Microwave Spectra of Molecules of Astrophysical Interest

Xl. Silicon Sulfide
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The available data on the microwave spectrum of silicon sulfide are critically reviewed for information
applicable to radio astronomy. Molecular data such as rotational constants, electric dipole moment and
hyperfine coupling constant are tabulated. Observed rotational transitions are presented for all measured
isotopic forms of SiS. These data have been analyzed in order to predict rotational transition of the
ground vibrational state up to 300 GHz. From the given rotational constants transition frequencies in
excited vibrational states can be calculated with little loss in accuracy.

Error limits have been taken from the original literature for each measured frequency. The predicted
transition frequencies are given with uncertainties which represent the 90 percent confidence limit.

Key Words: Interstellar molecules; microwave spectra; radio astrenomy; rotational transitions; silicon

sulfide; spectra.

Contents
Page Page
1. Introduction.......oieniniiiiiiiiiiiiieiee e 1147 Table 4. Microwave  Spectrum  of
1.1. List of Symbols and Conversion Factors... 1148 302 et 1151
1.2. References ' Table 5. Microwave Spectrum  of
2. Silicon Sulfide.......ccooviiiiiiiiiii 28S339S e 1152
2.1. Organization of the Spectral Tables Table 6. Microwave  Spectrum of
2.2. Silicon Sulfide Spectral Tables............ NS S T U U 1153
Table 1. Molecular Constants of Silicon Table 7. Calculated Microwave Tran-
Sulfide.....ccoooveiiiiiiiaian, 1149 sitions of SiS in Order of
Table 2. Microwave Spectrum of Frequency........c.cccoevveannn. 1155
2BSIBZS L oiiieeeeerieeeeans 1150 2.3. Silicon Sulfide References.................... 1156
Table 3. Microwave Spectrum  of a. Laboratory References..................... 1156
29828 s 1151 b. Interstellar Reference...................... 1156

1. Introduction

The present tables are part of a series of critical
reviews on rotational spectra of molecules already identi-
fied in the interstellar medium (see list in ref. [1]%).
All of the available data have been gathered for silicon
sulfide and subjected to reanalysis in order to provide a
consistent set of molecular constants and a check on the
reliability of the measured transitions, and to allow a
prediction of unobserved transition frequencies with
known uncertainty limits. This review covers all infor-
mation available as of January 1, 1976.

A full description of the theory of rotational spectra
is given in a number of texts, but the discussions by

' Numbers in brackets indicate references in section 1.2
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Townes and Schawlow [2] and Gordy and Cook [3] are
particularly useful and the notation used here is gener-
ally consistent with these texts. The present analysis
utilize the Dunham [4] nomenclature for describing the
molecular parameters and energy level expressions.

The general equation for calculating the transition
frequencies is:

Vas=1-1=2 J[ Yor+ Yu1 (v+1/2) + Yoy
(+12)2 1 +4P[Yn]. (1)

Here J presents the rotational quantum number of the

upper state involved in the transition, v is the vibrational

quantum number and » is the transition frequency.
Equation (1) only includes the known Dunham co-

efficients Yy for SiS. Higher order terms are not neces-

sary for the accuracy given in the spectral tables.
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The Y are proportional to the reduced mass u, of the
molecules as follows:

Yoiapr —1 (2a)
Yiop, —3/2 (2b)
Yaop, ~2 2c)
Yoo, =2 2d)

These equations are true if the Born-Oppenheimer
approximation holds. At present, differences from the
relations (2) are observed only for Yo;, so the constants
Yo: are given independently for each isotopic form of SiS
without any use of mass relations in the analysis proce-
dure. For 28SP3S quadrupole hyperfine structure is
reported. The calculation is based on the usual ex-

pression:
AV:—'CQQ f(I7JSF)7 (3)

where f (I, J, F) is the Casimir function. The values of
the Casimir function as well as the calculated relative
intensities for the hyperfine components of each rota-
tional transition can be found in Appendix I of ref. [2].

The present tables do not include line strengths other
than the relative intensities of the components of nuclear
electric quadrupole hyperfine structure. The line strength
S, is a simple function of the quantum numbers as
follows:

sy I=J, 4)

and the Einstein coefficient for spontaneous emission is
given by:

1.1639 X 102032
2] +1

A0, J")= 8", J%, (5)

where p is the dipole moment in Debye, v is the transi-
tion frequency in MHz, and A the transition rate per
second.

1.1. List of Symbols and Conversion Factors

Y Dunham coefficients in the power series ex-
pansion of J and v for the rotational and vibra-
tional energy expression (MHz and kHz).
See text.

eq() Nuclear electric quadrupole coupling con-
stant (MHz).

J Rotational angular momentum quantum
number.

F Total angular momentum quantum number.

I Nuclear spin angular momentum quantum
number. .
(for 33S : I=3/2).

v Vibrational quantum number.

Mo Dipole moment of the molecule in the v th
vibrational state (Debye).

Wr Reduced mass (amu).

we ~Y10 Harmonic vibrational frequency of the
molecule. '
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Parentheses in the numerical listings con-
tain measured or estimated uncertainties.
These should be interpreted as: 2.57(0.39)
kHz = 2.57(39) kHz=2.57+0.39 kHz.

Prime and double prime superscripts to the
quantum number indicators which refer to
the upper and lower energy state, respec-
tively. .
Conversion factor: 1 cm~1 = 29,979.2458MHz

= 1.986478(11)x10-23 J

and”

1.2. References

[1] A. Bauder, F. J. Lovas and D. R. Johnson, J. Phys. Chem. Ref.
Data 5, 53 (1976).

[2] C. H. Townes and A. L. Schawlow, Microwave Spectroscopy,
McGraw-Hill, New York, 1955. .

[3] W. Gordy and R. L. Cook, Microwave Molecular Spectra, joh
Wiley & Sons, New York, 1970.

[4] J. L. Dunham, Phys. Rev. 41, 721 (1932).

2. Silicon Sulfide

The measured rotational spectra of all isotopic forms
of silicon sulfide were fitted in a weighted least squares
procedure to the rotational constants Yj; which are
given in table 1. The parameters Y;;, Ys;, and Yo, for
the various isotopic forms were coupled by the mass
relations (2b)~(2d). Only the Yy;’s were varied inde-
nandently in the fit.

Jncertainties shown in table 1 are two standard
deviations generated by the fit. This gives approximately
the 90 percent confidence limit.

Some other molecular parameters are reported in

‘table 1 which may be important for the .interpretation

of the interstellar radio spectra.

2.1. Organization of the Spectral Tables

Tables 2 through 6 contain the rotational spectra of
the various isotopic forms of silicon sulfide, which are
observed with microwave spectroscopy in the labora-
tory. The first two columns show the rotational quantum
numbers, J, which are involved in the transition, and
the third column contains the vibrational state quantum
number v. These are followed by the observed transition
frequency and the calculated frequency from the
molecular parameter given in table 1. The calculation
of the uncertainty includes correlation of the fitted
parameters and the tabulated value represents the
90 percent confidence limit. The prediction of un-
observed transition frequencies was restricted to the
maximum calculated frequency of approximately 300
GHz which is more than sufficient to cover the fre-
quency range of existing radio telescopes.
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The sixth column of these tables contains the upper  frequencies given in tables 2-6 are listed in order of
state enérgy in equivalent cm~! units (E/hc). The last  increasing frequency in table 7.
column lists the references for the laboratery measure- For the isotopic form 28S5i33S the hypothetical center
ments. For the convenience of the user, the transition  frequencies are shown without hyperfine components.

2.2. Silicon Sulfide Spectral Tables

Table 1. Molecular Constants of Silicon Sulfide

28534

g13%g 28,.33

285432 Si”vs Ref.

5i3%g 29,.32

si3%s 30g;32

S

YOl (MHz) 9099.5369(15) 8932.1374(17) '8776.2495(19) 8850.0451(16) 8370.8296(20) a
Y11 (MHZz) ~- 44.1617(15) - 42.9486(15) - 41.8292(15) - 42.3578(15) - 43.2280(15) a
Y21 (kHz) - 2.57 (39) - 2.48 (39%9) - 2.3% (39) - V’Z.HB (39) - 2.50 (39) a
Ygp (kHz) - 6.016 (70) = 5.797 (70) - 5.596 (70) - 5.692 (70) - 5.847 (70) a
eqq (%) - - - - . 10.30 (20) [704]
(MHz)
uO(Debye 1.73  (6) [59A]
wten™) . 7us.5 (22)P
LA Ay €
a . :
Refit of data from reference [69A] and [72A] including effects of the breakdown of the
Born Oppenheimer approximation. Uncertainties given are two standard deviations generated
by a least squares fit with 25 degrees of freedom. .
b Calculat%d with the centrifugal distortion constant Yoz - using Kratzer's velation
4B
e ~,
Yoz";g » By ® Y-

From an analysis of the optical spectrum of SiS: A. Lagerquist, G. Nilheden and R.F. Barrow

Proc. Phys. Soc. A 65, 419 (1952).
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Table 2. Microwave Spectrum of 28Si. S

32

Transition  Vib.
Upper Lower
State State State
Jr Jgn v
1 0 0
1 0 1
1 [¢] 2
1 0 3.
1 0 4
2 1 0
2 1 1
2 1 2
2 1 3
3 2 0
3 Z 1
3 2 2
3 2 3
3 2 y
L 3 0o
4 3 1
5 n 0
5 4 1
6 5 0
6 5 1
7 6. 0
7 6 i
8 7 0
2 7 1
g 8 0
9 8 1
10 9 0
10 9 1
11 10 o]
11 10 1
12 i1 0
12 i1 1
13 12 0
13 12 1
14 13 0
14 13 1
15 au 0
15 14 1
16 15 0
16 15 1

Observed Frequency

(Est. Unc.)
MHz

18154 ,881(15)

18066.554(15)
17978.215(15)
17889.856(20)
17801.494(30)
36309.631(4)
36132.962(5)
35956.270(5)
35773.561(8)
Su46Y.081(4)
54149.084(7)
53934.052(9)
53668.993(9)
53403.889(30)

Calculated Frequency

(Est. Unc.)?
MHz

18154.887(2)
18066.553(2)
17976.209(2)
17889.855(3)
17801.490(5)
36309.629(3)
36132.362(3)
35956.274(3)
35779.565(4)
54464.083(4)
S4199.082(H)
53934.050(5)
53668.987(6)
53%03.89L(15)
© 72618.103(10)
72264.768(12)
90771.546(26)
90329.877(27)
108924.267(48)
108394 .265(50)
127076.121(82)
126457.785(84)
145226.965(128)
1unus520.205(130)
163376.653(186)
162581.650(188)
181525.043(260)

180641.706(264)
199671.988(352)

188700.318(355)
217817.345(461)
216757 .301(URE)
235960.969(591)

234812.631(595)

. 254702.716(743)

252866.045(747)
272242.442(918)
270917.437(923)
290380.002(1119)

288966.663(1124)

Energy Levels
(em™)

Upper State

0.81
TH4. 47
1482.91
2215.93
2943.52

1.82
745.69
1u84.13
2217.14

.3.64
747.51
1485.95
2218.56
2946.55

6.07

7u49.94

756.61
17.00
760.86
21.85
785.72
27.32
771.18
33.39

777.25
40.07

783.93
47.35
7941 .22
55.24
799.11
63.74
807.61
72.85
816.71
82.56

826.u2

Ref.

£69a]
f594a]
[69Aa]
[89A]
[694]
(724}
[724]
[724]
[ 7241
[72A]
{7241
[724a]
{7243
[ 7241

a
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Table 3. Microwave Spectrum of 2951325

Transition Vib. Observed Frequency Calculated Frequency Energy Levels Ref.

Upper Lower - (Est. Unc.) (Est. Unc.)@ ' ( em™1y

State State State MHz MHz
J! g \ . Upper State
1 0 o] 17821.308(20) 17821.302(3) 0.60 {69A]
1 o} 1 17735.403(20) 17735.395(3) 737.61 {894]
2 1 0 35642.465(8) 35642.464(5) 1.79 72213
2 1 1 35470.625(40) 35“70.650(5) 738.80 [7247]
3 2 0 53463.348(8) 53463.349(7) 3.58 724 ]
3 2 1 53205.633(30) 53205.627(8) 740.59 724}
4 3 0 71283.816(13) 5.96
5 4 0 89103.726(26) 8.94
6 5 o] 106922.941(u8) 12.51
7 6 0 124741,322(80) 16.68
8 7 0, 142558.728(124) 21.45
9 8 0 160375.021(181) 26.81

10 Q o] 178190.062(252) . 32.77

11 10 (o} 196003.712(340) 39.33

12 11 0 213815.832(4u5) 4e.u8

13 12 o] 231626.282(570) 54,23

14 13 0 249434 ,923(716) 62.57

15 1 0 267241.616(885) 71.51

16 15 0 285046.223(1079) 81.04

2Uncertainties represent 90% confidence limit.

Table 4. Microwave Spectrum of S°si32s
Transition Vib. Observed Frequency Calculated Frequency Energy Levels Ref.
Upper Lower (Est. Unc.) (Est. Unc.)? ( cm-l)
State State State MHz MHz
J' Jn v . Upper State
1 0 [0} 17510.650(15) 17510.646(3) 0.58 [68A1
1 0 1 17426.971(20) 17426.978(3) 731.16 [69A ]
2 1 o 35021.153(9) 35021.158(6) 1.76 - [72A]
? 1 1 345853.818(L0) 31853.822(6) 732.84 [72a]
3 2 ’ 0 52531.408(12) 52531.401(9) 3.51 [724]
3 2 - 1 52280.392(40) 52280.398(10) 734.09 {7241
u 2 ) o 70041,242(16) 5.05
5 4 0 87550.5u45(28) 8.78
3 5 0 105059.176(49) 12.30
7 3 o 122567.002(80) 16.39
8 7 0 140073.887(122) 21.08
9 8 0 157579.698(177) 26.35
10 9 0 175084.300(246) 32.20
11 10 o] 192587.559(331) 38.64
12 11 0 210089.341(433) 45.67
13 12 0 227589.511(554) 53..28
14 13 0 245087.93u(695) 61.48
15 14 0 262584 .478(858) 70.26
16 15 0 280079.006(1045) 79.63
17 16 0 ) 297571.386(1257) 89.58

aUncertainties represent 90% confidence limit.

J. Phys. Chem. Ref. Data, Vol. 5, No. 4, 1976
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Table 5. Microwave Spectrum of Si

Transition

Vib. Observed Frequency Calculated Frequency Energy Levels Ref.
Upper Lower (Est. Unc.) (Est. Unc.)® (en™}
State State State MHz MHz
J' Jn v Upper State
1 0 (o} 17857.718(15) 17557.708(3)A 0.59 [59a]
1 0 1 17573.005(20) 17572.983(3) 734.22 [89A1
2 1 o] 35315.283(7) 35315.280(4) 1‘.77 [7241]
2 1 1 35145,796(u40) 35145.829(5) 735.40 {72A3
3 2 0 52972.575(8) 52972.579(6) 3.54 [72Aa1]
3 2 1 52718.402(30) 52718.402(8) 737.18 {7241
3 3 [0] 70629.468(13) 5.90
S 4 o] 88285.810(26) 8.86
6 5 0 105941.470(48) 12.40
7 6 0 123596.310(79) 16.53
8 7 9] 141250.194(122) 21.25
9 8 0 158802.985(178) 26.57
10 9 o] 176554.548(248) 32.47
11 i0 0 194204 . 744 (334) 38.97
12 11 0 211853.438(u38) 46.05
13 12 0 229500.1493(561) §3.783
iu 13 o] 247145.773(704) 61.99
15 iy [0} 264789.140(870) 70.85
16 15 o 282430.453(1060) 80.30

#Uncertainties represent 90% confidence limit.

J. »Phys. Chem. Ref. Data, Vol. 5, No. 4, 1976
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Table 6. Microwave Spectrum of

28..33

SiT"S

1153

Transition Observed Frequency Calculated Frequenéya Relative Energy Levels Ref.
Upper Lower (Est. Unc.) (Est. Unc.) Intensity (mel)
State State MHz MHz
J' Ft'- g" F¢ Upper State
1 0 17898.407(4) 0.59
1/2 3/2 17895.673(50) 17895.682(54) 0.17 [70A7
5/2 3/2 17897.874(30) 17897.862(15) 0.5C [70A]
3/2 3/2 17900.584(30) 17900.587(u4y) 0.33 [70A7]
2 1 ' . 35796.673(%5) 1.78
1/2 3/2 35791.768(85) 0.02
3/2 3/2 35794.493(u5) 0.11
572 3/2 35796 .439(9) 0.21
7/2 5/2 35796.439(9) 0.40
1/2 1/2 35796.673(5) 0.08
3/2 5/2 35797.218(15) 0.01
5/2 5/2 35799.16u4(55) 0.08
3/2 1/2 357499.2398(5K9) 0.08
3 2 53694.658(8) 3.57
5/2 5/2 53693.257(36) 0.05
7/2 5/2 53694.528(10) 0.25
9/2 7/2 53694.528(10) 0.36
3/2 1/2 53695.203(18) 0.1C
5/2 - 3/2 53695.203(18) 0.16
b 3 71592.223(15) 5.96
9/2 7/2 71592.140(17) 0.26
11/2 9/2 71592.140(17) 0.33
5/2 3/2 71592.457(21) 0.1
7/2 5/2 715382.457(21) 0.19
5 4 89489.226(30) 8.95
11/2 9/2 89489.169(31) 0.26
13/2 11/2 89489.169(31) 0.32
7/2 5/2 89489.356(33) 0.17
9/2 7/2 89489.356(33) 0.21
6 5 107385:528(55) 12.53
13/2  11/2 107385.486(56) '0.26

J. Phys. Chem. Ref. Data, Vol. 5, No. 4, 1976
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Table 6. Microwave Spectrum of 28Si333 (continued)

Transition Observed Frequency Calculated Freéuencya Relative Energy Levels Ref.
_Upper Lower (Est. Unc.) (Est. Unc.) Intensity (er™h)
State State MHz MHz
Jr v g v Upper ‘state
T 15/2 13/2 107385.486(56) 0.31

9/2 772 167385.611(57) 0.18

11/2 3/2 107385.611(57) 0.22
7 6 125280.988(90) 16.71

15/2 13/2 ' 125280.,956(91) ’ 0.20

17/2  15/2 125280.956(91) ~0.30

11/2 9/2 A 12A528.1.OL+5(91) 0.19

13/2 11/2 125281.0u45(91) 0.22
8 7 » 1'I3175.’165(1’10) 21.u8

17/2 15/2 143475.440(0141) 0.26

19/2 17/2 143175.440(141) 0.28

13/2 11/2 143175.507(141) 0.20

15/2 13/2 143175.507(141) 0.23
9 8 161068.820(200) 26.85

19/2 1772 161068.799(200) 0.26

21/2 19/2 ) 161068.799(200). 5.29

15/2 13/2 _ 161068.852(201) ‘ 0.2%

17/2 15/2 161068.852(201) 0.23
10 9 178960.912(280) 32.82
11 10 196851.600(360) ] 39.39
12 11 214740.745(485) .46.55
13 12 : . ) 232628.206(600) ’ 54.31
14, 13 250513.843(750) 7 62.66
15 14 . 268397.515(930) 71.62
16 15 V286279.082(112O) 81.17
a

The calculated transitions are limited to those with relative intensities greater
than 0.05; the relative intensities are based on unity for each rotational transition
J' < J". For transitions with J" > 8 the splitting of the hyperfine doublett is
smaller than 50 kHz and it is assumed that such splitting is not observable in a

radiotelescope experiment in those high frequencies.

1. Phvs. Chem. Ref. Data, Vol. 5, No. 4, 1976
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Table 7. Calculated microwave transitions® of SiS Table 7. Calculated microwave transitions® of SiS
in order of frequency (MHz) in order of frequency (MHz) (continued)
Calculated Isotopic Transition Estimated Calculated Isotopic Transition "Estimated
Frequencyb Species Jt - gn Uncertainty Frequencyb Species A Uncertainty
17510.6u6 305332, 1.- 0 (0.003) 158902.985 285534 9 - 8 (0.178)
17657.708  2853i%s 1 - 0 (0.003) 150375.001  2si%%s 9 - 8 (0.181)
17821.302  2%51%%s 1 - 0 (0.003) 161068.820 2835333 3 - 8 (0.200)
17898.u07  28s5i%3g 1 - 0 (0.004) 163376.653  2%sid%s 3 - 8 (0.186)
18154.887  285i%%s 1 - 0 (0.002) 175084.300  39531%%g 10 - 9 (0.246)
35021.158  0si%%g 2 -1 (0.006) 176554548 28533%s 10 - 3 (0.248)
35315.280  285i3%s 2 - 1 (0.004) 178190.062 295332 10 - 9 (0.252)
3seuz.u6  2953%%g 2 - 1 (0.005) 178960.912 2853335 10 - 9 (0.280)
35796.673  2853i°%g 2 - 1 (0.005) 181525043 28533%g 10 - 3 (0.260)
36309.629 285132 2 - 1 (0.003) 192587.559  °95i3%s 11 - 10 (0.330)
s2531.u01  °Vsi%%s 3 - 2 (0.009) 19uz0u. 74y 28533 11 - 10 (0.331)
52072.579  *%si%"s 3 - 2 (0.006) 196003.712  “°si®%s 11 - 10 (0.380)
s3u63.3ys  2953%% 3 - 2 (0.007) 196851.600  2°5i°%s 11 - 10 (0.380)
53694.658  205i’%s 3 - 2 (0.008) 199671.988  2853%%g 11 - 10 (0.352)
S44bY.UB3 7851275 3 - 4 (U.u04 ) 2100U8Y. 341 }Ob137§ 1z - 11 {0.433)
700u1.242 395332 4 - 3 (0.015) 211853.u38  28s33s 12 - 11 (0.438)
70629.u68  2%si3%s y - 3 (0.013) 213815.832  2°si%%s 12 - 11 (0.1445)
712823.816 298i325 " - 3 (0.013) 214740.745 2851333 12 i1 (0.n85)
71592.223 285333 y - 3 (0.015) 217817.345  2851%7%g 12 - 11 (0.461)
72618.103  28si%%s - w - 3 (0.011) 227589.511  %si%%g 13 - 12 (0.554)
87550.545 = 205i%%g 5 - (0.028) 229500.u93 2853345 13 - 12 (0.561)
88285.810  255i%Ys 5 - (0.026) 231626.282  2%si%%g 13 - 12 (0.570)
89103.726  29si%%s 5 - oy (0.028) 232628.206  °%si%%s 13 - 12 (0.600)
89ug9.226 20513 5 - 4 (0.030) 235960.969  2°5i%%s 13 - 13 (0.591)
90771.5u6  28s5i3%g 5 -y (0.025) usos7.aan 305332 14 - 13 (0.695)
105059.176  °0si%%s 6 - & (0.049) 2u71u5.773  285i%%s 1 - 13 (0.701)
105941.470  285i3%s 6 - 5 (0.018) 2ugu3y.923  2%5:%%g - 13 (0.716)
106922.9u1  2%5:i%%g 6 - 5 (0.018) 250513.843 285333 14 - 13 (0.750)
107385.528 2853133 5 - 5 (0.055) 254102.716 285332 m - 13 (0.743)
108824.267  285i%%s 5 - s (0.049) 26258078 *O513%s 15 - 1u (0.854)
122567.002  Usid%s . 7 - 6 (0.080) 264789.140  283i%%s 15 - 1n (0.870)
123596.310  28513%s 7 - 6 (0.080) 2672u1.616  2°siS’s 15 - 1y (0.885)
12u7u1.322 295i%%s 7 - 6 (0.080) 268397.515  285i%%g 15 - 14 (0.930)
125280.988 285333 7 - 6 (0.090) 272242002 28533% 15 - 14 (0.918)
127076.121  28si%%s 7 - 6 (0.082) 28007¢.006  2%si3?%s 16 - 15 (1.045)
140073.887 %5132 8 - 7 (0.122) 2eous0.use 2855%%g 16 - 15 (1.060)
141750.198  “¥sits g - 7 (0.122) z850u6.223  2%9g332g 16 - 15 (1.07%)
142558.728  2%53%"s 8 ~ 7 (0.124) 286275.082  2851%3 16 - 15 (1.120)
wirs.ues 28si¥s 8 - 9 (0.110) 290380.002 2853325 6. - 15 (1.1193
145226.965  “°si%s 8 - 7 (0.128) 297571.386  95i%%g 17 - 16 (1.267)
157579.698 05332 9 - 8 €0.177)
Only transitions of the ground vibrational state e For the isotope 285i335 the hypothetical center
are listed. frequencies are given.
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