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Benchmarkfirst principlescalculationsof thepurerotationalandro.vibrationaltransition frequenciesandline strengthsare
presented,usingtwo independentprogramsuites.Both setsof calculationswere performedusing thesamepotential energy
and dipole surfaces.Our examplecalculationsuse recentlycalculatedsurfacesfor H

2S which havebeenshownto give good
agreementwith experimentaldata.Theresults,which showperfectagreementfor theenergylevels,transitionfrequenciesand
line strengths,are usedas anexternalcheckon the two programsuites. It is suggestedthey could provide a standardwith
which othergroupsworkingin this field cancomparetheircalculations.

1. Introduction havebeenmadein this areathat haveconfirmed
existing spectralassignmentsand made predict-

In the pastfewyears,it hasbeenshownthat it ions of transitionsso far undetected,but which
is possibleto calculatefully coupledro-vibrational couldbe candidatesfor laboratoryand interstellar
energy levels of triatomic molecules from first observation.
principles with an accuracythat is competitive Although the basic ideasof this approachare
with experimentaldata[1—4].The techniqueis to straight-forward,the algebraand other technical
use potentialenergysurfacescalculatedeither ab details are non-trivial. The final ro-vibrational
initio or semi-empiricallyand to use the varia- wavefunctionsmay consistof contributionsfrom
tional secular equation method to computethe anythingup to 10000basisfunctions.Dipole ma-
ro-vibrationa!eigensolutions. trix elementsmust then be calculated between

If suitabledipole surfacesalso exist,it is possi- thesewavefunctions and there is no immediate
ble to use the abovedeterminedro-vibrational check that thereare no errors in the programs
wavefunctionsto calculate line strengthsfor all whichcarry out this analysis.
transitions[2,4—8],including thosewhich are for- As with any large numerical calculation,it is
¶nally “forbidden” by the harmonic-oscillator/ possibleto carryout a numberof internalchecks
rigid-rotor selection rules. Recent developments to eliminate errors. Comparisonwith known ex-
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perimentalspectrais an obvious external check surfaces,to ensurethey produceidentical results
but, when differencesshow up, it is not always within the accuracyof the programs.
possibleto determinewhetherthis is dueto errors In this paperwe publish completedetails of
in the methodandexecutionof the calculationsor sucha calculationon 2S, for which atheoretical
to deficiencies in the potential energy and/or spectrum has recently been published[2]. Any
dipole surfacesemployed, other workers wishing to test their programsfor

There are two principle sourceof error in the the calculation of rotational and ro-vibrational
calculation of ro-vibrational eigenfunctions, en- energy levelsand/orline strengthsshouldthenbe
ergy levelsandtransitionmoments.Firstly, neither able simply to input the surface(s)and constants
the form of the kinetic energyoperatornor the into their code and reproducethe results given
matrix elementswhich go into the final secular here.
matrix are easyto determine.Secondly,it is all too
easy to use the wrong phasefactors in the de-
termining the contributionsto the wavefunctions 2. Computationaldetails
and the resulting transitions.This may have no
effecton the ro-vibrationalenergylevelsbut it can Two independentcomputerprogramsuiteswere
havea substantialeffect on transitionintensities, usedto calculatethe rotationalandro-vibrational

Experienceof calculatingro-vibrationalenergy energy levels and transitions of the triatomic
levels shows that various systemshavebeenused moleculeH2S.
asbenchmarksin developingnewmethods,involv- (i) Carter and Handy [1] use a variational
ing a considerableamount of duplicatedeffort. kinetic energyoperator,T~,expressedin terms of
ExamplesincludeCH~[9—13],LiCN [14—16]and the two-bondlengths,r1 and r2, and the internal
H~[3,17—19]. anglea. To obtain the ro-vibrationalkinetic en-

There are now many scientistswho use the ergyoperatorT~+ TVR, body-fixedaxesmustbe
variational approachfor the calculations of ro- defined. They are specified in fig. 1, with two of
vibrational energy levels for triatomic molecules the axesin the planeof the molecule,oneof which
[16,20,21].The areaof first principles calculation bisects the angle a. Full details of the kinetic
of transitionmomentsand line strengthsis, how- energy operator, the expansionset and matrix
ever, still relatively new and we feel it is ap- elementevaluationmay be found in ref. [1]. For
propriate to establish a published benchmark the dipole transitionmoments,detailsof thecalcu-
againstwhich other workers may comparetheir lation are describedin ref. [5]. Specifically, the
results, programsusedare JGEO[22] andTRANS.

Our purposeshere is to take the programs (ii) Tennyson,Sutcliffe and Miller use a pro-
developedby two independentgroups and use gramwhich hasgreaterflexibility in the choiceof
them with identical potential energy and dipole the two radial coordinates,q1, q2 andanincluded

angle 9 [24]. One body-fixed axis is embedded
along either of the radial coordinates,with the
other in-plane axis perpendicularto it. For this

1—axis studycalculationswereperformedin bothscatter-
ing coordinates— q1 is the H—H separationand

/111 q2 is the distanceof S from the H—H centre— and
/ bondlength—bondanglecoordinates,as in (i). We

note that the axis embeddingsmeanthat for rota-
/ 1 tionally excitedcalculationsthe C2~symmetry of

the system is not preserved in bondlength—

________ 7’ bondangleco-ordinates.This suiteof programsis
2-axis basedaroundthe driverprogramTRIATOM [24].

Fig. 1. Definitionof axesusedin thedipole surface. The suite has been extendedrecently to include
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programsDIPOLE and SPECTRAwhich calcu- Table 1
late line strengthsandintegratedabsorptioncoef- Expansionparametersfor thepotentialenergysurfaceof H

2S

ficients [23]. k I m fk,,,, °~ k I m fklm ~

Although the two program suites have been 0 00 0.000000 2 20 0.026455

developedseparatelythey share a common fea- 00 1 — 0.000403 3 0 1 0.004669

ture, namely,that the potentialenergyanddipole 0 20 0.886280 0 3 1 0.004669

surfacesto beusedmay be suppliedin any form. 002 0.087964 022 —0.100007
120 —0.010851 004 0.021878

Subroutines which carry out appropriate co- 111 —0.077552 005 0.005135

ordinatetransformationsare includedin the main 0 1 2 — 0.052780 00 6 — 0.005423

suite. Note that the ro-vibrational energy levels 3 1 0 —0.030729 0 1 0 —0.002782

and transitionmomentsmust be independentof 040 —0.418121 110 —0.005510

the choice of body-fixed axes.The ability to pro- 1 2 1 — 0.060572 0 1 1 0.023534
1 1 2 0.098939 2 1 0 —0.010851

duceidentical results using different body-fixed 0 1 3 0.026950 2 0 1 0.014673

axessystemsis thus a good test of the calcula- 0 50 —0.304955 1 02 —0.052780

tions. 6 00 —0.331182 400 —0.418121

The potential energy surface calculated by 1 00 — 0.002782 1 3 0 — 0.030729

Senekowitschet a!. [2] hasthe form 2 0 0 0.886280 2 1 1 — 0.060572

1 0 1 0.023534 202 —0.100007
V(r1, r2, a)= ~ 300 —0.309955 103 0.026950030 —0.309955 500 —0.304955

kim 02 1 0.014673 060 —0.331182
(1) 003 —0.006213

The transformedcoordinatesare given by rr~= 2.523703au.
1.609659radians

$2 = —0.027215
(r~—rr~r) (2) $3=—0.130193

r~ a) Expansioncoefficientsin atomic units.

and

i~a~’=(a — a~1)+ $2(a — a~f)+ $3(a — ~ wherei~ and a~fare the referencevaluesof the
(3) two H—S bonds and the H—S—H angle, respec-

tively, usedin the dipoleexpansion.

wherei~ and a~fare the referencevaluesof the The expansioncoefficients togetherwith the
two H—S bonds and the H—S—H angle, respec- referencegeometriesfor the potential energy, V,
tively, usedin the potentialenergyexpansion. andthe two dipole components,~1) and ~ are

A similar expansionis used to representthe given in tables 1 and 2. The axesare defined in
dipole surfacecomponents.Thus fig. 1 for an arbitrary 2 S geometry.Table3 gives

the massesand conversion factors used in the
r2, a) = ~ (~r~)k(~rflh(~aM)m, programs.

kim Forbothsetsof calculations,carewas takento
(4) ensurethat the final energylevels wereconverged

to at least 0.1 cm~and that line strengthswere
where A labelsthe axes,1 and2. In this case,the constantto at least three significant figureswith
transformedcoordinatesare given by respectto increasingbasissetsor integrationgrids.

= ( — ,~); (5) The calculationswerecarriedout in atomic units
andthenconvertedto cm- and debye.TheJGEO

and suite calculations used in this paper were per-
formed using the Amdahl 370/V7A computerat

= (a — a~f), (6) Reading University, and those using the TRI-
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Table 2 Table 4
Expansionparametersfor the dipole surfaceof H

2S Energy levels for H2S relative to V(rr~,r~f,a~ = 0

kI m (1) a) (2) a) Vibrational band J K,, K~ Energy

0 00 0.387497 0.000000 groundstate 0 0 0 3297.5
00 1 0.059821 0.000000 1 0 1 3311.2
0 20 —0.025178 0.033777 1 1 1 3312.5
0 0 2 0.053680 0.000000 1 1 0 3316.8
1 2 0 0.006169 0.014296
1 1 1 —0.025947 0.000000 p2 0 0 0 4487.9

1 0 1 4501.7
0 1 2 —0.030831 —0.043655 1 1 1 4503.3
3 1 0 —0.001260 0.000715

1 1 0 4507.8040 0.005137 —0.004815
1 2 1 0.003403 —0.005711 2p2 0 0 0 5669.5
1 1 2 0.029810 0.000000 1 0 1 5683.5
0 1 3 0.038636 0.017810 1 1 1 5685.2
1 0 0 — 0.007730 — 0.009997 1 1 0 5690.0
200 —0.025178 —0.033777
1 0 1 —0.092358 —0.157789 i’~ 0 0 0 5917.8
300 —0.012602 —0.010204 1 0 1 5931.3
0 30 —0.012602 0.010204 1 1 1 5932.7
0 2 1 — 0.004742 0.044677 1 1 0 5936.9
00 3 —0.145655 0.000000 p3 0 0 0 5928.4
2 2 0 0.011762 0.000000 1 0 1 5942.0
30 1 0.007284 —0.030944 1 1 1 5943.3
0 3 1 0.007284 0.030944 1 1 0 5947.5
0 22 —0.042114 0.020499 __________________________________________________
0 0 4 0.057108 0.000000
0 1 0 —0.007730 0.009997
1 1 0 —0.021291 0.000000
0 1 1 —0.092358 —0.157789

Table 52 1 0 0.006169 —0.014296
Rotationaland ro-vibrationaltransitionsin H2S

2 0 1 — 0.004742 — 0.044677 __________________________________________________
102 0.030831 0.043655 Vibrational J’K~K,~J”K,’K,~’ w.1 S(f—i) a)

400 0.005137 0.004815 band (cm’) (D
2)

1 30 —0.001260 —0.000715
21 1 —0.003403 0.005711 groundstate 1 1 0 1 0 1 5.6 0.1449(+1)

1 1 1 0 0 0 15.1 0.9657(+0)
202 —0.042114 —0.020499
103 0.038636 —0.017810 0 0 0 1 1 1 1175.4 0.1834(—3)

1 0 1 1 1 0 1184.9 0.2762(—3)
= 2.520000a.u.

1 1 0 1 0 1 1196.6 0.3794(—3)
= 1.605703radians

__________________________________________________ 1 1 1 0 0 0 1205.8 0.2540(—3)
‘~ Dipolein atomicunits.

0 0 0 1 1 1 2356.9 0.1226(—4)
1 0 1 1 1 0 2366.7 0.1776(—4)
1 1 0 1 0 1 2378.8 0.2176(—4)
1 1 1 0 0 0 2387.7 0.1413(—4)

Table 3
0 0 0 1 1 1 2605.3 0.4563(—4)

Massesandconversionfactorsusedin thecalculations 1 0 1 1 1 0 2614.5 0.7354(—4)

Parameter Value 1 1 0 1 0 1 2625.7 0.8197(4)
1 1 1 0 0 0 2635.2 0.6068(—4)

massof hydrogenatom 1.007825a.m.u.
massof sulphuratom 31.972071a.m.u. p

3 0 0 0 1 0 1 2617.3 0.3613(—4)
atomicmassunits to 1 1 1 1 1 0 2626.5 0.5437(—4)

atomicunits 1 a.m.u.=1822.84475rn, 1 1 0 1 1 1 2634.9 0.6593(—4)
hartreeto cm’ 1 a.u.= 2.19474624)<iO~cm~ 1 0 1 0 0 0 2644.5 0.4064(—4)
atomicunits to debye 1 a.u.= 2.5417662D a) Powersof ten in brackets.



S. Carter ci al / Rotationalandro-vibrational line strengths 75

ATOM suitewereperformedon theCrayXMP-48 other calculationswe havemade if they would
at the Rutherford Appleton Laboratory’s Atlas also be helpful.
Centre.
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