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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.999 American

Institute of Physicg.S1070-664X99)00608-4

I. INTRODUCTION tively. In Sec. V, we discuss plasma confinement and linear

. ) . and nonlinear wave processes in interpreting the observa-
Helicon plasma sources have been investigated for theit, < ang correspondence with the simulations

antenna coupling and wave mode properties as well as the
mechanisms for efficient ionization, which has beenll. EXPERIMENTAL APPARATUS AND DIAGNOSTICS
achieved by researchers including Boswetlal,! Komori
et al,? Shoji et al,®> and Chenet al* Recently, researchers
including Molvik et al.® Ellingboe et al,® Degeling and The radio-frequency helicon plasma source facility is
Boswell/ and Chen and Hershkowfithave examined fast schematically shown in Fig. 1. The plasma chamber is made
electron production and Keitet al® have examined helicon of 10-cm-diam by 122-cm-length cylindrical Pyréxpipe
wave frequency dependent effects. These sources have a \&nd is pumped to a base pressure af1 ’ Torr by a 550
riety of applications including materials processifiga /s turbomolecular pump. Diagnostic probes can be inserted
plasma source for magnetic fusion studiessources for through radial ports on the Pyrex pipe and end plate flanges.
simulating space plasma interactiohsjaser plasma A nude Bayard—Alpert ionization and a Baratron pressure
sources? and for space plasma thrustdrs. gauge are used to measure Igless than 10* Torr) and

Helicon plasma sources in nonuniform magnetic fieldshigh (above 1 mTomr pressures, respectively, through a
have previously been investigated by researchers includingauge controller.
Boswellet al,'* Chenet al.*>*®and Gillandet all’ The pri- A 13.56 MHz, 1.4 kW rf power amplifier is connected to
mary observation has been an increase in the plasma densayNagoya type 1ll(15-cm-long antenna through a matching
when a cusp or nonuniform magnetic field has been placed inetwork to couple rf power to the plasma. In order to provide
the vicinity of the helicon antenna. The reasons for this indong probe lifetime in a Pyrex glass chamber, the radio-
creased plasma density have not been examined in detail biiequency source is operated in a pulsed mode with a pulse
fast electrons and improved confinement are mentioned awidth of 8 ms and 10% duty cycle. The rise time of the rf
possible contributors to the observation. We have carried olpower is 15us and the fall time is 3ws. Working gases, such
experiments and measurements on the effects of nonuniforas argon and nitrogen, are fed into the chamber via flow
magnetic fields on the source operation including axial angontrollers and a gas mixer through a radial port. A static
radial density profiles, the position and role of the electronmagnetic field By) of up to 1.5 kG is produced by a set of
cyclotron resonance«(= w..), the gradient in the magnetic solenoid coils 7 cm thick with inner and outer diameters of
field, the antenna input impedance, the wave magnetic field0 and 50 cm, respectively. We have examined two types of
variation and wave number spectrum, and the transverse a@ial magnetic field configurations, i.e., a uniform magnetic
longitudinal electron temperatures. In addition to this, wefield and nonuniform magnetic field with a strong gradient
have utilized a new two-dimensiondR-D) (r,z) finite-  near one end of the coupling antenna, as shown in Fig. 2. By
difference, full-wave, helicon simulation code we developed utilizing two magnet power supplies the value of the mini-
MaxeB,'®1° to compare with the experimental results. Thismum magnetic field near the left end of the antenna can be
research has been carried out to explore the physics involvettljusted to include or eliminate the electron cyclotron reso-
and enhanced ionization efficiency occurring in nonuniformnance = |w.¢ at 4.8 Q.
magnetic fields for efficient plasma production.

This paper is organized as follows. A description of the
experimental configuration and diagnostics is presented id- Langmuir probes
Sec. Il. The experimental measurements and the correspond- A flat tantalum disk of diameter 2.4 mm was employed
ing simulations are discussed in Secs. Il and IV, respecto measure the ion saturation current with a fixed I§iag0

A. Plasma source

B. Diagnostic probes
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Nagoya Type-lll Diamagnetic The electron temperature was deduced from the slope of
Plasma Limiter ~ Antenna Loop Solenoidmagnets  gemjlog of thel -V curves starting from the tangent to the
NI, S S BE05KG ; _ e _ _
/ /]Z /X ion saturation current where magnetic field distortions can be
N/ [
% [ 1]

N / Eﬁggtml:gbzf;d expected to be less severe. Only those electrons with large

O 4inch Pyrex . e gyroradii outside the sheatk<15 um) are then collecteé
chamber\\ 5 e Radio-frequency chokes at 13.56, 27.12, and 40.68 MHz

‘ \ \ A \ REEELTR \\ J( were used to reduce distortion of theV curves. Thd -V
Nak\e \\m \J('*’);\\h; characteristic curves are obtained by a Hewlett—Packard

to Turbo Pump 0 N floating voltage sweepér- 60 to 60 V,7=2 mg and a 5000

V550 resistor. Thd —V curves are recorded by a LeCroy 9314AM

oscilloscope and sent to the computer controlled s
VIEW program.

RF Source
13.56 MHz

1.4 KW 2. Radio-frequency magnetic probe

N3IOOHLIN

A balanced magnetic probe was used to measure the
FIG. 1. Helicon experimental facility. magnitude and phase variations of axial wave compoBent
in the radial and axial directions. The probe consists of a
center-tapped six-turn coil with a diameter of 2 mm, and it is
V). Itis oriented with its flat side parallel to the magnetic axjally oriented parallel t®, in a 1/4 in. stainless steel tube
field so that electron and ion currents can flow along fieldyith two 2 mmx5 mm slits to allow wave magnetic field
lines to the probe collection area3he electron temperature pickup. The slits are covered with a Pyrex glass tube to iso-
was obtained by sweeping either single or double probegate the coils from direct plasma contact. A radio-frequency
The plasma density is obtained from the ion saturation curgal UN circuit is used to effectively reject electrostatic ca-
rent and the electron temperature, as given by the expressiogacitive pickup?® For wave phase measurements, the input
lsa=0.6enA(kTo/M)"2 where n is the plasma density, antenna current measured by a Rogowski coil is used as ref-
Te (eV) is the electron temperature,is the Boltzmann con-  erence signal for the mixer.
stant,A is the probe area, arid is the ion mass. The parallel Calibration of the helicon wavB, field measurement is
temperature was measured with a single-sidéiglectric  carried out utilizing a 45-turn solenoid cof8.8 cm wide
coating on the backsigd-mm-diam disk probe oriented per- x11.8 cm diam driven at 13.56 MHz. The coil current was
pendicular to the magnetic field. measured by a Rogowski coil. The wave probe is placed at
Single and double cylindrical probes were also em-the center of the coil and the relationship between the wave

ployed, which were made of tungsten wires with a diametefnagnetic fieldB,, and induced voltage is calibrated.
of 0.2 mm, a length of 5 mm, and a distance of 1.5 mm

between them. They were oriented paralleBipto measure 3 pjamagnetic loop
the perpendicular component of electron temperature. Re-
search by Aikaw&® Amemiyaet al,?* Himmel et al,?? and
Tichy et al?® have verified the use of these probe methods : . :

y . P ductor at the end of the third axial loop. It is located on the
for perpendicular and parallel electron temperature measure-

S . outer surface of the Pyrex tube &zt 17 cm, which is near
ments in high density electron cyclotron resonance plasmaﬁ.1e center of the helicon plasma. The diamagnetic loop sig-

nal is integrated by aRC integrator wih a 1 mstime con-
stant and averaged over 150—200 shots to reduce noise. In
this study, the diamagnetic loop signals for the plasma decay
after the rf power is turned off were used to obtain the
steady-state electron temperature. Given the plasma density
and its radial profile, the electron temperature component
perpendicular to the magnetic field can be deduced when the
plasma is axially symmetric and sufficiently loffg?®

The diamagnetic loop is made of a semirigid coaxial
cable, with the center conductor connected to the outer con-

B, (@)

lll. EXPERIMENTAL OBSERVATIONS

The experimental observations examined the radio-
frequency matching of the antenna and its impedance utiliz-
ing network analyzer techniques. The axial and radial pro-
files of plasma density as well as transverse and longitudinal
electron temperature were obtained utilizing single and
25 0 25 50 75 double Langmuir probes and a diamagnetic loop. A compari-

2 fom) son of the uniform and nonuniform magnetic field configu-
FIG. 2. Uniform and nonuniform magnetic field configuratioBs,,=50 G rations was obtained for the same input power levels of 1.1
(- - -); theoretical calculations—); and measurement£) and ¢ ). kW at 13.56 MHz. Steady-state reflections and losses in the
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FIG. 3. Plasma axizl denskity p;ofile with_unifc;m magnetic fieldqin st FIG. 5. Plasma axial density profiles for nonuniform magnetic field in Ar at
TTorr pressure gn _1'1 W rf poweo=0 (&), Bo=640 G (), Bo 1 mTorr pressure and rf power level 1.1 kW. The minim@y values
=840 G (), andB,=1120 G @). aroundz=—7.5 cm are-10 G (@) and 50 G Q).

matching circuit were measured to be less than 2%. The
plasma densitytaa 1 mTorr filling pressure for argon as a end of the type-lll antenna at= —7.5 cm to 2.< 102 cm™3
function of the applied uniform magnetic field is shown in at z=30cm. Note that the density profiles near the “reso-
Fig. 3. Note that the plasma density measuret=dh ms in - nance” portion az=—4 cm are quite close to those when
the steady state after the initiation of the rf pulse rises as thghe local minimum in the magnetic field is increased to 50 G
magnetic field is increased and is 1%20" cm™3 whenthe  and the “resonance” is removed. The plasma density has a
magnetic field is increased to the 840-1120 G range. Thelight flattening in the local mirror near the resonance on the
corresponding electron temperatures when the magnetic fieldft-hand side of the antenna and rapidly decreases as one
is 840 G are shown in Fig. 4. The electron temperatures argoves further away from the antenna. The radial density
in the range of 3.6 eV for the transverse temperature and 28rofile is broader(+20% when compared to the uniform
eV for the parallel temperature for the uniform case. magnetic field case a=15 cm. The corresponding trans-
The nonuniform magnetic field case, with a 750 G peakyerse and parallel electron temperatures were measured by
magnetic field, the same coupled power level at the samgingle and disk Langmuir probes and a diamagnetic loop
filling pressure of 1 mTorr provides a plasma density profilewhich ranges from 3.5 to 7 eV and from 3 to 5 eV over a
as shown in Fig. 5. The strong magnetic field gradient in theyide range of axial positions are shown in Fig. 6. An error
source regior{see Fig. 2 yields a density profile which has par indicating the range of transverse temperature measure-
a substantial gradient rising fromx210** cm™2 at the left  ments is shown for the positian=17 cm. The radial varia-
tion of electron temperature has a broad radial profile.
We carried out detailed measurements of the effect of

5.0 . .
the magnetic gradient and the role of the electron cyclotron
resonance in the plasma source operation for the nonuniform
a0l ° | magnetic field. We accomplished this by driving one coil, the
o one centered at=—7.5 cm independent of the others and
°© Yo o ° © can vary the depth of the magnetic field minimum as shown
a0l ° LIPS . in Fig. 2. The plasma has a very sharp magnetic gradient and
s ° 'y 'y T e gty a substantial density gradient near the vacuum cyclotron
s . ° resonance which occurs at4.8 G for the operating fre-
20 1 qguency. Also, the plasma beta is quite substantial near the
minimum magnetic field which increases the magnetic field
gradient near the resonance. We carried out measurements
10 - 1 which increased the minimum magnetic field near the reso-
nance zone to 50 G and found that the source operated in a
similar manner to the case in which resonance is present,
0900 0.0 100 200 30.0 with comparable density and temperature profiles as shown

z (cm) in Figs. 5 and 6. The steady-state{5 m9 electron tem-
FIG. 4. Electron temperature for a uniform magnetic field in Ar at 1 mTorr peratures are the same when the resonance is included or

pressure, 1.1 kW rf power: parallel electron temperat®d,(transverse V_Vhen it is removed bY_ increasing the minimum magnetic
electron temperature measured by a double prabg ( field to 50 G. Thus relatively small effects are caused by the
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FIG. 6. Electron temperature for a nonuniform magnetic field in Ar at 1 FIG. 7. Plasma axial density profiles for a nonuniform magnetic fiel n
mTorr pressure and for 11.1 kW coupled rf power. Parallel electron tem-at 100 mTorr pressure and 1.1 kW rf power levdg=250 G ¢>), By
perature @); transverse electron temperature from a double prabe é&nd =500 G ), Bp=750 G (¢ ), andB,=1000 G @).

transverse electron temperature from diamagnetic [odp.

pressures. The nitrogen plasma axial density profile at 100
existence of the cyclotron resonance near the antenna regigaTorr and 1.1 kW of coupled power is shown in Fig. 7. The
in the steady-state condition of the plasma source. This igeak density for nitrogen at higher magnetic fields is 2
because the strong magnetic gradient and V\B_ye/ajues X 1012 Cm73 and has a similar axial denSity gradient as is the
comparable to the resonant static magnetic field amplitudéase for argon. The maximum electron temperature was 6 eV
destroy the wave—particle coherence over a gyro-orbit. Ifor this high pressure case and its axial variation is shown in
addition, the strong plasma density and magnetic field gradiFig. 8. The electron temperature is expected to be more iso-
ents reflect the wave power from this region. tropic for this higher pressure and larger electron-neutral col-

The steady-state transverse electron temperature is 1.54igion cross section. Higher magnetic field intensities also
eV above the parallel temperature except well under the argssisted in efficiently forming the plasma for this case. For
tenna region fronz=0 to —10 cm. The increase in the trans- this higher pressure with a uniform magnetic field, it was not
verse temperature as one moves toward the higher magnef@ssible to initiate and sustain the nitrogen plasma at the
field region can be caused by the increase in magnetic congame power levels with the rf pulse alone. .
pression although additional collisional helicon mode heat- The impedance of the Nagoya type-lll antenna is mea-
ing is occurring in the intervening region. sured using a Hewlett—Packard 8753A RF Network Ana-

A twofold increase in the total volume integrated kinetic lyzer for both the uniform and nonuniform magnetic field
energy density is noted for the nonuniform magnetic fieldconfigurations. The conjugate match principle is utilized.
Conﬁguration when Compared to the uniform magnetic fie|donce the matchlng circuit is tuned to reduce the reflections
case for the same power input. This can be attributed to more
efficient plasma ionization for the coupled helicon modes

and improved confinement of the plasma formed for the o

good curvature magnetic field case. Note also that the . | « ©® |
volume-average beta for the nonuniform case is improved by i o

a factor of 4 when compared with the uniform case. 5o L

The “blue mode'®® operation of the source caused by

intense radiation from the argon Il state is quite intense in the
core for the nonuniform magnetic field from —3 cm to
z=55 cm. The blue mode occurs in the inner 4 cm diameter
of the source and is identified with the production of fast
electrons which can excite the argon Il state by either 15 eV
energy from the ground ion state or 30 eV for the ground
atomic state of argon. For the uniform magnetic field case at
the same power input, the “blue mode” is 3 cm in diameter
and less intense than for the nonuniform magnetic field case.
We carried out higher pressure nitrogen gas experiments %00 00 100 200 30.0
to determine the source efficiency for this regime. We found z (em)
that the nonuniform magnetic field at higher peak values wagg, g. Electron temperature for nonuniform magnetic fielgf 1000 G
much more efficient than the uniform case at higher nitrogern N, at 100 mTorr pressure and 1.1 kW rf coupled power.

40 -
s
2
e
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to a minimum, the antenna couples the rf power efficiently to  ®
the plasma. The antenna connection port of the two capacitol
matching circuit is connected to the network analyzer and the&
conjugate impedance of the matching circit,—jX,,, is @5l
measured. Time domain reflectomefDR) is used to find
the electrical length of the transmission line connecting the
matching network to the antenna. The impedanBg, 3t
—JjX,, is rotated on the Smith chart toward the antenna to
obtain the impedancB—jX at the terminals of the Nagoya
type-lll antenna. Since this is the conjugate match imped-
ance for minimum reflection, the impedance of the antenna
will be R+jX. 0
For the nonuniform magnetic field configuration, the im- 0 |
pedance of the antenna is measured to be ©j92 () at %20
13.56 MHz. This is for an input power of 1.1 kW with a
reflected power of 11 W at a pressure of 1 mTorr. The an- ,
tenna impedance is measured to be the same value eve.. ‘10 0 10 20 20 40
when th? input power. is reduced to 500 W. The blue ,Corq:IG. 9. WaveB, amplitude, phase, and resonant electron enekyy for
mode exists for these input power levels. But when the inpufhe nonuniform magnetic field case at radial positions 0.93@dnd 1.54
power is reduced to 200 W and the matching network issm (®). The 15-cm-long Nagoya type-lll antenna is centered=a.
retuned to provide a minimum reflection of 5 W, the blue
core does npt exist. The antenna impedance is then measuragation of the argon Il state which requires 15-30 eV elec-
to be 0.78-j12.50Q). The lack of blue core mode reduces the s 1o excite it from the ground argon ion or atomic states.
antenna coupling efficiency and redupes the resistive part 9k addition, the “blue core” plasma does not follow the flux
impedance and antenr@ For the uniform magnetic field  ompression that the magnetic field lines exhibit as one
case we obtain a somewhat lower antenna impedance @foyes from the antenna toward larger axial position, which
0.85+]10.4 O by the same method at a 1.1 kW coupled a5 heen noted earlier by BoswklThis can be due to the
power level. _ _ _ strong radio-frequency wave fields which transport fast elec-
To further examine the mechanisms which occur for theqng axially without following the static magnetic field lines.

nonuniform magnetic field case we carried out wayenea-  The radial density profile as measured by Langmuir probes is
surements and determined their variation in the plasma. WSroader(ZO%) for the nonuniform magnetic field case as
carried out radio-frequency mixer measurements of the wavenown in Fig. 11.

phase at 13.56 MHz. Figure 9 illustrates the amplitude and

phase of theB, wave field at different radii. The wavB, IV. COMPUTER SIMULATION OF EXPERIMENTAL
field for the uniform case, shown in Fig. 10, has a muchDATA

lower amplitude. For the nonuniform case, there is a strong \\/. 000 developetiaxes, 819 a new 2-D ¢,2) cylin-
gradient inB, as Oneé Moves away from the antenna a}nd I ISﬁirical plasma wave code, which can treat both axial and
of much larger amplitude under the antenna extending wel

to the right away from the antenna nez+40 cm. The
strong decay of the wav@, amplitude suggests strong cou-
pling of rf power to the plasma in the nonuniform magnetic
field configuration. It is noted that the local phase velocity =2
for the nonuniform magnetic field case under the source re-
gion atr=0.93 cm forz=<0 cm corresponds to resonant °
electron energiesH,= mevfﬁ/Z) as low as 5 eV, while it 4
gradually increases to 38 eV fa=5 cm. The strong decay

of wave amplitude and the increase in phase velocityzfor
=5 cm indicates possible electron heating and acceleration.
This gradual increase from very low trapped electron veloci-
ties (5 eV) to higher phase velocities as the wave moves 2
away from the antenna region can be a very effective accel- ¢
eration mechanism. The electron energy corresponding to the %[
phase velocity of the wave for the uniform caféy. 10 has 200
a higher range of local phase velocities as one moves awayx ® [
from the antenna and corresponds and varies from 25 to 4C 2|
eV forr=0.93 cm. 10 0 10 20 %

: It ShQUId a_lso be noted that the_ nonuniform magnetl_CFlG. 10. WaveB, amplitude, phase, and resonant electron enekgy for
field conflguratlon produces a more 'n_ten_se _and large axiahe uniform magnetic field case at radial positions 0.93 € &nd 0.63 cm
and radial extent “blue core” which is indicative of the ex- (®). The 15-cm-long Nagoya type-lll antenna is centered=a0.

10 |
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. ) ) . FIG. 12. Power flow and power absorbdax(P,,) =7.2 W/cn?) by the
FIG. 11. Normalized plasma radial density profiles at 1 mTorr pressure, 1.1jac10ns for the experimentally measured plasma density and nonuniform
kW rf power at positiorz=15 cm. Uniform magnetic fiel®,=840 G (@), (B, =30 cm=60 G magnetic field profiles ap=1 mTorr. Notez’
nonuniform magnetic field,=750 G (O). The 15-cm-long antenna is :er'r’37 5cm

centered az=0.

The antenna input impedance value computed from our
radial variations in the plasma density and magnetic fieldAXEB code, which has the same magnetic field and density
The code calculates the three-dimensid@ab) electromag- profiles incorporated in it as the experimental nonuniform
netic wave fields and collisionless Landau as well as colli-configuration is, 0.63j14 () as compared to the measure-
sional linearized power absorption in an inhomogeneougnent of 0.92-j11 Q at 13.56 MHz. This is for an input
warm plasma. The cylindrical magnetized plasma is surPower of 1.1 kW with reflected power of 11 W at a pressure
rounded by a rf inductive coil and both are enclosed in &f 1 mTorr. For the uniform magnetic field case we obtain
metal conducting tube. The code is written for a generaP-85t110.4Q in the experiment and 0.86j14 () from the
orthogonal curvilinear coordinate system, (U,,us), but for ~ MAXEB code. The smaller radiation resistance obtained from
the purpose of this paper cylindrical coordinates are usedh® code is closer to the experimental one than previous one
MAXEB assumes axisymmetry and Fourier analysis in the azidimensional(1-D) comparisons in the literatufelt should

muthal direction to reduce the three-dimensional boundary"-ilso be noted that the radiation resistance is more substantial
value problem to two dimensions; andus, or in cylindri- for the nonuniform magnetic field case which corresponds

cal coordinates, the radialr) and axial (z) direction with the experimental one. In addition, the code and experi-
respectively. The azimuthal¥) coordinate is labeled by,. mental input resistance is quite close for a uniform magnetic

The fields can be then decomposed as follows:

m= 4+

[EH]= 2 [EH(uy,ug)le™. @

A typical run using a grid size of 50120 in the radial and
axial positions for a cylindrical plasma column of lendth

field with the measured axial and radial plasma density pro-
files.

We compared the experimental measurements of the
calibrated B, wave field with code predictions from the
MAXEB code for the same coupled power levels. The varia-
tion of wave field in the experiment compared to the code for
the uniform case is illustrated in Fig. 13. Figure 14 illustrates

=120 cm and radius=5cm and utilizing only the dominant ¢ result for the nonuniform case. The minima as well as the
azimuthalm= +1 mode requires about 5 min of run time on fjrst and third peaks in the axial wave field agree quite well
our Sun Ultra2 model 2300 workstation. for the uniform case. The wave magnetic field peak near the

~ We have utilized this code to compare the plasma inpUeft hand side of the antenna for the nonuniform case is
impedance, wavB, fields, and to obtain the Poynting vector ,,ch larger than that predicted by the linear code but is

and wave absorption for the experimentally measured Unigore comparable as one moves away from the antenna re-
form and nonuniform density and magnetic field configura-igp

tions. Figure 12 illustrates the Poynting vector power flow

and coptoprs of increased ab.sorptlon. for th'e nonumfor_n{/. DISCUSSION

magnetic field case corresponding to Fig. 2 with the density

profiles as obtained from Fig. 5 and the corresponding radial We have carried out wave, antenna impedance, and
profiles. The minimum magnetic field neaf=30 cm (' plasma measurements for a helicon source in nonuniform

=z+37.5 cn) was set to 60 G. For this case, 26% of theand uniform magnetic field configurations. Plasma density

wave power is collisionally absorbed in the regi@  profiles as well as transverse and axial electron temperatures
=28-32 cm and 74% of the wave power is absorbed in thevere measured. It was found that average densities and tem-
remaining region. peratures were somewhat higher for the nonuniform mag-
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45 - ‘ ‘ ' It was found that the plasma characteristics were quite
comparable whether or not the=|w.¢| cyclotron resonance

was present for the nonuniform magnetic field case. The lack
35 | % -+ experiment 1 of a substantial cyclotron resonance heating process in the

- T MAxes experiment is attributed to several effects. Strong wave re-
g30r flection occurs in regions near the resonance zone. In this
.5l strong magnetic field gradient zone, the wave-electron phase
52 correlation varies rapidly over a gyroperiod, thus reducing
g20y electron heating. In addition, the axial wave magnetic field
%;‘1.5 I amplitude is comparable to the static resonance field ampli-
< tude, thus strongly modifying the cyclotron resonance pro-

10 | cess. It was found that when nitrogen was the working gas
for the source, operation with the nonuniform magnetic field
configuration allowed the source to operate well at higher
. ‘ ‘ . nitrogen pressures of 100 mTorr.
10.0 0.0 1°-g(cm) 200 300 We carried out network analyzer measurements of the
antenna input impedance for well-matched conditions and
FIG. 13. B, wave field(atr =0.63 cn for the plasma density shown in Fig. find that the nonuniform magnetic field has a slightly higher
2 in a uniform magnetic field. The 15—cm—|0ng antenna is centerae-ét. resistive Component than the uniform case. The wave mag_
netic field and phase was measured for both the nonuniform

and uniform magnetic field configurations. It was found that

netic field case than for the same coupled power. In additiorf® Nonuniform magnetic field configuration yields an in-

a significant electron temperature anisotropy was measurd@nS€ axial wave magnetic field which decays rapidly away
for the nonuniform magnetic field case. from the antenna region. Resonant electron velocities corre-

The strong axial density gradients near one side of th&Ponding to the local phase velocity for the nonuniform mag-
type-Ill antenna corresponding to the strong static magneti@e“C field case range from 5 eV on the left-hand side of the
field gradients there allow the antenna to operate essential@menna region to 38 eV ,W?” away fr_o_m the antenaa (
as a single-ended output plasma source. These plasma grafﬁ-zo cm. This range of variation can efficiently dampen the
ents act to reflect the helicon wave from one side of theVave and accelerate electrons from the background Max-

source and at higher powerp¥200 W) produce a “blue wellian to higher energie§ needed t_o pro_duce the _“blue
core” plasma in argon indicative of high density and sub-core.” The uniform magnetl_c_ﬂeld conflgurat_lon has a higher
stantial fast electron creation. The “blue core” has a largefr@nge of local phase velocities corresponding to 25-40 eV.
(4.0 vs. 3.0 cdiameter for the nonuniform configuration. It 1S wider range of local phase velocities down to thermal

also remains fairly uniform axially as the magnetic field \{alues near the antenna region for the nonuniform magnetic

compresses and this is attributed to the strong wave fieldld case could give rise to more efficient heating and accel-

|E|=10-40 V/cm and axially distributed wave heating. eration of electrons and production of higher densities and
temperatures than the uniform case. As noted, the electron

kinetic energy is double and the volume average beta is
about four times that for the uniform magnetic field case for
8.0 . ' ' ' the same coupled power.

We also carried out 2-D simulations of the antenna cou-
pling, input impedance, wavB, field, and collisional power
absorption for the measured plasma and magnetic field pro-
files utilizing the linearMAXEB code. It was found that the
antenna input impedances were comparable to the measured
values and the wavB, field solution agreed well with the
simulation for the uniform magnetic field case. For the non-
uniform magnetic field case the simulation was comparable

o
S)
T

B, Amplitude (gauss)
-
o

30 f to measurements well away from the antenna region but did
not indicate the strong peak near the left-hand side of the
20 antenna. Substantial capacitive coupling, near field heating
as noted by Borget al.?’ nonlinear wave—particle interac-
10 tions and strong magnetic field gradients under the antenna
could give rise to this difference. The code also indicates
09,5 0 10 20 20 20 significant collisional plasma heating in the zone near the

Axial Distance, z (cm) minimum magnetic fieldB=60 G) for the nonuniform case.

FIG. 14. B, wave field(atr =0.63 cnj for the measured plasma density and It is ant|C|'pated that fyrther |mprov§ments In he,llc,on
nonuniform magnetic field profiles. The 15-cm-long antenna is centered apOUrCce op_eratlon are possible for nonun_lform_magngtlc field
z=0. configurations. The role of the full wave fields in heating and
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