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Rotational transitions of SO, SiO, and SiS excited by a discharge
in a supersonic molecular beam: Vibrational temperatures, Dunham
coefficients, Born–Oppenheimer breakdown, and hyperfine structure

M. Eugenia Sanz,a) Michael C. McCarthy, and Patrick Thaddeus
Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138 and Division
of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts 02138

~Received 11 September 2002; accepted 31 July 2003!

Fourier transform microwave spectroscopy has been used to investigate vibrational excitation and
relaxation of diatomic molecules produced by an electric discharge in the throat of a supersonic
nozzle. Rotational transitions of SO, SiO, and SiS, in vibrational states up tov533 for 32S16O,
v545 for 28Si16O, andv551 for 28Si32S in their ground electronic states have been detected. The
isotopic species33S16O, 34S16O, 29Si16O, 28Si18O, 29Si32S, and28Si34S have also been observed in
highly excited vibrational states. Microwave transitions include up tov522 for the second lowest
excited electronic stateb 1S1 of SO ~;10 510 cm21 above ground! have also been detected.
Effective vibrational temperatures have been derived for each species, and a general model is
proposed to qualitatively explain the observations. Vibrational excitation is caused by inelastic
collisions with the hot electrons produced in the discharge. The subsequent vibrational populations
are largely determined by vibration–vibration energy transfer via molecule–molecule binary
collisions. Two regions can be inferred from the data: one characterized by a temperature of around
1000 K and a second region with a temperature of several thousand degrees Kelvin. Improved
Dunham coefficients and correction terms for the breakdown of the Born–Oppenheimer
approximation have been determined forb 1S1 SO, X 1S1 SiO, and X 1S1 SiS. Nuclear
spin-rotation hyperfine structure for the29Si isotopic species of SiO and SiS has been observed in
all highly excited vibrational states. ©2003 American Institute of Physics.
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I. INTRODUCTION

Supersonic molecular beams are a powerful tool for
study of transient species which can be produced efficie
in the throat of a nozzle and then studied by various spec
scopic techniques downstream in the collision-free region
the expansion. Because of its high sensitivity and resolut
Fourier transform microwave~FTM! spectroscopy has be
come one of the most widely used techniques to detect
rotational spectra of molecular systems such as wea
bound complexes,1,2 refractory metal halides,3 reactive car-
bon chains and rings,4 and protonated molecular ions.5,6 In
this laboratory, molecular beam FTM spectroscopy toget
with electric discharges has been used to study nearly
new reactive molecules of astrophysical interest4 during the
past six years. In the course of these investigations, rotati
satellite transitions from excited vibrational states of seve
new species have also been detected, some accidentally
second lowest-frequency bending mode of SiC4 , for ex-
ample, was recently observed,7 as well as the second lowes
frequency bending vibration and the two highest-freque
stretching modes of SiC2S.8

To better understand the vibrational excitation and rel
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ation processes in our molecular beam discharge, we h
undertaken a systematic study of the rotational spectra
several diatomic and small polyatomic molecules. The po
atomic data will be described elsewhere.9 Here, we report the
results for three diatomics: SO, SiO, and SiS. These m
ecules were chosen because they are produced in fairly
abundance in the adiabatic expansion after the applicatio
dc electric discharges to gas mixtures of the right precur
gases. Partly because of their astrophysical importance,
SiO, and SiS have been widely studied using a numbe
spectroscopic techniques and their molecular constants
known to high accuracy, making identification of their e
cited vibrational states fairly straightforward.

The effect of electric discharges in vibrational excitatio
relaxation, and energy transfer of diatomic molecules
been the subject of numerous studies,10 especially so becaus
of the importance of these processes for the operation of
lasers,11 where the population inversion depends on the
brational distribution of the diatomic molecules after exci
tion in a discharge. It is also of interest for plasma diagno
~see, for example, Ref. 12!, since plasma properties can b
estimated from molecular emission lines if the vibration
distribution in the ground and excited electronic states
known, and in combustion processes, for which it has b
suggested that vibrationally excited species produced in
,

5 © 2003 American Institute of Physics
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electric discharge significantly contribute to promotion
combustion mechanisms.13

Vibrational relaxation of diatomics in molecular beam
has been investigated by electric resonance spectroscop14,15

and laser-induced fluorescence.16,17 In these studies, excite
vibrational states of several alkali halides and iodine see
in beams of different gases~monoatomic, diatomic, or poly
atomic molecules! were observed, but only up tov<5 in the
electronic ground state. These studies covered a wide ra
of experimental conditions, and, although restricted to
lowest-lying vibrational levels, they showed that vibration
relaxation in supersonic expansions is dominated by co
sions with the diluent gas, and is sensitive to source pres
and temperature.

There have been few investigations of vibrational dis
butions in supersonic beams excited by an electric discha
In one such study, vibrationally excited NO~up to v518)
has been investigated by means of a TOF-REM
experiment.18,19The vibrational temperature was found to
highly dependent on the stagnation pressure; for a pres
of 3 bar ~2.25 kTorr!, a vibrational temperature of 670
6700 K for 6,v,18 was calculated—very similar, as
will be seen, to the temperatures derived here.

In this paper we present measurements of highly exc
vibrational states (v.30) of SO, SiO, and SiS in a dc elec
tric discharge molecular beam source under various exp
mental conditions. A qualitative model for the processes
volved in vibrational excitation and relaxation is propose
Inelastic collisions with the electrons produced in the d
charge efficiently couple much of the electron kinetic ener
characterized by temperatures of the order of 104 K, into
vibrational excitation. Vibrational relaxation occurs main
via vibration–vibration~VV ! energy transfer, which redis
tributes the energy up and down the vibrational ladder, g
ing rise to two distinct regions: one for the lowest-lying v
brational levels, at temperatures around 1000 K, and ano
region for higher vibrational states where temperatures
several thousand degrees K are achieved.

The detection of very highly excited vibrational stat
for the three diatomics here allowed us to derive new sp
troscopic data for SiO, SiS, and the second lowest-lying
cited electronic state (b 1S1) of SO. Dunham-type expan
sions were employed to fit the measured transitions, and
and improved Dunham coefficients together with Bor
Oppenheimer breakdown correction terms were obtain
The high resolution and sensitivity of molecular beam FT
spectroscopy enabled us to observe the spin-rotation hy
fine structure~hfs! for highly excited vibrational states of th
29Si isotopomers of SiO and SiS. Spin-rotation consta
were derived and their vibrational dependence determine

II. EXPERIMENT

Rotational spectra have been measured with a molec
beam FTM spectrometer described elsewhere;20,21 this in-
strument currently operates in the 5–40 GHz freque
range and incorporates a pulsed-discharge nozzle whos
ometry and electrical characteristics have been adjuste
produce small reactive molecules in high abundance.
Downloaded 14 Feb 2005 to 128.103.60.225. Redistribution subject to AI
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shown in Fig. 1, the nozzle consists of a commercial so
noid valve with a 1 mmdiameter orifice and alternating lay
ers of copper electrodes and Teflon insulators, each a
millimeters thick. It is located in the center of one of th
large mirrors of the Fabry–Pe´rot resonator of the spectrom
eter.

The supersonic beam is produced by the adiabatic
pansion of various precursor gases diluted in either He or
at backing pressures of typically 2.5 kTorr~3.3 atm, Pd
5250 Torr cm). As the pulsed beam expands, a low-curr
electric discharge is produced synchronously with the
pulse in the throat of the nozzle by applying a dc voltage
one of the copper electrodes. After the gas pulse has
panded to fill the Fabry–Pe´rot cavity of the spectrometer, th
molecules under study are polarized by a short~1 ms! micro-
wave pulse, which is coupled into the cavity by a small a
tenna. Molecular emission as a function of time is sub
quently detected with a superheterodyne receiver and Fou
transformed to obtain the power spectrum.

Vibrational cooling in a supersonic nozzle depends o
number of experimental parameters, including backing pr
sure, buffer gas, discharge current, and the geometry of
nozzle, so care was taken to use a fairly uniform set of
perimental conditions in our experiments. The same ro
tional transition has been measured for each vibrational s
the cavity Q and amplifier gains are constant to about 1
over the frequency range of the vibrational shifts, which a
generally less than 10 GHz. Care was also taken to use
same microwave power for each measurement, and rela
intensities were derived from several measurements for e
vibrational state~averaging peak heights!. Finally, it should
be emphasized as a check that~i! the intensity data for nearly
all of the species studied here are well-described by
Boltzmann distribution implying that systematic intensi
uncertainties are small~assuming that the dipole dependen
of the vibrational ladder is either known or assumed to
constant withv); ~ii ! similar vibrational temperatures wer
derived for the normal and less abundant isotopic spec
and ~iii ! the vibrational temperature of SiO measured h
~;9500 K for the parent isotopic species! agrees~surpris-
ingly! well with that measured in our free-space cell pre
ously ~;10 000 K!.22

All three diatomic molecules have been produced w
discharge voltages that optimize the intensity of their vib

FIG. 1. Cross section of the pulsed-discharge nozzle.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Summary of present laboratory measurements.

Molecule Precursor gases Carrier gases Concentration~%! Voltage ~V! Frequency band~GHz! Vibrational level

X 3S2 SO OCS Ne 0.15 1100 29–42 33
X 3S2 SO SO2 He or Ne 0.15 500,600,1000,1500 29–42 30
b 1S1 SO SO2 Ne 0.15 1300 29–42 22
X 1S1 SiO SiH4 /O2

a Ne 0.15/0.4 1100 28–44 46
X 1S1 SiS SiH4 /CS2

a Ne 0.2/0.05 1400 17–37 51

aBecause SiH4 is spontaneously flammable in air, separate gaseous samples of 2% SiH4 in Ar and 1.5% O2 in Ne or 1% CS2 in Ne were further diluted with
Ne and mixed in the gas input line just before the discharge nozzle.
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tional ground-state lines. The duration of the gas pulse
ployed was typically 350–400ms, which corresponds to flow
rates of 15–25 sccm at the 6 Hz repetition rate of the noz
yielding a typical background pressure in the vacuum cha
ber of 531026 Torr. Typical rotational temperatures in ou
free expansion are 3 K. All lines exhibit Doppler splittin
into two well-resolved components, owing to the coax
alignment of the molecular beam with the direction of prop
gation of the microwave radiation. Experimental conditio
used to observe the three diatomic molecules~precursor
gases and voltages employed! are given in Table I.

III. RESULTS

A. Analysis of the rotational spectra

1. Sulfur monoxide

The large spin–spin interaction (l5158 GHz23! in SO
brings several of its rotational transitions within the band
our spectrometer, including the intenseNJ501→10 transi-
tion at 30 GHz. This radical has been previously obser
using molecular beam FTM spectroscopy by at least th
other groups, but only excited vibrational states tov52 in
the X 3S2 electronic state have been previous
reported.24–26By using other techniques, such as millimete
wave spectroscopy in combination with dc electric d
charges or UV-laser photolysis, SO has been observe
higher excited vibrational states, ranging up tov517, v
513, andv511 for theX 3S2, a 1D, andb 1S1 electronic
states, respectively. From these measurements Dunham
ficients were derived for each electronic state.23

During an unsuccessful search for OCS1, progressions
of the NJ501→10 rotational transition of32SO and34SO in
even higher vibrational levels of theX 3S2 state were ini-
tially observed here in a discharge of dilute OCS in Ne~see
Table I!. These were assigned fairly easily by extrapolat
from previous work23,27up tov533, because rotational line
from successive vibrational levels are separated by a ne
constant frequency interval@see Table I of Supplementar
Material ~SM!, deposited in the Electronic Physics Auxiliar
Publication Service~EPAPS! of the American Institute of
Physics28#.

A discharge of SO2 was found to give more intense S
signals, so this precursor gas was employed for the detec
of the weaker lines of the33S isotopic species~0.76% natural
abundance! in the ground electronic state. TheJ51→0 mi-
crowave transition of32S16O in the second low-lying meta
stable electronic stateb 1S1, at ;10 510 cm21 above
Downloaded 14 Feb 2005 to 128.103.60.225. Redistribution subject to AI
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ground,23 was also observed. On the basis of the consta
provided in Refs. 23 and 27, vibrational excited states up
v58 for theX 3S2 state of33SO ~Table II of SM28! andv
522 for theb 1S1 state of32SO ~Table III of SM28! were
identified—a significant extension of previous measu
ments.

The highest observed vibrational level for32SO in the
ground electronic state,v533, lies about 3.8 eV above
ground, equivalent in temperature to 44 120 K, almost thr
quarters of the dissociation limit@De55.359 eV562 189 K
~Ref. 29!, and references therein#. The highest vibrational
level measured for theb 1S1 state has a comparable ener
of ;44 150 K above the ground electronic state. No m
surements of SO in the first excited electronic statea 1D
were possible since its lowest rotational transition at 12
GHz lies well above the frequency range of our spectrome

Extensive rotational and vibrational data are availa
for the SO radical in the ground electronic state,23,27 includ-
ing molecular constants and the Born–Oppenheimer bre
down correction terms, which have been derived via glo
fits of all isotopic species incorporating large numbers of
transitions. It is mainly because of this large body of wo
that no attempt is made here to rederive spectroscopic
tants or Dunham coefficients for SO on the basis of our n
data. Our results, however, may still be of some value.
combination with previously published frequencies, it shou
be possible to determine additional higher-order consta
for the normal species because frequencies of rotational t
sitions determined from FTM spectroscopy are generally
curate to a few kHz—about a factor of 10 more precise th
most previously reported measurements—and because
present data probe the SO potential at twofold higher vib
tional energies than that probed previously by UV-laser p
tolysis of Cl2SO.27

For theb 1S1 electronic state, the Dunham coefficien
Yi j have been reported for32SO ~Refs. 23, 30! and 34SO,30

but no global fit has been undertaken previously. Therefo
the new rotational transitions for theb 1S1 state measured
here were fit together with those previously measured23,30 to
a Dunham-type expansion using LeRoy’s progra
DSPARFIT.31 This program simultaneously fits data from a
isotopic species to determine the Dunham coefficientsYi j

and the Born–Oppenheimer breakdown correction termsd i j

of a selected reference isotopomer~usually the most abun
dant one, for which more experimental data are gener
available!, using the expansion:31
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



11718 J. Chem. Phys., Vol. 119, No. 22, 8 December 2003 Sanz, McCarthy, and Thaddeus

Downloaded 14 Fe
TABLE II. DunhamYi j coefficients of SO in theb 1S1 electronic state~in MHz!.

Yi j
32S16O 34S16O Bogeyet al. (32S16O)a Yamamotoet al. (34S16O)b

Y01 21 064.977 1~15!c 20 652.312 6~22! 21 064.978 5~14! 20 652.320~20!
Y11 2191.048 6~18! 2185.461 6~18! 2191.051 6~18! 2185.468~18!
Y213102 25.022~74! 24.827~71! 24.831~82! @24.76#d

Y313103 25.88~13! 25.60~12! 26.43~17! @25.68#
Y413104 22.66~11! 22.51~10! 21.87~16! @22.44#
Y513106 1.61~43! 1.50~40! 23.92~56! ¯

Y613107 21.356~65! 21.252~60! ¯ ¯

Y023102 23.641 67~50! 23.500 37~48! 23.642 43~33! 23.504~16!
Y123104 21.334~17! 21.270~16! 21.307~17! 21.0~15!
Y223106 22.36~34! 22.22~32! 23.21~45! @23.8#
Y323107 22.54~19! 22.37~17! 21.88~34! ¯

Y033108 22.06~61! 21.95~57! 21.23~37! ¯

d01
S 0.847~32! ¯ ¯ ¯

r e ~Å! 1.500 109 6~5! 1.500 107 9~5! ¯ ¯

aReference 23.
bReference 30.
cNumbers in parentheses are 95% confidence limits in units of the last digit except those forr e, that are one
standard deviation in units of the last digit. Dimensionless standard errors50.8.

dParameters in square brackets calculated from the corresponding values of32S16O in Ref. 30 and kept fixed in
the fit.
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Ea~v,J!5 (
~ i , j !Þ~0,0!

S m1

ma
D j 1 i /2

Yi j
1 ~v11/2! i@J~J11!# j

1 (
~ i , j !>~0,0!

S m1

ma
D j 1 i /2H S MA

a2MA
1

MA
a D d i j

A

1S MB
a2MB

1

MB
a D d i j

BJ ~v11/2! i@J~J11!# j , ~1!

wherea refers to a given isotopic species and 1 indicates
reference isotopomer. The Dunham parameters for isot
species other than the reference species are readily calcu
from the relation:31,32

Yi j
a 5FYi j

1 1S MA
a2MA

1

MA
a D d i j

A1S MB
a2MB

1

MB
a D d i j

BG S m1

ma
D j 1 i /2

.

~2!

Additional details of the fit, the merits of using this type
expansion, and the relation of theYi j terms to the mass
independent parametersUi j are discussed in Refs. 31 and 3

The fit for the b 1S1 state of SO includes all of the
measured rotational transitions, with assigned uncertain
of 2 kHz ~present work!, 20 kHz~Ref. 30!, and 50 kHz~Ref.
23!. The resulting Dunham coefficients are given in Table
together with the values of the equilibrium distances of b
isotopic species, derived from the standard relation

r e5S h

8p2mY01
D 1/2

, ~3!

wherem is the reduced mass. Two new parameters,Y61 and
the d01

S correction term for the sulfur nucleus, were requir
in the global fit to obtain an rms comparable to the estima
uncertainty of the measurements. Correction terms for
breakdown of the Born–Oppenheimer approximation for
oxygen atom could not be determined since there are p
ently no experimental data for its rare isotopic species.
b 2005 to 128.103.60.225. Redistribution subject to AI
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2. Silicon monoxide

The microwave and infrared spectrum of SiO has be
extensively studied by a number of techniques.22,33–37

Mollaaghababaet al.22 detected rotational transitions in ex
cited vibrational states up tov540 of the 1S1 electronic
ground state by millimeter wave spectroscopy in a glow d
charge free-space cell. The infrared emission spectrum of
parent isotopic species has been measured up tov513
→12,36 and refined Dunham coefficients were derived fro
a global fit of the available infrared, microwave, an
millimeter-wave data. Data on the Si atom were insensit
to the breakdown of the Born–Oppenheimer approximati
that plus the lack of isotopic information on the oxygen ato
prevented a determination of the Born–Oppenheimer bre
down correction terms. The microwave spectrum of the18O
isotopic species in the ground vibrational state was, howe
later reported by Cho and Saito.37

Investigation of vibrationally excited SiO was furthe
stimulated by the prospects of improving its spectrosco
contants and determining the Born–Oppenheimer correc
terms. The SiO molecule was produced in our molecu
beam under the conditions summarized in Table I. In its
brational ground state, only the lowest rotational transition
43 GHz lies within the present frequency range of our sp
trometer. This transition in vibrational excited states up
v545, where its frequency is only 30 GHz~see Table IV of
SM28!, was detected for the normal isotopic species. Ro
tional transitions up tov543 of 28Si18O ~Table IV of SM28!
were also detected using18O2 as a precursor gas under th
same experimental conditions and the SiH4 /O2 ratio em-
ployed for the other isotopomers. The29Si isotopic species
was observed in natural abundance in states as highv
526 ~Table V of SM28!. All transitions of the29Si species
exhibited hfs from the spin–rotation interaction of the29Si
nucleus with the weak magnetic field generated by the ro
tion of the molecule~see Fig. 2!. In spite of the high spectra
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 2. The J51→0 rotational transition in thev
524 excited vibrational state of29SiO, showing the29Si
spin–rotation hfs. Experimental conditions: the spe
trum was taken after integration of 23 min and 136
cycles.
in
r-
s
-

t

th
te

i
io

ol-
of

ure-
-

the
d to

e

resolution, no vibrational dependence of the nuclear sp
rotation coupling constantCI could be discerned. The hype
fine components of all vibrational states were simultaneou
fit with Pickett’s program38 to determine the rotational con
stant Bv of each vibrational state and a common~to
all vibrational states! spin–rotation coupling constan
CI520.021 40(34) MHz~rms deviations50.9 kHz). The
Bv rotational constants determined from the fit agree with
corresponding values derived from the Dunham parame
~Table III! to 0.0003% in the worst case.

The transitions measured here were also fit together w
all previously reported data to the Dunham-type expans
Downloaded 14 Feb 2005 to 128.103.60.225. Redistribution subject to AI
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of Eq. ~1! by means of theDSPARFIT program described in
Sec. III A 1.31 The different data sets were assigned the f
lowing uncertainties: 100 kHz for the microwave data
Törring33 and Mansonet al.,34 20 kHz for that of Cho and
Saito,37 30 kHz for that of Mollaaghababa,22 and 2 kHz for
the present FTM measurements. The infrared meas
ments36 were kindly provided by Bernath with their corre
sponding uncertainties, and added to the fit. The29Si16O line
frequencies in the absence of hfs were calculated from
intensity-weighted average of the components and adde
the fit as well. This global fit yields 18Yi j Dunham constants
and the first information on the breakdown of th
it.
TABLE III. Dunham Yi j coefficients of SiO~in MHz!.

Yi j
28Si16O 29Si16O 30Si16O 28Si18O

Y10 37 220 549.0~40!a 36 986 290.5~40! 36 766 797.5~39! 35 877 840.3~38!
Y20 2179 107.1~14! 2176 859.7~14! 2174 766.8~14! 2166 417.9~13!
Y30 182.58~18! 179.16~18! 175.99~18! 163.53~16!
Y40 20.332 9~74! 20.324 6~72! 20.317 0~70! 20.287 4~64!
Y01 21 787.478 6~11! 21 514.113 9~12! 21 259.545 4~14! 20 244.051 7~11!
Y11 2151.030 63~66! 2148.196 87~65! 2145.574 10~63! 2135.269 03~59!
Y213102 7.328~13! 7.145~13! 6.977~13! 6.326~11!
Y313104 23.16~11! 23.06~11! 22.97~11! 22.627~94!
Y413105 21.971~46! 21.898~45! 21.831~43! 21.581~37!
Y513107 3.608~90! 3.452~86! 3.311~83! 2.790~70!
Y613109 23.445~67! 23.275~64! 23.123~61! 22.567~50!
Y023102 22.984 58~44! 22.910 15~43! 22.841 68~42! 22.576 66~38!
Y123105 21.464~11! 21.419~11! 21.377~11! 21.218~96!
Y223107 25.043~94! 24.855~90! 24.685~87! 24.045~75!
Y323109 29.42~34! 29.02~32! 28.65~31! 27.29~26!
Y033109 24.20~94! 24.04~90! 23.90~87! 23.67~75!
Y0431013 4.34~68! 4.12~64! 3.93~61! 3.23~51!
Y0531018 26.0~16! 25.6~15! 25.3~14! 24.1~11!
d01

Si 0.553~15! ¯ ¯ ¯

d01
O 1.545 6~71! ¯ ¯ ¯

d11
O 3103 28.69~30! ¯ ¯ ¯

r e ~Å! 1.509 737 7~5! 1.509 736 9~5! 1.509 736 1~5! 1.509 731 7~5!

aNumbers in parentheses are 95% confidence limits in units of the last digit except those forr e, that are one standard deviation in units of the last dig
Dimensionless standard errors51.1.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 3. The J52→1 rotational transition in thev
520 excited vibrational state of29SiS, showing the29Si
spin–rotation hfs. Experimental conditions: the spe
trum was taken after integration of 4 min and 22
cycles.
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Born–Oppenheimer approximation on both the silicon a
oxygen nuclei~Table III!. Equilibrium distancesr e have also
been derived from theY01 @see Eq.~3!# for each isotopomer

3. Silicon sulfide

SiS, isovalent with carbon monoxide and also an imp
tant astronomical molecule, is apparently a key starting p
in the synthesis of silicon-containing molecules in the c
cumstellar shell of IRC110216.39,40The infrared vibration–
rotation spectrum of SiS has been detected by Bern
et al.,41 who observed several vibrational bands of differe
isotopic species and derived a set of Dunham constants
correction terms for the breakdown of the Born
Oppenheimer approximation. The microwave spectrum
SiS has been reported previously only up tov54 andJ53
→2.42

The two lowest-frequency rotational transitions
X 1S1 SiS lie within the frequency range of our spectrom
eter. Under the conditions given in Table I, vibrationally e
cited SiS has been detected up tov551 and spectra of thre
isotopic species,28Si32S, 28Si34S, and 29Si32S, have been
measured in natural abundance~see Tables VI and VII of
SM28!. All transitions of the 29Si species exhibit spin–
rotation hfs, similar to that of29SiO ~see Fig. 3!. There is
again no evidence for vibrational dependence of the sp
rotation constantCI . Hyperfine components from all vibra
tional states were fit simultaneously to yieldBv , Dv , and a
common value of theCI spin–rotation coupling constant us
ing Pickett’s program SPFIT.38 The derived CI is
20.010 39~21! MHz ~rms deviations51.8 kHz). TheBv
rotational constants determined from the fit agree with
corresponding values derived from the Dunham parame
~Table IV! to 0.0006% in the worst case.

Our microwave measurements together with the infra
transitions41 were included in a global fit to determine a ne
set of Dunham coefficients and the terms describing
breakdown of the Born–Oppenheimer approximation~see
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Table IV!, using 2 kHz uncertainties for the microwave me
surements and the stated uncertainties for the infrared da41

As before, unperturbed frequencies for29SiS were calculated
from the intensity-weighted averages of the spin–rotat
components. Three newYi1 parameters have been dete
mined ~Table IV!.

B. Vibrational populations

1. Silicon sulfide

The two lowest-J rotational transitions of SiS have bee
measured tov551 under the experimental conditions show
in Table I, and effective vibrational temperatures were cal
lated as the inverse of the slope from linear fits of t
Napierian logarithms of the observed intensities for each
brational state relative to the vibrational ground state.
experimental data on the dependence of the dipole mom
with v are available, butab initio calculations43 have yielded
values forme and the first coefficient of the power serie
expansion of the dipole moment in (v11/2). Using this de-
pendence, the intensities of the rotational transitions of
excited vibrational states have been corrected for variati
in the dipole moment. The plots of Fig. 4 seem to indica
the existence of two distinct vibrational temperatures: one
low v, with temperatures approximately in the range 100
2000 K, and one atv.6 with temperatures in the 5000
6500 K interval~Table V!.

The observations can be simply understood in terms
the competing energy transfer processes in the supers
expansion following the discharge. These processes are
actly analogous to what occurs in CO lasers,11 so only a brief
description is provided here. Vibrational excitation of SiS
mainly caused by inelastic collisions with electrons who
kinetic temperature is in the vicinity of;10 000 K.44 Each
molecule typically undergoes on the order of 102– 103 binary
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE IV. DunhamYi j coefficients of SiS~in MHz!.

Yi j
28Si32S 28Si34S 29Si32S 30Si32S

Y10 22 473 809.4~39!a 22 163 553.0~39! 22 266 120.4~39! 22 070 954.9~39!
Y20 277 533.3~23! 277 407.3~23! 276 106.9~23! 274 778.6~23!
Y30 31.43~52! 30.15~50! 30.57~50! 29.77~49!
Y40 20.240~37! 20.227~35! 20.231~36! 20.223~35!
Y01 9 099.536 21~36! 8 850.043 55~37! 8 932.140 99~37! 8 776.255 56~44!
Y11 244.163 33~20! 242.359 40~19! 242.950 22~20! 241.830 69~19!
Y213103 21.198~36! 21.134~34! 21.155~35! 21.115~33!
Y313104 22.080~27! 21.940~26! 21.986~26! 21.900~25!
Y413106 23.48~10! 23.205~93! 23.295~96! 23.126~91!
Y513108 5.66~18! 5.14~16! 5.31~17! 4.99~16!
Y6131010 25.16~12! 24.62~10! 24.79~11! 24.46~10!
Y023103 25.965 00~90! 25.642 37~85! 25.747 54~86! 25.548 66~83!
Y123105 20.586 8~27! 20.547 4~25! 20.560 2~25! 20.536 1~24!
Y223107 20.840~64! 20.773~59! 20.794~61! 20.754~58!
Y0331010 21.54~48! 21.41~44! 21.45~45! 21.38~43!
d01

Si 0.1958~40! ¯ ¯ ¯

d10
Si 2392.~25! ¯ ¯ ¯

d01
S 0.2766~23! ¯ ¯ ¯

d10
S 69.~27! ¯ ¯ ¯

r e ~Å! 1.929 321 4~6! 1.929 319 7~6! 1.929 320 1~6! 1.929 318 8~6!

aNumbers in parentheses are 95% confidence limits in units of the last digit except those forr e, that are one standard deviation in units of the last dig
Dimensionless standard errors50.7.
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collisions with other molecules~mainly with the atomic car-
rier gas! in a supersonic expansion,45 which is insufficient to
cool the high-frequency vibrational modes of a diatom
molecule to a temperature close to the translational temp
ture of the gas. However, vibration–vibration~VV ! energy
transfer involving collisions of two diatomic molecules pla
an important role in the vibrational distribution. VV pro
cesses dominate vibration–translation~VT! transfer at low
vibrational levels, causing a rapid redistribution of the e
ergy by transferring population up the vibrational ladder
redistribution which is aided by the anharmonicity of t
potential as exothermic processes are preferred

2SiS~v5n!

k2

k1

SiS~v5n21!1SiS~v5n11!1DE.

Ratek1 ~exothermic! will be greater than ratek2 ~endother-
mic! by a factor exp(DE/RT), which causes an asymmetric
distribution of the vibrational population. The few lowe
vibrational levels are thereby cooled to a temperature con
erably lower than that of the electrons~Treanor region!.46,47

As the vibrational quantum number increases, VV trans
becomes less efficient, resulting in a region with a relativ
flat vibrational distribution, and a vibrational temperatu
which approaches the electron temperature~Plateau region!.
At even higher vibrational quantum numbers, for states
proaching dissociation, VT energy exchange rates are do
nant and the vibrational temperature rapidly decreases
that a vibrational population distribution is established in a
proximate equilibrium with the local translational temper
ture ~Boltzmann region!.

The vibrational temperatures obtained from both of
observed transitions of SiS are very similar, which is e
dence of rotational equilibrium~Table V!, and the different
isotopic species show similar vibrational temperatures
well. Since vibrational frequencies differ slightly for the se
Downloaded 14 Feb 2005 to 128.103.60.225. Redistribution subject to AI
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eral isotopomers, it is expected that VV energy transfer w
tend to heat up the rare isotopic species~with lower stretch-
ing frequencies! with respect to the normal species. This te
dency can be marginally inferred from the temperatures
SiS of Table V and Fig. 4 in the Plateau region.

2. Sulfur monoxide

Vibrational temperatures for32S16O in its ground elec-
tronic state were derived from the relative intensities of
rotational transitionNJ501→10 in vibrational levels up to
v533, in the same way as for SiS. The measurements w
done with a discharge of OCS in Ne at a voltage of 1100
(I 524 mA). The plot~see Fig. 5! marginally suggests the
existence of two different vibrational temperatures: one
low v with T'1785 K, and one atv.3 with T510 120
6590 K. This break, if real, is very similar to that observe
for vibrationally excited SiO measured by millimeter-wav
spectroscopy in a dc glow discharge of silane (SiH4) and
CO,22 for which temperatures of 1000 K fromv50, 1 and
10 000 K from vibrational states up tov540 were derived.

Because more intense signals of SO were observed w
SO2 was used as a precursor gas, additional experim
were carried out to detect vibrationally excited SO in a d
charge of SO2 in either Ne or He at various voltages. Fo
each set of experimental conditions, vibrational temperatu
were similar~see Table VI and Fig. 5!, with the lowest vi-
brational levels having a vibrational temperature close
1000 K, and the higher ones temperatures of several th
sand degrees K. Vibrational temperatures in this latter reg
do not depend significantly on the carrier gas used~i.e., He
or Ne!, but they are apparently somewhat lower—by abo
30%—than those obtained when the SO is produced in
OCS discharge~see Table VI!. This discrepancy is plausibly
the result of the production of CO in the OCS discharge,
discussed below.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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11722 J. Chem. Phys., Vol. 119, No. 22, 8 December 2003 Sanz, McCarthy, and Thaddeus
From spectroscopic investigations of OCS in a glow d
charge, it was concluded that at low average discharge
rents (I ,50 mA) the main reaction is decomposition
OCS to give CO1S.48 As the current rises, however, there
an increase in the smaller concentrations of CS and

FIG. 4. Vibrational temperature diagram for theJ51→0 transition of SiS.
I0 is the intensity of theJ51→0 transition in the ground vibrational state
I(v i) is the intensity of theJ51→0 transition in the different excited vi-
brational states. Error bars represent an estimated uncertainty of 15%.
Downloaded 14 Feb 2005 to 128.103.60.225. Redistribution subject to AI
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which are formed via more complex secondary react
paths. The chemical composition of the OCS discharge
determined almost entirely by the average current ove
very wide range of experimental conditions.48

The OCS discharge was studied by monitoring the int
sity of the OCS and SO transitions in the ground vibratio
state over a range of discharge currents. All measurem
were performed with the same percentage of OCS in Ne
that used for theX 3S2 SO measurements. The other diatom
ics produced in the discharge, CO and CS, could not
monitored because their lowest rotational transitions
above the frequency range of our spectrometer. Compar
of our results~see Fig. 6! with those of Ref. 48 suggests tha
our operating conditions correspond approximately to th
of a glow discharge withI ,50 mA, where the CO abun
dance is considerably higher than that of SO.

A significant amount of CO in our discharge means th
VV energy transfer between CO and SO may be importa
Theoretical models47 predict different vibrational tempera
tures for a gas mixture of the two, with the VV energy tran
fer favored towards low vibrational states of the diatom
with higher vibrational frequency~yielding a lower vibra-
tional temperature!, and towards high vibrational levels o
the molecule with lower vibrational frequency, as exotherm
processes are more likely to occur. CO has a vibrational
quency ve52170 cm21,29 while that of SO is ve

51149 cm21.29 Therefore, VV exchange between these tw
molecules will heat the SO vibrational ladder and cool do
that of CO; a similar argument was proposed for SiO in
SiH41CO glow discharge.22 The vibrational temperatures o
the two diatomic molecules in the mixture~i.e., SiO and CO
in one case, SO and CO in the other! depend on the differ-
ence in their vibrational frequencies. SiO hasve

51242 cm21,29 very close to that of SO, and, as expecte
the vibrational temperatures derived for both diatomics wh
CO is present in either a pulsed discharge or a glow d
charge are nearly the same.

Observations of the second lowest-lying electronic e
cited stateb 1S1 of SO are possible in an electric dischar
such as ours, because relaxation via electric dipole tra
tions to the first electronic excited statea 1D or to the3S2

ground state are forbidden by the spin and orbital angu
momentum selection rules. Since the time scale of our
periment is of the order of 1 ms, theb 1S1 state, which has
a radiative lifetime of 5.7~8! ms,49 does not relax. The ex
perimental data ofb 1S1 are quite scattered and the interpr
tation is ambiguous. Following what is suggested by the
data, two different vibrational temperatures could be deriv

TABLE V. Effective vibrational temperatures for SiS and SiO.

Molecule

J51→0 J52→1

Treanor region Plateau region Treanor region Plateau reg

28Si32S 22656120 54366180 8526310 53056110
29Si32S 876680 66326430 ;800 52096260
28Si34S 832690 59966310 10376130 53386240
28Si16O ¯ 94896720 ¯ ¯

29Si16O ¯ 802861430 ¯ ¯

28Si18O ¯ 81416350 ¯ ¯
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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11723J. Chem. Phys., Vol. 119, No. 22, 8 December 2003 Rotational transitions of SO, SiO, and SiS
for the b 1S1 state: 41256875 K, for the first three vibra-
tional states, and 67486950 K for v54 – 22 ~Fig. 5!. While
this latter temperature is comparable to that determined
the X 3S2 SO in an SO2 discharge, the temperature of th

FIG. 5. Vibrational temperature diagrams forX 3S2 SO in an OCS dis-
charge~top!, X 3S2 SO in an SO2 discharge~middle!, andb 1S1 SO in an
SO2 discharge~bottom!. I0 is the intensity of theNJ501→10 transition in
the ground vibrational state. I(vi) is the intensity of theNJ501→10 transi-
tion in the different excited vibrational states. Error bars represent the
mated 15% uncertainty in the intensity measurements.
Downloaded 14 Feb 2005 to 128.103.60.225. Redistribution subject to AI
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lower vibrational excited states is about three times highe
so, this might indicate less efficient VV exchange for t
lowest vibrational levels in the excited electronic state, a
less cooling than for the same vibrational levels of t
ground electronic state. Further investigations on exci
electronic states of diatomics will be necessary to test
tentative conclusion and to see if there is any relation
tween the vibrational temperature of the lower levels and
energy of the excited electronic state.

To our knowledge, no experimental or theoretical da
on the vibrational dependence of the SO electric dipole m
ment are available in the literature, and thus no attempt
been made to correct the vibrational temperatures of ei
the X 3S2 and b 1S1 electronic states for changes in th
dipole moment with vibrational excitation. A dipole mome
of m51.52(2) D forv50 of X 3S2 has been determined b
microwave spectroscopy,25 while for the b 1S1 state only
ab initio calculations exist.50 These calculations predict
slight decrease in the dipole moment of the first two lo
lying electronic states with respect to that of the ground el
tronic state, yieldingm0 values of 1.51 D forX 3S2, 1.45 D
for a 1D ~versus an experimental value of 1.34~5! D51!, and
1.36 D forb 1S1 SO. The degree of anharmonicity is larg
for the b 1S1 state (vexe57.2 cm21 for b 1S1 versus 5.6
cm21 for X 3S2 SO29!, which will cause a slightly more
pronounced decrease in the electric dipole moment as
vibrational quantum number increases—an effect which
not expected to significantly alter the vibrational tempe
tures.

Given the uncertainties in the data, the vibrational te
peratures of SO in an SO2 discharge are essentially the sam
as those found for SiS. The vibrational frequency of S
@ve5749.6 cm21 ~Ref. 29!# is only 2/3 of that of either SO
or SiO, but still well abovekT, with T'300 K the tempera-
ture behind the nozzle. Further research on diatomics w
lower values ofve would be worthwhile to determine wha
vibrational temperatures are attained, and how VV and
rates depend on vibrational frequency.

3. Silicon monoxide

Effective vibrational temperatures for SiO~Table V!
were derived as for SiS and SO from the relative intensi
of the rotational transitions in highly excited vibrational le
els. Because rotational transitions from the lowest-lying
brational states of28Si16O are at 43 GHz—near the top of th
frequency range of our spectrometer, where line intensi
are least reliable—only excited vibrational states withv.7
were used to calculate the vibrational temperature. T

ti-

TABLE VI. Effective vibrational temperatures for32S16O in the Plateau
region from theNJ8

8 →NJ9
9 501→10 transition. Temperatures were derive

from intensity measurements of rotational lines in thev510, 15, 20, 25, and
30 vibrational states in an SO2 discharge.

Voltage ~V!
Carrier gas

He
Carrier gas

Ne
Current in
He ~mA!

Current in
Ne ~mA!

500 ¯ 793261320 ¯ 1.3
600 55306400 ¯ 1.5 ¯

1000 68416850 662561590 8.0 32.0
1500 74766930 50776650 23.0 60.0
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 6. Relative intensities of thev50 J52→1 rota-
tional transition of OCS and thev50 NJ501→10 ro-
tational transition of SO at different currents. Intensiti
of each rotational transition are normalized to their r
spective maximum values.
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change of the electric dipole moment withv was determined
from extrapolation of the dipole moments of the first fo
vibrational levels.35

The vibrational temperatures derived for the three iso
pic species are very similar~Table V!. They are all lower
than those calculated for either SO or SiO in the presenc
CO, but higher than those of SO in an SO2 discharge. Be-
cause O2 is used as a precursor gas, its abundance in
discharge is expected to be several orders of magni
higher than that of SiO, and thus O2– SiO collisions become
important. The vibrational frequency of O2 (ve

51580.2 cm2129! exceeds that of SiO, so VV energy e
change between O2 and SiO will tend to heat the SiO vibra
tional ladder in an analogous manner to that described ab
for SO in the presence of CO. O2 is a nonpolar molecule, so
that collision efficiency diminishes, and the difference b
tween the vibrational frequencies of SiO and O2 is smaller
than that between SiO and CO. Consequently, the SiO vi
tional temperature might be expected to be somewhat lo
than that in the presence of CO—as observed.

IV. DISCUSSION

A. Born–Oppenheimer breakdown parameters

The Born–Oppenheimer breakdown correction ter
have been determined for the two nuclei of the SiO and
diatomic molecules. To compare the results with those
other molecules, thed i j parameters obtained from LeRoy
program are transformed to the traditionally used dimens
less coefficientsD i j via the expression31,32

D i j
A5

2d i j
AMA

1~m1! j 1 i /2

Ui j me
, ~4!

where 1 indicates the reference isotopomer and

Ui j 5~m1! j 1 i /2~Yi j
1 1d i j

A1d i j
B !. ~5!
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The calculatedD i j ’s are shown in Table VII. Those of SiS
are in reasonable agreement with previous values reporte
the literature:D01

Si521.392(59) andD01
S 521.870(65) from

Ref. 52, and D01
Si521.203(52), D01

S 521.944(58), D10
Si

50.929(22), andD10
S 520.257(27) from Ref. 41.D01

O of
SiO is comparable to that of CO@22.0982~13!53# or SO
~22.7247~34!27!, while D01

Si of SiO is similar to that of SiS.
The D i j ’s include the adiabatic and nonadiabatic cont

butions to the Born–Oppenheimer approximation, as wel
the Dunham correction. The last two terms can be individ
ally calculated forD01 if the electric dipole moment and th
rotationalgj factor of the diatomics are known:53,54

D01
A 5~D01

A !ad1~D01
A !nonad1~D01!

Dunham

5~D01
A !ad1

~mgJ!B

mp
1

mDY01
~D!

meBe
, ~6!

where (mgJ)B is the isotopically independent value ofmgJ

referred to atom B,mp is the mass of the proton, andDY01
(D)

is the Dunham correction toY01. (D01
A )ad is calculated from

the values of the otherD01’s. The nonadiabatic contribution

TABLE VII. Parameters related to the Born–Oppenheimer breakdown.

SiO SiS

D01
Si 21.294~35! 21.097~22!

(D01
Si)nonad 21.009 8~14! 21.175 7~76!

(D01
Si)ad 20.276~39! 0.084~32!

D01
Dunham 20.000 88~20! 20.005 8~15!
D01

O/S 22.068 2~95! 21.772~15!
(D01

O/S)nonad 21.861 6~13! 21.549 0~85!
(D01

O/S)ad 20.198~13! 20.217~25!
D10

Si
¯ 0.890~57!

D10
S

¯ 20.179~70!
r e ~Å! 1.509 737 7~5! 1.929 321 4~6!

r BO ~Å! 1.509 665 0~17! 1.929 271 3~19!
r ad ~Å! 1.509 674 2~6! 1.929 273 3~7!
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owing to the nonspherical distribution of the electrons
their shells, is, as expected, the most important one in
and SiS~see Table VII!: it is one order of magnitude large
than the adiabatic term and two orders of magnitude lar
than the Dunham correction.

Our results for SiS can be compared to those obtained
Tiemannet al.,53 who evaluated the different contributions
D01 for a series of diatomic molecules. (D01)

nonad for both
nuclei of SiS are the same as those given in Ref. 53 s
they have been calculated using identical experimental
rameters. Our different Dunham coefficients provide
(D01)

Dunham of SiS about half the value of Ref. 53 and
(D01

Si)ad positive and remarkably different from the previo
value of 20.205~69!.53 (D01

Si)ad can be estimated using th
wobble-stretch theory:53,55

D01
ad&

m2Y02Dn

~Be
BO!2 S ZA

MA
2 1

ZB

MB
22

gJ

mmp
D , ~7!

where Dn is the energy difference between the electro
ground state and the first excited statesV51 of the same
parity as the ground state, andZA and ZB are the nuclear
charges of atoms A and B, respectively. From this expres
D01

ad&20.32. The wobble-stretch theory predicts the corr
order of magnitude ofD01

ad for different atoms,53 but it cannot
explain the anomalous value we obtained for (D01

Si)ad.
FromU01 it is possible to calculate the so-called ‘‘Born

Oppenheimer’’ bond lengthsr e
BO ~see Table VII!, isotopically

invariant since they are derived from a mass-independ
parameter.r e

BO for SiS is slightly larger than the previou
value41,53 owing to the new microwave data used in the fi

The adiabatic bond lengthsr ad can also be calculate
from our data using the relation

r ad5r eS 12
DY01

~D!

2Be
2

megJ

2mp
D 21

. ~8!

These bond lengths are isotopically dependent and wo
correspond to the minimum of the adiabatic potential—
Born–Oppenheimer potential plus the adiabatic correctio54

They are thus very similar to ther e
BO’s ~see Table VII!.

B. Vibrational dependence of spin–rotation constants

The measurement of magnetic hfs in highly excited
brational states is an interesting by-product of the pres
work. For the29Si isotopic species of SiO and SiS, the spin
rotation constantCI was determined up tov526 and 29,
respectively, which provides information on the molecu
electronic distribution that is otherwise not readily availab
for a molecule with a1S1 electronic ground state and no h
in the absence of molecular rotation.

Nuclear spin–rotation depends on the molecular m
netic field, which arises from the rotation of the nucle
charges and from the rotation-induced second-order inte
tion of excited electronic states having nonzero orbital an
lar momentum with the ground electronic state. For a
atomic molecule these two contributions are usua
expressed as:56
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CI5CI
nucl1CI

el

52
2emNgIB

\c

Zl

R
2

2emNgIB

\cm

3(
k

^0uLxuk&^kuLxr
23u0&1^0uLxr

23uk&^kuLxu0&
E02Ek

,

~9!

wheree andm are the charge~positive! and the mass of the
electron, respectively,mN is the nuclear magneton,gI is the
nuclearg factor of thei th nucleus,B is the rotational con-
stant,R the internuclear distance,Zl the atomic number of
the other nucleus in the diatomic molecule, and^0u and uk&
designate the ground and excited electronic states.

The rotational constant is expected to decrease with
creasing vibrational excitation. However, the magnetic a
dipole moments, and the efficiency of the excitation of t
valence electrons in higher vibrational levels57 also change
with v. Because the relative contributions of these seve
effects are somewhat difficult to predict, the variation ofCI

with v is not readily determined. Contradictory results ha
been obtained: the spin–rotation constant for the fluor
atom decreases in absolute value with vibrational quan
number in BrF and IF, while it increases in HF.56

To our surprise, our hyperfine measurements indic
that CI is independent of the vibrational excitation for bo
29SiO and 29SiS. The contribution ofCI

nucl, however, has
been evaluated for both diatomics and found to decreas
;25%, from 1.93 kHz forv50 to 1.44 kHz forv526 in
29SiO, while in 29SiS it decreases by;20%, from 1.26 kHz
for v50 to 1.00 kHz forv529. SinceCI is of the order of
10–20 kHz, it is clear that the electronic contribution toCI is
dominant.

CI
el also varies with vibrational quantum number, d

creasing in absolute value by;2% from v50 to v526 for
29SiO and v529 for 29SiS, counteracting the change
CI

nucl. Variations in CI
el are affected by the change in th

rotational constantsB, which decreases with vibrationa
quantum number. However,CI

el/B increases by;19% for
29SiO and by;14% for 29SiS from the ground vibrationa
state to the highest vibrational level detected, so the cha
in B alone does not explain theCI

el variation.
To properly evaluate the vibrational dependence of

spin–rotation constants, it is necessary to include vibratio
and centrifugal distortion effects,58 which are neglected in
the usual theoretical treatment of the spin–rotation@Eq. ~4!
results from averaging over the ground vibrational state w
the nuclei at the equilibrium distance#. The complete expres
sion for the spin–rotation constant of a nucleusi in a di-
atomic molecule valid at any internuclear distance is58

CI5CI
nucl1CI

el1CI
acc

52
e2gIB

Mc2

Zl

R
2

2e2\2gIB

\Mmc2

3(
k

^0u(n~ l in!xr in
23uk&^ku(n~ l in!xu0&
E02Ek

1
B

c2 R̈0iR0i ,

~10!
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wherer in and l in are the position and angular momentum
electronn relative to nucleusi, M is the proton mass, an
CI

acc is a relativistic correction arising from the accelerati
of the nuclei, expressed in terms ofR0i , the distance of the
nucleusi from the molecular center of mass, andR̈0i , its
second time derivative. The increase inCI

el/B along the vi-
brational ladder derived above for both29SiO and29SiS is in
fact the variation with vibrational quantum number~and
hence with internuclear distance! of R̈0iR0i and the sum in
CI

el .
CI

acc for the nucleus i can be calculated for eac
vibration–rotation statevJ using the Dunham potential fo
J50 as58

^CI
acc&v,J51

hml

2mi~mi1ml !

3F2S v1
1

2DBeve24J~J11!Be
2G , ~11!

wheremi andml are the masses of the nuclei of the diatom
molecule. From this expressionCI

acc for 29SiO and29SiS in-
creases by roughly two orders of magnitude withv, but even
for the highest vibrational states theCI

acc values are of the
order of Hz or smaller, 103 to 104 times smaller thanCI

el .
Therefore, in29SiO and29SiS the increase in (CI

el1CI
acc)/B

with v arises from the interaction of the excited electron
states and the ground state, where the contribution ofCI

acc is
negligible.

Because the nuclear spin–rotation constant and p
magnetic shielding are closely related quantities, vibratio
and centrifugal distortion contributions are important to o
tain magnetic shielding constants for the nonvibrating m
ecule at the equilibrium internuclear distance and to estim
with these NMR chemical shifts. Corrections for vibration
and centrifugal distortion effects are especially significan
comparisons are to be made between isotopic species o
same compound.

C. Vibrational relaxation

Excited vibrational states have been detected to as
as 71% of the dissociation limit in SO, 66% in SiO, and 61
in SiS. It is worth noting that the highest vibrational leve
observed here forX 3S2 and b 1S1 of SO have approxi-
mately the same energy above ground. For the three dia
ics here, even when a large fraction of the potential well
been sampled, no steep decrease in the intensity of the
tional transitions within the highest vibrational levels w
observed, which suggests that VT exchange is still less
portant than VV energy transfer. Detection of yet higher
brational states, closer to the dissociation limit, is proba
required to observe the Boltzmann region predicted by th
retical models.46

The close similarity of the vibrational distribution in ou
molecular beam and that in the glow discharge of Ref. 2
strong evidence of the predominance of VV energy trans
when the vibrational levels are very strongly excited, as in
electric discharge. This similarity also indicates that the el
tron temperature achieved in the two discharges is abou
Downloaded 14 Feb 2005 to 128.103.60.225. Redistribution subject to AI
f

a-
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f
the

h

m-
s
ta-

-
-
y
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he

same. The VT exchange between the diatomic molecules
the atomic buffer gas in the molecular beam is clearly
slow to dissipate the energy excess via the lowest vibratio
energy levels on the time scale of the experiment, and
fairly slow deactivation mechanism is overcome by the mu
more rapid VV exchange. Because VV transfer is so imp
tant in determining the vibrational temperature, it is not s
prising that no significant change is observed when He
used instead of Ne as the carrier gas. The slight differe
may result from differences in ionization efficiencies@4.6
31022 for He versus 5.631022 for Ne ~Ref. 44!# or ioniza-
tion potentials~24.6 eV versus 21.6 eV59!.

Relaxation of molecular vibration depends on the nu
ber of binary collisions in the supersonic expansion and
the vibrational frequencies, the high-frequency vibratio
generally requiring many more collisions than the low on
for relaxation to occur. The total number of binary collisio
in the throat of the supersonic expansion (;102– 103 colli-
sions! is below the number required to relax the vibration
modes of most diatomic molecules, such as those stu
here. It would be useful to examine how varying the back
pressure and hence the collision rate downstream change
vibrational distribution. For alkali halides14,15and I2 ,16,17 the
vibrational relaxation increases with pressure forv<5 in the
absence of an electric discharge. Similar investigations
diatomic molecules in a molecular beam discharge sou
like that here might allow changes in vibrational populatio
to be observed over many levels.

The three diatomics here possess vibrational modes
fundamentals far abovekT ~T being'300 K, the temperature
behind the nozzle! and similar vibrational temperatures. Fo
NO, with ve51904.2 cm21,29 a vibrational temperature o
67006700 K for v56 – 18 has been derived19 after applying
an electric discharge of 1150 V to a supersonic expansio
5% NO in He at 2.25 kTorr, in excellent agreement with o
results. Investigations of diatomics with vibrational freque
cies around or belowkT will be desirable to test the validity
of the proposed model for those molecules. Among them2

has a vibrational frequency only slightly abovekT @ve

5214.5 cm21 ~Ref. 29!# and its vibrational relaxation in a
molecular beam after laser pumping to an electronically
cited state has been investigated under vari
conditions.16,17 Vibrational temperatures were only derive
for the v50 – 3 vibrational states of the ground electron
state, and these were found to be considerably lower~150–
240 K for monoatomic diluents! than those derived in this
work at lowv—a possible indication that VT energy transf
is much more efficient in this molecule.

SO, SiO, and SiS are important astrophysical molecu
SO is widely distributed in galactic molecular clouds and h
also been detected in the cores of star-forming regions~see
Ref. 23, and references therein!. It is claimed that shock
waves associated with star formation may form SO in hig
excited states. SiO is well known astronomically as a sou
of highly compact and intense maser emission. Maser
nonmaser emission transitions from SiO, for the normal a
rare isotopic species and in the ground as well as in exc
vibrational states, have been used to probe physical
chemical conditions in space~see Ref. 37, and reference
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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therein!. SiS has been detected in several astronom
sources,60–62 and it is believed to play an important role
the photodissociation chemistry of the rich circumstellar
velope of IRC110216,39,40 where rotational transitions o
SiS in the v51 excited vibrational state have bee
observed.63 Vibrationally excited states will be populated
space in sources with high temperatures or where collis
with electrons are important. Precise microwave frequen
for the rotational lines of many excited vibrational levels
these three diatomic molecules are provided here, and f
these measurements and the derived molecular const
transitions in the range of interest to radioastronomers ca
calculated to the required accuracy~i.e., better than 1 ppm!
to conduct precise astronomical searches.

Note added in proof.We recently became aware th
Kim and Yamamoto@J. Mol. Spectrosc.219, 296~2003!# in a
parallel work detected SO in theb electronic state up tov
522. Their results agree well with those presented here
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