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Radially localized electron heating in helicon plasmas by X-wave microwave

injection
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Here we report on modifications to the electron energy distribution function during X-mode microwave in-

jection in argon and helium helicon plasmas.

No electron heating is observed in argon helicon plasmas.

Significant electron heating, AT, ~ 1 eV, is observed in helium plasmas. The heating is spatially localized to
the upper hybrid resonance layer. Previously absent helium ion emission lines, from states over 50 eV above
the helium ion ground state, are observed with the injection of X-mode microwaves.

I. INTRODUCTION

Control of the electron energy distribution in a
plasma is a powerful means of affecting chemical pro-
cesses within the plasma and the population of excited
electronic states. For example, a combination of a res-
onant driving frequency and catalyst coated electrodes
shifts the electron energy distribution out of local ther-
modynamic equilibrium (LTE) in an atmospheric pres-
sure dielectric barrier discharge and enhances the con-
version of carbon dioxide into free carbon and carbon
monoxide by as much as 20%.! In a helicon plasma
source, injection of R-wave microwaves (in both argon
and helium plasmas) increases the population of ener-
getic electrons and enhances the number of ions in ex-
cited electronic states that are desirable for diagnostic
Spectroscopy.2

It is the targeted enhancement of specific excited elec-
tronic states that are used for diagnostic techniques that
rely on the absorption or emission of line radiation, e.g.,
laser induced fluorescence (LIF) and two-photon laser-
induced fluorescence (TALIF) diagnostics,®> 1! that is
the focus of this work. LIF and TALIF employ a
laser tuned to a specific atomic or molecular transi-
tion to pump electrons to higher energy states. Flu-
orescent emission arising from the relaxation of the
target species is then measured by a photodetector.
Standard experimental spectroscopic atomic physics in-
vestigation techniques use electron beams to populate
specific electronic states.!? Some groups have demon-
strated a similar approach in plasmas, i.e., injection
of an electron beam to build up a population of spe-
cific excited electronic states that are then targeted for
laser based spectroscopy.!® A related diagnostic tech-
nique is laser collision induced fluorescence (LCIF).!4
LCIF is a variation of the LIF technique. The elec-
trons pumped into the higher energy state by the laser
are transferred to nearby atomic or molecular states
through collisions. The magnitude of the emission from
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the collision-populated states provides a measure of the
interaction between the laser-excited species and the en-
ergetic plasma species capable of driving the collisional
transfer.

In these experiments, X-wave microwave injection
into a helicon plasma was performed to increase the
total power coupled into the plasma (compared to R-
wave injection) and to take advantage of the spatial
localization of X-wave absorption to target specific re-
gions of the plasma for later spectroscopic study. Heli-
con discharges are radio frequency (RF) discharges op-
erated near the lower hybrid frequency.'® Typical he-
licon source plasmas densities are n, ~ 10! — 104
cm ™3, typical electron temperatures are T, ~ 5 — 8 eV,
and typical ion temperatures are T; ~ 0.5 eV.'® These
sources operate at a few hundred watts of RF power
and typically employ background magnetic fields of a
few hundred Gauss for plasma confinement.'® In recent
years, considerable evidence has emerged that plasma
production and particle heating (both electron and ion)
are dependent on the strong absorption of slow mode
waves at the plasma edge.!” 20

At these densities and temperatures, helicon sources
are well suited to measurements of the ion velocity
distribution function by LIF. During an LIF measure-
ment, the fluorescent emission as a function of the
wavelength of a narrow linewidth tunable laser pro-
vides a direct measure of the velocity distribution func-
tion of an electronic state of the target species. Typi-
cally the electronic state selected is metastable to op-
timize the signal-to-noise ratio of the measurement.
The quality of the measured signal depends on the
plasma density, the electron temperature, and the back-
ground neutral density (through the effects of colli-
sional quenching of the target state by neutrals). While
LIF and TALIF techniques have been demonstrated
in low temperature plasmas for hydrogen, deuterium,
oxygen, nitrogen, xenon, and krypton neutrals'®-?! and
argon and xenon ions,??2 no LIF technique has been
successfully demonstrated for helium ions. Diagnos-
ing helium flow velocities and ion temperatures in plas-
mas would contribute significantly to our understand-
ing of plasma dynamos,?® plasma boundaries,?* mag-
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netic reconnection,?® and Alfvén waves.?6 The main dif-
ficulties are helium'’s relatively high ionization energy of
24.58 eV and the 40.8 eV energy difference between the
lowest level ion metastable state (the 2S state) and the
helium ion ground state. These factors result in helium
ion metastable populations that are too small to diag-
nose by LIF for most experiments and applications.?”

With the long-term goal of enhancing the helium
ion metastable population in mind, modifications to
the plasma density and electron energy distribution
function (EEDF) due to X-wave absorption in argon
and helium helicon plasmas are presented in this work.
Our previous R-wave microwave injection experiments
demonstrated that microwave heating of helicon plas-
mas enhanced the high energy tail of the EEDF in ar-
gon plasmas while keeping other parameters, like the
total particle density, constant. Other helicon source
groups have also demonstrated electron heating in ar-
gon helicon plasmas with the addition of up to 5.5 kW of
R-wave microwaves. In very low pressure argon helicon
plasmas, < 0.2 mTorr, Zalach et al. report less than a 1
eV increase in the electron temperature with addition of
microwave power until the R-wave power was increased
to 5.5 kW. For 5.5 kW of R-wave power, they observed
a roughly 1 eV jump in electron temperature.?® How-
ever, for our lower power R-wave injection experiments
in helium plasmas, there was little change in the popu-
lation of the excited helium ion states that are needed
for TALIF measurements. The concept of using two
different energy sources in a plasma to separately con-
trol plasma production and species temperature (aver-
age energy for non-Maxwellian velocity distributions) is
not new. Dual-frequency capacitively coupled plasmas
(CCPs)? 32 and electron heating in hybrid inductive-
capacitive discharges3?3* have been explored by other
groups with the purpose of enhancing plasma process-
ing rates and etching selectivity by enhancing the high
energy portion of the EEDF.

Il. EXPERIMENTAL APPARATUS

Measurements were performed in the Compact HEli-
con for Waves and Instabilities Experiment (CHEWIE)
apparatus. A schematic of CHEWIE is shown in Fig. 1.
CHEWIE consists of a 60 cm long, 2.5 cm radius Pyrex
tube around which is wrapped an m = +1 half-turn he-
licon antenna. For these measurements, 150 W to 750
W of RF power at 13.56 MHz is coupled to the antenna
though a matching network.'® The reflected RF power,
less than 5 W, and the forward power are measured with
a Bird™ RF power meter. The tube sits at the center
of two 140 turn water-cooled solenoid electromagnets,
capable of producing a magnetic field inside the tube
of up to 1200 G. The tube and antenna are electro-
magnetically shielded to protect laboratory electronics
from RF interference. The Pyrex tube is connected to
a 6-way cross, 8” CF stainless steel expansion cham-
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Figure 1. CHEWIE experimental apparatus showing the
helicon source, the expansion chamber, and the WR-340
waveguide used for injection of 2.45 GHz microwaves.

ber. The expansion chamber resides in the ‘magnetic
beach’ of the magnetic field profile, which is shown in
Fig. 2 for a coil current of 375 A. The chamber is evac-
uated through a turbo-molecular pumping station from
the bottom of the 6-way cross and either argon or he-
lium gas is fed through the gas feed at the top of the
system. Unless noted otherwise, all of the argon exper-
iments were performed at an operating pressure of 6.5
mTorr and the helium experiments were performed at
an operation pressure of 20 mTorr (the higher helium
pressure is required to initiate breakdown with the he-
licon antenna).

Microwaves were injected through a vacuum sealed
quartz microwave window on the side of the expan-
sion chamber. The waveguide terminates at the vac-
uum window, i.e., there is no horn to impedance match
the waveguide to the vacuum. The details of the mi-
crowave system are shown in Fig. 3. The magnetron
and control board are from a Panasonic NN-SN651B
household microwave oven, which outputs 1.2 kW of
microwave power in 6.4 ms pulses at 120 Hz (70% duty
cycle). The microwave power is coupled via a circula-
tor and two-stub tuning network to a WR340 waveg-
uide for TEO1 mode transmission at 2.45 GHz. Un-
like three stub tuners, a two-stub tuner cannot match
all possible impedances, therefore the reflected power
(hundreds of Watts) is significant for this system. At
2.45 GHz, the electron cyclotron resonance (ECR) con-
dition, w.. = eB/m,, is achieved at 876 G, where e is
the electron charge, m. is the mass of the electron, and
B is the magnetic field strength. The reverse power in
the circulator is sampled with a crystal diode to adjust
reflected power measurements and tune the matching
network.

The two primary diagnostics for these experiments
were optical emission spectroscopy (OES) and a RF
compensated Langmuir probe.?® The light for OES is
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Figure 2. Magnetic field lines (black) and iso-field contours
(color) in the expansion chamber for a solenoid current of
375 A. The iso-magnetic field contours are labeled in Gauss.
The dashed line shows the location of the electron cyclotron
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Figure 3. Diagram of the microwave system showing the
microwave oven magnetron at 2.45 GHz, the circulator, the
matching network, and a water-cooled dummy load.

collected from the port directly opposite of the mi-
crowave injection port. When only microwaves are in-
jected into the chamber, a structure of bright filaments
forms in the vacuum chamber in front of the quartz
window — a combination of emission from excited ions
and neutrals. The collected light is transported to a
1.33 m focal length McPherson model 209 spectrome-
ter (1200 lines/mm grating) by optical fiber and spectra
are recorded with a CCD camera. The electron temper-
ature in argon plasmas is determined spectroscopically
from the intensity ratio of two closely spaced emission
lines (to avoid the need to perform a calibration of wave-
length dependent efficiency of the spectrometer). These
specific lines were selected because their ratio depends
strongly on electron temperature but is relatively insen-
sitive to the plasma density.

The intensity ratio as a function of electron temper-
ature is calculated from a collisional radiative model
that employs line strengths obtained from the Atomic
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Data and Analysis Structure (ADAS) suite of codes.3¢
ADAS is an open source set of codes and data sets for
modelling ion and atom radiation in plasmas. Shown in
Fig. 4 is the line intensity ratio for the 750.593 nm and
751.672 nm lines of neutral argon as a function of elec-
tron temperature. Note that the curve shown in Fig.
4 is an overlay of the ratios calculated for plasma den-
sities ranging from 2.5 to 3.5 x 10'2 cm™2. Based on
the line ratio predicted by the model, a measured line
ratio of 1.14 eV corresponds to an electron temperature
of 1.14 eV.

The OES measurements are also used to verify the ex-
istence of excited argon and helium ion electronic states.
The intensity of emission from different energetic elec-
tronic states provides evidence that modifications to the
EEDF result in populations of excited and metastable
ion states that could be investigated with LIF or TALIF
techniques.

4.5

4.0
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Figure 4. The predicted line intensity ratio for the 750.593
nm and 751.672 nm lines of neutral argon as a function
of electron temperature according to a collisional radiative
model based on the ADAS line intensity calculations. Line

ratio curves are shown for multiple plasma densities ranging
from 2.5-3.5 x 10*% cm™3.

The Langmuir probe was inserted with the tip at 13.5
cm axially in Fig. 2. The tip is a 2 mm diameter 4 mm
long graphite rod held by an alumina shaft and press
fit into a copper slug shielded by a boron nitride cap.
The copper slug is connected to six RF chokes in series
with blocking frequencies of 13.56 MHz and its first and
second harmonics. For time-averaged measurements of
the current-voltage curve of the probe, the probe is bi-
ased and the current is read through a Keithley 2400
Sourcemeter. The 0.5 s sweep time of the Keithley pro-
hibits measurements of any time-dependent phenomena
during a microwave pulse. Typically, 25 current-voltage
traces are averaged together to reduce the effects of ran-
dom noise in the system.

Since the Langmuir probe radius is much larger than
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Figure 5. For a source magnetic field of 850 G (a) a typical
helium plasma density profile in the expansion chamber. (b)
The squared index of refraction (n? = k?c?/w?) in helium
plasma. The X-wave propagates in the green region and is
evanescent (n? < 0) in the red region. (c) Argon density
profiles for different RF powers. (d) The squared index of
refraction (n?) for different RF powers based on the mea-
sured density profiles. There is no region of propagation for
X-waves (n? < 0 everywhere).

the Debye length, Ap(~ 107° m), the ion density is
determined from the ion saturation current, Ig,:, ac-
cording to

I = 0.6n.eA\/T.m; (1)

where n, is the plasma density, T, is the electron tem-
perature, m; is the ion mass, and A is the collecting area
of the probe. The typical Druyvesteyn method of probe
trace derivatives is used to obtain the electron temper-
ature and the EEDF .37 For systems where the electron
gyro radius, pe(~ 107° m), is smaller than the probe
radius and the probe is perpendicular to the magnetic
field, Godyak and Demidov showed that the EEDF is
given by3”

3m? dl,
_Me  y(nldr,)
TonZed iy (TAT)

fe)=—ye(V,—Va)

(2)

where f (¢) is the EEDF, Vg is the probe bias volt-
age, V,, is the plasma potential, [ is the probe length,
rp is the probe radius, m. is the electron mass, and
I. is the electron current (total probe current minus
the ion contribution). Since I, increases exponentially
with electron temperature in the presence of a non-
drifting Maxwellian EEDF, the inverse slope of the nat-
ural log of f (¢) yields the electron temperature.®® Alter-
natively, the inverse slope of the natural log of the elec-
tron current also yields the electron temperature but
that analysis approach does not provide the EEDF.3%
The larger collection area of our large probe makes it
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easier to perform the ion saturation current subtraction,
however the resultant EEDF may lose accuracy at low
energies.?” Because we are interested in the high energy
electrons for this work, the ‘large’ probe (probe radius
greater than the electron gyro radius) was used.

The injection waveguide is oriented such that the mi-
crowaves propagate perpendicular to the background
magnetic field with the wave electric field polarized per-
pendicular to the background magnetic field, i.e., “ex-
traordinary,” X, mode waves. The cold plasma disper-

sion relation for X mode waves is

2 k22 (W + wwee — w2,) (WP — wWwee —w2,)
w? w? (w? — w2, — wi)

(3)

with a resonance at
wp = (JwE + Wi (4)

and cutoffs at
1

wp = 3 {—wce—i— (wge—l— 4w§e)2} (5)

and

et @2+ 220, ©

WR = 9
where n is the index of refraction, k is the wavenum-
ber of the wave, ¢ is the speed of light, w is the wave
frequency, we. = eB/m, is the electron cyclotron fre-
quency for a magnetic field strength B, and the plasma
frequency is w2, = 4mnce? /m.. The resonant frequency
is the upper hybrid frequency, wy, and the cutoffs wg
and wy, are for left and right circularly polarized waves,
respectively. For a microwave frequency of 2.45 GHz
and the argon and helium plasma densities used in this
study, the electron-electron and electron-ion collision
frequencies are orders of magnitude smaller than the
microwave frequency. Therefore, collisions have been
ignored in the dispersion relation.

The calculated squared index of refraction is shown in
Fig. 5b for the measured plasma density profile shown
in Fig. ba and the magnetic field at the axial position
of the waveguide. The helicon source tube has a ra-
dius of 2.5 cm, so any plasma that appears beyond 2.5
cm arises from cross field transport in the expansion
region. Measurements end at r ~ 6 cm because be-
yond that the density is too small for reliable Langmuir
probe measurements. There are two clear regions of
negative squared index of refraction (evanescent prop-
agation) and a resonance around a radial location of
2.5 cm. Therefore, for X-mode microwaves to reach
the resonance layer in a plasma with a peak density of
2 x 10'? em ™3, they would have to tunnel through a
narrow evanescent region. The measured plasma den-
sity profiles for argon plasmas in CHEWIE as function
of RF power are shown in Fig. 5c. In all cases, the
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Figure 6. For a source magnetic field of 850 G, the calcu-
lated squared index of refraction (n? = k?c?/w?) for helium
plasma as a function of helicon source RF power as a func-
tion of radial location. There are clear regions of X-wave
propagation (n2 > 0) and an upper hybrid resonance for all
RF powers.

simple cold plasma dispersion relation (Fig. 5d) pre-
dicts that X-mode waves will never reach a resonant
layer because the plasma is “overdense” for the given
microwave frequency and local magnetic field strength.
For argon plasmas, we should not expect to see signifi-
cant electron heating for X-wave injection. Note that in
our previous studies in which microwaves were injected
along the magnetic field (as R-waves), significant, but
not large, electron heating at the cyclotron resonance
was observed for argon plasmas and very weak heating
was observed in helium plasmas.? Since electron heat-
ing in helium plasmas was desired, the experiment was
reconfigured to permit X-mode injection.

The calculated squared index of refraction for helium
plasmas in CHEWIE plasmas is shown in Fig. 6 for
different helicon source RF powers. Because of the lower
overall density of helium helicon plasmas, a resonance
appears in the plasma at the upper frequency and if
the X-mode microwaves are able to tunnel through the
thin evanescent region, some microwave energy should
be deposited in the plasma. The predicted location for
the resonance moves radially outward with increasing
RF power.

Il. RESULTS

Langmuir probe measurements of the electron tem-
perature radial profiles are shown in Fig. 7 for three
different RF powers. Measurements with and without
the microwave system turned on are shown. Also shown
are EEDF measurements for all three RF powers (250,
450, and 650 Watts) and both microwave powers (on
and off) for two different radial locations (1 cm and 5
cm). The electron temperature profile peaks at 4 eV
on axis and drops rapidly to 1 eV by r = 3.5 cm. Out-
side of 3.5 cm, the electron temperature is constant at
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roughly 1 eV. Near the axis (r = 1 c¢m), the log of the
EEDF is linear from 5 to 20 eV, indicative of a sin-
gle Maxwellian velocity distribution. Further out (r =
5 cm), the EEDF remains Maxwellian but reaches the
noise floor in the measurement by 9 eV — consistent
with a much colder electron population. The key fea-
ture in the all the measurements is the clear lack of any
electron heating or enhancement of the EEDF at any
energy when the microwaves are injected into the argon
plasma

OES measurements of argon neutral and argon neu-
tral emission paint a similar picture of the effects of mi-
crowave injection. Shown in Fig. 8 is the emission spec-
trum around 667 nm for an RF power of 250 Watts. The
neutral lines show a clear increase in intensity with the
microwave injection, while the ion lines are unchanged
with the injection of microwaves. The OES measure-
ments are line integrated and therefore contributions
from the edge of the plasma, where neutrals dominate,
are added to the contributions from the ions, which are
largest near the center of the plasma. It is likely that
the increase in neutral line emission reflects deposition
of microwave energy at the periphery of the plasma —
consistent with the lack of observed electron heating for
r < 6 cm.

Corroborating the probe measurements which show
no change in electron temperature with microwave in-
jection are electron temperatures determined from the
argon neutral line ratio per Fig. 4. Shown in Fig.
9a are measurements of the electron temperature from
the ratio of the line-of-sight integrated intensities of
the neutral argon 750.593 nm and 751.672 nm lines.
As expected, the neutral line intensity ratio method
yields electron temperatures consistent with the Lang-
muir probe derived electron temperatures in the outer
region of the plasma for the same RF power (roughly
1.5 €V). For most RF powers, there is no change in the
electron temperature with and without the microwaves.
The line ratio method is extremely sensitive to highest
energy portion of the EEDF and there might be a statis-
tically significant increase in the electron temperature
for the lowest RF power case shown in Fig. 9a. This
is consistent with Fig. 8, which showed some increase
in neural argon line emission at low RF powers — most
likely limited to the periphery of the plasma.

The electron heating results are very different for he-
lium plasmas. Shown in Fig. 10 are Langmuir probe
measurements of the electron temperature radial pro-
files in helium plasmas for three different RF powers.
Measurements with and without the microwave system
turned on are shown. Also shown are EEDF measure-
ments for all three RF powers (250, 450, and 650 Watts)
and both microwave powers (on and off) for two differ-
ent radial locations (1 cm and 5 cm). For all three RF
powers, there is a nearly 1 eV increase in the electron
temperature around r = 2.5 cm.

The EEDFS at both locations shown (r = 1 cm
and r = 5 cm) are clearly not describable with a sin-
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Figure 8. The argon emission spectrum for an RF power of
250 W with (red) and without (black) microwave injection.
The spectrum includes emission from both neutral argon
and argon ions.

gle Maxwellian energy distribution. Enhancement of
the high energy tail of the EEDF is typical in helicon
sources.?’ As the RF power increases, a discontinuity
in the EEDF shifts from roughly 12 eV at an RF power
of 250 W to roughly 7 eV for an RF power of 650 W.
The portion of the EEDF above this breakpoint energy
decreases in amplitude with the introduction of X-wave
microwaves. Further out from the CHEWIE axis (r = 5
cm) the changes in the EEDF are dramatic. For nearly
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all energies, there is significant increase in the EEDF
amplitude and the slope of the EEDF decreases (elec-
tron temperature increases). The EEDF at r = 3 cm
for an RF power of 650 W is shown in Fig. 11 with and
without microwaves. The electron temperature in this
helium plasma jumps nearly 1.5 eV with the addition
of the X-wave microwaves. The amplitude of the EEDF
for all energies above 20 eV increases significantly when
the microwaves are injected. By 35 eV, the increase
in EEDF amplitude is nearly an order of magnitude.
The X-mode microwaves clearly enhance the energetic
electron population at the location of the upper hybrid
resonance.

OES measurements of helium ion emission paint a
similar picture of the effects of microwave injection.
Shown in Fig. 12 is the emission spectrum around 468.6
nm and 656.0 nm for an RF power of 250 Watts, a neu-
tral pressure of 20 mTorr, and without microwave injec-
tion. Also shown is the emission spectrum for the same
RF power and for two different operating pressures (20
mTorr and 7 mTorr) with injection of microwaves. The
656.0 nm transition arises from decay of the n = 6 level
of the helium ion to the n = 4 level whereas the 468.6
nm line arises from decay of the n = 4 level to the
n = 3 level. For both transitions the OES measure-
ments show no evidence of emission without microwave
injection and clear evidence of emission with microwave
injection. The increase in emission is much greater for
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Figure 9. (a) Argon electron temperature determined from
neutral line emission ratio for four different Rf powers with
(red) and without (red) microwaves. (b) The Langmuir
probe measured electron temperature for an RF power of
350 Watts as a function of radial location. (c) The Lang-
muir probe measured electron temperature for an RF power
of 550 Watts as a function of radial location. (d) The Lang-
muir probe measured electron temperature for an RF power
of 750 Watts as a function of radial location. The emission
based electron temperatures are generally consistent with
the probe measurements around r ~ 3.5 cm

the 7 mTorr case compared to the 20 mTorr case. The
observed increase in helium ion emission for these X-
wave injection experiments was much larger than what
was observed in the earlier R-wave injection studies.?
We note that the strong line at 656.3 nm is a hydrogen
line due to residual water in the system.

The Langmuir probe and OES measurements both
confirm coupling of microwave power into the elec-
trons and the Langmuir probe measurements localize
the heating to roughly » = 2.5 cm, exactly where the
upper hybrid resonance is expected for these plasma
conditions.

IV. DISCUSSION

These measurements demonstrated spatially local-
ized heating of electrons at the upper hybrid resonance
in helium helicon plasmas through the injection of X-
mode microwaves. No heating was observed in argon
helicon plasmas, as expected given the lack of an upper
hybrid resonance in argon plasmas for a microwave fre-
quency of 2.45 GHz. Because the long-term objective of
these experiments is to enhance the fraction of helium
ions in the very energetic (40.8 eV above the ground
state) metastable 2S state, it is important to consider
the impact of the increased electron temperature on the
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population of 2S state. As shown in Fig. 12, the gain in
electron energy due to the microwave injection is clearly
sufficient to drive helium ions into the n = 6 state, 52.9
eV above the ground state. Shown in Fig. 13 is the
relative population, relative to the ground state den-
sity, of the 2S metastable state as a function of electron
temperature for four different plasma densities. The
curves shown in Fig. 13 are again from on a collisional
radiative model of helium that uses the rate coefficients
for helium neutral and helium ion transitions from the
ADAS suite of codes. Based on the model shown in
Fig. 13, the observed 3.5 to 5.0 eV change in elec-
tron temperature in the 650 W helium plasma at r = 3
cm should result in at least a twenty fold increase in
the helium 2S metastable ion population. With such
a change in excited state population, it may then be
possible to deploy LIF and TALIF techniques in helium
helicon plasmas for direct measurements of the helium
ion velocity distribution function. Note that is is possi-
ble that microwave injection has the potential to alter
the original ion velocity distribution through collisional
heating of the ions by hotter electrons, an effect that
should be considered if this technique proves successful
in creating the appropriate metastable population for
TALIF.
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