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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
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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=88 for *2S'°0,

v =45 for 28Sit%0, andv =51 for 28Si*2S in their ground electronic states have been detected. The
isotopic species3st0, 34s'%0, 29580, 285it80, 2°S*?S, and?®Si**S have also been observed in
highly excited vibrational states. Microwave transitions include up+®2 for the second lowest
excited electronic state 'S " of SO (~10510 cm?® above groung 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 for ™ SO, X13* SiO, and X% SiS. Nuclear
spin-rotation hyperfine structure for tReSi isotopic species of SiO and SiS has been observed in

all highly excited vibrational states. @003 American Institute of Physics.

[DOI: 10.1063/1.1612481

I. INTRODUCTION ation processes in our molecular beam discharge, we have
undertaken a systematic study of the rotational spectra of

Supersonic molecular beams are a powerful tool for the . . .
Several diatomic and small polyatomic molecules. The poly-

study of transient species which can be produced efficientl . . .
in the throat of a nozzle and then studied by various spectroy‘fltomIC data will be described elsewhéieere, we report the

scopic techniques downstream in the collision-free region ofeSUItS for three diatomics: SO, SiO, and SiS. Thes_e mql-
the expansion. Because of its high sensitivity and resolutiorE€Ul€s were chosen because they are produced in fairly high
Fourier transform microwavéFTM) spectroscopy has be- abundance in the adiabatic expansion after the application of
come one of the most widely used techniques to detect thdC electric discharges to gas mixtures of the right precursor
rotational spectra of molecular systems such as weaklgases. Partly because of their astrophysical importance, SO,
bound complexe$? refractory metal halide$reactive car- SiO, and SiS have been widely studied using a number of
bon chains and ringsand protonated molecular iof$.In spectroscopic techniques and their molecular constants are
this laboratory, molecular beam FTM spectroscopy togetheknown to high accuracy, making identification of their ex-
with electric discharges has been used to study nearly 108ited vibrational states fairly straightforward.

new reactive molecules of astrophysical intetestring the The effect of electric discharges in vibrational excitation,
past ij years. .In the course .of the;e investigations, rotation@émxation, and energy transfer of diatomic molecules has
satellite trgnsmons from excited vibrational state§ of severalaen the subject of numerous studi®especially so because
new species have also been detected, some accidentally. Tglethe importance of these processes for the operation of CO

second lowest-frequency bending mode of SiGor ex- 1 S . .
lasers'! where the population inversion depends on the vi-

ample, was recently observéas well as the second lowest- . o : : :
brational distribution of the diatomic molecules after excita-

frequency bending vibration and the two highest-frequency. . disch Itis al fi for ol di :
stretching modes of SiS 2 tion in a discharge. It is also of interest for plasma diagnosis

To better understand the vibrational excitation and relax!S€& for example, Ref. 12since plasma properties can be
estimated from molecular emission lines if the vibrational
. ) . distribution in the ground and excited electronic states is
dCurrent address: Departamento de'i@ica Fsica, Facultad de Ciencias, . . . .

known, and in combustion processes, for which it has been
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Spain. Electronic mail: msanz@cfa.harvard.edu; mesanz@qf.uva.es  suggested that vibrationally excited species produced in the
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electric discharge significantly contribute to promotion of
combustion mechanisnt3.

Vibrational relaxation of diatomics in molecular beams
has been investigated by electric resonance spectra¥cGpy
and laser-induced fluorescen@é” In these studies, excited
vibrational states of several alkali halides and iodine seeded
in beams of different gasésmonoatomic, diatomic, or poly-
atomic moleculeswere observed, but only up to<5 in the
electronic ground state. These studies covered a wide range
of experimental conditions, and, although restricted to the
lowest-lying vibrational levels, they showed that vibrational
relaxation in supersonic expansions is dominated by colli-
sions with the diluent gas, and is sensitive to source pressure
and temperature. FIG. 1. Cross section of the pulsed-discharge nozzle.

There have been few investigations of vibrational distri-
butions in supersonic beams excited by an electric discharg
In one such study, vibrationally excited N@p to v=18)
has been investigated by means of a TOF-REMP
experiment®1°The vibrational temperature was found to be
highly dependent on the stagnation pressure; for a pressu
of 3 bar (2.25 kTorp, a vibrational temperature of 6700
+700 K for 6<v<18 was calculated—very similar, as it
will be seen, to the temperatures derived here.

In this paper we present measurements of highly excite

vibrational statesy(>30) of S0, SiO, and SiS in a dc elec- =250 Torrcm). As the pulsed beam expands, a low-current

tric (Tslcharg?[_ mole;ular Ibte?.m sou:jcel f””dt‘;r various experi e ctric discharge is produced synchronously with the gas
mental conaitions. A qualtative modet for the processes 'n'pulse in the throat of the nozzle by applying a dc voltage to
volved in vibrational excitation and relaxation is proposed.

. . . . “'one of the copper electrodes. After the gas pulse has ex-
Inelastic collisions with the electrons produced in the dis- PP gas p

charge efficiently couple much of the electron kinetic energypanded to fill the Fabry—fPet cavity of the spectrometer, the
. . molecules under study are polarized by a slibrts) micro-
characterized by temperatures of the order of KO into wies u Ly potariz y @ skbits) mi

L o o X .. wave pulse, which is coupled into the cavity by a small an-
vibrational excitation. Vibrational relaxation occurs mainly

ia vibrat ibration(VV/) i » hich redi tenna. Molecular emission as a function of time is subse-
Via vibration—vibration energy transter, which redis- quently detected with a superheterodyne receiver and Fourier
tributes the energy up and down the vibrational ladder, giv

. transformed to obtain the power spectrum.

ing _rise to two distinct regions: one for the lowest-lying vi- Vibrational cooling in a supersonic nozzle depends on a
bra_tlonal Ievgls, at temperatures around 1000 K, and anothey e of experimental parameters, including backing pres-
region for higher vibrational states where temperatures o

lth dd K hieved ure, buffer gas, discharge current, and the geometry of the
sevgrrs dotjs‘? efgrees hi ar:F ac 'ivz .'b tional stat nozzle, so care was taken to use a fairly uniform set of ex-
€ detection ot very highly excited vibrational s aesperimental conditions in our experiments. The same rota-

for the Fhree dlatom.lcs hgre allowed us to derive NEW SPEC;anal transition has been measured for each vibrational state;
troscopic data for SiO, SiS, and the second lowest-lying ex

. ) the cavity Q and amplifier gains are constant to about 15%
1S5+
c!ted electronic statet( 2 ) of SO. Dunham-t'y.pe expan- - ,yer the frequency range of the vibrational shifts, which are
slons were employed to fit the _m_easured transmor_ls, and r1egenerally less than 10 GHz. Care was also taken to use the
gnd |mhpr_oved bDunkh dam coeff|C|etnts 'f[ogether with tio'm_ ame microwave power for each measurement, and relative
Tr?pehr'] he|mer| tfea O(\an Co_rtfe_‘t: |or; erlms IweLe 0 i'?;l htensities were derived from several measurements for each
€ high resolution and sensitivity of molecuiar beam vibrational statgaveraging peak heightsFinally, it should
spectroscopy enabled us to observe the spin-rotation hypelgé emphasized as a check thiathe intensity data for nearly
fine structurghfs) for highly excited vibrational states of the

i i ; . . all of the species studied here are well-described by a
295j isotopomers of SiO and SiS. Spin-rotation constant pect ud w I y

: o BN oltzmann distribution implying that systematic intensity
were derived and their vibrational dependence determlned.uncertaIinties are smalassuming that the dipole dependence

of the vibrational ladder is either known or assumed to be
constant withv); (ii) similar vibrational temperatures were
derived for the normal and less abundant isotopic species;
Rotational spectra have been measured with a moleculand (iii ) the vibrational temperature of SiO measured here
beam FTM spectrometer described elsewifé;this in-  (~9500 K for the parent isotopic specieagrees(surpris-
strument currently operates in the 5-40 GHz frequencyngly) well with that measured in our free-space cell previ-
range and incorporates a pulsed-discharge nozzle whose gausly (~10 000 K).?2
ometry and electrical characteristics have been adjusted to All three diatomic molecules have been produced with
produce small reactive molecules in high abundance. Aslischarge voltages that optimize the intensity of their vibra-

Pulsed-discharge
nozzle

Teflon
housing

Shown in Fig. 1, the nozzle consists of a commercial sole-
Inoid valve wih a 1 mmdiameter orifice and alternating lay-
ers of copper electrodes and Teflon insulators, each a few
millimeters thick. It is located in the center of one of the
fgrge mirrors of the Fabry—Pat resonator of the spectrom-
ter.
The supersonic beam is produced by the adiabatic ex-
ansion of various precursor gases diluted in either He or Ne
t backing pressures of typically 2.5 kTo{8.3 atm, Pd

Il. EXPERIMENT
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TABLE |. Summary of present laboratory measurements.

Molecule Precursor gases Carrier gases Concentréxon \oltage (V) Frequency bandGHz) Vibrational level
X33~ SO OoCs Ne 0.15 1100 29-42 33
X33~ SO SO, He or Ne 0.15 500,600,1000,1500 29-42 30
b!%* SO SO, Ne 0.15 1300 29-42 22
X3 sio SiH, /0,2 Ne 0.15/0.4 1100 28-44 46
X3+ sis SiH, /CS;? Ne 0.2/0.05 1400 17-37 51

#Because Siklis spontaneously flammable in air, separate gaseous samples of 2% BiHand 1.5% Q in Ne or 1% C$ in Ne were further diluted with
Ne and mixed in the gas input line just before the discharge nozzle.

tional ground-state lines. The duration of the gas pulse emground?® was also observed. On the basis of the constants
ployed was typically 350—400s, which corresponds to flow provided in Refs. 23 and 27, vibrational excited states up to
rates of 15-25 sccm at the 6 Hz repetition rate of the nozzle; =8 for the X 33~ state of**SO (Table Il of SM®) andv
yielding a typical background pressure in the vacuum cham=22 for theb 13" state 0of3?SO (Table Ill of SM?®) were
ber of 5x 10" ° Torr. Typical rotational temperatures in our identified—a significant extension of previous measure-
free expansion are 3 K. All lines exhibit Doppler splitting ments.
into two well-resolved components, owing to the coaxial The highest observed vibrational level 3SO in the
alignment of the molecular beam with the direction of Propa-ground electronic statey =33, lies about 3.8 eV above
gation of the microwave radiation. Experimental conditionsground' equivalent in temperature to 44 120 K, almost three-
used to observe the three diatqmic .molecudpeecursor quarters of the dissociation limiD.=5.359 e\=62 189 K
gases and voltages employete given in Table I. (Ref. 29, and references therdinThe highest vibrational
level measured for the 13 * state has a comparable energy
IIl. RESULTS of ~44150 K above the ground electronic state. No mea-
surements of SO in the first excited electronic state
were possible since its lowest rotational transition at 127.8
GHz lies well above the frequency range of our spectrometer.

A. Analysis of the rotational spectra
1. Sulfur monoxide

The large spin—spin interactior\ €158 GHZ®) in SO Extensive rotational and vibrational data are available
brings several of its rotational transitions within the band offor the SO radical in the ground electronic st&té’ includ-
our spectrometer, including the intenslg=0;,— 1, transi-  ing molecular constants and the Born—Oppenheimer break-

tion at 30 GHz. This radical has been previously observe@jown correction terms, which have been derived via global
using molecular beam FTM spectroscopy by at least threfs of all isotopic species incorporating large numbers of SO
other groups, but only excited vibrational statew)te2 in - ransitions. It is mainly because of this large body of work
the X°3~ electronic state have been previously that no attempt is made here to rederive spectroscopic con-
reportect~*°By using other techniques, such as millimeter- tants or punham coefficients for SO on the basis of our new
wave spectroscopy in combination with dc electric dis-qaa Our results, however, may still be of some value. In
charges or UV-laser photolysis, SO has been observed igyyination with previously published frequencies, it should
Tgher exc[ed V|brat|ona3I s_tatels, ranging up dels, v e possible to determine additional higher-order constants
; alti'sa?ggp_eit%vzjl;tgfg(m %he,si rﬁéait?gmzentselgsgﬁglrg cocfa?-r. the normal _species because frequencies of rotational tran-
ficient’s were derived for each electronic ste. Sitions determined from FTM spectroscopy are generally ac-
During an unsuccessful search for OCSprogressions curate to a_few kHz—about a factor of 10 more precise than
of the N;=0,— 1, rotational transition of2SO and®'S0O in most previously reported measurements—and because the
present data probe the SO potential at twofold higher vibra-

even higher vibrational levels of thé33 ~ state were ini- F I o than th bed iously b I h
tially observed here in a discharge of dilute OCS in(see  {ONa! €nergies t27an that probed previously by UV-laser pho-
tolysis of CLSO.

Table ). These were assigned fairly easily by extrapolation o i .
from previous Worﬁ3'27up tov = 33. because rotational lines For theb X" electronic state, the Dunham coefficients

from successive vibrational levels are separated by a nearlii have been reported fdfSO (Refs. 23, 30 and *S0.*
constant frequency intervdbee Table | of Supplementary but no global fit has been undertaken previously. Therefore,
Material (SM), deposited in the Electronic Physics Auxiliary the new rotational transitions for tHe'> " state measured
Publication Servic EPAPS of the American Institute of here were fit together with those previously meastit&tto
Physicg®]. a Dunham-type expansion using LeRoy’s program
A discharge of SQwas found to give more intense SO DSPARFIT! This program simultaneously fits data from all
signals, so this precursor gas was employed for the detectidrotopic species to determine the Dunham coefficiefifs
of the weaker lines of th&S isotopic specie).76% natural and the Born—Oppenheimer breakdown correction tesms
abundanckgin the ground electronic state. Tde=1—0 mi-  of a selected reference isotoponiesually the most abun-
crowave transition of?S*0 in the second low-lying meta- dant one, for which more experimental data are generally
stable electronic statéd 'S, at ~10510 cm?! above available, using the expansiott:
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TABLE Il. Dunham;; coefficients of SO in thé 13" electronic statdin MHz).

Yij 325160 345160 Bogeyet al. (3°S'%0)*  Yamamotoet al. (3'St%0)P
Yo1 21064.977 115°  20652.312 &2 21 064.978 EL4) 20 652.32020)
Yiu —191.048 618 —185.461 619) —191.051 618) —185.46818)
Yo X 107 —5.02274) —4.82771) —4.83182) [—4.76"
Y3 X 10° —5.8813) —5.6012) —6.4317) [-5.68
Y X 10 —2.6611) —2.51(10) —1.8716) [—2.44
Y X 10° 1.61(43 1.50140) —3.9256) S
Y1 X 107 —1.35665) —1.25260) e e
Y 2X 107 —3.641 6750) —3.500 3748) —3.642 4333 —3.50416)
Y X 10 —1.33417) —1.27Q16) —1.30717) —1.015)
Y X 10° —2.3634) —2.2232 —3.21(45) [—3.9]
Y3,X 107 —2.5419) —2.3717) —1.8934) S
Yoax 10° —2.0661) —1.9557) —1.2337)

oL 0.84132)
re (A) 1.500 109 &) 1.500 107 5)

®Reference 23.

PReference 30.

‘Numbers in parentheses are 95% confidence limits in units of the last digit except those tfaat are one
standard deviation in units of the last digit. Dimensionless standard @rr@.8.

Yparameters in square brackets calculated from the corresponding vafi&¥ofin Ref. 30 and kept fixed in

the fit.
oy | iR L . ) 2. Silicon monoxide
E.(v,9)= > (—) Yi(w+12'[33+1)) _ . _
(i,))#(0,0 \ Mo The microwave and infrared spectrum of SiO has been
([ MeE— ML extensively studied by a number of techniqte® %"
+ (ﬂ) [(# 5.A Mollaaghababat al?? detected rotational transitions in ex-
(,)=(00 \ Ma M : cited vibrational states up to=40 of theX ™ electronic
Mg— Mé _ . ground state by millimeter wave spectroscopy in a glow dis-
(—a 55—’] (v+1/2'73(3+1)), (1)  charge free-space cell. The infrared emission spectrum of the
Mg parent isotopic species has been measured up=td3

36 : L ;
wherea refers to a given isotopic species and 1 indicates the~ 12, and refined Dunham coefficients were derived from
reference isotopomer. The Dunham parameters for isotopi@ 9lobal fit of the available infrared, microwave, and

species other than the reference species are readily calculat@tlimeter-wave data. Data on the Si atom were insensitive
from the relatiort:32 to the breakdown of the Born—Oppenheimer approximation;

o that plus the lack of isotopic information on the oxygen atom
pp |t prevented a determination of the Born—Oppenheimer break-
Lo down correction terms. The microwave spectrum of i@

2) isotopic species in the ground vibrational state was, however,
later reported by Cho and Saito.

Investigation of vibrationally excited SiO was further
) . . stimulated by the prospects of improving its spectroscopic
mde_ll?ﬁndft_an; parﬁmbe'grﬁj are dlscl*:u;soeo_l ml Rdefs. 3# a?dh32. contants and determining the Born—Oppenheimer correction

e fit for t € s_t_ate ot 54 Includes all o t_e_ terms. The SiO molecule was produced in our molecular
measured rotational transitions, with assigned uncertainties. . ' \nder the conditions summarized in Table 1. In its Vi-
of 2 kHz (F’fes‘?”t work 20 kHz(R_e_f. 30, and .50 kHz(Ref. brational ground state, only the lowest rotational transition at
23). The re_sultmg Dunham coeffm@qts_are given in Table II,43 GHz lies within the present frequency range of our spec-
together with the values of the equilibrium distances of bOtr‘trometer. This transition in vibrational excited states up to

isotopic species, derived from the standard relation v=145, where its frequency is only 30 GHgee Table IV of
h 12 SM?), was detected for the normal isotopic species. Rota-
re:< ) : (3)  tional transitions up t@ =43 of 8580 (Table IV of SM?®)
were also detected usingO, as a precursor gas under the
where u is the reduced mass. Two new paramet¥gg,and  same experimental conditions and the &8, ratio em-
the 6§1 correction term for the sulfur nucleus, were requiredployed for the other isotopomers. TRESi isotopic species
in the global fit to obtain an rms comparable to the estimatedvas observed in natural abundance in states as high as
uncertainty of the measurements. Correction terms for the=26 (Table V of SM?). All transitions of the?Si species
breakdown of the Born—Oppenheimer approximation for theexhibited hfs from the spin—rotation interaction of tHsi
oxygen atom could not be determined since there are preswcleus with the weak magnetic field generated by the rota-
ently no experimental data for its rare isotopic species. tion of the moleculdsee Fig. 2 In spite of the high spectral

M&—M1L
a_ 1 A A
Y”_[Y‘“(M—z)

Additional details of the fit, the merits of using this type of
expansion, and the relation of thg; terms to the mass-

Mg—Mg)| o
e[ Mg

877'2,U«Y01
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F=32 172
| | 29
1.0 S].O
J=1—=0
0.8 F=12-+1/2
| | v=24
0.6 ﬂ
FIG. 2. TheJ=1—0 rotational transition in the
o =24 excited vibrational state 6YSiO, showing thé®Si
.8'04_ spin—rotation hfs. Experimental conditions: the spec-
D trum was taken after integration of 23 min and 1360
(a4 cycles.
02
0.0

T T T T T T T T T T g T
35833.9 35834.0 35834.1 358342 358343 358344 358345

v(MHz)

resolution, no vibrational dependence of the nuclear spin-ef Eq. (1) by means of thedSPARFIT program described in
rotation coupling constar@, could be discerned. The hyper- Sec. Il A13! The different data sets were assigned the fol-
fine components of all vibrational states were simultaneousowing uncertainties: 100 kHz for the microwave data of
fit with Pickett’s prograr® to determine the rotational con- Torring®® and Mansoret al,** 20 kHz for that of Cho and
stant B, of each vibrational state and a commdto  Saito>’ 30 kHz for that of Mollaaghabalf&,and 2 kHz for
all vibrational states spin—rotation coupling constant the present FTM measurements. The infrared measure-
C,=—0.02140(34) MHz(rms deviationc=0.9 kHz). The ments® were kindly provided by Bernath with their corre-
B, rotational constants determined from the fit agree with thesponding uncertainties, and added to the fit. #8#'%0 line
corresponding values derived from the Dunham parameteifsequencies in the absence of hfs were calculated from the
(Table 1lI) to 0.0003% in the worst case. intensity-weighted average of the components and added to
The transitions measured here were also fit together witthe fit as well. This global fit yields 18;; Dunham constants
all previously reported data to the Dunham-type expansiomnd the first information on the breakdown of the

TABLE Ill. Dunham Yj; coefficients of SiQ(in MHz).

Yii 2gjleo 295it60 30sit60 Bgiléo

s 37 220 549.(40)% 36 986 290.540) 36 766 797.839) 35877 840.839)

Yoo —179107.114) —176 859.714) —174 766.814) —166 417.913)

Y30 182.5818) 179.1618) 175.9918) 163.5316)

Y0 —0.332974) —0.324 §72) —0.317 G70) —0.287 464)
Yor 21787.478 @l1) 21514.113 412 21 259.545 414) 20 244.051 711)
Y —151.030 6866) —148.196 8765) —145.574 1063 —135.269 0859)
Yo X 10 7.32813) 7.14513) 6.97713) 6.32611)
Y X 10° —3.1611) —3.0611) —2.97111) —2.62794)

Y X 10 —1.97146) —1.89845) —1.83143 —1.58137)
Y X 107 3.60890) 3.45286) 3.31183) 2.79470)
Yo X 10° —3.44567) —3.27564) —3.12361) —2.56750)

Y ooX 10 —2.984 5844) —2.910 1543 —2.841 6842 —2.576 6638)
Y ,X 10° —1.46411) —1.41911) —1.3771)) —1.21896)

Y X 107 —5.04394) —4.85590) —4.68487) —4.04575)
YaoX 10° —9.4234) —9.0232) —8.6531) —7.2926)
YoaX 10° —4.2094) —4.0490) —3.9087) —3.67175
YoaX 1013 4.3468) 4.1264) 3.9361) 3.235))
YosX 108 —6.0(16) —5.6(15) -5.319 -4.1(11)

é%ll 0.55315)

5 1.545 §71)

54131)( 10 —8.6930)

re (A) 1.509 737 15) 1.509 736 %) 1.509 736 15) 1.509 731 75)

aNumbers in parentheses are 95% confidence limits in units of the last digit except thase tfat are one standard deviation in units of the last digit.
Dimensionless standard error=1.1.
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F=52-+13/2
F=32-+1/2
Lo- B
29
SiS
0.8
J=2—+1
F=32—+13/2
067 ’7 v=20 FIG. 3. TheJ=2—1 rotational transition in the
- =20 excited vibrational state 6¥SiS, showing thé®Si
R spin—rotation hfs. Experimental conditions: the spec-
= 04+ trum was taken after integration of 4 min and 225
(=4 cycles.
024
0.0
T T T T T 1 T T T 1
32195.7 32195.8 32195.9 32196.0 32196.1 321962
v(MHz)

Born—Oppenheimer approximation on both the silicon andrable IV), using 2 kHz uncertainties for the microwave mea-
oxygen nucleiTable Ill). Equilibrium distances, have also  surements and the stated uncertainties for the infrared*Hata.
been derived from th¥,, [see Eq(3)] for each isotopomer. As before, unperturbed frequencies f88iS were calculated
from the intensity-weighted averages of the spin—rotation
3. Silicon sulfide components. Three new;; parameters have been deter-

Sis, isovalent with carbon monoxide and also an impor-Mined (Table V).
tant astronomical molecule, is apparently a key starting point
in the synthesis of silicon-containing molecules in the cir-
cumstellar shell of IRG 102163%“°The infrared vibration— B. Vibrational populations
rotation spectrum of SiS has been detected by Bernath
et al,** who observed several vibrational bands of different . ,
. . . . 1. Silicon sulfide
isotopic species and derived a set of Dunham constants and
correction terms for the breakdown of the Born- The two lowest rotational transitions of SiS have been
Oppenheimer approximation. The microwave spectrum ofneasured te@ =51 under the experimental conditions shown
SiS has been reported previously only uppte4 andJ=3  in Table I, and effective vibrational temperatures were calcu-
—2% lated as the inverse of the slope from linear fits of the
The two lowest-frequency rotational transitions of Napierian logarithms of the observed intensities for each vi-
X 13" Sis lie within the frequency range of our spectrom-brational state relative to the vibrational ground state. No
eter. Under the conditions given in Table I, vibrationally ex- experimental data on the dependence of the dipole moment
cited SiS has been detected upte 51 and spectra of three with v are available, buab initio calculation§® have yielded
isotopic species?®Si*?S, 285245, and 2°Si*2S, have been values foru,. and the first coefficient of the power series
measured in natural abundangsee Tables VI and VII of expansion of the dipole moment in ¢ 1/2). Using this de-
SM%). All transitions of the2°Si species exhibit spin— pendence, the intensities of the rotational transitions of the
rotation hfs, similar to that of°SiO (see Fig. 3 There is excited vibrational states have been corrected for variations
again no evidence for vibrational dependence of the spinin the dipole moment. The plots of Fig. 4 seem to indicate
rotation constanC, . Hyperfine components from all vibra- the existence of two distinct vibrational temperatures: one at
tional states were fit simultaneously to yiddJ, D,, and a low v, with temperatures approximately in the range 1000—
common value of th€, spin—rotation coupling constant us- 2000 K, and one ab>6 with temperatures in the 5000—
ing Pickett's program sPrIT® The derived C, is 6500 K interval(Table V).
—0.0103921) MHz (rms deviationo=1.8 kHz). TheB, The observations can be simply understood in terms of
rotational constants determined from the fit agree with thehe competing energy transfer processes in the supersonic
corresponding values derived from the Dunham parametemxpansion following the discharge. These processes are ex-
(Table 1V) to 0.0006% in the worst case. actly analogous to what occurs in CO lasErsp only a brief
Our microwave measurements together with the infraredlescription is provided here. Vibrational excitation of SiS is
transition§! were included in a global fit to determine a new mainly caused by inelastic collisions with electrons whose
set of Dunham coefficients and the terms describing théinetic temperature is in the vicinity of 10000 K** Each
breakdown of the Born—Oppenheimer approximatisee  molecule typically undergoes on the order of2a0® binary
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TABLE IV. DunhamY;; coefficients of SiSin MHz).

Rotational transitions of SO,

SiO, and SiS 11721

Yij 288i325 288i345 298i325 3OSi328
Yo 22 473 809.439)% 22 163 553.(89) 22 266 120.439) 22070 954.689)
Yoo —77533.323 —77 407.323 —76106.923) —74778.623
Y30 31.4352 30.1550) 30.5750) 29.7749)
Y0 —0.24037) —0.22735) —0.23136) —0.22335)
Yo 9099.536 2136) 8 850.043 587) 8932.140 987) 8 776.255 5644)
Y —44.163 3820) —42.359 4019) —42.950 2220) —41.830 6919)
Y X 10° —1.19836) —1.13434) —1.15535) —1.11533)
Y X 10 —2.08027) —1.94026) —1.98626) —1.90025)
Y 1} 10° —3.4910) —3.20593 —3.29596) —3.12691)
Y X 108 5.6618) 5.1416) 5.31(17) 4.9916)
Y1 X 101 —5.1612) —4.6210) —4.7911) —4.4610)
Yoo X 16° —5.965 0@90) —5.642 3185) —5.747 5486) —5.548 6683
Y ,X 10° —0.586 §27) —0.547 425) —0.560 225) —0.536 124)
Y,,X 10 —0.84064) —0.77359 —0.79461) —0.75458)
Y gX 10 —1.5448) —1.41(44) —1.4545) —1.3943)
é\gll 0.195840)
55 —392(25)
Son 0.276623)

o 69.(27)
re (A) 1.929 321 46) 1.929 319 76) 1.929 320 16) 1.929 318 &)

aNumbers in parentheses are 95% confidence limits in units of the last digit except thoge tfat are one standard deviation in units of the last digit.
Dimensionless standard erro=0.7.

collisions with other moleculegnainly with the atomic car- eral isotopomers, it is expected that VV energy transfer will
rier gag in a supersonic expansidiwhich is insufficient to  tend to heat up the rare isotopic spedieith lower stretch-
cool the high-frequency vibrational modes of a diatomicing frequencieswith respect to the normal species. This ten-
molecule to a temperature close to the translational temperalency can be marginally inferred from the temperatures for
ture of the gas. However, vibration—vibratiéV) energy  SiS of Table V and Fig. 4 in the Plateau region.

transfer involving collisions of two diatomic molecules plays

an important role in the vibrational distribution. VV pro- 2. Sulfur monoxide

cesses dominate vibration—translatiorir) transfer at low Vibrational temperatures foS'0 in its ground elec-
vibrational levels, causing a rapid redistribution of the en-y,nic state were derived from the relative intensities of the
ergy by transferring population up the vibrational ladder, & qtational transitionN,=0,— 1, in vibrational levels up to
redistribution which is aided by the anharmonicity of theU:33' in the same way as for SiS. The measurements were

potential as exothermic processes are preferred done with a discharge of OCS in Ne at a voltage of 1100 V
kq (=24 mA). The plot(see Fig. % marginally suggests the
2SiISv=n)=SiISv=n—-1)+SiSv=n+1)+AE. existence of two different vibrational temperatures: one at
k2 low v with T~1785K, and one av>3 with T=10120

Ratek, (exothermi¢ will be greater than ratk, (endother- =590 K. This break, if real, is very similar to that observed
mic) by a factor expfE/RT), which causes an asymmetrical for vibrationally excited SiO measured by millimeter-wave
distribution of the vibrational population. The few lowest spectroscopy in a dc glow discharge of silane (Jitdnd
vibrational levels are thereby cooled to a temperature consid=0 22 for which temperatures of 1000 K from=0, 1 and
erably lower than that of the electrofiEreanor region*®4’ 10000 K from vibrational states up to=40 were derived.
As the vibrational quantum number increases, VV transfer Because more intense signals of SO were observed when
becomes less efficient, resulting in a region with a relativelySO, was used as a precursor gas, additional experiments
flat vibrational distribution, and a vibrational temperaturewere carried out to detect vibrationally excited SO in a dis-
which approaches the electron temperafli#iateau region  charge of SQ in either Ne or He at various voltages. For
At even higher vibrational quantum numbers, for states apeach set of experimental conditions, vibrational temperatures
proaching dissociation, VT energy exchange rates are domwere similar(see Table VI and Fig.)5 with the lowest vi-
nant and the vibrational temperature rapidly decreases, durational levels having a vibrational temperature close to
that a vibrational population distribution is established in ap-1000 K, and the higher ones temperatures of several thou-
proximate equilibrium with the local translational tempera-sand degrees K. Vibrational temperatures in this latter region
ture (Boltzmann region do not depend significantly on the carrier gas u€esl, He

The vibrational temperatures obtained from both of theor Ne), but they are apparently somewhat lower—by about
observed transitions of SiS are very similar, which is evi-30%—than those obtained when the SO is produced in an
dence of rotational equilibriuniTable V), and the different OCS dischargésee Table V). This discrepancy is plausibly
isotopic species show similar vibrational temperatures ashe result of the production of CO in the OCS discharge, as
well. Since vibrational frequencies differ slightly for the sev- discussed below.
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FIG. 4. Vibrational temperature diagram for the 1—0 transition of SiS.
Iy is the intensity of the)l=1—0 transition in the ground vibrational state.
I(v;) is the intensity of thel=1—0 transition in the different excited vi-
brational states. Error bars represent an estimated uncertainty of 15%.

Sanz, McCarthy, and Thaddeus

TABLE V. Effective vibrational temperatures for SiS and SiO.

J=1-0 J=2—1

Molecule Treanor region Plateau region Treanor region Plateau region

2851825 2265+ 120 5436+ 180 852+ 310 5305-110
2951823 876+80 6632+ 430 ~800 5209 260
28gj34g 832+90 5996+ 310 1037130 5338240
B ST e 9489+ 720 S
295it60 8028+ 1430

B ST 8141+ 350

which are formed via more complex secondary reaction
paths. The chemical composition of the OCS discharge is
determined almost entirely by the average current over a
very wide range of experimental conditioffs.

The OCS discharge was studied by monitoring the inten-
sity of the OCS and SO transitions in the ground vibrational
state over a range of discharge currents. All measurements
were performed with the same percentage of OCS in Ne as
that used for th&X ®3~ SO measurements. The other diatom-
ics produced in the discharge, CO and CS, could not be
monitored because their lowest rotational transitions lie
above the frequency range of our spectrometer. Comparison
of our results(see Fig. 6 with those of Ref. 48 suggests that
our operating conditions correspond approximately to those
of a glow discharge witH <50 mA, where the CO abun-
dance is considerably higher than that of SO.

A significant amount of CO in our discharge means that
VV energy transfer between CO and SO may be important.
Theoretical modef€ predict different vibrational tempera-
tures for a gas mixture of the two, with the VV energy trans-
fer favored towards low vibrational states of the diatomics
with higher vibrational frequencyyielding a lower vibra-
tional temperatune and towards high vibrational levels of
the molecule with lower vibrational frequency, as exothermic
processes are more likely to occur. CO has a vibrational fre-
quency we=2170cm*,?* while that of SO is w,
=1149 cm 1.2° Therefore, VV exchange between these two
molecules will heat the SO vibrational ladder and cool down
that of CO; a similar argument was proposed for SiO in a
SiH,+ CO glow dischargé? The vibrational temperatures of
the two diatomic molecules in the mixtu(ee., SiO and CO
in one case, SO and CO in the othdepend on the differ-
ence in their vibrational frequencies. SiO hag,
=1242 cm 1,%° very close to that of SO, and, as expected,
the vibrational temperatures derived for both diatomics when
CO is present in either a pulsed discharge or a glow dis-
charge are nearly the same.

Observations of the second lowest-lying electronic ex-
cited stateb 13" of SO are possible in an electric discharge
such as ours, because relaxation via electric dipole transi-
tions to the first electronic excited staeA or to the3S ™
ground state are forbidden by the spin and orbital angular
momentum selection rules. Since the time scale of our ex-

From spectroscopic investigations of OCS in a glow dis-periment is of the order of 1 ms, the'S " state, which has
charge, it was concluded that at low average discharge cue radiative lifetime of 5.8) ms’° does not relax. The ex-
rents (<50 mA) the main reaction is decomposition of perimental data ab 13 " are quite scattered and the interpre-
OCS to give CG-S.*8 As the current rises, however, there is tation is ambiguous. Following what is suggested by the SiS
an increase in the smaller concentrations of CS and S@ata, two different vibrational temperatures could be derived
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FIG. 5. Vibrational temperature diagrams f8r*S~ SO in an OCS dis-
charge(top), X *3~ SO in an SQ dischargegmiddle), andb =" SO in an
SO, dischargebottom. |, is the intensity of theN;=0,— 1, transition in
the ground vibrational state. l(vis the intensity of theN;=0,— 1, transi-

Rotational transitions of SO, SiO, and SiS 11723

TABLE VI. Effective vibrational temperatures fof’S'0 in the Plateau
region from theN;,—N,=0;—1, transition. Temperatures were derived
from intensity measurements of rotational lines in#he10, 15, 20, 25, and
30 vibrational states in an SQ@lischarge.

Carrier gas  Carrier gas  Currentin  Current in

Voltage (V) He Ne He (mA) Ne (mA)
500 oo 7932+ 1320 oo 13
600 5530t 400 e 1.5 .

1000 6841850  6625-1590 8.0 32.0
1500 7476:930 5077650 23.0 60.0

lower vibrational excited states is about three times higher. If
so, this might indicate less efficient VV exchange for the
lowest vibrational levels in the excited electronic state, and
less cooling than for the same vibrational levels of the
ground electronic state. Further investigations on excited
electronic states of diatomics will be necessary to test this
tentative conclusion and to see if there is any relation be-
tween the vibrational temperature of the lower levels and the
energy of the excited electronic state.

To our knowledge, no experimental or theoretical data
on the vibrational dependence of the SO electric dipole mo-
ment are available in the literature, and thus no attempt has
been made to correct the vibrational temperatures of either
the X33~ andb!3* electronic states for changes in the
dipole moment with vibrational excitation. A dipole moment
of u=1.52(2) D forv =0 of X 33~ has been determined by
microwave spectroscopy, while for the b'S " state only
ab initio calculations exist® These calculations predict a
slight decrease in the dipole moment of the first two low-
lying electronic states with respect to that of the ground elec-
tronic state, yieldings, values of 1.51 D foiX 33—, 1.45 D
for alA (versus an experimental value of 1(8%D®Y), and
1.36 D forb '3 SO. The degree of anharmonicity is larger
for theb 137 state weyo=7.2cm ! for b3 " versus 5.6
cm™ ! for X33~ SO, which will cause a slightly more
pronounced decrease in the electric dipole moment as the
vibrational quantum number increases—an effect which is
not expected to significantly alter the vibrational tempera-
tures.

Given the uncertainties in the data, the vibrational tem-
peratures of SO in an SQ@lischarge are essentially the same
as those found for SiS. The vibrational frequency of SiS
[we=749.6 cm ! (Ref. 297 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 with
lower values ofw, would be worthwhile to determine what
vibrational temperatures are attained, and how VV and VT
rates depend on vibrational frequency.

3. Silicon monoxide

tion in the different excited vibrational states. Error bars represent the esti-  Effective vibrational temperatures for SiQrable V)

mated 15% uncertainty in the intensity measurements.

for the b3 " state: 4125875 K, for the first three vibra-
tional states, and 6748950 K for v =4-22(Fig. 5. While

were derived as for SiS and SO from the relative intensities
of the rotational transitions in highly excited vibrational lev-
els. Because rotational transitions from the lowest-lying vi-
brational states of*Si*®0 are at 43 GHz—near the top of the
frequency range of our spectrometer, where line intensities

this latter temperature is comparable to that determined foare least reliable—only excited vibrational states with 7
the X33~ SO in an SQ discharge, the temperature of the were used to calculate the vibrational temperature. The
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~~ E tional transition of OCS and the=0 N;=0;,—1, ro-
§ tational transition of SO at different currents. Intensities
T; 3 of each rotational transition are normalized to their re-
= spective maximum values.
%0
—

4 4

-5 T T T T T T T T T T T T |

0 10 20 30 40 50 60
I (mA)

change of the electric dipole moment withwas determined The calculated);;'s are shown in Table VII. Those of SiS
from extrapolation of the dipole moments of the first four are in reasonable agreement with previous values reported in
vibrational levels® the literatureA§;= — 1.392(59) and\3,= — 1.870(65) from

The vibrational temperatures derived for the three isotoRef. 52, and A= —1.203(52), A5,=—1.944(58), A3}
pic species are very similgiTable V). They are all lower =0.929(22), andAj;=—0.257(27) from Ref. 41A§); of
than those calculated for either SO or SiO in the presence @iO is comparable to that of CQ-2.098213)°%] or SO
CO, but higher than those of SO in an S@ischarge. Be- (—2.724734)%"), while A§} of SiO is similar to that of SiS.
cause Q is used as a precursor gas, its abundance in our The Aj;’s include the adiabatic and nonadiabatic contri-
discharge is expected to be several orders of magnitudeutions to the Born—Oppenheimer approximation, as well as
higher than that of SiO, and thus,©SiO collisions become the Dunham correction. The last two terms can be individu-
important. The vibrational frequency of ,0 (we ally calculated forAg, if the electric dipole moment and the
=1580.2 cm '%%) exceeds that of SiO, so VV energy ex- rotationalg; factor of the diatomics are knowt:>
change between £and SiO will tend to heat the SiO vibra- AR = (AA)ady (AA ynonady (4 Dunham
tional ladder in an analogous manner to that described above ~01 01 01 0

for SO in the presence of CO.,@s a nonpolar molecule, so AYD

- . T : Aad, (H93)B  MAYp
that collision efficiency diminishes, and the difference be- =(Ag) %+ m —T (6)
tween the vibrational frequencies of SiO and i® smaller p e-e

than that between SiO and CO. Consequently, the SiO vibrawhere (ug;)g is the isotopically independent value p@;,

tional temperature might be expected to be somewhat loweeferred to atom Bm,, is the mass of the proton, anfan?)

than that in the presence of CO—as observed. is the Dunham correction t¥o;. (Ah)2%is calculated from
the values of the othek,'s. The nonadiabatic contribution,

IV. DISCUSSION

. TABLE VII. Parameters related to the Born—Oppenheimer breakdown.
A. Born—Oppenheimer breakdown parameters

The Born—Oppenheimer breakdown correction terms : S0 SIS
have been determined for the two nuclei of the SiO and SiS SA_S"l | —1.29435) —1.09722)
diatomic molecules. To compare the results with those of (8e)"™ —1.009 §14) —1.175776)
other molecules, thé;; parameters obtained from LeRoy’s gADg;)ham :g'gggzgg?zo) _8'832(221)5)
program are transformed to the traditionally used dimension- Zloois 2068 295) _1:77115)
less coefficients\;; via the expressict*? (A/Synona ~1.861 613 —1.549 485)

B 1 J+il2 (ASS™ -0.19813) -0.21725)
A_ 5ﬁMA(IU’1) (4) Ail) 0.89057)
g Uijme ’ A% -0.17970)
o ] re (A) 1.509 737 B 1.929 321 46)
where 1 indicates the reference isotopomer and rBO (A) 1.509 665 Q17) 1.929 271 819)

U" =(Ml)j+i/2(Y-l-+ 5A_|_ 53) (5) I‘ad (A) 1.509 674 m) 1.929 273 37)

ij ij ij ij/"
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owing to the nonspherical distribution of the electrons inclchu°'+ Cf'
their shells, is, as expected, the most important one in SiO
and SiS(see Table VII: it is one order of magnitude larger ~ _  2€#ngiB 2, 2eungB

than the adiabatic term and two orders of magnitude larger hc R Acm
than the Dunham correction. _3 3

Our results for SiS can be compared to those obtained by 2 (O[L k) (KILxr—>]0) +{O]Lr "Ik} (K[L4|O) ’
Tiemannet al,>® who evaluated the different contributions to k Eo—Ex
Ao, for a series of diatomic moleculesA ;)" for both 9)

nuclei of SiS are the same as those given in Ref. 53 since

they have been calculated using identical experimental pa¥heree andm are the chargépositive) and the mass of the

rameters. Our different Dunham coefficients provide at/€Ctron, respectively.y is the nuclear magnetou, is the
(Agy)Pi"a™ of SiS about half the value of Ref. 53 and a nuclearg factor of theith nucleus,B is the rotational con-

(ASi ad hositive and remarkably different from the previous stant,R the internuclear distanc&, the atomic number of
valoue of —0.20969).5 (AS))2 can be estimated using the the other nucleus in the diatomic molecule, gofand |k)

wobble-stretch theor§?55 designate theT ground and e_xcrred electronic states. o
The rotational constant is expected to decrease with in-
y WAV [ Za  Zs g creasing vibrational eXC|tat|o_n._ However, the r_nagnetlc and
Aoﬁw W+ M2 am ) (7)  dipole moments, and the efficiency of the excitation of the
(Be™) A B M valence electrons in higher vibrational levélalso change

h Avis th diff betw th lectroni with v. Because the relative contributions of these several
where av 1S the energy difierence between the €lecroniCoto o5 are somewhat difficult to predict, the variationGyf

groltind st?rt]e and thde flrstt excited séaéé;l oIhthe salme with v is not readily determined. Contradictory results have
parity as the ground state, adth and Z, are the nuclear been obtained: the spin—rotation constant for the fluorine

cr;?rges of atoms Aand B, respectively. From_ this EXPressIoliom decreases in absolute value with vibrational quantum
AG;=—0.32. The wobble-stretch theory predicts the correct, \mber in BrE and IE. while it increases in B

order_of magnitude of§; for different aFoms"’? k:;”;g cannot To our surprise, our hyperfine measurements indicate
explain the af“?ma'ou? value we obtained fag) ™ . that C, is independent of the vibrational excitation for both
FromUy, it is possible to calculate the so-called “Born— 2950 and2%SiS. The contribution ofC™, however, has
. » (o) . . . 1l )
Qppgnhemer bond Iength:g (see Table VI, lsotpp|cally been evaluated for both diatomics and found to decrease by
invariant since they are derived from a mass-independent 55o. from 1.93 kHz forr=0 to 1.44 kHz forv =26 in

paramlestfr.rso for SiS is slightly larger than the previous 295j0, while in2°SiS it decreases by 20%, from 1.26 kHz
value'>3 owing to the new microwave data used in the fit. for v =0 to 1.00 kHz foru=29. SinceC, is of the order of

The adlabat|§: bond Ieng_ths’" can also be calculated 10-20 kHz, it is clear that the electronic contributioripis
from our data using the relation dominant

D) 1 C?' also varies with vibrational quantum number, de-
AYor mng) (8  Creasing in absolute value by2% fromv =0 tov =26 for
295i0 and v=29 for 2°SiS, counteracting the change in

2B,  2m,
| . . . | R
These bond lengths are isotopically dependent and woul§i - Variations inCJ" are affected by the change in the

correspond to the minimum of the adiabatic potential—therOtational constantsB, which decreases with vibrational

| .
Born—Oppenheimer potential plus the adiabatic correction. (zqgua_ntum number. HowggepF/B increases by~19% for
They are thus very similar to th@o’s (see Table VI|. SiO and by~14% for ~°SiS from the ground vibrational
state to the highest vibrational level detected, so the change

in B alone does not explain tHg® variation.

B. Vibrational dependence of spin—rotation constants To properly evaluate the vibrational dependence of the
spin—rotation constants, it is necessary to include vibrational

The measurement of magnetic hfs in highly excited Vi-3nq centrifugal distortion effect€,which are neglected in
brational statzegs'l's an interesting by-product of the presenfe ysual theoretical treatment of the spin—rotafigq. (4)
work. For the™Si isotopic species of SiO and SiS, the spin—regits from averaging over the ground vibrational state with
rotation constanC; was determined up to=26 and 29, he pyclei at the equilibrium distari@he complete expres-

respectively, which provides information on the moleculargigp for the spin—rotation constant of a nucléus a di-
electronic distribution that is otherwise not readily availableziomic molecule valid at any internuclear distanc is

for a molecule with @3 * electronic ground state and no hfs | |
in the absence of molecular rotation. C\=C/"“+CJ+Ci
Nuclear spin—rotation depends on the molecular mag- e?9,B Z, 2e%h%g,B
netic field, which arises from the rotation of the nuclear =-— ——— 2
charges and from the rotation-induced second-order interac- Mc® R AMm

ad_
r°=re

1—

tion of excited electronic states having nonzero orbital angu- O1Z 0l KK Zn(lin)x/0) B

lar momentum with the ground electronic state. For a di- XZ E_E + ?ROiRoi,
atomic molecule these two contributions are usually k 0k

expressed a¥ (10)

Downloaded 14 Feb 2005 to 128.103.60.225. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



11726  J. Chem. Phys., Vol. 119, No. 22, 8 December 2003 Sanz, McCarthy, and Thaddeus

wherer;, andl;, are the position and angular momentum of same. The VT exchange between the diatomic molecules and
electronn relative to nucleus, M is the proton mass, and the atomic buffer gas in the molecular beam is clearly too
Ci*“is a relativistic correction arising from the accelerationslow to dissipate the energy excess via the lowest vibrational
of the nuclei, expressed in terms Bf;, the distance of the energy levels on the time scale of the experiment, and this
nucleusi from the molecular center of mass, aﬁaai , its fairly slow deactivation mechanism is overcome by the much
second time derivative. The increaseGfi/B along the vi- more rapid VV exchange. Because VV transfer is so impor-
brational ladder derived above for bd¥siO and?®SiS isin  tant in determining the vibrational temperature, it is not sur-
fact the variation with vibrational quantum numbé&nd  prising that no significant change is observed when He is

hence with internuclear distancef Ry Ry and the sum in used instead of Ne as the carrier gas. The slight difference
Clel_ may result from differences in ionization efficiencip$.6

—2 — 2 . L
C2° for the nucleusi can be calculated for each <10 for He versus 5.6:10°* for Ne (Ref. 44] or ioniza-
vibration—rotation stateJ using the Dunham potential for tion potentials(24.6 eV versus 21.6 €V).

J=0 as8 Relaxation of molecular vibration depends on the num-
ber of binary collisions in the supersonic expansion and on
hm, the vibrational frequencies, the high-frequency vibrations
(CEY, s=+ generally requiring many more collisions than the low ones
' 2mi ( m; + m|) . . ..
for relaxation to occur. The total number of binary collisions
1 ) in the throat of the supersonic expansion(®—10¢° colli-
X|2| v+ 5 |Bewe—4J(I+1)Be |, (11 siong is below the number required to relax the vibrational

modes of most diatomic molecules, such as those studied

wherem; andm, are the masses of the nuclei of the diatomichere. It would be useful to examine how varying the backing
molecule. From this expressi@®® for 29Si0 and?%SiS in- ~ Pressure anq h_enc:_a the C0||ISIOI’1. rate downstreamechanges the
creases by roughly two orders of magnitude wittbut even  Vibrational distribution. For alkali halidés*>and ,,***"the

for the highest vibrational states ti@f° values are of the vibrational relaxation increases with pressuredet5 in the

order of Hz or smaller, 10to 10* times smaller tharCle'. a_bsenc_e of an elect.ric discharge. Similar in_vestigations for
Therefore, in2%Si0 and2%SiS the increase inGe'+C29/B Q|atom|c molecyles in a molecular bgam .dlscharge source
with v arises from the interaction of the excited electronic!ike that here might allow changes in vibrational populations

states and the ground state, where the contributiod®tis ~ © be observed over many levels. o .
negligible. The three diatomics here possess vibrational modes with

Because the nuclear spin—rotation constant and pardUndamentals far abovel (T being~300 K, the temperature
magnetic shielding are closely related quantities, vibrationaPehind the nozzleand similar vibrational temperatures. For
and centrifugal distortion contributions are important to ob-NO, With w=1904.2 cm*,? a vibrational temperature of
tain magnetic shielding constants for the nonvibrating mol-6700=700 K forv =6-18 has been derivEtiafter applying
ecule at the equilibrium internuclear distance and to estimat@n electric discharge of 1150 V to a supersonic expansion of
with these NMR chemical shifts. Corrections for vibrational 5% NO in He at 2.25 kTorr, in excellent agreement with our
and centrifugal distortion effects are especially significant iffesults. Investigations of diatomics with vibrational frequen-

comparisons are to be made between isotopic species of ti§es around or belowT will be desirable to test the validity
same compound. of the proposed model for those molecules. Among them, |

has a vibrational frequency only slightly abovd [w.
=214.5cm*? (Ref. 29] and its vibrational relaxation in a
Excited vibrational states have been detected to as highnolecular beam after laser pumping to an electronically ex-
as 71% of the dissociation limit in SO, 66% in SiO, and 61%cited state has been investigated under various
in SiS. It is worth noting that the highest vibrational levels conditions™®*’ Vibrational temperatures were only derived
observed here foX 33~ andb!3* of SO have approxi- for the v=0-3 vibrational states of the ground electronic
mately the same energy above ground. For the three diatonstate, and these were found to be considerably |qd/&0—
ics here, even when a large fraction of the potential well hag40 K for monoatomic diluenjsthan those derived in this
been sampled, no steep decrease in the intensity of the rotaork at lowv—a possible indication that VT energy transfer
tional transitions within the highest vibrational levels wasis much more efficient in this molecule.
observed, which suggests that VT exchange is still less im- SO, SiO, and SiS are important astrophysical molecules.
portant than VV energy transfer. Detection of yet higher vi-SO is widely distributed in galactic molecular clouds and has
brational states, closer to the dissociation limit, is probablyalso been detected in the cores of star-forming regiesas
required to observe the Boltzmann region predicted by theoRef. 23, and references thergirt is claimed that shock
retical modelg’® waves associated with star formation may form SO in highly
The close similarity of the vibrational distribution in our excited states. SiO is well known astronomically as a source
molecular beam and that in the glow discharge of Ref. 22 i®f highly compact and intense maser emission. Maser and
strong evidence of the predominance of VV energy transfenonmaser emission transitions from SiO, for the normal and
when the vibrational levels are very strongly excited, as in amare isotopic species and in the ground as well as in excited
electric discharge. This similarity also indicates that the elecvibrational states, have been used to probe physical and
tron temperature achieved in the two discharges is about thehemical conditions in spacesee Ref. 37, and references

C. Vibrational relaxation
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therein. SiS has been detected in several astronomicaPMm. Bogey, S. CivisB. Delcroix, C. Demuynck, A. F. Krupnov, J. Quiguer,
sources? % and it is believed to play an important role in M- Y. Tretyakov, and A. Walters, J. Mol. Spectrod82, 85 (1997).
the photodissociation chemistry of the rich circumstellar en- J"g%j)erabow' N. Heineking, and W. Stahl, z. Naturforscha@#, 914
vglop_e of IRCH 10216??’40 Wh?re !'Otational transitions of 25k 3 [ovas, R. D. Suenram, T. Ogata, and S. Yamamoto, Astropt8@9.J.
SiS in the v=1 excited vibrational state have been 325(1992. i
observed? Vibrationally excited states will be populated in $ Hansgﬂ~ u. Qr’]‘dreiegsg-g'ﬂe('lzgél'u- Grabow, H.dém and F.

. . . - emps, Chem. Phys. Le®289, .
Space In sources V_VIth hlgh tempe_rature_s or where COHISIO_nﬁTh. Klaus, A. H. Saleck, S. P. Belov, G. Winnewisser, Y. Hirahara, M.
with electrons are important. Precise microwave frequencies Hayashi, E. Kagi, and K. Kawaguchi, J. Mol. Spectrak80, 197 (1996.
for the rotational lines of many excited vibrational levels of *See EPAPS Document No. E-JCPSA6-119-96340 for seven tables with
these three diatomic molecules are provided here, and fromthe frequencies of the measured rotational transitionsXd&~ SO,

i ! 3y - 33 1y + i0 29g; f 4 29Gi i i

these measurements and the derived molecular constants< = ~.SO.b '=" SO, SIOSiO0, SIS, SIS, and™®SiS. A direct link

L. . . . to this document may be found in the online article’s HTML reference
transitions in the range of interest to radioastronomers can be

calculated to the required accura@ye., better than 1 ppm
to conduct precise astronomical searches.

Note added in proofWe recently became aware that
Kim and YamamotdJ. Mol. Spectros219, 296(2003] in a
parallel work detected SO in the electronic state up to
=22. Their results agree well with those presented here.
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