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Abstract. Ultrafast pulsation of microwave power for CO2 conversion using plasmas is a mean 

to improve the efficiency of the process. Nevertheless, the fundamental phenomena involved 

need deeper understanding in order to design optimal plasma based devices. Therefore, 

detailed parametric scans of the plasma torch performance are performed with plasma 

diagnostics to unravel the underlying mechanisms limiting the CO yield. Very short pulsed 

plasmas have low CO2 conversion because of the energy cost needed to generate the plasma 

itself. For power pulses longer than 2-3 µs, excess energy is spent in gas heating up to 7000 

K. Few µs (both ON and OFF times) have the best efficiency and gas temperatures of about 

3000 K are measured at the beginning of the pulse. Power modulation and appropriate gas 

flow residence times allow dissociating CO2 also in the power-OFF phase and therefore to 

optimize the efficiency of the process. 2D cylindrical symmetric simulations of the plasma torch 

give insight in the gas flow dynamics and estimation for a gas residence time in the plasma 

volume. The gas in the regimes with OFF times close to or longer than the residence time 

leads to under-processing of the CO2 flow. The plasma is destabilized by the gas flow itself 

depending on pulsed regime. The combination of capacitive coupling for ignition (confirmed by 

frequency harmonics generation) and inductive power absorption lead to complex plasma 

dynamics where the gas flow affects the impedance matching between the two modes and 

therefore the plasma efficiency for CO2 dissociation.   

1 Introduction 
Energy efficient conversion of CO2 molecules into fuels is an attractive option for renewable 

energy storage as well as for mitigation of greenhouse gases emissions (e.g. closing the 

carbon cycle). Among the variety of Power-to-X solutions, chemical synthesis of energy 

carriers using plasmas show high potential for the efficient use of intermittent renewable energy 

sources. To date, the highest efficiency of the plasma assisted conversion of CO2 into CO is 

reported in experiments with microwave-sustained plasmas [1-4]. The compact microwave 

plasma applicators are well investigated in many experiments. Among them, the systems 

which are proposed for gas conversion [5], surface treatment [6, 7], film deposition [7, 8], 

disinfection [9, 10], cell treatment[11, 12]] and miniature plasma thrusters [13]. The 

compactness of applicator is usually enabled by its configuration: either micro-strip [8] or 

coaxial [7, 9, 10, 14]. Particular for the gas conversion systems, which are operated not with 

noble gases but rather with stable molecules, e.g. CO2 and/or N2, at atmospheric pressure, the 

coaxial design is more appropriate for operation at low powers (< 1kW). It is conditioned by 

the fact,that the reaction products need to be enclosed within a narrow tube where the plasma 

is ignited and processes the gas flow. Many recent studies have been focused on the 

investigation of microwave plasma torches for gas conversion and more particularly for CO2 

valorization at moderate pressures up to atmospheric conditions[15-20].  



The efficiency of the process can potentially be promoted by pulsed supply of microwave 

energy into the plasma discharge in short pulses with a modulation time shorter than 

characteristic vibrational-to-translational energy transfer times. In atmospheric pressure 

plasmas, the demand on the speed of energy pulsations is much higher than at vacuum 

conditions because of the higher collisional frequencies [21] .  

Recently, we have reported on the beneficial effect of pulsation on CO2 splitting with 

atmospheric pressure microwave plasma [19] . We found evidence of the promotion of non-

equilibrium plasma states and of quenching of the gas temperature enabled through the control 

of pulse and inter-pulse times. The time evolution of gas temperature measured with ultra-fast 

optical emission spectroscopy (OES) correlated well with the conversions expected by thermal 

equilibrium for a pulse of 2.5 µs. Under those pulse conditions vibrational and rotational 

dynamics revealed that c.a. 1.6 µs are necessary to reach Vibrational-Translational (VT) 

equilibrium.  

However, what is the effect of other pulse conditions on the efficiency and conversion? If 

thermal processes seem to rule the CO2 conversion in MW plasmas, would other pulse 

conditions favor such reaction?  

In order to answer these questions, here we analyze the CO2 conversion under a systematic 

scan of pulse conditions (duty cycle and pulse times). The effect of pulsation on efficiency is 

analyzed in terms of not only chemical conversion, but also in terms of the time resolved 

coupling efficiency of the power to the plasma. Its impedance variation during the pulse is 

evidenced by the amount of microwave power absorbed while keeping the same electrical 

characteristics of the generator (driving frequency and load) and impedance of the matching 

circuit. Some effects of power pulsation and its interplay with the gas flow are highlighted 

together with their consequences on the efficiency of the process and stability of the plasma. 

The VT equilibrium is also analyzed by optical emission spectroscopy. With this work, critical 

aspects are identified in CO2 conversion that, when addressed, will allow to improve future 

torch designs.   

2 Experimental Methods  

2.1 Experimental set-up  
The schematics of the experiment and diagnostics are sketched in Figure 1. The solid-state 

microwave generator HY-2016 can operate at frequencies between 2.4 and 2.5 GHz with a 

step of 10 kHz [22]. The maximum output power is of 300 W which can be supplied either as 

a continuous wave (CW) or in pulses. In the pulsed operation mode, the ratio of peak power 

(power in the pulse) to the power in between pulses is higher than 99, the power rise and fall 

time are about 5 ns. The duration of pulse time (ton) and inter-pulse time (toff) can be controlled 

independently from 50 ns to 200 s with a minimal step of 10 ns. The duty cycle, 

DC=ton  ⁄ (ton+toff ), can be varied correspondingly between 2.5E-4 and 0.9998. The solid-state 

microwave generator has a coaxial 50 N-type output and is connected to the microwave 

plasma torch by means of coaxial cable. Between microwave generator and plasma torch a 

bi-directional coaxial coupler (-30 dB) is installed to branch the input and reflected powers from 

the supplying line and guide them to the power detectors.   



 

Figure 1. Scheme of the experiment with diagnostics and controls used.  

The industrial coaxial atmospheric plasma torch PS-Cle from Heuermann HF-Technik GmbH 

serves as a plasma reactor in present study (Figure 1) [23]. The working gas flows between 

inner and outer coaxial conductors in the torch. The outer electrode has a transition from 

cylindrical to conical shape at its end, which narrows the gas flow channel and forms the nozzle 

configuration. The inner electrode has also a conical form at its end. The gap between inner 

and outer electrodes is minimal near the opening of the torch that enables concentration of 

electromagnetic field and spontaneous ignition at a frequency of 2.49 GHz and at a supplied 

microwave power of 150 to 180 W. After plasma is ignited, the 2.49 GHz is not anymore optimal 

from point of view of impedance matching between plasma and supplying line, and the 

frequency of the generator is set back to 2.45 GHz. The gas supply in the torch is organized 

through the side input (4mm OD) in the lower part of the torch, which is not symmetrical with 

respect of coaxial geometry of electrodes. However, the microwave port is aligned with the 

central electrode. For evaluation of concentration of the reaction products, the torch is 

surrounded with a quartz tube whose inner diameter of 26 mm is much bigger than the 

transverse size of plasma plume (1-2 mm in diameter) that means that the plasma flow is not 

influenced by the quartz tube (see Figure 1).  
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Figure 2. Scheme of acquisition for time resolved OES in plasma sustained with pulsed 

microwave. The solid, thick rectangular line sketches the microwave power pulse. The red 

filled rectangles indicate the gate interval of ICCD camera which is shifted with respect to the 

pulse start in every next series of acquisitions (1, 2, …,n). The dashed grey rectangles 

indicate the gates in all acquisition series.   

2.2 Nanosecond time resolved Optical Emission Spectroscopy (OES).  
For estimation of vibrational and rotational temperatures in plasma reactor, the optical 

emission spectroscopy is utilized. The spectrometer consists of high-resolution spectrograph 

Acton SP-2756 with 750 mm focal length and intensified (ICCD) CCD camera from Andor, 

(type A-DH340-18U-03), with a chip size of 5122048 pixels and a pixel size of 13.5 µm. The 

spectrometer was calibrated in wavelength as well as in signal intensity together with the ICCD 

camera, the lens and fiber optic cable. For the wavelength calibration and for relative intensity 

calibration, the mercury lamp (from Princeton Instruments) and the USB-LSVN VIS-NIR lamp 

(from Princeton Instruments) were used, respectively. With a small lens (6 mm in aperture), 

the light emitted from the central part of the plasma discharge is collected and guided by an 

optical fiber to the entrance of the spectrograph. The grating used in the present work is a 

holographic type grating with 1800 lines per mm, which provides a spectral resolution of about 

25 pm. The ICCD camera features the ultra-fast gating time (>2 ns) that enables the acquisition 

of emitted light within a single microwave pulse with nanosecond time resolution. To have a 

statistically significant signal at short gating times, the accumulation modus is always 

necessary. To sum the collected light in phase with a microwave pulse, the gate of the ICCD 

camera is synchronized with the microwave pulsation by means of output TTL signal from 

microwave source and a digital delay generator (SRS DG 645) (see Figure 1). When being 

triggered by the signal coming from microwave source, the DDG generates a trigger for the 

ICCD camera with a definite delay. By varying this delay time, the ICCD gate can be precisely 

(10 ps) linked to a definite phase of the microwave pulse thus enabling phase resolved 

acquisition (see Figure 2). In present study, 200 acquisitions with a gate width of 50 ns are 

used. Such a setup has enabled a unique spectral characterization of a plasma discharge 

within a single period of microwave power modulation with a time resolution of 50 ns.  

2.3 Time Resolved Measurement of Absorbed Microwave Power.  
For evaluation of the reaction efficiency, the accurate measurement of the absorbed power in 

the plasma is necessary. Moreover, given the dynamic nature of delivered power, it is 

convenient to use a time resolved method to study the microwave absorption efficiency. Thus, 



for the evaluation of both incident and reflected power, the real-time power sensors RTP5006 

from Boonton Electronics were utilized [24]. These sensors allow to measure the power time 

profile with any width  >10 ns and rise/fall time >3 ns. Since the power pulse-form deviates 

from an ideal rectangular shape (especially in the reflected power signal) the power signals 

were recorded and integrated in Matlab to calculate the absorbed power as follows:  

𝑃𝑎𝑏𝑠 =
1

𝑇
(∫ 𝑃𝑖𝑛𝑐(𝑡)𝑑𝑡

𝑇

0
− ∫ 𝑃𝑟𝑒𝑓(𝑡)𝑑𝑡

𝑇

0
)  (1) 

Here, Pabs, Pinc, Pref and T are the absorbed power, incident power, reflected power and the 

period of power modulation T=(ton + toff), respectively. The Pabs obtained using eq. 1 was used 

for the determination of the process efficiency values presented in chapter 3.1. The time 

resolved reflected power signals Pref(t) serve for the estimation of degree of impedance 

mismatch at different pulsation parameters presented in chapter 3.2.  

Note, the leakage of microwave power from the reactor measured with a microwave leakage 

detector is below 1 mW/cm2 at a distance of about 5 cm away from the torch end. Therefore, 

it is taken as negligible for estimation of absorbed power in plasma. 

3 Experimental results and modelling  

3.1 Finding optimal operation windows in parametric space  
To optimize the CO2 dissociation reaction for the given coaxial plasma torch in atmospheric 

pressure, we have performed a systematic variation of pulse parameters of supplied 

microwave power. The aim is to find the optimal operation window, where conversion and 

efficiency are maximal. Throughout all measurements, we kept a CO2 gas inflow as high as 12 

slm. Note, that in the present experiments, the peak power (Ppeak) deviates by  13% around 

265 W mostly depending on duty cycle (0.10<DC<0.67) because of a not fully compensated 

temperature drift in the amplifier of the solid-state source.  

To enable a comparable analysis of the data, for every chosen parameter set, the specific 

energy input (SEI) based on the absorbed power in plasma torch (𝑃𝑎𝑏𝑠) is calculated. 

Therefore, SEI reads as follows:  

𝑆𝐸𝐼 =
𝑃𝑎𝑏𝑠∙𝑉𝑚

𝜈𝑖𝑛𝑝∙𝑁𝐴
,   (2) 

where 𝜈𝑖𝑛𝑝, 𝑉𝑚, and 𝑁𝐴 are the CO2 gas inflow, molar gas volume (24.47 L/mol) and Avogadro 

constant, respectively. The power absorbed in plasma, Pabs, is calculated on the base of time 

resolved measurements of the reflected and incident powers and equation (1).  

For a pulsation regime, a 1414 (ton; SEI) parameter matrix was defined. The pulse time is 

varied from 0.050 µs to 30.00 µs. Moreover, toff time is varied in such a way that to have a DC 

varied approximately between 0.1 and 0.7 for every single ton. Thus, the specific energy input 

resulted from variation of toff time varies from 0.02 to 0.15 eV/molecule. Each point in the 

parameter matrix was measured randomly, three times, in order to estimate statistical 

deviations in the measured parameters. Moreover, measurements in CW mode at different 

input microwave powers were also performed. This has enabled the comparison of pulsation 

mode against CW mode for the same SEI values.  

The molar degree of CO2 conversion into CO, 𝜒, as well as the process efficiency, 𝜂, are plotted 

both for pulsed and for CW regimes along corresponding SEI values in Figure 3. Here, the 

efficiency reads as follows:  

𝜂 =
𝜒∙Δ𝐻𝑅

0

𝑆𝐸𝐼
,  (3) 



where Δ𝐻𝑅
0 is the reaction enthalpy, which is 2.93 eV/molecule.  

   

Figure 4. Evidence of plasma instability and plume shape variation with the pulse regime. a) 

ton=1.0 μs, toff=2.61 μs (V-shape); b) ton=2.0 μs, toff=6.67 μs (bent); c) ton=2.0 μs, toff= 2.44 μs 

(shake). 

It is observed that in each case the pulsation improves both conversion and efficiency as 

compared with continuous (CW) energy supply. This verifies the previously identified 

improvement of conversion of CO2 in microwave plasmas with ultrafast pulsation [19]. The CO 

yield remains approximately in the range of 1% because of the low SEI corresponding to a 

large gas flow, required to operate the plasma without overheating the components of this kind 

of torch and the small volume of the plasma as compared to the cross section of the outlet of 

the torch. The reactor gas outlet is 4 mm in diameter, though the plasma itself is about 2.0 to 

2.5 mm in diameter and about 10 mm in height.  

There is a clear trend of increase in statistical deviation for the conversion values for which the 

efficiency is bigger (Fig 3 a). Two fully independent campaigns of measurements were 

performed to check the increase of statistical spread around the mean values. Both the mean 

values and larger distribution of conversion values were confirmed. And the results are similar 

to the ones published in a previous work with a replica torch [19].  

One of the possible explanations for a bigger statistical deviation in the most advanced pulsed 

regimes is the plasma flow instability arising from the turbulent nature of plasma flow driven by 

the nozzle geometry and the sustaining power pulsation. Even visually (see Figure 4 and 

Supplementary video) it can be observed that in some regimes the plasma shape is not along 

the symmetry axis and/or shudders laterally. This observation can be connected to plasma 

instabilities reported for other atmospheric microwave plasmas [25, 26]. The reported sources 

of such instabilities include the electric field, flow effects or the filamentary nature of 

atmospheric plasmas [25]. It should be noted, that the plasma plume shapes shown in Figure 

4 are reproducible for given pulse parameters.  

In addition, the energy pulsation can also destabilize the plasma if the characteristic pulsation 

times are comparable with the gas residence time in the reactor zone. Under energy pulsation 

regime, the interchange of heating and quenching (because of mixing with surrounding 

atmosphere) may result in space gradients of temperature and of charged particle 

concentrations in plasma flow, which may drive its instability. Additionally, the degree of CO2 



conversion governs the concentration of negative ions which in its turn influences the electric 

field that maintains the plasma and also can be a driving force for instabilities. 

Another consequence of the interruption of supplied energy takes place when the toff is longer 

than the residence time. In that case some amount of gas “does not see” any microwave 

plasma. Yet in that case, the gas is somewhat activated by the plasma afterglow which is much 

less effective than the plasma itself. Thus the critical condition is when the number of 

microwave pulses during the residence time is around one.  

To estimate the gas residence time and to gain a better understanding on gas flow dynamics 

in the studied coaxial torch, we have utilized the Computational Fluid Dynamics (CFD) solver 

available in COMSOL. We have considered atmospheric pressure, 12 slm of CO2 inflow and 

net heat power of 200 W as input parameters. The heat source profile is approximated with a 

Gaussian function with the maximum 1 mm above the torch end (Fig. 5 a), which corresponds 

to the maximum of emitted light intensity in experiment. In Figure 5 b-d the resulted gas velocity 

magnitude, the radial component of flow velocity and temperature are presented. It is found, 

that approaching the nozzle the axial gas velocity increases rapidly from 4 m/s to 22 m/s. At 

the same time, just above the torch end, where the energy coupling is assumed, the gas 

velocity is about 20 m/s. Note, that near the nozzle coordinates, the radial component of gas 

velocity is comparable with the axial component (-10 m/s) and directed to the axis of torch 

which is a common velocity feature for nozzles (Fig. 5 c). It should be noted that at T>2500 K 

the dissociation of CO2 takes place and heat capacity as well heat conductivity and viscosity 

of resulted gas mixture can differ from the predefined ones for CO2 in the present model. 

From the above simulated gas velocity of about 20 m/s and an estimated length of the reactive 

region between 1 mm and 5 mm, we evaluate a residence time as high as 50 to 250 µs. As it 

was abovementioned, the regimes with the inter-pulse times of the order of or longer than 

50 µs (for present set of parameters are the regimes with ton > 10 µs) can be additionally 

unstable.   

 
Figure 3. Conversion (a) and efficiency (b) for different pulse times (ton) and duty cycles. The 

data measured in continuous wave (CW) regime and at different input powers are shown as 

reference. Discharge parameters: CO2 flow is of 12 slm, Ppeak=26535 W, p=1 atm, 

0.10<DC<0.67.   

 



 

Figure 5. Computational Fluid Dynamics (CFD) model for 12 slm CO2 gas inflow and net 

heat power of about 200 W at p=1 atm. a) Heat source: Gaussian profile with maximum of 

4.5E10 W/m3 , b) flow velocity magnitude, c) radial component of flow velocity, d) 

temperature.   

Given the above-mentioned fluctuations, some pulsation regimes from the parameter scan 

would not be reproducible enough to provide an analysis leading to predictable behavior of the 

plasmas. Thus, to identify the most efficient parametric space for a chosen operation condition 

and at the same time, perform the analysis on the stable regions, the conversion and efficiency 

is plotted in (SEI-ton) coordinates in semi logarithmic scale in Figure 6. The measured 

conversion and efficiency are shown as solid circles whose color is ranged along the 

conversion or efficiency scale accordingly. Additionally, the regimes where plasma was 

unstable are marked with the open black squares. Dashed lines sketch the regions with 

maximal conversion (Figure 6 a) or efficiency (Figure 6 b). Note that the efficiency is calculated 

on the base of absorbed microwave power in the plasma torch and has to be understood as a 

chemical efficiency, which is higher than the reactor efficiency (see section 3.2).  

 

The conversion shows an increasing trend with SEI, thus, within a chosen parameter space 

the conversion is generally promoted by the average power supplied to the plasma. Nearly no 

dependency of conversion on the ton is recognized for any given fixed SEI. For the calculated 

efficiency (Figure 6 b), it is observed the same trend with the SEI as for conversion excepted 

for an apparent increase in scattering of the data due to normalization to absorbed power. The 

region with SEI>0.09 eV/molecule which is optimal for the conversion is highlighted with 

dashed line in Fig. 6 a. The optimum region for efficient CO2 conversion is found and sketched 

roughly with a dashed line in Fig. 6 b: 2 µs<ton<5 µs, 0.07<SEI<0.11 eV/molecule which is 

similar to one already published in [19].  

 

As to the stability of plasma plume, we see the following trend: in the regimes with high 

efficiency, plasma is often unstable. It is difficult to judge whether the instability promotes 

higher conversion or, vice versa, the higher conversion attained at the optimum pulse 

parameters promotes the instabilities of plasma. This will be studied in next works, and we do 

not go further in depth in that topic in the present account. 



    

 

Figure 6. Conversion (a) and efficiency (b) for varied SEI and pulse time (ton). The measured 

magnitudes are color-coded. The unstable regimes are indicated additionally with open 

squared symbols. Dashed lines sketch the maximal conversion and efficiency regions. 

Discharge parameters: CO2 flow is of 12 slm, Ppeak=26535 W, p=1 atm, 0.10<DC<0.67.   

3.2 Power absorption in plasma  
The coaxial torch may be considered as a coaxial line and plasma serves in that case like an 

electrical load. Depending on plasma conductivity, it can absorb a given amount of supplied 

microwave energy, and the excess will be reflected back. Since the electron density in the 

afterglow reduces exponentially with time after the pulse end, the plasma re-ignition with next 

microwave pulse may also take place at a different time because of the required time to restore 

the steady state electron density value. As the impedance of the generator and coaxial line 

were kept constant throughout all investigated regimes, the time traces of reflected power can 

therefore serve as an indicator for the electron density development in the discharge.  

We have investigated both the incident and reflected power in the system with real-time power 

sensors connected to the ports of an installed bidirectional coupler. The reflected power (Prefl) 

traces are shown in Figure 7 where we compare three regimes with DC=0.20, DC=0.33 and 

DC=0.67. The initial dynamic in all regimes is similar: Prefl increases during the first 5 to 20 ns 

because of lack of charge carriers in the plasma afterglow. Since the front of the incident pulse 

is about 10 ns, the input power grows at approximately 25 W/ns, whereas the absorbed power 

is assumed to be also increasing due to growing electron density. After the input power pulse 

reaches a plateau, the dynamic of Prefl is either falling (see all traces in DC=0.20 and DC=0.33 

in Fig. 7 a and b) or constant (see regimes with ton=0.1 and 0.5 s in Fig. 7 c). The first one 

reflects further re-establishing of electron density in plasma, and the second dynamic 

evidences that the formation of electron density is already completed, and in that state, plasma 

impedance results in Pref60 W. Interestingly, this level of 60 W is universally attained in later 

times of pulse in all regimes where ton is long enough.  

Remarkably, in many regimes the Prefl between the start of its falling, in the beginning of pulse, 

and attaining the  60 W level, in the end of pulse, has a minimum ranging between 20 and 25 

W. It means that in those periods Pabs is maximal. The time coordinate of that minimum in 

series with DC=0.20 and partly DC=0.33 (for ton>10 s ) is close to 2 s. This time agrees well 

with the time found for equilibration of gas temperature, Tgas, with vibrational temperature, Tvib 

in regime with DC=0.25 [19]. Note that in the regime with DC=0.67, this minimum is attained 



earlier, between 0.03 and 0.07 s (Figure 7 c), that might result from an earlier Tgas-Tvib 

equilibration caused by the shorter toff times. This effect can be related to temperature 

development during the pulse, but more a dedicated study is needed to explore it in details.    

 



Figure 7. Reflected microwave power in regimes with a) DC=0.20, b) DC=0.33 and c) 

DC=0.67. CO2 inflow is of 12 slm, Ppeak=26535 W.  

It is worthwhile to note that the amplitude of the first peak in Prefl traces in Figure 7 correlates 

clearly with the toff times: the longer toff the more power reflected back in the beginning of pulse 

and vice versa. It supports the idea that the initial dynamic of Prefl is defined by the leftover 

electron density, which is dependent on the length of the OFF phase.  

3.3 Rotational and vibrational temperatures 
As mentioned earlier, a complete picture of the plasma behaviour require not only of an 

observation on the electric field but also on the plasma temperature. Moreover, the observation 

of the VT equilibrium in a wider set of pulse conditions will help us feed the set of conditions 

for an optimal reactor design.  

To characterize the state of VT non-equilibrium, the acquired emission spectra are used to 

obtain the vibrational (Tvib) and rotational (Trot) temperatures by fitting of the molecular bands 

of CO and C2 species with synthetic spectra using MassiveOES [27]. We assume also in the 

following analysis, that rotational and gas temperatures are equivalent (Trot ≈ Tg) due to sub-

nanosecond rotational−translational relaxation at atmospheric pressure [28].  

 

Figure 8. Two examples for fitting of experimental plasma emission spectrum with one 

synthesized in MassiveOES program: a) C2 Swan =0 band, b) CO Angström =-1 band.  

The vibrational and rotational temperatures of heavy plasma species are defined with 

MassiveOES [27, 29] software, which fits the experimental molecular bands with the synthetic 

spectra. For the fitting, the database for the C2 (𝑑3Π𝑔 − 𝑎3Π𝑢) Swan bands system by Brooke 



et al with recent compilation and calculations [30] included into MassiveOES is used [31]. In 

the beginning of the pulse, the CO Angström bands usually dominate the spectrum and for 

them, the line-resolved emission probability is calculated employing programs LEVEL [32] and 

PGOPHER [33] and utilizing the molecular constants from [34-37]. It is also assumed that for 

the present conditions, a Boltzmann distribution is valid [31]. A typical result of fitting for 

experimental C2 Swan and CO Angström bands are presented in Figure 8. The systematic 

errors (baseline and baseline slope) give the largest contribution in the uncertainties for Tvib 

and for present data are estimated as ±1000 K. Due to fact that the simulated spectra are 

sensitive to Trot in a much broader wavelength range, the uncertainties for the Trot are smaller 

at least by factor of 2.  

 

Figure 9. Comparison of dynamics of rotational (Trot) and vibrational (Tvib) temperatures in 

pulsed regime with ton=2.50 μs, toff=7.50 μs (DC=0.25) against ton=2.50 μs, toff=3.75 μs 

(DC=0.4). Parameters: CO2 inflow is 12 slm, Pin=220 W.  

Figure 9 shows the evolution of Tvib and Trot along the 2.50 μs pulse in two experiments with 

different toff times: 7.50 μs (corresponds to DC=0.25) and 3.75 μs (corresponds to DC=0.40). 

As we have reported before [19], two distinct regimes exist along the energy pulses: a non-

equilibrium regime at the beginning of the pulse (Tvib>Trot) and a thermal equilibrium regime 

when Trot approaches Tvib. For toff=7.50 μs, equilibration time is approximately 1.6 μs, though 

for toff=3.75 μs, the equilibration happens earlier – at about 1.0 μs. This is related to the longer 

time required for coupling all the power to the plasma due to the decrease of electron density 

in the afterglow as highlighted by the higher reflected power values at the beginning of the 

pulse in Figure 7. Moreover, the Trot in the beginning of the pulse for DC=0.40 is about 500 K 

larger as compared with Trot for DC=0.25. This can be explained by the shorter cooling time 

between the two power pulses in case of DC=0.40 as compared to DC=0.25. Or in other words, 

with higher DC values, the mean absorbed power is also higher and this leads to higher mean 

gas temperatures.  

At the very beginning of pulse, the vibrational temperature determined from vibrational states 

(B1Σ+) of the CO molecules is already quite developed: 6900 K and 8300 K for DC of 0.25 and 

0.40 respectively. Such a prompt vibrational activation can be understood from an efficient 

vibrational excitation of CO and/or CO2 or by electron collisions [38]. During the pulse, Tvib in 



both experiments shows a constant behaviour (7000 K < Tvib < 8000 K). After end of pulse, 

Trot and Tvib stay coupled and are reducing with rates of about 2×10 9 K/s, which are convenient 

rates to preserve the CO produced and avoid recombination reactions back into CO2 [39]. 

The difference in the duration of non-equilibrium state in two regimes with the same ton and 

different toff can be explained by different electron concentration, ne, before the pulse start. In 

pulse regime, the concentration of electrons during the OFF stage relaxes exponentially [40], 

therefore, the longer toff, the lower concentration of electrons and vice versa. Considering the 

chain of energy transfers as EmicrowaveTeTvibTrot, the higher ne results in a lower mean 

electron temperature that may become more optimal for vibrational excitation of molecules, 

whose energy, in its turn, is transferred to Trot. In other words, energy transfer improves 

electron density [41].  

The registration of emitted light after the end of pulse was only possible within 625 ns and 1055 

ns pulse lengths for DC=0.25 and DC=0.40, respectively. After those times, signal drops below 

noise level evidencing that all exited states fade away.  

Given that the vibrational temperatures demonstrate universal behaviour along the pulse 

length, we have investigated the dynamic of Trot for different DC and ton times in more details. 

In Figure 10, the evolution of Trot along the microwave pulse is presented for four regimes:  

 1)  ton / toff=0.50 / 1.50 μs,   T=2.0 μs,   DC=0.25,  

 2)  ton / toff=1.50 / 4.50 μs,   T=6.0 μs,   DC=0.25, 

 3)  ton / toff=2.50 / 7.50 μs,   T=10.0 μs,   DC=0.25,  

 4)  ton / toff=2.50 / 3.75 μs,   T=6.25 μs,   DC=0.40.  

 

Figure 10. Comparison of dynamics of rotational (Trot) temperature in pulsed regime with 

DC=0.25 and DC=0.4 at different ton. Parameters: CO2 inflow is 12 slm, Pin=220 W.  

The simplest behaviour is observed in the first regime with shortest pulsation times, ton=0.50 

μs, toff=1.50 μs, - the gas temperature (half filled squares) linearly grows along the pulse. It is 

important to mention that in the beginning of the pulse Trot for DC=0.40 exceeds those for all 

regimes with DC=0.25 by approximately 500 K.  



It is interesting to compare the regimes 2 and 3. For the same duty cycle of 0.25, Trot in 

experiment with shorter OFF phase (toff=4.50 us) shows faster growth as compared with regime 

3 with the toff of 7.50 μs. This seems to indicate that higher pulsation frequencies promote 

higher electron densities and therefore an increase in the heating rate.  

3.4 Non-linear interaction of microwave with plasma.  
With a plasma, an electromagnetic field can interact via inductive, capacitive or ohmic coupling 

modes in high pressure discharges. For high electric field conditions, a capacitive coupling of 

the microwave energy into the plasma is observed via the plasma sheath [42]. In a first 

approximation, when a plasma reactor is modelled using an equivalent circuit model (i.e. a 

circuit made of lumped electrical elements), the plasma sheath can be modelled as a capacitor 

[43]. Indeed, the charge concentration in the thin boundary layer at the plasma edge may be 

approximated by a capacitor, whose geometry is reactor specific. If the plasma sheaths are 

not flat and not parallel to each other (as obviously for the present reactor), the energy 

distribution in such a capacitor will be far from homogeneous. This will lead to the distortion of 

the temporal form of the field that, in its turn, results in the appearance of higher harmonics in 

its spectrum.  

 

To explore to what extend the capacitive coupling takes place in coaxial plasma torch, we have 

measured the electromagnetic spectra near the plasma plume with the aid of a dipole antenna 

and a signal analyser (Agilent EXA N9010A). In Fig. 11 the spectra with plasma and without 

plasma (microwave is supplied but plasma is not ignited) are measured at about 1 cm away 

from the plasma plume. The plasma is sustained in CW mode, with 12 slm of CO2 inflow, 

Pin=200 W and f=2.45 GHz. As a reference, the signal decoupled from the power line 

terminated with a matched load is measured at P=200 W and at P=0 and also shown on the 

same graph. On the right-hand side of Figure 11 the experimental arrangement is shown. Note, 

in the spectrum of the source, the satellites peaks at +/- 30 MHz and its harmonics are visible 

at a level of about -60 dBc. Also a weak (-67 dBc) second harmonic exists in the reference 

spectrum that can be attributed to a very tiny imperfectness in the sinusoidal form of the wave 

produced by the microwave generator. Interestingly, in the spectrum measured with dipole 

antenna outside the torch and when no plasma is ignited, the second harmonic of the carrier 

is absolutely absent, that suggests its full back reflection and absorption in a circulator load in 

the supplying line.  

 

For the spectrum with plasma, the second harmonic at a frequency of 4.92 GHz is very 

pronounced (-35 dBc) and prove the existence of the nonlinear interaction. In pulsed operation 

mode and especially for low DC, the plasma size is smaller than one in CW mode, and 

correspondingly nonlinear interaction is also smaller as it is seen in Fig. 12. Here, plasma is 

sustained in pulsed mode with ton=2.5 µs and toff=7.5 µs, at 12 slm of CO2 inflow, Pin=200 W 

and f=2.45 GHz. It is worth to note, that in this regime, the radiation spectrum of the carrier 

frequency is not much influenced by the plasma – the spectra are almost overlapped, but the 

second harmonic at 4.92 GHz is clearly generated when the plasma is ignited.   

 

In Fig.13 the amplitude of second harmonic of the incident wave is plotted for different pulsation 

parameters and also for CW. The amplitude of second harmonic is approximately proportional 

to the duty cycle (DC) or mean energy supplied in plasma (see Fig. 13). Measurements for 

different ton and toff times but similar DCs show similar relative amplitude of the second 

harmonic of a carrier frequency. The above observations give a strong argument for a 

capacitive coupling of microwave energy into the sheath which is typical for microwave 

discharges with strong E-fields [42]. The present measurements do not allow to assess the 

relative contribution of capacitive coupling as compared to the inductive and ohmic coupling, 

but shine new insights into the electromagnetic properties of such plasma jets. 



 

 

Figure 11. Spectrum of electromagnetic radiation outside the plasma torch (red and black 

curves) and in the feeding line (blue and green) operated at input CW power of 200 W, and  

CO2 inflow of 12 slm. At right hand side: the position of receiving antenna near the plasma 

torch. 

 



Figure 12. Spectrum of electromagnetic radiation outside the plasma torch (red and black 

curves) and in the feeding line (blue and green) operated at input peak power of 200 W, 

ton=2500 ns and toff=7500 ns and CO2 inflow of 12 slm.  

 

Figure 13. The microwave power at 4.92 GHz (second harmonic of incident wave) acquired 

with dipole antenna near the plasma torch when the plasma is operated in pulsed and CW 

regime. The corresponding ton/toff times (ns) are indicated near the data points.   

Another phenomenon related to the interaction of strong oscillating electromagnetic fields with 

a plasma is the so-called parametric instability which is observed via the formation of additional 

frequency peaks around the frequency of the pumping wave, f0. Electron volume and surface 

waves can be excited via coupling to the collective oscillation of ions in the plasmas and are 

expressed respectively as [42]:  

𝑓𝑝𝑖 = 𝑛 ∙ 𝑓0 ∙ √𝑚𝑒 𝑀𝑖⁄   (4) 

𝑓𝑝𝑖 = 𝑛 ∙ 𝑓0 ∙ √2 ∙ √𝑚𝑒 𝑀𝑖⁄  (5), 

where n=1, 2, 3, …, and me and Mi are electron and ion mass, respectively. For f0=2.45 GHz 

and 12C ions, one has 𝑓𝑝𝑖 ≈16.5 MHz and 23.3 MHz for volumetric and surface modes, 

respectively. In the present setup, the side bands are observed with a regular frequency shift 

of 30 MHz which is approximate agreement with the calculated value. One should note 

however that the theory assume only the presence of electrons which are very light and that 

the presence of negative ions would lead to a smaller effective mass ratio between the negative 

and positive charged species, therefore leading to larger frequency shifts. 

4 Discussion and outlook. 
Ultrafast pulsations of microwave power sustaining the CO2 plasmas is a mean to improve the 

efficiency of the CO2 conversion into CO and O2. The detailed scan of the pulsation parameters 

complemented with plasma diagnostics unravels the underlying mechanisms limiting the CO 



yield in the utilized coaxial open-end torch and give way to next-generation torch designs with 

superior performance.  

In general, in the commercial torch used, the active reaction zone is limited to several mm 

constructively by the geometry of the torch. The minimal flow is 12 slm to avoid any potential 

damage of the torch due to heating of internal components. Both factors restrict severely the 

CO yields: for all duty cycles, it is therefore below 1.3% and the study is focused on the 

efficiency of CO2 conversion.   

At the same time, it is understood that the efficiency of the process depends individually on the 

ton and toff times. At very short energy pulses, the gas temperature is already high enough 

(about 3500 K) for thermal dissociation, which is assumed a leading mechanism at 

atmospheric pressure. However, the plasma volume being very small and the presence of a 

strong electric field region being unveiled by harmonics generation, electron driven dissociation 

processes cannot be ruled out.  

For longer power pulses, excess energy is spent in gas heating up to 7000 K and dissociation 

of CO molecules into C and O. The power interruption is useful for temperature quenching but 

at very long toff times the efficiency is reduced owing to the higher energy cost needed to 

reignite the plasma. This effect is clearly highlighted by monitoring the reflected microwave 

power, which cannot be absorbed by the plasma before the sufficient electron density is 

developed to match the impedance of the generator and plasma torch.  

A particularly interesting case is when the pulse duration becomes similar to the gas flow 

residence time in the plasma volume, which for the present discharge conditions is estimated 

of 50 μs to 250 μs. 2D cylindrical symmetric calculations, with the plasma modelled as a heat 

source, give insight in the gas flow dynamics. The calculations indicate that in regimes with toff 

times comparable or longer than 50 μs, the performance additionally deteriorated because of 

the gas stream being under-processed.  

The most efficient regimes correspond to microwave pulses in the order of a few µs (both ON 

and OFF times). At these parameters, the pulse length (ton) is long enough to enable both 

vibrationally (in the beginning of pulse) and thermally (after thermalizing) driven CO2 

dissociation but short enough to avoid overheating; and the inter-pulse length is long enough 

for quenching and short enough for efficient re-ignition of the plasma. Moreover, some 

evidence indicating a possible promotion of electron density with pulse frequency has been 

observed. 

In this pulsing range, it is also observed that the plasma is destabilized by the gas flow itself. 

This can be associated to the formation of temperature and particle concentration gradients 

during the gas heating and mixing/cooling phases with characteristic times similar but not equal 

to the pulsing time of the power supply, thus leading to instabilities. The experimental results 

indicate that the lateral fluctuation of the plasma may actually promote the CO2 conversion 

assuming that in average a bigger reaction zone is effectively developed. The increase of 

statistical errors in the measurements however also stress that characterizing the plasma in 

such conditions is difficult. The combination of capacitive coupling for ignition (confirmed by 

frequency harmonics generation) and inductive power absorption lead to complex plasma 

dynamics and indicate the existence of a high-intensity E field region in the plasma. It remains 

to be seen if the gas flow affects the impedance matching between the two modes as well and 

therefore the plasma efficiency for CO2 dissociation. These effects and theoretical 

considerations demonstrate that the plasma dynamics in fast pulsed regime present complex 

spatio-temporal dynamics and are an interesting field for further fundamental investigations in 

the future. 
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