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Abstract. Methods that could enable the generation of plasmas in air, at atmospheric pressure, and with the
ability to precisely target where and when the plasmas are created are of great interest to domains such as fuel
combustion. In this study, we show experimentally that this can be achieved by focusing nanosecond pulses
through time reversal (TR) on split-ring resonator initiators. The choice of the TR signal determines the initiator
on which the plasma is created. The role of the initiator in reaching the required gas breakdown field, the
influence of the TR pulse duration and the electrical signature of the plasma on the received signal are also briefly
investigated.
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1 Introduction

Currently, aircraft engines rely on the combustion of an air/
fuel mixture, which is ignited with a spark plug (or igniter
plug). Even though this technology has been in use for a long
time, mainly thanks to its robustness and cost efficiency, it
exhibits multiple drawbacks. A number of them are related
to its fixed position at the combustion chamber wall. First,
the locationwhere the energy is deposited cannotbe changed
to take into account possible modifications to the internal
airflowor fuel injection.Asignificantamountof energy isalso
lostvia thermalconduction throughthechamberwall.These
issues hinder the ignition process, with the most critical
conditions being at high altitudes and low temperatures,
reducing the engine operational domain. Sparkplugs are also
subject to fouling and electrode erosion, thus requiring
maintenanceandreplacement.Multipleplasmatechnologies
are currentlybeing investigated to enhance or replace igniter
plugs: laser ignition [1–3], radio-frequency [4] or nanosecond
[5,6] discharges, andmicrowave ignition [7–9]. A technology
that couldalsochangewheretheplasmaiscreateddepending
on the conditions encountered at the start of the engine and
do so regardless of the igniter location would be even more
beneficial.

Time-reversal (TR) [10,11] could be a solution by
providing a way to choose where the plasmas are created,
thanks to its ability to precisely focus microwaves [12] and
thereby generate the high-intensity electric fields necessary
to locally reach gas breakdown. In fact, the use of TR to
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generate plasmas has already been demonstrated in argon
at pressures around 1 Torr (¼ 1=760 atm≈ 130Pa) [13,14].
This remains far from the stated goal of igniting plasmas
in air at atmospheric pressure (Patm). The difficulty is
related to the very high microwave breakdown threshold of
air at Patm: the field intensities reached by TR so far have
not been high enough to reach breakdown in these
conditions.

One of the possible solutions to overcome this is to use
initiators to further increase the electric field at the focus
point of time-reversal. Among different types of initiators
(sharp tips, small gaps between tips, resonant devices, etc.),
split-ring resonators (SRRs), originally introduced in [15] for
metamaterial applications, are interesting for plasma
ignition due to their resonant property: when excited at
the appropriate frequency, they locally increase the electric
field in their gap. This increase can be on the order of one
thousand [16]. In fact, this was first effectively used to
generate micro-plasmas in low-pressure air (1–20 Torr) or
argon (1–70 Torr) by directly feeding them [17] and then by
remotely exciting themwithmicrowaves [18] (in argon at up
to Patm). Recently, it has also been shown that micro-
plasmas generated in this way can be used to ignite fuel/air
mixtures [16]. However, in this last experiment, the absence
of focalization due to the use of simple pulsed sinusoidal
signals did not allow them to choose which SRRwas excited
and, therefore, where the plasmas were created.

In this study, we show that by coupling both principles
presented above, namely time-reversal focusing and local
field enhancement with SRRs, we are able to generate
plasmas at different locations, in air, at Patm, and with a
single microwave source.
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Fig. 1. Experimental setup.
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The article is organized as follows. First, the experi-
mental setup and protocol are presented. Next, we
present the achieved results. Finally, in the conclusion,
we discuss some of the possible improvements and future
research.

2 Experimental setup and method

2.1 Reverberant cavity and microwave system

In this work, the experimental setup is taken from [16]. It is
mainly composed of three parts: a reverberant electromag-
netic cavity, a microwave system, and initiator/antenna
pairs inside the cavity. The cavity is of large dimensions
(2 � 1 � 1 m), with copper walls to reduce losses and
features a shielded window to see inside (see [16] for more
details on the design). It is not airtight, and the gas inside is
therefore air at atmospheric pressure. The microwave
feeding system is made up of a Tektronix AWG70001
arbitrary waveform generator (AWG), a power amplifier
(TMD PTC7353, peak power rating of 3kW), and an
antenna to inject the signals into the cavity. In addition, a
circulator and a bi-directional coupler are used to
respectively protect the amplifier against potential reflec-
tions at the cavity entrance and measure the forward and
reflected signals. On the receiver side, an oscilloscope
(Keysight DSO91304A) is used to record the signals
received on the antennas inside the cavity. See Figure 1a for
a simplified schematic of the experimental setup.

2.2 Split-ring resonators

To facilitate the ignition of the plasma, split-ring resonator
initiators made of copper were used. Their dimensions
(diameter = 10 mm, width = 1 mm, height = 1 mm, and
gap = 200 mm) were chosen to obtain a resonant frequency
of approximately 4 GHz [19]. This frequency was chosen for
two reasons: (a) to decrease the size of the focal spot
compared to previous experiments conducted at 2.5 GHz
[13] (its diameter is proportional to l/2), and therefore
increase the power density at the focus, and (b) to use the
amplifier at the frequency where its output power is
maximum. As for the small gap size, it was chosen to reduce
the breakdown field. Two SRRs were used (Fig. 1a): both
were placed near the center of the cavity, out of
convenience, although other locations could have been
used. More precisely, the SRR 2 was directly above the
SRR 3, with a vertical separation of 12 cm between them
(approximately 3 times the focal spot, which has a
theoretical diameter [11] of l/2 = 3.75 cm).

2.3 SRR B
!
-field probes

In order to receive the signals at the locations of the SRRs
during the initial acquisition step and during the
refocusing stage after time-reversal, small magnetic loops
of diameter ≈20 mm with a somewhat flat unloaded
frequency response around 4 GHz were used. Magnetic
loops were chosen due to their sensitivity to the magnetic
field, like the SRRs. To ensure that the SRRs were
co-localized with the magnetic loops and had the same
orientation, the SRRs were placed on small pieces of
kapton tape stretched across the magnetic loops (Fig. 1b).
Due to coupling between the magnetic loop and the SRR,
this assembly constitutes a single “SRR B

!
-field probe”

(hereinafter referred more shortly as a “probe”), whose
response is a combination of both the SRR and the
magnetic loop responses.

Here, we shall also note that the resonant frequency of
an SRR depends on its position and orientation relative to
its associatedmagnetic loop due to coupling. The frequency
response of the SRRs were therefore measured directly on
the magnetic loops, by first determining the reflection
coefficient of the loop alone (S22,∅, for the loop 2), then with
the SRR (S22,SRR), and finally taking the difference:
DS22 ¼ S22;SRR � S22;∅ (the procedure is identical for the
other SRR/magnetic loop pair). The resonant frequency is
then simply taken as the frequency for which the frequency
response is maximum. As an example, Figure 2 shows the
frequency response of SRR 2, its resonance being at
4.00 GHz. By carefully adjusting the position of each SRR
inside its loop, the resonant frequencies of the probes were
adjusted. When a difference of 20 MHz or less was reached
(approximately 0.5% of the resonant frequency), the match
was deemed very good and no further adjustments were
made. This tight match in terms of resonant frequency is
necessary to ensure that the SRRs are targeted based on
the choice of the TR signal used. If the SRRs had different
resonant frequencies, they could simply be addressed by
changing the carrier frequency of the injected signal, as was
done in previous experiments on remote plasma generation
with SRRs [18].



Fig. 2. Frequency spectra of elements of interest: Transfer
function |H21| (in gray), each peak corresponds to a mode; SRR
frequency response (orange area); SRR resonance (dashed red
line); typical pulse used in this study (dark blue, with markers)
and longer and shorter pulses (blue lines).
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2.4 Experimental protocol

The experimental protocol is the following. First, the
transfer functions H21 and H31 between antenna 1 and the
probes are measured with a Keysight E5071C Vector
Network Analyzer (VNA). Once the target and experi-
mental parameters are chosen (duration of the desired TR
pulse, pulse carrier frequency, etc.), the TR signal E!iðfÞ
to focus on target i can be computed via :
E!iðfÞ ¼ Hi1ðfÞ�⋅PðfÞ�, with P(f) the chosen pulse and
X(f)* the complex conjugate of X(f). Next, E!iðfÞ is
converted to the time domain via an inverse Fourier
transform. The time domain signal e!iðtÞ is then emitted
by the AWG, amplified and injected into the cavity. The
signals on both probes after time-reversal are then recorded
with an oscilloscope. Finally, the presence or the absence of
a plasma in the gap of the targeted SRR (and the other one)
is determined by the visible light it emits and its signature
on the received signal (see later on).

3 Results

To ignite plasmas in the gap of the SRRs, as well as to verify
the spatio-temporal re-focalization on our experimental
setup, two TR signals were generated : e!2ðtÞ to focus on
probe 2 and e!3ðtÞ to focus on probe 3. More precisely, for
this experiment we used pulses of duration 10 ns (this
corresponds to a bandwidth of approximately 400 MHz)
with a carrier frequency of fc = 4 GHz (around the resonant
frequency of the SRR) for both targets. This pulse
duration, or equivalently, bandwidth, was chosen to
exploit a large number of resonant modes of the cavity
(visible on the transfer function |H21| between antenna 1
and probe 2), and therefore achieve a good spatio-temporal
focalization, while the main part of the amplifier power
remains in the resonance bandwidth of the SRR (Fig. 2).
Due to a limitation on the power amplifier maximum duty
cycle (5%), the duration of the TR signals was 10 ms and
they were emitted every 200ms. The two TR signals e!2ðtÞ
and e!3ðtÞ are shown in Figure 3a. After generation by the
AWG, the TR signals were amplified by around 74 dB,
resulting in output peak powers of approximately 3 kW,
and injected into the cavity. This resulted in approximately
2 mJ of energy being injected in the cavity during each
amplificationwindow(estimationbasedonthe integrationof
the output signal measured through the bidirectional
coupler). These experiments were conducted with air at
atmospheric pressure inside the cavity to show the ability of
time-reversal to ignite a plasma in these conditions.

After emission and propagation of the waves in the
reverberant cavity, the resulting signals on probes 2 and 3
were recorded with an oscilloscope. As shown in the second
row of Figure 3, spatio-temporal focalization through time-
reversal is achieved. Indeed, when the TR signal generated
to target probe 2 is emitted (Fig. 3a), only noise is observed
on 3, while a short pulse of comparatively high amplitude
is observed on probe 2 (Fig. 3b). Conversely, when probe
3 is targeted, a TR pulse is observed on 3 and only noise is
present on 2, as expected (Fig. 3b).

Now looking through the shielded window, a small
plasma can be seen in the gap of the SRR of probe 2 when it
is targeted, whereas no plasma is visible on SRR of probe 3,
as evidenced by Figure 3c. A close-up view of the plasma on
probe 2 can be seen on Figure 4. Similarly, a plasma is only
visible on the SRR of probe 3 when it is targeted (Fig. 3c).
These results show the ability to select on which SRR the
plasma is ignited, and that a plasma can be generated with
only one high power TR pulse of 10 ns in air at atmospheric
pressure. Spread over a few days and the two probes,
plasmas were ignited more than a dozen times in such a
way. This is an improvement over previous experiments
conducted on this setup where the location of the plasmas
could not be chosen due to the use of simple sinusoidal
signals [16].

Looking at the received signal more closely, a potential
signature of the plasma can be detected, as evidenced in
Figure 5. At the high power setting (Fig. 5a), when a
plasma is visible, a small dip in the signal can be seen
(indicated by the black arrow). For example, in this series
of measurements, the signal decreased by 84 ± 26 mV
(approx. 48% decrease), starting at 10.0472 ms ± 0.3 ns and
reaching a minimum at 10.0475 ms ± 0.4 ns (average over
5 successive TR peaks). When the same signal is sent at a
power level below the plasma ignition threshold, this
temporary decrease in the signal is absent (Fig. 5b).
Although not shown, this dip in the received signal was
observed when a plasma was also visible in all further
experiments conducted in this study, hence the name
“plasma signature”. A combination of three phenomena
canexplain thedecrease in the received signal: (a) absorption
of some of the power by the plasma, (b) a change in the SRR
resonant frequency due to the plasma in its gap (detuning)
[20], and (c) a redistribution of themodes in the cavitydue to
thepresence of the plasma.Furtherworkwouldbe necessary
to determine which of the three phenomena is predominant.



Fig. 3. Experimental results.
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Fig. 4. Close-up picture of the plasma on probe 2. (Note: The
picture was taken from the opposite side of the cavity compared
with Figure 3, which explains why the probe is mirrored).

Fig. 5. Signal measured by probe 2 after focusing (TR pulse
carrier frequency of 4 GHz).

Fig. 6. Plasma ignition as a function of the TR pulse carrier
frequency (on probe 2).
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The next experiment was to determine whether the
resonance of the SRR plays a role in the formation of the
plasma: this was done by injecting TR signals with
different carrier frequencies and evaluating the effect on
plasma ignition. For this experiment, TR signals for the
probe 2 only, themost visible from the window, with carrier
frequencies ranging from 3.5 to 4.5 GHz were generated,
while the other signal parameters remained unchanged
(pulse of 10 ns, etc.). In order to minimize a potential
“memory effect” due to left-over free electrons, an arbitrary
waiting time of 2 min was chosen between each test. This
experiment was conducted a first time (one test for each
frequency) and repeated the next day; the results were
identical. The results of the frequency sweep are shown in
Figure 6, with each symbol indicating if a plasma appeared
at that carrier frequency or not. They show that the
resonant property of the SRR indeed plays a role in plasma
ignition here, since no plasma was created outside of the
SRR resonance. We shall also note that the “dip” in the
signal mentioned previously was only observed at frequen-
cies where a plasma was present, confirming that it is a
“plasma signature”.

Finally, we investigated the effect of the TR pulse
duration on plasma ignition. For this purpose, TR signals
with pulse durations ranging from 5 to 200 ns were
generated, while the carrier frequency was kept at 4.0 GHz
and the other parameters remained unchanged. Each
duration was tested twice on two different days. The results
are reported in Table 1.

First, we note that pulses of 10 and 20 ns are able to
reliably ignite a plasma (all tests successful). On the other
hand, when much longer pulse durations were used (100
and 200 ns), no plasma could be observed. As shown in
Figure 2, these longer pulses have a narrower bandwidth
(only 40 MHz for pulses of 100 ns versus 400 MHz for a
pulse of 10 ns, see Fig. 2). This results in a degradation of
the focalization (since less modes are used), lower TR peak
amplitudes, and might explain the absence of plasma
ignition. For very short pulses of 5 ns, plasma ignition is
also unreliable (no plasma during half of the tests). A first
explanation is that the bandwidth of the pulse is too large
relative to the SRR resonance, and only a small amount of
energy is effectively used by the SRR (Fig. 2). Another



Table 1. Plasma ignition versus TR pulse duration. (Legend: ✓ plasma ignition, � no plasma, ∼ unreliable plasma
ignition).

TR pulse duration (ns) 5 10 20 50 100 200
Plasma ignition ∼ ✓ ✓ ∼ � �
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explanation is that, while shorter pulse durations improve
focusing and increase the TR peak amplitude, they also
require higher field strengths to trigger breakdown, as
highlighted in [21].

4 Conclusion

In conclusion, we demonstrated, for the first time to our
knowledge, the ability of time-reversal of microwaves to
generate plasmas in air at atmospheric pressure. This was
done thanks to the use of 10 to 20 ns pulses that enabled us to
precisely target which magnetic loop/SRR pair to focus the
microwaves on. In doing so, we exploited the resonant
property of SRRs, which allowed us to reach higher electric
field intensities than possible with TR alone. This was
evidenced by changing the TR signal carrier frequency,
showing that no plasma appeared outside of the SRR
resonance.Thepresenceof theplasmawasconfirmedbothby
the light it emitted and the detection of a signature on the
received signal.Wealso observed that theTRpulse duration
impacted the plasma ignition process.

Further work could focus on determining the limits of
this method (minimum pulse duration and power, spatial
resolution, etc.), characterizing the resulting plasma
(spectroscopy, etc.) and investigating the dynamics of
breakdown by using a high-speed camera. We also plan to
conduct fuel ignition experiments and verify that plasmas
can be generated by TR in a setup that is more
representative of a real combustor (lower Q-factor,
different geometry, etc.). Both of these experiments will
help to evaluate the prospects of this method as a potential
spark plug replacement.
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