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The vacuum ultraviolet pulsed field ionizatiephotoelectron (PHPE) spectra for CSwere measured in

the full energy range of 12:613.5 eV, revealing complex vibronic band structures for thg*G&8I1,) state.
Three-dimensional potential energy functions (PEFs) fos'G8I1,) were also generated theoretically using
the complete active space self-consistent field and internally contracted multireference configuration interaction
methods. Using these PEFs, the harmonic frequencies, anharmonic constants, ane Relamaovibronic
energy levels for CS(A21,) were calculated variationally. Many Fermi polyads have been identified in the
rovibronic states of CS(A1,). Using present theoretical and available optical data, we assigned most of
the PFFPE rovibronic bands due to excitation of thg" (symmetric stretching)y,* (bending), andvs*
(asymmetric stretching) modes for £8A2[1,). The simulation of rotational contours resolved in the high-
resolution PF+PE bands for CS(AZ1,); v,* = 0—3, v, = 0,2, vs* = 0) provided accurate ionization
energies for the formation of these states fromy(@&&,").

I. Introduction nances between levels involving the symmetric stretching
vibration »;* and overtones of the bending vibration™.
'’ However, partly due to the relatively low resolution used, none
of the previous Hel photoelectron measurements were able to
completely resolve rovibronic structures associated with these
vibronic states. As a result, many discrepancies in the spectral
interpretation have occurred. The recentPPE measurements
on the study of C8(X?I1y) using nonresonant two-photon
(N2P)t and VUV laser sourd@ have significantly improved
the photoelectron resolution to a few ch These high-
resolution laser-based PHPE studies, together with ab initio
theoretical calculations, have made possible the identification
of most of the rovibronic structures, resulting in the determi-
nation of more accurate ionization energies (IEs) for these states.
However, because of the difficulty in generating a wide tunable
photon energy range using the N2P and VUV laser sources,

. ) the high-resolution PHPE studies have been limited to the
Furthermore, these studies revealed many spectroscopic featureﬁ; (o2 . 112
C o A ) rst CS,T(X?I1y) electronic band®
that are of theoretical interest, such as those arising from-spin g ’ )
orbit interactions, RennefTeller coupling, and anharmonic Recently, a high-resolution VUV monochromatized undulator

resonances. The observation of symmetry-forbidden excitation SYNchrotron source in the photon energy range-686 eV has
involving one quantum of the bending vibration® and the been established at the Chemical Dynamics Beamline of the

breakdown of the molecular orbital scheme in photoionization Advanced Light Source (ALS) associated with the Lawrence
transition, in particular, are noted. Berkeley National Laborator3?3° Taking advantage of this
The Hel photoelectron bands obtained for,Q82IT, and high-resolution VUV facility, we developed novel synchrotron-
g

~ i 33 ievi i
A1) clearly revealed strong interactions due to Fermi reso- b_as_ed PFPE dgtecn_on schemés, ac_hlevmg resolution .
similar to that attained in laser-based studies. The most attractive

- p I~ feature of the synchrotron light is its ease of tunability, making
T Part of the special issue “Aron Kuppermann Festschrift”. . . .
*To whom correspondence should be addressed (E-mail: Nigh-resolution PFPE measurements for many molecules in
CYNG@AMESLAB.GOV). a large energy region a routine operatfért! Using the high-
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Being a molecule of astrophysical and aeronomic intérest
the spectroscopy of the @%nd its cation C8 has been
examined extensively by numerous experimental techniques.
These include studies using emission spectroséobyaser-
induced fluorescend absorptiorf, 8 vacuum ultraviolet (VUV)
photoionization mass spectromefry2 photoelectron spectros-
copy [including Hel3-21 Hell,?! threshold photoelectron (TPE)
and pulsed field ionizationphotoelectron (PHPE) spectros-
copy*13, and photoelectronphoton coincidence spectros-
copy?® When combined with state-of-the-art theoretical
investigationg?~27 the previous experimental studies yielded
valuable information about the vibronic structures okCShe
previous Hel3 21 Hell,2! and TPE? studies of Cg provided
unambiguous identification of some vibronic bands for the first
four valence ionic states GXT, AT, B23,* andCZZ4+).
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resolution synchrotron-based PHPE technique, we obtained
the PFHPE spectrum of CSin the full energy range of 12:6
17.2 eV, covering the formation of G§A2[l,, B%=,*, and
C?2,h) states and the satellite statefor CS;" appearing in
this region. As expected, this PFPE measurement reveals
many new rovibronic features, which were not resolved or
accessible to Hel photoelectron spectroscEpfé measure-
ments.

To provide a reliable interpretation of the PFRPE data, we
also performed a high level ab initio study of £S5 We

Liu et al.

electrostatic dc field was maintained across the PI/PEX region
prior to the application of a pulsed electric field to the repeller
plates on both sides of the PI/PEX region. The pulsed field used
was 0.54 V/cm in height and 42 ns in width, which centered at
the 16 ns dark gap. In the present study, the pulsed electrical
field for pulsed field ionization was applied every other
synchrotron ring period, i.e., 1.312s, corresponding to a
repetition rate of 0.76 MHz.

The intensity for the monochromatized VUV beam was
monitored by a tungsten photoelectric detector. The VUV

generated theoretically the three-dimensional potential energydetection efficiency as a function of the VUV photon energy

functions (PEFs) for CS. On the basis of these PEFs, we have
calculated the rovibronic energy levels for the,C#nic states
using a RennerTeller variational approach. With the aid of

for this tungsten detector was corrected using the known
photoelectric yield curvé? Spectra presented here were flux
normalized by the corresponding VUV photon intensities. The

such theoretical predictions, we are able to make unambiguousenergy step sizes used were in the range of-80l5 meV and

identification of individual rovibronic bands for QS(AZHU).
On the basis of spectral simulations of the high-resolutionPFI

the counting times for each step varied in the range-68 4.
All PFI—-PE spectra were calibrated before and after each

PE bands, we obtained accurate values for IE with uncertainties experimental run using either the X@Ps:) and Krt(2Ps,) PFI—

<4 cnr'l. This article describes the analysis of PIPE data
for ionization transitions CS(A2I1,; vi* = 0—6, v,t = 0—4,
v3t = 0-1) — CSH(XZgt; v1" = 0—1, v, = 0-1,v3" = 0),
wherevit (v1"), v (v2"), andvs™ (v3") represent the symmetric

PE bands, or the Al2P3,) and Kr(?Ps;;) PFI—PE bands,
obtained under the same experimental conditf8d3.The
calibration scheme assumes that the Stark shifts for the IEs of
CS; and the rare gases are identical. Previous measurements

stretching mode, the bending mode and the asymmetric stretchingicate that the accuracy of this calibration method is within

ing mode, respectively, for GSAIL) [CS,(X'Z4")]. The
analysis of PF-PE spectra for the GS(B?Z," and CZ4")
states will be reported in a separate paper.

Il. Experimental Methods and Theoretical Calculations

A. Experimental Methods. The experiment was carried out

+0.5 meVs3®

B. Theoretical Calculations for the CS*(A2I1,) State. The
PEFs of the CS(A2l,) state were calculated using the
complete active space self-consistent field (CASSEBNd
internally contracted multireference configuration interaction
(MRCI) methods*®46 In these calculations, the generally

at the Chemical Dynamics Beamline of the ALS. The beamline contracted spdf cc-VQZ basis set of Dunning was udeall
consisted of a 10 cm penod undu'ator, a gas harmonic f||ter' a valence molecular orbitals were active. In the CASSCEF calcula-

6.65 m Off_p'ane Eagle mounted monochromator’ and a tionS, the HartreeFock molecular orbitals for the neutral

multipurpose photoelectrerphotoion apparatus, all of which
were described in previous publicatiot¥s33

CS(XZ4*) were used because of the symmetry-breaking
problem in the restricted Hartreé-ock wave functions. In all

In the present experiment, helium was used in the harmonic calculations, the C§(5<2H_g and A?I1,) states were averaged
gas filter to suppress the higher undulator harmonics with photon @nd optimized together with equal weights. For MRCI calcula-

energies greater than 24.59 eV. Undulator light of the first
harmonic emerging from the gas filter was directed into the

tions, all configurations with coefficients larger than 0.01 in
the CI expansions of the CASSCF wave functions were used

monochromator and dispersed by a 4800 lines/mm grating @5 @ reference in the subsequent MRCI calculations. The

(dispersion= 0.32 A/mm) before entering the photoelectron

electronic calculations were carried out using the MOLPRO

photoion apparatus. The monochromator entrance/exit slits used?rogram suiteé?

were in the range of 30/36B00/300um, corresponding to
nominal wavelength resolutions in the range of 060995
A (full width at half-maximum (fwhm)).

The CS sample was introduced into the photoionization/
photoexcitation (PI/PEX) region in the form of a neat;@8am

The calculations were performed for 22 different geometries
covering the region of£10000 cnt! above the equilibrium
minimum of the C$H(A2I1,) electronic state and geometry
ranges 2.6< Rcs < 3.6 bohr and 140< 6 < 180, whereRcs
is the C-S distance and is the S-C—S angle. The MRCI

formed by supersonic expansion through a stainless steel nozzl€nergies were fitted to polynomial expansions in displacement

(nozzle diameter= 0.127 mm) at a stagnation pressure of about

coordinates for both Rennefeller components. These PEFs

300 Torr. The Supersonic beam was produced using atwo_stag@xpansions were used to calculate the qual'tIC force fields in

differentially pumped arrangement. The £fam was skimmed
by a circular skimmer (diameter 1 mm) prior to entering the
PI/PEX region of the photoelectreiphotoion apparatus. The

internal coordinates, which were transformed by kiensor
algebra to the quartic force fields in dimensionless normal
coordinates. The resulting force fields and some spectroscopic

first and second differentially pumping chambers were evacuatedconstants for the GS(AI1,) states are listed in Table 1. The
by turbomolecular pumps with pumping speeds of 2000 and values for the upper component are given in parentheses.

1200 L/s, and maintained pressures ot 80~* and 9x 1076
Torr, respectively, during the experiment.

The procedure for multibunch synchrotron-based -HHE
measurements was described in detail previotisiyn this
experiment, the ALS storage ring was filled with 328 electron

The RennerTeller problem was solved variationally fdr
up to 9/2. In these calculations, the full dimensionality,
anharmonicity, rotationtvibration, electronic angular momenta,
and spin-orbit coupling effects are considered. In the Hamil-
tonian theAsy LS term was replaced bpseL,S,. For theAgo

buckets in a period of 656 ns. Each electron bucket emits a Spin—orbit constant, the experimental value ©177.4 cn!

light pulse of 50 ps with a time separation of 2 ns between

was used. Details of the variational calculations can be found

successive buckets. In each storage ring period, there is a 16 n# refs 49 and 50.

dark gap consisting of eight consecutive unfilled buckets for
the ejection of cations from the ring orbital. A nominally zero

C. Simulation of Rotational Transition Intensities. The
relative intensities for rotational structures observed in the high-
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TABLE 1: Calculated Spectroscopic Constants Re, € Aso, 100 -
and B*), Harmonic Frequencies (,, »,, and @s), and Bz,
Quartic Force Field (®) of CS,*(A41,) in Dimensionless 1
Normal Coordinates 80 |
parameters AT,
Re 1.624 £
€ 0.251 g o)
Ad —173.56 £
Bt 0.0999 £
w1 576.8 = %7
w2 261.8 (328.49 = AL
w3 1753.6
Diyp —107.4 20+
D1 122.8 (94.3) ]
D33 —198.5 Satellite | U‘ Satellite Il Ju Satellite il
Dii1q 16.7 0 T T 'lﬂxwu T ™ A R
Doy 69.6 (54.6) 13.0 135 140 145 150 155 160 165 17.0
D333 —214.7 v (V)
g;zz ,ggg E,%g Figure 1. PFI-PE spectrum for the GS(A,, B?S,*, and CZ4")
D12z 37.7 states as well as three satellite states associated WlithiA the region

of 12.6-17.2 eV obtained at a PFPE resolution of 7 cmt (fwhm).
aR. are in A, e is RennerTeller parameter for (0,1,002I1,. All
other parameters are in cf® Calculated from CASSCF wavefunc- ~ ~
tions. ¢ Values in parentheses refer to the other Renfieller com- B?=,", andC%54") states, respectively. The PAPE spectrum
ponent. in the energy region of 12:617.2 eV, covering the region for
the formation of the CS(A2I1,), B2+, andCZ,") states, as
resolution PF-PE bands were simulated using the Bucking- well as some shake-up states of €Ss shown in Figure 1.
ham—Orr—Sichel (BOS) modet! This model was derived to ~ The present work deals only with the first electronically excited
predict relative transition line strengths observed in single- CS(A%l) state. The €S equilibrium distance Re) for
photon ionization of diatomic molecules and can be extended CS* (A1) is calculated to be 1.624 A (Table 1), distinctly
to linear triatomic molecule® The rotational line strengths are  longer than in the neutral molecule (1.554%Rhis calculation
given by eq 1, predicts that many vibronic states for £8A%I1,) are formed
upon VUV photoionization of CS
Oyrey O ZCAQ(/U”’JJr) (1) A.Theoretical Vibronic Levels for CS,"(A2y). The vi-
bronic levels of an electronically degenerate open shell state of
a triatomic molecule can be classified accordindglter A + |;
whereJ" andJ* are the total angular momenta for the neutral andP = A + |; + =, the projections of the angular momenta
and ionic states, respectively. The BOS coeffici&)t is along the linear axis. For A1 state, A = 1,3 = 41/, and|;
associated with the electronic transition moments, which are can take values;, v; — 2, * +, —v;. The calculated vibronic
the linear combination of electron transition amplitudes for the levels for C$t(A21,) are listed in Table 2. The symmetry
possible orbital angular momentuhof the ejected electron.  symbolsX, 1, A, ®, andTI" in Table 2 correspond t& = 0, 1,
The parameterl can be considered as the orbital angular 2,3, and 4, respectively. The upper index relates to an electronic
momentum of the electron prior to photoexcitation and is doublet state, while the lower index corresponds toRvalue.

restricted by ForK > 0, the pattern begins with “unique levels”, which split
only in P. For higher quanta im,, the vibronic bending levels
l-1=<2=I1+1 (2) split into x4 and « levels (lower and upper components,
- respectively) due to the Renn€feller coupling.
The other factoQ(4, J', J') represents the Clebseksordan In the vibrational progressions of linealinear transitions,

cpeff;c;gnts ffotrh thF?HilEnS S dcouplmg clase ta)T hle, BOtS only the totally symmetric stretching;*, the even quanta of
simuiations ot the ands are purely empircalin natureé, o hending 2,*, and even quanta of the asymmetric stretching
aiming mainly to deduce more accurate |IE values for these 2v5+ progressions are allowed. The last two modes are usually

bangs. imulati q . | B N weak. However, as in the electronic ground state of 'Qgef
. The simu altlon ”SS rotatlodna cqnst&lht— O}ﬁ%ﬂ)fl C"; 12), the CS'(A2I1,) state exhibits strong Fermi resonance
or the neutral ground stefeand rotational constaiit” for the interactions betweem;* and 2", which lead to intensity

io_nic state taken from ref 3. A Gaussian i_nstrumental line shape changes in the rovibronic progressions. In Figure 2, we depict
with a fwhm of 3-6 cm—ll was used to.S|muIate the observed yhe \jiprational part of the wave functions of the levels
rotational contours. We find that a rotational temperature ef 60 (10,0811, and (0,2,0)2ITy, forming such an anharmonic
100 K for CS yields the best fits for the experimental PRRE resonance. For energies higher than 1700'drelative to the
bands. (0,0,0%IT3, level] the anharmonic effects are so strong that an
unambiguous assignment with harmonic quantum numbers
becomes hardly possible. For example,afg), level at 1930.3
The ground state of neutral @8X'Z4") is linear with the cm! (see Table 2) is a mixture of the (2,283, (0,6,0x 13,

Ill. Results and Discussion

dominating electronic configuratiéh(coref%504)%(40)%(60¢)* and (1,4,0§°I13, components of the Fermi polyadZ + v,"
(50u)4(2mu)*(214).* The first excited vibrational levels for", = 6, and the (1,6,0)I13,2 and (0,8,0)%I13,, components of the
vy, andvy" of CS(X!Z,™) are known to be at 658, 396, and Fermi polyad 2;* + v,* = 8. The Fermi resonances of €S
1535 cm'?, respectively?> Removing an electron from therg, (A?[1,) have been discussed for a long time, however, they have

21y, 504, and @y orbitals results in the C§(5(2Hg, AT, never been clearly identified in the Hel spectra. Bondybey et
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TABLE 2: Calculated Vibronic Levels for CS,™(A21,)
state calc. (cmt)2 state calc. (cm?)
2> levels 2> levels
(0,1,0), 271.3 (0,1,0) 500.0
(0,3,0)/(1,1,0), 767.7 (1,1,0¥(0,3,0) 1051.2
(1,1,0)/(0,3,0), 886.5 (0,3,0¥(1,1,0) 1174.9
(0,5,0)/(1,3,0), 1244.9 (2,1,0)(1,3,0)/(0,5,0) 1597.9
(2,1,0)/(1,3,0)/(0,5,0), 1387.0 (0,5,0)(2,1,0)/(1,5,0)/(0,7,0), 1685.9
(2,1,0)/(1,3,0), 1509.8 (0,5,0)(1,3,0)/(2,3,0), 1855.4
(0,7,0)/(2,1,0)/(1,3,0) 1736.7 (2,3,0)(3,1,0) 2163.5
(0,7,0)/(1,3,0)/(2,3,0) 1896.4 (0,1,1) 2218.3
1, 1974.4 (3,1,0)(0,7,0)/(1,5,0) 2274.2
(3,1,0)/(1,5,0), 2009.4 (0,7,0)(2,3,0)/(3,1,0) 2427.0
(0,9,0)/(1,5,0) 2115.0
(2,3,0)/(1,5,0)/(3,1,0), 2143.0
(0,9,0)/(2,5,0)/(3,3,0), 2327.7
0,3,1), 2462.3
2H1/2 levels 2H3/2 levels
(0,0,0) 174.1 (0,0,0) 0
(0,2,0), 548.6 (0,2,0Y(1,0,0) 518.6
(1,0,0)/(0,2,0) 737.0 (1,0,0)/(0,2,Q) 598.2
(0,2,0)/(1,0,0) 825.2 (0,2,Q) 824.6
(0,4,0)/(1,2,0), 1026.8 (0,4,0¥(1,2,0), 1005.1
(1,2,0)/(0,4,0), 1176.5 (2,0,0)/(0,4,041,2,0), 1122.8
(2,0,0)/(1,2,0) 1295.0 (1,2,0Y(2,0,0) 1207.7
(2,0,0)/(0,4,0)(1,2,0) 1376.1 (1,2,0)(0,4,0) 1367.4
(0,6,0)/(1,4,0), 1481.0 (0,6,0(1,4,0), 1468.1
(0,4,0)/(1,2,0)/(0,6,0), 1523.6 (0,4,0)(1,2,0) 1525.0
(2,2,0)/(0,6,0)/(1,4,0), 1659.6 (2,2,Qy(o,6,0)¢/(1,4,0),/(3,o,0) 1626.0
(2,2,0)/(1,4,0), 1811.3 (0,0,1) 1709.7
(2,2,0)/(3,0,0)/(1,4,0) 1845.0 (3.0,0)/(1,4.,Q) 1726.4
,0, 1882.8 (2,2,0X1,4,0)/(3,0,0) 1830.6
(0,8,0)/(3,0,0)/(1,6,0) 1906.2 (0,8,0Y(1,4,0)/(2,2,0) 1895.2
(3,0,0)/(1,6,0)/(0,6,0) 1960.0 (2,2,0J(l,6,0),/(0,8,0),/(0,6,0)/(1,4,0) 1930.3
(2,2,0)/(0,6,0)/(0,8,0) 2059.1 (2,2,0)(0,6,0)/(1,4,0) 2061.5
(2,4,0)/(0,6,0)/(0,8,0), 2124.1 (2 4,0)(0,8,0)/(3,2,0), 2102.7
(1,4,0)/(0,6,0)/(0,8,0), 2224.9 0,2, 2219.6
(0,2,2), 2248.2 (1,4,0(3,2,0)/(3,0,0) 2228.8
(3,2,0)/(1,6,0)/(0,6,0) 2300.3 (0,6,0)(1,4,0)/(3,0,0) 2253.3
(0,10,0)/(1,8,0), 2343.9 (1,0,2) 2305.4
(3,2,0)/(3,0,0)/(2,4,0) 2410.1 (3,0,0)/(1,6,042,4,0), 2336.0
(1,0,1) 2448.8 (0,10,0)1,8,0), 2347.1
2A3, levels 2Aspp levels
(0,1,0) 459.7 (0,1,0) 291.7
(0,3,0), 829.6 (0,3,0§(1,1,0) 782.8
(1,1,0)/(0,3,0) 1022.5 (1,1,0)/(0,3,9) 898.8
(0,3,0)/(1,1,0) 1133.8 (0,3,0) 1147.8
(0,5,0)/(1,3,0), 1293.7 (0,5,0¥(1,3,0), 1252.0
(1,3,0)/(0,5,0), 1467.9 (2,1,0)/(1,3,040,5,0), 1399.7
(2,1,0)/(1,3,0)(0,5,0) 1577.9 (2,1,0/(1,3,0) 1515.1
(0,5,0)/(2,1,0)/(1,3,0) 1672.7 (1,3,0)(0,5,0) 1681.9
(0,7,0)/(1,5,0), 1752.8 (0,7,9Y(1,5,0), 1708.3
(0,5,0)/(1,3,0) 1835.9 (0,5,0(1,3,0) 1861.6
(2,3,0)/(0,7,0)/(1,5,0), 1941.2 (2,3,0¥(0,7,0), 1883.7
(2,3,0)/(1,5,0)/(3,1,0) 2104.1 (0,1,1) 2000.5
(2,3,0)/(1,5,0), 2120.5 (3.1 0)/(1 5,0) 2016.8
(0,1,1) 2165.4 (0,9,0X1,7,0)/(2,3,0), 2139.3
(3,1,0)/(0,9,0)/(1,7,0)/(2,3,0) 2171.7 (2,3,0¥(3,1,0)/(1,5,0) 2144.0
(3,1,0)/(0,7,0)(1,5,0) 2260.5 (2,3,0)(1,5,0)/(0,7,0) 2225.6
(0,9,0)/(2,5,0)/(1,7,0) 2349.4 (2,5,0¥(0,9,0)/(3,3,0), 2341.6
(0,7,0)/(2,3,0) 2416.6 (2,3,0)(0,7,0) 2398.9
(0,3,1), 2480.0
2dsp, levels 2d4; levels
(0,2,0) 738.9 (0,2,0) 579.6
(0,4,0), 1111.4 (0,4,0¥(1,2,0) 1049.0
(1,2,0)/(0,4,0) 1307.7 (1,2,0)/(0,4,0) 1194.6
(0,4,0)/(1,2,0) 1432.4 (0,4,0) 1470.0
(0,6,0)/(1,4,0), 1565.6 (0,6,0Y(1,4,0), 1503.0
(1,4,0)/(0,6,0), 1758.2 (2,2,0)/(1,4,040,6,0), 1676.5
(1,4,0)/(2,2,0) 1863.3 (2,2,0) 1(1,4,0) 1817.6
(0,8,0)/(2,2,0) 1952.7 (0,8,041,6,0), 1943.8
(0,10,0)/(1,6,0)/(1,4,0)/(2,2,0) 2036.0 (1,4,0)0,6,0) 2004.2
(0,8,0)/(1,4,0)/(1,6,0), 2136.6 (2,4,0Y(0,8,0)/(1,6,0), 2140.8
(0,10,0)/(2,4,0)/(1,6,0), 2231.8 (0,6,0)(1,4,0), 2201.0
(0,12,0)/(1,8,0)/(2,4,0) 2366.6 (0,2,1) 2286.2
(1,6 0)/(2 4,0)/(3,2,0) 2411.9 (3,2,0)/(1,6,0) 2304.0
0,2,1 2440.1 (0,10,0X1,8,0), 2374.9
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TABLE 2 (Continued)
state calc. (cmt)2 state calc. (cmt)
T'72 levels Ty, levels
(0,3,0) 1012.6 (0,3,0) 863.7
(0,5,0), 1390.9 (0,5,0¥(1,3,0) 1315.4
(1,3,0)/(0,5,0) 1592.9 (1,3,0)/(0,5,0) 1486.7
(0,5,0)/(1,3,0) 1723.8 (0,7,0X1,5,0), 1756.1
(0,7,0)/(1,5,0), 1840.7 (0,5,0) 1791.4
(1,5,0)/(0,7,0), 2044.8 (1,5,0(2,3,0)/(0,7,0) 1952.4
(1,5,0)/(2,3,0)/(0,9,0) 2148.7 (2,3,0)/(1,5,0) 2116.8
(2,3,0)/(0,9,0)/(1,7,0), 2227.4 (0,9,0¥(1,7,0), 2187.6
(0,7,0)/(1,5,0)/(1,7,0)/(2,3,0), 2326.3 (1,3,0)/(0,5,0) 2321.0
(0,9,0)/(1,5,0)/(2,5,0), 2425.1 (2,5,0¥(0,9,0)/(1,7,0), 2402.6

aThe energies are given relative to the (0,&D),, state.
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Figure 2. Fermi resonance between the (1,&0), and the (0,2,G&FI1:,, | @

rovibronic levels in the CS(AL,) state R, and R, are both CS 209
distances and is the S-C—S angle).

o | S

12.60
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T . T
12.65 12.70 12,80 12.95

al>8assigned;™ at 560 cntt and 2,+ at 621 cnl, based on

the laser-induce&2ITy — A2[1, excitation spectrum. Balfo@r
reportedv;™ = 612.6 cnt! and 2," = 549.1 cnt?! from the
AT, — XTIy emission spectrum, i.e., his assignment is inverted
relative to that of refs 5 and 6. By adopting the interpretation
of Balfour, Frey et af? resolved the Fermi polyads of
(V1+,0,0)2H3/2 and (!/1+ —l,Z,O)ZH:g/z for V;|_+ = 1-3 and
(V1+,0,0)2H1/2, and 6/1+ —1,2,0?1—[1/2 for 1/1+ =1-2inthe TPE
studies, and reportedh™ = 623 cnT! and 2," = 559 cnT.

In our calculations, we obtained™ = 598.2 cm! and 2, =
518.6 cn1! (cf. Table 2), in reasonably good agreement with
these experiments. As shown below, these theoretical values
are also consistent with the assignment of the-ffF& spectrum,
yielding vi™ = 613 cnTt and 2,* = 517 cnT. All calculated
rovibronic states ford up to 9/2 are given in Table 2. If
anharmonic resonances occur, the dominating polyad members o
for a givenJ = P state are listed as well.

B. PFI—PE Spectra for CS™(A21,). Figure 3(a) and (b)
displays the PF+PE spectra for CS (A1) in the energy
regions of 12.6+12.95 eV with a resolution ofx 4 cnrt
(fwhm) and in the energy region of 12.983.50 eV with a
resolution of~ 7 cn ! (fwhm), respectively. The peak positions
of PFI-PE bands observed in Figure 3(a) and (b) are listed in
Table 3. We have also included in Table 3 the peak positions based on the BOS simulation procedures. Experimentally, the
of vibronic bands resolved in the TPE study of Frey ef4l., individual rotation transitions cannot be resolved. The best fitted
the present theoretical values, and available optical date BOS coefficients ¢ (A = 0—4) and the rotational constants
assignment for the majority of PFPE bands is achieved by (B™) for the ionic states used in the simulation are listed in
comparison with the theoretical values and optical data. The Table 4.
overall agreement between the calculated rovibronic energies The first two intense peaks with nearly equal intensities in
and experimental PHPE band positions can be regarded as the PF-PE spectrum of Figure 3(a) can be readily assigned to
good, with the largest deviations lying in the range of about 30 transitions (0,0,0)AlTz/2, < (0,0,0)X'=,*, and (0,0,0)AIT12,
cm L, — (0,0,0X=4*. Both bands are dominated by teN = 0

Selected high-resolution PFPE bands (solid circles, upper rotational branch appearing in the middle of the bands. The BOS
spectra) in the regions of 12.6842.725, 12.76612.800, simulation of these bands shown in Figure 4(a) reproduces the
12.830-12.870, and 12.90512.937 eV are plotted in Figure  experimental bands quite well using the rotational congdnt
4(a), (b), (c), and (d), respectively, for comparison with the = 0.1091 cni? for neutral state, B= 0.101 cnt?, a rotational
corresponding simulated spectra (open circles, lower spectra)temperature of 60 K, and a Gaussian line width of 37&m
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Figure 3. PFI-PE spectrum for the GS(A%I1,) state in the region
of (a) 12.60-12.95 eV obtained at a PFPE resolution of 4 cmt
(fwhm) and (b) 12.9513.50 eV obtained at a PFPE resolution of 7
cmt (fwhm).
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TABLE 3: lonization Energies (IEs), Relative Intensities, and Vibrational Assignments for CS+(A2I1,)

Liu et al.

IE (eV)2P G (cm1ab theo (cnrt)° optical data (cmb)ed assignment relative intensity
12.6130 —658 — (—658.0) (0,0,0Ta—(1,0,0§=4* 6.5
12.6346 —484 (-483.9) (-480.8) (0,0,09T12—(1,0,0§+ 6.2
12.6440 —408 - (—396.0) (0,0,0T32—(0, 1,011, 7.1
12.6463 —390 (-386.7) - (0,1,0125—(1,0,0}=4" 6.0
12.6676 -218 (-221.9) 218.8) (0,0,012—(0, 1,011, 9.4
12.6714 -187 (-198.3) - (0,1,0¥A3—(1,0,0¥=4* 8.1
12.6746 -161 (-158.0) - (0,1,0x2="—(1,0,08=," 9.1
12.6783 -131 124.7) - (0,1,042=+—(0,1,0¥T1, 75
12.6820 -102 (-104.3) - (0,1,0$As2—(0,1,0/11, 9.7
12.6889 —46 (~59.8) (-45.4) (1,0,03Ta—(1,0,0¥%4* 10.7
12.6946 0.0 0.0 0.0 (0,0,8)T52—(0,0,0¥,* 53.8

(12.6955) (0.0) (32)
12.7051 85 (79.0) (84.0) (1,021 (1,0,0}5,* 11.6
12.7137 154 (152.6) - (0,2,012I1—(0,1,0/11, 12.8
12.7166 177.4 174.1 177.2 (0,081)1,—(0,0,0}%,* 55.0

(12.7189) (189) (32)
12.7221 222 (228.5) - (1,1,0025—(1,0,0)54" 6.7
12.7300 286 291.7 - (0,1,07As2—(0,0,0¥=" 7.8
12.7464 418 (428.6) - (0,2,0)*13,—(0,1,0¥11, 13.2
12.7480 431 (429.2) (412.1) (0,248)11—(0, 1,011, 10.9
12.7578 510 500.0 - (0,1,0%—(0,0,0)=" 19.4
12.7587 517 518.6 - (0,2,012I13.—(0,0,0) 24" 24.4
12.762% 548 548.6 549.1 (0,2,05111,—(0,0,0¥=4* 445

(12.7648) (559) (41)
12.7670 584 (549.7) (574.9) (1,248)T3,—(1,0,08=4" 15.5
12.7706 613 598.2 612.6 (1,0,80)5,—(0,0,0¥," 66.1

(12.7727) (623) (45)
12.7737 638 (637.0) (641.4) (2,020, (1,0,0¥,* 13.7
12.7818 703 (718.1) (708.5) (1,2480T1,—(1,0,0124" 11.5
12.7864 740 737.0 742.0 (1,0,8)11,—(0,0,0¥=," 59.5

(12.7898) (761) (41)
12.7916 782 782.8 - (0,3,01°As52—(0,0,0}=4* 11.5
12.7947 807 825.2 808.1 (0,2,03112—(0,0,0}=4* 36.7

(12.7946) (799) (31)
12.8065 903 898.8 = (1,1,07As2—(0,0,0¥=* 10.2

(899.0) (903.4) (2,0,0)11,—(0,1,011,

12.8090 923 (919.9) - (2,1,0fA32—(1,0,0¥=4" 9.4
12.8230 1036 1026.8 - (1,2,0):2Iy,—(0,0,0)=*+ 225
12.8278 1074 (1068.4) (1100.8) (3,610~ (1,0,04=," 17.1
12.8355 1136 1133.8 - (0,3,0)?A3,—(0,0,0)=4" 26.8
12.8375% 1153 1122.8 1153.2 (2,0Q)3,—(0,0,0}=4" 87.7

(12.8401) (1166) (57)
12.8420 1189 (1187) (1190.4) (2260011~ (1,0,0)=4" 19.3
12.8476 1234 1207.7 1232.9 (1,2 Ta—(0,0,0}=," 54.9

(12.8494) (1241) (36)
12.8540 1286 1293.7 - (1,3,042A32—(0,0,0}=4* 24.0
12.8558 1300 1295.0 1299.4 (2,010),—(0,0,0¥* 53.0

(12.8574) (1306) (43)
12.8632 1360 1367.4 - (1,2,0)4152—(0,0,0§=4" 53.3
12.8640 1366 1376.1 1366.5 (1,2,@§11.—(0,0,0f%4" 70.5

(12.8694) (1403) (43)
12.8703 1417 (1415.3) - (2,2,0)4?I1—(0,1,0/11, 13.2
12.8722 1432 (1434.6) (1462.9) (2,241~ (01,011, 15.3
12.8757 1461 (1449.0) (1452.4) (2,246J11,—(0,1,0/11,, 18.9
12.8830 1520 1515.1 - (2,1,0As,—(0,0,0¥=," 14.8
12.8857 1541 1523.6 - (0,4,0)°I112—(0,0,0¥11, 14.2

1525.0 - (0,4,0)?,—(0,0,0}11,,

12.8900 1576 1577.9 - (2,1,07A32—(0,0,0¥=4* 12.8
12.8951 1617 1626.0 - (1,4,0%215,—(0,0,0¥=4" 10.0
12.8996 1653 1659.6 - (1,4,012I11.—(0,0,0}=4* 16.8
12.9031 1682 1681.9 - (1,3,0)?As,—(0,0,0)=4" 19.0
12.9082 1723 1709.7 - (0,0,1I15,—(0,0,0§=4" 15.6
12.9127 1759 1726.4 1758.8 (3,0,8013,—(0,0,0¥=,* 55.9

(12.9150) (1770) (58)
12.9200 1818 1811.3 - (2,2,012M1,,—(0,0,04=4* 35.1
12.9220 1834 1830.6 1858.9 (2, 248032~ (0,0,0¥=*+ 415
12.9240 1850 1845.0 1848.4 (2,2811,,—(0,0,08=,* 71.4

(12.9258) (1857) (100)
12.9255 1862 1861.6 - (1,3,0)%A52—(0,0,0}=4" 51.6
12.9265 1870 1882.8 - (0,0,18111,—(0,0,0§=4" 24.0
12.9304 1902 — (1901.5) (4,0,001,,,—(1,0,08=," 41.6
12.9327 1920 1906.2 1919.6 (3,040)1,,—(0,0,0}54" 100
12.9422 1997 2000.5 - (0,1,17As2—(0,0,0¥=" 33.7
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TABLE 3 (Continued)

IE (eV)2P G (cm1)ab theo (cnr?)° optical data (crmt)cd assignment relative intensity
12.9730 2245 2228.8 - (3,2,0)u2IT32—(0,0,0¥=* 36.2
12.9776 2283 2300.3 - (3,2,02MM,,—(0,0,08=4" 40.1
12.9856 2347 2349.4 - (2,5,0fA3—(0,0,04=4" 27.0
12.9884 2370 - 2366.9 (4,0,0013,—(0,0,0¥=4" 54.2
12.9974 2442 2410.1 - (3,2,0)IM12—(0,0,024" 37.7
13.0022 2481 - - 35.0
13.0119 2559 - 2559.5 (4,0,01,—(0,0,08=4" 33.9
13.0522 2884 - - (4,2,017113,—(0,0,0)24" 25.5
13.0646 2984 - - (5,0,0f52.—(0,0,0§=5" 16.3
13.0700 3028 - - (4,2,0)2M11,—(0,0,0}24* 10.9
13.0710 3036 - - (5,0,081112—(0,0,0}=4" 12.3
13.0792 3102 - - 13.9
13.0929 3213 - - 9.5
13.1133 3377 - - (5,2,081152—(0,0,0}=4" 5.8
13.1255 3475 - - (6,0,08IT32,1/7—(0,0,0)54" 6.9

aThis work. Here IE values are ionization transition energies/sadalues are energies measured with respect toaHA(0,?)]. ° Parenthetical
figures are values from TPE measurement in ref®Zhe values in parentheses correspond to hot bands and are obtained by subtracting the known
vibrational frequencies of G3rom the theoretical predictions or optical data for the ionic stat&eferences 3 and 521n this work, the intensity
for the bandPI1;x(1°) was arbitrarily set to 100, whereas in ref 22, the intensity for the adhid(1:°2,?) was arbitrarily set to 100.IE values
were determined by BOS simulation.

(fwhm). On the basis of BOS fit, we obtain the IE values of The other PF-PE bands resolved in this region 2 132(20%)

102 389+ 4 cnT! and 102 566+ 4 cnt ! for the formation of at 12.7587 eV2As(20%) at 12.7916 eV, and some hot bands
CS' [T52409)] and CST [?IT124(00)], respectively, yielding  originating from (0,1,01, and (1,0,03=4" of the neutral Cg

a spin-orbit splitting constant of-=177.4 cntl. Taking into state. The fact that the energy lev@8lsvith respect tdI1z/,(0°)
account the experimental uncertainties, the present IE(CS determined here (see Table 3) are in excellent agreement with
[2I13/2407)]) is in good agreement with that of 102 396 thn results obtained by emission studiésdicates that the uncer-
obtained in the previous TPE stuéf/However, it is apparent  tainties for IE values determined in the present -PFE

that the IE(CS[?13/240o%)]) value of 102 421 cm! obtained measurement are well within the stated uncertainty of 4'cm

in the previous Hel stud¥ is too high. We note that the recent The Fermi components associated with( 0, 0FITz/, and
high-resolution Hel study of Baltzer et #l.yielded an (vi, 0,011y, are (17—1,2,012I13, and ¢1—1,2,0)2T 1z,

IE(CSM[?IT3/24(0c°)]) value of 102 378 cm! and a spinr-orbit respectively. The energies and intensities of these states are
splitting constant of-175.8 cn'?, which were consistent with  strongly perturbed by the Fermi resonance interactions. As a
the results of the present PAPE study. result, the spir-orbit splitting (—127 cm?) for 2ITz/2,1/2(10%)

The direct single-photon ionization transitions to the is found to be significantly lower than that f8FIs/,1/2(0c°).
Asp and Zi,° components of (0,1,0)G§(X2I1g) from The observation of lower intensity for tH&l;/,(10') band as
(0,0,0)CS(X!=4"), although forbidden by the g u selection compared to that for thel1s2(10) band can also be attributed
rule, have already been observed in the previous—PH to the intensity trade between the Fermi resonance interaction

spectral? In the present PFHPE measurement, thes;»(201) is of 211/2(10Y) and «211/2(207).
identified at 12.7300 eV anef=~(2,1) at 12.7578 eV based on On the basis of the BOS simulation [Figure 4(c)], we obtained
theoretical predictions. The peaks at 12.6463, 12.6714, 12.6746E values of 12.8375, 12.8476, 12.8558 and 12.8640 eV for
12.6783, and 12.6820 eV are assigned to the hot bandsthe PFFPE bandsilzx(10?), ullz2(16'26%), 2I115(16?) and
(0,1,0p2=+ < (1,0,04=4", (0,1,0fA3.— (1,0,0¥=5", (0,1,0x%=" k?TI12(10120%), respectively. The BOS simulation shown in
— (1,0,0¥=4", (0,1,0)2=" < (0,1,0}I1,, and (0,1,PAs; — Figure 4(d) gives IE values 12.9127, 12.9240, and 12.9327 eV
(0,1,0¥11,, respectively. As indicated in the recent experimental for the respective PFHPE band€I1z(163), «211/5(10%20%), and
and theoretical study of OC®X2I1),3¢ the nonvanishing single- ~ 2[115(1%). We note that theG values for energy levels
photon ionization cross sections involving the single quantum determined based on these IE values are in excellent agreement
excitation of thev,™ mode are attributed to the dependence of with those obtained in the emission studies. The TPE re&sults
the electronic part of the integral for the photoionization cross seem to be too high by about 10 thn
section on the bending coordinate. The electronic transition We assign the respective peaks at 12.9082 and 12.9265
dipole component changes sign along the positive and negativeeV as?[l3(3o') and21y2(3¢%), and the peak at 12.9422 eV
displacement. Hence, this component in the one-dimensionalas2Asx(2,130). This yields a value of 1723 cm for v3*. In
picture is of ungerade symmetry, as are the one-dimensionalCO,*(A2I1,), the asymmetric stretch frequency is much larger
cuts of the vibrational bending modes with odd quantum than those in the CE(X2Ty and B2X,*) state$3-55 One can
numbers. This could explain why the transition becomes weakly therefore also expect an increasevifi of CS,H(A2I1,) relative
allowed, as observed in OCSCS", and CQ*+.12365354 to that of C$*(X2I1g). Thevszt mode has not been assigned in
TheTap 17210 and?ITa 1/2(20%) bands are located between previous Hel and TPE studies. The only reported valuevgf 2
12.74 and 12.80 eV. The BOS simulated spectra for these = 3288 cm! was from the excitation spectrum of Bondybey
experimental bands [see Figure 4(b)] were obtained using aet al® However, their assignment is different from ours.
rotational temperature of 80 K and Gaussian line width of 4  In the high-energy side of the PFPE spectrum (12.97
cmt (fwhm). The other parameters used in the simulation are 13.13 eV), several Fermi polyads involving high excitation of
summarized in Table 4. The IE values determined from both the stretching and bending modes are resolved. For
simulation are 12.7625, 12.7706, 12.7864, and 12.7947 eV for example, one can see tHds, 1{15%) and?1z/,1/4{10°2°) levels
wTT12(20%), 2M32(10t), 2Tas2(10Y), andiT12(20%), respectively. at 12.97-13.01 eV, the’llss,1/410°) and?ITas2,1/410%20%) levels



2190 J. Phys. Chem. A, Vol. 105, No. 11, 2001

0
2M4,(0,") T(0)

(a)

(e) / )(hv) (arb. units)
1

T T T T T T T
12685 12690 12695 12700 12705 12710 12715 12720  12.725
hv (eV)

2 1
1) Tgn(1o) 1,01,

KTLp(2,)

L

e}/ I{hv) (arb. units)

T T T T T T T
12.760 12.765 12.770 12.775 12.780 12.785 12.790 12.795 12.800

r

hv (eV)

© “21-11/2(‘1 01202)

uznm(1 01202)

(157

le) 7 I{hv) (arb. units)

12.830 12.835 12.840 12.845 12.850

T " T
12.855  12.860  12.865  12.870
hv (eV)

@ Mal1y)

KTL(1672,)
- 2H3/2(1 03)

I(e) / i{hv) (arb. units)

T T T T T T

T
12.905 12910 12.915 12.920 12.925 12.930 12.935
hv (eV)

Figure 4. Comparison of high-resolution PFPE spectra @) and
simulated spectra)) for CS". (a) 2[132(0°) and?[11,2(0%) bands in

the energy range of 12.683.2.725 eV; (bfI1s2,141s%) and?lzp,142%)

bands in the energy range of 12-762.80 eV; (c)1z.141s?) and
IT32,1{10*20?) bands in the energy range of 12:88.87 eV; and (d)
Ia2,1416% and 2I11(10%2:%) bands in the energy range of 12.905

12.937 eV. PH-PE resolution= 4 cn? (fwhm).

Liu et al.

TABLE 4: The Rotational Constants (B™) and BOS
Coefficients (G, A = 0—4) Used in the Simulation of the
PFI—PE Bands for CS™

state Bt(cm)2 Co, C C; Cs Cs
T 472(0c0) 0.101 0 0769 O 0 0.231
[T 1/(0c°) 0.101 0 0901 0 0.090 0.009
1PT1(26%) 0.109 0 0714 O 0 0.286
Ta7(10t) 0.109 0 0833 0 0 0.167
(1ot 0.101 0 0909 O 0 0.091
12TT1/2(20%) 0.102 0 0588 O 0 0.412
gy(1e?) 0.098 0 0909 O 0 0.091
u3A(1027) 0.097 0 0.800 O 0.100 0.100
1167 0.101 0 0.825 0.083 0.082 0.010
©2TT15(10'207) 0.101 0 0653 0 0 0.347
T3(16%) 0.100 0 0.625 0.083 0.083 0.209
12TT15(10%207) 0.100 0 0750 O 0 0.250
yy(16°) 0.103 0 0800 O 0.200 0

aThe differences iB" values are within the experimental uncertainty
and thus are not physically significant.

at 13.05-13.10 eV, and thélTs 1/410%) and?13x(1:°20?) levels

at 13.10-13.13 eV. All of these peaks are listed in Table 3.
We note that for such highly excited levels, the attribution into
v1t and v, quantum numbers is somewhat artificial due to
anharmonic and Fermi resonances and polyads interactions.

In the energy region above 13.13 eV, the intensity of-PFI
PE bands decreases. The calculations indicate that most of the
PFI—PE bands in the higher energy region are strongly mixed
so that the assignment of the vibrational quantum numbers is
not possible. As stressed by Frey et?dlsfrong autoionization
peaks may occur above the (3,6]0) state, which may further
complicate the structure of the spectrum in this region.

The recent photoelectron study of Baltzer et al. using Hel,
Hell, and synchrotron radiation represents the most compre-
hensive photoelectron study of the valence photoelectron bands
of CS.21 Although the resolution of 5 meV (fwhm) achieved
in the latter experiment is poorer than that of the present-PFlI
PE study, the main photoelectron features observed in the Hel
spectrum for C&§(A2I1,) are generally consistent with those
resolved in the present PFPE spectrum. There are some
differences in the relative intensities of vibronic bands observed
in the PFFPE and Hel photoelectron spectra. For example, in
the PFHPE spectrum the peak around 12.9327 eV is the most
intense, whereas in the Hel spectrum the most intense peak is
at 12.8364 eV. It is well known that the intensities for PIPE
bands depend on perturbation of near resonance autoionizing
Rydberg states and the lifetime effect of hightn = 100)
Rydberg states involve#-4! Because the mechanism for the
population of vibronic bands in Hel photoionization is different
from that in PF-PE studies, the different vibronic band
intensities observed in these studies are not surprising.

IV. Conclusions

We performed a high-resolution PHPE study of Cgin the
region of 12.6+13.50 eV using the high-resolution VUV
synchrotron facility at the Chemical Dynamics Beamline of the
ALS. This article covers the formation of PFPE bands for
CSH(AL,; v1T = 0—6, vt = 0—4, vzt = 0—1) states. With
the aid of theoretical RenneiTeller calculations, we satisfac-
torily assigned vibronic bands resolved in the PPE spectrum
for CS*(A1,). The Fermi polyads up ton™ = 6 were
identified. The excitation of thes™ mode was also found in
the complex rovibronic progression. The BOS simulation of
the high-resolution PF{PE bands for CS (A2I1,; v.+ = 0-3,
vot = 0, 2, vst = 0) provided accurate IE values for these
states.
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