolarity.

If instabilities are present, they would also require co
sideration in the transport model, although instabilities
not observed for the data presented here.

B. Power threshold for high-density operation

The iterative model described here tends to form t
types of steady-state density profiles, depending on the
rf power delivered to the plasma. One type has relatively l
plasma densities that are either hollow at relatively h
magnetic field strengths, or nearly uniform in the radial
rection at relatively low magnetic fields where radial loss
dominate the entire discharge. The other profile, consis
with the helicon mode, has high density with a radial profi
that is very peaked on axis. A transition between these
types of profiles occurs above a threshold power. In Fig
we show the profiles obtained as the power level increa
for different magnetic field strengths at fixed magnetic g
ometry ~downstream mirror ration ofRd'4.5). The power
threshold increases with increasing magnetic field stren
and no transition is found below 10 kW for a modeling ca
with 1200 A in the mirror coil and 96 A in the solenoid
which corresponds to a magnetic field near the antenn
about 0.04 T.

The experimental measurements to directly verify
mechanism for the power threshold to achieve highly pea
density profiles are not available. However, the mechan
for this transition is clearly shown in the model. Figure
shows the flux-tube-averaged power density as a functio
Ac to indicate the radial dependence of the power dep
tion. As shown in Fig. 8~note the logarithmic scale!, when
the plasma density and coupled power are low~i.e., 0.5 kW!,
most of the power is deposited in the edge of the discha
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(Ac'0.006) through inductive coupling. This inductive
coupled power deposited at the edge is relatively ineffici
as a plasma source because rapid transport in this region
occur both radially and along field lines with short conne
tion lengths in the edge. However, plasma can diffuse ra
ally inward from this edge localized source to begin fillin
the central region of the discharge. As the power increa
the density rises, the plasma screens the evanescent m
into a narrow radial layer, and the plasma diffuses radia
inward until a fast helicon mode begins to propagate. T
fast helicon wave can then couple power through collision
damping mechanisms near the axis of the plasma where
finement is good. Further increases in power raise the den

FIG. 7. Radial density profiles at the axial Langmuir probe location~see Fig.
1! are plotted versus coupled rf power to form density contours illustrat
the power threshold. For the three cases with magnetic fields near the
tenna of 0.011 T, 0.025 T, and 0.032 T, the density profiles at the pr
change from hollow for low powers on the left side of the plot, to high
peaked as the rf power increases toward the right. For the highest mag
field case with 0.042 T near the antenna, no peaked profiles are found
the range of power shown. Thus, the power threshold for achieving
helicon mode of operation increases sharply with increasing magnetic
for fixed magnetic geometry because axial confinement begins to dom
the radial transport. The cases shown here model a range of power leve
conditions that otherwise match the experimental setup used forRd54.5
shown in Fig. 6.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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and power deposition on axis until the radial density gra
ents become inward everywhere across the plasma. At
power and density combination, radial diffusion at the ed
exhausts plasma from the region, steepening the profile a
edge and causing a transition to a highly peaked den
profile above the power threshold. Thus, a factor of
change in the rf power from 0.5 kW to 3 kW increases t
central power density by roughly two orders of magnitud

C. Fractional edge deposition for high-density
operation

The fraction of the power deposited by perpendicu
plasma currents inside a given radius is calculated b
2*u*z*0

r EiJir dr dz du/*u*z*0
r EW •JW r dr dz du. This inte-

grated power is shown for a case above the power thres
for high-density operation in Fig. 9. The details of the ax
deposition are shown in Fig. 10 and can also be infer

FIG. 8. The normalized power density shows the transition from induc
heating at the edge to central heating by the helicon mode as the pow
increased.

FIG. 9. Roughly half of the coupled rf power is deposited in the evanes
edge region, just inside the quartz tube, and axially localized near the
tenna~see also Fig. 5!. The case shown here is for 2 kW of total rf pow
with 700 A in the mirror coil and 56 A in the solenoid~roughly 0.024 T near
the antenna!.
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from Fig. 5. Figure 9 indicates the parasitic effect of pow
deposited by evanescent fields in the edge for the h
density mode of operation. Much of the plasma generated
the power deposited in the edge will either be transpor
radially to the quartz tube or axially along short connecti
lengths to obstructions in the edge layer.

Also from Fig. 9, the deposition caused by paral
plasma currents accounts for more than half of the tota
power coupled by the antenna, indicating the importance
keeping the parallel field components in the model. Pow
dissipated near the axis by the perpendicular componen
the plasma current must come from the helicon wave. P
pendicular fields also contribute to absorption in a very t
layer near the surface of the quartz tube. Typically for t
parameters studied here, we find that, depending on the
figuration, from;40% to ;70% of the power can be de
posited by the dissipation of parallel plasma currents in lo
wavelength modes or evanescent fields. We also find
relatively little power is dissipated by short-wavelength ele
trostatic modes because these tend to occur in region
relatively low plasma density.

A comparison of the axial power and density profil
from the model for three magnetic field cases with conto
of the lower hybrid resonance is shown in Fig. 10. The
cases correspond to those shown in Fig. 7 for 3 kW of pow
delivered to the plasma. All of these cases are above
power threshold for high-density operation, and the low
hybrid resonance appears beneath the antenna in the
with 700 A and 56 A in the mirror and solenoid coils, respe
tively. The axial density profiles are averaged along a rad
cord to simulate results that might be measured by an in
ferometer. Note that the power deposition on axis from
helicon mode is not affected by the location of the low
hybrid resonance. However, the threshold to achieve
high-density mode of operation does appear to be affecte
the presence of the lower hybrid resonance near the ant
as shown in Fig. 7.

The model is consistent with the experimentally o
served window for operation near the lower hybrid resona
when using hydrogen in Mini-RFTF. The use of heav
gases in the model leads to increased axial confinement t
proportional to the square root of the ion mass, which wo
significantly reduce the power threshold for achievi
peaked, high-density operation. More investigation is nee
to determine the detailed effects caused by the lower hy
resonance. However, these results from the model indi
that the presence of the lower hybrid resonance in the
density layer directly beneath the antenna may influence
parasitic coupling to the edge for high density operation.
general, increasing the magnetic field increases the ra
confinement and density of the device, but the presence
lower hybrid resonance in the near-field region of the a
tenna can increase the power coupled to the edge, the
reducing the power available to the centrally damped heli
mode. Thus, the presence of a lower hybrid resonance in
antenna near-field region can raise the power threshold
high-density operation, although the details of the proc
may be complicated by ponderomotive expulsion of plas
in the near-field region. Significant variation in the geome
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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 stre
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.r
deposition on axis, caused by collisional damping of the helicon mode, is not sensitive to the location of the lower hybrid resonance. However,er
threshold to achieve peaked high-density operation is sensitive to the location of the lower hybrid resonance. The scale for power deposition is bd on an
rf current of 1 A in each antenna. The line-averaged density is determined from iterating the model to convergence with 3 kW of power delivered to tsma
for all cases.
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of the experiment may be required to isolate effects cau
by the lower hybrid resonance from those caused by tra
port and nonlinear processes.

D. Cavity effects and loading

Cavity effects can significantly influence the operation
systems with damping lengths larger than the size of
cavity, and both traveling waves and eigenmodes consis
with Eq. ~1! have been observed in rf wave measurement
helicons.8,4 Nisoa,16 for example, has used a carefully co
structed system with nearly uniform axial parameters
study the effects of eigenmodes on damping. However,
nonuniform systems, an accurate model must consider
inhomogeneities that can alter these eigenmodes. For
tems with strong axial variations,1,6 the primary factors in
determining this eigenmode behavior are the axial magn
geometry and the resulting plasma itself.

Earlier modeling attempts that neglected parallel rf el
tric fields32 indicated that cavity effects could play a role
the Mini-RFTF. However, strong cavity effects on the
loading are not evident in the typical experimental operat
for Mini-RFTF, and no strong evidence is found for them
the EMIR3 modeling results described here. Thus, we fi
that adding the parallel rf electric field to the rf mod
strongly buffers cavity effects in the Mini-RFTF device b
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providing an alternate absorption mechanism. This altern
absorption is predominantly inductive heating very near
antenna.

The antenna coupling~loading! in the model remains a
surprisingly weak function of power despite the vastly d
ferent densities obtained for different rf powers. The pow
delivered to the plasma normalized to 1 Amp~peak in time!
of rf current for different powers below and above the pow
threshold are shown in Fig. 11. Variations in capacitor s

FIG. 11. Real power coupled by the antenna for rf currents of 1 A, pea
time, is calculated by the EMIR3 code. The loading remains surprisin
invariant with density changes below and above the power threshold.
perimental loading values were not measured, but estimates based o
pacitor positions indicate loading variations of roughly a factor of 2 and
not inconsistent with the model results.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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tings for the experiment required to maintain the match
dicate that the loading changes by less than a factor o
consistent with the modeling results. Variations in the re
tive loading are less than 20% in the model results.

The dip in the power deposition on axis near 0.6 m
Fig. 10 may be caused by a transition in the radial mo
structure of the helicon wave as shown in Fig. 5. This tr
sition appears to be caused by geometric effects and a
variations in the cavity; however, further work is required
verify that cavity effects are playing a role.

E. Ponderomotive effects

Figure 12 gives the modeling results for the maximu
ponderomotive potential on a flux tube for various pow
with 700 A and 56 A, respectively, in the mirror and soleno
coils. As shown in Fig. 12, the ponderomotive potential c
become comparable with the electron temperature~assumed
to be 5 eV in all simulations! near the edge of the discharg
at Ac'0.006. The dominant contribution to the paral
electric field inside the quartz tube is from evanescent fie
that are axially localized near the antenna. In comparis
~not shown! between cases withap50 andap51, we find
that the ponderomotive potential only weakly affects t
power threshold to reach the high-density mode, and it is
important in the high-density central region above the pow
threshold. However, in some geometries, it may be sign
cant near the plasma edge. These results indicate that a b
method for estimating the role of the ponderomotive pot
tial would be useful for understanding phenomena in
discharge.

The ponderomotive force may play an interesting r
downstream from the quartz tube. In this region, radial d
fusion allows a halo of plasma to form around the ma
discharge. The power deposited in the downstream h
plasma is typically a small fraction of the total couple
power as shown in Fig. 8, but large parallel fields can
generated by electrostatic waves in this region. Using

FIG. 12. The maximum estimate for the ponderomotive potential beco
negligible for high-density operation, except near the plasma edge.
high ponderomotive potentials may be possible in the downstream
region.
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field amplitude information from the model, as shown f
example in Fig. 5, one sees that rf waves propagating do
stream from the quartz tube can excite large parallel elec
fields in this low-density halo plasma near the lower hyb
resonance~axially between 0.75 and 0.95 m in Fig. 5!. Al-
though the ponderomotive calculation used in this mode
far too primitive to accurately estimate the change in pot
tial caused by these fields, it does indicate that enhancem
in the potential in the low-density halo plasma could be
order of magnitude larger than potentials found in the m
column. These enhanced potentials could give rise to a s
number of high energy ions generated in the downstre
halo, as are observed in the sister facility to Mini-RFTF l
cated at the Advanced Space Propulsion Laboratory; h
ever, more work is necessary to verify such a mechanism

VI. CONCLUSIONS

Several methods for producing high-density dischar
(.1018 m23) have been found in the Mini-RFTF facility. To
date, most of these methods were discovered empiric
based on past experience. In this paper, rf modeling has b
used to further explore the operation of this device. T
modeling work represents an initial attempt to simulate pl
mas in the Mini-RFTF device and to compare the resu
with experiments in hydrogen discharges.

The model includes an accurate rf calculation for co
plasma, including the slow wave, and a simple diffusi
transport model. The transport model considers radial
axial diffusion with averages taken along concentric fl
tubes and boundary conditions for sonic flow at the ends
each flux tube. Classical electron diffusion in the mod
shows good agreement with the experiment for the ope
tional regimes considered while radial Bohm diffusion w
typically an order of magnitude too large to match the e
perimental results. From these comparisons and by stud
the behavior of the model, we conclude that a soft pow
threshold to reach high-density operation with peaked p
files in the Mini-RFTF~the helicon mode of operation! is the
result of a nonlinear synergism between transport losses
rf power absorption near the edge, and the propagation
absorption of the helicon wave near the axis.

The synergism in the model arises because of the
power coupled inductively near the plasma edge and
transport of the plasma in the edge region. Large evanes
parallel electric fields near the antenna can give rise to
ductive coupling in a narrow edge layer asc/vpe becomes
small compared with the radius of the device. This pow
helps to initiate the discharge, but it reduces the efficiency
the device for high-density operation. In the transition to
state with high-density, inductive coupling becomes loc
ized near the edge under the antenna as the power incre
and radial transport allows plasma to diffuse into the cen
As the power increases toward the threshold from below,
density increases and begins to isolate the region of h
parallel electric fields in the edge region where plasma is
rapidly by classical electron radial diffusion. However, wi
sufficient power, the inductive layer becomes thin and
density becomes high enough to begin supporting a co
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sionally damped helicon mode. The helicon mode dam
near the axis because of the radial mode structure of
helicon wave. The increasing density further screens the
allel electric fields in the edge, reducing the radial range
the edge damping and further reducing the fractional po
deposition near the edge. Thus, the plasma profile in
model shifts from one that is flat or even hollow at lo
powers to one that is highly peaked above the power thre
old. The presence of the finite-density lower hybrid res
nance in the near field region of the antenna may influe
the edge damping and modify the power threshold.

The power threshold depends on collisionality and
creases with increasing magnetic field. In the model, ra
diffusion dominates operation at low magnetic fie
strengths, allowing sufficient plasma to reach the center
support the helicon mode near the axis at lower power le
than are required for higher magnetic field operation. Ho
ever, the maximum achievable density at a given power le
is lower for low rather than for high magnetic field operati
because of the larger radial diffusive losses. At high m
netic fields, axial losses begin to dominate radial diffusion
that plasma formed by inductively coupled power in the ed
has more difficulty diffusing inward to support the helico
mode.

The model indicates that power losses in the plas
edge, through inductive coupling mechanisms near the
tenna, can become parasitic to the helicon’s operation
high-density and high magnetic field. Again, this inducti
coupling at the edge may be affected when the lower hyb
resonance is located in the edge near the antenna. The l
hybrid resonance may also play a role in the time evolut
of the discharge to the final high-density helicon state. M
work to investigate the precise effects of the lower hyb
resonance and the plasma behavior in the near-field regio
the antenna is needed.

The model indicates that the ponderomotive force c
become significant near the edge of the plasma and do
stream from the discharge, where a lower hybrid resona
typically exists. The details of the self-consistent electrost
potential are beyond the scope of the model used here. H
ever, this simple model indicates that a low-density halo
gion downstream from the quartz discharge tube could p
duce high plasma potentials with the possible production
high ion energies for some modes of operation. Additio
modeling effort and experimental measurements are requ
to further investigate this possibility.

More work is also required to determine how far t
present model can be extended into other parameter regi
and what improvements are necessary to accurately sim
the experiment in those regimes. The following possible
ture refinements to the model may further improve the co
parison with experimental results: a consistent electron t
perature calculation including radiation losses; a consis
model for the neutral density; a fully two-dimensional tran
port calculation; and a better calculation of the plasma
tential, including ponderomotive effects. Further diagnos
are also needed to spectrally analyze the field results f
the EMIR3 code for rf powers below and near the pow
threshold. Additional efforts should also consider startup s
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narios with power deposition near resonance cones as
scribed in Refs. 11 and 23. Additional experimental work
the comparison would include careful neutral pressure sc
measurements of the electron temperature, and possible s
troscopic measurements of the neutral species inside
plasma.
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