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Microwave Spectra of Molecules of Astrophysical Interest 
VII. Carbon Monoxide, Carbon Monosulfide, and Silicon Monoxide 

Frank J. Lovas and Paul H. Krupenie 

Institute/or Basic Standards, National Bureau o/Standards. Washington, D.C. 20234 

The available data on the microwave spectra of carbon monoxide, carbon monosulfide, and silicon 
monoxide are critically reviewed for information applicable to radio astronomy. Molecular data such as 
rotational constants, centrifugal distortion parameters, dipole moments, hyperfine coupling constants, 
and structure are tabulated. Observed rotational transitions are presented for all measured isotopic 
forms of these molecules. All of the available data has been analyzed in order to predict all rotational 
transitions of these molecules up to 300 GHz. Error limits have been taken from the original literature 
for each measured transition frequency. All predicted transition frequencies are given with estimated 
uncertainties which represent the 90 percent confidence limit. 

Key words: Carbon monoxide; carbon monosulfide; interstell~r molecules; microwave spectra; molecu­
lar parameters; radio astronomy; rotational transitions; silicon monoxide. 
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1. Introduction 

The present tables are part of a series of critical 
reviews [1-6] 1 on the rotational spectra of molecules 
already identified in the interstellar medium. All of the 
available data have be~n gathered for each molecule 
and subjected to reanalysis in order to provide a con­
sistent set of molecular constants, a check on the 
reliability of the measured transitions, and allow the 
unobserved transitions to be predicted with known 
uncertainty limits. Thus, the spectroscopic information 
presented in the following tahlp.!I. ind1Jrlp.~ pTf~rli~tp.rI as: 
well as observed transitions in the frequency range 

.. presently accessi~le to the radio telescopes. The only 
limit invoked in the present calculations is a restriction 
on the maximum calculated frequency to approximately 
300 GHz, which is more than sufficient to cover the' 
frequency range' of existing radio telescopes. 

For the less abundant isotopic species of the mole­
cules reported there are usually insufficient data to 
present a comprehensive statistical analysis of the 
spectrum. In these instances, reliable calculational 
techniques are invoked whereby molecular constants 

I Numbers in brackets indicate references in section 1.2. 
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246 F. J. LOVAS AND P. H. KRUPENIE 

necessary for predicting the spectrum can be deter­
mined. Details will be given in the discussion of each 
analysis separately. This review covers all the appli­
cable information as of September, 1973: 

A full description of the theory of rotational spectra 
is given in a number of texts, but the discussions by 
Townes and Schawlow [7] and Gordy and Cook [8] are 
particularly useful and the notation used here is gener­
ally consistent with these texts. The present analysis 
utilizes the Dunham [9] nomenclature as well as the 
usual spectroscopic formulation for describing the 
molecular parameters and energy level expressions. A 
general Dunham formulation of the equations for 
calculating the transition frequencies is 

J'v= 2J [Y01 + Yll (1.1 +-1) + Yil1 (v+!)2] 

+4J3[Y02+ Y12 (V+t)] + (6J5+2J3)Y03 • (1) 

The equivalent formulation in terms of the traditional 
spectroscopic constants is 

where Bv = Be - Ct!e(V + t) + 'Ye(V + t)2 and Dv = De+ f3e 
(v + t). Here J represents the rotational quantum num­
ber of the upper state involved in the transition, v is the 
vibrational quantum number, arid v is the transition 
frequency. The Y ij are related to the traditional spec­
troscopic constants and are proportional to the reduced 
mass of the molecules as follows: 

YOl == Be a: I/Mr (3 a) 

Yll == - Ct!e 0: II M3{2 
r (3b) 

Y21 == 'Ye a: 11M; (3 c) 

Y02 ==-D a: 11M2 e . r (3d) 

Y12 ==- f3e ~ 1/ M~/2 (3e) 

Y03 == He a: I/M~ (3f) 

where Mr = M1M2/ (Ml + M2 ) with Ml and M2 referring 
to the masses of the two atoms composing the mole­
cule. A further generalized relation which is employed 
in calculations for CS and SiO is known as the Kratzer 
relation [10]: 

(4) 

where We is the equilibrium vibnitional constant for the 
molecule. For diatomic molecules where We is sufficiently 
well known, this relation has been shown to be accurate 
to better than 1 percent. 

For all of the analyses described in this review, the 
least squares fitting was performed utilizing a weighting 

J. Phys. Chem. Ref. Data, Vol. 3, No.1, 1974 

factor. This weight was equal to the inverse square of 
. the measured uncertainty. The hyperfine structure 
calculations were based on the usual expression: 

-eqQf(l,J,F) +tc[F(F+ 1) 

- J (1 + I) - I (l + 1) r (5 ) 

where f(l; J, F) is_the Casimir function. The values of 
the Casimir function as well as the calculated relative 
intensities for the hyperfine components can be found 
in Appendix I of [7]. The standard deviations quoted for 
both the molecular constants and predicted frequencies 
were selected to represent the 90 percent confidence 
limit. For a number of the less abundant isotopic forms, . 
where only one transition frequency has been measured, 
the uncertainty in the measurement was assumed to be 
one standard deviation. This estimated standard 
deviation was then utilized in calculating the uncer­
tainties for the predicted transitions. 

Following the method of the sixth paper in this series, 
the present tables do not include line strengths other 
than the relative intensities uf the Iludear d~ctdc 

quadrupole split transitions. The line strength, S, is a 
simple function of the quantum numbers as follows: 

S(J'; J") =}' 

The Einstein coefficient, A (J' ; J'i) , which is the 
probability of a spontaneous transition in one second 
from the upper state, J', to the lower state, J" , is given 
by 

where M is the dipole moment in Debye and v is the 
transition frequency in MHz. 

1 .1. list of Symbols and Conversion Factors 

a. Symbols 

Y ij Dunham coefficients in the power series ex­

pansion for the rotational and vibrational energy 
expression. (See text). 

B v , Be Rotational constant for the JJth vibrational state 

(Bv) and at the equilibrium internuclear distance 
(Be) respectively. 

-Ii 
Be=~-2[MHz] 

47rMrTe 

Dv, De Centrifugal distortion (quartic) constant. (kHz 
or MHz). 

H v -Sextic distortion constant. (Hz). 
eqQ Nuclear electric quadrupole coupling constant 

(MHz). 
Cx Spin-rotation constant related to nucleus X. 
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J Total rotational angular momentum quantum 
number. 

F Total angular momentum quantum number 
which includes the nuclear spin for the nucleus 
with largest eqQ. 

I Nuclear spin angular momentum quantum 
number. 

/Lv Dipole moment of the molecule in the vth 
vibrational state (Debye). 

v Vibrational quantum number. 
f.tr Reduced mass (amu). 
( ... ) Parentheses in the numerical listings contain 

measured or estimated uncertainties. These 
should he interpreted as: 1.409(0.083) = 
1.409(83) = 1.409 ± 0.083 MHz. 

~nd" Prime and double . prime. Superscripts to the 
quantum number indicators which refer to the 
upper and lower energy state, respectively. 

b. Conversion Factors 

v = B (MH ) _ 5.05376 X 105 

.1.01 - e Z - A ' 
. /Lrr; (amu. 2) 

1 cm-1 =29,979.2458MHz 2 

1.2. References 

[lJ D. R. Johnson, F. J. Lovas, and W. H. Kirchhoff, J. ·Phys. Chern. 
Ref. Data 1, lOll (1972). 

[2] W. H. Kirchhoff. D. R. Johnson. and F. 1. Lovas. 1. Phvs. Chern. 
Ref. Data 2, 1 (1973). 

[3] R. M. Lees, F. J. Lovas, W. H. Kirchhoff, and D. R. Johnson, 
J. Phys. Chern. Ref. Data 2,205 (1973). 

[4] P. Helminger, F. C. DeLucia, and W. H. Kirchhoff, J. Phys. 
Chern. Ref. Data 2,215 (1973). 

[5] F. C. DeLucia, P. Helminger and W. H. Kirchhoff,]. Phys. Chern. 
Ref. Data 2, . (1973). 

[6] A. G. Maki,J. Phy!!. ChC::lll. Rd. Data, 3, (1974). 
[7] C. H. Townes and A. L. Schawlow, Microwave Spectroscopy, 

McGraw-Hill,New York, 1955. 
[8] W. Gordy and R. L. Cook, Microwave Molecular Spectra, John 

Wiley & Sons, New York. 1970. 
. [9] J. L. Dunham, Phys. Rev. 41,721 (1932). 
[10] A. Kratzer, Z. Phys. 3,289 (1920). 

2. Carbon Monoxide· 

The rotational constants and other pertinent molecular 
parameters are given in table 1. The most extensive data 
available exist for 12C 160, which requires only two 

2 In keeping with the commonly accepted convention in molecular spectroscopy, the 

fundamentai frequencies and vibration3I energies are frequently expressed in their wave­
number (cm -1) equivalents. The actual frequency in units of hertz may be obtained by multi· 
plying the numbers in such tables by the speed of light expressed in centimeters per second. 
Enerlrles are obtained bv multiDlvine: the frequencies bv Planck's c~nstant. 

parameters for fitting, namely,Bo and Do of eq (2). Since 
only the lowest transition, the J = 1 ~ 0, has been meas­
ured for the other isotopic species, the centrifugal dis­
tortion parameter, Do, had to be calculated indirectly. 
Here the isotopic mass dependence of Do as given in 
eq (3d) was employed. The Do valu~s for all less abun­
da~t isotopic species were calculated from the Do value 
of 12C16O, and the higher frequency transitions for the 
less abundant isotopic species were calculated from the 
equation: 

for J' ~ 2 where v! +- 0 is the transition frequency for 
J = 1 ~ 0 of the ith isotopic species. Because of th~ 
known breakdown in the Born~Oppenheimer approxima­
tion, which is assumed in deriving the isotopic relations 
given in the introduction, this technique for calculating 
the transition frequencies is more reliable than -applying 
the isotope relations to Bo. The uncertainty introduced 
by calculating the centrifugal distortion for the less 
abundant isotopic species from these isotopic relations 

is of the order of one part in ten thousand and, thus, 
relatively small in absolute terms. The uncertainties 
quoted for the 12C 160 calculated transition frequencies 
in table 2 are two standard deviations, i.e., approximately 
90 percent confidence limit. 

Since only one measurement exists for each of the 
less abundant isotopic species shown in tables 3-7, 
it is difficult to determine the meaning of the standard 
deviation uncertainties quoted in. terms of confidence 
lilllit. In the' present analysis the reported unceitainty 
for the measured· transition was assumed to be one 
standard deviation. Our experience has shown this to be 
generally the case. In an attempt to report the 90 percent 
confidence limit, three times this standard deviation 
was chosen. 

2.1. Organization of the Spectral Tables 

Tables 2 through 7 contain the rotational quantum 
numbers, J, in the first two columns. These are followed 
by 'the observed transition frequency in MHz in the 
third column and the calculated frequency in MHz in 
the fourth column. Associated with each observed or 
calculated frequency is the estimated uncertainty, 
shown in parentheses, which refers to the last digits 
given. The fifth column contains the upper state energy 
in cm -1 units. The last column lists the references for 
the observed transitions. For the convenience of the 
user, the transition frequencies given in tables 2-7 
are listed according to increa~lng freqnency in table S: 

J. Phys. Chem: Ref. Data, Vol. 3, No.1, 1974 



248 F. J. LOVAS AND P. H~ KRUPENIE' 

2.2. Carbon Monoxide Spectral Tables 

Table 1. MOlecular constants for Carbon MOnoxide. 

Isotopic BO DO Refo 

Specie~ (MHz) (kH;G) 

12C160 57635.9687(26) 183.567(70) a 

12C170 5617909828 (252) 174.388(100) 57Bb 

12c180 54891.4239(122) 166.,462(95) 58Ab 

13C160 55101.0205(122) 167.745(96) 58Ab 

l3e18
0 5"2356.0108(122) 151.405(87) 58Ab 

14C166 52935.8646(122) 154.786(87) 58Ab 

Dipole Moment for 12e160 

flO 00112(5) [D] 58B 

Hyperfine structure constants for 12C17 0 

eQOQ ( 170) 4.52(69) [MHz] 

c (
17

0) 24.6(106) CkHz] 

aRefit to data from [57A, 58A and 70AJ. 

bThe J = 1 ....: 0 'cransi cion frequencies from the 

references given were used in determining the BO 

values given. Note that DO WaS obtained from 
12 16 -2 C 0 value by the isotope relation, D ~ flr 

All errors are 1 standard deviation. 

Table 2. The microwave spectrum of 12C160 (MHz) •. 

Transition Observed Frequency Calculated Frequency Energy Levels 

Upper State Lower State (Est. Unc.) (Est. Unc.)b in cm -I 

J' J" Upper State 

0 115271.204(5) 115271. 203(5) 3.845 

2.305.37.974(.30) 230538.001(9) 11::>3, 

345795.989(100)a 345795.987 (13) 23.069. 

4 461040.811 (100) a 461040.756(19) 38.448 

4 576267.934(100)a 576267.903(31) 57.670 

691472.978 (100) a 691473.022(52) 80.735 

6 806651. 719(100)a' 806651. 707(83) 107.642 

aUncertainty estimated for weighting in the least squares fit. 

bIn an attempt to estimate the 90% confidence limit two standard deviations are reported. 

J. Phys. Chem. Ref. Data, Vol. 3, No.1; 1974 

Ref. 

58A 

'HA 

70A 

70A 

70A 

70A 

70A 
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Table 3. The microwave spectrum of 12C170 (MIIz) • 

Transition Observed Frequency Calculated Frequency Relative Energy Levels 

Upper State LO\o1er State (Est. Une.) (Est. Uneo)a Intensity 
. -1 

in em Ref. 

J' Jft Upper State 

1 0 112359.268(71) 3.748 

F = 3/2 - F = 5/2 112358.72(10) 112358.720(118) lO.222j 57B 

F = 7/2 - F = 5/2 112358.980(15) 112358.981(100) [0.444] 57B 

F = 5/2 - F = 5/2 112360.016(15) 112360.016(90) [0.333] 57B 

2 1 224714.351(142) 11.244 

F = 3/2 - F = 5/2 224713.51(24) [0.040J 

F = 5/2 - F = 5/2 224714. OO( 16) [ 0.122J 

F =: 7/2 - F = 5/2 224714014(15) [ 0.1713 

F = 9/2 - F = 7/2 224714.19(15) [0.333J 

F = 1/2 - F = 3/2 2247l4. 71(16) [0.067J 

F = 3/2 - F = 3/2 224714.71(15) [0.093] 

F = 5/2 - F = 7/2 224715.03(18) [0.016J 

F = 7/2 - F = 7/2 224715.17(20) [0.095J 

F = 5/2 - F = 3/2 224715.29 (22) [O.I71J 

3 2 337061. 063(210) 22.487 

F = 3/2 - F = 5/2 337060.38(26) CO.OllJ 

F = 1/2 - F =- 3/2 337060.59(24) [O.Ol1J 

F = 5/2 - F = 7/2 337060.70(24) [0.008] 

F = 5/2 - F = 5/2 337060.84(22) [0.066] 

F = 9/2 - F = 7/2 337060.93(21) [0. 194J 

F = 3/2 - F = 3/2 337060.96(22) [0.055J 

F =11/2 - F = 9/2 337060.95(21) [0.2861 

F = 7/2 - F = 7/2 337061. 04(21) [0.0651 

F = 1/2 - F = 1/2 337061.14(21) [0.037J 

F = 7/2 - F = 5/2 337061.18(21) L 0.122] 

F = 5/2 - F = 3/2 337061.10(22) [0.069] 

F = 3/2 - F ::: 1/2 337061.51(22) [0.030J 

F = 9/2 - F = 9/2 337061. 91 (25) [0.044] 

F = 7/2 - F = 9/2 337062.02(26) [0.004] 

aThe three standard deviations reported are expected to approximate the 90% confidence limit. 

J. Phys.Chem. Ref. Data, Vol. 3, No.1, 1974 
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Table 4. The microwave spectrum of 12ClBO (MHz). 

Transition 

Upper State Lower State 

J' J" 

o 

Observed Frequency 

(Est. Unc.) 

109782.182(8) 

Ca1cu1a ted Frequency 

(Est. Unc.) 

109782. 182(24)a 

Energy Levels 
. -1 
1.n em 

Upper State 

3.662 

219560.369(50) 10.986 

329330.566 (81) 21. 971 

a The uncertainty assigned is 3 times that of the measured frequency. Under the assumption 

tha t the measuement uncertainty is one standard deviation, the calculated uncertaintieF 

represent the 90% confidence limit. 

Table 5. The microwave spectrum of 13c16
0 (MHz). 

Up. er State Lower State 

J' J" 

o 

3 

Observed Frequency 

(Est. Unc.) 

110201.370(8) 

Calculated Frequency 

(Est. Unc.) 

11020 .. 370(24)a 

220398.714(50) 

330588.006(81) 

Energy Levels 
. . -1 
1.n em 

Upper State 

3.676 

11.028 

22.055 

aThe uncertainty assigned is 3 times that of the measured frequency. Under the assumption 

that the measurement uncertainty is one standard deviation, the calculated uncertainties 

represent the 90% confidence limit. 

Table 6. The microwave spectrum of 13c180 (MHz). 

Transition 

Upper State Lower State 

Observed Frequency 

(Est. Unc.) 

Calculated Frequency 

(Est. Unc.) 

J' J" 

o 

3 2 

104711.416(8) 104711.416(24)a 

209419.198(50) 

314119.713(80) 

Energy Levels 
. -1 
1.0 em 

Upper State 

3.493 

10.478 

20.956 

a The uncertainty assigned is 3 times that of the measured frequency. Under the assumption 

that the measurement uncertainty is one standard deviation, the calculated uncertainties 

represent the 90{0 confidence limit. 

Table 7. The microwave spectrum of l4C160 (MHz). 

Upper State LoWer State 

J' J" 

o 

2 

3 

Obs erved Frequency 

(Est. Unc.) 

10:;871.110(4) 

Calculated Frequency 

(Est. Unc.) 

10.5871. 110(24)a 

211738.505(50) 

317598.471(80) 

Energy Levels 
. -1 
1.n cm 

Upper State 

10.594 

21.188 

a The uncertainty assigned is 6 times that of the measured frequency. Under the assumption 

that the measurement uncertainty is one standard deviation, the calculated uncertainties 

represent the 90% confidence limi to 
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Ref. 
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Ref.· 

58A 

Ref. 
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Table O. 

Calculated 
Frequency 

1047110416 

105871.110 

109782.182 

110201.370 

112359.268 

115271.203 

209419.198 

21173.8,,505 

219560 .. 369 

220398.714 

224714.351 

230538.001 

314119.713 

317598.471 

329330.566 

330588.006 

337061.063 

345795.987 

4610400756 

576267.903 

6914730022 

806651. 707 

Calculated microwave tranaitiona in CO 

in order of frequency (MHz). 

Isotopic 
Species 

13C180 

14C160 

12c180 

13 16 
C 0 

12C170 

12C160 

13C180 

14
C

16
0 

12c1So 

13C160 

12C170 

12C160 

13C1S
O 

14
C

16
0 

12C180 

13c160 

12C170 

12c160 

12C160 

12C160 

12c160 

12C160 

Transition 
J' - JU 

1 0 

1 - 0 

- 0 

1 0 

1 0 

1 0 

2 1 

2 

2 1 

2 1 

2 - 1 

2 

3 2 

3 2 

3 2 

3 2 

3 2 

3 - 2 

4 3 

5 - 4 

6 - 5 

- 6 

2.3. CO References 

o. l.oboratory References 

Estimated 
Uncertainty 

(0.024) 

(0.024) 

(00024) 

(00024) 

(0.071) 

(0.005) 

(0.050) 

(0.050) 

(0.050) 

(0.050) 

(0.142) 

(0,,009) 

(0.080) 

(0.080) 

(0.081) 

(0.081) 

(0. :210) 

(0.013) 

(0.019) 

(0.031) 

(0.052) 

(0.083) 

[50A] Gilliam, O. R.. Johnson, C. M., and Gordy, W., "Microwave 
npeoU:,urn in the region from 2-3 mm.", Phys. Rev. 78, 140 

(1950). 
[53A] Bedard, F. D., Gallagher, J. J., and Johnson, C. M., "Microwave 

measurement of Do for CO.". Phys. Rev. 92, 1440 (1953). 
{56AJ Cowan, M., and Gordy, W., "Further extension of microwave 

spectroscopy in· the submillimeter·wave region", Phys. Rev. 
104,551 (1956). 

[56B] Cox, 1. T., and Gordy, W., "Zeeman effect of some lin~ar and 
symmetric-top molecules", Phys. Rev. 101,1298 (1956). 

[57AJ Gordy, W., and Cowan, M. J., "Precision measurement of 
millimeter and submillimeter wave lines of CO", Bull. Amer. 
Phys. Soc. 2, 212 (l957). 

[57BJ R{lsenblum, B., and Nethercot, A. H., Jr., ·'Quadrupole coupling 
constant and molecular structure of COI7", J. Chem. Phys. 
27,828 (1957). 

[SUA) ROl!lcnblum, B., Ncthcccot, A. II., and Towncl>, C. II., "hvtul-'ic 

mass ratios. magnetic moments and the sign of the electric 
dipole moment in carbon monoxide", Phys. Rev. 109, 400 
(1958). 

[58B] Burrus, C. A" "Stark effect from 1.1 to 2.6 mm wa~elength: 
PHa, PD3 , DI, CO", J. Chem. Phys. 28,427 (1958). 

[59AJ Burrus, C. A., "Zeeman effect. in the 1- to 3-millimeter' wave 
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3. Carbon Monosulfide 

The present reanalysis of the rotational spectrum of 
12C32S and 12.C34S differs from that given in the most 
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recent source of data [63A] in that we find Bo and Do as 
the determinable parameters. In [63A], the parameters 
Bo, Do and Ho from eq (2) were used in fitting the avail­
able data. The present analysis shown in table 9 utilizes 
only Bo and Do, since it was concluded that Ho was not a 
"determinable constant. The standard deviation errors 
shown represent the 90 percent confidence limit. 

In the case of 12C32S where fi~e of the six rotational 
transitions have been measured, a least squares fit 
which includes Ho produced the following constants: 

Bo = 24495.586(5) MHz, 

Do= 42.18(70) kHz, 

Ho= 50.54(18) Hz, 

quoting two standard deviation errors. Here the magni­
tude of Ho seems much greater than expected from 

several points of view. First of all, a generaUy appli­
cable approximation: De/He == w~/B~= 106 indicates that 

Ho should be 0.04 Hz rather than 50 Hz. In addition, 
there is another approximation for estimating He from 
the value of lXe: 

HI? = -813 (B~JW~)lXl'+32 B~/w;. 

Since the J = 1 ~ 0, v= I transition for 12C32S has been 
measured, v= 48635.912(40), a value of lXe= 177.54(3) 
[55A], can be determined and thereby He is estimated 
from the above relation to be + 0.01 Hz. Values of Ho of 
this magnitude would contribute less than 2 kHz to the 
J = 5-4 transition., two orders of magnitude smaller 
than the measurement uncertainty. A further point of 
comparison is possible. Since three transitions of 12C34S 
have been observed, Eo and Do can be· derived with 
reasonable accuracy. Via the isotope relation, eq (3d), 
applied to Do for 12C32S, a value of Do (12C34S)= 34.96(54) 
kHz is obtained. This Do value agrees well with that de­
rived for 12C34S from the transition frequencies as shown 

in table" 9 where the six standard deviation error shown 
represent the 90 percent confidence limit. In order to 
make the final comparison, an over-determined fit of 
three parameters Bo, Do and Ho, to the three transitions 
was carried out with the results 
" Bo=24103.553 MHz, 

Do = 39.792 kHz, 
Ho= 62.5 Hz. 

wherein no estimated uncertain.ty can be given due to 
zero degrees of freedom in the fit. Note that not only is 
Ho again unreasonably large, but Do is calculated 1 kHz 
larger than the two calculations described above. For 
these reasons the Ho values appear to ,be misleading 
and undeterminable from the data available. 

Calculations of the remaining two isotopic species of 
CS, namely 1?G~3S and l::1C3?S followed the procedure 

employed for most of the CO calculations. Since only 
the J = 1-0 transitions have been observed, Do was 
computed via the isotope relations. The transition 
frequencies were then calculated according to eq (6) 
in order to minimize the estimated uncertainties. Since 
the hyperfine structure calculation was overdetermined" 
for 12C33S following eq (5), the quoted uncertainties are 
four standard deviations while those for 13C32S are two 
standard deviations. All uncertainties are expected to 
represent the 90 percent confidence limit. 

3.1. Organization of the Spectral Tables 

Following the format of the CO tables as well as those 
of earlier reviews in this series, the format of tables 10 
through 13 contain, first the quantum numbers, then the 
observed transition frequency, the calculated frequency 
and estimated uncertainty in parentheses, the energy of 
the upper state and -finally references to measurements. 
Table 14 contains all the CS transitions up to 300 GHz, 
listed according to increasing frequency. 

3.2. Carbon Monosulfide Spectral Tables 

Table 9. Molecular constants for Carbon Monosulfide 

Constanta 12C32S 12C33S l2C34S 13C
32S 

BO (MHz) 24495.5746(102) 24293.3390(63) 24103.5507(121) 23123.808(20) 

DO (kHz) 40.237(568) 39.574(559} 38.7i4(776) 35.849(506)b 

eqQ (33sJ (MHz) 12.835(33) 

-ttS (kHz) 18.7(37) 

110 (Debye) 1.958(5)c 

aThe constants were derived from the data in references f63A] and [55A] unless otherwise 

indicated. i2C32s: Uncertainty in BO and DO represents 2 standard deviation, based on 

a least squares fit with 3 degrees of freedom; uncertainty in 110 is 1 standard deviation. 

lZC33S: Uncertainty in BO and DO represents 2·standard deviation; uncertainty in eqQ 

and C
s 

represents 1 standard deviation; 12C34S: Uncertainty in BO and DO represents 

6 standard deviation, based on a" least squares fit with 1 degree of freedom. 13C
32

s: 

Uncertainty in BO and DO repreSents 2 standard qeviation. 

b 1 1 12 32 f h . 1 -Ca cu1ated from the DO va ue for C S by USe 0 " t e l.sotope re atl.on. 

cReference [68A]. 
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Table 10. The microwave ·spectrum of 12C32S (MHz). 

Observed Frequency 
a 

Calculated Frequency 
b 

Energy Levels Transition 

Upper s ta te Lower s ta te (Est. Unc.) (Est. Vnc.) in cm 
-1 

Ref. 

J' J" Upper state 

o 48991.000(12) 48990.988(20) 1.634 55A 

97981.007(16) 97981. 011(32) 4.902 63A 

146969.039(60) 146969.102(50) 9.804 63A 

195954.162(100) 195954. 296( 108) 16.340 63A 

4 244935.737(100) 244935.627(226) 24.510 63A 

293912.13(42) 34.314 

aEstimated uncertainty represents 1 standard deviation. 

bIn an attempt to estimate the 90% confidence limit two standard deviations are reported. 

Table 11. The microwave spectrum of 12c33s (MHz). 

Transition Observed Frequency a Calculated Frequency 
b 

Relative Energy Levels 

Upper s t3 te Lower state (Est. Unc.) (Est. Unc.) IntensityC in em 
-1 

Ref. 

J' J" Upper State 

I. B596 .5107 (2/.9) 1.';21 

F = 1/2 F = 3/2 48583.264(10) 48583.264(25) [0.167] 55A 

F = 5/2 F = 3/2 48585.906(10) 48585.906 (25) [0.500] 55A 

F = 3/Z F = 3/2 48589.068(10) 48589.068(25) rO.333] 55A 

97172.090(56) 4.862 

F = 1/2 F = 3/2 97166.239(100) [0.017 j 

F = 3/2 'F = 3}2 97169.486(68) 10.107J 

F = 5/2 . F = 3/2 97171.824(56) [0.210J 

F ~ 7/2 F ~ 5/2 97171.843(60) fO.400j 

F = 1/2 F = 1/2 97172.053(64) [0.083J 

F = 3/2 F ~ 5/2 97172.648(80) [O.OlOJ 

F ~ 5/2 F = 5/2 97175.042(66) [0.090j 

F = 3iz F = 1/2 97175.289(66) LO.083j 

145755.760(130) 9.725 

F· = 3/2 F = 3/2 145753.137 (140) [0.040J 

F = 5/2 F = 5/2 145754.054(140) [0.052J 

F = 7/2 F = 5/2 14:'755.617(132) [0.245~ 

F", 9/2 F ~ 7/2 145755.635(132) [0.359J 

F = 3/2 F = 1/2 145756.374 (13 2) [0.100J 

F = 5/2 F = 3/2 145756.392(132) [0.160J 

F = 7/2 F = 7/2 145758.760(140) [0.0411 

194336.582(286) 16.207 

l' = <:.}2 l' = ~/2 I Ql.n·L < .. 1(7'14) lO(1n1 

F '" 7/2 F = 7/2 194335.285(292) CO.030j 

F = 9/2 F = 7/2 194336.495(286 ) fO.255 J 

F =11/2 F = 9/2 194336.513(286 ) .:0.333J 

F = 5/2 F = 3/2 194336.829(286) [0.143J 

F = 7/2 F = 5/2 194336.848(286) [O.I91J 

F ~ 9/2 F = 9/2 194339.619(294 ) [0.023] 

242913.605(550) 24.310 

F =11/2 F '" 9/2 242913.547 (550) [0.2581 

F =13/2 F =U/2 242913.566 (550) [0.318] 

F = 7/2 F = 5/2 242913.730(550) L 0.167J 

F = 9/2 F = 7/2 242913.748(550) [0.207) 

291485.879(950) 34.033 
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12 33 
Table II, The microwave spectrum of C S (MHz)-Continued 

Transition Obs€rved Frequency 
a 

Ca lcula ted Frequency 
b 

Rela tive Energy Levels 

Upper st., te LOINer state (Est. Unc.) (Est. Unc.) Intensit/ in em 
-1 

Ref. 

J' J" Upper State 

F =13/2 F =ll/2 291485.839(950) lO.259] 

F =15/2 F =13/2 291485.858(950) [0.308J 

F = 9/2 F = 7/2 291485.948(950) (0.182) 

F =11/2 F = 9/2 291485.9'67 (950) [0.217) 

aEstimated uncertainty is approximately 1 standard deviation. 

bEstimated uncertainty is 4 standard deviations, in an attempt to estimate the 90% confidence li.mit. 

cWith the exception of the J = 2 - 1 hyperfine structu,'e calculations for INhich all alloINed transitions are 

included, the calculated transitions INere limited to those INith relative intensities greater than 0.01 or one 

percent. The relative intensities are based on unity for each rotational transition J' - J". 

Table 12. The microwave spectrum of 12C34S (MHz) • 

Transition Observed Calculated Energy Levels 

Upper state Lower state (Est. Unc.) (Es t. Unc.) in em 
-1 

J' J" Upper state 

0 48206. 948(12) 48206.946(22) 1.608 

96412.953(30) 96412.962 (28) 4.824 

144617. 117(16) 144617.116(32) 9.648 

4 192818.48(11) 16.080 

4 241016.12(28) 24.119 

289209.11(53) 33.766 

aE~timated uncertainty represents standard deviation. 

bEstimated uncertainty represents standard deviations~ in an attempt to estimate the 90% 

confidence limi t. 

Table 13. The microwave spectrum of 13C
32

S (MHz). 

Transi tion Observed Energy Levels 

Upper s ta te Lower s ta te (Est. Vnc.) (Es t. Vnc.) in em 
-1 

J' J" Upper state 

46247.472(20) 46247. 472(40)a 1.543 

92494.084(81) 4.628 

138738.97(13) 9.256 

4 184981.28(20) 15.426 

4 231220.15(31) 23.139 

277454.72(49) 32.394 

aA11 predicted transition frequencies are based on this value, using the DO value from 12C32S 

and the isotope relations. 

bEstimated uncertainty represents standard deviation. 

Ref. 

55A 

63A 

63A 

Ref. 

55A 

cEs tima ted uncertainty represents standard devia tions, in an a ttempt to es tima te the 90% confidence 

limit. 
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Table 14. Calculated microwave tr~nsitions in CS in 

order of frequency (MHz). 

Ca1cu1a ted 
Frequency 

Isotopic 
Species 

46247.472 13C
32S 

48206.946 12C34S 

48586.S197a 12C33S 

48990.988 

92494.084 

96412.962 

97172.090a 

97981. 011 

138738.97 

144617.116 

14575..5. 760a 

146969.102 

184981. 28 

192818.48 

194336.58a 

195954.30 

231220.15 

241016.12 

?42913.61c 

244935.63 

277454.72 

289209.11 

291485.88
a 

293912.13 

12C32S 

13C
32S 

12C34S 

12C33S 

12C32S 

13C
32S 

12C34S 

12C33S 

12C32S 

13C
32S 

12C34S 

12C33S 

12C32S 

13C
32S 

12C34S 

12c33s 

12C32S 

13C
32S 

12<:;348 

12C33S 

12C32S 

Transition 
J' - J" 

1 - 0 

1 - 0 

1 - 0 

1 - 0 

2 - 1 

2 - 1 

2 ;.. 1 

2 - 1 

3 - 2 

3 - 2 

3 - 2 

3 - 2 

4 - 3 

4 - 3 

4 - 3 

4 - 3 

5 - 4 

5 - 4 

5 - 4 

5 - 4 

6 - 5 

6 - 5 

6 - 5 

6 5 

(Est. Unc~ 

(0.040) 
ii 

(b". 022) 

(0.0248) 

(0.020) 

(0.081) 

(0.028) 

(0.056) 

(0.032) 

(0.13) 

(0.032) 

(0.130) 

(0.050) 

(0.20) 

(0.11) 

(0.29) 

(0.11) 

(0.31) 

(0.28) 

(0.55) 

(0.23) 

(0.49) 

(0.53) 

(0.95) 

(0.42) 

aCa1cu1ated hypothetical rotational transition 
fl.:\::y,ut=llCY. St=e li:tule 11 [UL LLdll:5i Liull [L t=quell\,.;lt:l5 

including the hyperfinesp1ittings. 
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4. Silicon Monoxide 

The reanalysis of SiO was carried out in two fashions. 
Both' methods employ Y02 (Do) calculated according to 
eq (4) with We= 1241.4 cm-1 [52A], since only the 
J = 1 <E- 0 transitions have been measured. The first 
calculation followed that discussed for several of the 
CO and CS isotopic species, whereby eq (6) was used 
with the 1 <E- 0, v= 0 measured frequencies. In 
addition, since the Born-Oppenheimer approximation 

appears to hold to the accuracy of these measurements, 
all these isotopic forms of SiO were fit simultaneously 
hy mean~ of the i~otope relation!; in el} (3). The !;e~onn 

procedure, whiCh was used for the·final calculations re­
ported in tables 15 to 19, followed the method described 
above, but also included the measured 28SP60 J = 1 <E- 0 
transitions for the excited vibrational states. The results 
from both methods were in good agreement. The second 
method was selected for the final results, since it ac­
counts for all the data available. The reanalysis given 
in table 15 produced nearly identical results to those 
reported by Torring [68A]. One minor difference occurs 
in the Y02 (Do) values employed, but the difference is 
well within the estimated uncertainties. 

The estimated uncertainties were based on assuming 
a 1 percent model crror in eq (4), uscd in deriving YU;!' 

to be equivalent. to one standard deviation. Since all 
transitions were measured with equivalent accuracy, 
the fitting WHS ~Hrrien ont with I1niform weighting. All 
constants and predicted transitions are reported with 
three standard deviation uncertainties in an attempt to 
estimate the 90 percent confidence limit. 
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4.1. Organization of the Spectral Tables 

Tables 16, 17, and 18 contain the observed and pre­
dicted rotational transition frequencies of SiO. Since 

the table format is identical to those of CO and CS, 
refer to sections 2.2 and 3.2 for a complete description. 
Table 19 contains the SiO transition frequencies ordered 
according to increasing frequency. 

4.2. Silicon Monoxide Spectral Tables 

"Table 150 Molecular constants for Silicon MOnoxide. 

28Si16
0 

29si160 30Si160 

Y01 "[MHz] 21787.459(75} 21514.070(75} 212590479(75} 

Y11 [MHz] -151. 048 (114) -148 0 214(114} -145.591(114} 

Y21 [}rnz] 000762(30} 000743(30} 0.0726 (30) 

Y02 (= -D e}[kHZ] -29.87(30) -29.113 (30) -28044(30} 

iJ.0 CD] 3.0982(10) 

aRefit to data from [68A] with 3 standard deviation errors quoted. The 

present results are nearly identical to those in [68AJ. 

bCaleulated from ill 
e 

-1 
1241.4

4 
em [52AJ using Kratzer's relation. 

Table 16. The microwave spectrum of 28Si 160 (MHz). 

Transition Vib. Observed Frequency Calculated Frequencya Energy Levels 

Upper State Lower State [-t~te (Est. Unc.) (Est. Unc.) in CI\l 
-1 

J' J" Upper State 

0 0 43423.76(10) 43423.788(78) 1.448 

0 43122.03(10) 43121. 998(99) 1231.0 

0 42820.48(10) 42820.510(99) 2448.8 

0 3" 42519.34(10) 42519.328(131) 3654.7 

0 86846.859(182) 4.345 

0 130268.49(32) 8.690 

4 0 173687.98(53) 14.484 

4 0 217104.61(83) 21. 726 

0 260517.64(117) 30.416 

0 303926.37 (175) 40.554 

Ref. 

a 

a 

a 

b 

70A 

Ref. 

68A 

68A 

68A 

68A 

aThe estimated uncertainty is 3 standard deviations, in an attempt to estimate the 90% confidence limit. 

Table 17. The microwave spectrum ~f 29Si 160 in the ground vibrational state (MHz). 

Transition Observed Frequency Calculated Energy Levels 

Upper State Lower State (Est. Unc.) (Est. Unc.) in em 
-1 

J' J" upper State 

0 42879.82(10) 42879.846 (78) 1.430 

2 85758.997(180) 4.291 

3 128636.74(32) 8.582 

4 3 171512.40(53) 14.308 " 

5 4 214385.26(83) 21.454 

257254.61(117) 30.035 

7" 6 300119.77(175) 40.046 

a The estimated uncertainty is 3 standard deviations., in attempt to estimate the 90% 

confidence limit. 
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Table 18. The microwave spectrum of 30Si 160 in the ground vibrational state (MHz). 

Transi tion Observed Frequency Ca lcu1a ted Frequency 
a 

Energy Levels 

Upper State Lower State (Est. Unc.) (Es t. Unc.) in cm 
-1 

Ref. 

J' J" Upper State 

o 42373.34(10) 42373.290(77 ) 1.413 68A 

84745.898(179) 4.240 

127117.14(32) 8.480 

4 169486.33(53) 14.134 

5 4 211852.79(83) 21.201 

254215.86(117) 29.680 

296574.80(175) 39.573 

a The estimated uncertainty is 3 standard deviations, in an attempt to estimate the 90% 

confidence limit. 

Table 19. Calculated microwave transitions in SiO 

Calculated 
Frequencya 

42373.290 

42879.846 

43423.788 

84745.898 

85758.997 

86846.859 

127117.14 

128636.74 

130268.49 

169486.33 

171512.40 

173687 0 98 

211052.79 

214385.25 

217104.61 

254215.86 

257254.61 

260517.64 

296574.80 

300119.77 

303926.37 

in order of frequency (MHz) 

Isotopic 
Species 

30Si 160 

29Si 16
0 

28
S1

16
0 

30
Si 

16
0 

29
Si

16
0 

28Si16
0 

30Si16
0 

29Si16
0 

28
Si

16
0 

30Si 16
0 

29
Si

16
0 

28
Si

16
0 

30
Si 

i6
0 

29Si16
0 

2.8Si160 

30
Si

16
0 

29
Si 

160 

28Si 16
0 

30Si 16
0 

Z9Si 16
0 

28
Si

16
0 

Transition 
J' - J" 

1 

1 

1 

2 

2 

2 

3 

3 

3 

4 

4 

4 

5 

5 

5 

6 

6 

6 

7 

7 

7 

o 

o 

o 

1 

1 

2 

2 

2 

3 

3 

3 

4 

4 

4 

5 

5 

5 

6 

6 

6 

Estimated 
Uncertainty 

(0.077) 

(0.078) 

(0.078) 

(0.179) 

(0.i80) 

(0.182) 

(0.32) 

(0.32) 

(0032.) 

(0.53) 

(0.53) 

(0.53) 

(0.83) 

(0.83) 

(0.83) 

(1.17) 

(1.17) 

(1.17) 

(1. 75) 

(1. 75) 

(1. 75) 

aOn1Y the transitions for SiO in the ground vibrational 

state are included although 3 transitions of 28si160 

in excited vibrational states are in the analysis. 
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