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Designing Resonance Microwave Cavities
to Optimize Plasma Generation

Ana Megía-Macías , Elena Barrios-Díaz , Jean-Louis Jauberteau , Isabelle Jauberteau ,

and Osvaldo Daniel Cortázar

Abstract— Methodology for designing the 2.45-GHz
microwave (MW) coupling system to optimize the hydrogen
plasma density in an electron cyclotron resonance (ECR) plasma
reactor is presented. Two different plasma generator systems
have been studied by experiments and 3-D simulations to find
the criteria to reach an optimized design. The experimental
work includes the detailed measurements and calculations of
the electron energy distribution functions (EEDF) and ultrafast
photography diagnostics to estimate the spatial distributions
of plasma unbalanced charge density, potential, and electric
field for both cases. It demonstrates that to simulate in 3-D,
the distribution of the resonant stationary electric field along
the entire MW driver system can be used to improve the design
in order to reach higher plasma densities and temperatures.

Index Terms— Microwave (MW) coupling, MW design opti-
mization, MW plasma, MW plasma reactor, MW resonance,
plasma design optimization.

I. INTRODUCTION

COUPLING is a critical issue for a wide range of
microwave (MW) and radio-frequency plasma reactors

from accelerator ion sources to industrial systems applied to
semiconductor industry [1], [2]. The physics involved in the
process of energy transference from the MW generator to the
plasma has been discussed many times in the literature [3]–[6],
and the effect of plasma formation on the electric field profile,
the resonant frequency of entire system, and the coupling
factor are the topics of discussion in the low density and
temperature plasma community [7], [8]. Plasma density and
temperature play a key role in reactor characterization because
they strongly define the kind of application and its perfor-
mance. For ion sources, the relationship of plasma density and
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temperature with the extracted ion beam current and emittance,
respectively, is a good example [9].

Two different plasma chambers and coupler systems, pre-
liminary and optimized, are presented herein in a comparative
study. A previous work on this subject was published by the
authors showing a first approach where 3-D simulations of
stationary E-field distribution inside the MW system were
described as a useful tool for designing in an article entitled
“Influence of MW coupling design on plasma density at Test-
Bench for Ion Sources Plasma Studies (TIPS)” [10]. Here,
we present a deeper work including further research with elec-
tron energy distribution function (EEDF) measurements with
Langmuir probes and estimations of electrical field distribution
and plasma potential based on ultrafast photography. We estab-
lish a correlation between the original work and the previous
3-D electric field simulations concluding that the later is a
useful tool for MW plasma sources design optimization.
In order to compare the 3-D simulations previously published
with the new results described in this article, we are reproduc-
ing, here, the key figures in [10] (see Figs. 1, 3, 4, and 6).

The impact of resonance cavity design on plasma density
and temperature is demonstrated for the first time in this
extensive study by two different experimental methods. These
original data clearly show the importance of entire MW system
electric field distribution 3-D simulations as an excellent
approach to an optimized plasma reactor design.

The experiments were conducted on a plasma reactor test
bench where modifications of its components are relatively
simple to make. The reactor is an electron cyclotron reso-
nance (ECR) plasma generator where the plasma is produced
inside a cylindrical plasma chamber by exciting a gas with
2.45-GHz MWs while embedded in an ECR magnetic field.
The MW energy is provided by a 2.45-GHz magnetron that
can be operated both in continuous wave (CW) or pulsed
mode. The reactor has been previously described in detail
in [11]–[13].

Once the plasma is formed inside the system, the resonant
frequency changes due to the plasma itself being an electrical
conductor with permittivity and permeability different from 1.
Some interesting works to get an estimation of that change in
frequency considering homogeneous plasma and estimating
its density have been published [3]. However, the calculations
of the electric field with the presence of plasma in the system
are still very difficult. The resonant characteristics of the
systems are highly distorted when the plasma is ignited, and
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Fig. 1. Cross section of the plasma reactor with the preliminary design. (a) Plasma chamber, (b) MW coupler, (c) gas inlet, (d) pressure gauge flange,
(e) cooling water inlet, (f) cooling water outlet, (g) waveguide WR284/WR300 transition, (h) vacuum window, (i) and (k) bidirectional couplers, (j) two-stub
tuner, (l) diagnostics port, (m) observation window, (n) Langmuir probe, and (o) magnetic field generation system [10].

as plasmas are complex systems, they are very difficult to
be taken into account in a simulation. Our first approach
was to study the resonance of the system in a vacuum,
i.e., just before the plasma ignition, and redesign the system
to maximize the electric field in the center of the plasma
chamber. COMSOL 4.2 [14] was used to obtain the electric
field distribution along the whole system (plasma chamber,
coupler, and MW guide) while exciting the lower transverse
electric resonant mode (TE111).

II. PRELIMINARY DESIGN DESCRIPTION

AND BEHAVIOR

The preliminary design of the plasma chamber and the
MW coupler system (hereinafter preliminary design) was
made by the engineering supplier company Elytt Energy for
the denominated BLISI ion source still under operation at
ESS Bilbao [15]. A cross section of the device can be seen
in Fig. 1. The plasma chamber marked with letter (a) is made
of oxygen-free high thermal conductivity (OFHC) copper.
Letter (b) refers to the MW coupler designed for the purpose
of adapting the impedances between the standard waveguide
WR284 and the chamber, and it has five ridged steps for this
purpose. Fig. 1 also shows two vacuum ports, one for the
gas injection (c) and one for the measurement of the gas
pressure inside the plasma chamber (d). The whole system is
refrigerated by a cool water closed circuit, and the input and
output ports are marked with letters (e) and (f). A transition
waveguide (g) is necessary to match the WR284 flange at the
entrance of the coupler to the standard WR340 waveguide size.
After this transition piece, a 10-mm vacuum break window
isolates the area under vacuum from the atmospheric one
(h). A bidirectional coupler (i) is used for the recording
of synchronization signals, and a two-stub tuner (j) allows
us to have a fine impedance tuning. A second bidirectional
coupler (k) records the incoming and reflected power signals.
On the opposite side of the plasma chamber, a diagnostic port
(l) serves us for three different tasks: the connection of the
pumping system, the allocation of a view port (m), and the

installation of the Langmuir probe system (n). At both sides
of the chamber, there are 2-mm-thick boron nitride disks. Four
coils (o) around the plasma chamber generate the magnetic
field required to ignite the plasma, and they are located in
two structures (usually referred to as pancakes) that can be
moved axially. There are two different ways to modify the
magnetic field profile: the axial movement of the pancakes
and the modulation of the current of each coil.

The methodology used for the preliminary design develop-
ment followed the engineering criterion of impedance match-
ing between parts. This MW system was conceived as a
set of different coupled parts being the plasma chamber the
most important one and, in consequence, the first one to be
designed. Its dimensions were chosen in order for its TE111
mode resonant frequency to be 2.45 GHz, and the MW coupler
was designed to adapt the impedances between the chamber
and the WR284 MW guide. Such a criterion is frequently
used as a principle of design in many MW excitation systems
[16]. However, once the system was experimentally tested,
it showed an anomalous behavior with a strong tendency to
allocate the plasma outside the discharge chamber, specifically
in the MW coupler.

Our first approach to the problem was to associate the
tendency of plasma formation inside the coupler with relative
high pressure (HP) due to the fact that rear volume [near
the end of the coupler (e)] is the most distant area from
the pumping system. A small auxiliary quartz view port was
placed in the holder of the 10-mm vacuum window (h) to
place a photodiode with fiber optics in order to detect the
presence of plasma outside the discharge chamber. Moreover,
a pressure sensor was also placed in the window holder (h),
and the pressure was indeed higher in this point than in other
parts of the system but its value was not high enough to be
the reason of plasma formation at this point.

After an extensive study of the working range, we deter-
mined a narrow set of experimental conditions that could
correct this effect: low gas pressure inside the plasma chamber,
magnetron power below 1500 W, and magnetic field profile
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Fig. 2. Map of the magnetic field required to avoid the formation of plasma
outside the plasma chamber when using the preliminary design.

more intense on the diagnostic port side than in the MW
injection one. The latter is the most impacting factor. In order
to correct this tendency, coils had to be moved along the z-axis
to the extreme position close to the diagnostic port (extraction
port in the ion source version BLISI), and the currents in each
coil were properly tuned in a short range of values. Therefore,
the external magnetic field configuration was practically fixed
to obtain plasma formation inside the plasma chamber.

During the experiments, it was observed that relatively
small changes in the magnetic field intensity or distribution
could produce the alternating ignition of the plasma between
the plasma chamber and the MW coupler. To allocate the
plasma inside the discharge chamber only by incrementing
the magnetic field intensity becomes unreachable. Fig. 2
shows a magnetic field 2-D plot in the longitudinal plane of
the plasma chamber. This field was calculated using Finite
Element Method Magnetics (FEMM) [17]. The external black
frame represents the chamber contour MWs entering it from
the right side and being the diagnostic port placed on the
left. The results of the simulations were compared with the
Hall probe experimental measurements, and the error was
determined to be below 2%.

While looking for an explanation for such an undesirable
behavior, some 3-D simulations of stationary electric field
for the preliminary design were made. A typical result is
shown in Fig. 3. Note that the maximum electric field value
is allocated outside the plasma chamber, specifically inside
the coupler piece where plasma showed a strong tendency to
be established. This result motivated the development of an
optimized design by changing the point of views and using the
3-D stationary electric field simulations tool, as is described
in Section III.

III. OPTIMIZED DESIGN DESCRIPTION

AND BEHAVIOR

Fig. 4 shows a cross section of TIPS with the optimized
design: chamber (a) and the MW coupler (b). The chamber
was designed with a surrounding water cooling bath (c) inside
its lateral wall. In order to be able to make easy modifications
of the internal geometry of the MW coupler, two exchangeable

inserts were designed (d). Letters (e) and (d) show the channels
for pressure gauge connection and gas inlet.

The criterion used for developing the optimized design
is opposite to the one described in Section II. It is based
on the following concept: “if a resonant cavity is tightly
coupled to some other MW circuits, the impact of physical
modifications and the change in internal field distributions
are so great that it can no longer be called the same cavity.
In this case, the concept of an intrinsic resonant frequency
of the cavity becomes meaningless, and we can only talk
about the resonant frequency of the system as a whole” [18].
In order to facilitate the understanding of this methodology
in practice, we follow by resuming the design steps, as they
were previously published in [10].

As the first step and keeping in mind the previously
described concept, we started by designing an isolated ideal
cylindrical plasma chamber. Equation (1) [19] determines the
resonant frequency of any TE mode in a cylindrical cavity as
a function of its dimensions
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where c is the speed of light, εr is the relative electrical
permittivity, μr is the relative magnetic permittivity inside the
cavity (in our case, the medium inside the cavity is vacuum;
therefore, εr = μr = 1 ), a is the radius of the cavity, d is its
length, pnm is the zero of order m of the Bessel function of
order n, and p�

nm is its first derivative. The indexes n, m, and l
identify the TE mode electromagnetic field pattern. Using (1)
and taking into account that the coils limit the size of the
plasma chamber, the new chamber dimensions were chosen to
in order to have its TE111 mode at the magnetron frequency
(2.45 GHz): 85-mm diameter and 113-mm length.

For the second step, the use of a 3-D electric stationary
field simulation tool is required. Attaching any coupling part
to the cavity implies a certain modification of the electric field
inside. This has two main implications: resonant frequency of
the whole system must be assumed to be, in general, different
from the one of the cavities without the coupler, and the
loses are higher. It is recommendable to simulate the entire
ensemble conformed by the chamber directly connected to the
waveguide to check such an effect despite the fact that it may
not be possible to do it in practice due to practical reasons
as in our case. The new resonant frequency obtained by 3-D
simulation under such conditions was 2.42 GHz. These results
highlight the need for a coupler to connect the waveguide and
the plasma chamber. The coupler has different functions: on
one hand, it serves to mechanically connect the waveguide
and the plasma chamber; on the other hand, it must put the
resonance frequency of all the system back to 2.45 GHz, and
at the same time, it must maximize the intensity of the electric
field inside the chamber while keeping it as low as possible
outside it. Therefore, the logical third step is to introduce the
coupler piece in simulations to reach both goals. In our case,
a λ/4 length one-step ridged coupler gave the best simulations
results. Simulations of the E-field resonance for both the
preliminary and optimized results were previously published
by Megía-Macías et al. [10]. Fig. 5 shows the final result
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Fig. 3. Simulation of the E-field profile with the preliminary design. Input power 1500 W (continuous) at 2.45-GHz TE10 port [10].

Fig. 4. Cross section of the reactor with optimized design. (a) Plasma chamber, (b) one-step ridged coupler, (c) water cooling chamber, (d) ridged exchangeable
steps, (e) gas inlet, and (f) vacuum gauge connection channel [10].

of 3-D stationary electric field simulation for the optimized
design once the final shape coupler piece has been reached.
The contrast with Fig. 3 is remarkable.

IV. EXPERIMENTAL RESULTS AND COMPARISON

BETWEEN DESIGNS

We started the experiments with the optimized design by
trying to apply the same magnetic field distribution that was
used before with the preliminary design, but this was not
possible. The produced plasma was very unstable with high
jitter during breakdown. Even though we intended to study
both designs under the same experimental conditions, this
tendency could only be prevented by changing the magnetic
field distribution. Fig. 6 shows the new B-field profile used
for the experiments with the optimized design. Once the
magnetic field was changed, the plasma showed a stable
robust behavior with respect to the B-field modifications (the
changes in the position of the coils or in the current circulating

through each of them). The ignition of the plasma outside the
chamber completely disappeared, and we discovered a wider
range of magnetic field configurations, gas pressures, and MW
powers where the plasma could be stable with several spatial
distribution modes [20]. This was very contrasting with the
preliminary design system where the working range was very
narrow, as previously described. In order to reach a better
understanding of differences between both designs, we started
a comparative study by measuring EEDFs and estimating
plasma density distributions. The first was done by means of
Langmuir’s probes and the second by the implementation of
ultrafast photography diagnostics.

A. Measurements of EEDFs

Measurements have been performed by means of Lang-
muir’s probes, and the EEDF has been resolved in space and
time within each design.
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Fig. 5. Simulation of the E-field profile with the optimized design. Input power 1500 W (continuous) at 2.45-GHz TE10 port [10].

Fig. 6. Magnetic field map used for experiments with the optimized design.

1) Method Used to Determine EEDFs: Theoretical devel-
opments to correct perturbations in the plasma occasioned
by the presence of the probe and the consequences on its
characteristics curves were developed in the early 1960s by
Shift [21]. It is possible to neglect such a disturbance if
the electron diffusion rate is high enough to compete with
electron draining from plasma to probe, but, unfortunately,
this is not the case in our experiments, where such a correction
is essential because EEDFs are different around the vicinity
of the probe with respect to the farthest undisturbed plasma,
as we explain as follows. In the case of a magnetoplasma,
the electron diffusion coefficient is anisotropic because of the
influence of magnetic field on the radial component of electron
velocity. Due to electron gyration, radial (perpendicular to
the magnetic field) and longitudinal (parallel to the magnetic
field), electron diffusion coefficients are unequal; therefore,
the disturbance of the probe cannot be neglected for high
magnetic field intensity. The extension of Swift’s theory for
magnetoplasmas was developed by Arslenbekov et al. [22],
Demidov et al. [23], and Popov et al. [24]. We just recall the
main method lines for experimental data treatment summing
up our recent works [25], [26] to facilitate the readability as
follows.

In the case of a diffusion regime, the electron current
depends on the diffusion parameters given by

Ie(U) = 8πeS

3m2γ

∫ ∞

eU

(εe − eU) f0(εe)dεe

1 + ((εe − eU)/εe)�
(2)

where εe is the total electron energy in the sheath, U is the
probe potential with respect to the plasma potential, �(εe) is
the diffusion parameter depending on εe, S is the collecting
probe area, γ is a geometrical factor, and f0(εe) is the isotropic
distribution function. It is correlated with the electron energy
probability function f (εe) given by

f (εe) = 4π
√

2 me
−3/2 f0(εe) (3)

and with the EEDF F(εe) given by∫ ∞

εe0
F(εe)dεe =

∫ ∞

εe0
f (εe)

√
εedεe =

4π

∫ ∞

0
v2 f0(v)dv = ne (4)

where v and ne are the electron velocity and density, respec-
tively. In (2), the diffusion parameter depends on the probe
geometry and on the Larmor radius. In our case, the cylindrical
probe was located at the center of the plasma chamber for
both designs, and it is parallel to the magnetic field. Diffusion
parameter is given by

� = π L

4γ ρe
. (5)

The γ factor can be approximated using γ = 0.71 +
(0.25/x), where x is the ratio between the probe radius
and Larmor radius [22]. By using (2), it can be shown that
the second derivative of collected electron current by the probe
is given by [22]

I ��(U) = C f (eU) − C
∫ ∞

eU
K (εe, U) f (εe)dεe (6)

where C is a constant, C = e3S/2γ
√

2 me, S is the
probe collector area, and the other coefficients have the
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usual meaning

K (εe, U) = 2�εe
2

[εe(1 + �) − �eU ]3 . (7)

It can be seen that without magnetic field, B = 0, � = 0,
and (6) becomes the Druyvesteyn equation.

Resuming: we calculate the EEDF by the second derivative
of electron current assuming Druyvesteyn equation

f (ε) = 2
√

2me

e3S
I ��(U). (8)

and then, we determine the distribution function by successive
adjustments of (6). Finally, the exact distribution function is
obtained when the experimental values of the second derivative
I ��(U) are equal to the calculated one by using (6), all over
the entire electron energy range of the EEDF.

2) EEDFs Measurements of Both Designs: EEDFs have
been measured in the optimized design for different exper-
imental conditions, and the results are compared with the
obtained for the preliminary design.

On one hand, it can be seen in our previous works [26],
[27] that polymodal EEDFs are measured for the preliminary
design during the discharge breakdown and decay for the
pressure ranging from 0.38 to 0.62 Pa. The EEDF shape
changes drastically from a nonresonant plasma (B = 0.12 T)
to a resonant ECR plasma (B = 0.087 T) where the lowest
EEDF profile was obtained at low pressure (LP) under
OFF-resonance conditions, while the highest EEDF was
obtained at LP under resonance conditions. It must be noticed
that at LP and OFF-resonance conditions, the EEDF is
strongly disturbed and the probe signal is very low compared
with other experimental situations.

Three main components are generally observed in EEDFs
measured in the preliminary design for three relative intensity
settings [26], [27]: a low-energy component, observed at
�e < 10 eV, which increases with pressure, i.e., by increasing
electron-neutral collision frequency; an intermediate compo-
nent at energy ranges between 5 and 15 eV, which appears
mainly in the ECR condition, when the input power is greater
than 600 W, is the main component at 1500 W, and vanishes at
OFF-resonance conditions with B = 0.12 T; and, finally, some
small and broad components corresponding to the Maxwell–
Boltzmann distribution (Te = 19 eV) related to the electrons,
which have not yet lost their inelastic energy while colliding
with heavy particles, excited by the MW. This component is
weaker than the other two, and it is more frequently observed
when working under off-reference conditions.

It is worth noting that the polymodal shape of EEDFs is
also observed in the optimized design. Fig. 7 shows a typical
EEDF measured in the optimized design. It is formed by
several components: the low-energy component (A) centered
at 5.84 eV, corresponding to electrons suffering inelastic
collision within the plasma and an intermediate component
(B), observed at 20 eV, which was at about 13 eV in the pre-
liminary design. The remaining EEDF tail is composed of two
components, one at 14 eV (C1) and the other at 39 eV (C2).
Due to the increase of the electron energy, the intermediate
and high-energy components are observed at larger energy.

Fig. 7. Optimized design EEDF decomposition in different components: A,
B, C1, and C2 with mean electron energies equal to 5.84, 19.97, 14.07, and
38.86 eV, respectively.

Fig. 8. Comparison of EEDF measured in (a) preliminary and (b) optimized
designs at 2 × 10−3 mBar, 1500 W with B = ECR and B > ECR.

The low-energy component, corresponding to electrons after
collision with neutrals, still observed centered at the same
energy.

A comparison between EEDFs in the preliminary and
optimized designs for ECR and off-ECR conditions is shown
in Fig. 8. Measurements are performed at 1500 W of incoming
MW power and a pressure of 2 × 10−3 mBar. Fig. 8(a)
shows the EEDFs corresponding to the preliminary design and
Fig. 8(b) to the optimized one. For B > ECR, the EEDF of the
optimized design exhibits a high-energy component centered
at about 30 eV, which is not observed in the preliminary
design. For B = ECR, power absorption by electron due to
ECR heating mechanism plays a more efficient role at the
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Fig. 9. Electron density versus electron energy. Comparison between
measurements performed on the preliminary design at LP 1.6 × 10−3 mBar
and HP 2.6 × 10−3 mBar with B > ECR or B = ECR and the optimized
design at 2 × 10−3 mBar at 1500 W of MW incoming power. The dashed
circle highlights the values obtained in the optimized design.

optimized design. The high-energy component is remarkable,
and it corresponds to a larger mean value in the optimized
design.

The measurements on the optimized design produce results
where electron density and mean energy increase with respect
to the preliminary design. If we compare electron density and
mean electron energy measured in the optimized device with
values from the preliminary one, a strong increment about
100% for electron density and 65% for mean electron energy
is observed, as it can be seen in Fig. 9 where such values are
highlighted inside a dashed circle.

B. Ultrafast Photography Diagnostics and Plasma
Density Estimation

The ultrafast photography diagnostics setup allows to obtain
very high time-resolved picture sequences to study temporal
evolutions of plasma spatial distributions [20], [28]–[32].
It uses a transparent plasma electrode consisting on a quartz
window placed between two tungsten meshes that behaves as
a metallic window from the MWs point of view but allows
the observation of the plasma chamber interior and, as a
consequence, the study of the different spatial distributions
acquired by the plasma. Such an issue is essential because
it keeps resonance characteristics of the entire MW system
allowing to make comparisons with the previously obtained
results where a full metal wall was used for Langmuir probe
diagnostics as in our case. Fig. 10 shows a cross-sectional view
of the plasma reactor with this setup installed. An ultrahigh-
speed light intensified frame charge-coupled device (CCD)
camera system was aligned on the optical axis (h) at 1 m
of distance from the observation window (e) to take up to
four image sequences in which delays between pictures and
exposure times can be adjusted independently.

Typical exposure time was set at 1 μs as a usual good com-
promise between emitted light intensity and evolution plasma
motion, while the delays between different photographs were

Fig. 10. Ultrafast pictures experimental arrangement: section view of the
optimized design reactor. (a) Plasma chamber, (b) MW coupler, (c) tapered
waveguide WR284/WR300 transition, (d) solenoids, (e) observation window,
(f) vacuum tee, (g) transparent MW shielded window, and (h) ultrafast camera
optical axis [30].

set to follow the evolution of the plasma during the breakdown
on each case. In our case, the delay has been fixed at the
middle of pulse in order to get the plasma distribution once
the steady stage has been reached. The gains in multichannel
plates (MCPs) and CCDs were set in order to get the best
definition possible in the pictures while avoiding saturation.
The original black and white images are treated using a color
scale, where red represents the maximum light intensity, while
blue corresponds with the lower one. By using the obtained
images, it is possible to make an estimation of the positive
unbalanced plasma charge density spatial distributions, plasma
potential, and electrical self-induced field [29], [32].

We start by assuming that the difference in mobility between
the electrons and ions inside the plasma produces an unbalance
in the charge distribution (e (ni − ne) ≥ 0). This difference
in electric charge between the different points of the plasma
distribution generates an electrostatic potential φ in order to
decrease the electron loss rate from the bulk of the plasma to
the chamber wall. According to Poisson’s equation

ε0∇2φ = −e (ni − ne). (9)

It is known that if the plasma can be considered to be
optically thin, it is possible to assume that the emitted light
intensity is proportional point-to-point to the ion density [33],
[34], and the spatial distribution of the emitted light can then
be used as a map for the unbalance on the electric charge
distribution. Following this idea, we used the images of the
plasma as a map of the positive free charge density distribution
to solve (9). The mean plasma potential Vp obtained by the
Langmuir’s probe diagnostics as described in Section IV-A
was later used for the calibration of the electric charge value.

Here, we are using 2-D images that are the projection
of the 3-D plasma structure; this is a limitation. However,
we consider that it is a good approach to get a qualitative
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Fig. 11. Preliminary design sequence of 2-D calculations results starting from (a) typical ultrafast picture, followed by (b) calculated plasma potential,
(c) self-induced electric field, and (d) positive particles distribution (×1011 part/m3).

Fig. 12. Optimized design sequence of 2-D calculations results starting from (a) typical ultrafast picture, followed by (b) calculated plasma potential,
(c) self-induced electric field, and (d) positive particles distribution (×1011 part/m3).

explanation and allows us to further understand the problem
to set some reasonable criteria to estimate particle density
distributions. Despite the 2-D limitation of the photographs,
we think that this approach can be useful to find such criteria.

The study on the preliminary design can be seen in Fig. 11
where the calculation sequence is shown. All images have been
calibrated, and the external circle represents plasma chamber
radius R, which is grounded. Fig. 11(a) shows an ultrafast
picture obtained in the steady-state plasma condition, and
Fig. 11(b) shows the map of plasma potential by solving (9)
with the previous picture as an input with boundary conditions
φ(R) = 0 V and φ(0) = 53 V. This value of plasma potential
Vp = 53 V was obtained by Langmuir’s probe measurements
in the axis of the plasma chamber. Fig. 11(c) shows the map of
self-induced electric field calculated from the plasma potential
distribution by E = −∇(φ), and Fig. 11(d) shows the unbal-
anced charge distribution values (ni −ne) expressed in particles
by cubic meters that shows typical values between 1 and
4 × 1016 m−3 regarding the color intensity scale. Moreover,
as can be seen in Fig. 9, the typical electron density obtained
by Langmuir’s probe in the preliminary design is between
1 and 2 × 1016 m−3. Considering a typical λD ≈ 0.1 mm for
this kind of plasma at quasi-neutrality condition, the actual
length scale for the present case of quasi-neutrality breaking
is estimated in 300 λD ≈ 30 mm in a good agreement with

dimensions of the observed plasma structure (plasma chamber
diameter is 85 mm).

Fig. 12 shows the sequence of calculations for the optimized
design with the same considerations than in Fig. 11 with
the exception of plasma potential value used as a boundary
condition to solve (9), where φ(0) = 50 V using the plasma
potential Vp = 50 V from Langmuir’s probe measurements in
the axis of the plasma chamber.

Comparison between Figs. 11 and 12 reveals interesting
differences. The preliminary design presents a more expanded
distribution with lower density values. This distribution was
named galaxy, and it was never reported before because all our
previous studies on plasma modes were made on the optimized
design. As it was previously mentioned, the operational set
point of the preliminary design is practically unique, and
consequently, its corresponding distribution is original.

In contrast, the optimized design shows a plasma distribu-
tion where the concentration around the axis is remarkable.
Densities reach the values one order of magnitude higher
than in the preliminary design with a shape corresponding to
the case named slug previously reported Cortázar et al. [20].
It is noticeable that the actual length scale of quasi-neutrality
breaking is 100 λD ≈ 10 mm. Such decrement is coherent with
the reduction of average size in spatial plasma distribution as
is easily noticeable in Fig. 12.
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Another interesting issue is the hole in the self-induced
electric field observed in Figs. 11(c) and 12(c). Both the
electric field distributions show a general tendency to a
radially outward direction (vectors are not represented to
simplify representations), but in the case of preliminary design,
the maximum values areas are closer to the chamber wall
inducing a higher drain of particles from the plasma with the
increase of quasi-neutrality breaking length.

V. CONCLUSION

Criteria for the MW driver system design on a 2.45-GHz
plasma generator are discussed based on the 3-D stationary
simulations and experimental studies of EEDFs and 2-D spa-
tial plasma distribution diagnostics by ultrafast photography.
Two different approaches for designing MW driver systems
have been compared by studying our preliminary and opti-
mized sets of the plasma chamber plus the MW coupler on
the TIPS ECR hydrogen plasma reactor.

On one hand, the polymodal shape of EEDFs is observed
in the optimized design, as well as it was reported previously
for the preliminary one. A low-energy component centered at
5.84 eV, corresponding to electrons suffering inelastic collision
within the plasma, and an intermediate component at 20 eV,
which was at about 13 eV in the preliminary design, are
also observed. Moreover, a remaining EEDF tail composed
of two components, one at 14 eV and the other at 39 eV,
is reported. A comparison between EEDFs in the preliminary
and optimized designs is very favorable to the last one. For
B > ECR, the EEDF of the optimized design exhibits a high-
energy component centered at about 30 eV, which is not
observed in the preliminary design. For B = ECR, power
absorption by electron due to ECR heating mechanism plays
a more efficient role at the optimized design. Electron density
and mean electron energy measured show a strong increment
about 100% for electron density and 65% for mean electron
energy in favor of the optimized design.

On the other hand, the study of plasma density distribution
by ultrafast picture diagnostic shows a remarkable tendency
to concentrate plasma around the chamber axis in favor of
the optimized design. The reduction from 30 to 10 mm of
the quasi-neutrality breaking scale clearly shows this fact.
Moreover, densities reach values one order of magnitude
higher than in the preliminary design.

Stationary electric field 3-D simulation pattern along the
entire MW excitation system has been demonstrated as a
remarkable tool for obtaining the optimized design and to
understand some anomalous behavior of the preliminary
design. Simulations allow us to think our experiment as a
complex MW system that should be considered as a unified
entity, which has the resonance at excitation MW frequency
but with the maximum electric field intensity centered in the
plasma chamber. To fulfill such requirements, a MW coupler
piece is essential, and its design results a key factor in the
entire designing process. This strategy implies a tailored work
for each particular system and its applications. However, this
is only the first step considered as a good estimation until
plasma breakdown instant because a new shift of resonance

frequency is produced by the plasma after its ignition [7],
[35]. This new resonance frequency shift produced by plasma
may be fixed by the fine-tuning stubs (see Fig. 1) as a typical
method. However, this method only works for small frequency
shifts and results irrelevant if the electric field distribution is
too far from the desired one.

In summary, the impact of resonance cavity design on
plasma density and temperature is demonstrated for the first
time by two different experimental methods. Measurements
of EEDFs on the plasma chamber axis and the radial spatial
plasma density distribution were used to contrast how effective
the design criteria are. The data clearly show the importance
of the entire MW system electric field distribution 3-D simula-
tions as an excellent approach to an optimized plasma reactor
design.
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