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Infrared emission measurements of a 

recombining CO2 plasma 

Corentin H. C. Grimaldi1, Sean D. McGuire2 and Christophe O. Laux3 
Laboratoire EM2C, CNRS UPR288, CentraleSupélec, Université Paris-Saclay, 3 rue Joliot 

Curie, 91190 Gif-sur-Yvette, France 

 Infrared emission measurements from a high temperature CO2/Ar plasma are presented. 

An inductively coupled plasma torch was used to produce a CO2/Ar plasma jet at atmospheric 

pressure. The plasma jet is initially close to Local Thermodynamic Equilibrium conditions at 

a temperature of 6650 K. This plasma is then passed at high velocity through a water-cooled 

test-section that forces rapid cooling and recombination. The subsequent thermochemical 

evolution of the plasma as it traverses the water-cooled tube is studied using Optical Emission 

Spectroscopy in the infrared region between 4.1 and 5.6 µm. The measured spectra at the exit 

of the torch and at the exit of the 35-cm test-section are calibrated in absolute intensity and 

compared with calculations done using the RADIS line-by-line radiation code. The 

measurements presented here are meant to provide a test case for comparison with kinetic 

modeling and/or CFD predictions.  

I. Introduction 

 The entry of a capsule into the atmosphere of a planet or a satellite occurs at hypersonic velocities. The resulting 

shock wave that forms in front of the vehicle heats the surrounding gas and forms a plasma in the post-shock region. 

The study of the resulting convective and radiative heat fluxes to the capsule surface is critical for the design of the 

thermal protective system [1]. For Mars entry scenarios, where CO2 represents 96% of the atmosphere [2], the radiative 

heat flux to the afterbody suffers from large uncertainties - up to 260% [3]. The rapid hydrodynamic expansion of the 

plasma into the afterbody region results in rapid cooling, chemical recombination, and a departure from equilibrium 

[4]. This chemical non-equilibrium and the associated radiation are still not accurately modeled, and our goal is to 

provide experimental data for model validation as part of an effort to help reduce this uncertainty. Our experiments 

focus on a fundamental study of the recombination kinetics of CO2 plasmas [5]. For these experiments, the plasma is 

first created by an inductively coupled plasma torch facility. The plasma is then passed through a water-cooled tube 

at high speed to force rapid cooling and chemical recombination. Optical diagnostics then allow us to track the 

recombination and cooling that result [6], [7]. 

 

 The infrared spectral region is of interest because it provides direct measurements of the CO and CO2 ground state 

densities and rovibrational population distributions [8]. This work is a continuation of the work presented last year 

[9], which looked at infrared emission spectra from a CO2/Ar plasma at the exit of the inductively coupled plasma 

torch (which corresponds to the inlet of the water-cooled tube test-section). This paper presents our first infrared 

measurements obtained at the exit of the water-cooled test-section. Our goal is to study the highly resolved emission 

spectrum to track the thermochemical state of the plasma and to determine a possible departure from equilibrium as 

previously observed for N2/Ar mixtures studied using this configuration [6], [10]. 
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II. Experimental Setup 

 The plasma torch facility at the EM2C laboratory produces atmospheric pressure plasmas with temperatures 

ranging between 6000 and 9000 K depending upon the gas mixture used. The plasma facility is a TAFA Model 66 

Inductively Coupled Plasma (ICP) torch powered by a 120 kVA radio frequency LEPEL Model T-50-3 power supply. 

The torch operates at 4 MHz and can deliver up to 50 kW of power to the plasma. Fig. 1 shows a schematic of the ICP 

torch. More details of the plasma torch facility may be found in [11], [12]. The CO2 plasma flow studied here exits 

the torch through a 1-cm diameter nozzle at a speed between 500 and 700 m/s and is composed of 0.35 g/s (± 2%) of 

carbon dioxide premixed with 3.10 g/s (± 2%) of argon to provide stable and sustainable operating conditions. 

Consequently, the mass fractions of the mixture are respectively 10% for CO2 and 90% for Ar. The high fraction of 

argon, easily ionizable, is required to provide stable and sustainable operating conditions. For this injection mixture, 

approximately 50% of the mixture is injected via the radial injectors and 50% via the swirl injectors. Increasing the 

swirl injection increases the symmetry of the plasma jet but also reduces the stability of the torch – our choice is a 

compromise between these competing effects. Finally, the plate power is 45 kW (note that less power is coupled into 

the plasma). Water-cooled test-sections of various lengths (5, 10, 15, 20, 25, 30 and 35 cm) can be placed on the 1-

cm diameter exit of the torch to provoke rapid cooling and therefore force plasma recombination in a well-controlled 

environment. All emission measurements are made 0.25 cm downstream of the test-section exit (i.e., D/4, where D is 

the diameter of the tube). 

 The infrared OES measurements are performed using a 0.75-m focal length spectrometer (Princeton Instruments 

Acton SpectraPro 2750i) fitted with a 512x640 pixel cryogenically cooled (liquid N2) infrared camera (IRcameras 

IRC-806). To reduce absorption from cold CO2 and H2O present in the room, 90% of the optical path is purged with 

dry N2. The observed infrared background signal strongly drifts over time. To track and remove this background, a 

chopper is placed at the entrance to the spectrometer. The background, and the signal coming from the plasma are 

acquired at 60 Hz. Two parabolic mirrors (focal length of 20 and 50 cm) are used to collect the signal. The spectrometer 

is fitted with a 300 groove/mm diffraction grating blazed at 4.0 µm and higher order interferences are rejected by 

using a long-pass filter with cut-off at 3.6 µm (Edmund Optics 68-660). Fig. 2 shows the experimental setup for the 

infrared OES measurements. The spectra are calibrated in absolute intensity using a tungsten lamp traceable to NIST 

standards (Optronics Laboratory OL550) equipped with a sapphire window for IR transmittivity. Special attention 

was paid to accurately calibrate the measurements because cold CO2 and H2O present in the optical path absorb the 

signal in the IR. The complete procedure to remove the absorption effects and correct the calibration is described in 

Ref. [9], [13]. 

Modular Brass 

Test-section 

Water Outlets 

Water Inlets 

Water Inlet 

Water Outlet 

1-cm Nozzle 

Gas Injector 

Quartz Tube 

Coil 

Fig. 1 Schematic of ICP torch head with non-equilibrium test-section for CO2 recombination experiments. 
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III. IR OES measurements at the inlet of the water-cooled tube (exit of the torch) 

A. Radial symmetry of the profile 

 Infrared emission measurements, calibrated in absolute intensity, were performed at the exit of the torch from 4150 

to 5600 nm. Figure 3 shows the absolute intensity - measured along the line of sight of the spectrometer - as a function 

of wavelength and radial jet position. A cross-section showing the radial profile is on the right of the figure - this 

cross-section was obtained by summing the intensity across all wavelengths for a given radial position. It therefore 

represents an average of the radial profile across all wavelengths. The blue curve represents the measured radial 

profile. The orange curve is an average between the right and left half-profiles. The good agreement between both 

curves indicates that the measured profile is indeed symmetric to a high degree of approximation. The absolute 

intensity of the measured spectral emission is estimated to be accurate within 5% of the reported amplitude. The profile 

is slightly wider than the diameter of the torch nozzle (1 cm), indicated by the two dashed black lines. The M shape 

Spectrometer Chopper Parabolic mirrors 

Filter IR Camera 

Periscope (90° rotation)  BNC 

ICP Torch 

Test-section 

Fig. 2 Schematic of the experimental setup used for IR Optical Emission Spectroscopy (OES). 

D = 1 cm 

Fig. 3 Absolute intensity measured along the line of sight of the spectrometer on the left. Cross-section obtained 

by summing the intensity across all wavelengths showing the radial profile on the right, the measured radial 

profile is in blue an average between the right and left half-profiles is in orange curve. 
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of the profile indicates that the edges of the plasma radiate more than the center. The radiation from the central region, 

where the temperature is about 7000 K, is dominated by CO emission in the range 4.1 - 5.6 µm. The radiation from 

the edges, where the temperature is colder, is due to CO2 emission in the same spectral region. 

B. Calibrated and abel-inverted spectrum at the exit of the torch 

 Once calibrated in absolute intensity, the measured spectrum is abel-inverted to obtain the spatially resolved 

volumetric emission of the plasma. The center of the radial profile is a singular point for the abel-inversion integral 

and suffers from large uncertainty up to 60% for the worst parts of the spectrum. The uncertainty of the emission 

coming from the radial position r = 1 mm is much less affected by this problem, only 20% for the worst parts of the 

spectrum. The assumption of cylindrical symmetry – supported by the observed symmetry of the intensity profile – 

requires that there be no gradients at r = 0 mm. Furthermore, the line-of-sight spectra at r = 0 mm and r = 1 mm are 

very close, thus indicating that the spectra at r = 1 mm is representative of the emission on centerline. Figure 4 shows 

the emission coming from the r = 1 mm radial position. This spectrum from 4290 to 5600 nm is composed entirely of 

high temperature CO emission. Colder CO2 present in the optical path absorbs the signal from 4200 to 4350 nm 

whereas H2O, due to the humidity of ambient air along the optical path, impacts the spectrum above 5000 nm. The 

impact of this absorption is significant, even though 90% of the path is purged with dry N2. To extract parameters 

such as the temperature and the density of CO, this spectrum is compared against simulations in the next section. 

 

Fig. 4 Calibrated and abel-inverted OES measurements between 4290 and 5600 nm at the inlet of the water-

cooled test-section (exit of the torch) at r = 1 mm radial position. 

C. Comparison to RADIS simulation using HITEMP-2010 

 Several LTE spectra at different gas temperatures were calculated using the RADIS line-by-line radiative code 

[14], accelerated with the algorithm described in Ref. [15], in conjunction with the HITEMP-2010 database [16], valid 

up to 10 000 K for the CO molecule. The RADIS code, an open access software developed at EM2C allows to calculate 

the emission from all HITRAN and HITEMP species like CO and CO2. The residual between the measured and 

computed spectra is determined according to Equation 1. The best fit – or minimum residual - is found for a gas 

temperature of 6575 K and a CO density of 3.79x1022 m-3. 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙(𝑇𝑔𝑎𝑠 , 𝑛𝐶𝑂) = √(∑ (𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡(𝜆) − 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛(𝑇𝑔𝑎𝑠, 𝑛𝑐𝑜 , 𝜆))
2

𝜆 ) Equation 1 

 After this initial step, absorption of cold CO2 and H2O present in the optical path is calculated at 300 K and added 

in the line-of-sight of CO emission to match the level observed. The mole fractions of these two molecules present 

along the optical path are found by minimizing the residual. The best fit is achieved with 165 ppm of CO2 and 3300 

ppm of H2O over the 3.6-m optical path length. Figure 5 shows the absorption of CO2 in green and the absorption of 

H2O in blue. The final best fit is presented at the bottom of Fig. 5. The overall good agreement confirms that the 

plasma at the exit of the torch is in LTE at 6575 K. The uncertainty on the temperature has proven to be difficult to 

calculate. We are currently working on an uncertainty propagation algorithm that will allow us to ascribe an 

uncertainty to this temperature. 
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Fig. 5 Comparison between experimental spectrum and RADIS simulation for CO using HITEMP-2010 

database between 4290 and 5600 nm at the exit of the torch at r = 1 mm radial position. The gas temperature 

of the simulation is 6575 K, and the CO density is 3.79x1022 m-3. 

IV. IR OES measurements at the exit of the 35-cm test-section 

A. Radiale symmetry of the profile 

 The IR OES measurements were repeated at the exit of water-cooled test-section of various lengths. We only 

present here the measurements at the exit of the 35-cm test-section. Figure 6 shows the absolute spectra measured 

along the line of sight as a function of radial position in the plasma jet. A cross-section showing the radial profile and 

the mean profile of both sides is on the right of the figure. Once again, the good agreement between both curves 

indicates that the measured profile is indeed symmetric to a high degree of approximation. As opposed to Fig. 3 where 

the emission at the center of the jet was observed to be weaker than at is boundaries, here the radial profile is peaked 

at the center. 

B. Calibrated and abel-inverted spectrum at the exit of the 35-cm test-section 

 Figure 7 shows the calibrated and abel-inverted spectrum at the exit of the 35-cm test-section on centerline. Unlike 

at the inlet of the water-cooled tube, emission from both CO and CO2 is present on centerline. The emission from 

these two molecules overlaps one another for a large portion of the observed spectrum. CO2 emits between 4170 to 

4900 nm, with the CO2 headband visible at 4170.5 nm. CO emits between 4290 to 5600 nm. Absorption from cold 

room CO2 is clearly visible from the characteristic lobes between 4200 and 4350 nm. Absorption from cold room H2O 

impacts the spectrum in a more subtle manner, affecting a few lines above 5000 nm. The largest impact of cold room 

H2O absorption is around 5200 nm. 
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C. CO spectral simulation 

 The spectral fitting procedure at the exit of the 35-cm test-section differs from the one at the exit of the torch 

because of the presence of both CO and CO2 features in the total spectrum. First, we fit the CO spectrum by minimizing 

the residual (Equation 1) and varying 𝑇𝑔𝑎𝑠 and 𝑛𝐶𝑂. It should be noted that we consider the gas to be in equilibrium 

for this fit - i.e., 𝑇𝑔𝑎𝑠 = 𝑇𝑣𝑖𝑏 = 𝑇𝑟𝑜𝑡. As a first step in the fitting routine procedure, the residual is only calculated at 

wavelengths between 5000 – 5500 nm where the spectrum is not impacted by CO2. Figure 8 shows the resulting 

comparison between the measured spectrum in black and the best fit calculated with RADIS using the CO HITEMP-

2010 database in red [14], [16]. The best fit yields a temperature of 3000 K and CO density of 1.54x1023 m-3. For the 

simulated spectrum, 3200 ppm of cold H2O over a 3.6 m optical path was added along the line of sight as described 

above to match the level observed. Good agreement is found at wavelengths above 5000 nm where CO2 does not emit. 

Below 5000 nm, the difference between the measurement and the simulation is due to the contribution of CO2 which 

is responsible for approximately half of the total observed emission. The next section will focus on modeling this 

portion of the emission. 

D = 1 cm 

Fig. 7 Absolute intensity measured along the line of sight of the spectrometer on the left. Cross-section obtained 

by summing the intensity across all wavelengths showing the radial profile on the right, the measured radial 

profile is in blue an average between the right and left half-profiles is in orange curve. 

Most impacted lines 

by H2O absorption 

Cold room CO2 

absorption 

Fig. 6 Calibrated and abel-inverted OES measurements between 4165 and 5500 nm at the exit of the 35-cm 

test-section at r = 0 mm radial position. 
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Fig. 8 Comparison between experimental spectrum and RADIS simulation for CO using HITEMP-2010 

database between 4165 and 5500 nm at the exit of the 35-cm-test-section. The gas temperature of the simulation 

is 3000 K, and the CO density is 1.54x1023 m-3. 

D. CO2 spectral simulation 

 The study of the CO2 headband between 4165 and 4190 nm to determine with great accuracy the rotational 

temperature of the gas [14]. This region of the spectrum is also unaffected by emission from CO. The best fit obtained 

by minimizing the residual across this limited wavelength range was achieved for a rotational temperature of 2450 K 

and a CO2 density of 3.19x1022 m-3, which is 6 times lower than the equilibrium value (2.11x1023 m-3) at 2450 K as 

calculated using the NASA CEA [17] or Cantera code [18]. In other words, the CO2 is underpopulated with respect to 

its equilibrium value. Figure 9 shows the comparison between the measured spectrum in black and the RADIS 

simulation using the CO2 HITEMP-2010 database over the CO2 headband. 160 ppm of cold CO2 over 3.6 m were 

added in the line of sight to match the absorption observed between 4200 and 4350 nm. Good agreement is observed 

for the CO2 headband and above 4800 nm where CO2 emission is negligible. However, between 4400 and 4800 nm 

there is a poor agreement between our measurement and the simulation. 

 

 

Fig. 9 Comparison between experimental spectrum and RADIS simulation for CO and CO2 using HITEMP-

2010 database between 4165 and 5500 nm at the exit of the 35-cm-test-section. 𝑻𝒈𝒂𝒔(𝑪𝑶) = 𝟑𝟎𝟎𝟎  K ; 

𝑻𝒈𝒂𝒔(𝑪𝑶𝟐) = 𝟐𝟒𝟓𝟎 K ;  𝒏𝑪𝑶 = 𝟏. 𝟓𝟒𝐱𝟏𝟎𝟐𝟑m-3 ; 𝒏𝑪𝑶𝟐
= 𝟑. 𝟏𝟗𝐱𝟏𝟎𝟐𝟐m-3. 

 To improve the agreement between the RADIS calculation and the observed spectrum, we increased the CO2 

vibrational temperature to 𝑇𝑣𝑖𝑏 = 2600 K (𝑇𝑣𝑖𝑏 = 𝑇𝑟𝑜𝑡 + 150 K). Figure 10 shows the resulting agreement. Note that 

the HITEMP-2010 database is still valid at this temperature and up to 3000 K for the CO2 molecule. The agreement 

with the experimental spectrum at wavelengths above 4300 nm is better assuming this higher vibrational temperature. 

This augmented vibrational temperature and the CO2 underpopulation suggest a departure from equilibrium. As 

before, we note that the uncertainty assessment has not yet been performed on these best-fit parameters. We are 

currently working on determining this uncertainty. 
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Fig. 10 Comparison between experimental spectrum and RADIS simulation for CO and CO2 using HITEMP-

2010 database between 4165 and 5500 nm at the exit of the 35-cm-test-section. 𝑻𝒈𝒂𝒔(𝑪𝑶) = 𝟑𝟎𝟎𝟎  K ; 

𝑻𝒓𝒐𝒕(𝑪𝑶𝟐) = 𝟐𝟒𝟓𝟎 K ; 𝑻𝒗𝒊𝒃(𝑪𝑶𝟐) = 𝟐𝟔𝟎𝟎 K ;  𝒏𝑪𝑶 = 𝟏. 𝟓𝟒𝐱𝟏𝟎𝟐𝟑m-3 ; 𝒏𝑪𝑶𝟐
= 𝟑. 𝟑𝟗𝐱𝟏𝟎𝟐𝟐m-3. 

 Once the CO2 parameters are found, the CO parameters are adjusted by considering the full wavelength range of 

the spectrum for the residual minimization. These steps are repeated until convergence of all parameters for CO and 

CO2, typically obtained after 2 or 3 loops. Table 1 summarize all the parameters determined for the final best-fit at the 

inlet and exit of the 35-cm water-cooled test-section. We draw attention to two observations. First, the rotational 

temperature of CO is different from the rotational temperature of CO2. At the moment, because we have not yet 

performed the uncertainty analysis, it is unclear if this difference is real or could be explained by the uncertainty on 

each measurement. Second, the rotational temperature of CO2 is lower than the vibrational temperature of CO2. While 

the uncertainty analysis has not yet been done, we see by comparing the spectral fits in Figs: 9 and 10, that this 

difference appears significant and not due to the uncertainty. 

Table 1 Summary of temperatures and densities determined for CO and CO2 at the inlet and the exit of the 35-

cm test-section. 

 CO CO2 

Tgas (K) n (m-3) Trot (K) Tvib (K) n (m-3) 

Inlet 6575 3.79x1022  

Exit 2875 1.80x1023 2450 2600 3.39x1022 

V. 0D simulation with the Park 1995 model using Cantera 

 A 0D chemical kinetic simulation was realized using the Cantera code [18] in conjunction with the Park 1995 

kinetics model [19]. The temperature, as measured above using the CO molecular band, was converted into a time-

dependent temperature profile by using estimates of the gas velocity. These velocity estimates rely on 1) an assumption 

that the velocity profile is self-similar to the temperature profile and 2) knowledge of the total mass passing through 

the test-section which is known. The time-dependent temperature profile is input into Cantera which then calculates 
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the evolution of the chemical composition. As an initial condition, the measured chemical composition at the water-

cooled tube inlet was used (see section III) and an exponentially decreasing temperature profile matching the 

temperature found at the exit of the 35-cm test-section. Figure 11 shows the evolution of the major species densities 

along the axial position of the water-cooled tube. CO and CO2 densities are respectively in orange and green. CO 

density prediction at 35 cm is in good agreement with our measurement at the exit of the 35-cm test-section. However, 

the CO2 density is underpredicted by a factor of about 10. These initial results should be interpreted with care given 

that we have not yet performed the uncertainty analysis for the measurements. Part of the factor 10 discrepancy may 

also be related to our simplifying assumption of an exponentially decaying temperature profile between 0 and 35 cm. 

Measurements at intermediate positions, every 5 cm, will help us refine this time-temperature history. 

 

Fig. 11 0D simulation with the Park 1995 kinetics model using the Cantera code between the inlet and outlet of 

the water-cooled test-section. CO and CO2 densities are respectively in orange and green. 

VI. Conclusion and Future work 

 We present infrared optical emission measurements from a recombining high temperature CO2/Ar plasma jet at 

the inlet and exit of a 35-cm water-cooled test section. These measurements are calibrated in absolute intensity and 

abel-inverted to provide the spatially resolved volumetric emission. The resulting spectra are compared to simulations 

made with the line-by-line radiative code RADIS in conjunction with the HITEMP-2010 database [14], [16]. High 

quality fits indicate a temperature of 6650 K at the water-cooled tube inlet. The measurements and analysis at the exit 

of the water-cooled tube suggest a departure from equilibrium (chemical and vibrational). An initial 0D simulation 

was performed using the measured temperature profile and the Park 1995 chemical-kinetic model with the Cantera 

code [17], [18]. Good agreement was observed for the predicted density of CO, but CO2 was underpredicted by a 

factor of about 10. 

 We are currently working to assess the uncertainty on the measured temperatures and densities. This will enable 

us to fully characterize the thermochemical state of the plasma as a function of radial position in the plasma jet and as 

a function of test section length. The same measurements reported here were performed at the exit of water-cooled 

test sections of lengths varying between 5-cm and 30-cm. Our goal is to track the thermochemical state of the plasma 

and to observe what happens as the plasma is continuously cooled. The axial centerline temperature profile will be 

then used to perform 0D simulations using Park and Cruden chemical-kinetic models [19], [20]. To complete this 

dataset, power balance measurements will also be performed. For these, the water temperatures at the inlet and outlet 

of the water-cooled tube were measured and will be used to determine the enthalpy removed from the plasma. The 

measured drop in enthalpy can then be compared with calculations based on the thermochemical state of the plasma 

at the inlet and exit of the water-cooled tube as a consistency check. 
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