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ABSTRACT
Microwave interferometry (MWI) is a nonintrusive diagnostic technique, capable of measuring small quantities of electrons present in a flame
plasma. In this paper, a 94 GHz microwave interferometer is characterized and validated to perform robust and reliable measurements of elec-
tron concentrations in thermal and nonthermal plasmas in a shock tube. The MWI system is validated first by measuring the refractive index
of a dielectric material. Subsequently, the system is used for measuring electron densities during the thermal ionization of argon and krypton
in shock tube experiments. The measured activation energies are in good agreement with both the measured values from previous studies
and theoretical values. The MWI system is finally used for measuring electron density time-histories in fuel oxidation experiments in the
shock tube. The electron density profile of methane combustion shows a peak at the ignition time which agrees with pressure measurements.
Experimental electron histories are also in overall agreement with predictions of the methane ion chemistry model.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086854

I. INTRODUCTION

Electrical aspects of flames have recently gained considerable
attention due to the possibility of manipulating the flame behav-
ior by applying external electric fields.1–3 Flames and other com-
bustion systems contain a small, yet non-negligible, quantity of
electrons due to the phenomenon of chemi-ionization. This phe-
nomenon results in the formation of ions or charged particles by
chemical reactions. Determination of the charge carrier density is
an important characterization in ionized media such as flames and
plasmas.

Numerous techniques have been employed to detect electron
densities in ionized media. The most widely used method is the
Langmuir probe. To apply this technique, a probe electrode is
inserted into the plasma. By recording the current-voltage plot, it is
possible to determine the densities and energies of the charged par-
ticles.4 However, this kind of electrostatic probe is not very accurate
and affects the measured density due to its invasive nature.

Optical emission spectroscopy is another laboratory diagnos-
tic tool for plasma processes. This method determines electron

density from the Stark broadening of the measured spectral lines.5–7

However, for relatively low electron densities in a shock tube, this
technique is known to be unreliable because the electron number
density is much lower compared to plasma applications.

Another largely used technique is Thomson scattering8 which
is particularly valuable in the case of high-pressure plasma. It is
based on the scattering of electromagnetic radiation by electrons.
Scattering of laser light by solid surfaces and/or other particles
present in the plasma can perturb this measurement.

Microwave interferometry (MWI) is another method that has
been used extensively to measure electron densities in low-density
plasmas. Compared to the previously mentioned techniques for elec-
tron density measurements, MWI is noninvasive, has higher accu-
racy, and allows easier interpretation of results. It determines the
electron density in the plasma by measuring the phase shift and
attenuation of the transmitted microwave signal. Cappelli et al.9
and Gilchrist et al.10 used microwave interferometry to measure
the electron number density in a plasma plume. In addition, this
technique has been applied to shock tube studies of thermal ion-
ization of inert gases. In this context, several studies11–14 discussed
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TABLE I. Frequencies of MWI used in the literature.

MWI frequency (GHz)

Harwell and Jahn11 24
Kelly12 24
Schneider and Park14 35
Vlasov18 37.5
Cappelli et al.9 90
KAUST (this work) 94

experimental investigations of the rate of ionization of argon, kryp-
ton, and xenon behind shock waves.

MWI has also been used in other studies15–18 to study the chem-
ical ionizations of hydrocarbon fuels such as methane and acety-
lene behind reflected shock waves. Experimental and kinetic simula-
tion results were reported to be in close quantitative and qualitative
agreement.

In this work, we have designed and applied a microwave
interferometer for the investigation of chemi-ionization processes
in combustion systems. A microwave interferometer was custom-
built for this purpose by Millitech19 to fit onto the shock tube at
KAUST.20,21 The system generates microwaves at 94 GHz. Trans-
mitting high frequency allows electron density measurements with
higher spatial resolution compared to previous studies11,12,14,18 (see
Table I). Spatial resolution is enhanced at shorter wavelengths,22,23

and this allows the MWI system to detect the spatial details of
electron population.

The microwave interferometer outputs in-phase and quadrature-
phase signals. Plotting both signals as a function of one another,
at controlled phase shift increments, results in a calibration Smith
diagram. The phase shift can subsequently be used to calculate the
electron density. The studies of Cappelli et al.9,24 report an ellipti-
cal shape of the Smith diagram instead of a circle. This distortion
is explained by imbalances that are known to corrupt signal quality.
The signal impurities have to be corrected for proper data interpreta-
tion.25,26 Imbalance compensations are thus carried out in this work,
as described in Sec. III.

Here, we report three sets of measurements with the MWI
system.

(1) In order to validate the MWI system, we carried out mea-
surements of phase-shifts in a dielectric material with a
known refractive index. Comparing the manufacturer data
with the experimentally measured refractive index permits
us to quantify the noise and verify the repeatability of the
measurements.

(2) Next, thermal ionization studies of ideal gases, such as argon
and krypton, are carried out in a shock tube. The method
reliably produces ionized gases, and the results are compared
against previously published data for ionization rates.

(3) Finally, electron concentration time-histories are measured
during the oxidation of methane in the shock tube. The
collected data demonstrate the usefulness of the developed
MWI diagnostic for investigating chemi-ionization reactions
of hydrocarbon fuels.

II. THEORY
A. Microwave interferometry and electron
concentration measurement

The MWI is analogous to the Mach-Zehnder interferometer
used in optics in the sense that they both need a reference and test
branches. The interferometer splits a source beam into two paths:
a test beam transmitted through the plasma and a reference beam
propagating along a waveguide.

The free electrons present in the plasma alter the phase of
the electromagnetic waves propagating in the measurement section.
This results in a phase difference between the test path and the ref-
erence path of the interferometer. The electron density ne is then
deduced from the measured phase shift ∆�.

In the experiments described here, the effect of the magnetized
field in the plasma is assumed negligible. The plasma frequency ωp is
much lower than the MWI’s frequency ω, which implies that lower
plasma electron density ne compared to the critical density nc (3) is
defined as the cutoff density above which waves cannot propagate.27

The relation between the phase shift ∆� and the electron density ne
is described as28–31

∆φ =
e2

2ε0mecω ∫
ne(x)dx for ne ≪ nc.

For a uniform plasma, the phase shift is linearly proportional to the
average density along the path

ne =
4πε0mec2

λe2L
∆φ, (1)

where me is the electron mass, e is the electron charge, c is the speed
of light, λ is the microwave wavelength, ε0 is the free space permit-
tivity, and L is the path-length traversed by the microwave through
the plasma.

B. Thermal ionization
The thermal ionization study of shock-heated noble gases refers

to the study of the initial ionization process. It corresponds to
the amount of energy required to remove the most loosely bound
electron.

In the late 1960s, Harwell and Jahn,11 Kelly,12 and McLaren
and Hobson13 used MWI to determine the ionization rates of argon,
krypton, and xenon. In their work, they affirmed that the elec-
tron generation process proceeds in two steps, i.e., excitation and
ionization according to the equations

A + A→ A + A∗ excitation,

A + A∗ → A + A+ + e ionization,

where A∗ is the excited state and A+ is the ion.12

Their experimental investigations determined the activa-
tion energies, which correspond to the first excitation potentials
rather than the ionization potentials of the gases (see Table II).
Quadratic dependence of the ionization rate on pressure was also
demonstrated.

Rev. Sci. Instrum. 90, 054706 (2019); doi: 10.1063/1.5086854 90, 054706-2

Published under license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

TABLE II. Comparison of ionization and first excitation energies of Ar and Kr with
literature data.

Argon (eV) Krypton (eV)

Ionization energy 15.75 14
First excitation energy11,12,32 11.55–11.83 9.91–10.62
Kelly12 11.2 ± 0.9 10.1 ± 0.7
Harwell and Jahn11 10.9 ± 0.5 10.4 ± 0.5
McLaren and Hobson13 11.4 ± 0.3 . . .

It is established that the slope of ln(dne/dt) vs 1/kT is approxi-
mately equivalent to the activation energy of the ionization process

d[ln dne
dt ]

d(1/kT)
≈ −Ea for kT ≪ Ea, (2)

where k is the Boltzmann constant, T is the temperature, Ea is the
activation energy of the studied gas, and dne/dt is the initial slope of
the electron density ne corresponding to the atom-atom generation
rate at early times of the thermal ionization experiment.

It is worth noting that, after the determination of the initial
slope, quadratic normalization corrections are applied. They com-
pensate for small variation of neutral particle density caused by
variations in the pressure.12

III. APPARATUS
A. Microwave interferometer

The MWI used in this work is shown schematically in Fig. 1;
it is custom-designed by Millitech, Inc. for application to the shock
tube facility at KAUST.20,21 It is an extremely high frequency (EHF)
system operating at 94 GHz (wavelength λ = 3.2 mm). At this
frequency, the system’s critical density is27

nc =
ω2ε0me

e2 = 1.1 × 1020 m−3. (3)

The sensitivity of the MWI is defined as the minimum detectable
density change. It depends on both the MWI’s signal and the DAQ
system used for the data acquisition. It corresponds to a change of
one level of the DAQ.33 In the present work, the system is set at 14
bits, and every level corresponds to 10 µV. Let k be the scale factor
relating the change in signal amplitude to the change in phase. By
determining k, one can estimate the change in phase corresponding

FIG. 1. Schematic diagram of the microwave interferometer. GO: Gunn Oscillator;
Amp: amplifier; C: coupler; Att: attenuator; LSA: Level Set Attenuator; VPS: Vari-
able Phase Shifter; A: horn antenna; BPF: Bandpass Filter; MIQ: Mixer I/Q; and
LPF: Low Pass Filter.

to 10 µV. As a result, the minimum change in phase detected by the
MWI is 0.17○, and the corresponding density using Eq. (1) is 1.56
× 1015 m−3.

The microwaves are generated by a Gunn diode oscillator. They
are amplified and split into a reference and test wave. The reference
wave goes through a reference leg. The test wave travels through
the desired plasma from a transmitting to receiving horn-antenna.
Both antennas are physically and electromagnetically symmetrical
and are separated by 157 mm. Test and reference waves are then
combined in the system’s I/Q mixer to measure the relative phase
shift between the two waves. The output signals are the in-phase I
and the quadrature phase Q. The resulting signals then go through
low pass filters in order to attenuate the noise outside the desired
bandwidth.

The MWI is equipped with a level set attenuator that adjusts
the waves’ attenuation up to 25 dB and a variable phase shifter that
allows up to 180○ phase shift. These two components are essential to
calibrate the MWI prior to each experiment.

1. Calibration of the MWI
By varying the phase shifter in increments, the recorded I and

Q signals define two sinusoidal oscillations with a 90○ offset from
one another.

Plotting the two waves in the Cartesian coordinate as a function
of one another results in a calibration Smith circle representative of
360○ phase shift.

However, due to hardware imperfections, the difference
between the output of the I/Q mixer and signal paths causes ampli-
tude and phase imbalance. As a result, the calibration circle is dis-
torted into an ellipse, as shown in Fig. 2, and could lead to incorrect
phase shift determination.

In this context, Singh et al.25 proposed an efficient and accu-
rate data-based quadrature imbalance correction method without
any hardware modification. The amplitude Ae and phase imbalance
∆�e coefficients are determined from the best-fit ellipse and then
used to perform an orthonormalization transformation known as
Gram-Schmidt procedure.

After imbalance correction and fitting for the DC offset, the
size of the calibration circles is indicative of the attenuation level, as
illustrated in Fig. 3. Note also that the variable attenuator introduces
an additional phase shift that has to be canceled when carrying out
the experiments. For the measurements reported here, the variable
attenuator is set at zero attenuation.

FIG. 2. Smith diagram of MWI’s response to calibration.
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FIG. 3. Smith diagram of MWI’s response after imbalance compensations.

2. Beamwidth of the MWI
The beamwidth of the MWI is characterized in both horizontal

and vertical planes. To this end, a dielectric material is translated, in
both horizontal and vertical planes, along the distance between the
horn antennas. When the MWI starts to respond to the presence of
the material in the transmission beam, data points are recorded and
considered as the edge of the transmission pattern.

Measurements indicate a diverging MWI transmission beam
with side lobes in the near field of both horn antennas as illustrated
in Fig. 4.

The measured beam width reaches approximately 67 mm in the
horizontal plane (XY plane) and 40 mm in the vertical plane (plane
YZ) of the MWI transmission pattern.

3. Validation of the MWI
To validate the MWI, a material with known refractive index

is used and the measured refractive index is compared with the
manufacturer reported value. This step is important to quantify
the noise in amplitude and phase and to verify the repeatability of the

FIG. 4. Beamwidth of the MWI in the vertical and horizontal planes.

TABLE III. Comparison of experimental and referenced Rexolite refractive index for 6
measurements.

Phase shift ∆� (deg) Refractive index η

Manufacturer data 856.15 1.59
Experimental mean 935.32 1.65
Standard deviation σ 4.56 0.02

measurements. To that end, a 13 mm-thick Rexolite34 dielectric
material was used for the validation measurements.

The dielectric constant εr of the material and its refractive index
η depend on the measured phase shift and material thickness.

The phase shift ∆Φ introduced by the dielectric material is
expressed as

∆Φ = ∆φ + n ∗ 2π, (4)
where n is a positive integer (to be determined) and ∆� ∈ [0; 2π]
is the phase-angle of the MWI. Using the calibration circle shown in
Fig. 3,∆� corresponds to the phase difference between the data point
(I0, Q0), measured at 0○ phase and without any sample in the trans-
mission beam, and the data point (Im, Qm) measured in the presence
of the material sample.

For materials with known refractive index, Trabelsi et al.35

established the following relation to determine either the thickness
of the material d or the integer n:

(n −
1
2
)

λ
√
εr − 1

≤ d ≤ (n +
1
2
)

λ
√
εr − 1

. (5)

This method solves the problem referred to as the “phase ambigu-
ity.” It is encountered when the thickness of the material is greater
than the MWI wavelength.

Using the Rexolite material, measurements gave repeatable
results (Table III), with errors less than 10% compared to the
manufacturer value.

B. Shock tube
Thermal ionization and methane oxidation experiments are

performed in the KAUST low pressure shock tube facility.20 The
shock tube is constructed from stainless steel with an internal diam-
eter of 142 mm. It consists of a 9 m long driven section filled with
the test gas and a modular driver section filled with high-pressure
helium. The maximum length of the driver section is 9 m. The
internal surface of the shock tube is honed and electropolished to
minimize the wall impurities.

All experiments are performed behind reflected shock waves.
For each run, the driver and the driven sections of the shock tube
are separated by a polycarbonate diaphragm placed in front of a
square cutter blade to burst the diaphragms in a controlled man-
ner. The thickness of the diaphragm and the position of the cutting
blade are adjusted prior to each experiment according to the target
temperature and pressure behind the reflected shock wave.

The MWI horn antennas are placed 2 cm away from the driven
section endwall. The arrival of the reflected shock wave at this
location marks the beginning of the test time.

The conventional sidewall windows of the shock tube are
replaced with ports made of PVC to accommodate the MWI horn

Rev. Sci. Instrum. 90, 054706 (2019); doi: 10.1063/1.5086854 90, 054706-4
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FIG. 5. Setup of the MWI on the shock tube.

antennas. Mounting the MWI directly on the shock tube gener-
ated continuous noise in the output signal. The sources of this noise
are small vibrations in the shock tube that happen during pumping
down, switching valves, and arrival of shock waves. To avoid this
issue, the MWI supporting plate is mounted on a separate optical
table. It eliminates contact between the MWI and the shock tube,
while keeping the horn antennas floating in the shock tube ports, as
shown in Fig. 5.

Incident shock velocities are measured using five piezoelectric
PCB pressure transducers, located axially along the last 1.5 m of
the shock tube. Shock speed is linearly extrapolated to the endwall
in order to determine the reflected shock temperatures and pres-
sures using standard normal shock relations. The overall tempera-
ture uncertainty is estimated to be ±0.9%. It is mainly dominated by
uncertainty of the measured shock speed.

The experimental test mixtures are manometrically prepared in
a gas-mixing facility of a magnetically stirred mixing tank and a 14-
port gas-mixing manifold using three MKS pressure gauges located
at different ports.

IV. RESULTS AND DISCUSSION
A. Thermal ionization of argon and krypton

Thermal ionization of argon and krypton is studied using the
MWI in the shock tube to measure the electron density in the
early stages of the ionization process. The results are compared with
previously published studies.11–14

The objective is to determine the activation energy of
monoatomic ideal gases such as argon (Grade 6) and krypton
(Grade 5), supplied by Air Liquide. During the experiment, the MWI
detects the production of electrons caused by the thermal ioniza-
tion process. An increase in plasma density is observed as the phase
shift in the signals plotted on an I/Q plot (Fig. 6). The increase
in plasma density leads to the formation of circles with decreasing
radius representing phase shift and attenuation due to the increase
in electron density. A typical corrected signal evolution recorded in
this experiment is shown in Fig. 6.

Some deviations from the ideal circle, in addition to distor-
tion loops, are commonly observed on the I/Q signal during ther-
mal ionization. This is due to the reflection and scattering of the

FIG. 6. Evolution of the microwave signal during the shock experiment with krypton
at 6590 K and 0.1 bar. Red curve is the calibration circle.

microwave signal at boundaries/surfaces inside the system. The
reflections generate a second signal with smaller intensity received
by the interferometer.36

The derived phase shift is converted to electron density using
Eq. (1). In Fig. 7, plotting the evolution of electron concentration
during the early times of the thermal ionization process shows a
transitory plateau that has been observed in previous studies.12,14

The initial slope dne/dt is obtained from the linear part of the plot.
Beyond this initial portion, the evolution of the trace is no longer
linear due to increasing effects of shock attenuations by electron
generation.

For each gas, the values of the measured initial slopes of ther-
mal ionization experiments are quadratically normalized to the pres-
sure behind reflected shock wave P5. Then, activation energy Ea is
derived from the slope of the best fitting line of the Arrhenius plot of
dne/dt vs 1/(kT), as shown in Figs. 8 and 9. The obtained slopes are
comparable to those reported in earlier studies.

FIG. 7. Variation in electron density of shock heated argon at 7083 K and 0.09 bar.
Blue dashed line is the initial slope dne/dt.
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FIG. 8. Arrhenius plot of ionization of argon, quadratically normalized to P5 = 0.1
bar and compared to literature data.

Some scatter in the results is seen at high temperatures due
to impurities, as reported in previous studies.11 In this work, it is
observed that impurity reaches levels higher than 3% for experi-
ments conducted at high temperatures (>8000 K). This is due to the
small value of initial pressure needed in the test section to obtain
high temperatures behind reflected shock waves coupled with almost
constant leak rates which increases the impurities at low initial pres-
sures (<3 mbar). As a result, obtained electron densities are quite
scattered.

In addition, we consider the time required to reach the tran-
sition to electron-atom processes. It corresponds to the duration
between the beginning of the experiment (pressure rise at the arrival
of reflected shock) and the end of the transitory plateau corre-
sponding to the initial slope of the electron density profile. Observa-
tions showed that the transition to electron-atom process becomes
remarkably fast at high temperatures. Consequently, high tempera-
ture data (>8000 K) for both argon and krypton thermal ionization
are disregarded.

FIG. 9. Arrhenius plot of ionization of krypton, quadratically normalized to
P5 = 0.99 bar and compared to literature data.

TABLE IV: Experimental results of activation energies compared to the theoretical
first excitation energies of Ar and Kr.11,12,32

KAUST Theory

Argon Ea (eV) 10.77 ± 2.12 11.55–11.83
Krypton Ea (eV) 9.11 ± 0.65 9.91–10.62

The obtained results, shown in Table IV, are in fact coincident
with the first excitation energies rather than the ionization ener-
gies. The MWI experimental results are comparable to literature val-
ues (see Table II). The difference can be explained by uncertainties
resulting from the purity of the gases/shock tube, microwave reflec-
tions from the shock tube inner surface, determination of initial
slope, and temperature calculation.

Overall, given the agreement with previous studies, the MWI
designed in this work is confirmed to be a reliable diagnostic tool for
electron detection. Thermal ionization of the noble gases represents
a successful validation of the MWI to study the combustion kinetics
in the shock tube.

B. Combustion of hydrocarbon fuels in shock tube
A major motivation of the present work is the characteriza-

tion of combustion reactions with microwave interferometry. The
chemi-ionization reaction CH + O → CHO+ + e− is believed to be
the most prominent source of electrons in hydrocarbon combus-
tion.15,37 Therefore, to demonstrate the potential of the aforemen-
tioned MWI diagnostic, electron concentrations are measured in a
methane/oxygen mixture diluted in argon. The composition of the
mixture is 2% CH4, 4% O2, and 94% Ar.

As illustrated in Fig. 10, typical combustion experiments in
the shock tube show the arrival of the incident shock wave at the
observation location (2 cm from the endwall), marked by a rise in
pressure. Shortly afterward, the shock wave reflects off the endwall
of the driven section, and a second rise in pressure is observed when
the reflected wave passes the measurement location. At this point,

FIG. 10. Electron density during the stoichiometric combustion of methane at
1850 K and 0.98 bar.
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the air-fuel mixture is brought to the desired high-temperature and
high-pressure conditions behind the reflected shock wave. After
some delay, defined as the ignition delay time, a peak in electron
density is observed at ignition. For experiments with high fuel con-
centration, a distinct pressure rise is seen at ignition and is used
as an indicator of ignition timing.38 However, in dilute conditions
or for low-reactivity fuels, pressure rise may not be very clear. In
such situations, alternative indicators of ignition, such as chemilu-
minescence or electron density, could be used more effectively. In
all experiments reported here, the time delay for peak electron con-
centrations coincides with the rise in pressure and can potentially
be used as an alternate marker for measuring ignition delay times.
This synchronization confirms the accuracy of our experimental
measurements.

In most of the experiments, a small rise in electron density is
observed before the peak appears. Despite the precautions taken,
some noise appears in the MWI signal due to shock tube vibra-
tions that accompany the arrival of a shock wave. However, such
vibrations only occur for a short period of time and cease before the
ignition of the fuel. Hence, it does not affect the measured electron
density peak.

The experimental measurements of the electron density are
compared with zero-dimensional simulations in Chemkin-Pro soft-
ware. The simulations are based on the chemical kinetic model used
by Alquaity et al.39 for methane oxidation. This model combines
neutral molecule chemistry from AramcoMech40 and ion chem-
istry from Prager et al.41 The experimental electron densities are
shown in Fig. 11 with their corresponding simulated predictions.
Note that the peak electron concentration depends on temperature.
The combustion process accelerates as temperature increases due to
the Arrhenius nature of the reaction.37

Simulated ignition delay times are a bit longer than the mea-
sured ones, except for the lowest temperature case. These differences

FIG. 11. Experimental electron densities (solid lines) compared to their simu-
lated equivalent (dashed lines) for methane combustion reactions, normalized to
P5 = 1.6 bar.

are largely due to the uncertainties in the gas phase chemistry mech-
anism used to model methane ignition. The simulations predict sig-
nificantly lower peak electron concentration at 1850 K. However, the
predicted and measured peaks are in relatively good agreement in
other cases. The discrepancy that exists between the measured and
simulated electron concentrations is mainly due to inadequacies in
the ion reaction mechanism, as pointed out by Alquaity et al.39

V. SUMMARY
Microwave interferometry is used for electron density measure-

ments in ionized media such as flames and plasmas. The advan-
tage of this method compared to the other techniques is that it
is nonintrusive and measures electron density with higher spatial
resolution.

In this paper, a microwave interferometer was designed to
make electron concentration measurements in a shock tube. Imbal-
ances of phase and amplitude due to hardware imperfections were
corrected for better interpretation of results. Thereafter, validation
was made with a dielectric material where the refractive index is
measured experimentally and compared to the manufacturer data.

Thermal ionizations of argon and krypton were studied, and
the experimental results were compared against literature data.
Within the limit of accuracy, the measured activation energies of the
inert gases were in agreement with the previous studies, despite the
effect of impurities at high temperatures.

The driving purpose of this work was the characterization of
hydrocarbon oxidation reactions with microwave interferometry.
The steep rise in electron concentration at the time of ignition agreed
with pressure measurements. The MWI diagnostic could be used
as an alternative marker of ignition, particularly in dilute exper-
iments where pressure rise is quite small. The measured electron
concentrations are in overall good agreement with the predictions
of a methane ion chemistry model. Future work will investigate the
effect of fuel molecular structure and C/H ratio on the peak electron
densities.
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