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Heterodyne Frequency and Fourier Transform Spectroscopy 
Measurements on OCS near 1700 cm-' 

J. s. WELLS AND M. D. VANEK 

Time and Frequency Division, National Institute of Standards and Technology, I Boulder, Colorado 80303 

AND 

A. G. MAKI 

Molecular Spectroscopy Division, National Institute of Standards and Technology, I 

Gailhersburg, Maryland 80899 

Heterodyne frequency measurements are given for carbonyl sulfide (OCS) in the 1700 cm-' 
region. The measurements were combined with Fourier transform spectroscopy measurements 
of the same bands and with other measurements in the literature (microwave, submillimeter 
wave, and other infrared measurements) in a least-squares fit. The combined data and fit result 
in improved frequency calibration values for the 1700 cm-' region and also allow one to determine 
calibration values for the 00'3-00'0 band near 2550 cm-' from application of the Ritz principle. 
0 1989 Academic Press, Inc. 

Heterodyne frequency and Fourier transform spectroscopy ( FTS ) measurements 
have been made on the 00°2-0000,01 '2-01 '0, and 00'3-00'1 bands' of 16012C32S 
(carbonyl sulfide), and the 00°2-0000 band of '6012C34S and '6013C3'S between 
1650 and 1736 cm-I. These measurements have been combined with earlier heterodyne 
measurements (2, 3) to determine the best constants to calculate the frequencies of 
the transitions in the 1700 and 2550 cm-' regions for the purpose of calibration 
standards. 

The present heterodyne measurements used the measurement techniques described 
in earlier papers on OCS ( 4 )  and N20 ( 5 ) .  The measurements were all referred (by 
means of a CO laser transfer oscillator) to well characterized COZ lasers used as fre- 
quency standards. The COz frequencies given by Petersen et al. (6) and Bradley et al. 
(7)  were used. The R S  measurements were made with a resolution of 0.005 cm-I 
and were calibrated by means of the OCS transitions for which there were heterodyne 
measurements. 

A 1.7-m-long absorption cell and pressures ranging from 133 to 667 Pa (1 to 5 
Torr) were used for the heterodyne measurements. The cell was heated to 100°C for 
the measurements of some high J (J > 70) transitions. A path length of 1 m and an 

I Formerly National Bureau of Standards. 
' The vibrational numbering system adopted by the IAU-IUPAPJoint commission on spectroscopy (I)  

is used throughout this paper. Most other authors use a notation that interchanges u I  and u3. 
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TABLE I 

Heterodyne Measurements on OCS near 1700 cm-' 

Transfer Oscillator Carbonyl Sulfide 

CO Trans. Trans. a Frequency Obs. - Calc. 
Pv " (J " ) MHZ MHZ 

P17(15) 
P17(13) 
P16(19) 
P17 ( 1 2 )  
P17(12) 
P17(11) 
P17(11) 
P16(17) 
P16(17) 
P16(14) 
P16(12) 
P16(12) 
P16(12) 
P16(12) 
P16(12) 
P16(12) 
P16(11) 
P16(11) 
P15(17) 
P15(17) 
P15(17) 
P15 (14) 
P15(14) 
P15(14) 
P15(14) 
P15(14) 
P15(13) 
P15(13) 
P15(13) 
P15(13) 
P15(13) 
P15(12) 
P15(12) 
P15(12) 
P14(18) 
P14(18) 
P14(16) 
P14(16) 
P14(16) 
P14(16) 
P14(15) 
P14( 14) 
P14(13) 
P14(12) 

P(78)E 
P(65)E 
P(76)B 
P(8O)F 
P(73)B 
P(67)C 
P(51)E 
P(85)A 
P(61)D 
P(39)D 
P(24)D 
P(52)A 
P(34)F 
P( 5)E 
P(25)B 
P(25)C 
P(17)B,C 
P(26)F 
P(12)B,C 
P(21)F 
P(1O)D 
R(44)E 
R(16)B 
R(16)C 
P(16)A 
R(18)D 
R(26)C 
R(58)E 
R(15)F 
R(29)D 
R(27)B 
R(38)B 
R(38)C 
R(41)D 
R(44)B 
R(44)C 
R(58)F 
R(27)A 
R(73)C 
R(74)B 
R(39)A 
R(52)A 
R(68)A 
R(86)A 

49488266. 7(200)b 
49708361.8(50) 
49773465.4(300) 
49819241.4(200) 
49825200.8(50) 
49929960.4(50) 
49931791.0(50) 
49998816.2(100) 
49999475.5(90) 
50347398.4(50) 
50563908.0(200) 
50564525.8(30) 
50565605.5(100) 
50567619.9(100) 
50568164.9(50) 
50568423.5(50) 
50676729.5(150) 
50679663.3(80) 
50742338.6(60) 
50748608.2(80) 
50750887.1(30) 
51087031.1(50) 
51089542.7(40) 
51090060.7(50) 
51090402.1(120) 
51091675.4(150) 
51196971.4(60) 
51199695.8(60) 
51202495.5(60) 
51204381.2(30) 
51206151.0(80) 
51314334.1(60) 
51316312.6(60) 
51316789.1(60) 
51369747.4(40) 
51372281.2(40) 
51603367.7(90) 
51604457.8(60) 
51606832.2(60) 
51607782.9(80) 
51719760.0(60) 
51832373.1(60) 
51953123.5(90) 
52064897.1(90) 

- 2 . 6  
0.8 

- 5 . 9  
7.7 
-1.3 
-0.9 
-1.1 
4.2 
0.6 
-2.0 
0.0 
0.3 
2.4 
4.6 
0.4 
-3.5 
- 5 . 0  
-1.2 
0.9 
5.1 
1.9 

-2.1 
-2.8 
1.8 
2.1 
-4.6 
-2.0 
3.8 
2.1 

-1.1 
-3.7 
-0.7 
-5.6 
0.1 
0 . 5  
3.3 
2 . 5  
1.3 
6.1 
13.0 
1.5 
-3.0 
-7.4 
-1.9 
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a The bands are defined as follows: A = 00'2-00°0, B = Ol'e2-01'e0, 
C = Ol'f2-011f0, and D = 00°3-0001, all for the normal isotope. E and 
F are the 00'2 - 0 0 O O  transitions f o r  O C 3 * S  and OI3CS respcctively. 

The uncertainty in the last digits is given i n  parentheses. 

OCS pressure of 385 Pa (2.9 Torr) were used for the FTS measurements. The FTS 
measurements were made with the cell heated to about 100°C. 

The transitions measured by heterodyne techniques are given in Table I. The as- 
signments were based on the calculated transition frequencies given by the constants 
reported by Fayt et al. ( 8 ) .  
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TABLE I1 

Band Centers Determined from Heterodyne Measurements on OCS 

Transition uo this work uo Ref. (u) uo Ref. (16) 
(cm- ' ) "  (cm- ) (cm-') 

1601 2 ~ 3 2  s 
000 2 -0000 1710.97625(9)b 1710.97640(3) 1710.97622(42) 
01'2-0110 1697.60663(10) 1697.60593(44) 1697.60642(26) 
OOo 3-00' 1 1697.02429(13) 1697.02398(66) 1697.02446(26) 

1 6 0 1 2 ~ 3  4 s 
000 2 - 0 0 0 0  1688.75687(13) 1688.75691(18) ... 

000 2 -0000  1701.79097(15) 1701.79104(16) ... 

1601 3 c32 s 

a) I n  this paper the conversion from frequency to wavenumber units 

b) The uncertainty (twice the standard error) in the last digits is 
used the defining value of c=299792458 m/s. 

given in parentheses. 

In the analysis of the transitions for which 02 < 1 the term values were given by 

T(O, I, J )  = G(O, I) + B J ( J  + 1) - D,[J(J  + 1) - 1212 + H , [ J ( J  + 1) - i213, (1) 

VO = G( 0', Z') - G( 0", 1"). 

and the band center was given by 

(2) 

When I = 1 the 1-type doubling was taken into account by substituting for B, the 
expression 

BO f O.S[q"  - q J ( J  + 1) + q,.uJ2(J + 1 Y 1 ,  

TABLE 111 

Rotational Constants (in cm-') Determined for OCS 

vib. state B" D,X108 ~ ~ 1 0 ' 5  

OOOO 0.2028567415( 10)' 4.34106(38) -2.410(636) 
O1'Ob 0.2032098316( 32) 4.41146(42) [ -2 .410Ic 
00'1 0.202251841(22) 4.4334(19) [ -2.4101 
O O o 2  0.201635357(39) 4.53411(134) 4.85(128) 
O1'Zd 0.202091248(57) 4.67880(138) [-2.4101 
00" 3 0.201006215( 116) 4.6471(61) 16.4(82) 

00 '0  0.1978980346(90) 4.1409(18) 
00 '2  0.196706897(94) 4.3028(29) 

00'0 [ 0.20220401951 
00'2 0.20099360(28) 4.5563(139) - - -  

1 6 0 1 2  c3 4 s 
... 

_ ~ .  
1 6 0 1 3 ~ 3 2 s  

[4.32925] _.. 

a) The uncertainty in the last digits (twice the 

b) 
estimated standard error) is given in parentheses. 
The I-type doubling constants for 01'0 are: 
q=2.12193973(114)X10-4 , q,=l .4354(120)X10~'o, 
and q, ,=a. 3 (54)xlO- 
Values given in square brackets were fixed. 
The I-type doubling constants for 01'2 are: 
q=2.44737(68)XlO-' , qJ=6,O48(196)X10- l o  . 

c) 
d) 
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where the value of qv was assumed to be positive. For OCS, the positive sign is needed 
for thef levels and the negative sign is needed for the e levels (that is, thef levels are 
higher in energy than the e levels). 

For the analysis of the present measurements we have used a large least-squares 
fitting program that has been developed to fit all of the infrared and microwave data 
on OCS to obtain the best constants for all of the energy levels. In this fit each datum 
was weighted by the inverse square of the uncertainty assigned to it. Care was taken 
to ensure that the vibrational constants (the uo's) were only determined by heterodyne 
frequency measurements. That is to say, the FT'S measurements were fitted to a different 

TABLE IV 

Wavenumbers (in cm-') Calculated for the 0O03-OOo0 Band of OCS 

P- Branch J " 

2 5 5 5 . 5 8 5 4 8 ( 1 4 )  
2 5 5 5 . 1 7 6 0 6 ( 1 4 )  
2 5 5 4 . 7 6 2 9 5 ( 1 4 )  
2554 3 4 6 1 4 ( 1 4 )  
2 5 5 3 . 9 2 5 6 3 ( 1 4 )  
2 5 5 3 . 5 0 1 4 3 ( 1 4 )  
2 5 5 3 . 0 7 3 5 3 ( 1 4 )  
2 5 5 2 . 6 4 1 9 3 ( 1 4 )  
2 5 5 2 . 2 0 6 6 4 ( 1 4 )  
2 5 5 1 . 7 6 7 6 6 ( 1 4 )  
2 5 5 1 . 3 2 4 9 8 ( 1 4 )  
2 5 5 0 . 8 7 8 6 0 ( 1 4 )  
2 5 5 0 . 4 2 8 5 4 ( 1 4 )  
2 5 4 9 . 9 7 4 7 8 ( 1 4 )  
2 5 4 9 . 5 1 7 3 3 ( 1 4 )  
2 5 4 9 . 0 5 6 1 8 ( 1 4 )  
2548 5 9 1 3 4 ( 1 4 )  
2 5 4 8 . 1 2 2 8 1 ( 1 4 )  
2 5 4 7 . 6 5 0 5 9 ( 1 4 )  
2 5 4 7 . 1 7 4 6 7 ( 1 4 )  
2 5 4 6 . 6 9 5 0 5 ( 1 4 )  
2 5 4 6 . 2 1 1 7 5 ( 1 3 )  
2 5 4 5 . 7 2 4 7 4 ( 1 3 )  
2 5 4 5 . 2 3 4 0 5 ( 1 3 )  
2 5 4 4 . 7 3 9 6 5 ( 1 3 )  
2 5 4 4 . 2 4 1 5 6 ( 1 3 )  
2 5 4 3 . 7 3 9 7 7 ( 1 3 )  
2 5 4 3 . 2 3 4 2 8 ( 1 3 )  
2 5 4 2 . 7 2 5 1 0 ( 1 3 )  
2 5 4 2 . 2 1 2 2 1 ( 1 3 )  
2 5 4 1 . 6 9 5 6 2 ( 1 3 )  
2 5 4 1 . 1 7 5 3 3 ( 1 3 )  
2 5 4 0 . 6 5 1 3 4 ( 1 4 )  
2 5 4 0 . 1 2 3 6 4 ( 1 4 )  
2 5 3 9 . 5 9 2 2 3 ( 1 4 )  
2 5 3 9 . 0 5 7 1 2 ( 1 4 )  
2 5 3 8 . 5 1 8 3 0 ( 1 4 )  
2 5 3 7 . 9 7 5 7 7 ( 1 4 )  
2 5 3 7 . 4 2 9 5 2 ( 1 4 )  
2 5 3 6 . 8 7 9 5 7 ( 1 4 )  
2 5 3 6 . 3 2 5 8 9 ( 1 4 )  
2 5 3 5 . 7 6 8 5 0 ( 1 4 )  

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  
12 
1 3  
1 4  
15 
16 
17 
18 
1 9  
2 0  
2 1  
22 
23 
24  
25 
26 
27 
2 8  
29 
30 
31 
32 
33 
34 
35 
3 6  
37 
38 
39 
40  
4 1  
42 

R-Branch 

2 5 5 6 . 3 9 3 2 0 ( 1 4 ) "  
2 5 5 6 . 7 9 1 5 1 ( 1 4 )  
2 5 5 7 . 1 8 6 1 2 ( 1 4 )  
2 5 5 7 . 5 7 7 0 2 ( 1 4 )  
2 5 5 7 . 9 6 4 2 2 ( 1 4 )  
2 5 5 8 . 3 4 7 7 1 ( 1 4 )  
2 5 5 8 . 7 2 7 4 9 ( 1 4 )  
2 5 5 9 . 1 0 3 5 5 ( 1 4 )  
2 5 5 9 . 4 7 5 9 1 ( 1 4 )  
2 5 5 9 . 8 4 4 5 6 ( 1 4 )  
2 5 6 0 . 2 0 9 4 8 ( 1 4 )  
2 5 6 0 . 5 7 0 6 9 ( 1 4 )  
2 5 6 0 . 9 2 8 1 9 ( 1 4 )  
2 5 6 1 . 2 8 1 9 6 ( 1 4 )  
2 5 6 1 . 6 3 2 0 0 ( 1 4 )  
2 5 6 1 . 9 7 8 3 2 ( 1 4 )  
2 5 6 2 . 3 2 0 9 2 ( 1 4 )  
2 5 6 2 . 6 5 9 7 8 ( 1 4 )  
2 5 6 2 . 9 9 4 9 1 ( 1 4 )  
2 5 6 3 . 3 2 6 3 1 ( 1 4 )  
2 5 6 3 . 6 5 3 9 7 ( 1 3 )  
2 5 6 3 . 9 7 7 8 9 ( 1 3 )  
2 5 6 4 . 2 9 8 0 7 ( 1 3 )  
2 5 6 4 . 6 1 4 5 0 ( 1 3 )  
2 5 6 4 . 9 2 7 1 8 ( 1 3 )  
2 5 6 5 . 2 3 6 1 2 ( 1 3 )  
2 5 6 5 . 5 4 1 3 0 ( 1 3 )  
2 5 6 5 . 8 4 2 7 2 ( 1 3 )  
2 5 6 6 . 1 4 0 3 8 ( 1 3 )  
2 5 6 6 . 4 3 4 2 8 ( 1 3 )  
2 5 6 6 . 7 2 4 4 2 ( 1 3 )  
2 5 6 7 . 0 1 0 7 8 ( 1 4 )  
2 5 6 7 . 2 9 3 3 8 ( 1 4 )  
2 5 6 7 . 5 7 2 1 9 ( 1 4 )  
2 5 6 7 . 8 4 7 2 3 ( 1 4 )  
2 5 6 8 . 1 1 8 4 9 ( 1 4 )  
2 5 6 8 . 3 8 5 9 5 ( 1 4 )  
2 5 6 8 . 6 4 9 6 3 ( 1 4 )  
2 5 6 8 . 9 0 9 5 2 ( 1 4 )  
2 5 6 9 . 1 6 5 6 0 ( 1 4 )  
2 5 6 9 . 4 1 7 8 9 ( 1 4 )  
2 5 6 9 . 6 6 6 3 7 ( 1 4 )  
2 5 6 9 . 9 1 1 0 4 ( 1 4 )  

J R-Branch P-Branch 

2 5 3 5 . 2 0 7 3 9 ( 1 4 )  
2 5 3 4 . 6 4 2 5 7 ( 1 4 )  
2 5 3 4 . 0 7 4 0 1 ( 1 4 )  
2 5 3 3 . 5 0 1 7 4 ( 1 4 )  
2 5 3 2 . 9 2 5 7 3 ( 1 4 )  
2 5 3 2 . 3 4 6 0 0 ( 1 4 )  
2 5 3 1 . 7 6 2 5 4 ( 1 4 )  
2 5 3 1 . 1 7 5 3 4 ( 1 4 )  
2 5 3 0 . 5 8 4 4 1 ( 1 4 )  
2 5 2 9 . 9 8 9 7 4 ( 1 4 )  
2 5 2 9 . 3 9 1 3 3 ( 1 4 )  
2 5 2 8 . 7 8 9 1 7 ( 1 5 )  
2 5 2 8 . 1 8 3 2 8 ( 1 5 )  
2 5 2 7 . 5 7 3 6 3 ( 1 5 )  
2 5 2 6 . 9 6 0 2 3 ( 1 5 )  
2 5 2 6 . 3 4 3 0 8 ( 1 5 )  
2 5 2 5 . 7 2 2 1 8 ( 1 6 )  
2 5 2 5 . 0 9 7 5 1 ( 1 6 )  
2 5 2 4 . 4 6 9 0 9 ( 1 6 )  
2 5 2 3 . 8 3 6 9 0 ( 1 7 )  
2 5 2 3 . 2 0 0 9 4 ( 1 7 )  
2 5 2 2 . 5 6 1 2 1 ( 1 7 )  
2 5 2 1 . 9 1 7 7 1 ( 1 7 )  
2 5 2 1 . 2 7 0 4 3 ( 1 8 )  
2 5 2 0 . 6 1 9 3 8 ( 1 8 )  
2 5 1 9 . 9 6 4 5 4 ( 1 8 )  
2 5 1 9 . 3 0 5 9 1 ( 1 9 )  
2 5 1 8 . 6 4 3 5 0 ( 1 9 )  
2 5 1 7 . 9 7 7 2 9 ( 2 0 )  
2 5 1 7 . 3 0 7 2 9 ( 2 1 )  
2 5 1 6 . 6 3 3 4 9 ( 2 2 )  
2 5 1 5 . 9 5 5 8 9 ( 2 4 )  
2 5 1 5 . 2 7 4 4 8 ( 2 6 )  
2 5 1 4 . 5 8 9 2 6 ( 2 8 )  
2 5 1 3 . 9 0 0 2 3 ( 3 1 )  
2 5 1 3 . 2 0 7 3 8 ( 3 4 )  
2 5 1 2 . 5 1 0 7 2 ( 3 8 )  
2 5 1 1 . 8 1 0 2 2 ( 4 3 )  
2 5 1 1 . 1 0 5 9 1 ( 4 8 )  
2 5 1 0 . 3 9 7 7 6 ( 5 3 )  
2 5 0 9 . 6 8 5 7 7 ( 6 0 )  
2 5 0 8 . 9 6 9 9 5 ( 6 7 )  
2 5 0 8 . 2 5 0 2 9 ( 7 5 )  

43  2 5 7 0 . 1 5 1 8 9 ( 1 4 )  
4 4  2 5 7 0 . 3 8 8 9 3 ( 1 4 )  
45  2 5 7 0 . 6 2 2 1 5 ( 1 4 )  
46  2 5 7 0 . 8 5 1 5 4 ( 1 4 )  
47 2 5 7 1 . 0 7 7 1 0 ( 1 4 )  
48  2 5 7 1 . 2 9 8 8 3 ( 1 4 )  
49 2 5 7 1 . 5 1 6 7 2 ( 1 4 )  
50 2 5 7 1 . 7 3 0 7 7 ( 1 4 )  
51 2 5 7 1 . 9 4 0 9 6 ( 1 4 )  
52 2 5 7 2 . 1 4 7 3 1 ( 1 5 )  
53 2 5 7 2 . 3 4 9 8 0 ( 1 5 )  
54  2 5 7 2 . 5 4 8 4 3 ( 1 5 )  
55 2 5 7 2 . 7 4 3 1 9 ( 1 5 )  
56 2 5 7 2 . 9 3 4 0 8 ( 1 5 )  
57 2 5 7 3 . 1 2 1 0 9 ( 1 6 )  
58 2 5 7 3 . 3 0 4 2 3 ( 1 6 )  
59 2 5 7 3 . 4 8 3 4 7 ( 1 6 )  
60  2 5 7 3 . 6 5 8 8 3 ( 1 7 )  
61  2 5 7 3 . 8 3 0 2 9 ( 1 7 )  
62 2 5 7 3 . 9 9 7 8 6 ( 1 7 )  
63 2 5 7 4 . 1 6 1 5 1 ( 1 7 )  
6 4  2 5 7 4 . 3 2 1 2 6 ( 1 8 )  
65 2 5 7 4 . 4 7 7 0 9 ( 1 8 )  
6 6  2574  6 2 8 9 9 ( 1 8 )  
67 2 5 7 4 . 7 7 6 9 8 ( 1 9 )  
68 2 5 7 4 . 9 2 1 0 2 ( 1 9 )  
69 2 5 7 5 . 0 6 1 1 4 ( 2 0 )  
7 0  2 5 7 5 . 1 9 7 3 1 ( 2 1 )  
7 1  2 5 7 5 . 3 2 9 5 3 ( 2 2 )  
7 2  2 5 7 5 . 4 5 7 7 9 ( 2 4 )  
73  2 5 7 5 . 5 8 2 1 0 ( 2 6 )  
7 4  2 5 7 5 . 7 0 2 4 5 ( 2 8 )  
75 2 5 7 5 . 8 1 8 8 2 ( 3 1 )  
76  2 5 7 5 . 9 3 1 2 2 ( 3 4 )  
77 2 5 7 6 . 0 3 9 6 3 ( 3 8 )  
78  2 5 7 6 . 1 4 4 0 6 ( 4 3 )  
79  2 5 7 6 . 2 4 4 4 9 ( 4 8 )  
80 2 5 7 6 . 3 4 0 9 3 ( 5 3 )  
8 1  2 5 7 6 . 4 3 3 3 6 ( 6 0 )  
8 2  2 5 7 6 . 5 2 1 7 8 ( 6 7 )  
83 2 5 7 6 . 6 0 6 1 9 ( 7 5 )  
84  2 5 7 6 . 6 8 6 5 7 ( 8 4 )  
85 2 5 7 6 . 7 6 2 9 2 ( 9 3 )  

a) The estimated uncertainty (twice the standard error) in the last digits is 
given in parentheses. 
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band center than the heterodyne measurements. The constants resulting from this fit 
are given in Tables I1 and 111. The band centers given in Table I1 are those given by 
the heterodyne measurements. Data that were particularly useful in this analysis were 
taken from Refs. (2, 3, 9-14). 

The constants given by this least-squares fit and reported in Tables I1 and I11 were 
used to calculate the transition frequencies for the 00'3-00'0 band reported in Table 
IV. The variance-covariance matrix given by the least-squares fit was used to determine 
the uncertainties given in Table IV. We have also measured the 00'3-00'0 band with 
our FTS spectrometer and found that, at a pressure of 1330 Pa ( 10 Torr) and a path 
length of 0.75 m, the strongest lines have a transmission of about 77% at the line 
center when measured with a resolution of 0.004 cm-'. 

The present values for the 00'2-00'0 band centers of the various isotopic species 
of OCS are in excellent agreement with our earlier (less extensive in J) measurements 
(3) and as shown in Table I1 the band centers are also in excellent agreement with 
those given by Fayt et al. (8, 1 5 )  and Tanaka et al. ( 1 6 ) .  
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