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TheTRIATOM programsuitecalculatesenergylevels,wavefunctions,andwhereappropriate,dipole transition moments
and spectra,for rotatingandvibrating triatomic molecules.Potentialenergy,andwherenecessary,dipole surfacesmustbe
provided.Theprogramsuseanexact(within theBorn—Oppenheimerapproximation)Hamiltonian, offer a choiceof several
body-fixed, internalcoordinatesystemsbasedon two distancesand an includedangleand employ basisfunctionexpansions
of orthogonalpolynomials.The calculationsare variational,and rotationalexcitation is treatedusing an efficient two-step
algorithm. Constituentprogramsare TRIATOM which solves the vibrational problemand also performsthe first stepfor
rotationally excited systems. SELECT which optionally preselectsbasis functions for TRIATOM. ROTLEVD which
performs the secondstep for rotationally excited states.DIPOLE computeseither line or band transition intensities.
SPECTRAusesthedata generatedby the otherprogramsto give simulatedabsorptionoremissionspectra.

NEW VERSION SUMMARY

Title of program:TRIATOM Computer: Convex C3840 running BSD unix; Installation:
Universityof LondonComputerCentre

Cataloguenumber:ACLX
Other machines on which program has been tested: Cray-

Program obtainable from: CPC Program Library, Queen’s XMP/48, Cray-YMP/48,IBM RS6000,IBM pc-AT
University of Belfast, N. Ireland (see application form this
issue) Programminglanguageused: FORTRAN 77

Referenceto original program: cat, no.: ABJW; ref in CPC:55 Memoryrequiredto executewith typical data: casedependent
(1989) 149

Peripheralsused: card reader,line printer,at leastonediskfile
Authorsof original program: J. TennysonandS. Miller

No. of lines in distributedprogram, including test data, etc.:
Does thenew versionsupersedetheoriginal program?:yes 3140

Licensingprovisions:none Keywords: ro-vibrational, body-fixed, finite basis representa-
tion, Gaussianquadrature,variational,vectorised

_________ Natureof physicalproblem
Correspondenceto: J. Tennyson,Departmentof Physicsand TRIATOM calculates the bound ro-vibrational levels of a
Astronomy, University College London, Gower St., London triatomic systemusing the generalisedbody-fixedcoordinates
WCIE 6BT, UK. developedby Sutcliffe andTennyson[1].
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Method of solution Unusualfeaturesof theprogram
A basis is constructedas a product of radial (either Morse A usersuppliedsubroutinecontainingthe potential energyas
oscillator-likeor sphericaloscillator)functionsand associated ananalytic function(optionally a Legendrepolynomialexpan-
Legendrepolynomials for the bendingcoordinate,with rota- sion) is a programrequirement.
tion matricescarryingthe rotationalmotion. A secularmatrix
is constructedusingGaussianquadratureanddiagonalisedto References
give solutions. Input can be direct from SELECT [2]. TRI- [1] B.T. Sutcliffe andJ. Tennyson,Int. J. QuantumChem.29
ATOM providesdata necessaryto drive ROTLEVD [31and (1991) 183.
DIPOLE [4]. [2] J. Tennyson,S. Miller and CR. Le Sueur, this article,

secondprogram(SELECT).
Restrictionson thecomplexityoftheproblem [3] J. Tennyson,S. Miller and CR. Le Sueur. this article,
The size of matrix that can practically be diagonalised. third program(ROTLEVD).
TRIATOM dimensionsarraysdynamically at executiontime [4] J. Tennyson,S. Miller and CR. Le Sueur, this article.
and in thepresentversion the total spaceavailableis a single fourth program(DIPOLE).
parameterwhich can be reset as required.

Typical running time
Highly casedependent.The sampledata takes 17 s for J = 0
and30 s for J = 1 (Coriolis decoupled)on theConvexC3840.

NEW VERSION SUMMARY

Title of program: SELECT No. of lines in distributedprogram, including tests data, etc.:
2261

Cataloguenumber:ACLY
Keywords:basis set selection,first-order perturbationtheory

Program obtainable from: CPC Program Library, Queen’s
University of Belfast, N. Ireland (see application form this Natureofphysicalproblem
issue). SELECT selectsbasissets for TRIATOM [I].

Referenceto original program:cat, no.: ABJX; ref in CPC: 55 Methodof solution
(1989) 149 A basis is selectedeither accordingto its quantum numbers

and/orthevalue of its diagonalmatrix element[2].
Authorsof original program: J. TennysonandS. Miller

Restrictionson the complexit~’oJ theproblem
Doesthenew version supersedetheoriginal program?: yes The sizeof matrix that can he handledby TRIATOM.

Licensingprovisions:none Typical running time
Negligible comparedto TRIATOM. The sample data takes

Computer: Convex C3840 running BSD unix; installation: 3 s on the ConvexC3840.
Universityof LondonComputerCentre

Unusualfeaturesof theprogram
Other machines on which program has been tested: Cray- A usersuppliedsubroutinecontainingthe potentialenergyas
XMP/48, Cray-YMP/48,IBM RS6000 an analytic function(optionally a Legendrepolynomialexpan-

sion) may be needed.SELECTproducesa file which drives

Programminglanguageused: FORTRAN 77 TRIATOM.

ReferencesMemoryrequired to executewith typical data: casedependent [1] J. Tennyson,S. Miller andCR. Le Sueur.this article, first

program(TRIATOM).
Peripheralsused: card reader,line printer, onedisk file [2] J. Tennyson,Comput.Phys.Rep.4(1986)1.
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NEWVERSION SUMMARY

Title ofprogram: ROTLEVD Natureof physicalproblem
ROTLEVD performs the secondstep in a two-step varia-

Cataloguenumber:ACLZ tional calculation for the bound ro-vibrational levels of a
triatomicsystem[1].

Program obtainable from: CPC Program Library, Queen’s
University of Belfast, N. Ireland (see application form this Methodof solution
issue) A basis is constructedfrom the solutions,optionallyenergy

ordered[2], of the Coriolis decoupledproblem.The resulting
Referenceto original program: cat, no.: ABJY; ref in CPC.’ ~ sparsematrix is then diagonalisedto give the solutions.
(1989) 149

Restrictionson thecomplexityof theproblem
Authorsof original program: J. TennysonandS. Miller The size of matrix that can practically be diagonalised.

ROTLEVD dimensionsarraysdynamically at executiontime
Doesthenewversionsupersedethe original program?: yes andin the presentversionthe total spaceavailableis a single

parameterwhich canbe reset asrequired.
Licensingprovisions:none

Typical running time
Computer: ConvexC3840 running BSD matrix; Installation: Casedependent.The sample data takes 171 s for a J = 1
Universityof LondonComputerCentre calculationon the ConvexC3840.

Other machineson which program has been tested: Cray- Unusualfeaturesof theprogram
XMP/48, Cray-YMP/48,IBM RS6000 Most datais readdirectlyfrom TRIATOM [3]or DVR1D [4].

ROTLEVD canprovide datato drive DIPOLE [5].
Programminglanguageused: FORTRAN 77

References
Memoryrequiredto executewith typical data: casedependent [1] J. TennysonandB.T. Sutcliffe, Mol. Phys.58 (1986)1067.

[2] B.T. Sutcliffe, J. Tennysonand S. Miller, Comput. Phys.
Peripherals used: card reader,line printer, at least two disk Commun.51(1988)73.
files

[3] J. Tennyson,S. Miller andCR. Le Sueur,thisarticle, first
No. of lines in distributedprogram, including test data, etc.: program(TRIATOM).
3953 [4] JR. Hendersonand J. Tennyson, Comput. Phys. Corn-

mun. 75 (1993) 365, this issue.
Keywords: rotationally excited state, Coriolis coupling, see- [5] J. Tennyson,S. Miller and C.R. Le Sueur, this article,
ondaryvariational method,sparsematrix,vectorised fourth program(DIPOLE).

NEW VERSION SUMMARY

Title ofprogram: DIPOLE Other machines on which program has been tested: Cray-
XMP/48, Cray-YMP/48,IBM RS6000

Cataloguenumber:ACNA
Programminglanguageused: FORTRAN 77

Program obtainable from: CPC Program Library, Queen’s
University of Belfast, N. Ireland (see application form this Memory required to executewith typical data: casedependent
issue)

Peripheralsused: card reader,line printer, at least two disk
Referenceto original program: cat. no.: ABJZ; ref in CPC: 55 files
(1989) 149

No. of lines in program, including test data, etc.: 3526
Authorsof original program:J. Tennysonand S. Miller

Keywords: transition intensities,linestrengths,vectorised
Doesthenew versionsupersedetheoriginal program?: yes Natureofphysicalproblem
Licensingprovisions:none DIPOLE calculatesdipole transitionintensitiesbetweenpre-

viously calculatedwavefunction for both rotational and ro-
Computer: Convex C3840 running BSD unix; Installation: vibrational transitions [1] or alternatively vibrational band
Universityof LondonComputerCentre intensities[2].
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Method of solution and/or ROTLEVD [5]. DIPOLE provides data to drive
Integralsover dipole surfacesare constructedusingGaussian SPECTRA [6].
quadraturefor the primitive basis functions used in TRI-
ATOM [3]. The wavefunctionsgeneratedby TRIATOM [3],
DVR1D [4] and/or ROTLEVD [5] are then used to give References
transition intensitiesfor individual pairsof states. [I] S. Miller, J. Tennyson and B.T. Sutcliffe. Mol. Phys. 66

(l989) 429.
Restrictionson the complexityofthe problem [2] CR. Le Sueur, S. Miller, J. Tennysonand B.T. Sutcliffe,
Thecomplexity of problemthat canbe solvedby TRIATOM, Mol. Phys. 76 (1992) 1147.
DVRID or ROTLEVD. [3] J. Tennyson,S. Miller andCR. Le Sueur,this article, first

program(TRIATOM).
Typical running time [4] JR. Hendersonand J. Tennyson.Comput. Phys. (‘om-
Casedependent.The sample data takes 20—30 s per call to mun. 75 (1993) 365, this issue.
DIPOLE on theConvexC3840. [5] J. Tennyson, S. Miller and CR. Le Sueur, this article.

third program(ROTLEVD).
Unusualfeaturesof theprogram [6] J. Tennyson,S. Miller andCR. Le Sueur,this article,fifth
Most data is readdirectly from TRIATOM [3], DVR1D [4] program(SPECTRA).

NEW VERSION SUMMARY

Titleof program: SPECTRA Keywords:syntheticspectra,Boltzmanndistribution, partition
function,vectorised,line profile, Einstein A coefficients

Cataloguenumber:ACNB
Natureof physicalproblem

Program obtainable from: CPC Program Library, Queen’s SPECTRA generatessynthetic, frequencyordered,emission
University of Belfast, N. Ireland (see application form this or absorptionspectraas a function of temperature.Gaussian
issue) line profiles and blended lines can be generated.Absolute

intensitiescanbe calculatedif the necessarydata to calculate
the partition function is supplied.

Referenceto original program: cat, no.: ABLA: ref in CPC: 55
(1989) 149

Methodof solution
Transitions are sorted by frequency and weighted using

Authors of original program: J. TennysonandS. Miller Boltzmannstatistics.

Does the new versionsupersedetheoriginal program?: yes Restrictionson the complexityo theproblem
The complexity of the problem that can he solved by
TRIATOM [I], DVRID [2] or ROTLEVD [3].

Licensingprovisions: none
T,vpical running time

Computer: Convex C3840 running BSD unix; Installation: Case dependent,but small. The sample data takesless than
University of LondonComputerCentre I s on the ConvexC3840.

Other machineson which program has been tested: Cray- Unusualfeaturesof theprogram
XMP/48, Cray-YMP/48,IBM RS6000 Most datais readdirectly from DIPOLE [4]. Somedata from

TRIATOM [I], DVRID [2] and/or ROTLEVD [31may also

Programminglanguageused: FORTRAN 77 be required.

References
Memoryrequiredto executewith typical data:casedependent [I] J. Tennyson,S. Miller andCR. Le Sueur.this article, first
but small comparedto DIPOLE. The sampledata takesless program(TRIATOM).
than 1 s on the ConvexC3480 [2] JR. Hendersonand J. Tennyson,Comput. Phys. (‘om-

mun, 75 (1993)365. this issue.
Peripheralsused: cardreader,line printer,at leastonedisk file [3] J. Tennyson,S. Miller and CR. Le Sueur, this article.

third program(ROTLEVD).
No. of lines in distributedprogram, including test data, etc.: [4] J. Tennyson,S. Miller and CR. Le Sueur, this article,
1161 fourth program(DIPOLE).
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LONG WRITE-UP

1. Introduction

The calculationof ro-vibrationalenergylevels and spectrafor triatomic moleculesat low levels of
ro-vibrationalexcitation is now a standardtechnique[1]. In particular variationalcalculationsusing a
finite basis representation(FBR) and with no significant approximationsbeyond that of assuminga
potential energy surface, have been shown to give results of great significance and accuracy for
spectroscopicand astrophysicalobservations [21.These techniquesare being used for tackling an
increasingvariety of problems[3].

More recently finite elementtechniquesandin particular thediscretevariable representation(DVR)
have been developedwhich are particularly useful for studying highly excited vibrational statesof
triatomic systems[4]. Thesemethodsareundoubtedlypowerful but canbe quite difficult to usereliably
[5]. For well documentedreasonsit is our policy to maintainbothFBR andDVR codes[31.

Over a numberof yearsTennysonand Sutcliffe havedevelopedan FBR basedsecular equation
approachwhich initially usedscatteringcoordinates[6—8].This approachwas implementedin programs
ATOMDIAT [9] andATOMDIAT2 [101.Extensionsto generalisedbody-fixedcoordinates[11], basis set
selection[121anda two-stepvariationalapproachfor rotationally excitedstates[13]were implementedin
programsTRIATOM, SELECT and ROTLEV [14], respectively.A further coordinategeneralisation
[15], algorithmic improvements[16—181andcalculationof linestrengths[191leadto the publicationof the
programsuite[201consistingof modulesTRIATOM, SELECT,ROTLEVD, DIPOLE and SPECTRA.
This packageallowed the synthesisof stick spectrafor a given triatom potential energy surfaceand
dipole surfaces.

In thiswork we presenta new editionof the programsTRIATOM, SELECT,ROTLEVD, DIPOLE
and SPECTRA.Two major new featuresare available in theseprograms:the possibility of calculating
vibrational bandintensitiesin DIPOLE usingthe theoryof Le Sueuret al. [21] andthe implementation
of Gaussianline profiles andblends in SPECTRA.SPECTRAhasalso beenextendedto give a choice
betweenemissionaswell as absorptionspectra,andif desiredEinsteinA coefficients.

Minor improvementsinclude an extensionin the useof symmetry in SELECT andextensionof the
useof sphericaloscillatorbasisfunctionsto both radialcoordinatesandall coordinatesystems.Following
experienceswith the previousversions,somemodificationshavebeenmadeto improvethe transportabil-
ity of the codes.

Useful asall the abovemaybe,a majorreasonfor publishingan updatedprogramsuite is becauseof
the interactionwith the accompanyingone-dimensional[22] and three-dimensional[23] DVR program
suites. DVR methodsare very much more powerful, if not essential,when studying highly excited
vibrational states [4]. Our experiencehas shown that when DVR techniquesare used for large
calculations,it usually best to run smallerFBR calculationsas a preparation[3]. This is especiallytrue
for the optimisationof basis set parametersandsmall testcalculationswhich arebothbestdone in the
FBR. Furthermore,by exploiting the isomorphismbetweenDVR and FBR approaches[24] program
DVR1D [22] can be usedto drive ROTLEVD [25,26]andDIPOLE. A similar approachis feasiblefor
DVR3D [23] althoughthis hasnot asyet beenimplemented.

2. Method

2.1. The ro-vibrationalproblem.’ TRIATOM

Using the generalisedcoordinatesof Sutcliffe and Tennyson[15] defined in fig. 1, a body-fixed
Hamiltonian canbewritten

(1)
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A
3 A2

Fig. I. Internalcoordinatesystemof Suteliffe andTennyson[15]: A, representsatom i. Thecoordinatesaregivenby r1 = A2 — R.
r2 = A1 — P and 0 = A1QA2,Thegeometricparametersaredefinedby g1 =(A5 — P)/(A3 — A,) and g, =(A1 — R)/(A3—At).

where V is the electronicpotential. Symmetrisedangularbasis functionsfor H can be written [11]

J, k, p~= 2~/2(1 + ~ko) ~
2[~Jko) JMk) + (— 1)~eJ_k(o) JM — k)J, (2)

where JMK) is a rotation matrix element[27] and EJJk an associatedLegendrepolynomia[ 28]. The
total parity is given by (— 1)”~”with p = 0 or 1 for e or f states,respectively.k is the projectionof the
total angularmomentum,J, along the body-fixed z axis whichcanbe chosenparallelto either r

1 or r2.
Letting H act on I, k, p), multiplying from the left by (j’, k’, p’ I and integratingoverall angular

coordinatesyields an effective,diagonalin p, Hamiltonian [11]

Pt
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The angularfactorsin the aboveequationsare

cJ~= [J(J + 1)— k(k ±1)] 1/2 (7)

(j—k+1)(j+k+1) 1/2

(2j+1)(2j+3) ‘ (8)
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(j+k+1)(j+k+2) 1/2

alk= (2j+1)(2j+3) (9)

(j-k)(j-k-1) 1/2

blk = (4~2 — 1) (10)

The reducedmassesare

—1 2 —1 —1 2 ~1
~ =~g~tn~ +m2 +(1—g2) m3 , (11)

= (1 —g1)(1 —g2)m~—g2mj~—g1m~, (12)
—I —1 2 —1 2 —I

= m~ + g1m2 + (1 — g1) m3 , (13)

where g1 and g2 define the coordinatesystemsused,seefig. 1.
Specialcaseof g1 and g2 include scattering(Jacobi)coordinatesfor which

g1= , g2=0; (14)
m2+ m3

bondlength—bondanglecoordinatesfor which the g ‘s equaleither0 or 1, and “geometric”coordinates
with g1 = ~‘, g~= 0 which are useful for systems whose symmetry has been broken by isotopic
substitution.Radaucoordinates[29], an alternativeset of orthogonal coordinatesto scatteringcoordi-
nates,areobtainedwith specific mass-dependentvaluesof the g’s:

a a m3 1/2 m2
g1=1— g~=~— , a= , ~= . (15)

a+f3—af3 l—f3+a/3 m1+m2+m3 m1+m2

For both the Radau and scattering(Jacobi) coordinateswe have used radial coordinatesdefined
geometrically(seefig. 1) ratherthan the more conventionalmassweightedcoordinates.Other coordi-
natesmay be usedby explicitly specifying g1 and g2. Thesevariousoptions do not actuallyexploit the
full generalityof the Hamiltonianderivedby Sutcliffe andTennyson[15], but other coordinatesystems
canbe employedwith only relativelyminor changesto subroutineSETCON.

The KVR operatorsgiven aboveare for the z axis embeddedparallelto r1. The appropriateoperators
for the otherembeddingareobtainedby making the exchangesr1 ~ r2 and p~~

If the potential is expressedasan expansionin Legendrepolynomials P5(O), then

V(r1, r2, 0) = ~1’~(r1, r2)P5(0) (16)
A

andthe angularintegrationcanbe performedanalytically

(j’, k’1P5(0) If, k) k,k(1)[(2j+ 1)(2j+ 1)]1/2(~ A f)( A ~), (17)

where the 3-f symbols in the Gaunt coefficient are conventional[27]. This method of performing the
angular integration over the potential is completely general as potentials which are not naturally
expandedin Legendrepolynomials can be so expressedfor each (r1, r2) by using Gauss—Legendre
quadrature.This is a computationallyefficient way of forming matrix elementsover the potential [30].

The motion in the radial coordinatescan also be carriedby basisfunctions.Theseareexpressedas
productsof one-dimensionalorthogonalsets

I I \_ —1w’ I \ —1~jj
1Pmnt~Ti, r21 —r1 1imi~rl)r2 ~
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In our experiencethe most suitable functions are a completeset basedon solutions of the Morse
potential [6,7]

In) =H~(r) =/3U’2N~~,exp(_~y)y U2L~(y), V =A exp[—13(r— r~)j, (19)

where

A =4De/~, ~ =We(~/2De)l/2, cr = integer(A). (20)

The parametersj.~,r~,We and D~can be associatedwith the reducedmass,equilibrium separation,
fundamentalfrequencyand dissociationenergyof the relevantcoordinate,respectively.In practice(t’~,

We’ Dc) are treated as variational parametersand optimised accordingly. ~ is a normalised
associatedLaguerrepolynomial [31].

With the Morseoscillator-like functions,integralsover the differential operatorsin the kinetic energy
operatorscan be computed analytically [11,12]. However, it is necessaryto use Gauss—Laguerre
quadratureto evaluatethe integralsinvolving inversepowersof r andthe potential.

An alternative set of radial basis functions, particularly useful for systemswhich have significant
amplitude for r = 0, aresphericaloscillator functions,definedby

In)=Hfl(r)=2”23’~2N,l~+I/
2 exp(—~y)y

2L~~’2(y), y=[3r2 (21)

where

(22)

and (a, We) are treatedas variational parameters.Further details about the functions can be found
elsewhere[8,9,14].

In terms of thesebasis functions, the approximationto the lth energylevel, E/, has a wavefunction

~I’~’=~ ~d~.m,zIfk>Im)In). (23)
k jrnn

For homonucleardiatomics the wavefunction should be either symmetric or antisymmetric with
respectto interchangeof the like atoms.This symmetryis naturally representedin scatteringcoordinates
where functionswith j evenandodd aresymmetric and anti-symmetricandcan be denotedq = 0 and
q = 1, respectively.The wavefunctioncan also be symmetrised,for the caseof J = 0, in coordinatesfor
which g

1 = g2 — theseinclude bondlength—bondangle(gi = 0) and Radaucoordinates.In this casethe
wavefunctioncanbe written

~pf)q= ~ m�n+q, q=0, 1,
jmn

(24)

where q = 0(1) labelsthe wavefunctionas symmetric(antisymmetric).

2.2. Vibrational basisset selection:SELECT

A numberof methodsof building basissetsfrom the functionsdescribedabovehavebeentestedwith
a view to obtainingthe most rapid convergencefor a given problem[12]. As the vibrational basisset is a
product of one-dimensionalbasis sets for each internal coordinate,one method is simply to take all
possibleproductfunctionsgiven by terminating eachseriesat somemaximum quantumnumber,
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A secondalternativeis to use a compoundquantumnumberNQMAX to determinewhich functions
are selected.Allowing for selectiveweighting of functions in different coordinatesthis meansthat
function I fk) I m) I n) is includedin the basisif

m n
NQMA�~-+~—+’~--. (25)

m

A third alternativeis to use an energycriterion in selectingthe functions. In this case the diagonal
matrix elementsof a large set of functionsare evaluated.The lowest LBASS are then selectedfor the
final basis.

Althoughwe havefound the energyorderingcriterionto be oftenthe mostefficient, all threemethods
have beenfound useful for certain systems.Furthermore,it is also possible to select a basis using a
mixture of methods.

2.3. Rotationalexcitation:ROTLEVD

The theoryoutlinedin section2.1 is in principle sufficientfor finding thero-vibrationalwavefunctions
of arbitrarytriatomics.However,as the sizeof the secularproblemimplied by thismethodgrowsrapidly
with increasingangularmomentum,J, alternativemethodshavebeendevelopedto dealwith rotational
excitation[18].

If k, the projectionof J on the body-fixed z axis, is assumedto be a good quantumnumber,then the
Hamiltonianof section2.1 becomes

~ V(r1, r2, 0). (26)

Solutionsof this Hamiltonianwith eigenenergye~~’canbe written

Ii,k)= ~cf,~Ifk)Im)In) (27)
jmn

in termsof the basisfunctions definedabove.The functions I i, k) canthen be usedas a basis for the
fully coupledproblem.

The advantagesof thisprocedureare two-fold. Firstly, the secularmatrix obtainedin the secondstep
has a distinctive sparsestructurewhich is well suited to iterative diagonalisationtechniques[13,16].
Secondly,not all the functions I i, k) areneededto obtain convergedresults.A suitablebasisset canbe
selectedeitherby usingthe lowest NVIB functionsfor eachk block, or by choosingthe LBASS functions
with the lowest eigenenergy,e~.Again, the energyselectioncriterion hasprovedthe mostefficient [17].

If the /th solution of the secondstep is written

~“/= Eb,”k’Iik), (28)
1k

thencoefficientvectors canbe backtransformedto yield coefficientsof thewavefunctionin termsof
the original basisfunctions

d~mn= Eb~cJ,~. (29)

2.4. Transition intensities:DIPOLE

With the wavefunctionsgeneratedin the previous sections,dipole transition intensitiesfor selected
transitionscanbe calculatedgiven appropriatedipole surfaces.For a triatomic lying in the x—z plane,
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the dipole surfacecanbe expressedin a generalisationof the Legendreexpansionusedto expressthe
potential [32]

~(r1, r7, 0) = EC511(r1,r2)P50(0), (30)
A

~~(ri, r,, 0) = EC51(r1, r2)P51(O). (31)
A

Such an expansion can be obtained from any dipole surface using Gauss—Legendrequadrature,
providingcareis takenwith the sin(0) factors[19].

Integratingover the dipole surfaceyields an expressionfor the transition dipole. In practice, the
individual magneticcomponentsof the wavefunctionsare not computedseparately.Summingover these
then gives the transitionline strength[161:

S(f-i) = ~[(2J’+ 1)(2J”+ 1)]

~ ~a(p,v+k.A)[(2j~+l)(2j~~+1)}L
2

12_I A=Ip~k=p”j”j’

1 J~)(f’ A i”)( j’ A I”)

~ l)”~ +( - 1)~f1’]1~ (32)
,fl”fl” mn’

where the radial integrals,B~~)~”~l’t1”,areagainevaluatedusingGauss—Laguerrequadratureand

a(0,n,A)=1, 0�n�J’, a(±1,0,A)=—[y(y+l)]~,

a(±1,n, A) = —[~A(A+

1)]u2, 0<n~J’, a(o, ii, A) =0, n <0, n>J’, o0, ±1.

Using the linestrength,the EinsteinAu coefficient for spontaneousemissionis given, in s , by

1 64~
4w~

A/f= (2J”+ 1) 3h ‘1S(f—i). (33)

By taking the above formula for the ro-vibrational linestrength and separatingrotational and
vibrationalmotion, onecan derive a formula for the linestrengthof the whole vibrationalband. In this
caselinestrenghtscan becomputedfrom vibrational (J = 0) wavefunctionsusingthe formula [21]:

= [~(1’ ~~‘ ) (~~ ~‘)~ ~ ~ (34)
rein” inn’

However, now the orientation of the axes of the dipole is crucial [21]. To get reliable answersit is
necessaryto use axesdefinedaccordingto the Eckart embedding.

2.5. Synthetic spectra: SPECTRA

Integratedabsorptioncoefficients,in cm/molecule,canbe generatedas a function of frequency,w,
1.

andtemperature,T, usingthe formula

I(W,f) = 4.162034X 10~
9w

1fg1[exp(—hcw”/kT)— exp(—hcw’/kT)]
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whereQ(T) is the partitionfunction of thesystem,S(f—i) is in D2 andw’ and w” are thewavenumber
of the upper and lower state in cm 1, respectively.The degeneracyfactor g

1 for a particular level is
determinedby nuclearspinstatistics.

The emissivity, in ergs/molecule/sr,is definedby

(2J’+ 1)g,hcw11exp(—hcw’/kT)

J(w~f)= 4Q(T) A1f. (36)

If enoughenergylevelsof the systemareknown it is possibleto obtainan expressionfor the partition

functionof the system
Q(T) = ~ ~g, exp(—E//kT). (37)

J I

3. Programstructure

Figure2 gives the structureof the programsuiteshowinghow thevariousmodulesinterconnect.The
keyprogramis TRIATOM which hasto be run in all cases— it shouldbe notedthat DVR1D [22]can be
usedinsteadof TRIATOM to drive the other programsin the suite.

r~
mo~, SELECT

0 Di.k iii,
~

out

TRIATOM

her

ihanr

Ivec

ROTLEVD

Kvec

Kvec2

iket

ibra

ispe idal

DIPOLE iira SPECTRA hey

iplot

Fig. 2. Programmoduleflow diagram.Note that SELECTandTRIATOM canbereplacedby DVR1D [22].
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Fig. 3. Structureof programTRIATOM. ServiceroutinesTIMER. GETROWand OUTROW have beenomitted.
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Input for TRIATOM is either specifiedby theuseror providedby SELECTwhich actsas a basisset
preprocesser.If a two-stepvariationalcalculationis being performedthe eigenvalues,eigenvectorsand
somematrix elementsgeneratedby TRIATOM arepassedto ROTLEVD. The input wavefunctionsfor
DIPOLE comefrom eitherTRIATOM or ROTLEVD. DIPOLE processesthe wavefunctionsin pairs
and has to be run for each (J, p, symmetry)~- (J, p, symmetry)block that is to be considered.The
output from theseruns is concatenatedinto a single file which forms the input to SPECTRA. If
SPECTRAis to computea partitionfunction,anadditionalinput file from TRIATOM (and ROTLEVD)
containingenergylevelsandquantumnumbersis also required.

Additional data input is neededfor all modulesexceptwhen TRIATOM is driven be SELECT.The
amount required is kept to a minimum by passingas much information as possible from previous
modulesandby the useof defaultsettingsfor many parameters.

All the programsfollow the conventionthat namesbeginningwith letters A—H and O—Y are for
double precision real variables, I—N are for integersand variables whose name beginswith Z are
logicals. The programsshould be running using real*8 length variables and should, for example,be
compiledwith the doubleprecisionoff option on Craymachines.

All programsuse dynamical assignmentof array space in which one big vector is sub-divided in
routine CORE. In the current versions,this array is a single fixed length array real*8 ARRAY of
dimensionNAVAIL (= 500000 in theversionssupplied)in subroutineGTMAIN. For efficient storage
managementa call to a local HPALLOC, GETMAIN or MEMORY commandshouldbe implemented.

Rotlevd Irisize

Core

Gtmain DJflaIfll Select
Dynam2

Vrtnain

Soirt

Wrtham Vecvec Sdot

Dgrot FO2fjf Matvec

Dstore Rdivec

Fig. 4. Structureof program ROTLEVD. Service routines TIMER, GETROW,OUTROWand MXMBhave been omitted.
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TRIATOM canbe divided into four segmentswhich form the basis of a possibleoverlaystructure—

seefig. 3. The segmentscanbe characterisedas(1) datainput andinitialisation; (2) radialbasisfunctions
and matrix elements,which performs the numericalintegrationsusingGaussianquadrature;the points
and weights are generatedautomaticallyfrom routinesadapted[6] from Stroud and Secrest[33]; (3)
angularintegrationand secularmatrix construction,and (4) diagonalisation,which dominatesthe CPU
requirement.A detailedconsiderationof eachsubroutinewill not be given as commentsareprovidedin
the programsourceshouldmoreinformationbe required.

Dipole__I—H__Insize

Gtmain Genind

I ~ Dynaxn

Setcon

DmainO

Setfac I-H Norms

LagptO Laguer__I—H__Lgroot__I-H__________

DipO Jacobi ~ Root -Iii..] Recur

Convert Dipd

Legend Asleg

Dsread

TransO ~—HDtotO -H__Threej

SpectO__~_,.j__Output

Fig. 5. Structure of programDIPOLE. ServiceroutinesTIMER, GETROW, OUTROW andMXMB havebeenomitted. DIPOLE
actually has two parallel structures:that shown is for calculating vibrational band intensities.When calculating intensities for
individual ro-vibrationaltransitionsthe high level subroutineshavethe samenameswith thezero omitted(eg DMAIN insteadof

DMAINO). In this casesubroutineCONVER is not used.



.1. Tennysonetal. / Calculationof ro-vibrationalspectraof triatomic molecules 353

The CPUtime andmemoryrequirementof TRIATOM are dominatedby the storageanddiagonalisa-
tion of the Hamiltonian matrix. This is a real symmetric matrix and in generalless than 25% of the
eigenvaluesandeigenvectorsarerequired.The presentimplementationusessubroutineEGVQR[34] to
mimic EISPACK routine EIGSFM [35]. We strongly recommendthat EGVQR, which obtains all
eigenvectors,is replacedeither by the local EISPACK implementationof EIGSFM or by some real
symmetricdiagonaliserwhichyieldsonly the NEVAL lowest eigenvaluesandeigenvectors,andwhich is
appropriateto the architectureof the machinebeing used.

SubroutineS14AAF is a NAG subroutine[36]whichcalculatesF functions.The presentimplementa-
tion usesroutine GAMMLN from “Numerical Recipes” [37] to mimic the operationof S14AAF.

SELECT is composedmainly of routine adaptedfrom TRIATOM. Its structureis given by fig. 3,
exceptthat Segment4 is replacedby a call to subroutineSORTwhich performsthe basis set selection.
As only the diagonalelementsof HAMIL andhencethematrix elementarraysareneededby SELECT,
it is unlikely that an overlaywill requiredfor this step.

Figure 4 gives the structureof programROTLEVD. A detailedconsiderationof the performanceof
the module can be found elsewhere[381.Two subroutines deservespecialcomment: MXMB is a fast
vectormatrix multiplier — this routineusesthe bulk of the CPU time [38] andthusmay needoptimising
for the architectureof any particularmachine.

The routinesFO2FJFto GO5CAFinclusive areaNAG Library [36] subroutinessuitefor diagonalising
sparsematrices,basedon thealgorithmof Nikolai [39].The implementationgivenhereis appropriatefor
IBM mainframesand it is recommendedthat users replace this by a local implementationwhere
possible.

Figure 5 gives the structureof programDIPOLE. Many of the routinesused in DIPOLE are the
same,or very similar, to thoseusedin TRIATOM for the evaluationof the integralsover the potential
energysurface,the main differencebeing that the dipole momentoperatoris a vector.In addition, the
fact that the ket and bra statesconsideredare generatedin separateTRIATOM/ ROTLEVD jobs
meansthat extracheckson compatibility arecarriedout in SubroutineINSIZE.

Spectra

Gtmain

Spxnain Sortsp I Sort I

Pfcalc

Spectm Profil

Fig. 6. Structure of program SPECTRA. ServiceroutinesTIMER, GETROWandOUTROWhavebeenomitted.
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DIPOLE alsousesthe fast matrix multiply routineMXMB which canbe replacedat the sametime as
that for ROTLEVD.

When DIPOLE calculatesvibrational band intensities, the calculation must he conductedin Eckart
coordinates.DIPOLE usesroutine CONVERT to find the atom coordinatesin the original axis system,
referedto the centreof mass.Theseare thenusedto find the rotation anglenecessaryto refer thedipole
to the Eckart axes[211.This requiresandequilibrium geometryof the moleculeto be input by the user,
who is warnedthat the resultscanbe sensitiveto thevaluesgiven.

Figure 6 gives the structuresof programSPECTRA. For a largelist of transitions,subroutineSORT
may be beneficially replacedby specialisedsorting routines; the calling sequencefor NAG routines
MOIDEF and MO1EAF [36] is given as commentsin the sourceof SORTSP.The version of subroutine
PROFIL provided gives Gaussianprofiles to the lines if requested.Usersmay wish to adapt this
subroutineto other line profiles as appropriate.

Finally, certaindisk files (notably lOUT in SELECT, ILEV in TRIATOM and ROTLEVD, ITRA in
DIPOLE) may be read to the end and then written to. Unfortunately whether it is necessary to

BACKSPACE the file betweenthe reads and the writes dependson the machinebeing used.The
presentimplementation does BACKSPACE and it may be necessaryto remove thesestatements,on
certainmachinessuch as VAXes. The occurancesare all clearly labelled.

4. Programuse

4.1. Thepotentialand dipole subroutines

Both TRIATOM and SELECTrequire a user suppliedpotential energysubroutine.There are two
ways of supplying the potential. If it is specified as a Legendreexpansion,eq. (15), option ZLPOT =

.TRUE., then the expansionmustbe suppliedby

SUBROUTINE POT(V0,VL,R1,R2)

which returns VO = V11(r1, r2) and VL(A) = fr~(r1,r2) in Hartree for RI = r1 and R2= r7 in Bohr. If
I IDIA I = 2, only evenVA areneeded.If NCOORD= 1, RI andVL are dummies.If NCOORD = 2, Rl

containstherigid diatombondlength,r~,If NCOORD> 1 then VA hasdimensionsLPOT. In the present
version of the codesthe LiCN potential of Esserset al. [40] is provided in POT. This potential uses
scatteringcoordinateswith the CN bond frozen.

If a generalpotential function, ZLPOT = .FALSE., is to be used then

SUBROUTINE POTV(V,R1,R2,XCOS)

must be supplied. POTV returnsthe potential V in Hartreefor an arbitrary point given by RI = r1,
R2= r2 (both in Bohr) andXCOS = cos 0. The H2Spotentialof Senekowitchet al. [41] is provided. This
routine is in subroutinePOTS with POTV giving a flexible conversionof coordinatessystems.

DIPOLE requiresa subroutinedefining the dipole surfaces.If ZLPOT = .TRUE. and the surfaces
aresuppliedas a Legendreexpansion,eqs.(20) and (21), then

SUBROUTINE DIPL(D0,DL,R1,R2,NU)

must be supplied, where for Ri = r1, R2 = r2 (in Bohr) and NU = v = 0 or 1, the routine returns
DO = C0~,(r1,r2) andDL = C5~(ri,r2) in atomicunits. If r’ = 1, DO is not required.If IIDIA I = 2, only
termswith A evenarerequired.In the presentversionof the codesthe LiCN dipole surfacesof Brocks et
al. [32] is providedin DIPL. Thesesurfacesusescatteringcoordinateswith the CN bond frozen.
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It shouldbe notedthat the option of expressingthe dipolesas a Legendreexpansionis not available
whencalculatingvibrationalbandintensities.In this caseit is necessaryto explicitly sumthe Legendre
seriesandimplementthe dipolessurfacesin DIPD (see below).

If a generaldipole function, ZLPOT = .FALSE., is to be usedthen

SUBROUTINE DIPD(DIPC,Ri,R2,XCOS,NU)

mustbe supplied.DIPD returnsthe NU-th componentof the dipole in atomicunits(1 a.u. = 2.5417662
Debye)at point Ri = r1, R2= r2 (both in Bohr) andXCOS = cos 0 where NU = 0 correspondsto ~,

andNU = 1 /.L~.

TRIATOM and SELECTinclude COMMON /MASS/ XMASS(3),G1,G2where XMASS contains
the atomicmassesin atomicunits (asopposedto amu),Gi = g1 andG2 = g2. This is to enableusersto
write flexible potential subroutineswhich allow for changesin coordinatesor isotopicsubstitution.See,
for example, the version of POTV supplied. DIPOLE includes COMMON /MASS/
XMASS(3),G1,G2,ZEMBEDwhich also allows the dipole surfaceto take account of the embedding
used.

4.2. Input for TRL4TOM

TRIATOM requires8 lines of card input for all runs, extra cardsare required if the basis set is
selected.Cards giving data not required or for which the defaults [given below in parenthesis]are
sufficient shouldbe left blank. This input canoptionally all be generatedby SELECT.

Card 1: NAMELIST /PRT/
ZPHAM[F] = T requestsprintingof the Hamiltonianmatrix.
ZPRAD[F1 = T, requestprinting of the radial matrix elements.
ZPMIN[F] = T, requestonly minimal printing.
ZPVEC[F1 = T, requestprinting of the eigenvectors.
ZDIAG[T] = T, requestdiagonalisationof Hamiltonianmatrix.
ZROT[F] = T, TRIATOM to perform first stepin a two-stepvariationalcalculation.
ZLADD[F1 = T, maximum j in angularbasis(LMAX) incrementedwith (J, k);

= F, maximum j fixed (only usedif ZROT = T).
ZEMBED[T] = T, z axis embeddedalong r2

= F, z axis embeddedalong r1.
ZMORS1[T] = T, use Morseoscillator-like functionsfor r1 coordinate;

= F, usesphericaloscillator functions.
ZMORS2[T] = T, use Morseoscillator-like functionsfor r2 coordinate;

= F, use sphericaloscillator functions.
ZLPOT[F] = T, potential suppliedin POT;

= F, potentialsuppliedin POTV.
ZVEC[F] = T, datafor ROTLEVD to bewritten to streamIVEC.
IVEC[4] outputstreamfor ROTLEVD data(unformatted).
ZPFUN[FJ = T, eigenvaluesconcatenatedon streamILEV.

Warning, the first eigenvalueson this file mustbe for J= 0, q = 0.
ILEV[14] outputstreamfor eigenvaluedata (formatted).
IHAM[1O] streamfor Hamiltonianmatrix (scratch,unformatted).
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Card2: NCOORD (IS)
NCOORD[3] the numberof vibrationalcoordinatesof the problem:

= 1 for a diatomic (is useful for basis set optimisation),
= 2 for an atom rigid diatomsystem(not valid for I ISYM I = 2),

= 3 for a full triatomic.

Card 3: NPNT2,NMAX2,JROT,NEVAL,LMAX,LPOT,IDIA,KMIN,NPNTI,NMAX1 ,ISYM,NBASS,
NRAD(i415)
NPNT2[2 * NMAX2 + ii order of Gaussianquadraturein the r2 coordinate.
NMAX2 order of the largestradial basisfunction H~(r2),giving an

r2 basis of NMAX2 + 1 functions.
JROT[O] IJROT I is the total angularmomentumquantumnumberof the system.

> 0, the off-diagonal Coriolis terms are included.
<0, they areneglectedand k (KMIN) is treatedas a good
quantumnumber.
= 0 or NCOORD = 1, thereare no Coriolis terms.

NEVAL[iO] numberof eigenvaluesand eigenvectorsrequired.

If NCOORD= 1 the restof the card is ignored

LMAX order of the highestassociatedLegendrepolynomials in the basis.
If IDIA = 2, the parity of the angularbasis is given by the parity
of LMAX.

LPOT[2* LMAX2 + 1] highestvalueof A in the Legendreexpansionof the potential.
If ZLPOT = T,LPOT mustbe consistentwith subroutinePOT.
If ZLPOT = F,LPOT + 1 + MOD(LPOT,2) point Gauss-Legendre
integrationis usedfor the 0 coordinate.

IDIA = — 1 for generalisedcoordinates,
= 0 for Radauor other orthogonalcoordinates,
= 1 for scatteringcoordinateswith a hetronucleardiatomic,
= 2 for scatteringcoordinateswith a homonucleardiatomic,
= — 2 for midpoint coordinateswith a symmetric potential
(e.g.wherethe symmetryhasbeenbrokenby isotopic substitution).

KMIN = k for JROT< 0,
= (1 —p) for JROT> 0 (including ZROT = T).
Note: if KMIN =2 in ROTLEVD, KMIN mustbe 1 in TRIATOM.

NPNT1[2*NMAX1 + 1] order of Gaussianquadraturein the r1 coordinate.
NMAXI order of the largestradial basis function Hm(ri), giving an

r1 basisof NMAX1 + I functions.
ISYM[0] ‘�‘ 0 for bondlength-bondanglecoordinates(g1 = g2 = 0)

or othersymmetric cases(g1 =g7):
= 1 for hetronuclearcase,
= 2 for symmetric AB2 case,
= — 2 for anti-symmetricAB2 case.
I ISYM I = 2 cannotbe usedwith JROT> 0 or ZROT = T.

NBASS[0] numberof basisfunctionsin the secularproblem:
= 0 determinedinternally,
> 0 basis preselectedand to be read in (seecard 9).
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NRAD[0] largestnumberof radialfunctions in any block:
if NBASS = 0, set internally as (NMAX1 + 1) * (NMAX2 + 1),
If NBASS > 0, mustbe specified.

Card4: TITLE (9A8)
A 72 charactertitle.

Card5: (XMASS(I),I = 1,3) (3F20.0)
XMASS(I) containsthe massof atom I in atomicmassunits.
If NCOORD = 1, XMASS(3) is set to zero,the diatomcomprisingatoms1 and2.

Card6: G1,G2(2F20.0)
Parametersg1 and g2 determinethe coordinatesystemusedif IDIA = — 1 or IDIA = 0 andISYM = 1.
Otherwisethis card is ignoredand:
if IDIA > 0, Gi = m2/(m2+ m3), G2 = 0,
if IDIA= —2, Gi = ~, G2=0,
if IDIA = 0 andISYM = ±2,Gi = 1 + s—(s

2+ 2s)1~2,where s = m
3/m2.

If ISYM = ±2thenG2 = Gi.

Card 7: RE1,DISS1,WE1(3F20.0)
If NCOORD= 1, this card is readbut ignored.
If NCOORD= 2, RE1 is the fixed diatomic bondlength,DISS1 andWE1 ignored.
If NCOORD=3, then:
If ZMORS1= T, RE1 = r~,DISS1= Dc andWE1 = ~°e are Morse parametersfor the r1 coordinate.
If ZMORS1 = F, RE1 is ignored;DISS1= a andWE1 = ~ aresphericaloscillatorparametersfor the r1
coordinate.

Card 8: RE2,DISS2,WE2(3F20.0)
If I ISYM I = 2, thiscard is readbut ignored.
If ZMORS2 = T, RE2 = re, DISS2= De andWE2 = areMorse parametersfor the r2 coordinate.
If ZMORS2 = F, RE2is ignored;DISS2= a andWE2= We aresphericaloscillatorparametersfor the r2
coordinate.

Card 9 onwards:(IK(I),IL(I),IM(I),IN(I),I = 1,NBASS)(3612)
If NBASS = 0, not read.
If NBASS> 0, basis set labelsasgeneratedby SELECT: IK(I) = k, IL(I) =1, IM(I) = m + 1 and
IN(I) = n + 1 for the Ith basis function.

4.3. Inputfor SELECT

Card 1: LBASS,NQMAX,NQJ,NQM,NQN,IFLAG,IOUT(715)
LBASS[0] selectthe LBASS lowest basisfunctionsorderedby their diagonalelements.
NQMAX[0] = Nm~,maximum total quantumnumberfor a basisfunction.
NQJ[1] = d3, weight of I~.k(0)in determining Nmax.

NQM[i] = dm,weight of Hm(ri) in determiningNm~.

NQN[1] = d0, weight of H0(r2) in determining Nm~.

IFLAG[O] ~ 0: selectbasisfor different (J, k) or symmetry from the full calculation.
IOUT[7] outputstreamfor TRIATOM datafile (formatted).
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Cards 2—9: Theseare the sameas cards 1—8 of the TRIATOM input, except:
If IFLAG > 0, then TRIATOM card 3 is repeated:first to characterisethe basisfor the selectionrun,
secondto characterisethe TRIATOM run.
If NQMAX > 0, then NMAX1 and NMAX2 default to NQM * NQMAX and NON * NQMAX, respec-
tively.

4.4. Card input for ROTLEVD

Most of the data for ROTLEVD, which musthavebeenpreparedpreviouslyby TRIATOM, is read
from streamIVEC. Three linesof dataare read from cards.

Card 1: NAMELIST/PRT/
TOLER[0.OdO] tolerancefor convergenceof the eigenvalues,zero gives machineaccuracy.

1.OD-4 is usuallysufficient for mostapplications.
ZPVEC[F] = T, requestprinting of the eigenvectors.
THRESH[0.ldO] thresholdfor printing eigenvectorcoefficients,

zero requeststhe full vector(only usedif ZPVEC = T).
ZPHAM[F] = T, requestsprinting of the Hamiltonianmatrix.
ZPRAD[F] = T, requestsprinting of the radial matrix elements.
ZPTRA[F] = T, requestsprinting of the transformedvectors.
IVEC[4] streamfor input datafrom TRIATOM (unformatted).
ZVEC[F] = T, eigenvalueand eigenvectordatato bewritten to disk file.

(= T forcedif ZTRAN = T).
JVEC[3] streamfor first set of eigenvalue/vectoroutput(unformatted).
JVEC2[2] streamfor secondset of eigenvalue/vectoroutput(unformatted),KMIN = 2 only.
ZTRAN[F] = T, eigenvectortransformedback to original basis.
KVEC[8] streamfor first set of transformedeigenvectoroutput(unformatted).
KVEC2[9] streamfor secondset of transformedeigenvectoroutput (unformatted),KMIN = 2 only.
ISCR[1] streamfor scratchfile storingarray OFFDG(unformatted).
IRES[0] restartflag:

= 1, full restart,
= 2, restartseconddiagonalisationonly (for KMIN = 2 only),
= — 1, performvectortransformationonly (streamJVEC mustbe supplied).

ZPFUN[F] = T, eigenvaluesconcatenatedon streamILEV. The first eigenvalueson this file must
(with J = 0, j even)be alreadypresent.

ILEV[14] streamfor eigenvaluedata(formatted).

Card 2: NVIB,NEVAL,KMIN,IBASS,NEVAL2 (515)
NVIB numberof vibrational levels from TRIATOM for eachk to he read,

andperhapsselectedfrom, in the secondvariationalstep.
NEVAL[10] the numberof eigenvaluesrequiredfor the first set.
KMIN[O] = 0, f or p = 1 parity calculation.

= I, e or p = 0 parity calculation.
= 2, do both e andf parity calculation.

IBASS[0] = 0 or > NVIB * (JROT+ KMIN), use all thevibrational levels.
Otherwise,selectIBASS levelswith the lowest energy.

NEVAL2[NEVAL] the numberof eigenvaluesrequiredfor the secondset.
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Card 3: TITLE (9A8)
A 72 charactertitle.

4.5. Card input for DIPOLE

DIPOLE processesbatchesof transitionsbetweenstatesdefinedby the the bra andket input files.
Thesefiles are producedeitherby TRIATOM — streamIVEC — or ROTLEVD — streamJVEC of
JVEC2. They contain mostof the datanecessaryto characterisethe run. This datamustbe consistent
which means that runs creating the bra and ket files must have identical input for cards 5—9 in
TRIATOM, otherwisean error conditionwill result. To generatetransitionswith ~J = 0, the sameinput
files should be usedfor the bra and ket. In this casethe diagonaltransition dipolesare simply the
vibrationalaverageddipole of the relevantstate.

DIPOLE takes most of its input from the output streamsIVEC (from TRIATOM) or JVEC and
JVEC2 (from ROTLEVD). It has the option to produce output files for SPECTRAto calculate
simulatedspectraat a given temperature.The usermust supply the following threelines of input on
card:

Card 1: NAMELIST/PRT/
ZLPOT[F1 = T, the dipole surfacessuppliedDIPL (not allowedif J’ = J” = 0);

= F, the dipole surfacessuppliedin DIPD.
ZPRINT[F] = T, suppliesextraprint out for debuggingpurposes.
ZTRA[F1 = T, writes datafor SPECTRAto streamlOUT.
ZSTART[F1 = T, initiatesthe output file for the datafor SPECTRA.

= F, writes datato the endof existingfile on streamITRA.
IKETI11] input streamfrom TRIATOM/ROTLEVD for the Ket (unformatted).
IBRAE12] input streamfor the Bra (unformatted).
ITRA[13] outputstreamto SPECTRA(if ZTRA = T) (unformatted).

Card2: TITLE (9A8)
A 72 charactertitle.

Card3: LPOT,NPNT1,NPNT2,NV1,NV2(515)
LPOT highestvalue of A in the Legendreexpansionof the dipole.

If ZLPOT = T, LPOT mustbe consistentwith SubroutineDIPL.
If ZLPOT = F, LPOT + 1 + MOD(LPOT,2) point Gauss-Legendre
integrationis usedfor the 0 coordinate.

NPNT1[2*NMAX1 + 1] order of Gaussianquadraturein the r1 coordinate.
NPNT2[2*NM.AX2 + ii order of Gaussianquadraturein the r2 coordinate.
NV1[all] numberof ket eigenfunctionsconsidered.
NV2[all] numberof bra eigenfunctionsconsidered.

Card 4: ER1,ER2,ECOS(3F20.0)
Only readif J” = J’ = 0, when
ER1 = equilibrium valueof r1 in a0, in specifiedcoordinatesystem.
ER2 = equilibrium valueof r2 in a0, in specifiedcoordinatesystem.
ECOS= equilibrium valueof cos 0, in specifiedcoordinatesystem.
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Input andoutputon streamsIKET, IBRA and lOUT are in atomicunits. The dataprintedat the end
of DIPOLE is given in wavenumbers,Debye for the transition dipoles and s for the Einstein A
coefficients.

4.6. Card input for SPECTRA

SPECTRAtakesmost of its input from streamITRA generatedby DIPOLE. Data for generating
partition functions may optionally be provided TRIATOM/ROTLEVD streamILEV. The user must
supply at least 6 (5 if ZSPE= .FALSE. or ZSORT= .FALSE.) cards in input, cards 5 and 6 can be
repeatedto generatespectrafrom the sametransitionsfor different conditions.

Card 1: NAMELIST/PRT/
ZOUT[F] = .TRUE., print sortedtransitionfrequenciesand line strengths.

ZOUT is set automaticallyto .TRUE. if ZSPEis .FALSE.
ZSORTET] = .TRUE., sort transitiondataandwrite it to streamISPE.

= .FALSE., sorted transitiondatais to be readfrom streamISPE.
ZSPE[T] = .FALSE., if the programis to stopafter sortingonly.
ZPFUN[T] = .TRUE., calculatethe partition function from dataon streamILEV;

= .FALSE., the partition function is not calculatedbutset to 1.0
ITRA[13] input streamtransitionsfile from DIPOLE (unformatted).
ILEV[14] formattedinput streamwith energylevels for the partition function.

The first eigenenergyon ILEV mustbe the GroundState for J = 0, (q = 0).
This is the zeroenergyof the problem.

ISPE[15] streamfor the sortedtransitions(unformatted).

Card 2: TITLE (9A8)
A 72 charactertitle.

Card 3: NAMELIST/SOR/
If ZSORT= .FALSE. this card shouldnot be supplied.
EMIN[— 1.0d27]minimumvalue of energyof lower state,E”, in cm I for which dataprinted.
EMAX[+ 1.Od27] maximumvalueof energyof lower state,E”, in cm~for which dataprinted.
JMAX[all] maximumvalueof J“, the angularmomentumof the lowerstate,for which dataprinted.
SMIN[0.0] lowest relative linestrengthto be printed out.

Card 4: GE, GO (2D10.0)
GE[1.OedO] nuclear-spintimessymmetry-degeneracyfactorsfor homonuclear

diatomic-containingmoleculesfor the j evenstates.
GO[i.OdO] nuclear-spintimessymmetry-degeneracyfactorsfor homonuclear

diatomic-containingmoleculesfor the I odd states.

Card 5: TEMP,XMIN,WMIN,WMAX,DWL (5D10.0)
TEMP temperaturein K.
XMIN lowest relativeintensityprinted.
WMIN[O.0] minimumtransitionfrequencyrequired in cm-

WMAX[all] maximumtransitionfrequencyrequiredin cm -

DWL[0.O] profile half width, in cm’ or p~mdependingon ZFREQ,used if ZPROF= T.
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Card6: NAMELIST/SPE/
EMIN1[— i.0d27] minimumvalueof energyof lower state,E”, in cm1 for whichdataprinted.
EMAX1[ + 1.0d27]maximumvalueof energyof lower state,E”, in cm’ for which dataprinted.
EMIN2[— i.0d27] minimumvalue of energyof upperstate,E’, in cm’ for which dataprinted.
EMAX2[+1.0d27] maximumvalue of energyof upperstate,E’, in cm1 for which dataprinted.
JMAX[all] maximumvalueof J”, the lower stateangularmomentum,for which dataprinted.
ZEMIT[F] = F, calculatesintegratedabsorptioncoefficient.

= T, calculatesemissivities.

ZPROF[F] = T, gives spectrumat 3000 pointswith Gaussianline profiles;
only usedwith ZPLOT = T, whenresultsareon streamIPLOT.
= F generatesstick spectrum.

IDAT[19] Scratchfile usedto constructprofiles (formatted),
used if ZPROF= T andZPLOT = T.

ZPLOT[F1 = T, writes computedspectrumto streamIPLOT.
IPLOT[20] outputstreamfor formattedfile containingspectraldata.
ZFREQ[T1 = T, streamIPLOT containswavenumber(cm’) as first column.

= F, streamIPLOT containswavelength(lLm) as first column.
ZEINST[F] = T, streamIPLOT containsspinweightedEinsteinA coefficient

as secondcolumn. In thiscaseZEMIT = T. is forced.
= F, streamIPLOT containsintensityas secondcolumn.

Cards5 and6 are repeatedfor eachset of spectralconditionsrequired.

4.6. Testoutput

Runs of SELECT, TRIATOM, ROTLEVD, DIPOLE and SPECTRAfor the H
2S moleculehave

beenpreparedusing the potential (in POTV andPOTS)and dipole (in DIPD and DIPS) surfacesof
Senekowitchet al. [41]. Theserunsmimic benchmarkcalculationson H2S transisitionsperformedby
Carteret al. [42], althoughthe size of the calculationshavebeenreducedin the testdata.
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TEST RUN OUTPUT

Program SELECT (Vercion of 22 Aug 1992)

BASIS SET SELECTION PROGRAM:
LINES OF INPUT DATA TRANSFERED TO STREAM 7

SELECTION CRITERIA:
LOWEST 400 BASIS FUNCTIONS CHOSEN

FULL TRIATOMIC VIBRATIONAL PROBLEMWITH

13 POINT NUMERICAL INTEGRATION FOR
7 TN ORDERNi RADIAL BASIS FUNCTIONS

13 POINT NUMERICAL INTEGRATION FOR
7 TN ORDERR2 RADIAL BASIS FUNCTIONS

24 TN ORDERANGULAR BASIS FUNCTIONS
50 TERMS IN THE POTENTIAL EXPANSION

1600 CANDIDATE BASIS FUNCTIONS

TITLE: H2S: J—0 USING BONDLENGTH—BONDANGLECOORDINATES

LOWEST 400 FUNCTIONS SELECTED FROM 0.51291797340—01 HARTREETO 0.13321507790+11 HARTREE

BASIS SET LIMITS RESET:
LMAX WAS 24 RESET TO 24
NMAX1 WAS 7 RESET TO 6
NMAX2 WAS 7 RESET TO 6
NBASS WAS 1600 RESET TO 400

Program TRIATOM )Veraion of 15 Sept 1992)

LOWEST 5 EIGENVALUES IN NAVENUMBERS

0.3297459770660+04 0.4487901118620+04 0.5669491680780+04 0.591788868010D+04 0.592844S65195D+04

TITLE: H2S: J—1 USING BONDLENGTN—BONDANGLECOORDINATES

*** VIBRATIONAL PANT OF ROT-VIB CALCULATION °°

J— 1 K— 0

“ OPTION TO NEGLECTCORIOLIS INTERACTIONS “~

LOWEST 200 EIGENVALUES IN NAVENUMBERS

0.3316420397600+04 0.4506767095260404 0.568826419149D+04 0.5936563308530+04 S.594712981259D+04

“* VIBRATIONAL PANT OF ROT-VIa CALCULATION ~

J— 1 K— 1
*** OPTION TO NEGLECTCORIOLIS INTERACTIONS “°

LOWEST 200 EIGENVALUES IN WAVENUMBERS S

0.331679080564D+04 0.450779580425D+04 0.5689990285090+14 0.5936941870150+04 0.5947480700670+04

PROGRAMROTLEVD (VERSION OF 12 Sept 1992)

ROTATIONAL PANT OF ROT-VIB CALCULATION WITH:
200 LOWESTVIBRATIONAL EIGENVECTORSSUPPLIED FROM
400 DIMENSION VIBRATION SECULARPROBLEM
200 LOWESTVIBRATIONAL EIGENVECTORSACTUALLY USED

10 LOWESTROTATIONAL EIGENVECTORSREQUIREDFOR
350 DIMENSION ROTATION SECULARPROBLEM

WITH BASIS SELECTEDBY ENERGYORDERING

TITLE: H2S J—1, BLBA CO-ORDINATES

J — 1 ROTATIONAL STATE. 350 BASIS FUNCTIONS

E PARITY. SYMMETRIC IJK> + J-K> FUNCTIONS IN BASIS

LOWEST 10 EIGENVALUES IN NAVENUMBERS

0.3311150758450+04 0.3312537019100+04 0.4501726123600+04 0.45I328577958D+04 0.5683467906390+04

0.568521027599D+04 0.5931386027150+04 0.5932739545130+04 0.5942002S5322D+04 0.5943255947000+04

J — 1 ROTATIONAL STATE. 173 BASIS FUNCTIONS

F PARITY. ANTI—SYMMETRIC)JK> - J—K> FUNCTIONS IN BASIS
LOWEST S LIGENVALUES IN WAVENUMBERS

0.3316790805640+04 0.4507795804250+04 S.568999028509D+04 0.5936941870150+04 0.5947480700670+04

Program DIPOLE (Version of 11 Sept 1992)

H2S OE TO OE TRANSITIONS; GENERALG1.G2: BLBA COORDS.
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GIVEN EQUILIBRIUM POSITIONS CORRESPONDTO
THE FOLLOWINGCARTESIAN POSITIONS

X Z
ATOM 1 —0.07477790 2.45177613
ATOM 2 2.44701955 —1.16998103
ATOM 3 —0.07477790 —0.07192687

Ill 1E2 RET ENERGY BRA ENERGY FREQUENCY S TRANSITION S TRANSITION DIPOLE S(F-I) A--COEFFICIENT

1 1 3297.460 3297.460 1.111 I.6812685+II I.718272E+II 0.982739E+II I.965776E+OO I.110010E+0I
1 2 3297.460 4487.901 1190.441 I.102I73E—I1 I.116119E—I1 I.147242E—Oi 0.2168021—03 0.1147071+00
1 3 3297.46t 5669.492 2372.032 —0.255053E—12 —I.265163E—I2 I.3679I9E—12 I.13s364E—04 0.5665861—ti
1 4 3297.460 5917.889 2620.429 I.500317E—02 I.52I153E—12 I.721718E—12 0.5208761—04 0.2939371+00
1 5 3297.460 5928.441 2630.991 0.4552341—02 —I.437872E—I2 I.631641E—12 0.3989700—04 1.2278741+01

Program DIPOLE (Version of 11 Sept 1992)

H2S 01 TO 1E TRANSITIONS; GENERALG1.G2; BLBA COORDS.

IE1 IE2 RET ENERGY BRA ENERGY FREQUENCY 2 TRANSITION X TRANSITION DIPOLE S(F—I) A-COEFFICIENT

1 1 3297.460 3311.151 13.691 0.487134E+II —I.486871E+II I.263149E—I3 1.6924761—07 0.1857761—10
1 2 3297.460 3312.537 15.077 —0.4710171+00 —I.511689E+II 1.9827161+11 1.9657111+00 I.346I14E—03
1 3 3297.460 4501.726 1204.266 I.419270E—02 —I.418815E—I2 5.455269E—I5 1.2172711—10 0.3784301—08
1 4 3297.460 4503.286 1205.826 0.540274E—01 —I.699653E—O1 I.159379E—O1 I.254I18E—I3 0.465584E—01
1 5 3297.460 5683.468 2386.008 0.3656411—02 —0.3655031—22 I.138275E—I5 2.1911991—11 I.271508E—t8
1 6 3297.460 5685.210 2387.751 0.989454E—03 0.277I54E—02 I.375999E—I2 1.1413751—14 I.2I1197E—01
1 7 3297.460 5931.386 2633.926 —0.411693E—t2 0.4103701—02 I.132211E—I4 0.174797E—09 0.333908E—I6
1 8 3297.460 5932.740 2635.280 t.328378E—02 0.450673E—I2 0.7790521—02 1.6069211—14 0.116116E+00
1 9 3297.460 5942.002 2644.542 —0.297983E--02 —0.339611E—02 0.637594E—02 0.406525E—04 0.785995E—01
1 10 3297.460 5943.256 2645.796 —t.454762E—02 0.4562051—02 0.144275E—04 I.2I8152E—I9 0.4030241—06

N2S 15 TO iF TRANSITIONS; GENERALG1,G2; BLBA COORDS.

IE1 112 RET ENERGY BRA ENERGY FREQUENCY Z TRANSITION X TRANSITION DIPOLE S)F—I) A-COEFFICIENT

1 1 3311.151 3316.791 5.640 —0.576754E+00 —0.626842E+00 0.1203601+01 I.144864E+I1 0.271700E—04
1 2 3311.151 4507.796 1196.645 0.661830E—01 —0.856606E—01 0.194776E—01 I.379378E—I3 0.679592E—01
1 3 3311.151 5689.990 2378.840 —0.124482E—02 —0.342071E—02 0.466553E—02 0.217671E—I4 0.306322E—01
1 4 3311.151 5936.942 2625.791 0.379722E—02 0.5256341—02 0.9S5357E—02 I.819671E—04 0.1551321+00
1 5 3311.151 5947.481 2636.330 0.5574791—02 —0.557690E—02 0.2104171—05 I.442754E—11 0.848t91E—I8

Program SPECTRA (Version of 10 Sept 1992)

4(25 SPECTRUM FOR 2—0 AND 1 LEVELS.

TEMPERATURESET TO: 10.00K

PARTITION FUNCTION Q — 0.1947111+01
ESTIMATED ERRORIN Q — 0.7163571+01 8

MAXIMUMABSORPTION COEFFICIENT — 0.275671E-17
UNITS ARE CM./MOLECULE.

INTEGRATED BAND ABSORPTION — I.306872E—17

100 TRANSITIONS WITHIN SPECTRALRANGE
18 TRANSITIONS INCLUDED
82 TRANSITIONS NEGLECTED

IPAR J2 P2 12 21 P1 Il E2 El FREQ S(F—I) ABS 1(40 REL 1(W) A(IF)

1 1 1 1 1 I 1 19.331 13.691 5.640 0.1455+01 0.1351—18 I.491E—I1 1.2721—04
1 1 I 2 0 I 1 15.077 0.000 15.077 0.966E+00 0.2761—17 I.100E+01 0.3461—03
1 0 0 2 1 0 2 1190.441 15.077 1175.364 0.183E—03 0.5261—20 0.1911—02 0.9341—01
1 1 I 3 1 1 1 1204.266 19.331 1184.935 0.276E—03 0.433E—20 I.157E—S2 0.480E—01
1 1 1 2 1 I 1 1210.336 13.691 1196.645 0.379E—03 0.135E—19 0.4911—02 0.6801—01
1 1 I 4 0 0 1 1205.826 0.000 1205.826 0.254E—03 0.6550—19 I.238E—0l 0.466E—01
1 I I 3 1 0 2 2372.032 15.077 2356.955 0.1231—04 0.706E—21 1.2561—03 0.513E—01
1 1 I 5 1 1 1 2386.008 19.331 2366.677 0.1781—04 0.5571—21 I.202E—I3 I.246E—01
1 1 1 3 1 I 1 2392.531 13.691 2378.840 0.2181—04 0.1541—20 0.56IE—03 I.306E—01
1 1 I 6 0 I 1 2387.751 0.000 2387.751 I.141E—I4 I.722E—2I 0.2621—02 0.2011-01
1 I I 4 1 I 2 2620.429 15.077 2605.352 0.4561—04 0.2901—20 0.105E—I2 I.253E+II
1 1 I 7 1 1 1 2633.926 19.331 2614.595 0.735E—I4 0.2551—20 0.923E—I3 I.137E+SI
1 0 I 5 1 I 1 2630.981 13.691 2617.290 I.361E—I4 1.2821—21 0.102E—I2 I.203E+SI
1 1 1 4 1 I 1 2639.482 13.691 2625.791 0.8201—04 I.642E—2I 0.2331—02 I.155E+II
1 1 0 10 1 1 1 2645.796 19.331 2626.465 S.544E—04 I.189E—2I I.686E—I3 I.OI3E+II
1 1 1 5 1 I 2 2650.021 15.077 2634.944 I.659E—I4 1.4241—21 I.154E—02 I.126E+00
1 1 0 8 0 I 1 2635.280 0.000 2635.280 1.6071—04 I.342E—19 I.124E—01 I.116E+00
1 1 I 9 I 0 1 2644.542 1.011 2644.542 I.407E—04 I.230E—19 1.8341—02 1.7861—Il


