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ABSTRACT 

The graphite used for the limiter of the tokamak reactor produces carbon-containing molecular 

impurities as a result of the interactions with the edge plasma. The behavior of these molecular 

impurities has been studied using emission spectroscopy. The present study includes: (1) finding 

molecular bands and atomic lines in the visible spectral range which can be used for the study of 

the molecular impurities, (2) studying the breakup processes of the molecular impurities on then-

way from the source into the plasma, (3) developing a spectroscopic diagnostic method for the 

absolute measurement of the molecular impurity flux resulting from graphite erosion. For these 

studies, carbon-containing molecules such as CH4, C2H2, O^Vi^ CO and CO2 were injected into 

the tokamak-boundary-like plasma generated by PISCES-A. The spectrograms of these gases 

were taken, many useful bands and lines were determined from the spectrograms. The breakup 

processes of these gases were sutdied by observing the spatial profiles of the emission of the 

molecules and their radicals for different plasma conditions. For the absolute measurement of the 

eroded molecular impurity flux, the photon efficiency of the lines and bands were found by 
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measuring the absolute number of the emitted photons and injected gas molecules. The chemical 

sputtering yield of graphite by hydrogen plasma was spectroscopically measured using the 

previously obtained photon efficiencies. It showed good agreement with results obtained by 

weight loss measurements. 
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I. INTRODUCTION 

Emission spectroscopy has been widely used for the study of metallic impurities at tokamak 

boundary regions. This technique has been used for the identification of the impurity sources,1 the 

absolute measurement of impurity fluxes into the reactor plasma2-3 and their transport.4 However, 

the measurements are more difficult in present-day tokamak reactors which use graphite as the first 

wall and limiter materials. Due to chemical sputtering, graphite emits carbon-containing molecular 

impurities. The spectra from these molecules is much more complicated than those from atoms 

because of the presence of many band systems arising from vibrational and rotational transitions. 

The spectroscopical data for these molecules is limited and the use of spectroscopy in studying 

molecular impurities is difficult. However, emission spectroscopy can still serve as an useful 

diagnostic technique if the proper spectroscopical data for these molecules are available. In 

particular, it can be used to measure the influx of molecular impurities,5 to identify their sources 

and to study their break-up processes. 

In the present work, an effort is made to provide the spectra and the spectroscopic data base 

for carbon-containing molecules and their radicals so as to make emission spectroscopy applicable 

in molecular impurity studies. For this, carbon-containing molecular impurities were injected into a 

tofcaraak-boundary-like plasma generated by the PISCES-A facility. The experiment consists of 

three parts. Firstly, spectra for each gas were recorded for different plasma conditions. The 

reason for this was to find radiation bands and lines with reasonable intensities which could be 

used for the other part of the experiment. Also, it helps interpretation of spectra taken in tokamak 

reactors which were difficult to interprete so far. Secondly, the penetration depths of the injected 

molecules and thicr radicals were measured to study the break-up processes, which are important 

in understanding hydrogen and oxygen fueling. Finally, the ratios of decay to excitation rates of 

each molecules, the so-called "photon efficiency", were obtained. Details will be described in the 

following section. Absolute measurements of molecular impurity fluxes were therefore possible. 

In order to check the accuracy of spectroscopic measurements, the carbon sputtering yield was 
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measured spectroscopically and compared with the previous experimental result which used weight 

loss method. 

II. EXPERIMENTAL PROCEDURE 

A. Gas Injection Experiment 

A plasma with parameters close to those of a tokamak boundary layer was produced by the 

PISCES-A facility at UCLA.6 The PISCES-A facility is a linear plasma generator using a reflex 

arc discharge method. Throughout the present work. He plasma was used in order to avoid 

possible inteference with molecular spectra by the emission from the background gas. The plasma 

was diagnosed by a water-cooled Langmuir probe and a fast scanning probe.7 The characteristics 

and parameters of PISCES-A plasma have been discussed in detail elsewhere.6 To simulate the 

interactions of carbon-containing molecules with the plasma, hydrocarbon and carbonoxide 

molecules such as CH4, C2H2, C2H4, CO and CO2 were injected. These molecules are 

suspected to be the dominant products of chemical sputtering of graphite by hydrogen and oxygen. 

The experimental setup is shown in figure (1). A gas injector was built for blowing these 

molecules into the PISCES-A chamber. The molecules from the gas bottle flowed into a 

differentially pumped gas line (<j) = 2mm). The flow rate was controlled by a needle valve. At the 

tip of the molybdenum nozzle, there was a slit aperture which was 9.5mm high and 4mm wide. 

This geometry was chosen to minimize the dispersion effect of injected molecules. Figure (2) 

shows a photograph of C2H2 and CO gas injection into He plasma. The radiation from the 

injected gas molecules can be seen as a localized cloud in front of the nozzle. The strong 

localization is due to the short mean free paths of gas molecules in the plasma(=lcm). The flow 

rate of the molecules was measured by a baratron installed in the line. By considering the gas line 

as a long capillary tube, the flow rate Q is given by 

Q = APC, (1) 
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where AP is the pressure difference between the gas line and the chamber and C is the conductance 

of gas line. The gas line pressure was changed from 4 to 8 torr so that the molecular flow was a 

viscous flow. The conductance is given by 

C=1.64 x 10"2 —AP (liter/sec), (2) 
r|L 

D and L are the diameter and the length of the pipe in [cm], AP is given in [Torr]. T| denotes the 

viscosity which is given by 

r|=2.71 x 10 " 2 1 : !^r-(g/cm sec), (3) 

where M is mass of the molecule in [amu], T is the temperature in [°K] and a is the diameter of 

the molecule in [cm]. Since the chamber pressure was in the range of 10"4 torr, the upstream 

pressure measured by the baratron practically determined the flow rate. 

The radiation was observed with a 1.33 meter Czemy-Turner type optical spectrometer, 

which had a grating of 1200 grooves/mm resulting in a linear dispersion of 6A/mm. The optical 

setup was made in such a way that the spectrometer viewed a narrow region along the chamber 

axis as shown in fig (2). The spectra of injected molecules were recorded by a camera attached at 

the exit̂ slit of the spectrometer. High speed polaroid film (ISO 3000/36°) was used with a spectral 

sensitivity of the film from 3000A up to 7000A. The recordings provided both spatial and spectral 

informations. 

For the quantitative measurement of the photon emission integrated along the line-of-sight, 

a photomultiplier tube (PMT) was used. The bands and lines beyond the sensitivity of the PMT 

were measured by an optical multichannel analyser (OMA). The OM A had a linear array (S-type) 

of 1024 pixels, which in combination with the spectrometer gave spectral resolution of 0.15A. 

Both PMT and OMA were absolutely calibrated with respect to a standard tungsten ribbon lamp. 

The brightness of the integrated photon emission can be converted into flux if the atoms are lost via 
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ionization within the line-of-sight2. Molecular impurity flux can be measured in a similar manner. 

If most of the injected molecules of gas A are lost by either ionization or dissociation rather than 

escaping out of the plasma, the flux of the injected molecules S'Afr) c a n ^ expressed as 9 

W A , N 4s <o-totVe>(r) 
^A(r) = — B t 0 t -. (4) 

r <a e xv e>(r) 

where T is the branching ration, B t o t is the brightness of photon emission due to electron 

collisions, <o" t o tv e> is the total loss rate of molecules, «JexVe> is the excitation rate for a certain 

band cr line. Equation (4) can be rearranged as 

^A(r)_ <Ptot v e>(0_ y 

4itB t 0t <o~exVe>(r) 

y defines a photon efficiency for a certain band for gas A. If the photon efficiency is known, the 

flux of injected molecules can be determined absolutely by measuring B(0t. Spatially resolved 

emission profiles for a single band or line could be obtained by rotating the OMA 90° from its 

normal position. 

B. Spectroscopic Measurement of Chemical Sputtering Yield 

In order to demonstrate the capability of the spectroscopic determination of molecular flux 

and to check the validity of the obtained photon efficiency, the chemical sputtering yield was 

measured spectroscopically. The gas injector was replaced by a graphite sample. The sample was 

water-cooled for low temperatures (<500°C) and air-cooled for higher temperature operations. 

The sample temperature was controlled by adjusting the cooling rate. The same optical setup for 

the gas injection experiment was used. To use the spectroscopic method, the molecules emitted 

from graphite should be completely attenuated within the plasma. This is only achieved if the 

plasma dimension is much bigger than that of the sample. However, this was not possible since 
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the achievable plasma dimension was limited and the sample could not be made indefinitely small. 

Instead, the sample was made as large as the size of plasma and the brightness integrated along the 

line-of-sight at die center of the sample was measured. However, brightness at the center was not a 

directly measurable quantity. In order to obtain this, the measured brightness profile had to be 

Abel-inverted.10-'2 For the measurement, the absolutely calibrated optical multichannel analyser 

(OMA) was used. The spatial profile was obtained by a scanning rnirror. 

HI. RESULTS and DISCUSSION 

A. Molecular Spectrum 

The spectra of injected molecules were recorded for two different plasma conditions: high 

density(=5 x 10 1 2/cm 3), low temperature (=10ev) and low density (=5 x 10 l 2 /cm 3 ), high 

temperature (=30ev). This was to simulate two different conditions of a tokamak boundary layer 

plasma. The spectrogram of C2H2, shown in fig (3), can serve as an example for a hydrocarbon 

spectrum. The CH band system with its Q head of the (0,0) band at 4314.2A is an already well-

known system. It is referred to as the "4300A system" (A2A - X21T). Its lower wave length tail is 

merged with the (0,0) band of the Douglas-Herzberg system (A 1!! - X lZ) from CH-*". Another 

band system of the CH radical appears around 3900A. It is the "3900A system" (B2A - X2I1). 

Both band systems of CH radical are strong and not much blended by other bands so that they can 

be used for further studies. C2 molecular bands can be seen through the entire range. The band 

system from C2 in the lower wave length is the Deslandres-d'Azambuja system (c^y- b'lly) and 

the one in the upper wave length is the Swan system (A3n.y - X 3 n v ) . Lines from hydrogen (H a , 

Hp, By) and carbon (CI, CII) also appear. Other hydrocarbons show similar spectra with 

additional bands. The spectrum of CH4 shows a methylene radical band system (b'Bpa'A]). 

Suprisingly, C2 bands can be detected in the spectrum of CH4. It is not clear if the C2 bands are 

really from CH4 or from impurities in the background gas. Hydrocarbon spectra do not change 

very much with respect to temperature. Attenuation lengths of bands and lines appears to be 

shorter at high temperature. Fig (4) shows the spectra of CO for low temperature. Many band 
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systems from CO and CO + can be seen. The comet tail system (A2I1-X22) from CO + can be 

observed over the whole wave length range. It has two strong R heads with corresponding Q 

heads lying from 5 to 1.5 A to the red of the R heads. Around 6000A, many band systems from 

CO appear strongly blended. These band systems are the triplet bands (d3A-a3II), the Asundi 

bands (a'3Z-a3Il) and the Angstrom system (B^-A 1!!). At high temperature, these bands are 

weakly visible and the comet tail system becomes prominent. The identified band systems are 

given in table (1). Some of the strong bands were used for the following experiments. Based upon 

the obtained spectra, the spectrum taken in front of the TEXTOR limiter1 was reinterpreted. It was 

possible to identify bands which could not have been identified so far. The most valuable result 

was the identification of CO and CO + aound 6000A which were originally assumed to originate 

from D2. The appearance of bands from carbonoxides indicates that these molecules play an 

important role in the transport of carbon and oxygen in a tokamak with carbon surroundings. 

More information for the other molecules injection can be found in reference (9). 

B. Break-Up Processes 

The breakup processes of injected carbon-containing molecules were studied by observing 

the spatial profiles of radiation from molecules and their radicals. For instance, the density profile 

of the CH radical can be found by measuring the spatial emission profile in the light of the 4300A 

system. In such a way, the whole chain of break-up processes can be studied if the appropriate 

radicals can be spectroscopically identified. The experiment was carried out for three different 

electron temperature conditions (about lOev, 25ev and 35ev). The background was measured by 

turning off the gas injection. The obtained brightness profile by the OMA was deconvoluted with 

the apparatus function which was obtained by using Hel lines in the same wave length range. The 

brightness profiles of bands and lines from CH4 at 8. lev are shown in fig. (5). The H a line has 

its peak closest to the nozzle, indicating that hydrogen is the first particle broken out of CH4, Most 

of the peaks appear very close to each other within 2cm from the nozzle. As expected, the peaks 

appear in the sequence of CH2, CH and CI. It suggests that CH4 will lose hydrogen as it travels 
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through the plasma until only carbon remains. The CII peak was found to be closer to the nozzle 

than CI. This might be due to presheath-effects developing in front of the nozzle. High order 

hydrocarbons show similar profiles except that they have shorter penetration depths man CH4. 

This means that CH4 can most affect hydrogen and carbon fueling in a tokamak reactor. Mostly, 

the emission from carbonoxides is strongly localized in front of the nozzle. The penetration depths 

of all molecules were found within a couple of cm. This short penetration depths support the 

previous assumption that the most of the injected molecules were attenuated within the plasma in 

the absolute measurement of molecular influx. Also, the results can provide a good experimental 

background for computer simulations trying to solve the complete break-up processes.13 More 

information for the other molecules can be found in reference (9). 

C. Photon Efficiencies 

Equation (S) shows that the intensity of the photon emission B t o t and the injection rate of 

molecules 4 ^ n e e ^ t o ^ measured to get the photon efficiencies. The total integrated photon 

intensity B t ot was absolutely measured by the PMT and OMA- *A w a s measured by the baratron 

as described in the previous section. The first experimental data on the photon efficiencies of 

carbon-containing molecules were obtained for different molecular injection rates. For lower 

fluxes, the resulting molecular density was about 8 x 10 n - l . l x 10 1 3 cm' 3 and for high fluxes, 

4.5 x 10 l3-2.0 x 10 1 4 cm"3. Since the molecular density is locally higher than electron density in 

the high flux case, the electron temperature measurements might have a small error especially in the 

high temperature case. Unfortunately, altering electron temperature and density separately was not 

possible. These two conditions were closely coupled. The CH band intensity for various density 

and temperature sets was measured to test how the emission behaved. It was found that the 

temperature plays a more important role in the photon emission than the density. For the 

measurement of the photon efficiencies, the strongest band from each molecule found in section 

III.A. was selected. Some of them were particularly chosen considering the observability in a 

tokamak boundary. Examples of the photon efficiencies obtained are presented in fig are (6). To 
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check the validity of the data, the photon efficiency of the 4300A CH band system from CH4 

(Figure (6.a)) is compared with an estimate based upon the excitation cross-section from reference 

(14) and the loss rates from reference (15). The estimate agrees very well with the experimental 

results. Unfortunately, such a comparison could not be made for carbonoxides. Unlike the 

photon efficiency for atoms, the obtained photon efficiency for molecules may have a minimum as 

it is seen in figures (6.b) and (6.c). The minimum point is supposedly due to the threshold energy 

for the dissociation of molecules. Photon efficiencies for CO bands from CO molecules behave 

evidently as in the case of atoms(figure (6,d)). 

D. Chemical Sputtering Yield 

The 4300 A system of the CH radical was used to measure the CH4 erosion from POCO 

graphite by a hydrogen plasma. The diameter of the sample was 2 inches, which was about the 

size of the plasma. The temperature of the sample was varied from 100 to 800 °C. The emission 

profile was obtained by a scanning mirror. The obtained emission profile was fitted by a 

polynomial and then Atsl-invcrted. The incident ions were assumed to have a uniform distribution 

ovsr the sample surface so that CH4 molecules were homogeneously eroded from the surface as 

the main products of chemical sputtering. The photon efficiency g for the CH band was read from 

fig. (6.a). The erosion yield Y can be expressed as 5 

where JJJ+ is the incident proton flux. JJJ+ was measured by a Langmuir probe situated around 

1cm ap?it Irom the sample. In the present experiment, the incident piasma had a flux of 1.3 x 101 8 

H"Vcm ŝec and the electron temperature was lOev. The result for tne spectroscopically measured 

chemical sputtering yield is presented in fig (7). The result is compared with previous 

measurement for a flux of 1.5 x 101 8 H+/cm2sec.16 For the measurement of the yield, the weight 

loss method was used, Thus, the measured erosion yield represents the total yield including both 
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chemical and physical sputtering. At high temperature (= 500 C) where chemical sputtering is 

dominant, two results agree very well. This enhances the confidence in the accuracy of obtained 

photon efficiencies and the validity of the spectroscopic method. 

IV. SUMMARY 

The spectroscopic database for the carbon-containing molecules was obtained. From the 

spectra of the molecules in the plasma boundary condition, many useful band systems for 

spectroscopic studies were found. The TEXTOR spectrum could be interpreted by the obtained 

spectra. Many bands of CO and CO + were found from the spectrum, which indicates 

carbonoxides are important in carbon and oxygen transport. The penetration depths of the 

molecules and their radicals were measured for the study of break-up processes of the molecules. 

The photon efficincies of many bands and lines from the molecules were obained. The absolute 

measurement of molecular impurity influx was made possible by the obtained photon efficiencies. 

Chemical sputtering yield was measured spectroscopically and compared with the previous 

measurment. It was shown that the spectroscopic measurement is accurate. 
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Table 1. The molecular band systems found from the spectra of carbon-containing molecules. 

The number in the left column is the identification number for the bands in 

spectrograms. 

Type Band System Transition 
1 CO+ Comet tail system A2n - x 2 s 
2 CO Angstrom system B ' Z - A ' H 
3 Q> Swan system A 3n g - x , 3n, 
4 c 2 

Deslandres-d'Azambuja system c'rig -b'riu 
5 CH 4?>G0A system A2A - x 2 n 
6 CH 3900A system B 2 £ - x 2 n 
7 CH2 Methylene radical b ' 3 , - a 'Ai 
8 00 The Triplet bands d :A - a 3 n 
9 CO Third Positive bands b 3s - a3n 
10 co+ Baldet-Johnson system B2L - A 2 n 
1 1 CO Asundi bands a'3E - a 3 n 
12 CO 5B bands b 3L - a 3 n 
13 CO Herman bands e3ZT - a 3 n 
14 C02+ Fox, Duffendack and Barker's system A2n - x 2 n 
15 CO/ Bands 112883 and 112896 A 2 2 + - X 2 n 
16 C02 CO flame bands 1 B 2 - X 1 I : + 

17 00+ Douglas-Herzberg system A2n - x'-s 



Figure Captions 

Fig.l. (upper left) C2H2 gas Injection, (upper right) C2H2 gas injection with an interfernce 

filter$.c =4250A, FWHM = 50A) 4300 A system of CH radical can be seen, (lower left) 

CO gas injection, flower right) CO gas injection with the same interference filter. CO + 

band (Baldet-Johnson system) and CO band (Angstrom system) can be seen. 

Fig.2. The experimental setup for the gas injection experiment. 

Fig.3. A spectrogram of C2H2. The horizontal axis is wave length (A) and the spatial information 

is given in the vertical axis. Te=30 ev, n e= 1 x 10 , 2cm"3. 

Fig. 4. A spectrogram of CO. Te=10 ev, n e= 5 x 1012cm"3. 

Fig. 5.The Brightness profiles of lines and bands from CH4. Te=8 lev, ne=5.17 x 10 1 2 cm'3, 

(a) CI, (b) CH, (c) CH2. (d) H a , (e) CH 4 and (f) CII 

Fig. 6. Photon Efficiencies: (a) CH band (4300A system) from CH^ (b) Hafrom CH 4 i (c) OI 

from CO, and (d) CO from CO, (measurements were done for two different gas injection 

rates which were different for each gases). 

Fig. 7. Chemical sputtering yield. 
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