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Abstract—The driving frequency of a microstrip concentric
split-ring resonator (CSRR) was varied to determine how the
generated microplasma changes as a function of frequency,
specifically at off-resonant frequencies. The microplasmas were
generated in argon at 1 torr, using a forward microwave
power level of approximately 10 W. The resonant frequency
was experimentally found to be 7% MHz, and measurements
were obtained at this frequency and +10 MHz from resonance.
Double Langmuir probe measurements were performed on a
2-D grid, parallel to the surface of the device, to obtain plasma
density and electron temperature maps. The results show multiple
peaks in plasma properties due to electromagnetic coupling with
the nested ring. The electron temperature above the primary
discharge gap is 8.5 eV at 786 MHz, 9.5 ¢V at 7% MHz, and
7.6 eV at 806 MHz. A secondary discharge is also observed
above the secondary nested ring gap, and the plasma in this
region is generally of lower temperature. The off-resonant oper-
ation resulted in lower temperatures and densities, with larger
decreases in the 306 MHz case. The electromagnetic response
of the device was modeled to understand the electric field in
the discharge gap. The modeling revealed that the electric field
vectors at the bounds of the discharge gap point in the opposite
directions for the 786 and 796 MHz cases, increasing the electric
field in the gap, but these vectors point in the same direction for
the 806 MHz case, decreasing the electric field.

Index Terms—Langmuir probe, microplasma, split-ring
resonator (SRR).
I. INTRODUCTION
ICROSTRIPS are thin-stripped conductors fabricated
Mnn a substrate with a high dielectric constant
Microwave signals can be made to propagate in a microstrip.

A microstrip may be cut along the conductor so that there is
a gap in the strip, and for certain gap locations, the microstrip
will act as a resonator with a strong electric field forming at the
oap. These resonators can be configured either as straight-line
conductive paths (linear resonators) or as ring-shaped paths
[split-ring resonators (SRRs)]. If the field in the resonator gap
is sufficiently strong, it can jonize the surrounding gas and gen-
erate microplasma. Microplasmas are small-scale discharges,
typically millimeter scale or smaller. Past applications for
microplasmas include bacteria sterilization [1], [2], treatment
of skin [3], surface activation [2], nanomaterial synthesis [4],
and thin film coating [3].

In previous studies employing an array of linear resonator
strips, where only one strip was powered, it was observed that
power coupled to neighboring unpowered strips [6]. The com-
bination of microwave energy coupling into the neighboring
strips and the ignition of the first powered resonator resulted
in the formation of a line of discrete microplasma sources at
the gaps in neighboring, unpowered strips.

SRRs and concentric SRR (CSRREs) are
microstrip-geometry devices that have been studied heavily
in the metamaterial field for their interesting electromagnetic
behavior. The CSRR is similar to the array of linear
resonators, except that the unpowered split rings are
concentrically nested within the powered SRR. While past
research on CSRRs has focused on the intraring spacing and
subsequent electromagnetic resonance behaviors [6], [7], this
article investigates the CSRR as a microplasma source with
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Fig. 1. Schematic of CSRR design.

transmitters operating in the L- or 5-bands. This would remove
the need for a dedicated power system to drive the thruster.
However, since the actual assigned frequency for a given
satellite may vary and it is unlikely each CSRR-based thruster
would be custom-designed for each satellite, the CSRR would
have to be capable of operating at off-resonant frequencies.
Consequently, it is of interest to determine how the CSRR
plasma behaves for off-resonant frequencies, providing insight
into whether a resonant CSRR must be designed specifically
for each given satellite or if a single design can be used over
a broad range of input frequencies.

II. EXPERIMENTAL DESCRIPTION
A. CSRR Device Characteristics

An RT/Duroid 6010 laminate sheet (~10.2 dielectric con-
stant) with copper cladding on both sides (32-gm thick) is
utilized in the fabrication of the CSRR. The CSRR consists
of a powered outer SRR with a nested electrically isolated
concentric SRR as shown in Fig. 1. The conducting rings are
produced on one side of the substrate, while the back plane is
unmodified. The center conductor of an SubMiniature version
A (5MA) connector is soldered to the outer ring, while the
outer, grounded portion of the connector is soldered to the
back plane.

The CSRRs were fabricated using photolithography and wet
etching techniques. The widths of the rings are nominally
fabricated to be 1.5 mm and the design frequency for the
outer ring is 700 MHz. The nested ring is sized to be the first
harmonic of the design frequency, 1400 MHz. The intraring
spacing was sel al | mm based on fabrication limits. The
mean circumference [ of the SRR is designed to be half
the wavelength at the driving frequency f

i C
Leire = TN (1
where ¢ is the speed of light, A is the wavelength, and &, is
the relative permittivity of the substrate. The microwave signal
delivered through the SMA connector propagates through a
ring producing an oscillating electric field that has a peak
value at the discharge pap of the SRR [9]. The amplitude
of the oscillating electric field is sufficient to ionize the gas
at the gap. A phase offset angle, #, is assigned to ensure
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Fig. 2. (a) Schematic of a double probe showing the applied voltage and

current sign conventions from [11]. (b) Sample voltage and curent trace
from the CSRR data showing locations of relevant currents for double probe
calculations.

the field strength peak is at the gap. The location of the
secondary discharge gap in the nested ring is 180° from the
powered ring discharge gap. Both inner and outer rings have
500-um wide gaps. As the electromagnetic radiation is cou-
pled from the outer ring into the inner ring, a signal propagates
to the secondary discharge gap of the nested ring resulting
in the formation of a secondary ionization point. The CSRR
peometry was first theoretically sized using (1) for 700 MHz,
based on the operating range of the experimental equipment.
The theoretical geometry was then analyzed using ANSYS
High Frequency Structure Simulator (HFSS) to simulate the
electric fields. After fabrication, the CSRR was tested and the
resonant frequency, based on minimized voltage standing wave
ratio (VSWR), was experimentally found to be 796 MHz.
Lastly, the HFSS simulation was performed again using the
measured resonant frequency of 796 MHz and tested at the
off-resonant frequencies of 786 and 806 MHz. The model-
ing results presented in this article are for this final set of
simulations.

B. Langmuir Probe Diagnostic

A double Langmuir probe, shown schematically in Fig. 2(a),
was used to measure the electron temperature and plasma
number density of the microplasma at discrete locations in
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the discharge. The probe was fabricated using two tungsten
wires covered by an alumina shield with exposed tips at the
end. The tips have a diameter of (1.127 mm, a length of 2 mm,
and the end of the tips are positioned to be ~4 mm above the
surface of the CSRR. An external bias voltage was applied to
the Langmuir probes with the voltage applied to each tip swept
from —50 to 50 V. The current as a function of voltage was
measured to yield an J-V curve (shown notionally in Fig. 2(b),
which was analyzed to determine the plasma properties [10].

The probe was positioned at discrete locations in a
2-D plane, parallel to the face of the CSRR, to measure
microplasma properties over a grid of locations. This grid
is shown in an isometric view superimposed over the CSRR
in Fig. 3. Each x-axis step was 5.6 mm while each y-axis
step was 4.1 mm with the origin at the lower right corner.
The matrix was built to ensure measurement at both discharge
zaps of the device, while keeping the probe from interfering
with or impinging upon the SMA connector.

The double Langmuir probe is considered to be in the
collisionless regime, if the ratio of the Debye length ip to
the ion-neutral collisional mean-free path of the plasma Amg
is less than unity [12]

R @)
Amp
The ion-neutral collisional mean-free path can be determined
as dmp = 1/(ne), where n is the neutral number density and
is the cross section for argon ion-neutral collisions [13]. The
neutral density can be obtained from the ideal gas equation
of state, and the argon ion-neutral collision cross section is
obtained from [14]. For the pressures and plasma properties
in this article, the plasma a. is between 2.5 x 10~* and
1.0 x 10—, allowing us to assume that the plasma is in the
collisionless regime [10].
For the double probe shown in Fig. 2{a), the current
collected by the each of the two probe tips of equal area as a
function of the applied voltage at each tip is given as

e(V—Vg)
€| = i’:u (] —g ] ) (3}
e!'l-"i—'l"E!
fz:fu(]—ﬁ £ ) (4)
where |I;;] = || = iy are the ion saturation currents

in Fig. 2(b), ¢ is the elementary charge, Vy is the floating
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Fig. 4. Dhagram of the expenmental setup. MEC.

potential, k is Boltzmann's constant, and T, is the electron tem-
perature. The currents collected by the probes are constrained,
such that iy + iz = 0, while the voltages applied to each
probe tip satisfy the relationship, V> = V} — V. Manipulation
of the current collection (3) and (4) under these constraints
allows us to write the double probe [-V characteristic as

i1 = iptanh (eV/(2kT)). (5)

Finding the slope of the I-V characteristic at V = 0 permits
us to solve for the electron temperature as

) . (6)
V=0
The ion saturation current based on Bohm's criteria is

ip =exp(—1/2)en. A fﬁ
m;

where m; is the ion mass. With the electron temperature
already calculated from the data and the ion saturation current
known through measurement, this equation can be rearranged
to yield the number density in terms of known quantities as

ne = ip/ [exp{—],ﬂ]eﬂ. f% ]

C. Experimental Setup

A schematic of the experimental setup is shown in Fig. 4.
The CSRR was tested at its experimental resonant frequency
{796 MHz) and at frequencies of 10 MHz above and below
resonance (786 and 806 MHz). The preamplified input power
from a signal generator, which was set to —15.0 dBm,
drives a +35-dB gain RF amplifier. The amplifier signal goes
into a Bird 7020 power sensor that measured the forward
and reflected power of the circuit. The resonant frequency
of 796 MHz was experimentally found by varying the input
frequency until the VSWR was minimized. The total forward
power sent to the device during operation was ~10 W. Bottled
research-grade argon gas was metered with an MES mass flow
controller (MEC). The chamber pressure was 1 torr argon for
all experiments and was measured with an MKS Baratron

(7

(8)
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TABLE 1

CSRER PowerieD aND NESTED RinG ELECTRIC FIELD INTENSITIES
WiTHIN DISCHARGE GAPS FOR ASSIGNED FREQUENCY
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Frequency Powered Ring Gap E-Field  Nested Ring Gap E-Field
(MHz) (V/m) (W/m)

Ta6 allx 3R9x 10°

796 (resonant)  3.37x 107 422 % 107

£ 2.99 x 10° 375 x 10°

capacitance manometer. A low-pass RF filter with a cutoff
of 100 MHz was placed in the Langmuir probe circuit to
remove RF signals in the probe data. A Labview-controlled
Keithley 2410 sourcemeter was used to apply voliage to the
double probe tips and to measure the collected current.

The systematic error sources include the probe area (£10%)
and sourcemeter voltage and current (+0.03%). The random
errors in measurements are addressed by averaging multiple
measurements. The Labview program sweeps the probe volt-
age from —50 to 50 V and performs five current measurements
at each voltage to produce an averaged current reading. Three
voltage sweeps are performed at each location, and these
are then averaged to produce an average /-V curve used in
our analysis. The largest potential source of error is in the
probe analysis itself. The equations used and the assumptions
involved, including the assumptions of a Maxwellian electron
energy distribution and probes of exactly the same area, result
in errors on the calculated temperatures and densities of
+504% relative to the true values. As the same physical probe
and analysis techniques are applied to all measurements, the
relative error between different measurement points should
be smaller, mainly due to random sources of measurement
variation.

I1I. MODELING AND MEASUREMENTS
A. Simulations

ANSYS HFS5 was used to model the electric field behavior
as microwave energy is applied to the CSRR. Fig. 5 shows the
electric field intensity and the corresponding vector plots from
the HFSS simulations at 10 W for a frequency range from
786 to 806 MHz. The frequency range was selected based
on the +£10 MHz range around the experimentally determined
resonant frequency of 796 MHz. The electric field maps show
the field intensity peaks at the discharge gaps of both rings,
while the vector plots show the directional behavior of the
electric field as it propagates around the primary and secondary
rings. Fringing electric fields are observed along the edges of
an antenna, in this case, the primary outer ring. Electric fields
are subsequently produced in any nearby conducting material
owing to the fringing electric fields [15] as they couple power
from the powered outer ring into the nested ring [16].

Table I lists the maximum electric field intensities within the
discharge gaps as a function of frequency obtained from simu-
lations of the coupled powered and nested rings. As expected,
the outer, directly driven ring exhibits a significant electric
field at the gap. The electric field in the nested ring is also
high, although it is about an order of magnitude lower than
the field in the powered ring gap. While the formation of a
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Fig. 5. CSER clectric field intensity simulations with the outer, powered
resonator driven at (a) 786 MHz (—10 MHz from resonance), (b) 796 MHz
(resonant frequency), and (c) B0& MHz (+10 MHz from resonance).

plasma is outside the scope of the model, the field is maximum
at the resonant frequency of 796 MHz, which suggests that
if a plasma is formed at all three frequencies, as shown
in Table 1, the plasma formed at 786 and 806 MHz should
both have lower densities than the resonant case. Compared
to the resonant case, the 786 MHz case exhibits a smaller
reduction in the peak electric fields for both rings relative to
the 806 MHz case. Consequently, if a plasma forms in all
cases, we would expect the plasma density in the 806 MHz
case to be smaller than the density in the 786 MHz case.

The automesher in HFSS was used for the simulation,
as the model was primarily used to help design and resonators.
The automesher performs automesh refinement on areas of the
simulation with high gradients in the electromagnetic field.
The default convergence criteria for the HFSS module is 2%.
This was sufficient to generate insights into the operation of a
CSRR and the trends on field maximization as a function of
frequency.

An interesting observation from the 806 MHz vector plot
in Fig. 5(c) is that the electric field vectors in the outer ring
on both sides of the gap are in the same direction. This
is in comparison to the other two simulation results, where
opposing vectors appear within the conductors adjacent to
the discharge gap. This result helps explain the lower field
intensity in the dischargpe gap in the 806 MHz case when
compared to 786 MHz case.

The magnetic field induced by currents driven in the CSRR
configuration was also calculated, and for completeness they
are shown in Fig. 6 for the resonant frequency case. The
magnetic field lines wrap around the outer conductor, and in
the middle of the device, the field aligns with the center axis of
the CSRR geometry. As the frequency is increased, the average
magnetic field strength increases, with this increase quantified
in Table II, where we provide the magnetic field strength at
the center axis as a function of frequency.
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Fig. 6. CSRR magnetic field intensity simulations with the outer, powered
resonator driven at 796 MHz (resonant frequency).

TABLE I

MAGNETIC FIELD STRENGTH ON THE CENTER AX15 OF THE CSRR
CoNFIGURATION AS A FuNcTION OF DRIVING FREQUENCY

Frequency (MHz)  Mapnetic Field Strength (G)

THG 9.1
T 11.8
£06 15.6

B. Electron Temperature Measurements

A plasma was produced in the CSRR at off-resonant fre-
quencies down to 786 MHz and up to 806 MHz. Operation
at higher and lower frequencies did not result in repeatable
plasma generation, indicating that at constant input power
there is a bandwidth limit on the frequencies at which a plasma
can be realized. The electron temperature was determined
at each of the three frequencies from the double Langmuir
probe data, an example of which is shown in Fig. 2(b).
Electron temperature data are shown in Figs. 7-9 for the lower
off-resonant frequency of 786 MHz, the resonant frequency of
796 MHz, and the higher-off resonant frequency of 806 MHz,
respectively. In these and subsequent figures, dashed lines are
used to indicate the location of the two discharge gaps that
were previously shown in the CSRR rendering of Fig. 3.

At 796 and 806 MHz, the electron temperature maps
indicate two regions of higher temperature, corresponding to
the locations of the two discharge gaps and indicating that
secondary ignition was achieved in the gap of the nested
ring. There are two peaks in the 786 MHz case as well,
but the peak is offset from the primary discharge gap by
approximately 5 mm in the x-direction. In all cases, the
electron temperature at the nested ring gap is lower than that
measured at the powered ring gap. The electron temperature
of the resonant case is overall higher, including minimum and
maximum temperatures in the domain than are greater than
for the off-resonant frequency cases. The resonant (796 MHz)
case temperature varies from 7.0 to 9.6 eV, while for the
786 and 806 MHz cases these temperature ranges are 6.5-9.3
and 6.3-8.3 eV, respectively. The electron temperatures at
the powered ring gaps are measured as 8.5 eV at 786 MHz
{—10 MHz from resonance), 9.5 eV at 796 MHz (resonance),
and 7.6 eV at 806 MHz (+10 MHz from resonance). These
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Fig. 7. CSER measured electron temperatures at 786 MHz with ~10 W of
foreard power.
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Fig. 9. CSER measured electron temperatures at 806 MHz with ~10 W of
foreard power.

decreases in the electron temperature for off-resonant opera-
tion correlate with the electric field strengths found through
the HFSS simulations, where the electric field in the discharge

Authorized licensed use limited to: Redstone Scientific Information Center. Downloaded on April 12,2020 at 02:33:33 UTC from IEEE Xplore. Restrictions apply.



832

ap was a maximum at resonance, reduced from the maximum
at 786 MHz, and a minimum value at 806 MHz.

C. Number Density Measurements

The number densities calculated from the double probe
measurements are shown in Figs. 10-12 for 786, 796, and
806 MHz, respectively. The peaks in number density favor
the radial centerline of the device (along the & = 0°,
180° line in Fig. 1), instead of the discharge gaps where the
larger electric field is located. These peak densities between
each frequency varied from 1.10 x 10'7, 1.15 x 10'", and
1.02 x 10'® /m® for 786, 796, and 806 MHz, respectively.

IV. DISCUSSION

The CSRR microwave gap discharge can be considered a
medium-pressure capacitively coupled plasma. The electron
temperature plots show the high temperature electrons are
generally at or near the two discharge gaps, implying that
the electrons are gaining energy from high electric fields
present at those locations. As the electrons diffuse outward,
they lose energy through inelastic collisions. The density data
indicate that the majority of the ion population is located
in a lower temperature region along the radial centerline of
the CSRR. Separation of the peak temperature and number
density is often observed in RF-sustained plasmas [17]-{21].
lons created at the gap move away from that location at
the ion acoustic velocity. The energetic electrons may also
provide additional ionization as they diffuse outward from the
discharge gap. However, if this was simply a case of isotropic
ion motion and energetic electron diffusion, then a ring of
higher plasma density should form around each of the gaps.
Instead, the data show the radial centerline of the CSRR being
a favored location for the elevated number density.

The trends in electron temperature and number density as
a function of frequency, namely that these are maximized for
the resonant case of 796 MHz and a minimum for operation at
806 MHz, can be attributed to the discharge gap electric field
strength being maximized in the resonant case and minimized
(for the cases tested) at 806 MHz. As previously noted,
at 806 MHz, our modeling indicates that the electric fields
on either side of the powered-ring discharge gap would be in
the same direction.

An ideal SRR would be comprised of a single thin con-
ductor of the appropriate path length to support the resonant
frequency given by (1), resulting in a commensurate maximum
electric field in the gap. The theoretical design frequency for
the outer powered ring in this article was 700 MHz, corre-
sponding to a circumference and mean diameter of 6.71 and
2.14 cm, respectively. These values were used to set the
average circumference and diameter of the outer powered ring,
as shown by the line through the middle of the circuit trace,
schematically shown in the left frame of Fig. 13.

However, the ring also has a finite width of 1.5 mm, which
is set by the fabrication process. In the left frame of Fig. 13,
there are two other circumferences drawn corresponding to
the maximum and minimum diameters of a path that is still
completely contained within the ring. These outer and inner
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diameters are 2.29 and 1.99 cm, respectively, and they corre-
spond to circumferences of 7.19 and 6.25 cm, respectively.
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Fig. 13. (Left) Schematic representation of the circumferences comesponding
to the path lengths in an SER that would support resonant operation at the
frequencies listed (for inner, average, and outer diameters of 1.99, 2,14, and
2.29 cm, respectively). (Right) Notional representation of the circomferences

corresponding to the path lengths in the ooter, powered nng of the tested
CSRR showing those the paths for TBS6 and 796 MHz lying within the
conductor and the path for 806 MHz Iyving outside the conductor.

Using (1), the resonant frequencies corresponding to those
circumference values are 654 MHz for the outer diameter
path and 753 MHz for the inner diameter path. Consequently,
we could reasonably suspect that applying RF power bounded
by these frequency values could result in favorable electric
fields being generated at the gap to support plasma formation
{specifically, electric field vectors in the opposite directions on
either side of the gap).

As we noted from our data, the resonant frequency of the
real device was experimentally determined to be 796 MHz.
The 96 MHz shift in resonance relative to the design frequency
is likely driven by a combination of three factors: fabrication
tolerances, subsirate dielectric variation, and electromagnetic
coupling to the inner, nested ring. Based on the discussion
above regarding the left frame of Fig. 13, we set forth the
following notional reasoning for why the electric fields point
in the opposite directions at the gap in the 796 and 786 MHz
cases, but not in the 806 MHz case. Specifically, we postulate
that resonant frequency circumferences for 796 and 786 MHz
in the as-tested CSSR are still completely contained within
the conductor, but the circumference corresponding to the
higher frequency, 806 MHz, falls outside the conductor. These
circumferences are notionally shown in the right frame of
Fig. 13. As a consequence, the electric fields generated at the
zap are favorable (opposite directions on either side of the
zap) in the 796 and 786 MHz cases, and less favorable (same
direction on either side of the gap) in the 806 MHz case.

V. CONCLUSION

In this article, a CSRR for micropropulsion applications was
tested at resonant and off-resonant frequencies to understand
how the microplasma properties change as a function of oper-
ating frequency. Resonant frequency operation at 796 MHz
produced the highest electron temperature and plasma density.
The electron temperature decreased as the frequency was var-
ied to off-resonance values, with the 786 MHz case (—10 MHz
from resonance) exhibiting a smaller decrease in temperature
compared to the 806 MHz case (410 MHz from resonance).
The scaling is due to the electric field in the discharge pap
being largest in the resonant case and successively smaller in

the 786 and 806 MHz cases, respectively. Measurement of the
electron temperature and plasma density in three dimensions,
using a finer grid mapping, could aid in better understanding
the transport of energetic electrons and plasma ions from
the gap. Such a mapping is also necessary if a CSRR is to
be integrated into any future micropropulsion system, as it
will help to understand the plasma conditions as it enters
a thruster (for example, in a microion thruster where the
plasma properties at the inner screen grid dictate the ion flux
into the ion optics and thus the performance of the engine).
Testing has demonstrated that a CSRR driven by the onboard
telecommunications transmitter power source and integrated
into a thruster could be feasible, and that such a device does
support some range of operating frequencies. The results point
toward a path by which the device might be designed for
operation over a broad frequency range. The effect that the
coupled inner ring has on the resonant frequency of the device
is not well understood or modeled in this article. Therefore,
further studies on this topic is recommended.
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