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Abstract
The decay of the electron density and electron collision frequency between successive discharges
in a pulsed plasma jet in N2 feed gas has been investigated using microwave cavity resonance
spectroscopy. The method and analysis were adapted to be able to apply this diagnostic to a
pulsed plasma jet at atmospheric pressure. The results are compared to a global model. It is
shown that the electron density and effective collision frequency can be measured using this
technique from about 1ms up to approximately 60ms after the discharge, where the former time
scale is limited by the response time of the cavity and the latter by the detection limit of the
setup. Although the data analysis requires an estimation of the plasma volume, which limits the
absolute accuracy of the electron density to its order of magnitude, the measured electron
densities are in the same range as those predicted by the global model. Additionally, there is a
good qualitative agreement in the electron density decay rate between the measurements and the
model. Furthermore, it is inferred from the model that the minimum seed electron density
required for repeatable guided streamer discharges in a pulsed plasma jet in N2 feed gas is of the
order of 1015 -m 3.

Keywords: atmospheric pressure plasma jet, plasma bullet, guided streamer, electron density,
collision frequency, microwave cavity resonance spectroscopy

1. Introduction

Atmospheric pressure plasma jets (APPJs) are discharges
generated in a flow of gas at atmospheric pressure [1–3].
APPJs have been, and continue to be, investigated for various
industrial applications, which include surface cleaning and
coating [4], thin film deposition [5], and photoresist removal

[6], as well as for applications in plasma medicine [7], such as
cancer treatment [8].

When an APPJ is driven by repeatedly pulsed voltage
with a kHz-range repetition frequency, typically highly
reproducible guided streamer discharges (often named
‘plasma bullets’ or ‘guided ionisation waves’) are generated
[1, 9–12]. Thanks to their reproducibility, guided streamer
discharges in pulsed plasma jets are a useful tool for inves-
tigating streamer physics. The guided streamers in pulsed
plasma jets are reproducible by virtue of a memory effect:
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remnants of previous discharges provide the seed electrons
for the next discharge [12]. Since seed electrons mediate the
memory effect, knowledge of the electron density, as well as
its evolution between successive discharges, is essential in
understanding the physics of pulsed plasma jets and the
memory effect. However, since the electron density decays
exponentially between successive discharges, it is challenging
to directly measure the electron density experimentally.

Various diagnostics exist to measure the electron density
in APPJs. For example, electron densities can be determined
from Stark broadening of spectral lines measured using
optical emission spectroscopy [13]. However, this technique
is inherently limited to times when light is emitted by the
plasma during a discharge. Thomson scattering, the scattering
of laser light on free electrons, has also been used before to
measure the electron densities in radio-frequency and
microwave excited APPJs [14–16], as well as in pulsed
plasma jets in He and Ar during or briefly after the discharge
[17–19]. With Thomson scattering both high temporal and
spatial resolution can be achieved when tightly focused, short
laser pulses are used. However, the detection limit of this
technique at atmospheric pressure is usually of the order of
1018 -m 3 for pure Thomson scattering and is higher when
simultaneous rotational Raman scattering occurs [14], such as
in N2. This is too high to measure the evolution of electron
densities between consecutive discharges.

Several microwave techniques are also used for electron
density measurements. For example, millimetre inter-
ferometry [20, 21] and microwave scattering [22] have
recently been used to measure the evolution of electron
density in pulsed discharges at atmospheric pressure. Another
microwave technique, which will be used in this work, is
microwave cavity resonance spectroscopy (MCRS). This
diagnostic has been applied to a variety of low-pressure
plasmas over the years [23–31]. Compared to Thomson
scattering, MCRS is capable of measuring lower electron
densities. The temporal resolution depends on the quality
factor and the resulting response time of the used cavity.
Typically cavities with a temporal resolution of the order of
tens of ns to a ms are used. Furthermore, plasma properties
obtained from MCRS are averaged over the cavity volume
and are hence not spatially resolved. Nevertheless, with prior
knowledge on the approximate electron density distribution,
MCRS is potentially a suitable diagnostic for the electron
densities in the time between successive discharges where ms
resolution suffices. Additionally, it should also be noted that
multi-mode MCRS, in which multiple cavity modes are used
to reconstruct the spatial distribution of the electron density,
was recently reported [32].

In MCRS, a microwave cavity is placed around the
plasma. The resonances of the cavity depend on the properties
of the medium inside the cavity. Therefore, introducing a
discharge in the cavity can change the resonance frequency as
well as the quality factor of the cavity. Usually, cavity per-
turbation theory is used to relate changes in resonance
behaviour to properties of the plasma. For low-pressure
plasmas, where the electron-neutral collision frequency is

negligible compared to the resonant microwave frequency,
the electron density can be determined directly from the shift
in resonance frequency [23]. However, the effects of electron-
neutral collisions cannot be neglected at higher pressures.
This makes the relation between the resonance properties of
the cavity and the plasma properties more complex. In this
case, a more intricate analysis is required, in which not only
the shift in resonance frequency but also the change in quality
factor has to be considered. The advantage, though, is that
such an analysis also results in information on the collision
frequency, in addition to the electron density.

In this work, MCRS is adapted for APPJs and applied to
a pulsed plasma jet in N2 feed gas flowing into ambient air.
The required analysis is developed and used to determine the
temporal behaviour of the electron density and collision fre-
quency between successive discharges. In addition, the
experimental results are compared to those predicted by a
global model.

2. Experimental setup and methods

2.1. Setup and measurement system

The experimental setup is schematically illustrated in figure 1.
The plasma source itself is the same as in [33] and will only
be explained here briefly. A pulsed plasma jet is generated in
N2 feed gas (purity of 99.999%) flowing at a volumetric rate
of 1 slm. A high voltage (HV) power supply (Spellman
SL10PN60) provides a DC voltage to a HV pulse generator
(DEI PVX-4110). The latter is gated by a pulse/delay gen-
erator (BNC model 575) in order to generate voltage pulses
with a width of 500 ns and rise and fall times of about 40 ns.
The HV pulses are applied to a needle electrode that has a
radius of 0.5mm and a tip angle of approximately 20 . The
needle electrode is placed concentrically inside a quartz tube
of inner radius 1mm and outer radius 2mm, with the tip of
the needle located 2mm before the end of the quartz tube. At
the rising edge of every voltage pulse, a guided streamer is
generated that propagates from the tip of the needle along the
symmetry axis of the jet and has a radius of approximately
150mm. The applied voltage is varied between 4 and 8 kV,
and a repetition frequency between 2 and 6 kHz is used.

A cylindrical microwave cavity of inner dimensions
Æ ´66 16 mm is placed concentrically to the jet. The two flat
walls of the cavity have a thickness of 5mm, and the curved
wall has a thickness of 3mm. The outer surface of the cavity
is located at the same axial position as the end of the quartz
tube (also see figure 5). The cavity has a hole of 13mm
diameter in the centre of each of its two flat walls to allow the
gas flow and discharge to enter and exit the cavity. A
microwave generator (Stanford Research Systems SG386)
generates a microwave signal with frequency f=ω/2π and
power Pin. The microwaves travel through a directional
coupler (Mini-Circuits ZHDC-10-63-S+), a device that dis-
criminates forward and reverse travelling waves, and are
applied to an antenna that protrudes a few mm into the
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microwave cavity. Depending on the applied frequency, a
certain part of the input power is reflected. When the applied
frequency matches a resonance frequency of the cavity, the
reflected power is minimal. The reflected microwave signal
with power Prefl returns to the directional coupler and 10% of
this power is measured by a logarithmic detector (Hittite
602LP4E). This measurement is sampled by a transient
recorder (Spectrum M3i.4121-exp) with a sampling frequency
of 100MHz. The HV pulse generator of the plasma source
and the transient recorder are triggered by the same pulse/
delay generator. The transient recorder data of a time range
covering slightly over one entire period of the pulsed voltage
is saved to a computer. Since the discharges are reproducible,
multiple measurements can be averaged, and the temporal
evolution of the plasma properties between discharges can be
measured this way. Scanning of the applied frequency and
saving of the transient recorder data is automated using a
computer program.

A scan of the full frequency range of the microwave
generator for an ‘empty’ cavity, i.e. without a discharge, is
shown in figure 2. This reveals two resonances in the

available frequency range: the TM010 mode around 3.51GHz
and the TM110 mode around 5.45GHz. The identification of
these modes has been confirmed by a COMSOL model of the
cavity. However, it is found that the TM110 peak is not pro-
minent enough compared to the background to obtain accu-
rate results from the fitting procedure, which will be explained
shortly. Therefore, only the TM010 mode will be used in this
work. For the actual measurements, a smaller frequency band
of 10MHz around 3.51GHz is scanned at 50 kHz intervals.
Such a measurement of the TM010 mode for the empty cavity
is shown in figure 3. For each of the shown points, 128
measurements are averaged. The standard deviation for each
of the data points is approximately 0.01mW.

For an ideal lossless cavity, the resonance peak would be
a delta peak. In reality, however, there is a band around the
resonance frequency ω0 that can lead to substantial excitation
of the cavity mode. This is caused by the finite conductivity
of the cavity material, as well as potential (ohmic) losses in
the medium inside the cavity. The spectral power distribution
P(ω) of a resonance peak around ω0 is Lorentzian and is given

Figure 1. Schematic illustration of the setup. For clarity, only half of the microwave cavity is drawn, and a magnified view of the nozzle is
included.
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where Q is the so-called quality factor of the cavity mode.
The quality factor is related to power losses and determines
the width of the resonance peak. It is also directly related to
characteristic decay time t w p= =Q Q f2 0 0 of fields in the
cavity. The cavity mode can adjust to any changes on the time
scale of several τ. Therefore, the characteristic time τ is also a
measure for the temporal resolution of the measurements.

When a plasma is introduced in the cavity, the resonance
frequency shifts and the quality factor changes. How these
changes relate to the properties of the plasma is explained in
the next section. To obtain the frequency shift and the quality
factor from the measurements, the resonance peak is fitted
using the spectral power distribution. This is done in two
steps: firstly, the undisturbed resonance frequency f1 and
quality factor Q1 are determined for an empty cavity using the

fit function

=
- +

+ + -

  

( )
( )

( )

( )
( ) ( )

L f f Q A a a

A
f f

a a f f

; , , , ,

, 2

f

Q

f

Q

fit
empty

1 1 0 1

fit variables

2

2

1
2

2

2 0 1 1

1

1

1

1

where the last two terms are added to account for a linear
baseline, and A, a0 and a1 are scaling factors. A fit for the
empty cavity using (2) was already included in figure 3. The
resonance frequency and quality factor of the empty cavity
are =f 3.51 GHz1 and =Q 19001 respectively. This means
that the characteristic decay time of the system is t m» 0.2 s
and that the temporal resolution is about 1ms. Secondly, the
frequency shift Δf and quality factor Q2 in the measurements
with a discharge are determined using the fit function
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where the values for f1, A, a0 and a1 obtained from the first fit
are used as constants.

As mentioned before, the transient recorder data is
saved for a time range covering slightly over one entire
period of the pulsed voltage. Examples of the resonance
frequency shift Δf, relative frequency shift Δf/f1, quality
factor Q2, and change in reciprocal quality factor
D = -( )Q Q Q1 1 12 1 as functions of time are given in
figure 4 for an applied voltage of 6 kV and a pulse repetition
frequency of 3 kHz. In the first 500 ns after the start of the
HV pulses at t=0 and at about m=t 333 s, some large
oscillations are present in the signals. This is most clearly
visible in figures 4(a) and (c). This time range corresponds to
the duration of the HV pulse, and these artefacts are caused

Figure 2. Full frequency range scan of the reflected power with an empty cavity. Two minima and their corresponding cavity modes are
indicated.

Figure 3. Resonance peak of the TM010 mode in the empty cavity
(black marks) and a fit (red line).
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by interference. For this reason, these data points will be
removed from the measurements. After this, the resonance
frequency and quality factor increase and decrease respec-
tively, and then decay to their initial empty cavity values.
The rise time of these signals is approximately 1ms, which
corresponds to the temporal resolution of the cavity. As can
be seen in figures 4(b) and (d), both the resonance frequency
and quality factor return to their empty cavity values within
the detection limit after several tens of ms, well before the
next voltage pulse at approximately 333ms. Therefore, the

resonance frequency and quality factor measured at t<0, so
in the recorded time before the first voltage pulse, can be
averaged and subsequently used as empty cavity values.
Doing so has the advantage that a separate measurement of
the empty cavity values is not required. This minimises
potential drift of the resonance frequency that might occur
between the empty cavity measurement and the discharge
measurement due to, for example, temperature fluctuations
in the laboratory. Typically, a complete measurement for
one set of operating parameters takes several minutes.

Figure 4. Measurements of (a) the resonance frequency shift, (b) the relative frequency shift, (c) the quality factor, and (d) the change in
reciprocal quality factor, as a function of time for discharges at 6 kV and a repetition rate of 3 kHz.
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The microwave power used in the measurements pre-
sented in figure 4, as well as in the results section, is

=P 0.1 mWin . To test whether the microwave fields influ-
ence the results, for example by heating the electrons and
prolonging the decay, these measurements were repeated
using various input powers from 0.1mW up to 40mW. No
significant changes were found, which confirms that the
microwave fields do not influence the results in this case.

2.2. Microwave cavity resonance spectroscopy

2.2.1. Cavity perturbation theory. To relate the measured
relative shift in resonance frequency Δf/f1 and the changes in
quality factor Δ(1/Q) to properties of the discharge, cavity
perturbation theory is used [35–37]. The plasma itself will be
approximated by a cylindrical volume p=V r lp p

2
p with

uniform properties, which will be further specified shortly.
By treating the change in complex permittivity of the
medium, e e eD = -˜ ˜2 0, caused by the presence of the
plasma as a perturbation to the empty cavity, the following
equation can be derived [37] (see appendix for more details):

w
w

e

e
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+ D = -
D⎛

⎝⎜
⎞
⎠⎟

∭
∭

˜∣ ∣

∣ ∣
( )

E r

E rQ
i
1

2

1 d

2 d
, 4V

V
1

1
2 3

0 1
2 3

cav

cav

where E1 is the unperturbed microwave electric field, and ε0 is
the vacuum permittivity.

Usually, small perturbations would require that the
plasma-electron frequency ωpe is smaller than the microwave
frequency ω, such that the plasma does not shield the
microwave fields. The plasma-electron frequency is defined
as

w
e

= ( )n e

m
, 5pe

e
2

0 e

where ne is the electron density, e is the elementary charge,
and me is the electron mass. For the TM010 mode at 3.51GHz,
this condition would only be met for electron densities lower
than about 1017 -m 3. However, when the typical plasma
dimension is smaller than the (collisional) skin depth, this
constraint is circumvented, and higher densities can be
measured [38]. This is the case for our guided streamer
discharges in N2 with a typical radius of 150mm. The fact
that the perturbations indeed remain small in the present case
is demonstrated by the small relative changes in resonance
frequency and quality factor in figure 4.

In order to use (4) to translate the measured relative
frequency shift and reciprocal quality factor to properties of
the plasma, two things are required: the plasma permittivity,
and the electric field of the TM010 mode of the cavity.

2.2.2. Electric field distribution of the TM010 mode. Since our
cavity has two concentric holes on its symmetry axis, as well
as a dielectric (the quartz tube) and a conductor (the needle
electrode) in its vicinity, the field distribution will inevitably
be different from the ideal case. Therefore, a model is used to

numerically determine the electric field distribution ( )E r1 of
the empty cavity. This is done using the frequency domain
electromagnetic wave modelling tools in COMSOL. As the
TM010 mode is cylindrically symmetric, a 2D axisymmetric
model can be used. A resonance frequency of 3.51GHz is
obtained from the model, confirming the experimentally
measured value in the setup. The corresponding electric field
magnitude distribution is shown in figure 5. It can be seen that
the electric field ‘leaks’ through the two holes and that
amplification occurs at the inner corners of the two holes.

2.2.3. Permittivity of a collisional plasma. The permittivity of
a plasma subjected to a time-harmonic electric field at angular
frequency ω is given by [39]

e e
s
w

= -˜ ˜ ( )i , 62 0

where s̃ is the complex plasma conductivity.
A general equation for the complex conductivity of a

plasma can be obtained from kinetic theory [40]:
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where ò is the electron energy, νm(ò) is the electron
momentum transfer collision frequency, and f (ò) is the
electron energy distribution function (EEDF) with normal-
isation   ò =

¥
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. However, for the current purpose,
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where νeff is the effective collision frequency, defined as [41]
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Figure 5. Electric field magnitude of the TM010 mode obtained from
the model. Outlines of the cavity, the quartz tube and the needle are
given by the white lines.
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Substituting (8) in (6) gives the plasma permittivity
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Using the plasma permittivity of (10) in (4), and
separating the real and imaginary parts, leads to the following
equations for the relative frequency shift and change in
reciprocal quality factor [42]:
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2.2.4. Obtaining ne and νeff from Δ f/f1 and Δ(1/Q). As
mentioned, the plasma is approximated by a uniform
cylindrical volume p=V r lp p

2
p with electron density ne and

effective collision frequency νeff. Changes due to transport are
neglected and the plasma volume is assumed constant in the
analysis. In this case, (11) and (12) can be simplified to
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where  is the ratio of the effective (field-squared-weighted)
plasma volume and the effective (field-squared-weighted)
cavity volume given by
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which is calculated using the field distribution from the
numerical model. The volume integral in the numerator of
(15) is taken only over the space that the plasma occupies.
Furthermore, it should be noted that volume integral over Vcav

in the denominator of (15) is not just the ‘inner volume’
enclosed by the cavity, but rather the entire space that the
microwave fields permeate. For this reason, the volume
integral over Vcav is taken over the entire domain of the
model.

From (13) and (14), first the effective collision frequency
is determined as
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Interestingly, νeff does not depend on  and is therefore also
independent of our estimation of Vp. With the effective
collision frequency known, the electron density can be

determined using (13) as
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where the definition of the plasma-electron frequency (5) was
used. Equivalently, (14) could be used to determine the
electron density, but the result would be the same. In contrast
to the effective collision frequency, the electron density does
depend on  and the estimated plasma volume Vp. In the
results section, a constant plasma radius m=r 150 mp and
length =l 10 mmp are used, resulting in  = ´ -7.9 10 6.
These dimensions are based on images of the optical emission
recorded for discharges in the absence of the cavity [33].
However, errors in this estimation will directly translate to
errors in the calculated electron density. The presence of the
cavity, which effectively acts as a ground for the plasma
source, could potentially alter the discharge. While the
presence of the cavity decreases the lowest operation voltage
at which discharges can be sustained from 6 to 4 kV, the
appearance of the produced guided streamers remains similar.
Nevertheless, to assess the influence of the cavity on the
dimensions of the discharge more precisely, a cavity with
optical access to the discharge is required, as will be further
discussed in the outlook. Additionally, in reality convective
and diffusive transport will change the electron density
distribution in the time between discharges. To evaluate the
sensitivity of the electron density to the estimated plasma
volume,  is also calculated for m=r 100 mp and

=l 7.5 mmp , and for m=r 200 mp and =l 12.5 mmp . This
results in  = ´ -1.7 10 6 and  = ´ -2.1 10 5, respectively.
This shows that the absolute values of the obtained electron
densities will only be accurate up to their order of magnitude.
Nevertheless, since the error introduced by the plasma volume
is systematic, the temporal behaviour of the electron density is
still captured by these measurements.

2.3. Global model

To compare results from the MCRS measurements to simu-
lations, the discharges are modelled using a global model in
PLASIMO [43, 44]. In this model, the densities ni of species i
are calculated from

= ( )n

t
S

d

d
, 18i

i

where Si is the net rate at which the species are produced (or
destroyed) in their respective reactions. Like in the analysis of
the measurements, transport is neglected here. Since the dis-
charges mostly take place in a stream of pure N2, a pure N2

chemistry is used. The model includes 11 species and 34
reactions, which are listed in table 1. The rates of the electron
impact reactions (R1–R6) are computed from the SIGLO
database [45] using BOLSIG+ [46]. Additionally, the
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electron energy density is calculated from

= + +⎜ ⎟⎛
⎝

⎞
⎠ ( )

t
n k T P P P

d

d

3

2
, 19e B e in elastic inelastic

where kB is the Boltzmann constant, Te is the electron
temperature (i.e. the temperature associated with the average
electron energy), Pin in the input power density, and Pelastic

and Pinelastic are the contributions to the electron energy
density from elastic and inelastic collisions respectively. To
avoid effects of the initial values for the species, the model is
run until a periodic steady state is obtained.

The input power density of the experiment is not exactly
known for our plasma source. For this reason, a power density
resembling the applied voltage pulses is used, i.e. 500 ns wide
pulses with linearly rising and falling edges of 40 ns. The
peak power density of the pulses is varied between =P 10in

9

-W m 3 and =P 10in
11 -W m 3 to investigate the effects on the

resulting electron density and temperature. These values
correspond to an energy dissipation per discharge between

approximately 1 and 100mJ for an estimated plasma volume
of Vp≈10−9 m3. In figure 6, ne and Te are shown for each of
the input power densities for an entire period at a repetition
rate of 3 kHz.

For each of the tested input power densities, the electron
temperature rapidly increases to about 3 eV at the start of the
pulse. After the pulse it decays to less than 0.1 eV in several
100 ns for Pin=109 -W m 3 and in about 3ms for Pin=1011

-W m 3. The peak electron density increases considerably for
higher input power densities. Nevertheless, at larger time
scales after the discharge, it is only weakly dependent on the
input power density and the peak electron density. For these
three input power densities, the electron densities differ by
more than an order of magnitude only in the first several ms
following the pulse and are within a factor of two from each
other from about 10ms after the pulse. Nevertheless, the
temporal resolution of the measurement is limited to about
1ms, and these differences cannot be resolved in the mea-
surements. Therefore detailed knowledge on the exact input

Table 1. Reactions included in the global model. Units of the electron temperature Te and effective ion temperatures Teff,i are K. The rates of
the electron impact reactions (R1–R6) are computed from the SIGLO database [45] using BOLSIG+ [46].

No. Reaction Rate coefficient References

R1 N2 + e  N2 + e BOLSIG+ [45]
R2 N2 + e  N2(A) + e BOLSIG+ [45]
R3 N2 + e  N2(B) + e BOLSIG+ [45]
R4 N2 + e  N2(a’) + e BOLSIG+ [45]
R5 N2 + e  N2(C) + e BOLSIG+ [45]
R6 N2 + e  +N2 + e+e BOLSIG+ [45]
R7 N2(A) + N2(a’)  +N4 + e 4×10−18 -m s3 1 [47]
R8 N2(a’) + N2(a’)  +N4 + e 1×10−17 -m s3 1 [47]
R9 N+ + e+N2  N+N2 6.0×10−39( )T300 e

1.5 -m s6 1 [47]
R10 +N2 + e  N+N 1.8×10−13( )T300 e

0.39 -m s3 1 [47]
R11 +N3 + e  N+N2 2×10−13( )T300 e

0.5 -m s3 1 [47]
R12 +N4 + e  N2 + N2 2.3×10−12( )T300 e

0.53 -m s3 1 [47]
R13 N+ + N+N2  +N2 + N2 1×10−41 -m s6 1 [47]
R14 N+ + N2 + N2  +N3 + N2 1.7×10−41

+( )T300 eff,N
2.1 -m s6 1 [47]

R15 +N2 + N  N+ + N2 7.2×10−19
+( )T 300eff,N2

-m s3 1 [47]
R16 +N2 + N2 + N  +N3 + N 9×10−42

+( )Texp 400 eff,N2
-m s6 1 [47]

R17 +N2 + N2 + N2  +N4 + N2 5.2×10−41
+( )T300 eff,N

2.2
2

-m s6 1 [47]

R18 +N3 + N  +N2 + N2 6.6×10−17 -m s3 1 [47]
R19 +N4 + N  N+ + N2 + N2 1×10−17 -m s3 1 [47]
R20 +N4 + N2  +N2 + N2 + N2 2.1×10−22

+( )Texp 121eff,N4
-m s6 1 [47]

R21 N2(A)  N2 + hν 5.0×10−1 -s 1 [47]
R22 N2(B)  N2(A) + hν 1.34×105 -s 1 [47]
R23 N2(a’)  N2 + hν 1×102 -s 1 [47]
R24 N2(C)  N2(B) + hν 2.45×107 -s 1 [47]
R25 N2(A) + N  N2 + N 2×10−18 -m s3 1 [47]
R26 N2(A) + N2  N2 + N2 3×10−22 -m s3 1 [47]
R27 N2(A) + N2(A)  N2(B) + N2 3×10−16 -m s3 1 [47]
R28 N2(A) + N2(A)  N2(C) + N2 1.5×10−16 -m s3 1 [47]
R29 N2(B) + N2  N2 + N2 2×10−18 -m s3 1 [47]
R30 N2(B) + N2  N2(A) + N2 3×10−17 -m s3 1 [47]
R31 N2(a’) + N2  N2(B) + N2 1.9×10−19 -m s3 1 [47]
R32 N2(C) + N2  N2(a’) + N2 1×10−17 -m s3 1 [47]
R33 N+N+N2  N2(A) + N2 1.7×10−45 -m s6 1 [47]
R34 N+N+N2  N2(B) + N2 2.4×10−45 -m s6 1 [47]
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power density is also not essential in comparing electron
densities obtained from the measurements and the model in
this case.

3. Results and discussion

Electron densities and effective collision frequencies are
measured for various applied voltage and repetition fre-
quencies. Figure 7 shows the results for different voltages at a
fixed repetition frequency of 3 kHz, and figure 8 shows the

results for different repetition frequencies at a fixed voltage of
6 kV. As mentioned before, when the HV pulse switches on
and off there is interference in the measurement signal. The
affected parts of the signals were removed from the graphs.

For each of the applied voltages in figure 7(a), a similar
decay rate of the electron density can be observed. However,
the absolute values increase for higher voltages. The max-
imum value that is measured, at about 1ms after the dis-
charge, increases from about 4×1017 -m 3 for 4 kV to
1×1019 -m 3 for 8 kV. These values are in the same range as
those found in the global model, as shown in figure 6(a).

Figure 6. Temporal evolution in the global model of (a) the electron density and (b) the electron temperature between successive discharges at
3 kHz for different input power densities.

Figure 7. Measured (a) electron density, and (b) effective collision frequency, for different applied voltages at the fixed repetition frequency
of 3 kHz.
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Briefly after the discharge, the difference in electron density
for the different applied voltages could be the result of the
input power density, as shown by the model. Nevertheless,
the global model also shows that the decay curves should
converge to each other, within a factor of two after approxi-
mately 10ms. Despite its lower signal-to-noise ratio, it can be
seen that the curve measured for 4 kV remains significantly
below the others. This strongly indicates that the low electron
densities found for 4 kV are for a large part the result of an
overestimation of the plasma volume, and hence  , for this
voltage. Looking at the electric field distribution in figure 5, it
can be seen that shorter guided streamers will also not reach
the regions where the electric field in the cavity is high. As the
calculations for  in the previous section already indicated,
this could easily result in an order of magnitude error in
absolute values. These two things likely explain the large
(apparent) increase in electron density from 4 to 5 kV.

The temporal evolution of the effective collision fre-
quency is shown in figure 7(b) for each of the voltages. In
each case, the effective collision frequency decays to a con-
stant value of about 80GHz. This value corresponds to the
room temperature value n =( )300 K 76 GHzeff , which can be
calculated from (9) using collision cross section data [48] and
assuming a Maxwell–Boltzmann EEDF. The decay of the
effective collision frequency occurs on a time scale of several
ms, which is significantly shorter than the time scale of the
electron density decay. The decay of the effective collision
frequency is related to the decrease in electron temperature,
although a direct comparison between the two would require
knowledge on the EEDF. Nevertheless, the global model also
predicts that the electron temperature decays much faster than
the electron density. A similar result to this was reported for a
pulsed plasma jet in He [20].

In figure 7(b), it can be seen that the electron density and
effective collision frequency do not depend on the repetition
frequency. Although, there could still be differences in peak

values that occur on a time scale shorter than 1ms. To test
this, the global model is run again, but this time for different
repetition frequencies. The results are shown in figure 9,
where it can be seen that the behaviour of the electron density
is indeed similar at different repetition frequencies. Never-
theless, 2 kHz is the lowest repetition frequency at which
guided streamers can be maintained, and hence the lowest
frequency where there is a memory effect that is responsible
for reproducible discharges. For lower frequencies, the elec-
tron density becomes too low in the time between successive
discharges. So, the electron density right before the dis-
charges at 2 kHz constitutes the minimum required seed
electron density for guided streamers in N2. From figure 9 it
can be seen that this is about 1015 -m 3. The same order of
magnitude for the minimum required seed electron density is
reported for a pulsed plasma jet in pure He [12, 49].

Figure 8. Measured (a) electron density and (b) effective collision frequency for different repetition frequencies at the fixed applied voltage
of 6 kV.

Figure 9. Electron densities for different repetition frequencies
obtained from the global model. A pulsed input power density of
Pin=1011 -W m 3 is used.
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Finally, to directly compare the decay rate of the electron
density between the measurements and the model, the mea-
sured electron densities for an applied voltage of 6 kV and
repetition frequency of 3 kHz are shown together with two
electron density curves from the model corresponding to the
two highest input power densities in figure 10. In fact, the
measurements and the model show a good qualitative
agreement. After about 10ms, when the effects of the initial
peak electron density are gone, the three curves are
approximately parallel, indicating the same decay rate. It
should be noted however that in both the analysis of mea-
surements and in the global model transport of electrons is
neglected. As a result, the decay might be somewhat faster in
reality. Additionally, the model does not account for potential
effects from the surrounding ambient air, such as the diffusion
of O2 into the gas flow and the consequent attachment of
electrons. However, from numerical flow simulations (with-
out the presence of the cavity), most of the electrons are
expected in a region where the O2 fraction is less than 1%
[50]. Previous work by Nijdam et al on streamer discharges in
N2/O2 mixtures has shown that there is a dependence of the
electron density on the oxygen fraction between 0% and 1%,
but the differences are less than an order of magnitude [51].
This suggests that the error in our model due to neglecting the
effects of O2 from the surrounding air can be expected to be
less than an order of magnitude.

4. Conclusions and outlook

In this work, MCRS is applied to guided streamers generated
in a pulsed plasma jet in N2. It is shown that electron den-
sities, as well as the effective collision frequencies, can be
measured using this technique from about 1ms up to
approximately 60ms after the discharge, where the former
time scale is limited by the response time of the cavity and the
latter by the detection limit of about 1016 -m 3. However, the
assumptions on the spatial distribution of the electron density,

which are required in the analysis of the measurements, limit
the absolute accuracy of the electron density to about an order
of magnitude. Despite the large uncertainty in the absolute
values, the measured electron densities are in the same range
as those predicted by a global model. There is also a good
qualitative agreement in the decay rate between the mea-
surements and the model. Furthermore, from the model it is
evaluated that the minimum seed electron density required for
reproducible guided streamers in N2 is of the order of 1015

-m 3, which is similar to what is reported for pulsed plasma
jets in He [12]. In addition to the electron density, the MCRS
analysis provides information on the effective collision fre-
quency of the electrons. It is found that the effective collision
frequency drops to its room temperature value several ms after
the discharge, which corresponds to the rapid decrease in
electron temperature that is observed in the model.

These results demonstrate that MCRS provides a useful
electron density diagnostic for pulsed plasma jets in N2. In
principle this method can also be applied to pulsed plasma
jets in different feed gases, such as He or Ar, as well as to
discharges or effluents of other common types of APPJs, such
as radio-frequency driven plasma jets. In every case it should
be confirmed that the changes in relative shift in resonance
frequency and quality factor remain small, and that the
microwave fields do not influence the results. For the present
case of a pulsed plasma jet in N2, the following improvements
have to be made to obtain more accurate quantitative electron
densities. Firstly, the detection limit of around 1016 -m 3 is
still an order of magnitude too high to completely measure the
evolution of the electron density between consecutive dis-
charges. Potentially, using a higher quality factor cavity, and
hence narrower resonance peaks, could improve the detection
limit. However, this would be at the cost of temporal reso-
lution. Another option is to increase the number of samples
that are averaged. This would increase the measurement time,
and it might be necessary to monitor and account for fluc-
tuations in the lab environments in this case. Secondly, and
more importantly, the accuracy in absolute electron densities
has to be increased. Currently, the major source of uncertainty
in the measurements originates from the estimation of the
plasma volume. It would be useful to use a cavity with optical
access to observe the discharge. This could, for example, be
achieved by making a slit in the curved part of the cavity wall
or by replacing it with a metal mesh. This way the emission of
the discharge can be observed from a side-view using an
ICCD camera and the effects of the presence of the cavity on
the discharge can be assessed. This would help in estimating
the initial plasma volume during the discharge. Furthermore,
the plasma volume was assumed to be constant in this work.
However, transport during the time between discharges will
change the electron density distribution. To obtain accurate
electron density values, especially at larger time scales, this
should also be accounted for both in the analysis of the
measurements and in the model. One way to do this would be
to develop a spatial model of the complete system, including
the microwave cavity and the pulsed discharges. Alter-
natively, the recently introduced multi-mode MCRS method
could be used [32]. With this technique, the spatial electron

Figure 10. Comparison between electron density from the MCRS
experiment at 6 kV and 3 kHz, and the global model with input
power densities of 1010 and 1011 -W m 3.
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density distribution can actually be reconstructed from mea-
surements of multiple cavity modes. Therefore, applying
multi-mode MCRS would avoid the need for assumptions of
the electron density distribution.

Appendix. Derivation of the perturbation equation

First, the unperturbed cavity is considered. The electro-
magnetic fields in the cavity are described by Maxwell’s
equations. For time-harmonic fields, these are given by:

w m- ´ = ˜ ( )E Hi , A.11 1 1 1

w e ´ = ˜ ( )H Ei , A.21 1 1 1

where w̃1 is the unperturbed (complex) resonance frequency,
ε1 is the permittivity and μ1 is the permeability of the
medium inside the cavity, and E1 and H1 are the unperturbed
electric and magnetic microwave fields respectively. For the
empty cavity, e e=1 0 and μ1=μ0, where are ε0 and μ0 are
the vacuum permittivity and permeability respectively. In
the case of an ideal lossless cavity, w̃1 is purely real. In
reality, however, it is a complex quantity given by w =˜ 1

w w+ Qi 21 1 1.
Now a perturbation, in the form of a plasma, is intro-

duced in the medium of the cavity. In the perturbed situation,
Maxwell’s equations become

w m- ´ = ˜ ˜ ( )E Hi , A.32 2 2 2

w e ´ = ˜ ˜ ( )H Ei , A.42 2 2 2

where w w w= +˜ Qi 22 2 2 2 is the new complex resonance
frequency, and ẽ2 and m̃2 are the permittivity and permeability
of the plasma. The plasma permittivity and permeability are in
general complex and can also be space dependent.

Multiplying (A.1) by H2 and (A.4) by E1 results in

w m- ´ =( ) · ˜ · ( )E H H Hi , A.51 2 1 0 1 2

w e ´ =( ) · ˜ ˜ · ( )H E E Ei . A.62 1 2 2 2 1

Adding (A.5) and (A.6), and using the identity

 ´ =  ´ -  ´· ( ) · ( ) · ( )A B B A A B ,

this can be written as

w e w m ´ = +· ( ) ˜ ˜ · ˜ · ( )H E E E H Hi i . A.72 1 2 2 1 2 1 0 1 2

Similar operations can be applied to (A.2) and (A.3) to obtain

w m w e ´ = +· ( ) ˜ ˜ · ˜ · ( )H E H H E Ei i . A.81 2 2 2 1 2 1 0 1 2

The difference of (A.7) and (A.8) is

w e e w w m m w

 ´ - ´

= D + D - D + D

· ( )
( ˜ ˜ ˜ ) · ( ˜ ˜ ˜ ) ·

( )

H E H E

E E H Hi i ,

A.9

2 1 1 2

2 0 1 2 2 0 1 2

where w w w e e eD = - D = -˜ ˜ ˜ ˜ ˜,2 1 2 0 and m m mD = -˜ ˜ 2 0.
Next, the left-hand side of (A.9) is integrated over the cavity
volume Vcav, and the divergence theorem is used to show that
this integral is equal to zero, as both ´ =n E 0 and
´ =n H 0 on the cavity surface Scav:

 ´ - ´

= ´ - ´ =

∭

∯

· ( )

( ) · ( )

H E H E r

H E H E n r

d

d 0. A.10

V

S

2 1 1 2
3

2 1 1 2
2

cav

cav

Equivalently, integrating the right-hand side of (A.9) over the
cavity volume yields

w e e w w m

m w

D + D - D

+ D =

∭ [( ˜ ˜ ˜ ) · ( ˜ ˜

˜ ) · ] ( )

E E

H H rd 0. A.11
V 2 0 1 2 2

0 1 2
3

cav

Finally, with some manipulation, this can be written as

w
w

e m

e m
D

= -
D - D

-

∭
∭

˜
˜

( ˜ · ˜ · )

( · · )
( )

E E H H r

E E H H r

d

d
. A.12V

V
2

1 2 1 2
3

0 1 2 0 1 2
3

cav

cav

Now some approximations will be made, where it is
assumed that the perturbations by the plasma are small.
Firstly, using ω2≈ω1 and Q1, Q2? 1, the left-hand side of
(A.12) can be approximated as

w
w

w
w

D
»

D
+ D

⎛
⎝⎜

⎞
⎠⎟

˜
˜

( )
Q

i
1

2

1
. A.13

2 1

Secondly, the perturbed microwave fields are approximated
by the unperturbed fields, » = ∣ ∣E E E2 1 1 and

» = ∣ ∣H H Hi2 1 1 . Furthermore, the discharges discussed in
this work are assumed to be unmagnetised, mD =˜ 0, resulting
in

w
w

e

e m

e

e

D
+ D =-

D

+

=-
D

⎛
⎝⎜

⎞
⎠⎟

∭
∭

∭
∭

˜∣ ∣

( ∣ ∣ ∣ ∣ )

˜ ∣ ∣

∣ ∣ ( )

E r

E H r

E r

E r

Q
i
1

2

1 d

d

d

2 d
,

A.14

V

V

V

V

1

1
2 3

0 1
2

0 1
2 3

1
2 3

0 1
2 3

cav

cav

cav

cav

where in the last step e m=∭ ∭∣ ∣ ∣ ∣E r H rd d2 3 2 3 for a cavity
at resonance was used [37].
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