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Abstract 

Thermalization of electron and gas temperature in CO2 microwave plasma is unveiled with 

first Thomson scattering measurements. The results contradict the prevalent picture of an 

increasing electron temperature that causes discharge contraction. It is known that as 

pressure increases, the radial extension of the plasma reduces from ~7 mm diameter at 100 

mbar to ~2 mm at 400 mbar. We find that, simultaneously, the initial non-equilibrium 

between ~2 eV electron and ~0.5 eV gas temperature reduces until thermalization occurs at 

0.6 eV. 1D fluid modelling, with excellent agreement with measurements, demonstrates that 

associative ionization of radicals, a mechanism previously proposed for air plasma, causes 

the thermalization. In effect, heavy particle and heat transport and thermal chemistry 

govern electron dynamics, a conclusion that provides a basis for ab initio prediction of 

power concentration in plasma reactors.  
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The splitting of CO2 to CO in (microwave) plasma can be a key technology for CO2 utilization by 

providing a carbon-based feedstock for chemicals and fuels1–3. This, in turn, can be used for storage 

of intermittent renewable energy in chemical bonds4 or integration of, for example, aviation with 

renewable energy sources5. Understanding and predicting the local power input in such plasma 

systems defines which chemical routes are predominant6–8, and is thus a crucial aspect for reactor 

engineering. As such, knowledge on the electron properties in the discharge is crucial; the free 

plasma electrons absorb microwave power and transfer this energy to the heavy particles. A 

manifestation of the importance of the electron properties, and its influence on dissociation 

efficiency, is power concentration in the form of plasma contraction9–12. Increasing pressure shrinks 

the plasma in diameter, from ~7 mm at 80 mbar to ~2 mm at pressures above 200 mbar, where the 

various modes of operation have been reported by Wolf et al.9,13 The energy efficiency changes 

significantly between these two operating regimes, with reported optimum efficiencies obtained at 

conditions corresponding to the regime in between the two modes10,12,14.  

The contraction of the discharge is accompanied by an increase in peak gas temperature (Tg): from 

3000-4000 K at low to more than 6000 K at high pressure8–10. Concurrently, the electron number 

density (ne) and ionization fraction have been shown to increase by an order of magnitude9. Based 

on these measurements, Wolf et al.13 have argued that the plasma contraction is governed by a 

thermo-chemical instability15. In this theory, a thermal ionization instability16, based on electron 

impact ionization, links gas temperature, electron temperature (Te) and ne in a positive feedback 

loop, while endothermic reactions impose a limit on the growth of the gas temperature. 

Nevertheless, uncertainties remain, particularly on the trends in electron temperature and the 

nature of the instability.  

Numerically, Viegas et al.17 have used the experimental data from Wolf et al.9 to study the 

composition of the plasma core by means of a 0D chemical kinetics model. To accommodate the 

increase in electron number density with contraction, the authors have predicted an increase in 

ionization frequency, and consequently an increase in electron temperature from approximately 1.6 

eV to 2 eV going from low to high pressure. Pietanza et al.18 have also studied the same system using 

a 0D plasma chemical kinetics model and calculate electron temperatures to increase with 

contraction, from 1 eV to 1.5 eV. The predictions of both models are in accordance with the theory 

of a thermal ionization instability based on electron impact ionization. Due to lacking experimental 

data in the plasma core, neither of these models has been validated. 

Experimentally, electron temperatures have been estimated by D’Isa et al.10 by calculating an 

excitation temperature of atomic species through optical emission spectroscopy and assuming this is 

a proxy for the electron temperature. This approach shows that excitation temperatures are 

constant at approximately 0.5 eV, a value equal to the gas temperature in the contracted regime. As 

noted by the authors, this result contradicts previous modelling efforts and further investigations 

into electron properties in CO2 microwave plasma are required. 

In this work, we combine Thomson scattering experiments and 1D numerical modelling to assess the 

contraction mechanisms and to thereby provide a basis for predicting the power concentration. 

Combined Thomson-Raman scattering yields spatially resolved values of Te and ne as well as 

rotational (assumed equal to translational / gas) temperatures and species concentrations of CO2, 

CO, O2 and O, as shown in our previous works8,19. Numerically, a native 1D radial fluid model, 

elsewhere validated against measurements of neutral species mole fractions, gas temperature, 

electron number density and electron temperature, is used to interpret measured trends in electron 
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properties. More details as well as the validation of the model can be found in the work of Vialetto 

et al.20  

 

Figure 1: Effect of power concentration for two representative pressures, 100 and 250 mbar on (a) plasma emission, (b) 
electron number density (dots) and binned 777 nm oxygen emission (line), (c) electron and gas temperature of 100 mbar, L-

mode plasma and (d) electron and gas temperature of 250 mbar, H-mode plasma. Locations of Thomson-Raman 
measurements with respect to plasma emission are indicated by black lines in figures (a1) and (a2). Thomson measurements 

at r>3 mm were not feasible due to the rapidly increasing intensity of CO2 rotational Raman signature. 

Figure 1 shows the radially resolved results for the electron temperature and density, the gas 

temperature and the 777 nm atomic oxygen emission for two plasma conditions, 100 mbar and 250 

mbar within the first 3 mm of the discharge center. These two conditions are close to the conditions 

studied in the work of Pietanza et al.18 and illustrate the effects of power concentration from the 

(according to the definitions of Wolf et al.13) L-mode to the H-mode. Within the large error margins, 

it can be seen that the 100 mbar L-mode plasma has relatively homogeneous radial profiles of all 

properties studied with a clear electron-heavy particle non-equilibrium. On the other hand, the 250 

mbar H-mode plasma has a peaked and localized emission and electron number density profile, 

where electron and gas temperature are equal within error margins in the core.  

While the large increase in electron number density upon contracting to the H-mode is in 

accordance with the measurements of Wolf et al.9, the decrease in electron temperature contradicts 

the prevailing theory of a thermal ionization instability13,15,16 and is not predicted by recently 

published plasma-chemical models17,18 or experiments10. These aspects are highlighted in Figure 2, 

where experimental and numerical results of the present work and recent studies are shown as a 

function of pressure for the central plasma position (r=0 mm).  
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Figure 2: Experimental and numerical results for (top) the electron number density and (bottom) the electron and gas 
temperatures in the radial center of the plasma as a function of pressure. In red, previous measurements of ne reported by 

Wolf et al.9 and numerical results of Te of Viegas et al.17 for an identical plasma system (with 1400 W input power). 

Experimental results of the present study show that the electron number density in the plasma core 

(top) increases by an order of magnitude. The measured values show excellent quantitative 

agreement with the line-integrated ne measurements of Wolf et al.9 The electron temperature 

(bottom) decreases by a factor 2 from low to high pressure, and gas temperature increases slightly, 

until both temperatures equilibrate within the error margin of the experiment at approximately 200 

mbar. This trend contradicts the results of the modelling study of Viegas et al.17, who predict a slight 

increase in core electron temperature.  

A 1D radial model has been developed by the present authors to disclose the mechanism behind the 

observed plasma thermalization. Results of the model, included in Figure 2 (solid line), show good 

overlap with experimental results; both the order of magnitude increase in ne as well as the decrease 

in Te and subsequent thermalization with Tg are predicted accurately. The model takes the majority 

of the chemical reactions from the work by Viegas et al.17 The key changes to the chemistry affect 

the charged particle sources. Two types of ionization mechanisms are included: (i) direct electron 

impact ionization of atoms/molecules in the ground electronic state and (ii) associative ionization 

mediated by the high gas temperature and association of radicals.  

The second mechanism, associative ionization, is particularly important. This ionization source is 

often overlooked in plasma-chemical models but plays a crucial role in the studied plasma. 

Associative ionization reactions of C, O and CO species are included in this work and that of Viegas et 

al.17 The latter, however, state that the process is not of importance in the discharge. The present 

model uses a different rate constant for the C+O associative ionization reaction:21 

 𝑘C+O→CO++e = 8.78 × 10−12(cm3s−1) exp (−
33100 (K)

𝑇𝑔
 ). eq. 1 

As noted by Viegas et al.17, at 6000 K this rate constant is three orders of magnitude higher than the 

rate constant used in that work, mainly due to a very different activation energy. In the recent work 
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by Sun et al.22, an atmospheric pressure CO2 microwave plasma is investigated, therein the authors 

consider a similar rate constant as eq. 1 and claim that this reaction is the dominant source of 

charged particles. In the work by Vialetto et al.20 the choice of the rate constant for associative 

ionization is described in more detail, moreover it presents a sensitivity study on the choice of the 

rate constant. 

 

Figure 3: Left: Effect of associative ionization on electron temperature (top) and electron number density (bottom), 
illustrated by comparing experimental and numerical results of the base model and the model excluding all associative 
ionization reactions. Right: Rates of the main ionization reactions as calculated by the model, which thus depend on the 

calculated gas and electron temperature and species densities. 

The importance of the associative ionization mechanism in the model to obtain a good agreement 

with experiments is highlighted on the left-hand side of Figure 3. Here, the electron temperature 

and electron number density of the model with and without associative ionization are compared 

with measurements. Without associative ionization, both electron temperature and density deviate 

significantly from measured values. It is interesting to note that even without associative ionization, 

the model predicts the trends in ne and Te(but not the thermalization). This is a result of the different 

numerical approach (see Numerical Methods section and Vialetto et al.20), particularly the addition 

of an electron mean energy equation and heat equation in the calculation of the electric field. 

The large differences in absolute ne and Te values can be understood by comparing the rates for 

different ionization reactions, shown on the right-hand side of Figure 3, where from low to high 

pressure a shift in the dominant ionization mechanism can be observed. At low pressure, the 

electron impact ionization dominates, whereas at high pressure the associative ionization of C+O is 

the principal source of charged species. The numerical study of Benilov and Naidis23 predicts a 

similar change in ionization mechanism with increasing current in a low-current arc discharge in air 

at atmospheric pressure. 

In previous studies, electron-impact ionization and electron-ion dissociative recombination are 

assumed to be the main electron production and loss mechanisms. As such, the charge balance is 

approximated as:9,17,18 

 𝑛𝑒𝑛𝑔𝑘𝑖(𝑇𝑒) = 𝑛𝑒𝑛𝑀𝐼𝑘𝑟𝑒𝑐(𝑇𝑒) →
𝑛𝑀𝐼

𝑛𝑔
=

𝑘𝑖(𝑇𝑒)

𝑘𝑟𝑒𝑐(𝑇𝑒)
. eq. 2 
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Here, 𝑛𝑔 is the gas number density, 𝑘𝑖  is an effective electron impact ionization rate constant, 

depending on the composition and electron temperature, 𝑘𝑟𝑒𝑐 is an effective recombination rate 

constant, weakly dependent on the electron temperature, and 𝑛𝑀𝐼 is the molecular ion number 

density. Based on the presented results, the charge balance in contracted (H-mode) conditions can 

be described as:  

 [C][O]𝑘C+O→CO++e(𝑇𝑔) = 𝑛𝑒𝑛𝑀𝐼𝑘𝑟𝑒𝑐(𝑇𝑒). eq. 3 

The predominance of associative ionization as charge source term directly links gas temperature and 

composition with electron properties in the plasma core. In effect, the electron and thermal 

properties in contracted CO2 microwave plasma become interdependent: the gas temperature is 

defined by transport processes and the power density deposited by electrons and, in turn, provides 

the composition and associative ionization rate coefficient which determine charge balance and 

electron properties. These described processes lead to a circular dependency that explains the radial 

contraction: an increasing core temperature increases the rate of associative ionization. To balance 

eq. 3, either the electron number density increases (or the electron temperature decreases), where 

a rise in electron number density leads to an increase in power density, and thus to a further rise in 

gas temperature.  

This finding changes the understanding of the contraction phenomenon from L-mode to H-mode in 

CO2 microwave discharges; before the thermal ionization instability was presumed to play a crucial 

role, while these results show that a self-intensifying rise in gas temperature and electron number 

density, mediated by associative ionization, provides the instability. As to why contraction occurs 

with increasing pressure, Wolf et al.14 have shown turbulent radial transport decreases by more than 

an order of magnitude in the pressure range investigated. This leads to a natural increase in gas 

temperature with pressure, which instigates the associative ionization mediated instability.  

In conclusion, the combined experimental and numerical effort has shown the importance of 

thermal chemistry, and particularly associative ionization of atoms, in the equilibration of electron 

and gas temperature in CO2 microwave plasma. As such, trends of Te and Tg as a function of pressure 

become remarkably similar to textbook examples of thermalizing discharges (e.g. argon arcs)24 and 

contradict recent modelling works as well as the generally assumed electron-heavy particle non-

equilibrium nature of the discharge. By showing the importance of heavy species properties on 

electron kinetics, and by extent the local power absorption, this work provides a new description of 

the contraction phenomenon and lays a foundation for predicting power concentration in the 

engineering of plasma reactors.  

Methods – Experimental Details of the microwave and vacuum setup have been reported before12. 

Briefly, laser scattering is coupled to a microwave plasma setup as schematically illustrated in Figure 

4(a). A 2.45 GHz magnetron of 1 kW input power provides microwaves to the plasma, generated in a 

quartz tube of 27 mm inner diameter. Tangentially injected CO2 (99.995 % purity) gas with a mass 

flow rate of 10 l/min (at standard pressure and temperature) creates a swirl flow in the tube to 

protect the walls from overheating. A frequency doubled Nd:YAG laser (30 Hz, 400 mJ per 10 ns 

pulse, 532 nm) is focused into the reactor. Scattered light of the focal point of the laser is collimated 

by a 200 mm lens. A volume Bragg grating strongly attenuates the 532 nm component of the 

collimated light, which is subsequently focused by a 100 mm lens into a linear fiber array. This relays 

the scattered light into a 1 m focal distance and 50 𝜇m entrance slit custom-built Littrow 

spectrometer equipped with an 1800 l/mm grating and a resulting dispersion of 0.012 nm/pixel. The 

spectrally resolved image is captured by an intensified camera.  
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Figure 4: Left: Schematic of the combined microwave plasma – laser scattering setup. Right: Two representative measured 
spectra of combined Thomson-Raman scattering. Top: low ne, high CO2 fraction (100 mbar). Bottom: high ne, low CO2 

fraction (200 mbar).  

Previously, the application of Thomson scattering in CO2 plasma has been challenging due to the low 

ionization degree9 and high rotational Raman and Rayleigh signal strengths of CO2
25, obfuscating the 

Thomson signature. The successful implementation of the diagnostic in this study is made possible 

by the combination of a volume Bragg grating (serving as narrowband notch filter26), high gas 

temperature (reducing and distributing the rotational Raman intensity over a wider spectral range) 

and high dissociation degree (reducing effective rotational Raman cross section, and thus 

intensity19). Similar to Vincent et al.27, we use a linear fiber array in combination with the Bragg 

grating: 8 fibers are simultaneously imaged unto the camera, increasing total signal strength.  

Possible perturbations of the diagnostics (e.g. photoionization), have been investigated by an 

attenuation of the laser power to half its original value for several key-measurements. This resulted 

in identical values of electron properties, proving the non-intrusiveness of the diagnostics. 

Figure 4(b) illustrates the complicating presence of the rotational Raman spectrum for achieving 

sensitivity towards the Thomson signature on basis of two representing conditions: a 100 mbar 

plasma with low ne (top), and a 200 mbar plasma with high ne (bottom). Illustrated in these spectra 

are two effects on the sensitivity to Thomson signal: (i) the stray light feature at low Raman shifts, a 

result of the integration of the Bragg grating with the collection optics, decreasing the attenuation of 

stray light, and (ii) the increase in the C2 optical emission10 (and laser induced fluorescence19) with 

increasing pressure. Nevertheless, the wide spectral profile of the Thomson scattering is fitted 

accurately in the presence of both C2 emission and stray light. However, fitting of the narrower 

Raman signature gets perturbed by the C2 emission, introducing a large uncertainty in the 

determination of gas temperature at high pressure, with error margins up to ~50%. At low pressure, 

C2 emission is absent, but the Raman signal of CO2 is much stronger than the Thomson signal, and 

both electron temperature and density have large error margins also up to ~50%. Precise values of 

uncertainty were determined with the method described in our previous work8.  

Spectra are fitted to a synthetic spectrum comprising the rotational Raman contributions of the 

molecular species, CO2, CO, O2, the atomic Raman of O, and the Thomson signature. The treatment 

of Raman data and atomic oxygen quantification has been the topic of our previous work19. The 

(incoherent) Thomson signal is analysed following the description of Carbone et al.28  
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Methods – Numerical The model20 solves a system of fluid equations for neutral and charged species 

mass fractions and for the gas temperature29. Electron rate and transport coefficients and electron 

power losses are calculated with a Monte Carlo Flux solver30,31 that has been coupled to the fluid 

code. The model computes species mole fractions and electron and gas temperatures for a given 

radial profile of absorbed microwave power density. The locally dissipated microwave power density 

used as input for the model is assumed to scale with the 777 nm atomic oxygen emission as in Wolf 

et al.13,14  

While the measurements show direct evidence of a C2 presence (in the form of Swan emission and 

fluorescence), this species is not considered in the model. In fact, Viegas et al.17 argue that the 

species, while strongly emitting, is irrelevant in the description of the main heavy species. Its 

inclusion would influence the rate of C+O associative ionization, but it is expected that this effect is 

small. 

The changes with respect to the previous model of Viegas et al.17 (whose results are shown in Figure 

2) can be summarized as: (i) a 1D radial approach, as opposed to a 0D approach applied to the 

plasma core only, (ii) an adapted chemistry set, with the most notable change to the rate of C+O 

associative ionization, (iii) the calculation of radial profiles of gas temperature and mean electron 

energy through energy balance equations and (iv) the different method of calculating the electric 

field (and thus Te); in addition to the particle balance equation, used in Viegas et al.17, a mean energy 

equation and a heat equation are implemented.  
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