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Abstract: In-situ quantitative measurements are performed in a 300 kW DC magnetically-rotating 

linear plasma torch to investigate thermal characteristics of arc plasma and electrode erosion by 

utilizing optical emission spectroscopy. Time-resolved gas temperatures and mole fraction of 

copper concentrations are measured to evaluate the state of arc plasma and cathode erosion at 

different operation currents and magnetic fields. The erosion mass rates of the cathode by the OES 

method are in good accordance with the measurements by traditional weighing method over the 

operation range, demonstrating validity and accuracy for the developed OES method. The erosion 

rates of cathode for CO2 plasma are lower than that for air plasma due to carbon element covering in 

the inner surface of the electrode by the SEM images. Detailed discussions of sensitivity and 

uncertainty by the OES method are given for air plasma and for CO2 plasma.  

Keywords: linear plasma torch; cathode erosion; emission spectroscopy; temperature measurement; 

copper concentration 

1.  Introduction 

Arc-heated facilities provide a unique capability of simulating aero-thermodynamic 

environments for hypersonic vehicles entering through a planetary atmosphere and the facilities 

provide ground-based testing for thermal protection system (TPS) of reentry vehicle [1-3]. The 

plasma torch reproduces the aerodynamic heating conditions by generating an arc discharge 

between anode and cathode manufacturing by copper. The copper-electrodes erode by the arc spots 

and high temperature plasma flow during the electrical discharge[4], resulting in shortening of 

electrode life , premature electrode failure and threatening normal operation of the plasma torch 
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[5-7]. Moreover, the copper vapor evaporating from the electrodes and the constrictor disks will 

contaminate the plasma flow and copper contamination shows significant influence on the plasma 

thermos-physical properties, especially that of electrical conductivity, radiative emission coefficient 

and induced temperature drop for the plasma flow[8, 9]. Research in AEDC shows that copper 

contamination change the characteristics of plasma flow and the contaminated plasma flow is not 

suitable for microwave transmission testing[5]. The copper contamination has high catalytic effect 

on behavior and mechanism of carbon fiber reinforced silicon carbide (C/SiC) composites, 

including ablation and oxidation [10]. To study the electrode erosion, Guile[11] investigates the 

cathode erosion by considering factors such as spot size, velocity, current density, water flow and 

gas pressure and Zhukov[12] gives detailed discussion about the erosion of copper cold tubular 

electrodes by investigating the influence of magnetic field, rotation velocity, surface temperature of 

electrodes and different test medium. The electrode erosion remains a great challenge for the 

arc-heated facilities lacking of real-time quantitative measurements of copper contamination and 

evaluation of cathode erosion. Weighing electrode assemblies are regarded as a regular method to 

measure the mass fraction of copper in average, which is incapable for in-situ measurements. This 

average-value measurement method is disadvantageous to understand time-evolution of electrode 

erosion and a real-time diagnosis for copper concentration offer an opportunity for assessment of 

flow contamination.   

Compared to the regular method as noted, optical methods provide great potential for 

non-intrusive, accurate, fast response and in-situ measurements and the emission and laser-based 

absorption spectroscopy diagnostics have been applied for quantitative measurements for real 

high-temperature and high speed flow in various ground test facilities[13, 14]. Especially with 

regard to plasma diagnostics in the arc-heated facilities, Suhong Kim presents quantitative optical 

measurements in the 60MW IHF segmented plasma wind tunnel located at NASA Ames and copper 

concentrations in the reservoir are measured by utilizing diode laser absorption spectroscopy(LAS) 

based on a selected copper line transition near 793.3nm[9]. Stefan Lohle et al in the Stuttgart 

university is committed to high enthalpy flow diagnostics and investigates gas-surface interaction 

by using emission spectroscopy and laser absorption spectroscopy in the plasma wind tunnel 

[15-17]. Emission spectroscopy measurements have been presented at the location of reservoir in 
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the arc-heated wind tunnel of China Academy of Aerospace Aerodynamics (CAAA) in previous 

works [18].  

In this paper, optical emission spectroscopy(OES) is utilized to measure gas radiation of air 

plasma and CO2 plasma in a developed 300kW DC magnetically-rotating linear plasma torch. 

Detailed analysis of spectral characteristics of the high-temperature flow in the cathode and 

downstream of anode are conducted for earth atmosphere and Martian atmosphere. A developed 

OES method is proposed for quantitative measurements of gas temperature and copper 

concentration and evaluating the state of arc plasma and cathode erosion at different operation 

currents and magnetic fields. The erosion rate of the cathode is analyzed by the OES method and the 

measured results by OES are compared with a traditional weighing method. Detailed discussions of 

sensitivity and uncertainty are given to assess measurement accuracy of the OES system.  

 

2.  Method 

The radiation intensity of spectral transition of atomic species for the arc plasma ignoring 

stimulated transitions can be expressed as[19] 

                       ul ul ul uI A h v n                                   (1) 

Where Aul [s-1] is Einstein coefficient, h ul [Js] is plank constant, v ul [cm-1] is the center 

frequency of the atomic line, nu [cm-3] is particle density of upper energy state. “u” represents 

upper energy state and“l” represents lower energy state. Test gas is injected into the constrictor of 

the plasma torch and heated by the thermal arc discharge to high enthalpy plasma flow, which the 

flow velocity is low subsonic and the arc plasma in the reservoir upstream of the nozzle can be 

assumed to be in local thermochemical equilibrium(LTE) state and be considered as optically thin 

plasma by previous studies [19-23]. In thermal equilibrium, the populations of the excited states, 

nu, are related to the total density of the species of concern, n0, by a Maxwell-Boltzmann 

distribution: 
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Where 
0n  [cm-3] is the total particle density, gu is degeneracy of the upper state, Q(T) is 

partition function, k [JK-1] is Boltzmann constant, Eu [cm-1] is excited state energy for upper 

energy state, P[Mpa] and T[K] represent gas pressure and temperature in the reservoir.  We can 

therefore give the relationship by comparing the spectral intensities of the selection lines for Cu I 

and O I:  
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               (3) 

The mole fraction of atomic copper can be expressed as follows: 
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           (4) 

The Einstein coefficient A, upper state degeneracy gu and central wavelength for the selected 

line transitions are presented in Table 1, and the partition function of atomic oxygen is modeled 

and described by Gianpiero Colonna and can be expressed by the following equation [24]. The 

partition function of copper can be obtained from NIST Atomic Spectra Database [25]. 

Fig. 1 presents the mole fraction of primary species at different temperatures for air plasma 

and CO2 plasma by on NASA chemical equilibrium calculation program (CEA) [26], with a small 

amount of copper injecting into the medium. The equilibrium composition of species for air 

plasma and CO2 plasma are functioned by temperature and pressure, and then the atomic oxygen 

concentration can be defined as function XO(T,P). The function XO(T,P) can be further simplified 

as XO(T) since the reservoir pressures in the plasma torch are measured by the pressure transducer. 

Then the mole fraction of atomic copper concentration in formula (4) can be simplified as 

follows: 
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Where the spectral parameter of the selected spectral line for atomic oxygen and atomic 

copper in function f(T) is shown in Table 1. As shown in formula (5), the mole fraction of atomic 

copper concentration can be acquired by measurements of spectral integrated intensities of the 

selected lines for atomic oxygen and atomic copper and gas temperature in the reservoir of the 

plasma torch.  

 

Fig. 1 Species composition at different temperatures by equilibrium calculation.  

(a) air plasma;(b) CO2 plasma 

Fig. 2(a) and Fig. 2(b) show the ratio of copper-related mole fraction at different temperatures 

and pressures by equilibrium calculation for air plasma and CO2 plasma, respectively. It can be seen 

that the copper element is mainly in the form of atomic copper and a very small amount of copper 

oxide at temperatures lower than 4000K, then the copper element ionizes with increasing 

temperature. The ratio of atomic copper decreases and the ratio of copper ions increases as the 

temperature increases, while the existence of copper oxide can be ignored at temperatures higher 

than 4000K. Thus, the erosion mass rate of cathode g [kg/s] can be can be expressed as formula (6), 

where t1 and t2 represent the moments when the test starts and ends respectively, Cux  is atomic 

copper concentration by mass, CuR  is the ratio of atomic copper, G is the mass flow rate of test 

medium. In this paper, optical diagnosis is installed at downstream of anode and the measured 

copper concentration by OES method is contributed by cathode erosion and anode erosion. The 
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erosion in the anode is negligible with erosion rate lower than 10-10kg/C under the operation 

conditions in this paper almost without mass loss after tens of thousands of seconds of test by 

weighing method. Thus, the measured results of copper concentration by OES method can be 

considered as erosion in the cathode.  

2

1
2 1

1
   

 
t

Cu

t
Cu

x
g G dt

t t R
        (6) 

 

Fig. 2 Ratio of copper-related mole fraction at different temperatures and pressures by equilibrium 

calculation. (a) air plasma;(b) CO2 plasma 

For spectral intensity determination, a spectrometer is applied to monitor the emission 

spectrum for the selected lines for atomic copper and atomic oxygen. In this paper, seven line 

transitions at 510.6nm (2D0 
5/2← 2P0 

3/2),515.3nm (2P0 
1/2← 2D 

3/2),521.8nm (2P0
3/2← 2D 

5/2), 

522nm (2P0 
3/2← 2D 

3/2) , 578.2nm (2D 
3/2← 2 P0 

1/2),793.3nm (2P0 
1/2← 2S1/2) and 809.3nm (2 

P0
3/2← 2 S1/2)  for Cu I and three line transitions at 777.2 nm (5S0

2← 5P3),777.4 nm (5S0
2← 5P2) 

and 777.5 nm (5S0
2← 5P1) for O I in the visible band are selected to monitor the atomic species and 

the fundamental spectroscopic data for the selected lines are presented in Table 1. As shown in  

Table 1, the two lines near 521.8 nm and 522 nm for Cu I and the three triplet lines near 777.2 

nm,777.4 nm and 777.5 nm for O I can be processed by multi-peak Voigt fitting as shown in Fig. 

3 and are considered as combined lines respectively owing to identical Einstein coefficient and 

excited state energy of upper energy state. 

Table 1 Fundamental spectroscopic data for the selected atomic transitions [25] 

Species Selected lines 

λ0 

(nm) 

Aul 

(106s-1) 

El 

(cm-1) 

Eu 

(cm-1) 

gl gu 

O I 1 777.2 36.9 73768 86631 5 7 
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(combined) 777.4 36.9 73768 86631 5 5 

777.5 36.9 73768 86631 5 3 

Cu I 

1 510.6 2.0 11202 30783 6 4 

2 515.3 60.0 30535 49935 2 4 

3 

(combined) 

521.8 75.0 30783 49942 4 6 

522.0 15.0 30783 49935 4 4 

4 578.2 1.65 13245 30535 4 5 

5 
793.3 22.5 30535 43137 2 2 

6 
809.3 45.9 30784 43137 4 2 

 

Fig. 3 Data processing of atomic spectrum. （a）Cu I ;（b）O I. 

The Boltzmann plot method is utilized to determine the gas temperature of the arc plasma 

under LTE conditions[27, 28]. The six selected atomic copper lines have a maximum upper 

energy difference of nearly 2.5eV as shown in Table 1 and the multi-line Boltzmann plot for 

atomic copper can obtain efficient measurements of excitation temperature downstream of anode. 

The relationship can be expressed as logarithm in both sides of formula (1) as shown in follows:  

1
( )   

ul

u

u

Iλ
log E C

g A kT
   (7) 

Where the linear-fitting slope between ln(
u ul

Iλ
g A

) in the vertical axis and Eu in the horizontal 

axis represents the reverse of excitation temperature and C is a constant. Fig. 4(a) time-resolved 

results of the spectral integrated intensities of the atomic copper lines under a typical test 
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condition and excitation temperature at one moment is determined by linear fitting as shown in 

Fig. 4 (b). The minor differences between the raw data and the linear fitting demonstrate the arc 

plasma investigating in this paper is in local thermal equilibrium. 

 

Fig. 4 Measured spectral intensity and temperature determination. (a) Time history of spectral 

intensities for Cu I;(b) Boltzmann plot for selected Cu I lines 

3.  Experimental Setup 

The experiments are carried out in the high enthalpy arc-heated wind tunnel of China Academy 

of Aerospace Aerodynamics(CAAA). Fig. 5 shows the experimental setup of the arc-heated facility 

and optical system. The arc-heated facility is composed of a 300kW DC plasma torch, 

convergent-divergent conical nozzle, test cabin, vacuum system and associates. The plasma torch is 

ignited by a high-frequency power source for argon medium and operated by a DC power source for 

test medium, respectively. The electrodes of the plasma torch are manufactured by copper with 

water cooling and electrically insulated by the gas chamber installing between the electrodes. The 

test medium is injected tangentially into the chamber and the magnetic field generating by the 

excitation current in the coils drives the arc root to rotate on the cathode to reduce the cathode 

erosion. The test medium is heated by the arc and the high temperature gas medium is ejected from 

the nozzle and accelerated to supersonic flow to simulate the atmosphere aerothermal environment 

and interact with test model for thermal protection system (TPS) evaluation. In this paper, air and 

carbon dioxide are utilized to simulate the earth and Martian atmosphere, respectively.  

For optical measurement, a quartz optical window is installed upstream of the cathode, with 

cold gas injecting close to the inner wall of the optical window, so as to protect the optical window 

from the high-temperature arc plasma. Meanwhile, an optical disk is installed between the anode 

and conical nozzle so as to acquire thermal radiation of the high-temperature flow in the reservoir 
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downstream of the anode. A schematic diagram of the optical disk is shown on the top section of 

Fig. 5. A hole is inserted into the inside cross-section for optical access and a quartz window with 4 

mm diameter is mounted to collect the thermal radiation of arc plasma. For spectral measurement, 

an optical system with lens and slit combination collects gas radiation in the cathode region, while 

the gas radiation downstream of anode is measured through the optical disk. The collected radiation 

is passing through by multi-mode fibers and spectrally resolved by spectrometers with a maximum 

wavelength resolution of 0.02 nm over the spectral response range of 200-1000nm. For further data 

analysis, the spectral response of the optical system is calibrated by utilizing a NIST traceable 

tungsten halogen lamp (model 63355, Oriel Instruments). Besides, a high-speed CCD (HPC) 

camera is placed opposite the cathode to record the arc images inside the plasma torch and the arc 

column characteristics are captured under different magnetic fields. 

 

Fig. 5 Schematic of the experimental setup of the arc-heated facility and optical systems. 

 

4. Results and discussions   

4.1  Spectroscopic characteristics   

Fig. 6 and Fig. 7 show typical raw emission spectrums positioned at cathode and reservoir 

downstream of anode for air plasma and CO2 plasma, respectively. The emission spectrum for air 

plasma is mainly composed of isolated atomic line of O I, N I ,Cu I and Fe I in the region of cathode 

and reservoir downstream of anode, which Cu I and Fe I come from the erosion of electrodes and 

associates of plasma torch, respectively. There exists very weak continuum radiation in the 

ultraviolet-visible band indicating fully dissociation of air under this condition. It can been seen 

from Fig. 6 (a) and Fig. 6 (b) that there shows difference for emission radiation at cathode and 

reservoir downstream of anode. In the region of cathode, more atomic lines of Fe I are excited, N 2 
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first positive spectrum can be observed in the spectral range of 600-700nm, and the ratio of atomic 

nitrogen lines compared to atomic oxygen is larger than the values in the reservoir downstream of 

anode, because the gas temperature in the cathode is higher than that of reservoir downstream of 

anode leading to more complete dissociation and ionization. The emission spectrums for CO2 

plasma are different from the results for air plasma, while there exist strong atomic line of C I in the 

ultraviolet band and C2 Swan continuum radiation in the spectral range of 400-600nm. It can be 

observed that stronger atomic lines of Fe I and the ratio of spectral lines near 926nm versus spectral 

lines near 777nm for atomic oxygen indicates higher temperature in the cathode compared with that 

in the reservoir downstream of anode for CO2 plasma, which are in consistence with that for air 

plasma. 

 

 

      (a) Cathode                       (b) Reservoir downstream of anode 

Fig. 6 Raw spectrum positioned at cathode and reservoir downstream of anode for air plasma 
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      (a) Cathode                       (b) Reservoir downstream of anode  

Fig. 7 Raw spectrum positioned at cathode and reservoir downstream of anode for CO2 plasma 

Fig. 8(a) shows the spectral integrated intensities of atomic oxygen near 777nm for air 

plasma and CO2 plasma under different operation current and a fixed mass flowrate of 7 g/s. It is 

obvious that the spectral intensity of atomic oxygen is exponentially increasing as the operation 

current increases, indicating increasing gas temperature of the arc plasmas. The exponential 

growth of spectral intensity is consistent with the formula (2) by a Maxwell-Boltzmann 

distribution. Fig. 8(b) investigates the effect of mass flowrate on the spectral intensity for air 

plasma. The spectral intensities of atomic oxygen firstly increase when the mass flowrate 

increases from 7 g/s to 10 g/s, then decrease when the mass flowrate increases to 13g/s at the three 

operation currents, indicating temperature decrease of arc plasma at high mass flowrate.  

 

Fig. 8 Spectral intensity of atomic oxygen near 777nm. (a) under different operation current;(b) under 

different mass flowrate. 

4.2  Temperature measurements 
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Fig. 9(a) and Fig. 9(b) show time-resolved gas temperatures for air plasma at different 

operation currents and magnetic fields, respectively. The gas temperatures can maintain stable over 

the operation time at high operation currents and are seriously fluctuated at operation currents of 

350A, indicating that the arc can operate in stable condition at operation currents high than critical 

threshold. As shown in Fig. 9(b), the time-resolved gas temperatures for air plasma are stable at the 

three magnetic fields.  Fig. 9(c) and Fig. 9(d) give the statistic results of average temperature at 

different operation currents and magnetic fields, respectively. The average value of gas temperature 

shows an increasing tendency as the operation current increases, which is in consistency with the 

change of chamber pressure. Moreover, the rate of gas temperature and pressure are decreasing as 

the operation current increases, illustrating that the enthalpy of arc plasma cannot always become 

higher with increasing operation current. It is interested that the gas temperature is weak negative 

related to the magnetic field at the operation currents of 600A and 950A. The reason is that the arc 

column is gradually approach to the inner wall surface of the electrodes as the magnetic field 

increases, leading to more severe wall heating for the electrodes and lower thermal efficiency for the 

plasma torch. 
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Fig. 9 Measured temperature for air plasma. (a) different current; (b) different magnetic field; (c) 

average temperature under different current; (d) average temperature under different magnetic field  

Fig. 10(a) shows the measured results of gas temperature for CO2 plasma at different operation 

currents and a fixed magnetic field of 0.125T. The gas temperatures are less fluctuated with 

increasing operation current, which agrees with the results for air plasma. The time-resolved gas 

temperature is stable under different magnetic fields for CO2 plasma as shown in Fig. 10(b). the 

average temperatures for CO2 plasma are increasing with increasing operation current and show a 

slightly decrease with the increase of magnetic field, which are in accordance with the evolution for 

air plasma as shown in Fig. 9.  
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Fig. 10 Measured temperature for CO2 plasma. (a) different current; (b) different magnetic field; (c) 

average temperature under different current; (d) average temperature under different magnetic field  

4.3 Electrode erosion 

Fig. 11(a) shows measured atomic copper concentration by mole for 500s continuous 

operation of the plasma torch by utilizing the six selected copper lines. The measured atomic 

copper concentrations by the six lines keep in good consistency. As the arc is ignited, the mole 

fraction of atomic copper quickly increases and reaches to a peak within 1-2 s as shown in the 

partial enlargement of Fig. 11(a). Then, the atomic copper concentration returns to a lower level 

and slowly increases during the arc long-time operation. The peak of copper concentration in the 

early ignition stage is attributed to the reason that arc spots on the electrodes are unstable and arc 

column is partially established during arc initiation. It can be observed that there exists another 

peak of copper concentration at the moment of 470 s, indicating aggravated electrode erosion 

owing to uneven surface condition of the cathode. The measured values of copper concentration 

by the six lines show a litter difference owing to different temperature sensitivity and spectral 

response of the line transitions. The average values of atomic copper concentration during the 

whole operation time are given in Fig. 11(b). the average values of atomic copper concentration 
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are 92.6 ppm and 58.6 ppm by mole under the two cases and the maximum deviation of the copper 

concentrations by the six lines is 40% compared to the average value, which are considered as a 

contribution of measurement uncertainty of atomic copper concentration in the following section. 

It can be observed that the measure result by atomic copper line near 522nm is closest to the 

average value and measurements by this line can be represented to evaluate the cathode erosion 

rate owing to its highest intensity of 
u ulg A  and excited state energy for upper energy state as 

shown in Table 1. Thus, the spectral measurement can obtain highest signal-to-noise ratio(SNR) 

signal and lowest temperature sensitivity so as to enabling more accurate measurements of copper 

concentration.  

 

Fig. 11 Measured atomic copper concentration by mole. (a) time-resolved results;(b) average values for 

selected lines. 

Fig. 12(a) and Fig. 12(b) show the measured mass rate of cathode erosion by the OES and 

weighing method for air plasma and CO2 plasma, respectively. The uncorrected results by OES 

method represent measurements only considering contribution of atomic copper, while the 

corrected results by OES method represent measurements considering contribution of atomic 

copper and copper ions as shown in Fig. 2 and are in good accordance with the results by weighing 

method. The mass rates of cathode erosion increase with increasing operation currents for air 

plasma and CO2 plasma. The differences between the OES measurements and weighing 

measurement are larger at lower operation currents and become larger at higher operation currents, 

because the measurements by the OES method are more accurate with smaller measurement 

uncertainty at higher temperature. It is interested that the mass rate of electrode erosion for air 

plasma decrease to a lower level at operation currents of 1000A by the OES and weighing 
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measurements with repeated experiments verification as shown in the dashed box of Fig. 12(a) and 

the reason is attribute to splitting of arc root leading to decrease of current density.  

     

Fig. 12 Comparison of the cathode erosion mass rate by OES and weighing method.  

(a)air; (b) CO2  

Fig. 13(a) and Fig. 13(b) show the cathode erosion rate by weighing method under different 

operation current and magnetic field for air plasma and CO2 plasma, respectively. The cathode 

erosion rates ranges between 2×10-9 kg/C to 1.3×10-8 kg/C for air plasma and between 5×10-10 

kg/C to 9×10-9 kg/C for CO2 plasma over the operation range, indicating lower cathode erosion 

for CO2 plasma. The reason is that the size of arc root for air plasma is smaller than that for CO2 

plasma as shown in the photographs of cathode after test of Fig. 15 leading to larger current density 

and serious electrode erosion, and the existence of carbon element protecting the inner surface of 

electrodes from erosion and the mechanism is discussed by SEM images in the following section. 

Moreover, the influence of operation current and magnetic field on the cathode erosion rate show 

difference for air plasma and CO2 plasma. The cathode erosion rate is positive related to the 

operation current and magnetic field over the operation range for air plasma, while the cathode 

erosion rate for CO2 plasma is positive related to the operation current at low magnetic field of 

0.125 T and maintain stable at a lower level of 3×10-9 kg/C at high magnetic fields of 0.375 T 

and 0.625T over the operation current range. The reason for this difference is that the arc column 

for air plasma is closely approaching to the inner wall surface of the cathode with increasing 

magnetic field leading to more severe wall heating for the cathode and electrode erosion, while this 

tendency is not so obvious for CO2 plasma as shown in the arc images captured for air plasma and 

CO2 plasma of Fig. 14. Besides, the carbon element covering in the inner surface of the electrode 

provides better protection for the cathode. Thus, it is not beneficial for reduction of cathode erosion 
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rate with higher magnetic field within 0.125-0.625T for air plasma, while higher magnetic field 

ensures cathode erosion rate at low levels for CO2 plasma. 

 

(a) air                                        (b) CO2 

Fig. 13 Comparison of the cathode erosion rate for air plasma and CO2 plasma under  

different operation current and magnetic field 

 

Fig. 14 Comparison of arc images captured for air plasma and CO2 plasma under  

different magnetic field. I=300A  

 

 

Fig. 15 Photographs of cathode after test for air plasma and CO2 plasma. 
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Fig. 15 gives the photographs of cathode after test for air plasma and CO2 plasma. It is obvious 

that the surface of the cathode is covered with a large amount of black substance which should be 

copper oxides or carbide and the covering area and size of black substance is significantly larger 

than that for air plasma. Fig. 16 shows the surface morphology of the cathode where electrode 

erosion is presented under different test media of air and CO2,respectively. The industrial copper 

material is a polycrystalline material containing grains of different sizes and shapes and various 

impurities. The impurities gradually evaporate and form vacuoles and cracks when the arc is in 

operation and the inner surface of cathode is heated to high temperature. The atomic oxygen and 

carbon in the arc plasma penetrate into the crystal lattice of copper through the cracks and form 

copper oxides or carbide. The cathode surface forms a structure with characteristics of melting and 

resolidification for air plasma and the scale of the equiaxed structure is about 500 μm as shown in 

Fig. 16(a). Compared with surface structure of cathode for air plasma, the melting surface of 

cathode for CO2 plasma presents a more complex secondary structure with smaller arc spots and 

the size of the melting feature increases to about 700 μm. Besides, it is obvious that the 

groove-like cracks can be observed between the structural units, while most of the cracks have 

been filled into a relatively flat surface compare to the surface morphology of cathode for air 

plasma. 
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Fig. 16 Surface morphology of cathode for air and CO2 operation.(a) air;(b) CO2 

Fig. 17 and Fig. 18 show a local surface morphology and SEM image of the cathode erosion 

area for air plasma and CO2 plasma, respectively. The elements of the melting and resolidification 

zone for air plasma are constituent by atomic copper and atomic oxygen and the concentration 

distributions for the two species are in great consistency, indicating there exist a molten liquid 

layer of copper on the cathode surface causing by the force heat exchange and certain degree of 

oxidation under the operation of high enthalpy air plasma. As shown in in the SEM images of Fig. 

18, atomic copper, oxygen and carbon exist simultaneously in the melting and resolidification 

region of cathode erosion for CO2 plasma, indicating simultaneous processes of melting, oxidation 

and C diffusion on the surface of cathode. The distributions of species concentration show the 

atomic oxygen concentration is higher in the groove-shaped area and the carbon concentration is 

higher in the central structured area, demonstrating more significant oxidation in the groove-shaped 

area and more obvious diffusion of carbon element in the central structured area.  



 

 20 

   

Fig. 17 Typical surface morphology and SEM image of cathode for air operation. (a) surface 

morphology; (b) distribution: Cu;(c) distribution: O 

 

Fig. 18 Typical surface morphology and SEM image of cathode for CO2 operation. (a) surface 

morphology; (b)distribution: Cu; (c) distribution:O; (d) distribution:C 

In order to confirm the diffusion behavior of carbon element in the cathode melting area for 

CO2 plasma, the morphology in the cross-section of the melting area are presented and the 

concentration distribution along the black-white dashed line are shown in Fig. 19. Two elements 

of copper and carbon are detected indicating that the element of oxygen do not diffuse to the inner 

area of cathode and only exists on the surface of cathode. Moreover, the distribution of carbon as 
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shown in Fig. 19(b) indicates that the depth of carbon diffusion in the molten area is about 5μm 

and the sharp peak of carbon concentration is attributed to difference in the secondary electron 

contrast of the microstructure in the region with a higher concentration of carbon element. Fig. 

19(c) shows the SEM images in the cross-section of the melting area. It must be note that there is 

no effective information of element concentration in the southeast area of the images due to the 

difference in surface height. The spatial distribution of copper element is uniform in the whole 

area, while higher concentration of carbon element is distributed in the southwest area “A” which 

is adjacent to the inner surface of cathode verifying the diffusion paths of carbon element from the 

surface to the interior in the cross section. The diffusing area for carbon element can be 

represented by the area below the read dashed line in Fig. 19 (a). Thus, the distribution of carbon 

elements is beneficial for reduction of cathode erosion owing to its higher melting temperature and 

blockage effect to prevent rapid oxidation inside the cathode. 

   

Fig. 19 Typical surface morphology of the cross section of electrode molten region and SEM image of 

cathode for CO2 operation. (a) surface morphology; (b) species distribution：Cu, C;(c) surface 

distribution: ：Cu, C  

4.4  Sensitivity and uncertainty analysis 

For measurement uncertainty evaluation for the OES method, the experimental uncertainty of 

the cathode erosion stems from associated uncertainty in the four error sources, as shown in the 

formula (5) to formula (7): 

(1)  measurement uncertainty of spectral integrated intensity for Cu I, deriving from the 

maximum residuals of Voigt fitting processing, the uncertainty is 20% for the selected 

combined line near 522nm in Table 2; 
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(2)  measurement uncertainty of spectral integrated intensity for O I, deriving from the maximum 

residuals of Voigt fitting processing, the uncertainty is 10% for the selected triplet line of 

atomic oxygen; 

(3)  measurement deviation of the selected six lines for Cu I. since the atomic copper 

concentration are represented by the measurements of copper line near 522.0nm. the difference 

between the six selected lines must be considered and the maximum difference is 40% for the 

six lines as shown in Fig. 11(b); 

(4)  uncertainty of RCu(T); the ratio of atomic copper RCu(T) is a function of temperature as shown 

in Fig. 2 

(5)  uncertainty of f(T); 

(6)  uncertainty of ( )OX T  

The uncertainties determination of RCu(T), f(T) and ( )OX T  stems from the uncertainty of 

gas temperature T, and the uncertainty of gas temperature can be obtained from the linear fitting 

process of multi-line Boltzmann plot as shown in Fig. 4(b) and the uncertainty of gas temperature 

is 3%-4% over the temperature range of 5500K-7000K, which there exists smaller error at higher 

temperature. Based on equilibrium calculation, the Fig. 20(a) and Fig. 20(b) give the sensitivity 

analysis for XO(T) for test medium of air and CO2, respectively. The uncertainty of XO(T) is 1.2 %- 

4.4% for air plasma is 0.4%-3.5% for CO2 plasma over the temperature of 5500K-7000K. 

Meanwhile, the sensitivities of fi(T) for the selected six lines and RCu(T) are presented in Fig. 21. It 

can be seen that the sensitivity (df/f)/(dT/T) for the spectral lines near 515.3nm and 522.0nm are 

smaller than that for the other four lines because of higher excited state energy for upper energy 

state Eu. The sensitivity (df/f)/(dT/T) for spectral line near 522.0nm is 8-12 and the uncertainty of 

f(T) is 24%-48% over the temperature range of 5500K-7000K. The sensitivity (dR/R)/(dT/T) is 

3.1-8.8 for air plasma and 0.5-4.5 for CO2 plasma, leading to measurement uncertainty of 

12.4%-26.4% for air plasma and 1.5%-18% for CO2 plasma over the temperature range of 

5500K-7000K. 

The total uncertainties of the OES method for cathode erosion rate measurements are 

58.2%-67.5% for air plasma and 51.9%-68.7% for CO2 plasma over the temperature range of 

5500K-7000K, respectively. All the information are illustrated in Table 2. The measurement 
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accuracy by the OES method is sufficient to evaluate the cathode erosion rate allowing half 

magnitude measurement error in previous work[12, 29].  

 

Fig. 20 Sensitivity analysis for XO(T).(a) air;(b) CO2. 

  

Fig. 21 Sensitivity analysis for fi(T) and R(T). (a) fi(T) , i=1-6;(b) RCu(T). 

Table 2 Evaluation of uncertainty for cathode erosion rate measurements  

Test medium ICu IO different lines XO(T) f(T) RCu(T) Total uncertainty 

air 

20% 10% 40% 

1.2 %- 4.4% 

24%-48% 

17.2%-26.4% 58.2%-67.5% 

CO2 0.4%-3.5% 2%-18% 51.9%-68.7% 

 

5. Conclusion 

In this paper, in-situ quantitative measurements are performed in a 300 kW DC 

magnetically-rotating linear plasma torch of CAAA to investigate thermal characteristics of arc 

plasma and electrode erosion by utilizing optical emission spectroscopy. Spectral characteristics of 

the high-temperature plasma in the water-cooling copper cathode and reservoir downstream of 

anode are carried out for simulation of earth atmosphere and Martian atmosphere by the selected six 

line transitions of Cu I in the visible band of 510-810 nm and the triplet lines of O I near 777 nm. 
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Time-resolved gas temperatures and mole fraction of copper concentrations are measured to 

evaluate the state of arc plasma and cathode erosion at different operation currents and magnetic 

fields. The average temperatures are strong positive related to the increasing operation current and 

are weak negative related to the magnetic field for air plasma and CO2 plasma. The erosion mass 

rates of the cathode by the OES method are in good accordance with the measurements by 

traditional weighing method over the operation range, demonstrating validity and accuracy for the 

developed OES method. The erosion rates of cathode for air plasma range from 2×10 -9 kg/C  

1.3×10-8 kg/C within operation currents of 250A-950A and increase with increasing magnetic field 

over the range of 0.125T-0.625T. The decrease of erosion rates of cathode have be found at 

operation current of 1000A attributing to arc root splitting leading to decrease of current density.  

The erosion rates of cathode for CO2 plasma are lower than that for air plasma and are strongly 

positive related to the operation currents at magnetic field of 0.125T and maintain stable at higher 

magnetic field of 0.375T-0.625T. It is not beneficial for reduction of cathode erosion rate under 

higher magnetic field within 0.125-0.625T for air plasma, while higher magnetic field ensures 

cathode erosion rate at low level for CO2 plasma due to carbon deposition covering in the inner 

surface of the electrode by the SEM images. The SEM images verify the diffusion paths of carbon 

element from the surface to the interior in the cross section and the element of oxygen do not 

diffuse to the inner area of cathode preventing oxidation inside the cathode for CO2 plasma. 

Detailed discussions of sensitivity and uncertainty by the OES method are given and the 

uncertainties of cathode erosion rate are 58.2%-67.5% for air plasma and 51.9%-68.7% for CO2 

plasma over the temperature range of 5500 K-7000 K, respectively. The developed OES method 

demonstrates great potential for real-time diagnosis for electrode erosion and thermal characteristics 

of arc plasma and provides quantitative data to assess the aerothermal environment for TPS 

evaluation.   
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