
Brief Report

Methylidyne Cavity Ring-Down Spectroscopy in a Microwave
Plasma Discharge
László Nemes 1, Christian G. Parigger 2,*

1 Research Center for Natural Sciences, Institute for Materials and Environmental Chemistry, 1117 Budapest,
Magyar tudósok körútja 2, Hungary; nemesl@chemres.hu

2 Physics and Astronomy Department, University of Tennessee, University of Tennessee Space Institute, Center
for Laser Applications, 411 B.H. Goethert Parkway, Tullahoma, TN 37388-9700, USA; cparigge@tennessee.edu;
Tel.: +1-(931)-841-5690

* Correspondence: cparigge@tennessee.edu;

Abstract: This work communicates cavity ring-down spectroscopy (CRDS) of methylidyne (CH) in a 1

chemiluminescent plasma that is produced in a microwave cavity. Of interest are the rotational lines 2

of the 0-0 vibrational transition for the A-X band and the 1-0 vibrational transition for the B-X band. 3

The reported investigations originate from CH-radical research in 1996 that constituted the first case 4

of applying CRDS to the CH radical. The report also includes recent analysis that shows excellent 5

agreement of measured and computed data, and it communicates CH line strength data. 6

Keywords: molecular spectroscopy; diatomic molecules; cavity ring-down spectroscopy; absorption 7

spectroscopy; methylidyne; line strength data; plasma physics; astrophysics 8

1. Introduction 9

Cavity ring-down spectroscopy (CRDS) was introduced by O’Keefe and Deacon in 10

1988 [1] and has since been used to an increasing extent for the measurement of weak 11

absorbers or minute amounts of substances in the gaseous phase. Thus overtone bands 12

[2] and the Herzberg absorption system in molecular oxygen [3] have been analyzed 13

this way. Jet-cooled metal clusters [4,5] and trace gas components [6] were probed by 14

CDRS. Additionally, CDRS has proved eminently applicable for chemical kinetic system 15

analysis, e.g., see Refs. [7,8], that often involve transient radicals. Free radicals such as 16

oxymethyl (HCO) in hydrocarbon flames [9] or the methyl (CH3) radical [10] were studied 17

by this technique. We have applied this method in the form of coherent CRDS [11] to the 18

spectroscopic analysis of the mehylidyne (CH) radical. 19

This report communicates selected data records from investigations in 1996. Specif- 20

ically, the CH B-X transition has been subject research in subsequent years [12–14]. In 21

addition, this report summarizes recent analysis that utilizes accurate line strength data for 22

CH [15,16], and provides the CH line strength data for the A-X and B-X transitions. The 23

line strength files (LSFs) for CH can also be applied for analysis of emission spectra that 24

may be collected in laser-induced breakdown spectroscopy [17,18]. The work in this report 25

may have applications in astrophysics [19–21], combustion studies [22] and diamond film 26

chemical vapor deposition [23]. 27

2. Materials and Methods 28

2.1. Experiment Details 29

The CH radicals were generated by the oxydation of acetylene (C2H2) using excited 30

oxygen atoms produces in an inductively coupled microwave plasma (200 W at 2.45 GHz) 31

in oxygen gas bubbled through water. The discharge was initiated in argon employing a 32

flow inlet a few centimeters from the cavity mirrors. The flow of argon suppressed etching 33

of the coating of the reflective mirrors by the flow of radicals. The chemiluminescent 34
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reaction leading to the generation of CH in the CDRS cavity occurred upon mixing the 35

wet oxygen and acetylene via a distributed set of inlet openings, while the cavity was 36

continuously pumped by two Roots pumps of a total capacity of 500 m3/hour. This 37

source was previously described by Ubachs et al. [24] The total pressure of the reactive gas 38

mixture (Ar, O2, C2H2 and water vapor) was kept at 400 Pa (3 Torr), as this provided the 39

optimum setting for the CRDS signals. The CDRS mirrors had reflectivities of R1 = 0.993 40

and R2 = 0.997, in the 363-nm to 430-nm range. 41

2.2. Diatomic Spectra Computation Details 42

The computations of the A-X and B-X transitions of CH rely on establishment of 43

an accurate line strengths. For analysis of the measured CH transitions, two sets of line 44

strength files are communicated as supplement to this work. The development of line 45

strength data is discussed with specific details for the C2 Swan bands, computation of 46

laser-induced fluorescence- and absorption- spectra [15]. The line strengths for diatomic 47

molecules follows recently published procedures [16]. Several applications in the analysis 48

of optical breakdown spectra are communicated [16–18], including data files and the 49

two programs (i) Boltzmann equilibrium spectrum program (BESP) and Nelder-Mead 50

temperature (NMT), for analysis of selected diatomic molecules [25]. 51

Tables 1 and 2 communicate excerpts of the set of line strength data applicable for 52

analysis of recorded CRDS data. These data files can be conveniently utilized with BESP 53

and NMT, see Ref. [25]. For computation of emission spectra in the analysis of laser-plasma, 54

only the wave number, upper term value, and line strengths are needed. For computation 55

of emission spectra [18], MATLAB [26] source code[27] has been made available recently. 56

However, for computation of absorption spectra, the lower term values are required. 57

The collated CH data files in Tabs. 1 and 2 also show standard designations for diatomic 58

molecules [28]. 59

3. Results and Discussion 60

An overview emission spectrum for CH A-X illustrates the wavelength range of the 61

provided line strength data. Figure 1 shows ∆v = 0 transitions for v’ = v” = 0, 1, 2. An 62

instrument resolution, δλ, of δλ = 0.05 nm is selected, and an equilibrium temperature, 63

T, is set to 3.0 kK. Such a spectrum may apply to analysis of laser-plasma emission. Fig. 2 64

displays computed CH B-X spectra for ∆v = 0,+1 transition, i.e., v’ = v = 0, 1, and v’ = 1 to 65

v” = 0. 66

Figure 1. Computed CH A-X spectrum, ∆v = 0, δλ = 0.05 nm, T = 3.0 kK.
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Table 1. First two dozen of 1384 lines for the CH A 2∆ ↔ X 2Π line strength table with column
headings: J′ upper and J′′ lower total angular momentum quantum number (nuclear spin not
included); Pij, or Qij, or Rij, line designation based on J′, J′′, FJ′ , FJ′′ ; v′ upper and v′′ lower vibrational
quantum number; p′ upper and p′′ lower parity designations, the± total parity eigenvalue is followed
by the e/ f parity; N′ upper and N′′ lower total orbital angular momentum quantum number; FJ′

upper and FJ′′ Lower term value computed from model Hamiltonian, cm−1; ν̃ vacuum wavenumber,
ν̃ = FJ′ − FJ′′ , cm−1; SJ′ J′′ Hönl-London term, unitless; Sn′v′ J′n′′v′′ J′′ line strength, stC2 cm2 (1 stC =
3.356 × 10−10 C).

J′ J′′ v′ v′′ p′ p′′ N′ N′′ FJ′ FJ′′ ν̃ SJ′ J′′ SSn′v′ J′n′′v′′ J′′

1.5 2.5 P22 0 0 +f -f 2 3 24663.5612 1569.6083 23093.9531 0.2013 0.8026
1.5 2.5 P21 0 0 +f -f 2 2 24663.5612 1489.0759 23174.4844 0.1996 0.7973
1.5 2.5 P11 0 0 -e +e 1 2 24663.5612 1489.2381 23174.3223 0.2004 0.8001
1.5 2.5 P12 0 0 -e +e 1 3 24663.5612 1569.1156 23094.4453 0.2005 0.7986
1.5 1.5 Q21 0 0 +f -e 2 1 24663.5612 1433.8288 23229.7324 0.7998 3.200
1.5 1.5 Q22 0 0 +f -e 2 2 24663.5612 1482.8608 23180.7012 0.8038 3.211
1.5 1.5 Q12 0 0 -e +f 1 2 24663.5612 1483.1056 23180.4551 0.8075 3.224
1.5 1.5 Q11 0 0 -e +f 1 1 24663.5612 1433.8051 23229.7559 0.7963 3.184
1.5 0.5 R22 0 0 +f -f 2 1 24663.5612 1416.0299 23247.5312 2.005 8.020
1.5 0.5 R11 0 0 -e +e 1 0 24663.5612 1415.9191 23247.6426 2.005 8.021
2.5 3.5 P12 0 0 -f +f 2 4 24661.8291 1683.5813 22978.2480 0.0070179 0.027893
2.5 3.5 P11 0 0 -f +f 2 3 24661.8291 1573.3187 23088.5098 0.3709 1.478
2.5 3.5 P21 0 0 +e -e 3 3 24750.4863 1573.6950 23176.7910 0.2022 0.8070
2.5 3.5 P22 0 0 +e -e 3 4 24750.4863 1682.7661 23067.7207 0.5651 2.248
2.5 3.5 P22 0 0 -f +f 3 4 24750.4863 1683.5813 23066.9043 0.5666 2.254
2.5 3.5 P21 0 0 -f +f 3 3 24750.4863 1573.3187 23177.1680 0.2009 0.8017
2.5 3.5 P11 0 0 +e -e 2 3 24661.8291 1573.6950 23088.1348 0.3707 1.478
2.5 3.5 P12 0 0 +e -e 2 4 24661.8291 1682.7661 22979.0625 0.0072268 0.028723
2.5 2.5 Q11 0 0 -f +e 2 2 24661.8291 1489.2381 23172.5918 1.738 6.944
2.5 2.5 Q12 0 0 -f +e 2 3 24661.8291 1569.1156 23092.7129 0.1448 0.5773
2.5 2.5 Q22 0 0 +e -f 3 3 24750.4863 1569.6083 23180.8789 2.093 8.354
2.5 2.5 Q21 0 0 +e -f 3 2 24750.4863 1489.0759 23261.4102 0.4911 1.964
2.5 2.5 Q21 0 0 -f +e 3 2 24750.4863 1489.2381 23261.2480 0.4952 1.980
2.5 2.5 Q22 0 0 -f +e 3 3 24750.4863 1569.1156 23181.3711 2.089 8.335

Table 2. First two dozen of 261 lines for the CH B 2Σ− ↔ X 2Π line strength table with column
headings (identical to the ones in Table 1).

J′ J′′ v′ v′′ p′ p′′ N′ N′′ FJ′ FJ′′ ν̃ SJ′ J′′ Sn′v′ J′n′′v′′ J′′

0.5 1.5 P11 0 0 -f +f 0 1 27114.2564 1433.9116 25680.3457 2.498 0.2572
0.5 1.5 P12 0 0 -f +f 0 2 27114.2564 1483.2126 25631.0430 0.1750 0.018018
0.5 1.5 P22 0 0 +e -e 1 2 27139.5581 1482.9686 25656.5898 2.493 0.2567
0.5 1.5 P21 0 0 +e -e 1 1 27139.5581 1433.9356 25705.6230 0.1802 0.018552
0.5 0.5 Q11 0 0 -f +e 0 0 27114.2564 1416.0057 25698.2500 1.337 0.1376
0.5 0.5 Q21 0 0 +e -f 1 0 27139.5581 1416.1159 25723.4414 1.337 0.1376
1.5 2.5 P11 0 0 +f -f 1 2 27139.5166 1489.1826 25650.3340 3.508 0.3612
1.5 2.5 P12 0 0 +f -f 1 3 27139.5166 1569.7157 25569.8008 0.1008 0.010374
1.5 2.5 P22 0 0 -e +e 2 3 27190.0681 1569.2245 25620.8438 3.505 0.3609
1.5 2.5 P21 0 0 -e +e 2 2 27190.0681 1489.3449 25700.7227 0.1032 0.010624
1.5 1.5 Q12 0 0 +f -e 1 2 27139.5166 1482.9686 25656.5488 0.019638 0.0020218
1.5 1.5 Q11 0 0 +f -e 1 1 27139.5166 1433.9356 25705.5801 3.723 0.3833
1.5 1.5 Q21 0 0 -e +f 2 1 27190.0681 1433.9116 25756.1562 0.017592 0.0018112
1.5 1.5 Q22 0 0 -e +f 2 2 27190.0681 1483.2126 25706.8555 3.725 0.3835
1.5 0.5 R11 0 0 +f -f 1 0 27139.5166 1416.1159 25723.4004 0.6683 0.068806
1.5 0.5 R21 0 0 -e +e 2 0 27190.0681 1416.0057 25774.0625 0.6683 0.068803
2.5 3.5 P11 0 0 -f +f 2 3 27189.9989 1573.4256 25616.5742 4.511 0.4645
2.5 3.5 P12 0 0 -f +f 2 4 27189.9989 1683.6892 25506.3105 0.070992 0.0073091
2.5 3.5 P22 0 0 +e -e 3 4 27265.6964 1682.8762 25582.8203 4.510 0.4643
2.5 3.5 P21 0 0 +e -e 3 3 27265.6964 1573.8017 25691.8945 0.072257 0.0074393
2.5 2.5 Q11 0 0 -f +e 2 2 27189.9989 1489.3449 25700.6543 5.838 0.6010
2.5 2.5 Q22 0 0 +e -f 3 3 27265.6964 1569.7157 25695.9805 5.838 0.6011
2.5 1.5 R11 0 0 -f +f 2 1 27189.9989 1433.9116 25756.0879 1.494 0.1538
2.5 1.5 R12 0 0 -f +f 2 2 27189.9989 1483.2126 25706.7871 0.1099 0.011316
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Figure 2. Computed CH B-X spectrum, ∆v = 0,+1, δλ = 0.05 nm, T = 3.0 kK.

For cavity ring-down experiments, a Continuum model-TDL60 Nd:YAG-pumped 67

dye laser was employed. The A-X transition access was accomplished with Coumarin 120 68

dye that shows a gain maximum of 440 nm. The B-X transition was reached by frequency 69

doubling the output using Styryl 7 dye that shows a gain maximum at 720 nm, or frequency 70

doubled at 360 nm. The available output power ranged from 5 to 15 mJ per pulse, but it 71

was attenuated with diaphragms for CRDS. Overview spectra were initially observed in 72

emission using a low resolution Jobin-Yvon grating spectrometer. Methylidyne A-X bands 73

were noticed near 430 nm that were stronger than the B-X bands near 390 nm, see Figures 1 74

and 2. In addition, C2 Swan bands were observed near 470 nm, 520 nm, and 560 nm, e.g., 75

see Ref. [25]. Figure 3 illustrates comparison of measured and fitted absorption spectra. 76

Figure 3. Comparison of measured and fitted CH A-X spectra, δλ = 0.005 nm, T = 1.47 kK.
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Figure 4 displays original CRDS data of normalized absorption in the wavenumber 77

range of 23160 cm−1 (431.779 nm) to 23320 cm−1 (428.816 nm). For completeness, Fig. 5 78

illustrates computed emission spectra in the same vacuum wavenumber range as for Fig. 4. 79

As expected, there are subtle differences for comparisons of absorption spectra, see Fig. 3, or 80

for comparison of CRDS data (Fig. 4) with emission spectra (Fig. 5) that are seen in emission 81

from plasma. 82

Figure 4. Originally recorded CH A-X spectrum using CRDS.

Figure 5. Computed CH A-X emission spectrum, δν̃ = 0.1 cm−1, T = 1.5 kK.

Figure 6 displays an originally recorded B-X CH spectrum, and Fig. 7 shows an emis- 83

sion spectrum for the same vacuum wavenumber range of 27400 cm−1 (364.964 nm) to 84

27470 cm−1 (364.033 nm). 85
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Figure 6. Originally recorded CH B-X spectrum using CRDS.

Figure 7. Computed CH B-X emission spectrum, δν̃ = 0.1 cm−1, T = 1.5 kK.

4. Conclusions 86

This work communicates a convincing comparison of recorded cavity ring-down 87

spectra and of computed CH A-X absorption spectra using line strength data. Higher 88

resolution for the investigated CH B-X transition than for the CH A-X transition also 89

confirms reasonable accuracy of measured and computed line positions. Emission spectra 90

of CH A-X and B-X were observed but focus of this work was the application of CRDS 91

for the CH radical. However, the provided line strength data are expected to be useful in 92

emission spectroscopy of plasma that contains hydrocarbons. 93
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The following abbreviations are used in this manuscript: 109

110

BESP Boltzmann equilibrium spectrum program
CH methylidyne
CGP Christian Gerhard Parigger
CRDS cavity ring-down spectroscopy
LIBS laser-induced breakdown spectroscopy
LSF line strength file
LN László Nemes
Nd:YAG neodymium-doped yttrium aluminium garnet
NMT Nelder-Mead temperature
HCO oxymethyl
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