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An extended set of 321 frequencies of vibration—rotation lines ofithband of Sk has been measured by saturation
spectroscopy using various isotopic species of,least-squares fit of these data has been performed using an effective
Hamiltonian written either with a spherical tensor or with a cubic tensor formalism. We have derived correspondence formulas
between the parameters in the two approaches and checked that both formalisms give the same results up to the seventh orde
Corrected parameters are given for the fit with a fifth-order Hamiltonian. An accurate representation of the band is obtained
at the tenth order (standard deviatisnl2 kHz) with a remarkable predictive power (better than 40 kHz)fealues= 100.

The convergence properties of the Hamiltonian power expansion are discussed.Academic Press
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1. INTRODUCTION: MOTIVATIONS AND toward the same goal, with a corrected Hamiltonian and wit
EXPERIMENTAL DATA an extended set of experimental data. A second motivation f
this work was to compare two ways to write the Hamiltonian
In a first paper (hereafter referred to as Paper I) on thigecifically using either a spherical tensor (as in 1) or a cubi
subject, published in 1987, the goal was to obtain a globaltensor formalism, and to show their equivalence and even
understanding and a theoretical fit of a full vibration—rotatiogstaplish a correspondence table (Rosette stone) between th
band of a complex polyatomic molecule, obtained thanks to thaq their parameters.
modern techniques of optical frequency measurements and ofne extended set of frequencies used in this paper has t
sub-Doppler spectroscopy. What is meant by global undgjrigins. A first subset comprises the 136 vibration—rotatiot
standing is, in fact, a test of an effective Hamiltonian, takinghes used and presented in detail in Paper I. These lines ha
fully into account the symmetry properties of the molecule yeen recorded (circa 1982) with the Villetaneuse saturatic
group theoretical methods of tensor analysis. Théand of spectrometerd, 3) at the highest resolution at that tifidhe
SF; appeared to us as a remarkable candidate for such a [ggierfine structure of these lines was fully resolved and
because of the richness brought by the high symmetry @convolution procedure could be used to retrieve the tr.
spherical tops and because of the experimental possibilitiggration—rotation frequencies with a few kilohertz accuracy. A
offered by saturation spectroscopy with C@sers, whose second subset of 185 lines was recorded and measured at LF
emission bands match this absorption band. Alsotheand using other isotopic species of GQ2, 13 for C; 16, 18 for O)
of SF; seemed well-isolated, i.e., relatively free of perturban |asers illuminating external Fabry—Perot resonators fille
tions from other vibration modes. This first attempt was onlyjith SF,. In this case, the linewidth was limited by transit and
partly successful because there was a small unsuspected §86er broadening to a larger value for which the hyperfin
in a fifth-order term of the Hamiltonianand because the strycture was not resolved. Furthermore, for tight superfin
sample of measured frequencies was too limited. A numberQfisters, the hyperfine mixing of levels with different vibra-
lines had to be kept out of the fit and the residual standaign_rotation symmetry species, (6) gives rise to complicated
deviation was significantly larger than the accuracy of thesymmetrical structures which are only partly resolved. For
experimental data. In this paper, we make a new attempimper of these cases we have calculated the expected str

YIn Paper |, the term\V/858 1{264} X f(J, 5, 7) of Eq. [20] must be ?Since then a new technique using slow molecules selection has be
replaced byV858 n{264} X f(J, 3, 5). demonstrated and the linewidth has been reduced by another factor 4. 10 (
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ture to determine an approximate position of the true vibratiombrational momenta and coordinates as well as the angul
rotation line center (i.e., free of hyperfine effects). In mangpnomentum operators) and the vibrational and rotational wavt
cases we could not use this calculated structure to performfanctions can be classified in the frame of D€3) group. The
accurate deconvolution because these spectra were notteesor coupling scheme of ti@(3) group can be used to build
corded in low-laser field conditions giving rise to distortionsip the complete sets of powers of operators and vibratior
through differential saturation of hyperfine components (amdtation wavefunctions. The subsequent procedure of reducil
crossovers). For these lines this has resulted in a large undbe spherical tensor spaces of a given rank to the irreducib
tainty which we have usually fixed to the value of the frerepresentations of the point symmetry group must be used
guency extension of the underlying unresolved structure (eget the basis sets classified by the symmetry with respect to t
cept in the case of exceptionally symmetric structures). AD, group.
these frequencies have been used in the fits and are listed witfihe alternative approach to the power expansion of th
their corresponding uncertainties in Table 1. Hamiltonian is to start first with the classification of the fun-
damental operators and the vibrational and rotational wave
functions in the frame of point group symmety, and then to
use the coupling procedure of the point symmetry group t
build up the complete basis set of powers of operators ar
vibration—rotation wavefunctions.

Both approaches are equivalent in the case of the isoiated
mode ofXY, molecules ofO,, symmetry and are used in this

The vibration—rotation Hamiltonian of $Fn its ground work for the calculation of the vibration—rotation spectra of the
electronic state can be expanded into a power series of fhedamental transitions of the; mode of Sk. The advantage
fundamental operatorg;, p;, andJ,, whereq; and p; are, of the spherical tensor formalism is that it makes it easier t
respectively, the normal coordinates and the conjugate mrace out the propensity rules which follow from the spherica
menta of the vibrations and whelg are the components of thesymmetry of the first-order Hamiltonian while the advantage o
angular momentum operator of the molecule in the moleculdre point symmetry group formalism is that it can be easil
frame. The common case for semirigid molecules is a rapigplied for the modeling of vibration—rotation spectra even ii
decrease in the order of magnitude of the power expansithie cases where the mode is involved and where the tensor
coefficients with increasing powers of the rotational and vibréermalism encounters the problem that mode vibrational
tional operators. This is related to the existence of an orderingerators cannot be treated as spherical tensors.
parametere = (m/M)"* for the Born—Oppenheimer apprexi  The vibration—rotation Hamiltonian can be expanded into :
mation @), m being the mass of the electron akllbeing the power series of tensor operatd®s” in the frame of a given
mass of the molecule. The hierarchy of energies reaffgas tensor formalism as
€’Ey, =~ €'Eo, WhereE,, E.,, andE, are the rotational,
vibrational, and electronic energies, respectively. This hierar- H=> cllof [1]
chy breaks down at high values of quantum numbers. At the i
lowest order of approximation, the Hamiltonian is the sum of

Hamiltonians for harmonic oscillators and for a rigid rotor. Ijyherect’ are the power expansion coefficients, i an index
the case where a vibrational mode of molecule is well isolategpich shows how the tensor operator was built from the
i.e., if the V|brat|ongl levels yndgr consideration are n'ot iindamental operators. To facilitate the computer progran
strong resonance with other vibrational states, the formallsmrgfng we use the annihilation and creation operators ofithe
an effective Hamiltonian for the mode can be applied to caliprational mode as the fundamental operators instead of tt
culate the corresponding vibration—rotation spectrum. momentum and coordinate operators. The well-known relz
The effective Hamiltonian of the’; mode of Sk is of ons which define the creatian” and annihilatiora operators

spherical symmetry up to the first order of approximation wheps,s,s the appropriate momentprand coordinate operators
only the Coriolis interaction enters the zero-order Hamiltoniagye

(9). The use of theD(3) symmetry group makes it easier to
classify the energy states and to derive the approximate selec-
tion rules for the transitions between the vibration—rotation
states of the; mode. At a higher order of approximation, the )
symmetry of the vibration—rotation Hamiltonian of themode ~1Nh€ commutation rules
is reduced toO, and it is convenient to classify the energy
states and to calculate the vibration—rotation energy spectrum [a,a]=0; [a,a’]=1; [a",a"]=0 (3]
in the frame of a formalism using the symmetry point group.

In the case of the; mode all the fundamental operators (thenable us to simplify the powers of operators composed ¢

2. COMPARISON OF HAMILTONIANS IN THE
SPHERICAL TENSOR AND CUBIC
TENSOR FORMALISMS

2.1. Background

a=(q+ip)/\2; a"=(q—ip)2. [2]
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TABLE 1
Measured Vibration—-Rotation Lines of the »; Band of SF,
AJ J C ng n n' Vexp (KHZ) Av(®) Ay o Av/o
P 94 F1 22 23 48 28201767543 5 30 0.17
P 94 F2 22 23 48 28201767543 5 30 0.17
P 88 F1 19 20 46 28223539522 -2 10 —0.21
P 88 F2 19 20 47 28223539522 -2 10 -0.21
P 94 F2 10 11 60 28223635961 —47 50 —-0.95
P 94 F1 10 11 60 28223653367 -16 50 —0.33
P 87 F1 7 15 51 28236271728 13 300 0.05
P 87 F2 8 14 52 28236271728 11 200 0.06
P 90 F1 5 6 62 28236426577 2 20 0.12
P 88 F2 12 13 54 28236431548 1 50 0.03
P 88 F1 11 12 54 28236431905 20 50 0.40
P 90 E 3 4 42 28236433185 11 20 0.56
P 90 F2 5 6 62 28236439785 12 20 0.62
P 89 E 8 7 38 28236496876 -7 20 —0.36
P 84 Al 6 7 15 28236518520 0 20 0.05
P 84 E 11 12 31 28236518520 0 20 0.05
P 84 F1 17 18 45 28236518520 0 20 0.05
P 89 F1 13 10 58 28236521078 2 10 0.21
P 83 F1 13 8 55 28251749116 4 0 5 0.03
P 82 F2 10 11 51 28251854218 —56 2 5 0.44
P 82 F1 10 11 51 28251856339 —57 2 5 0.48
P 81 F1 8 13 49 28251999598 48 0 5 —0.03
P 81 F2 7 13 48 28251999615 48 0 5 —0.12
P 84 A2 1 2 20 28252005614 30 0 6 —0.12
P 84 F2 3 4 60 28252005891 30 0 5 —-0.17
P 84 F1 3 4 59 28252006168 30 0 5 —-0.11
P 84 Al 1 2 20 28252006444 30 0 5 —-0.17
P 83 F2 14 7 56 28252056360 —-30 0 3 -0.05
P 83 E 9 5 37 28252136051 -8 0 3 —0.15
P 75 E 7 5 33 28270087149 -5 10 —0.58
P 75 F1 11 8 49 28270127579 —4 10 —0.48
P 75 Al 3 3 16 28270261692 -2 20 -0.10
P 75 F1 12 7 50 28270438469 -3 20 -0.15
P 74 F2 10 11 45 28270438924 3 30 0.11
P 74 F1 9 10 46 28270440012 -9 30 -0.31
P 71 F1 7 11 43 28277099484 -3 30 —0.13
P 71 F2 8 10 44 28277100036 -5 30 —0.18
P 70 Fi 11 12 41 28277114434 -3 20 —0.16
P 70 F2 12 13 40 28277114434 0 20 —-0.04
P 74 E 0 1 37 28277116059 10 20 0.55
P 74 F1 0 1 55 28277116059 11 20 0.56
P 74 F2 0 1 55 28277116059 10 20 0.54
P 72 F2 6 7 48 28277199335 -2 10 -0.28
P 72 F1 6 7 47 28277278572 0 10 —0.02
P 72 Al 2 3 16 28277380603 6 10 0.65
P 67 A2 0 6 12 28277421453 0 5 0.10
P 67 E 0 11 23 28277421453 0 5 0.10
P 67 F2 1 16 35 28277421453 0 5 0.10
P 61 F2 12 3 43 28303347050 1 10 0.16
P 61 E 8 2 29 28303348300 0 10 0.08
P 61 F1 13 3 44 28303349531 0 10 0.06
P 60 F2 6 7 39 28303518992 —4 20 —0.20
P 60 F1 6 7 38 28303558771 3 20 0.16
P 58 A2 3 4 11 28303611145 0 20 —0.05
P 58 E 7 8 22 28303611145 0 20 —0.03

Note. Jis the rotational quantum number of the lower state of the vibration-rotation transitibrs; J’° — J, whereJ’ is the rotational quantum number of
the upper state of the vibration-rotation transition; numbers theC symmetry sublevels withifR multiplets in accordance with the definition glven by
Moret-Bailly [7], R being the approximate quantum number defined in the framework of the spherical tensor formalism via the coupling aof wectbes
R = J — T; n numbers the symmetry sublevels of the ground vibrational sthtaultiplet in the frame of the cubic tensor formalism with increasing energy
n’ numbers theC symmetry sublevels of the; vibrational state)’ multiplet in the frame of the cubic tensor formalism with increasing energy;is the
measured value of the transition frequendy; = v, — v.. (kHz) wherev,, is the calculated transition frequency with the tenth order Hamiltonias?) =
Vexp — vE (kHz) wherevE) is the calculated transition frequency with the fifth order Hamiltoniaiis the experimental uncertainty of,, (kHz).
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AJ J C no n n’ Vexp (kHz) Av(5) Av o Av/o
P 58 F2 11 12 32 28303611145 0 20 —0.04
P 59 E 3 7 23 28303694697 —-14 80 -0.19
P 59 F1 5 10 35 28303694783 -3 80 —0.05
P 59 Al 1 3 12 28303694933 -3 50 -0.07
P 57 F1 3 12 32 28305999064 -16 -3 5 -0.71
P 57 F2 3 11 32 28305999064 -16 -3 5 -0.79
P 58 F2 9 10 34 28306027542 -19 0 5 —0.18
P 58 F1 8 9 35 28306027756 -19 0 5 —-0.19
P 59 F1 9 6 39 28306083696 8 -2 5 —0.49
P 60 F1 1 2 43 28306149748 —-115 0 5 —-0.12
P 60 E 0 1 30 28306149854 —115 -1 5 —-0.23
P 60 F2 1 2 44 28306149961 —114 0 5 -0.10
P 59 F2 9 6 39 28306151890 8 1 5 0.21
P 59 A2 3 2 14 28306252637 20 0 1 0.27
P 55 F1 0 14 28 28306312965 28 -2 5 —0.45
P 55 F2 0 14 28 28306312965 28 -2 5 —0.45
P 56 A2 3 4 11 28306352767 -1 0 1 0.12
P 56 E 8 9 20 28306352767 -1 0 1 0.13
P 56 F2 12 13 30 28306352767 -1 0 1 0.13
P 59 F2 10 5 40 28306451162 —18 -1 5 —-0.32
P 45 F1 0 12 23 28330140848 6 20 0.33
P 45 F2 0 11 23 28330140848 6 20 0.33
P 48 F1 2 3 33 28330255070 0 20 —0.01
P 48 E 1 2 23 28330263962 0 20 0.04
P 48 F2 2 3 34 28330272791 0 20 0.01
P 47 F1 4 8 28 28330301234 79 80 0.99
P 47 F2 5 7 29 28330302737 62 80 0.78
P 45 F1 8 4 31 28335916259 1 10 0.16
P 45 F2 7 4 30 28335960939 1 10 0.18
P 45 A2 2 2 10 28336000176 0 10 —-0.09
P 33 F1 5 4 22 28359647866 —2 1 5 0.29
P 32 F2 7 8 17 28359656406 —41 0 5 —0.06
P 32 F1 6 7 17 28359656412 —40 0 5 0.09
P 33 F2 4 4 21 28359689209 0 1 5 0.25
P 33 A2 1 2 7 28359780516 0 0 1 —0.18
P 33 F2 5 3 22 28359881944 6 0 5 —0.02
P 33 E 3 2 15 28359915362 6 0 5 —-0.11
P 33 F1 6 3 23 28359960590 8 0 5 —0.01
P 29 F2 5 2 20 28367811403 1 10 0.16
P 29 E 3 2 13 28367826853 1 10 0.20
P 29 F1 6 2 21 28367842257 2 10 0.28
P 28 F1 3 6 15 28367938185 —15 40 —-0.39
P 28 F2 6 7 15 28367938185 16 40 0.42
P 21 A2 0 2 4 28382424957 -11 20 —0.58
P 21 F2 2 3 13 28382447556 0 20 0.00
P 21 E 1 2 9 28382461461 9 20 0.50
Q 89 E 13 2 17 28382554047 0 60 0.01
Q 89 F1 21 2 24 28382554047 1 60 0.03
Q 89 F2 20 2 24 28382554047 0 60 0.00
P 21 Fi 3 3 14 28382578018 1 20 0.06
P 21 F2 3 2 14 28382659203 0 30 0.03
Q 85 E 7 7 21 28398914948 —32 40 —-0.81
P 12 F2 1 2 8 28398918119 —-12 20 -0.63
Q 80 F2 7 8 28 28398920573 —-32 20 —-1.62
Q 91 F2 11 12 35 28398926893 —35 20 —-1.76
Q 91 F1 10 13 35 28398928442 -36 20 —1.85
Q 85 F2 11 10 31 28398931592 -33 20 —1.68
Q 77 F1 14 6 25 28398959221 -9 20 —0.48
Q 85 A2 3 4 11 28398963265 -35 20 -1.76
Q 70 F2 2 3 20 28398970433 4 20 0.22
Q 70 E 1 2 13 28398970925 2 20 0.13
Q 70 F1 2 3 21 28398971416 -1 20 -0.07
Q 79 F2 13 7 27 28398974025 -10 20 —0.51
P 12 A2 0 1 3 28398990799 5 15 0.37
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AJ J C no n n' Vexp (kHZ) Av®) Av o Av/o
Q 81 F2 12 8 28 28398995534 -1 30 —0.06
P 12 F2 0 1 9 28399016338 0 15 0.02
P 12 I | 0 1 8 28399030885 4 15 0.30
Q 77 Al 4 2 9 28399031627 0 20 0.04
P 12 Al 0 1 3 28399042129 9 15 0.61
Q 90 E 7 8 23 28399130200 58 50 1.18
Q 90 F1 11 12 35 28399131251 59 20 2.99
Q 90 Al 4 5 12 28399133345 60 30 2.03
Q 84 F1 9 10 31 28399182366 29 20 1.47
Q 67 A2 5 1 7 28399183966 0 10 0.00
Q 67 F2 15 2 19 28399184018 0 10 0.04
Q 67 F1 15 2 18 28399184067 -2 10 —0.23
Q 67 Al 4 1 7 28399184121 4] 10 0.01
Q 78 Al 2 3 9 28399213992 15 20 0.80
Q 81 F1 12 9 29 28399220519 28 20 1.45
Q 84 F2 9 10 31 28399222726 32 20 1.64
Q 72 Al 1 2 7 28399288460 —4 20 -0.23
Q 72 F1 3 4 22 28399292078 -3 20 —-0.19
Q 72 F2 3 4 22 28399295729 -7 20 —-0.39
Q 64 E 0 1 11 28399299058 8 20 0.43
Q 64 F1 0 1 17 28399299058 5 20 0.29
Q 64 F2 0 1 17 28399299058 11 20 0.56
Q 72 A2 1 2 8 28399299425 -5 20 -0.27
Q 55 F2 6 8 22 28412340258 12 2 5 0.48
Q 55 F1 6 8 21 28412347656 25 4 5 0.99
Q 46 F1 3 4 16 28412376486 —41 -5 5 —1.12
Q 49 F1 7 6 18 28412382721 19 -1 5 —0.30
Q 47 F1 7 5 16 28412397039 65 1 5 0.30
Q 49 E 4 4 12 28412430671 40 0 5 0.05
Q 54 A2 2 3 7 28412442814 -21 0 5 —0.06
Q 54 F2 7 8 21 28412452980 -7 0 5 0.04
Q 54 E 4 ) 14 28412457940 1 1 5 0.37
Q 41 F1 9 2 12 28412467435 -T2 -3 5 -0.67
Q 41 E 5 2 9 28412472874 —-73 -2 5 —-0.55
Q 48 F1 4 5 17 28412474597 -35 -5 5 —-1.06
Q 41 F2 8 2 12 28412478355 —76 -3 5 -0.63
Q 45 A2 2 2 5 28412526414 23 0 1 0.49
Q 53 F2 6 7 20 28412559609 —-32 -1 5 -0.37
Q 53 F1 6 8 21 28412573094 -17 -1 5 —0.35
Q 38 F2 0 1 10 28412581959 =37 3 5 0.63
Q 38 E 0 1 7 28412582469 -35 5 5 1.08
Q 38 F1 0 1 11 28412582976 -39 2 5 0.40
Q 43 F1 8 3 13 28412599129 —41 0 5 —0.02
Q 45 F2 7 4 15 28412602224 5 0 5 —0.11
Q 48 F2 5 6 18 28412626007 49 2 5 0.44
Q 43 E 5 2 9 28412626400 -53 —4 5 —0.80
Q 43 F2 8 3 14 28412662331 —65 -1 5 -0.36
Q 47 E 4 4 12 28412662561 -8 1 5 0.26
Q 52 E 4 5 13 28412675428 —42 0 5 —0.02
Q 52 F1 6 7 20 28412684371 -35 -1 5 -0.40
Q 46 Al 1 2 6 28412685722 71 2 5 0.48
Q 45 F1 8 4 15 28412689322 —-11 -1 5 -0.31
Q 52 Al 2 3 7 28412701510 —-15 0 5 —-0.03
Q 47 F2 7 5 17 28412736801 10 -1 5 —0.26
Q 51 F2 6 7 20 28412795369 -51 -2 5 -0.53
P 4 Al 0 1 1 28412810623 32 -1 5 —-0.32
Q 51 F1 6 7 19 28412817981 —26 2 5 0.44
P 4 F1 0 1 2 28412827541 32 0 5 —-0.18
Q 40 Al 0 1 4 28412836556 —44 0 5 0.05
P 4 E 0 1 2 28412839590 33 0 5 0.17
Q 45 Al 2 2 6 28412840627 —69 -4 5 —0.92
Q 40 F1 1 2 12 28412842743 —47 0 5 -0.07
P 3 F1 0 1 2 28414538220 26 3 50 0.07
Q 35 F1 7 2 10 28414544247 36 0 10 0.02
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AJ J C no n n' Vezp (kHz) Au(®) Av o Avfo
Q 43 F1 5 6 16 28414545046 —28 6 10 0.66
P 3 F2 0 1 2 28414556241 15 —6 20 —-0.34
Q 35 E 4 2 8 28414557644 30 -3 10 —-0.32
Q 39 F2 6 4 14 28414564734 39 0 10 0.02
Q 43 E 3 4 11 28414567138 -30 -3 10 —0.34
Q 35 F2 7 2 11 28414571252 28 -1 10 —0.18
P 3 A2 0 1 1 28414578726 8 -12 20 -0.62
Q 40 Al 1 2 5 28414592446 54 2 6 0.34
Q 37 F1 7 3 12 28414593720 44 2 6 0.44
R 5 F1 0 2 1 28429457684 0 20 0.01
R 5 F2 0 1 1 28429469331 1 20 0.09
R 5 E 0 1 1 28429499807 5 20 0.28
R 5 F1 1 1 2 28429505450 1 20 0.07
Q 69 F1 0 18 35 28429524124 0 10 0.06
Q 69 F2 0 17 34 28429524124 0 10 0.06
Q 91 Fl 1 22 44 28429631478 0 18 -0.01
Q 91 F2 2 21 44 28429631478 0 18 —0.01
Q 80 F1 18 19 39 28429710807 -12 20 —0.65
Q 80 F2 19 20 40 28429710807 -12 20 —0.65
Q 82 A2 6 7 14 28433882126 1 10 0.14
Q 82 E 13 14 27 28433882126 1 10 0.14
Q 82 F2 20 21 41 28433882126 1 10 0.14
R 28 F1 2 3 5 28464417830 17 3 5 0.74
R 28 E 1 2 4 28464506923 4 1 5 0.34
R 28 F2 2 3 5 28464529560 2 1 5 0.24
R 28 A2 0 1 2 28464691303 -3 1 5 0.20
R 28 F2 1 2 6 28464712420 -4 3 5 0.61
R 28 F1 1 2 6 28464728434 —6 3 5 0.71
R 28 Al Q 1 3 28464741933 —11 0 1 -0.29
R 29 Fl 2 6 3 28464858047 114 -3 5 —0.69
R 29 F2 1 6 2 28464858327 114 -2 5 -0.59
R 43 E 3 4 4 28484321195 —-11 20 -0.60
R 43 F1 5 6 6 28484331355 -7 50 -0.16
R 47 F1 0 12 1 28484331404 47 50 0.96
R 47 F2 0 12 1 28484331404 47 50 0.96
R 43 Al 1 2 2 28484354807 0 20 0.05
R 42 F1 1 2 9 28484386921 1 20 0.05
R 42 E 0 1 7 28484389523 —1 20 -0.08
R 42 F2 1 2 10 28484392016 0 20 —0.01
R 43 F1 6 5 7 28484604034 -13 20 —-0.65
R 45 A2 0 4 1 28484632411 13 50 0.27
R 45 E 1 6 2 28484632411 7 50 0.14
R 45 F2 2 9 3 28484632411 9 50 0.19
R 43 F2 6 5 7 28484650225 4 20 0.20
R 44 F2 7 8 4 28484675162 —4 30 -0.13
R 44 F1 6 7 5 28484675803 1 30 0.06
R 46 A2 1 2 3 28488295622 -2 15 —0.20
R 45 F2 9 2 10 28488431658 0 20 -0.03
R 45 E 6 1 7 28488433258 0 20 0.01
R 45 F1 10 2 11 28488434818 1 20 0.06
R 70 F2 7 8 11 28515795247 24 0 5 0.15
R 70 F1 7 8 10 28515836768 13 0 5 0.09
R 72 E 6 7 6 28515843955 36 0 5 0.02
R 72 F2 10 11 8 28515844150 36 0 5 0.01
R 72 A2 3 4 3 28515844541 36 0 5 0.08
R 74 E 8 9 5 28515857680 45 0 5 -0.05
R 74 F2 12 13 7 28515857682 45 0 5 —0.04
R 74 A2 3 4 3 28515857686 45 0 5 —0.02
R 89 Al Q 7 1 28515909384 56 1 16 0.11
R 89 E 0 15 1 28515909384 56 1 16 0.11
R 89 F1 1 22 2 28515909384 56 1 13 0.13
R 73 E 4 8 5 28515913350 35 0 5 -0.09
R 73 F1 7 12 8 28515913373 36 0 5 0.13
R 73 Al 2 4 3 28515913416 35 0 5 ~0.04
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AJ J C no n n' Vezp (kHz) AulB) Av o Av/o
R 66 A2 ] 1 6 28516003631 6 0 1 —-0.36
R 66 2 0 1 17 28516003636 10 3 5 0.70
R 66 F1 0 1 16 28516003637 10 3 5 0.68
R 66 Al 0 1 6 28516003638 10 3 5 0.65
R 83 Al 0 6 1 28516052029 —-35 -1 5 —0.24
R 83 E 1 13 2 28516052029 —-35 -1 5 —0.24
R 83 1 2 19 3 28516052029 -35 -1 5 —0.24
R 77 F1 5 15 6 28516080476 17 1 5 0.20
R 77 F2 4 15 5 28516080476 17 0 5 0.20
R 94 A2 7 8 1 28516092005 462 -2 30 —0.09
R 94 E 15 16 1 28516092005 462 -2 30 —-0.09
R 94 F2 23 24 1 28516092005 462 —2 30 —-0.09
R 70 Al 2 3 4 28516133528 0 0 5 0.04
R 86 Al 6 7 1 28516135490 -36 0 8 0.11
R 86 E 13 14 2 28516135490 —36 0 8 0.11
R 86 F1 19 20 2 28516135490 —36 0 8 0.11
R 69 F2 12 5 13 28516214198 —56 3 5 0.60
R 70 F1 6 7 11 28516224553 —21 0 5 —-0.15
R 71 F1 9 9 10 28516235869 —12 -1 5 —0.30
R 69 E 8 3 9 28516236825 —60 0 5 -0.03
R 67 Al 4 1 5 28516240568 —49 0 5 -0.08
R 67 F1 15 2 16 28516240600 —49 0 5 —0.11
R 67 F2 15 2 16 28516240632 —49 0 5 -0.13
R 67 A2 5 1 6 28516240664 —49 0 5 -0.15
R 71 F2 9 9 10 28516246975 —-17 -2 5 —0.40
R 69 F1 13 5 14 28516254852 —61 0 5 -0.10
R 81 F1 3 18 4 28516266540 —-37 0 5 0.00
R 81 F2 3 17 4 28516266540 —-37 0 5 0.00
R 84 F1 18 19 3 28516600484 0 20 0.04
R 84 F2 18 19 3 28516600484 0 20 0.04
R 87 1 1 21 2 28516622164 1 20 0.09
R 87 F2 2 20 3 28516622164 1 20 0.09
R 75 F1 6 13 7 28516634279 5 20 0.26
R 75 F2 6 13 7 28516634279 2 20 0.13
R 73 F1 8 11 9 28516690153 -5 50 —0.11
R 73 F2 7 11 8 28516690447 9 50 0.20
R 70 F1 5 6 12 28516719501 4 20 0.23
R 71 A2 3 3 4 28516721259 -1 20 —0.09
R 74 F1 11 12 7 28516724677 -8 40 —0.21
R 74 F2 11 12 8 28516724677 21 40 0.55
R 91 A2 0 8 1 28516745934 1 20 0.09
R 91 E 0 15 1 28516745934 1 20 0.09
R 91 F2 1 22 2 28516745934 1 20 0.09
R 96 Al 8 9 1 28516750397 -6 60 —-0.11
R 96 E 15 16 1 28516750397 -6 60 -0.11
R 96 n 23 24 1 28516750397 -6 60 —0.11
R 71 F2 10 8 11 28516755438 5 20 0.27
R 78 Al 5 6 2 28516773679 0 20 —-0.03
R 78 E 9 10 4 28516773679 0 20 -0.03
R 78 F1 14 15 5 28516773679 0 20 —-0.03
R 71 E 6 6 7 28516774622 5 20 0.29
R 91 E 7 8 8 28534112756 4 100 0.05
R 91 F1 11 12 12 28534114193 6 30 0.22
R 91 Al 3 4 4 28534117089 7 100 0.08
R 90 E 6 7 9 28534117181 —5 100 —0.05
R 90 F2 10 11 13 28534124237 7 30 0.24
R 90 A2 3 4 5 28534138972 25 50 0.50
R 88 F1 7 8 15 28534163074 -7 30 —~0.25
R 88 Al 2 3 6 28534255481 —-13 16 —0.87
R 94 F1 13 14 10 28534306577 —43 60 —0.72
R 94 F2 13 14 11 28534306577 1 60 0.02
R 85 F2 17 4 18 28534319373 -3 30 -0.12
R 85 E 11 3 12 28534319651 -3 30 -0.11
R 85 F1 18 4 19 28534319930 -1 30 -0.06
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TABLE 1—Continued

AJ J C no n n' Vexp (KHz) Av(®) Av o Av/o
R 84 E 1 2 13 28534337001 -17 60 -0.29
R 84 F1 2 3 19 28534337001 8 60 0.14
R 84 F2 2 3 19 28534337001 —42 60 —-0.71
R 86 F1 4 5 17 28534370923 0 20 —-0.02
R 86 E 3 4 12 28534373021 0 20 0.01
R 86 F2 4 5 18 28534375116 0 20 0.01
R 83 E 12 2 13 28534423049 5 30 0.20
R 83 F1 19 2 20 28534423049 4 30 0.15
R 83 F2 19 2 20 28534423049 7 30 0.25
R 89 F1 14 9 15 28534445866 19 20 0.99

annihilation and creation operators by putting all the creatighe rotational operatoR*“™ are the same as the spherical
operators to the left side from their noncommutating countelensorR*™ (7) oriented in theO, group,

part (normal ordering). The effective Hamiltonian of the vi-

brational states is diagonal in the principal vibrational quantum ROKNN — RAK) 6]
numbers. The use of creation/annihilation operators facilitates

the select_ion from the powers of vibratiopa_tl operators of Or_‘WhereF is the symmetry species relative to the group, n
those which have eque_ll powers of ann|h|lqt_|on and creatigp tinguishes tensors with the same symmetry species @ the
operators and thu_s satlsfy_ the_ above condition of a d|agorbz? up, ando is the component of the octahedral tensor.
form for the effective Hamiltonian. These components introduced if) @nd called cubic com-
22, Symmetrized Operators in Both Groups Egrr:]%r:)tzeor:‘t:pﬁyencal tensors can be given in terms of spheric
2.2.1. The Rotational Operators

. . QK — (1) o, ., . (rRW (1)) (0)
In the spherical tensor formalism.The power operator® R (\R X R™) (R XRY) ,

of the angular momentum operatbare built up and classified (©-K)2
in the frame of the spherical tensor formalism as: [7]
X (((R(l) X R<1)) X o)X R(l)) (K)
RO =(IXIX---xJ® K
| S S ——
Q

[4] with elementary rotational operat®’” = 2J, and R® x

Wy © _ 2
= (3O ((IX ) X - ) X K, R™) (4/\V/3)J

« RIW = 3 WG, R 8]
m

Here & is the spherical tensor rotational operatfr,is the

power of the angular momentum operafprd® = J% + J7 +  where®™G"., are matrix elements of a unitary transformation
JZ; K is the rank of the spherical operat@r The coupling of (12).
the spherical components of two spherical tensors is performedrhe spherical components are given by the inverse transfc
in accordance with the rules of the quantum theory of angulgiation:
momenta:
(K2) Kam (K2) , T(Ka) R = 2 MGHTRI. (]
To'= 2 Clmicm T T, [5]
mgz,m3
2.2.2. The Vibrational Operators
whereT{ is them component of a spherical tensor of raigk

) . In the spherical tensor formalism.In the case of they
and WhereC,fzm;szs is the Clebsch—Gordan coefficient. P °

mode, the creation and annihilation operators can be treated

In the cubic tensor formalism. The octahedral (cubic) for- tensors of rank 1 of the groupO(3). The spherical compo
malism described here is deduced from the tetrahedral formaénts are defined from the Cartesian components by the f
ism (10, 113. In the octahedral formalism the components dbwing relations:
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a,=—(a,+ iay)/\/é at, = —(a + iay*)/\@ 2.2.3. Rovibrational Operators
a, = a, a; =a/ [10] In the sph'erica'll tensor formalism.The complete set of'the'
_ powers of vibration—rotation operators of the Hamiltonian ir
a,=(a—ia)/\2 a’,=(a; —ia;)/ 2. the framework of the spherical formalism are built up a:
follows;

In the case of the fundamental transition of themode the
matrix elements of all the terms including annihilation or OI2KLKI = (G 2K 5 ALY [17]
creation operators with a power higher than one are equal to !
zero. The zero power vibrational operator is 1. The operators

relevant for the first vibrational state are defined by the tend§ferek is the rank of the vibration—rotation operator in the
coupling relation framework of theD(3). TheindexA,, shows that the reduction

of the k rank tensor was done yielding the octahedral compc
nents ofA,, symmetry; the running indeixwas used to number
the differentA,; representations which are contained in the
spherical tensor space of rakk

where the rank of the resulting vibrational tensor can be 0, 1, Finally the following form of Hamiltonian is used for com-
or 2. Here the scalar coupling (scalar product) is defined aguter calculations within the framework of the tensor formal-

ism
(a*xa)@=yv, [12]

A(Lg) — (a+(1u) X a(lu)) (Lg), [11]

H=H,+ Hj, [18]
wherev is the principal vibrational quantum number of the
mode. The coupling to tensors of rank 1 and 2 uses the standgft e the ground state Hamiltonian is taken as
procedure for the spherical tensors yielding the following cor-

respondence relations to the previously introdudes) yibra- K Lokl oK
tional tensors Ho = 2 PiHE=0k=Ki. RO [19]

(a*xa)®= —|/\,E; (a*xa)@=T12, [13] and thev; state vibration—rotation part of the Hamiltonian is
taken as:

wherel is the vibrational angular momentum afd’ is the
rank 2 tensor vibrational operator of the mode. Hy = >, PiKLKE. QlKLki [20]

In the cubic tensor formalism.The elementary creation
and annihilation operatord 4) are expressed in terms of theHere we use the subscript index 0 or 3, otherwise the indexir

dimensionless normal coordinates and momenta by with {Q, K, L, k, i} is not enough to distinguish between
some ground state and thg state paramete® of the model
1 Hamiltonian.
dg, = — + i 14 . .
72 (Goo + 1Ps0) [14] In the cubic tensor formalism.The complete set of the

rovibrational operator§ is built by coupling rotational and
1 vibrational operators in th®,, group. In the case of the ground
ag, = 5 (dsy — 1Pso)- [15] state the operators read as
N
QK,nl') _— Q(K,n'=Ag,
For the isolated,; fundamental bands(= 3) the vibrational To'm = BR™ g [21]
tensor operators are
and in the case of; = 1 state:
e'’
avELFul) — 2 (g Fu i q(Fuym), [16]
’ NN

Tssl,(sK'nr) _ B(RQ(K,nI‘) X evgyléFlu(r))Alg. [22]

where$ depends on the parity of the operator. Even opera-f is a numerical factor equal to/3 (—\V/3/4)*?if (K, nI') =
tors (€ = +) are obtained wite'* = 1 and odd operators are(0, 0A,), and equal to 1 otherwise.

obtained withe'* = —i. [I'] is the dimension of the irreducible  The vibration—rotation Hamiltonian is described by formu-
representatior’. lae similar to the spherical tensor formalism
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TABLE 2
Correspondence between O(3) and O, Coupling Schemes

Operators
On o(3)
Rotational ROUK,I) R UK)
) () (L)
Vibrational AT = (a;‘(l’Fl“) X agl’FI“) AD) = (a;(l) X agl)
Rovibrational (RQ(KT) x A(F))(Alg) (ﬂQ(K) x A(L))(k) _
1g,%
Basis Functions
On 0@)
Rotational ¥, = p(4Crinr) o)
Vibrational ¥, = o) O]
i i R (R)
Rovibrational (¥r x ‘I’v)(c) ‘II(C,’!)I = (q’(J) % W(E))c,n
Ho= > t2Knr=A), To(knr=a) [23] and in the case of; = 1 state:
©) — (3nCr) o (F1)\ (C)
Hy= 3 Q). Tognn [24] N4 (W, P ) ) [27]

The basis function® &, of thespherical constructiosan be
expressed as

wherety®™ andty$"™ are the spectroscopic parameters.

2.2.4. Symmetrized Basis Functions
2R+ 1

In the spherical tensor formalism.The basis set of vibra- vE = [C]
tion—rotation functions is constructed within this framework by
using the formulae

2 K (W X wi)©, (28]

nr,Cr

where the coefficienK is called anisoscalar factorof the
chain of group0(3) D O, and can be found for instance in
(15).

A summary of the formulae for the basic sets of powers o
where ¥ is the rotational wavefunction for the angula©perators and vibration—rotation wavefunctions is presented
momentum quantum numbér ¥ is the vibrational wave Table 2 for spherical tensor coupling and for cubic symmetr
function treated as a spherical tensor of répkvherel is the group coupling.
vibrational angular momentum quantum number; the quantum
numberR is running from|J — 1| to J + |, the indicesC and 2.2.5. Matrix Elements

n are used to designate the octahedral components of the, ye spherical tensor formalism.The matrix elements of

spherical tensor of ranir, C being the symmetry of the yno nower operators are calculated by using in this framewor
octahedral component amdthe running index used to numbery, o \vigner—Eckart theorem and tRecoefficients, first com-
the C symmetry components which belong to the tensor SPaGfited by Moret-Bailly 7)

of rank R. The ground state and fundamental state of ithe '

mode are uniquely distinguished by the quantum nuniber

V= (WX W), 25

. . . ) ) {Q,K,Lk,i}] 77 ’ ’ ’ ' '
which is equal to 0 in the ground state (vibrational symmetr@* v, 1, R, C, n[O VLR Con)
11: i élg)) and to 1 in thev; = 1 state (vibrational symmetry  _ [Taw - (-1)R- thk,’zgi,c'nﬁu’ .

= F,).

[29]
In the cubic tensor formalism.In this framework the vi-
bration—rotation functions are built with the same scheme as

vibration—rotation operators. In the case of the ground state

L K k
X (AR - IAC vy -3 I R
I J R

) . where e = V(2R+ 1) (2k+ 1) (2R’ + 1), and
Y (© = P (IO, (A) [26] FENR, cw is anF coefficient,
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JRLO|I) = [I(I + 1)]@-Kr/2 from the values of the adjusted parameters of the tenth-ord
[30] spherical tensor Hamiltonian (see Table 5).

FORTRAN programs have been written to convert the sixth
order set of spherical tensor parameters to the appropriate se
cubic tensor parameters and vice versa. A numerical test

and (vI|A®|v’'l") are, respectively, the reduced matrix -elethese programs has been performed for some sets of parame
ments of the rotational and vibrational operators. The computdelding a complete agreement between the simulated tran:
program, used in this work, is written in such a way that tion frequencies of the sixth-order model Hamiltonians.
gives the possibility of conducting the calculationsFotoef-

ficients, reduced matrix elements, andj $ymbols for arbi- 3. THE FITTING PROCEDURE

trary values of quantum numbers and rarksK, andk of

power operators. The only limitation is the specification of the The fitting of the frequencies of spectral lines was conducte
computer that imposes an appropriate limitation to the dimewsing the second-order gradient technique and the Hamiltoni:

sions of the matrices where tiecoefficients are stored. ~ Within the spherical tensor formalism. The mean-square dev

. . . ation
In the cubic tensor formalism.The matrix element of the

vibration—rotation operator is diagonal thand C quantum B 0
numbers and reads in the cubic formalism as: S= 2 (Vors~ vea) 00

X

Kl I+ K+ DY)
2K -1l (21— K)! ] / '

[33]

N S was taken as the sum of square deviations of the measur
(3, e, G Fu C, 0| TE5™3, niCls Foys Co) frequencies from the calculated ones over all measured line
(F. C C The deviations were also weighted by the experimental unce
= —(—1)“KKEr'frJn%,nrc,)(—l)”“G( c. = I‘) [31] tainty o of the measured frequency of the line. The calculate:
' ’ frequencies are functions of the set of parametéts ¢f the
X [T H%JR*J). model vibration—rotation Hamiltonian. For a given sef{the
mean-square deviatidBwas approximated to second order in
The reduced matrix elements of the rotational operator wehe variations of the parametersR}
first given in (L6)

S—SO+aS (‘3P+1 0’ oP; - 8P; + [34]
(JIROM|3) = [-43(3 + 1)/ (3] ~*2 oby T 2 9Py T L T
2 [32
% [ K! (2J+ K+1)! [32] The matrixC,; = BZS/aPiaP,- of second derivatives and the
K- (23 - K)! vectorF; = —aSaP; have been calculated numerically and
the iterative formulae
and < > are 8 symbols which can be found for

- p ALy L E
instance in {5). Pii=P+ ? (C i F [35]

2.3. Correspondence between the Two Formalisms have been applied to find the minimum ®f The eigenvalues

The formulae for the matrix elements of the basic powers 8f the matrixC have been analyzed to distinguish betweer
operators have been used to calculate the matrices of the b&afdle points and the real minima 8f The analysis of the
operators for the vibration—rotation states with quantum nurfigenvalues of theC matrix at the minimum ofS made it
bersv, = 0, 1 andJ = 0, 1, 2, 3. The computer programPossible to reveal numerically the correlations between tr
Mathematica has been used to expand a given cubic symmé@jameters. Here we say that the parameters are correlate
tensor matrix into the linear combination of the appropriat¢€ can express their variations via the variation along a dire
spherical tensor basic matrices. The expansion coefficieH) X as
gave us the appropriate correspondence relations between the

cubic tensor parameters and the spherical tensor parameters of oP; = a;6x, [36]
the Hamiltonian. We have conducted the calculations for the
operators up to the sixth order. wherea, are the direction cosines, and if, along the directipn

In Table 3 the calculated correspondence relations betweha first derivatived S/d x and the second derivativi®S/d x*
tensor and symmetry point group parameters are given upa@ equal to zero. It means that by an appropriate small chan
the sixth order inQ). We also give in the same table theof the parameters one can change the model Hamiltoni
appropriate values of the cubic tensor parameters calculateaving the mean-square deviation unchanged. Some corre
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TABLE 3

Correspondence between O, and O(3) Parameters up to Sixth Order

199

Order Hpmn Op, 0(3) Value (em™1)
0 02 12(041) pR000t 0.91077 - 101
9 od £0.A1) p0,0,0,1 —0.65-10~%
2 04 galdA1) phaoal g 0.125-10~°
4 06 tg(O,Al) Pg,o,o,o,l '™
4 06 (AL —(v3/64) Pyt 0
) 06 B4 —PS:5081 956 0%
6 08 3(0 A1) P§,0,0,0,1 0x
6 08 8(4 Aq) (3/256)P08’4‘0’4’1 Ox
6 08 tﬁ(“l) (V3/16) Py 0% O
6 08 t(® A1) pEB081 y556 0x
0 20 £2(0,41) pR:0,0,0.1 948.10250821
1 21 3 F) (V3/2) P10t 0.267556922
2 22 t3f° rA1) P32’0‘0’° ! —0.13105415 - 103
9 99 2(2 B) —(VB/10) P2 2201 _ | /3/40p2 2241 —0.15849730 - 103
9 929 2(2 Fy) ~(3/3/20)P22201 4 /3/40p22241 0.4383740 - 104
3 23 3(1 F1) —(3/8)p311:01 0.3325527 - 107
3 23 3(3 F1) ~(V3/8) P41 —0.11391 - 10~®
4 o4 4(0 A1) ph00.0.1 —0.47350 - 10~10
4 04 4(2 E) (v/15/40) Py2%%! 4 (3v/40/160) Py 241 0.16070 - 10~1°
4(2 Fy) ph2:2,0,1 4,2,2,4,1 —10
4 24 ts's (3v/15/80) P} — (3v/40/160) P} 0.12493 - 10
4 2 4(4 A1) (\/5/16)P;‘4’0’4‘1 —0.11350 - 10~ 10
4 24 4(4 E) —(1/4\/ﬁ)P§1’4’2’4’1 + (v/3/8 /22)13;,4,2‘6‘1 0.29983 - 10— 11
4 24 4(4 Fy) —(3/16\/H)P;’4’2’4'1 _ (\/:'_):/41 /22)]3;’4'216’1 —0.5996 - 1011
5 25 5(1 Fy) (3V/3/32) P10 —0.15333 - 1012
5 25 5(3 Fy) (3/32)1)5’3 1,4,1 0.9888 . 10—13
5(50F1) (\/_+5) 5,51,4,1 , V3(7-V185) 5516, —14
5 25 vV pyob p2&L 0.47182 - 10
t33 VeV verwa 8
5 25 £5(0:1F) _ /— (~/_ 5) Pyl _V3(7+V189) ) p5:5.1.6.1 —0.3964 - 10~18
1 64+/6_val 64v7i/6—v2l °
6 2% 6(0 A1) p5:0.0,01 —0.48169 - 10718
6 % 6(2 B) -3 ps22, o1 — 330 pb.2.244,1 —0.22172 - 10715
6(2F) _ 95 p6,2,2,0,1 | 330 p6,2,2,4,1 —15
6 2% 2 95 6, + 330 p6, —0.38284 - 10
6 % t3(§ VA1) 3 ppadl 0.1579 . 10~18
6(4,E) V3_ p6.:4,2, 4 1 3 6,4,2,6,1 .10—16
6 26 t,f(’fp) 16\/f_Pe““ 32‘/_P364261 0.26453 - 10
F2 3 - 10716
6 26 taa’ st Fs + ovm e 0.5290 - 10
6 26 t5541) —V/3/64P55:0:6:1 —0.37532 - 1016
6(6,E) 6,6,2,4,1 /110 p6,6,2,6,1
6 26 to % Py + Y760 £3’
/T390 p6,6,2:8,1 0.4090 - 10~16
6 26 £6(6,0F2) 3\/_(23 \/42 ) P5:6.2,4,1
3,3 128+/26/1684—79 vA21
3(v421-1) p5:6.2,6,1
12{3/\/1\/(1684—\7}9_\/421 3
__VI%(19-4V42T) L,6,6,2,8,1 —0.675-10-17
2080 /168479 V421 3 ’
6 2% (6(6,1F2) __ 3vB0(234VA21)  56,6,2,4,1
3,3 12826 \/1684+79 V421 3
3 (1+v421) Pa,e,2,6,1
128\/_\/1684+79 V121
V195 f79+4 V421 ) P6,6,2 8,1 —0.488 - 10—16

2080 1684479 v/421

Note.The parameters marked by an asterisk have been fixed to zero.
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TABLE 4

Correspondence between the Adjusted Parameters of the Fifth-Order Hamiltonian and the Parameters Used in Paper |

PQ_I; 3L ki Parameter Value in em ™!
P00 Bo 9.1077(13) - 10~2
p000.1 Yo -6.5(25) - 1079
P4,4,0,4,1/(4m) €0 63(30) -10712
5 o +2.10718
64(94 1/\/ﬁ 20 1.2(6) - 104
e 0,6, 1 /(64+/66) & 7.1(2) - 1018
PO 0,0,0,1 Vo1 948.10251(3)
pL 210, SN (BoC) 6.3064(12) - 10~2
sz ,0,0,0,1 Bs~Bo=Y3 —1.3105(2) - 10~
_p22203 19 /5 5 —7.6437(7) - 108
Pz 2241 /555 @ ~2.45795(3) - 105
:21101/\/— x 1.8(4)-10-8
Ps, 1,4 1/(8 V/35) u —7.9(115) - 10—10
_po.00 Avy —4.5(3) - 10~11
pi® o, 1 /(125) " —5.22(24) - 10712
gzuvm o 2.01(3) - 10712
P4 40 41 /(4,/70) Ae —2.96(2) - 1014
; 241,120 Tosga ~ 7 0«
_pia2.6.1 (g, /337) n —6.13(2) - 10—13
psi1,1,0,1 Vo as 2.7(60) - 10~13
3
P35‘ 41,0 /2240 bs ~4.4(2) - 10714
5/11088 Py 4 cs Ox
55161/\/73—9 ds 1.01(1) - 10~14
1}6 ,0,0,0,1 Ar —1.51(4) - 10—15
_peAod /oG Ap —4.7(1) - 10716
PSS %6, 1 /(16v/23T) Ag 1.69(2) - 10~17

Note. The third column gives the corrected values. (Only the 136 lines used in | were included the fit.) The parameters marked by an asterisk were

zero.

tions arise owing to the contact transformation invariadd®.(  In the frame of the first-order Hamiltonian the correlation
These correlations were confirmed numerically in the courselmftween the values of the ground state rotational constant, t
the fittings. To break the correlations, some parameters of f@eriolis interaction constant, and the band origin frequency c
model Hamiltonian were strictly fixed to zero according téhe v; mode follows from the spherical symmetry of the
Table 3 of Ref. 18). Hamiltonian. The spherical symmetry of the first-order Ham
iltonian and the spherical symmetry of the dipole interaction o

3.1. Fifth-Order Fit: Correlations between Parameters and the v, band with the resonant radiation results in the approxi
Convergence of the Power Expansion mate selection rule for the vibration—rotation transitions o

The above fitting procedure was applied to fit the set of linddndamentab; band @),
observed in 1) with the fifth-order expansion of the Hamilto-
nian. The corrected parameters of the fifth-order Hamiltonian AR=0: AC=0: An=0, [37]
are given in Table 4. This fit yielded a standard deviation of
about 80 kHz, to be compared with the fit of Paper | which had
a standard deviation of 172 kHz when all lines were includedhich seriously restricts the number of strong transitions an
In the course of the fitting a strong correlation between tles a consequence leads to the main ambiguity in the restorati
values of the ground state rotational constBpt of the Ce  of the parameters of the model vibration—rotation Hamiltonial
riolis interaction constand, and the band frequency origin offrom the frequencies of such transitions.
the v; mode was found. The second derivativeSoélong the To explain the existence of the correlation between th
appropriate direction was found to be not exactly equal to zevalues of the ground state rotational constant, the Corioli
but was so small that it resulted in rather big confidendeteraction constant, and the band frequency ofitheand, let
intervals of the above molecular parameters. us consider the contributions of appropriate terms of the vibre
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tion—rotation Hamiltonian to the frequency of &R = 0 progression was expected from the analysis of the paramet:

transition. The harmonic oscillator term has the form of the third-order Hamiltonian. The decrease of the Hamilto
nian parameter with increasir(@ is mainly governed by the
Hpo = P3000L 000001 ¢0A). T90.A) [38] ratio €’ = B/w, whereB is the rotational constant andlis the

characteristic vibrational frequency. TakiBg= 0.1 cm* and

- : -
in the frameworks of the spherical tensor and of the cubif€ lowest vibrational frequency = 350 cm™”, we get an

. . o .
tensor formalisms, respectively. The rigid-rotor and the CorigStimate ofe” = 1/3500. This is in a good agreement with the
lis interaction terms are observed ordering up t6) = 3 with an ordering parameter

€* ~ 1/3000. One could expect that the parameters of/fhe
1 state might be on the order of-30** cm™ in the case of
Q = 4 and on the order of I8 cm™" in the case of) = 5, but
our fitting confirmed the results obtained i) (hat the param-
Hei = P3th0h Qb E0t= 507 TH0M), [40] eters withQ) = 5 are appreciably higher in order of magnitude
and some even higher in the case(bf= 4.
The derivation of the matrix elements in the cubic tensor We see two reasons why the ordering scheme of molecul

— 2,0,0,0,1 2(0) _ +2(0,A 2(0,A:
Hr.r. - P0 : RA(L:)L - t0 o TO * [39]

formalism yields the following results parameters can be broken whéh = 4. First, there is the
fundamental question of the contribution of nonadiabatic in
(V3= 0|T2OM|y, = 0) = J"(J" + 1) [41] teractions between electronic, vibrational, and rotational de
grees of freedom of a molecules. As was pointed out in Re
with R” = J (13), the nonadiabatic terms can give an appreciable contribi

tion to the Hamiltonian terms of order higher than three.
Second, thes; = 1 state is not well isolated. Owing to the
Coriolis splitting ofJ level intoR=J — 1, R = J, andR =
J + 1 sublevels, the last of these is coming into resonance wi
(va= 1T, =1y =1 [43] the v, + v, vibrational state with increasing while the first
is coming into resonance with the + v, vibrational state.
(va=1T35|vg=1) ~J'(J' + 1) - R'(R" + 1) — 2. One could expect that the avoided crossing will bé aalues
[44] of about 200. So, a slow convergence of the effective Hamil
tonian could be expected in the higinegion of thev; = 1 state
The allowed transitions ar&R = 0 = R’ = R” = J” and Vibration—-rotation spectrum. One can expect that the orderir
this results for each operator in the following contribution tparametek of the power expansion of Hamiltonian in this case

(Va=1T5"M|v;=1) =3 (J' + 1) [42]

the frequency: must correspond to the critical value df; ~ 200 ask ~
1/J; ~ 5+ 107°% This value is in a good agreement with the
f(T2OM) = 37(J' + 1) — R'(R' + 1) [45] ordering of the parameters of the tenth-order Hamiltonia
when() > 4,
FTO0M) = 1 [46] The fifth-order Hamiltonian with the corrected parameter:

was then used to calculate the frequencies of all lines present
in Table 1. For the lines with high values we observed big
f(T35™) ~ (I +1) -R(R +1)— 2. [47] differences between measured and calculated frequencies. 1
differences reach 10 MHz ak values of about 90 for some
So it is easy to see that the contributions to the frequencieslioes and have a decreasing magnitude with the decredsinc
the AR = 0 transitions are not independent. values. It demonstrates that the fifth-order Hamiltonian is nc
The correlation between the values of the ground staddequately precise in the region of highvalues to calculate
rotational constant, the Coriolis interaction constant, and ttiee frequencies of the observed rotational transitions ofithe
band origin frequency of; band will be changed if higher band of Sk with an accuracy of a few kilohertz.
order terms are taken into account. The conclusion of the
numerical analysis is that the higher order terms do not destr®% Tanth-Order Hamiltonian
this correlation completely but give a tiny increase of the
second-order derivative of the mean-square deviation along th&he model Hamiltonian in the framework of the spherica
direction of correlation. tensor formalism was expanded up to higher orderQ.int
The second observation in the course of preliminary comras found that the tenth-order Hamiltonian is accurat
puter calculations was that the ordering scheme of Hamiltonianough to fit all the measured frequencies. It was also four
parameters does not follow the geometrical progression withat there are very strong correlations between the param
the increase of the power of the rotational operafersThis ters of the ground state Hamiltonian and those of\vhe=
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TABLE 5
Values of the 52 Adjusted Parameters of the Tenth-Order Hamiltonian

P:?’K’L’k’i Value in em™1 SD in em™1 PG) in em—1
p20:00.1 9.1077 - 10—2 9.10772329648420 - 10~2
p0.0.0.1 —6.5-10—9 ~6.53975417115586 - 10~°
P€,4,0,4,1 2.0-10-2 2.15125750188997 - 109
P%,o,o,o,l Ox —1.33190977150959 - 1013
P%,4,o,4,1 0% 4.15785405817911 - 10—13
pE806:1 Ox 3.75449262106023 - 10~15
P%)’O’O’O’l 948.10250829013857 6.38 - 109 948.10250872341051
P%’“"”1 0.308948122083929 1.88-10~° 0.308948411139920
Psz,o,o,o,l —1.31054157638548 - 104 2.06 101! —1.31056832667916 - 10—4
Psz’w’o’l 2.05109870019838 - 10—4 1.20-10-10 2.05098249212427 - 10—4
p:2,2,4,1 4.11278819765671 - 10—4 1.64-1010 4.11294155814908 - 10—4
P%,l,l,o,l —8.86807304783516 - 10—8 3.25.10"12 —8.77928328347065 - 10~3
pyoLAL 5.26153684327288 - 10—2 2.50-1012 3.55729887941266 - 10—
pL00.01 —4.73509558034002 - 10—11 2.23 . 1014 —4.47660971891807 - 10~ 11
py2.01 1.18000603961779 - 1010 1.49-10-13 1.39841519126083 - 1010
ph324l 3.91696260544899 - 10—11 2.09-10-13 3.35619465217131 - 10~ 11
ppot —1.04847277866846 - 10~ 10 4.77-10"14 —9.91984880735960 - 1011
P;’4’2’4’1 Ox O
P€’4’2‘6‘1 6.49559437805747 - 10—11 1.19.10—13 7.44765478079828 - 10— 11
P%’l‘l’o’l —9.44282102752591 - 1013 1.65- 10718 ~1.29183161613813 - 10~12
1!935*34’4’1 1.05476023348960 - 1012 2.26 -10~18 —2.11453724797371 - 10—12
poislal 0% 0
P%,a,l,e,l —7.37542849003755 - 1013 1.50 - 1015 —8.67536690646027 - 10~13
P%’O’O’O’l —4.81692740571374 - 1016 9.12.10-18 —1.51449075283739 - 1015
P%’2’2’0’1 5.76794540671468 - 10—15 6.28 - 1017
P%’2’2’4’1 —3.91441220996698 - 10—16 8.49- 10717
P%""O""l —3.36958204289256 - 10~15 2.61-10"17 —5.14782668704064 - 10~ 15
po4,2,4,1 0x
P%A’z’e’l —1.32349033022478 - 10—15 9.26 - 10~17
P%,G,O,G,l 1.38682418938680 - 10—15 1.36-10~17 4.11252777187521 - 10—15
pP:6:0,6.1 1.38682418938680 - 1015 1.36 - 10~17
P%,6,2,4,1 0%

% 6,2,6,1
P20 Ox
1!937*6’2’8’1 —2.59821622852989 - 10~ 15 1.96 - 10717
phLLOL —1.69080947280811 - 10~17 3.09-10"1°
Pﬁ,’a'm’l 3.43369073211348 - 10—17 5.44-10-19
P54, O
SO —1.48882800759839 - 10~17 5.27-10~19
phT16,1 0%
P37’7’1’3’1 —1.21315287526588 - 10~17 1.51-10"2°
P%’O’O’O‘l —1.23704363087576 - 10~ 19 1.48-1072
1338*2’210’1 —3.90840830146077 - 10—2° 1.04-10—20
p>241 9.19191591404426 - 10—19 1.39-10720
P%"l’o""l 2.91876714728762 - 10~19 4921072
JS XE RS 0%
P%’4’2’6’1 4.18719699100031 - 10—20 2.17-10-20
p3:6:0,6,1 2.83272048763298 - 1019 4.85-10—2
P%’6’2’4’1 O%
p5,6.2,6,1 O+
P38""2’8’1 —3.80170578728490 - 1019 7.95.10-21
p28:0,81 —1.51983414747677 - 10~19 1.85-10-%
p8,8.2,6,1 0%
P%,s,z,s,l O

% 8,2,9,1
pS:8:2:9, Ox
Pf’svz’lo’l —1.41827271592883 - 10—1° 6.04-10-2

Note.The parameters of the ground vibrational state were fixed. The parameters marked by an asterisk were fixéf*t@gre®ihe value of the parameter

obtained by fitting of the 136 lines of paper | with the fifth order Hamiltonian.
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TABLE 5—Continued

Pan’K‘L”m Value in cm™? SD in em™~1
p%l,lvoyl —7.79787039571326 - 1022 1.88-10~23
pY3141 3.94931885066651 - 1022 3.85.10723
P%,5,1,4,1 0%
posL6,1 —1.65142713864744 - 10~2! 4.73-102
P%,7,1,6,1 Ox
%;21 4.52279216670969 - 10— 22 2.58 1072
113%,9,1,9,1 8:
ploion 1.61505464654277 - 1021 2.83-107%
pl00,0,0,1 5.53232743151482 - 10~24 8.14-107%¢
pl0:2,2,0,1 3.45846417899763 - 10~23 5.82-10725
Pl0,2,2,4,1 —6.70306608694819 - 10~23 7.90-10~25
%0»4,0,4,1 —3.32380242402471 - 10~ 23 3.04-1072%
plo,4,2,4,1 0%
p%ov‘h?:ﬁ’l —7.56051046929356 - 10—23 1.69-10724
P%zzgii —2.27018375171350 - 1023 41710725
112310,6,2,6,1 8i
P§°’6’2’8’1 1.66446174645650 - 10~22 2.50- 1024
P%ﬁiiii 3.39521523588953 - 10~ 23 2.82-10725
plo.8,2,6, 0
%0,8,2,8,1
1;310,8,2,9,1 g:
Pg"'s'?’m’l 2.53651169450046 - 10—22 6.32- 10724
plo100,101 —2.92659250809426 - 10~23 1.16-107%°
P%0,10,2,8,1 Ox
0,10,2,9,1
5?0,10,2,10,1 g:
P%"*“’*Z‘“*l —5.56005946525859 - 1022 1.11-10-23
Pp0:10,2,12,2 2.74870384650695 - 10~22 5.41-10~24

1 state Hamiltonian. These correlations were again attrib-The results of the fitting obtained with fixed parameters
uted to the fact that onhAR = 0 transition frequencies for the ground state Hamiltonian and thg = 1 state
were measured in the experiment. Thus it was not possittlamiltonian expanded to tenth order{nin the frame of the
to make unambiguous conclusions about the orderisgherical tensor formalism are presented in Tables 1 and
scheme of the Hamiltonian of the ground vibrational statEhe values of the parameters were not rounded in acco
which is free of resonances with any combination vibratiodance with the common rules to the digit which correspond
state. In the case of the ground state Hamiltonian it would be the order of magnitude of the standard deviation (SD) ¢
possible to trace the contribution of the nonadiabatic ternthe parameter. In our case we see that the standard deviati
At this point we cut the expansion of the ground statef a parameter defined mainly by the correlations betwee
Hamiltonian at the fourth order i) and fixed all the the large number of parameters and the common roundir
parameters to the most reliable values known from literatupeocedure would yield values too rough for the parameter:
up to date (see the recent papet8€22). Unfortunately IR We intentionally present unrounded values in order fo
high-resolution spectroscopy is not free from the disadvaaveryone to be able to use our parameters to simulate tl
tage that concerns the correlation of the ground vibratidrequencies of vibration—rotation transitions of thgfun-
state parameters and the excited vibration state parametiamental band with an accuracy estimated here to 40 kHz (
due to the contact transformation invariance of the Hamite J ~ 100. Also wehope that it will be possible in the near
tonian and to the lack of comprehensive information ofuture to measure the high-resolution spectra of the sc
forbidden transitions. The most straightforward and reliabkalled forbidden AR # 0) vibration—rotation transitions of
way to get unambiguous data on the rotation parameterstbé v, fundamental band and thus to break the correlation
the ground vibrational state of $hight be magnetic dipole between spectroscopic parameters. In this case the v
spectroscopy of rotational transitions in the ground vibraeunded values would be very useful as the starting point fc
tional state 23, 29. the subsequent refinement of the parameters.
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4. CONCLUSIONS With the technology and equipment available today to in
) crease the tunability of CQasers, it is possible to record any
This paper presents a very complete set of accurate expgfie in this v, band spectrum with subkilohertz resolution and
mental data for the;; band of Sk: 321 frequencies of thB,  to perform an absolute frequency measurement of any of i
Q, andR branches with) values ranging from 3 to 96 havepyperfine components with a few hertz accuracy, the onl
been measured with an accuracy of a few kilohertz (unfortlimitation being the time that one is willing to spend on this
nately limited in some cases by the unresolved hyperfine Strygnject. But now, the main direction of progress to achieve ot
ture an_d by the hyperfine coupling within superfine C|U5ter3}rjtial goal to test the Hamiltonian and to obtain physical rathe
To achieve an analysis of such a set of data, we have founghji effective constants would be a better knowledge of tr
necessary to expand the Hamiltonian up to the tenth order. TBf%und vibrational state. This could be achieved through
is because of the slow convergence of the power expansiongfasurement of forbidden lines or even through a direct stuc
the Hamiltonian in the range of highvalues. Itis the firsttime f rotational magnetic dipole transition83, 24 induced by a

that an expansion is performed to that order. This expansigificrowave field with optical preparation and detection of the
has been done using two different tensorial formalisms, thenylations in a molecular beam.

first one through tensor coupling algebra @(3) and the
second one iD,. These two. expressions of.the Hamiltonian REFERENCES
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