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Helicon experiments and simulations in nonuniform magnetic field
configurations
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Wave, antenna impedance, plasma density, and temperature anisotropy measurements are carried
out for a helicon plasma source in nonuniform and uniform static magnetic fields. Strong axial
density gradients associated with the nonuniform magnetic fields are observed to affect wave fields,
absorption, and source efficiency. The wave field and antenna input impedance measurements are
compared with a new simulation code which also calculates Poynting power flow and wave
absorption profiles. Wave amplitude measurements are shown to decay more rapidly and the phase
velocity varies over a wide range for the nonuniform static magnetic field case. ©1999 American
Institute of Physics.@S1070-664X~99!00608-4#
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I. INTRODUCTION

Helicon plasma sources have been investigated for t
antenna coupling and wave mode properties as well as
mechanisms for efficient ionization, which has be
achieved by researchers including Boswellet al.,1 Komori
et al.,2 Shoji et al.,3 and Chenet al.4 Recently, researcher
including Molvik et al.,5 Ellingboe et al.,6 Degeling and
Boswell,7 and Chen and Hershkowitz8 have examined fas
electron production and Keiteret al.9 have examined helicon
wave frequency dependent effects. These sources have
riety of applications including materials processing,10 a
plasma source for magnetic fusion studies,11 sources for
simulating space plasma interactions,9 laser plasma
sources,12 and for space plasma thrustors.13

Helicon plasma sources in nonuniform magnetic fie
have previously been investigated by researchers inclu
Boswellet al.,14 Chenet al.,15,16and Gillandet al.17 The pri-
mary observation has been an increase in the plasma de
when a cusp or nonuniform magnetic field has been place
the vicinity of the helicon antenna. The reasons for this
creased plasma density have not been examined in deta
fast electrons and improved confinement are mentioned
possible contributors to the observation. We have carried
experiments and measurements on the effects of nonuni
magnetic fields on the source operation including axial a
radial density profiles, the position and role of the electr
cyclotron resonance (v5vce), the gradient in the magneti
field, the antenna input impedance, the wave magnetic fi
variation and wave number spectrum, and the transverse
longitudinal electron temperatures. In addition to this,
have utilized a new two-dimensional~2-D! (r ,z) finite-
difference, full-wave, helicon simulation code we develop
MAXEB,18,19 to compare with the experimental results. Th
research has been carried out to explore the physics invo
and enhanced ionization efficiency occurring in nonunifo
magnetic fields for efficient plasma production.

This paper is organized as follows. A description of t
experimental configuration and diagnostics is presented
Sec. II. The experimental measurements and the corresp
ing simulations are discussed in Secs. III and IV, resp
3401070-664X/99/6(8)/3400/8/$15.00
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tively. In Sec. V, we discuss plasma confinement and lin
and nonlinear wave processes in interpreting the obse
tions and correspondence with the simulations.

II. EXPERIMENTAL APPARATUS AND DIAGNOSTICS

A. Plasma source

The radio-frequency helicon plasma source facility
schematically shown in Fig. 1. The plasma chamber is m
of 10-cm-diam by 122-cm-length cylindrical Pyrex™ pipe
and is pumped to a base pressure of 331027 Torr by a 550
l /s turbomolecular pump. Diagnostic probes can be inse
through radial ports on the Pyrex pipe and end plate flang
A nude Bayard–Alpert ionization and a Baratron press
gauge are used to measure low~less than 1024 Torr! and
high ~above 1 mTorr! pressures, respectively, through
gauge controller.

A 13.56 MHz, 1.4 kW rf power amplifier is connected t
a Nagoya type III~15-cm-long! antenna through a matchin
network to couple rf power to the plasma. In order to provi
long probe lifetime in a Pyrex glass chamber, the rad
frequency source is operated in a pulsed mode with a p
width of 8 ms and 10% duty cycle. The rise time of the
power is 15ms and the fall time is 3ms. Working gases, such
as argon and nitrogen, are fed into the chamber via fl
controllers and a gas mixer through a radial port. A sta
magnetic field (B0) of up to 1.5 kG is produced by a set o
solenoid coils 7 cm thick with inner and outer diameters
20 and 50 cm, respectively. We have examined two type
axial magnetic field configurations, i.e., a uniform magne
field and nonuniform magnetic field with a strong gradie
near one end of the coupling antenna, as shown in Fig. 2
utilizing two magnet power supplies the value of the min
mum magnetic field near the left end of the antenna can
adjusted to include or eliminate the electron cyclotron re
nance (v5uvceu at 4.8 G!.

B. Diagnostic probes
1. Langmuir probes

A flat tantalum disk of diameter 2.4 mm was employ
to measure the ion saturation current with a fixed bias~270
0 © 1999 American Institute of Physics
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3401Phys. Plasmas, Vol. 6, No. 8, August 1999 Helicon experiments and simulations in nonuniform magnetic field configurations
V!. It is oriented with its flat side parallel to the magne
field so that electron and ion currents can flow along fi
lines to the probe collection areas.1 The electron temperatur
was obtained by sweeping either single or double prob
The plasma density is obtained from the ion saturation c
rent and the electron temperature, as given by the expres
I sat50.6enA(kTe /M )1/2, where n is the plasma density
Te ~eV! is the electron temperature,k is the Boltzmann con-
stant,A is the probe area, andM is the ion mass. The paralle
temperature was measured with a single-sided~dielectric
coating on the backside! 1-mm-diam disk probe oriented pe
pendicular to the magnetic field.

Single and double cylindrical probes were also e
ployed, which were made of tungsten wires with a diame
of 0.2 mm, a length of 5 mm, and a distance of 1.5 m
between them. They were oriented parallel toB0 to measure
the perpendicular component of electron temperature.
search by Aikawa,20 Amemiyaet al.,21 Himmel et al.,22 and
Tichy et al.23 have verified the use of these probe metho
for perpendicular and parallel electron temperature meas
ments in high density electron cyclotron resonance plasm

FIG. 1. Helicon experimental facility.

FIG. 2. Uniform and nonuniform magnetic field configurations.Bmin550 G
~- - -!; theoretical calculations~—!; and measurements (s andL).
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The electron temperature was deduced from the slope
semilog of theI –V curves starting from the tangent to th
ion saturation current where magnetic field distortions can
expected to be less severe. Only those electrons with la
gyroradii outside the sheath~,15 mm! are then collected.24

Radio-frequency chokes at 13.56, 27.12, and 40.68 M
were used to reduce distortion of theI –V curves. TheI –V
characteristic curves are obtained by a Hewlett–Pack
floating voltage sweeper~2 60 to 60 V,t52 ms! and a 50V
resistor. TheI –V curves are recorded by a LeCroy 9314A
oscilloscope and sent to the computer controlled by aLAB-

VIEW program.

2. Radio-frequency magnetic probe

A balanced magnetic probe was used to measure
magnitude and phase variations of axial wave componenBz

in the radial and axial directions. The probe consists o
center-tapped six-turn coil with a diameter of 2 mm, and it
axially oriented parallel toB0 in a 1/4 in. stainless steel tub
with two 2 mm35 mm slits to allow wave magnetic field
pickup. The slits are covered with a Pyrex glass tube to i
late the coils from direct plasma contact. A radio-frequen
BALUN circuit is used to effectively reject electrostatic c
pacitive pickup.25 For wave phase measurements, the in
antenna current measured by a Rogowski coil is used as
erence signal for the mixer.

Calibration of the helicon waveBz field measurement is
carried out utilizing a 45-turn solenoid coil~3.8 cm wide
311.8 cm diam! driven at 13.56 MHz. The coil current wa
measured by a Rogowski coil. The wave probe is placed
the center of the coil and the relationship between the w
magnetic field,Bz , and induced voltage is calibrated.

3. Diamagnetic loop

The diamagnetic loop is made of a semirigid coax
cable, with the center conductor connected to the outer c
ductor at the end of the third axial loop. It is located on t
outer surface of the Pyrex tube atz517 cm, which is near
the center of the helicon plasma. The diamagnetic loop
nal is integrated by anRC integrator with a 1 mstime con-
stant and averaged over 150–200 shots to reduce nois
this study, the diamagnetic loop signals for the plasma de
after the rf power is turned off were used to obtain t
steady-state electron temperature. Given the plasma de
and its radial profile, the electron temperature compon
perpendicular to the magnetic field can be deduced when
plasma is axially symmetric and sufficiently long.22,26

III. EXPERIMENTAL OBSERVATIONS

The experimental observations examined the rad
frequency matching of the antenna and its impedance ut
ing network analyzer techniques. The axial and radial p
files of plasma density as well as transverse and longitud
electron temperature were obtained utilizing single a
double Langmuir probes and a diamagnetic loop. A comp
son of the uniform and nonuniform magnetic field config
rations was obtained for the same input power levels of
kW at 13.56 MHz. Steady-state reflections and losses in
P license or copyright, see http://pop.aip.org/pop/copyright.jsp
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3402 Phys. Plasmas, Vol. 6, No. 8, August 1999 Guo et al.
matching circuit were measured to be less than 2%.
plasma density at a 1 mTorr filling pressure for argon as
function of the applied uniform magnetic field is shown
Fig. 3. Note that the plasma density measured att55 ms in
the steady state after the initiation of the rf pulse rises as
magnetic field is increased and is 1 – 231013 cm23 when the
magnetic field is increased to the 840–1120 G range.
corresponding electron temperatures when the magnetic
is 840 G are shown in Fig. 4. The electron temperatures
in the range of 3.6 eV for the transverse temperature and
eV for the parallel temperature for the uniform case.

The nonuniform magnetic field case, with a 750 G pe
magnetic field, the same coupled power level at the sa
filling pressure of 1 mTorr provides a plasma density pro
as shown in Fig. 5. The strong magnetic field gradient in
source region~see Fig. 2! yields a density profile which ha
a substantial gradient rising from 231012 cm23 at the left

FIG. 3. Plasma axial density profile with uniform magnetic field in Ar a
mTorr pressure and 1.1 kW rf power.B050 (x), B05640 G (v), B0

5840 G (L), andB051120 G (d).

FIG. 4. Electron temperature for a uniform magnetic field in Ar at 1 mT
pressure, 1.1 kW rf power: parallel electron temperature (d), transverse
electron temperature measured by a double probe (s).
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end of the type-III antenna atz527.5 cm to 2.031013 cm23

at z530cm. Note that the density profiles near the ‘‘res
nance’’ portion atz524 cm are quite close to those whe
the local minimum in the magnetic field is increased to 50
and the ‘‘resonance’’ is removed. The plasma density ha
slight flattening in the local mirror near the resonance on
left-hand side of the antenna and rapidly decreases as
moves further away from the antenna. The radial den
profile is broader~120%! when compared to the uniform
magnetic field case atz515 cm. The corresponding trans
verse and parallel electron temperatures were measure
single and disk Langmuir probes and a diamagnetic lo
which ranges from 3.5 to 7 eV and from 3 to 5 eV over
wide range of axial positions are shown in Fig. 6. An err
bar indicating the range of transverse temperature meas
ments is shown for the positionz517 cm. The radial varia-
tion of electron temperature has a broad radial profile.

We carried out detailed measurements of the effect
the magnetic gradient and the role of the electron cyclot
resonance in the plasma source operation for the nonunif
magnetic field. We accomplished this by driving one coil, t
one centered atz527.5 cm independent of the others an
can vary the depth of the magnetic field minimum as sho
in Fig. 2. The plasma has a very sharp magnetic gradient
a substantial density gradient near the vacuum cyclot
resonance which occurs at64.8 G for the operating fre-
quency. Also, the plasma beta is quite substantial near
minimum magnetic field which increases the magnetic fi
gradient near the resonance. We carried out measurem
which increased the minimum magnetic field near the re
nance zone to 50 G and found that the source operated
similar manner to the case in which resonance is pres
with comparable density and temperature profiles as sh
in Figs. 5 and 6. The steady-state (t55 ms! electron tem-
peratures are the same when the resonance is include
when it is removed by increasing the minimum magne
field to 50 G. Thus relatively small effects are caused by

r

FIG. 5. Plasma axial density profiles for nonuniform magnetic field in Ar
1 mTorr pressure and rf power level 1.1 kW. The minimumB0 values
aroundz527.5 cm are210 G (d) and 50 G (s).
P license or copyright, see http://pop.aip.org/pop/copyright.jsp
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3403Phys. Plasmas, Vol. 6, No. 8, August 1999 Helicon experiments and simulations in nonuniform magnetic field configurations
existence of the cyclotron resonance near the antenna re
in the steady-state condition of the plasma source. Thi
because the strong magnetic gradient and waveBz values
comparable to the resonant static magnetic field amplit
destroy the wave–particle coherence over a gyro-orbit
addition, the strong plasma density and magnetic field gr
ents reflect the wave power from this region.

The steady-state transverse electron temperature is 1
eV above the parallel temperature except well under the
tenna region fromz50 to 210 cm. The increase in the tran
verse temperature as one moves toward the higher mag
field region can be caused by the increase in magnetic c
pression although additional collisional helicon mode he
ing is occurring in the intervening region.

A twofold increase in the total volume integrated kine
energy density is noted for the nonuniform magnetic fi
configuration when compared to the uniform magnetic fi
case for the same power input. This can be attributed to m
efficient plasma ionization for the coupled helicon mod
and improved confinement of the plasma formed for
good curvature magnetic field case. Note also that
volume-average beta for the nonuniform case is improved
a factor of 4 when compared with the uniform case.

The ‘‘blue mode’’1,6 operation of the source caused b
intense radiation from the argon II state is quite intense in
core for the nonuniform magnetic field fromz523 cm to
z555 cm. The blue mode occurs in the inner 4 cm diame
of the source and is identified with the production of fa
electrons which can excite the argon II state by either 15
energy from the ground ion state or 30 eV for the grou
atomic state of argon. For the uniform magnetic field cas
the same power input, the ‘‘blue mode’’ is 3 cm in diame
and less intense than for the nonuniform magnetic field c

We carried out higher pressure nitrogen gas experim
to determine the source efficiency for this regime. We fou
that the nonuniform magnetic field at higher peak values w
much more efficient than the uniform case at higher nitrog

FIG. 6. Electron temperature for a nonuniform magnetic field in Ar a
mTorr pressure and for 11.1 kW coupled rf power. Parallel electron t
perature (d); transverse electron temperature from a double probe (s); and
transverse electron temperature from diamagnetic loop (L).
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pressures. The nitrogen plasma axial density profile at
mTorr and 1.1 kW of coupled power is shown in Fig. 7. T
peak density for nitrogen at higher magnetic fields is
31012 cm23 and has a similar axial density gradient as is t
case for argon. The maximum electron temperature was 6
for this high pressure case and its axial variation is shown
Fig. 8. The electron temperature is expected to be more
tropic for this higher pressure and larger electron-neutral c
lision cross section. Higher magnetic field intensities a
assisted in efficiently forming the plasma for this case. F
this higher pressure with a uniform magnetic field, it was n
possible to initiate and sustain the nitrogen plasma at
same power levels with the rf pulse alone.

The impedance of the Nagoya type-III antenna is m
sured using a Hewlett–Packard 8753A RF Network An
lyzer for both the uniform and nonuniform magnetic fie
configurations. The conjugate match principle is utilize
Once the matching circuit is tuned to reduce the reflecti

-
FIG. 7. Plasma axial density profiles for a nonuniform magnetic field inN2

at 100 mTorr pressure and 1.1 kW rf power levels.B05250 G (x), B0

5500 G (v), B05750 G (L), andB051000 G (d).

FIG. 8. Electron temperature for nonuniform magnetic field ofB051000 G
in N2 at 100 mTorr pressure and 1.1 kW rf coupled power.
P license or copyright, see http://pop.aip.org/pop/copyright.jsp
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3404 Phys. Plasmas, Vol. 6, No. 8, August 1999 Guo et al.
to a minimum, the antenna couples the rf power efficiently
the plasma. The antenna connection port of the two capa
matching circuit is connected to the network analyzer and
conjugate impedance of the matching circuit,Rm2 jXm , is
measured. Time domain reflectometry~TDR! is used to find
the electrical length of the transmission line connecting
matching network to the antenna. The impedance,Rm

2 jXm is rotated on the Smith chart toward the antenna
obtain the impedanceR2 jX at the terminals of the Nagoy
type-III antenna. Since this is the conjugate match imp
ance for minimum reflection, the impedance of the ante
will be R1 jX.

For the nonuniform magnetic field configuration, the im
pedance of the antenna is measured to be 0.921 j 11 V at
13.56 MHz. This is for an input power of 1.1 kW with
reflected power of 11 W at a pressure of 1 mTorr. The
tenna impedance is measured to be the same value
when the input power is reduced to 500 W. The blue c
mode exists for these input power levels. But when the in
power is reduced to 200 W and the matching network
retuned to provide a minimum reflection of 5 W, the bl
core does not exist. The antenna impedance is then meas
to be 0.781 j 12.5V. The lack of blue core mode reduces t
antenna coupling efficiency and reduces the resistive pa
impedance and antennaQ. For the uniform magnetic field
case we obtain a somewhat lower antenna impedanc
0.851 j 10.4 V by the same method at a 1.1 kW coupl
power level.

To further examine the mechanisms which occur for
nonuniform magnetic field case we carried out waveBz mea-
surements and determined their variation in the plasma.
carried out radio-frequency mixer measurements of the w
phase at 13.56 MHz. Figure 9 illustrates the amplitude
phase of theBz wave field at different radii. The waveBz

field for the uniform case, shown in Fig. 10, has a mu
lower amplitude. For the nonuniform case, there is a str
gradient inBz as one moves away from the antenna and i
of much larger amplitude under the antenna extending w
to the right away from the antenna nearz540 cm. The
strong decay of the waveBz amplitude suggests strong co
pling of rf power to the plasma in the nonuniform magne
field configuration. It is noted that the local phase veloc
for the nonuniform magnetic field case under the source
gion at r 50.93 cm for z<0 cm corresponds to resona
electron energies (Ee5mevf

2 /2) as low as 5 eV, while it
gradually increases to 38 eV forz>5 cm. The strong decay
of wave amplitude and the increase in phase velocity foz
>5 cm indicates possible electron heating and accelera
This gradual increase from very low trapped electron velo
ties ~5 eV! to higher phase velocities as the wave mov
away from the antenna region can be a very effective ac
eration mechanism. The electron energy corresponding to
phase velocity of the wave for the uniform case~Fig. 10! has
a higher range of local phase velocities as one moves a
from the antenna and corresponds and varies from 25 to
eV for r 50.93 cm.

It should also be noted that the nonuniform magne
field configuration produces a more intense and large a
and radial extent ‘‘blue core’’ which is indicative of the ex
Downloaded 24 Feb 2007 to 128.104.198.190. Redistribution subject to AI
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citation of the argon II state which requires 15–30 eV ele
trons to excite it from the ground argon ion or atomic stat
In addition, the ‘‘blue core’’ plasma does not follow the flu
compression that the magnetic field lines exhibit as o
moves from the antenna toward larger axial position, wh
has been noted earlier by Boswell.1 This can be due to the
strong radio-frequency wave fields which transport fast el
trons axially without following the static magnetic field line
The radial density profile as measured by Langmuir probe
broader~20%! for the nonuniform magnetic field case a
shown in Fig. 11.

IV. COMPUTER SIMULATION OF EXPERIMENTAL
DATA

We have developedMAXEB,18,19 a new 2-D (r ,z) cylin-
drical plasma wave code, which can treat both axial a

FIG. 9. WaveBz amplitude, phase, and resonant electron energy (Ee) for
the nonuniform magnetic field case at radial positions 0.93 cm (s) and 1.54
cm (d). The 15-cm-long Nagoya type-III antenna is centered atz50.

FIG. 10. WaveBz amplitude, phase, and resonant electron energy (Ee) for
the uniform magnetic field case at radial positions 0.93 cm (s) and 0.63 cm
(d). The 15-cm-long Nagoya type-III antenna is centered atz50.
P license or copyright, see http://pop.aip.org/pop/copyright.jsp
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3405Phys. Plasmas, Vol. 6, No. 8, August 1999 Helicon experiments and simulations in nonuniform magnetic field configurations
radial variations in the plasma density and magnetic fie
The code calculates the three-dimensional~3-D! electromag-
netic wave fields and collisionless Landau as well as co
sional linearized power absorption in an inhomogeneo
warm plasma. The cylindrical magnetized plasma is s
rounded by a rf inductive coil and both are enclosed in
metal conducting tube. The code is written for a gene
orthogonal curvilinear coordinate system (u1 ,u2 ,u3), but for
the purpose of this paper cylindrical coordinates are us
MAXEB assumes axisymmetry and Fourier analysis in the
muthal direction to reduce the three-dimensional bounda
value problem to two dimensions:u1 andu3, or in cylindri-
cal coordinates, the radial~r! and axial ~z! direction,
respectively. The azimuthal (f) coordinate is labeled byu2.
The fields can be then decomposed as follows:

@E,H#5 (
m52`

m51`

@E,H~u1 ,u3!#eimu2. ~1!

A typical run using a grid size of 503120 in the radial and
axial positions for a cylindrical plasma column of lengthL
5120 cm and radiusr 55cm and utilizing only the dominan
azimuthalm511 mode requires about 5 min of run time o
our Sun Ultra2 model 2300 workstation.

We have utilized this code to compare the plasma in
impedance, waveBz fields, and to obtain the Poynting vecto
and wave absorption for the experimentally measured
form and nonuniform density and magnetic field configu
tions. Figure 12 illustrates the Poynting vector power flo
and contours of increased absorption for the nonunifo
magnetic field case corresponding to Fig. 2 with the den
profiles as obtained from Fig. 5 and the corresponding ra
profiles. The minimum magnetic field nearz8530 cm (z8
5z137.5 cm! was set to 60 G. For this case, 26% of t
wave power is collisionally absorbed in the regionz8
528– 32 cm and 74% of the wave power is absorbed in
remaining region.

FIG. 11. Normalized plasma radial density profiles at 1 mTorr pressure
kW rf power at positionz515 cm. Uniform magnetic fieldB05840 G (d),
nonuniform magnetic fieldB05750 G (s). The 15-cm-long antenna is
centered atz50.
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The antenna input impedance value computed from
MAXEB code, which has the same magnetic field and den
profiles incorporated in it as the experimental nonunifo
configuration is, 0.631 j 14 V as compared to the measur
ment of 0.921 j 11 V at 13.56 MHz. This is for an inpu
power of 1.1 kW with reflected power of 11 W at a pressu
of 1 mTorr. For the uniform magnetic field case we obta
0.851 j 10.4V in the experiment and 0.801 j 14 V from the
MAXEB code. The smaller radiation resistance obtained fr
the code is closer to the experimental one than previous
dimensional~1-D! comparisons in the literature.5 It should
also be noted that the radiation resistance is more substa
for the nonuniform magnetic field case which correspon
with the experimental one. In addition, the code and exp
mental input resistance is quite close for a uniform magn
field with the measured axial and radial plasma density p
files.

We compared the experimental measurements of
calibrated Bz wave field with code predictions from th
MAXEB code for the same coupled power levels. The var
tion of wave field in the experiment compared to the code
the uniform case is illustrated in Fig. 13. Figure 14 illustra
the result for the nonuniform case. The minima as well as
first and third peaks in the axial wave field agree quite w
for the uniform case. The wave magnetic field peak near
left-hand side of the antenna for the nonuniform case
much larger than that predicted by the linear code bu
more comparable as one moves away from the antenna
gion.

V. DISCUSSION

We have carried out wave, antenna impedance,
plasma measurements for a helicon source in nonunif
and uniform magnetic field configurations. Plasma dens
profiles as well as transverse and axial electron temperat
were measured. It was found that average densities and
peratures were somewhat higher for the nonuniform m

.1
FIG. 12. Power flow and power absorbed@max(Pabs)57.2 W/cm3) by the
electrons for the experimentally measured plasma density and nonuni
(Bmin, z530 cm560 G! magnetic field profiles atp51 mTorr. Notez8
5z137.5 cm.
P license or copyright, see http://pop.aip.org/pop/copyright.jsp
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3406 Phys. Plasmas, Vol. 6, No. 8, August 1999 Guo et al.
netic field case than for the same coupled power. In addit
a significant electron temperature anisotropy was meas
for the nonuniform magnetic field case.

The strong axial density gradients near one side of
type-III antenna corresponding to the strong static magn
field gradients there allow the antenna to operate essent
as a single-ended output plasma source. These plasma g
ents act to reflect the helicon wave from one side of
source and at higher powers (p.200 W! produce a ‘‘blue
core’’ plasma in argon indicative of high density and su
stantial fast electron creation. The ‘‘blue core’’ has a larg
~4.0 vs. 3.0 cm! diameter for the nonuniform configuration.
also remains fairly uniform axially as the magnetic fie
compresses and this is attributed to the strong wave fi
uEu510– 40 V/cm and axially distributed wave heating.

FIG. 13. Bz wave field~at r 50.63 cm! for the plasma density shown in Fig
2 in a uniform magnetic field. The 15-cm-long antenna is centered atz50.

FIG. 14. Bz wave field~at r 50.63 cm! for the measured plasma density an
nonuniform magnetic field profiles. The 15-cm-long antenna is centere
z50.
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It was found that the plasma characteristics were qu
comparable whether or not thev5uvceu cyclotron resonance
was present for the nonuniform magnetic field case. The l
of a substantial cyclotron resonance heating process in
experiment is attributed to several effects. Strong wave
flection occurs in regions near the resonance zone. In
strong magnetic field gradient zone, the wave-electron ph
correlation varies rapidly over a gyroperiod, thus reduc
electron heating. In addition, the axial wave magnetic fi
amplitude is comparable to the static resonance field am
tude, thus strongly modifying the cyclotron resonance p
cess. It was found that when nitrogen was the working
for the source, operation with the nonuniform magnetic fie
configuration allowed the source to operate well at hig
nitrogen pressures of 100 mTorr.

We carried out network analyzer measurements of
antenna input impedance for well-matched conditions a
find that the nonuniform magnetic field has a slightly high
resistive component than the uniform case. The wave m
netic field and phase was measured for both the nonunif
and uniform magnetic field configurations. It was found th
the nonuniform magnetic field configuration yields an i
tense axial wave magnetic field which decays rapidly aw
from the antenna region. Resonant electron velocities co
sponding to the local phase velocity for the nonuniform ma
netic field case range from 5 eV on the left-hand side of
antenna region to 38 eV well away from the antennaz
520 cm!. This range of variation can efficiently dampen th
wave and accelerate electrons from the background M
wellian to higher energies needed to produce the ‘‘b
core.’’ The uniform magnetic field configuration has a high
range of local phase velocities corresponding to 25–40
This wider range of local phase velocities down to therm
values near the antenna region for the nonuniform magn
field case could give rise to more efficient heating and ac
eration of electrons and production of higher densities a
temperatures than the uniform case. As noted, the elec
kinetic energy is double and the volume average beta
about four times that for the uniform magnetic field case
the same coupled power.

We also carried out 2-D simulations of the antenna c
pling, input impedance, waveBz field, and collisional power
absorption for the measured plasma and magnetic field
files utilizing the linearMAXEB code. It was found that the
antenna input impedances were comparable to the meas
values and the waveBz field solution agreed well with the
simulation for the uniform magnetic field case. For the no
uniform magnetic field case the simulation was compara
to measurements well away from the antenna region but
not indicate the strong peak near the left-hand side of
antenna. Substantial capacitive coupling, near field hea
as noted by Borget al.,27 nonlinear wave–particle interac
tions and strong magnetic field gradients under the ante
could give rise to this difference. The code also indica
significant collisional plasma heating in the zone near
minimum magnetic field (B560 G! for the nonuniform case

It is anticipated that further improvements in helico
source operation are possible for nonuniform magnetic fi
configurations. The role of the full wave fields in heating a
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nonlinear electron wave heating and trapping processes
these sources is an important area for future research
will allow helicon sources to be utilized for a variety o
applications.

ACKNOWLEDGMENTS

This work is primarily supported by Air Force Office o
Scientific Research grant~Grant No. F49620-97-1-0262! in
cooperation with the Defense Department Research and
gineering Air Plasma Ramparts Multi–University Resea
Initiative program. It is also supported in part by Nation
Science Foundation Grant No. ECS-9632377 and by the U
versity of Wisconsin–Madison. We also thank Mr. Guow
Ding for discussions regarding Langmuir probe data int
pretation.

1R. W. Boswell, Plasma Phys. Controlled Fusion26, 1147~1984!.
2A. Komori, T. Shoji, K. Miyamoto, J. Kawai, and K. Kawai, Phys. Fluid
B 3, 893 ~1991!.

3T. Shoji, Y. Sakawa, S. Nakazawa, K. Kadota, and T. Sato, Pla
Sources Sci. Technol.2, 5 ~1993!.

4F. F. Chen, Plasma Phys. Controlled Fusion33, 339 ~1991!.
5A. W. Molvik, A. R. Ellingboe, and T. D. Ronglien, Phys. Rev. Lett.79,
233 ~1997!.

6A. R. Ellingboe, R. W. Boswell, J. P. Booth, and N. Sadeghi, Phys. P
mas2, 1807~1995!.
Downloaded 24 Feb 2007 to 128.104.198.190. Redistribution subject to AI
for
at

n-
h
l
i-

-

a

-

7A. W. Degeling, C. O. Jung, R. W. Boswell, and A. R. Ellingboe, Phy
Plasmas3, 2788~1996!.

8R. T. S. Chen and N. Hershkowitz, Phys. Rev. Lett.80, 4677~1998!.
9P. A. Keiter, E. E. Scime, and M. M. Balkey, Phys. Plasmas4, 2741
~1997!.

10M. A. Lieberman and A. J. Lichtenberg,Principles of Plasma Discharges
And Materials Processing~Wiley, New York, 1994!.

11P. K. Loewenhardt, R. D. Blackwell, R. W. Boswell, G. D. Conway, a
S. M. Hamberger, Phys. Rev. Lett.67, 2792~1991!.

12P. Zhu and R. W. Boswell, Phys. Rev. Lett.63, 2805~1989!.
13J. Gilland~private communication!.
14R. W. Boswell and F. F. Chen, IEEE Trans. Plasma Sci.25, 1229~1997!.
15F. F. Chen and G. Chevalier, J. Vac. Sci. Technol. A10, 1389~1992!.
16F. F. Chen and R. W. Boswell, IEEE Trans. Plasma Sci.25, 1245~1997!.
17J. Gilland, R. Breun, and N. Hershkowitz, Plasma Sources Sci. Techno7,

416 ~1998!.
18L. A. Berry and J. C. Whitson~private communication!.
19Y. Mouzouris and J. E. Scharer, Phys. Plasmas5, 4253~1998!.
20H. Aikawa, J. Phys. Soc. Jpn.40, 1741~1976!.
21H. Amemiya, H. Oyama, and Y. Sakamoto, J. Phys. Soc. Jpn.56, 2401

~1987!.
22G. Himmel, M. Holtkamp, and H. Schluter, Plasma Phys. Controlled

sion 34, 923 ~1992!.
23M. Tichy, P. Kudrna, J. F. Behnke, C. Csambal, and S. Klagge, J. Phys

7, 397 ~1997!.
24I. D. Sudit and F. F. Chen, Plasma Sources Sci. Technol.5, 43 ~1996!.
25M. Light and F. F. Chen, Phys. Plasmas2, 1084~1995!.
26A. H. Sarkissian, E. Charette, B. C. Gregory, and D. Larosa, Plas

Sources Sci. Technol.5, 760 ~1996!.
27G. Borg, J. Bright, and I. V. Kamenski, Plasma Phys. Control. Fusion40,

987 ~1998!.
P license or copyright, see http://pop.aip.org/pop/copyright.jsp


