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Abstract

The recent discovery of the minor isotopomer of ethane, 13C12CH6, in the planetary at-

mospheres of Jupiter and Neptune, added ethane to the molecules which can be used to

determine isotopic 12C/12C ratios for the jovian planets. The increased spectral resolution

mad coverage of the IR and far-IR instruments to be carried on the Cassini mission to Sat-

urn and Titan may enable the detection of the minor isotopomer. Accurate frequency and

cross-section measurements of the vl2 fundamental under controlled laboratory condition

are important to interpret current and future planetary spectra. High resolution spectra

of the minor isotopomer 13C12Ctt6 have been recorded in the 12.2 pm region using the

Kitt Peak Fourier Transform (FTS) and the Goddard Tunable Diode Laser spectrometer

(TDL). In a global fit to 19 molecular constants in a symmetric top Hamiltonian, transition

frequencies of the vl2 fundamental ranging up to J = 35 and K = 20 have been determined

with a standard deviation of less than 0.0005 cm -1 . From selected line intensity measure-

ments, a vibrational dipole moment for the V12 fundamental has been derived. Observed

and calculated spectra covering the region from 740cm -1 to 910cm -1 are presented. A

compilation of transition frequencies, line intensities, and lower state energies are included

for general use in the astronomical community.
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Introduction

The current spectroscopic study of the minor isotopomer 13C12CH6 is motivated by its

recent discovery as a constituent in the atmosphere of Jupiter by Wiedemann et al. (I).

Employing a cryogenic echelle array spectrometer, Orton et al. (2) identified traces of 13C-

ethane in Neptune's atmosphere. In both cases a near-terrestrial isotopic 12C/13C ratio has

been found(I,2). Laboratory measurements of frequencies and intensities are important

for future identification and atmospheric modeling of 1sC12CH6 in the outer planetary

atmospheres using for instance high resolution heterodyne remote sensing.

Regular ethane and its deuterated species have been studied in some detail in the

mid- and far-infrared(3-9). The minor isotopomer 13C12CH6 has been investigated in the

2700 cm -1 region of the v3 + u4 overtone (equivalent to u2 + u6 in normal ethane) by

Lafferty ct al.(lO). More recently, in studies of the 12pro region Kurtz et al. (11) obtained

the ratio of the integrated intensity of the rQo-branch of the u19 band of 13C12CH6 with

respect to the equivalent u9 band of normal ethane. These studies were based on high

resolution (0.0025 cm -1) data recorded with the 1 m McMath FTS instrument at the

National Solar Observatory in Kitt Peak, Arizona. The same laboratory data have been

analyzed to assign rotation-torsional transitions in the Ul_ fundamental and to determine

ground state rotational constants from lower state combination differences (12).

More recently, the analysis has been extended to determine upper state constants

for the u12 fundamental of the minor isotopomer and to derive barriers to internal rotation

in the ground and vibrational excited state (13). In this publication, a complete line

by line compilation of calculated frequencies, lower state energies, and line strengths are

published. From the molecular parameters a spectral atlas has been produced covering

the region from 740 to 910 cm -1 .

Experimental Details

Several spectra at room and typical planetary temperatures (101K and 161K) were

recorded using the 1-m Fourier transform spectrometer at the Kitt Peak National Solar

Observatory(l l, 12). This instrument was operated in a double-pass configuration yielding

a spectral resolution of 0.0025 cm -1 (14). The 13C12CH6 sample was provided in a 99%

purified form by Matheson Co. No traces of the major isotopomer have been found in

the unapodized FTS spectra: Calibration to absolute wavenumbers was done using well-

isolated P- and R-branch lines of the r,2le and 2t, °e band of N20 at 580 cm -1 and 1168

cm,- l respectively (12).

Details of the tunable diode laser system at NASA Goddard Space Flight Center can

be found in Ref. (15). Several Q-branches ranging from KAK = -6 to 6 were measured

to obtain complementary information on observed torsional splittings (13). These spectra

were recorded with gas pressures ofp = 1.5 Tort and an absorption cell length of g = 30 cm.

Relative wavenumber calibrations were obtained using a 3 inch solid Ge-etalon (0.01623

cm -1 fringe spacing). A total of 68 splittings from the diode laser observations (Table II)



Table I. Molecular constants of 13C12C/'/6 in cm -1 . Ca is the torsional Coriolis interaction parameter

connecting the v12 = 1 state with the v6 = 3 state. _F is the weighted standard deviation of the overall

fit. 2307 transitions and torsional splitting values survived the fit. For convenience parameters axe also

given in Hz.

Vo 820.931 394(42)

Bo 0.649 764 9(91) 19 479.46(27) MHz

Ao 2.668 52t 80 000.2t MHz

DoJ 0.993 85(67)×10 -8 29.795(20) kHz

DJoK 2.608 8(87)×10 -6 78.08(21) kaz

Dff 9.54× 10-_ 286_t kHz

c_2 1.296 18(50)x10 -3 38.858(15) MHz

aA2 -7.796 4(11)x10 -3 -233.730(33) Mnz

_2 3.07(10) x10-9 92.0(39) Hz

/_ -2.063(81)x 10 -s -618(24) Hz

/_ -1.868(20)x I0-t -5600(60) Hz

(A()_2 0.696 191(18) 20 871.28(54) MHz

rh_ -2.024(21) x 10 -6 -60.68(63) kHz

y_ 2.391 l(30)x10 -5 716.83(90) kHz

q_'2 -1.726 70(83)× 10 -a -51.765(25) MHz

9.07(88)×10-9 272(26) Hz

V(°) 1026.888(79) 30 785.3(24) GHz

V6('2) 1088.61(77) 32 635(24) GHz

F1j -1.542(12) x10 -2 -462.3(36) MHz

F_K -0.947(11)x 10 -2 -283.9(33) MHz

C_, 3.651 0(28)×10 -2 1094.54(84) MHz

o"F 5.5×10 -4 16MHz

data 2307/2447

E
=

t Moazzen-Ahmadi et al. (9)

tt Duncan et al.(I6)
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were added to the FTS data in the global fit to determine molecular constants for u12.

Global Least Squares Fit

An iterative bi-weighted non-linear least squares fit of the upper and lower state energies

has been carried out simultaneously. The upper state Hamiltonian included off-diagonal

t-resonance terms within the v12 = 1 state and off-diagonal torsional Coriolis interaction

terms connecting with the excited torsional state of v6 --- 3. The results of the global fit

are summarized in Table I (13). A more detailed account of the fitting procedure and the

Hamiltonian used can be found in Hcf. (13).

Of the 21 parameters employed in the upper and lower state Hamiltonian, the rota-

tional constants Ao and D_ have been fixed to 2.66852 cm -1 (9) and 9.54× 10 -6 cm -j (16),

respectively. The rotation-torsional constants F1j and F1K in the v12 - 1 state were

fixed to the ground state value. Observed torsional splittings recorded with the TDL spec-

trometer have been weighted by an extra factor of 4 corresponding to the enhancement in
spectral resolution over the FTS data.

The intrinsic and unperturbed torsional splitting between the components of the

torsional doublets as calculated from the upper and lower state barriers is 1.53×10 -3

era, -1 which is not resolved in the current FTS data. For K - 3n transitions with

relative intensities of 2:1, both peaks of the doublets can be measured from the FTS data

if they are separated by more than about 4.5×10 -3 cm -1 and for K _ 3n (4:1 relative

intensities) by more than 7.0×10 -3 cm. -1 Therefore, most torsional doublets could not be

resolved, except near the crossing region which occurs at K/XK - -18. Most transition

frequencies, particularly in the R-branches (AK --- 1) and as J approaches K, represent

rather an average of the doublets. In order to avoid "frequency pulling" (5), transition

frequencies of the K = 3n series have been calculated using a weighted average of the

two calculated frequencies of the doublets. The weights were chosen according to their

statistical weights. Simulated spectra showed that such a weighting scheme yields a good

approximation. In cases where one of the components of the doublets is rather weak, the

average of the frequencies tends to be closer to the frequency of the strong component and

therefore observed frequencies of unresolved K # 3n torsional doublets (with 4:1 relative

intensity ratio) have been assigned to the stronger component of the doublet.

Intensity Analysis

Forty:two individual lines of the v12 band observed with the FTS have been measured to

retrieve their intensities. Only those lines whose torsional components were sufficiently

separated (mostly vPK(J ) lines) permitting a measurement of both components were in-

cluded in the analysis. Since the intensity retrieval is constrained to a limited region, no

attempts were made to determine the F-factors. Some of the very weak intensities have

been discarded if their peak strength was below 10%. The lines were fitted to a convolution

3
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Table If. Torsional Splittings Aob8 measured with the TDL for the u12 fundamental of laCl_ OH_.

AK AJ K J Aob_ o-c AK AJ K J Aobs o-c

-1 0 6 12 0.00532 0.00029 -1 0 2 17 0.00654 0.00028

-1 0 6 13 0.00607 0.00035 -1 0 2 18 0.00751 0.00076

-1 0 6 14 0.00674 0.00030 -1 0 2 19 0.00696 -0.00029

-1 0 6 15 0.00750 0.00030 1 0 1 10 0.00283 0.00046

-1 0 6 16 0.00848 0.00049 1 0 2 9 0.00263 0.00013

-1 0 6 17 0.00915 0.00033 1 0 2 10 0.00309 0.00036

-1 0 6 18 0.00991 0.00024 1 0 2 11 0.00341 0.00042

-! 0 6 19 0.01049-0.00006 1 0 2 12 0.00371 0.00044

-1 0 4 17 0.00852 0.00107 1 0 3 12 0.00240-0.00007

-1 0 4 18 0.00828 0.00018 1 0 3 13 0.00286 0.00022

-1 0 4 19 0.00893 0.00016 1 0 3 14 0.00295 0.00013

-1 0 4 20 0.00971 0.00026 1 0 3 15 0.00281 -0.00021

-1 0 4 21 0.01023 0.00007 1 0 3 16 0,00311 -0.00011

-1 0 4 22 0.01101 0.00014 1 0 3 17 0.00334 -0.00010

-1 0 3 10 0.00247-0.00015 1 0 3 18 0.00379 0.00012

-1 0 3 11 0.00295 0.00011 1 0 3 19 0.00368 -0.00024

-I 0 3 12 0.00320 0.00012 1 0 3 21 0.00415 -0.00029

-1 0 3 13 0.00354 0.00020 1 0 3 22 0.00457-0:00015

-1 0 3 14 0.00359-0.00002 1 0 5 16 0.00300 0.00011

-1 0 3 15 0.00412 0.00023 1 0 5 17 0.00325 0.00018

-1 0 3 17 0.00398-0.00051 1 0 5 18 0.00320 -0.00007

-1 0 3 18 0.00457 -0.00025 1 0 5 19 0.00361 0.00013

-1 0 3 19 0.00517 0.00002 1 0 5 20 0.00351-0.00019

-1 0 3 20 0.00512-0.00036 1 0 5 21 0.00357-0.00035

-1 0 3 21 0.00540-0.00043 1 0 6 10 0.00240 0.00031

-1 0 3 22 0.00577-0.00042 1 0 6 11 0.00275 0.00048

-1 0 3 23 0.00584 -0.00071 1 0 6 12 0.00287 0.00040

-1 0 3 24 0.00595 -0.00096 1 0 6 13 0.00312 0.00044

-1 0 3 25 0.00651-0.00077 1 0 6 14 0.00353 0.00063

-1 0 2 12 0.00427 0.00021 1 0 6 15 0.00364 0.00050

-! 0 2 13 0.00488 0.00042 1 0 6 16 0.00393 0.00053

-1 0 2 14 0.00538 0.00050 ! 0 6 !8 0.00441 0.00046

-1 0 2 15 0.00562 0.00029 1 0 6 19 0.00468 0.00043

-1 0 2 16 0.00601 0.00022 1 0 6 20 0.00506 0.00050



Table III. Measured Line Intensities of the v12 band (822 cm -1) ofl3C 12 CH6 at 294K.

J AJ K AK a v, Ss × 103 (o-c)/o W_

[cm -1] [cm-2atm -1] %

24 -1 8 -1 2 769.1331 3.664 -4.1 1.010

22 -1 9 -1 3 769.3221 4.289 -3.7 1.006

18 -1 11 -1 1 769.7383 5.201 -3.1 1.001

24 -1 6 -1 0 774.1979 4.520 0.8 1.016

22 -1 7 -1 1 774.3451 5.187 -3.8 1.010

20 -1 8 -1 2 774.5033 5.901 -5.5 1.005

18 -1 9 -1 3 774.6752 7.217 3.8 1.003

18 -1 9 -1 1 774.6813 3.808 9.0 1.002

16 -1 10 -1 2 774.8591 7.580 1.4 1.001

15 -1 8 -1 2 781.1717 9.667 -2.5 1.002

19 -1 4 -1 2 786.0276 8.304 1.0 1.017

22 -1 2 -1 2 787.1992 6.327 3.5 1.062

18 -1 4 -1 2 787.3652 8.625 -3.6 1.015

21 -1 2 -1 2 788.5452 6.427 -4.6 1.056

17 -1 4 -1 2 788.7006 9.790 1.5 1.013

18 0 2 -1 2 815.8488 14.295 2.5 0.944

18 0 2 -1 0 815.8856 3.517 1.0 0.943

R 2 -- 7.45(29) x 10 -4 (Debye) 2

Sband = _-,i Si = 15.93(62) cm-2atm -1 _294K

of a Doppler spectrum in absorption with an appropriate FTS instrument function whose

amplitude modulation function of the intcrferogram is a cosine truncated by the length of

the mirror scan (17).

The retrieved intensities (Table III) were subjected to a least squares fit to the usual

equation

Si - 3he -T-_'po %' gJK Q,,Q,.Qt 1 - exp kT

where S'i is the line intensity in units of cm-2atm;-1 h Planck's constant; k the Boltzmann
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constant; c the speed of light; Lo Loschmidt's number at standard temperature To=273.15

K and pressure po=l atm; T the ambient temperature; E_v_t the lower state energy, and Qv,

Qr, and Qt are the vibrational, rotational, and torsional partition function, respectively.

7a is the isotopic abundance of the species which equals 1 for a purified sample.

The last three terms in Eq. (1) represent the effective square dipole moment, where

R_ is the square vibrational transition moment and Lr the HSnl-London factor(18). The

perturbation factor Wi is a correction factor to the rigid-rotor intensity caused by combined

£-resonance within the Vl_ = 1 state and the torsional Coriolis interaction between v12 = 1

and v6 = 3. These factors have been calculated by transforming the rotational transition

moment matrix using the unitary eigenvector matrix which also diagonalizes the upper

state Hamiltonian. Values for IV/ are obtained after squaring and normalizing to the

square rotational transition moment Lr in the unperturbed limit. Due to the mixing

effects, PP, rQ, and PR type transitions are enhanced in their intensities, while rp, pQ,

and rR transitions are depleted.

The partition functions at T=294 K were calculated to be: Qr = 18,613, Q_ -

1.058, and Qt=4.063. The fitted square vibrational dipole moment was R_ = 7.45(29) x

10 -4 D 2, which is about 11% less than the value derived from the major isotopomer(5).

This result is also in agreement with earlier analysis of the integrated strength of the rQo

branch(l l).

The Line Atlas

In Appendix A calculated line parameters for transitions of the u12 fundamental are listed.

The line parameters for each transition are the rotational quantum nmnbers J, K, AK,

and AJ and the torsional quantum number a, calculated frequency ui in cm -1 , observed

minus calculated frequency (o-c) given in the last digits, lower state (ground state) energy

E, in cm -1, line intensity in cm-2atm -1 @296K, and the perturbation factor Wi. Line

parameters have been calculated up to K = 20 and J = 35. The intensities have been

converted from 294 K to the standard temperature T = 296 K using the exact expression in

Eq. (1). For general conversion to other temperatures, for instarlce planetary temperatures,

values for the torsional partition function have been calct.flated in the range of 100 K to

400 K using a ground state torsional barrier height of 1026.88cm -1 (Table IV).

The observed FTS spectrum of 13C12CHs is shown in Appendix B. The experimental

conditions were p = 1.05 Torr, g = 150 cm, and T =294 K. Below the observed spectrum

in each panel the calculated spectrum under the same experimental condition is shown

in two ways, first on a scale from 0% to 100% transmission and, secondly, from 90% to

100% transmission. The calculated Doppler spectra has been properly convolved with an

appropriate instrumental profile as outlined as follows.

The approximate FTS apparatus function in interferogram space due to the aperture

6



Table IV.The torsional partition function Q, as a function of temperature T.

T Q, T Q, T Q,

[g] [g] [K]
3.0 9 3.456100

110 3.072

120 3.100

130 3.132

140 3.168

150 3.209

160 3.252

170 3.299

180 3.349

190 3.401

200

210 3.513

220 3.572

230 3.633

240 3.696

250 3.761

260 3.827

270 3.895

280 3.964

290 4.034

296 4.077

300 4.105

310 4.178

320 4.251

330 4.326

340 4.401

350 4.477

360 4.553

370 4.631

380 4.709

390 4.787

400 4.866

effect can be written as (17)

A(_) = cos (b_) ; ,6, < L, (2)

where _ is the optical path difference in the two arms of the interferometer and L the

maximum optical path difference. The form of Eq. (2) introduces a self-apodization in

the observed spectra. The Fourier transform of A((_) is then given by

{ sin(27ruL + b) sin(27ruL- b) }A(u) = L 27ruL + b + 27ruL - b

= L {sinc(27ruL + b) + sinc(2_ruL - b)} (a)

The parameters used were L = 173 cm and b = 0.818 as determined from a least squares

fit of the line profiles. This apparatus function was convolved with a calculated Doppler

spectrum to simulate the observed FTS spectra, i.e. the normalized transmission r at

frequency u is

r(v) = du' A(u' - u) exp - Si f(u' - vi)x (4)
_ .(X)

Si is the line strength of the transition at frequency vi, x = pt the optical density, and

f(v - vi), the unit area line profile, here a Doppler profile. The convolution integral

has been calculated by numerical summation with proper truncation to a finite sum of



intensities, the apparatus function, and line shapesin the far wing.

The spectra shown in Appendix B extends from 740cm -1 to 910cm -1. The top

spectrum shows the observed FTS spectrum, the middle and bottom trace the calculated

spectrum in different scales. Observed lines which do not appear in the calculated spectra

belong either to the v6 + v12 _ v6 Vibration-torsional hotband, which is equivalent to

the v4 + v9 _ v4 band of normal ethane, or are outside the range of calculated quantum

numbers.

References

[1] G. Wiedemann, G.L. Bjoraker, and D.E. Jennings, Astrophys. J. 888, L29 (1991).

[2] G.S. Orton, J.H. Lacy, J.M. Achtermann, P. Parmar, and W.E. Blass, Icarus 100, 541 (1992).

_p] S.J. Daunt, W.E. Blass, G.W. Halsey, K. Fox, R.J. Lovell, H. Flicker, and J.D. King, J. Mol.
ectrosc. 86, 32? (1981).

[4] J. Susskind, D. Reuter, D.E. Jennings, S.J. Daunt, W.E. Blass, and G.W. Halsey, J. Chem.
Ph y,_s.77, 2728 (1982).

_o L. Henry, A. Valentin, W.J. Lafferty, J.T. Hougen, V. Malathy Devi, P.P. Das, K.N. Rao, J.
I. Spectrosc. 100, 260 (1983).

[6] S.J. Daunt, A.K. Atakan, W.E. Blass, G.W. Halsey, D.E. Jennings, D.C. Reuter, J. Susskind,
and J.W. Brault, Astrophys. J. 280, 921 (1984).

N. Moazzen-Ahma_ii, H.P. Gush, M. Halpern, H. Jagannath, A. Leung, and I. Ozier, J. Chem.
y. 88, 563 (1988).

[18_W.E. Blass, G.W. Halsey, J. Susskind, D.C. Reuter, and D.E. Jennings, J. Mol. Spectrosc.
1,334 (1990).

9] N. Moazzen-Ahmadl, A.R.W. Kellar, J.W.C. Johns, and I. Ozier, J. Chem. Phys. 97, 3981
992).

[10] W.J. Lafferty and E.K. Plyler, J. Res. Nat. Bur. Stand. A 67, 225 (1963).

[11] J. Kurtz, D.C. Reuter, D.E. Jennings, and J'J. Hillman, J. Geophys. Res. 9e, 17489 (1991).

18_ M. Weber, W.E. Blass, D.C. Reuter, D.E. Jennings, and J.J. Hillman, J. Mol. Spectrosc. 159,(1993).

3]M. Weber, D.C. Reuter, J.M. Sirota, W.E. Blass, and J.J. Hillman, J. Chem. Phys., To be
ublished (1994).

[14] D.E. Jennlngs, R. Hubbard, J.W. Brault, Appl. Opt. 24, 3438 (1985).

[15] J.M. Sirota, D.C. Reuter, and M.J. Mumma, Appl. Opt. 32, 2117 (1993).

[16] J.L. Duncan, R.A. Kelly, G.D. Nivelllnl, and F. Tullini, J. Mol. Speetrose. 98, 8? (1983).

[17] V. Dana and A. Valentin, Appl. Opt. 2'7, 4450 (1988).

[18] H.C. Allen Jr., P.C. Cross, Molecular Vib-Rotors,Wiley and Sons, New York-London, 1963.

F

F

:7



Appendix A

Table of Calculated P12 Transitions of laC12CH6

Legend:

K, J

AK, AJ

(7

Vt

E7

S,

W,

Lower state rotational quantum number, i.e. K," J"

Difference in rotational quantum number of upper and lower state, i.e. AK =

K' - K," AJ = J' - J." The _ quantum number of the upper state can be

deduced from the selction rules AK = At

Torsional quantum number with selection rule Aa = 0

Calculated transition frequency in cm -1

Observed minus calculated frequency in the last five digits. Transitions

marked with an asterisk (*) were excluded from the global fit

Lower state energy in cm -2

Line intensity in cm -2 arm -1 @296K

Intensity perturbation factor (dimensionless)
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Appendix B

13C12Observed and Calculated FTS Spectra of v12 CHe

Top trace:

Observed at p = 1.05 Torr, g=1.5 m and T = 294 K.

Middle trace:

Calculated at p = 1.05 Torr, _=1.5 m and T = 294 K. Spectrum shown on a scale from

0% to 100% transmission.

Bottom trace:

Same as middle trace. Spectrum shown on a blown up scale from 90% to 100% transmis-

sion.
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