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A programsuite for the calculationof ro-vibrationaleigenfunctionsof triatomicmoleculesis presented.Thesuite enables
firstprinciplescalculations— startingfrom a setof basisfunctionsandelectronicpotentialenergyand dipolesurfaces— of the
energylevels,transitionfrequenciesandsyntheticstick spectrato bemade.Thesuite is basedaroundthemain driverprogram
TRIATOM. This hasbeenimproved,to makemoreefficient useof vectorprocessorsandavailablememory,andgeneralised,
to allow for differentco-ordinatetypes(scattering,bond-length/bond-angle,radau)to be employed.ProgramsSELECTand
ROTLEV (now ROTLEVD) have been similarly upgraded.In addition, two new programs have been written and are
published here. DIPOLE calculates the line strengthsand frequenciesof dipole transition between the eigenfunctions
producedby TRIATOM/ROTLEVD. SPECTRA calculatesstick spectrabasedon the integratedabsorptioncoefficients
arisingfrom theresultsof DIPOLE. Eachmemberof thesuite producesoutputwhich formsthedirect input for subsequent
members.

PROGRAMSUMMARY

Title ofprogram: TRIATOM Legendrepolynomialsfor the bendingcoordinate,with rota-
tion matricescarryingtherotationalmotion. A secularmatrix

Cataloguenumber:ABJW . 0

is constructedusing Gaussianquadratureanddiagonalisedto
Program obtainable from: CPC Program Library, Queen’s give solutions. Input can be direct from SELECT [2]. TRI-
Universityof Belfast, N. Ireland (seeapplication form in this ATOM providesdata necessaryto drive ROTLEVD [3] and
issue) DIPOLE [4].

Computer:CRAY-i; Installation: Universityof LondonCorn- Restrictionson thecomplexityof theproblem
puter Centre The size of matrix that can practically be diagonalised.

TRIATOM allocatesarraysdynamicallyatexecutiontime and
Other machineson which program was tested: Cray-XMP48, . .

in the present version the total spaceavailable is a single
Micro Vax 3 andConvex100

parameterwhich canbereset as required.
Programminglanguageused: FORTRAN 77 Typicalrunning time
High speedstoragerequired: casedependent Casedependentbut dominatedby matrix diagonalisation.A

problem with 600 basis functions (requiring 350000 words
Peripheralsused: card reader,hnepnnter,at leastonedisk file storage)takes9 secondson theCRAY XMP-48.
No. of cardsin program: 2934 Unusualfeaturesof theprogram
Keywords: ro-vibrational, body-fixed, associated Laguerre A user suppliedsubroutinecontainingthepotential energyas
polynomials, associated Legendre polynomials, Gaussian ananalyticfunction(optionally a Legendrepolynomialexpan-
quadrature,variational,close-coupledequations,vectorised sion) is a programrequirement.

Natureofphysicalproblem References
TRIATOM calculatesthe bound ro-vibrational levels of a [1] B.T. Sutciffe andJ. Tennyson,Mol. Phys.58 (1986) 1053.
triatomic systemusingthe generalisedbody-fixed coordinates [2] J. Tennysonand S. Miller, this article, second program
developedby Sutcliffe andTennyson[1]. (SELECT).

[3] J. Tennysonand S. Miller, this article, third program
Methodof solution ~ROTLEVD
A basis is constructedas a product of radial (either Morse 0 0[4] J. Tennyson and S. Miller, this article, fourth program
oscillator-hkeor sphencaloscillator) functionsand associated (DIPOLE).

OO1O-4655/89/$03.50~ ElsevierSciencePublishersB.V.
(North-HollandPhysicsPublishingDivision)
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PROGRAM SUMMARY

Title ofprogram: SELECT Natureof physicalproblem
SELECTselectsbasis setsfor TRIATOM [1].

Cataloguenumber:ABJX
Methodof solution

Program obtainablefrom: CPC ProgramLibrary, Queen’s Uni- A basis is selectedeither accordingto its quantum numbers
versity of Belfast, N. Ireland (seeapplication form in this and/orthevalueof its diagonalmatrix element[2].
issue)

Restrictionson thecomplexityoftheproblem
Computer:CRAY-I; Installation: University of LondonCorn- The sizeof matrix that can be handledby TRIATOM.
puterCentre

Typical running time
Other machineson which program was tested: Cray-XMP48, Negligible comparedto TRIATOM.
Micro Vax 3 andConvexiOO

Unusualfeaturesof theprogram
Programminglanguageused: FORTRAN 77 A user suppliedsubroutinecontainingthepotential energyas

an analytic function(optionally a Legendrepolynomial expan-
High speedstoragerequired: casedependent sion) may be needed.SELECTproducesa file which drives

TRIATOM.
Peripheralsused: card reader,line printer, onedisk file

References
No. of cards in program: 2152 [1] J. Tennyson and S. Miller. this article, first program

(TRIATOM).
Keywords: basisset selection,first-order perturbationtheory [2] J. Tennyson,Comput.Phys.Rep.4 (1986) 1.

PROGRAM SUMMARY

Title ofprogram: ROTLEVD Methodof solution
A basis is constructedfrom the solutions,optionally energy

Cataloguenumber:ABJY ordered[2], of the Coriolis decoupledproblem.Theresulting
sparsematrix is then diagonalisedto give thesolutions.

Programobtainablefrom: CPC ProgramLibrary, Queen’sUni-
versity of Belfast, N. Ireland (see application form in this Restrictionson thecomplexityof theproblem
issue) The size of matrix that can practically be diagonalised.

ROTLEVD allocatesarraysdynamicallyatexecutiontime and
Computer:CRAY-i; Installation: Universityof London Corn- in the present version the total space available is a single
puterCentre parameterwhich canbe reset as required.

Other machineson which program was tested: Cray-XMP48, Typicalrunning time
Micro Vax 3 and Convex100 Highly case dependent.A test run for J= i involving a

maximumof 1200 basisfunctionstakes15 secondson theCray
Programminglanguageused: FORTRAN 77 XMP-48.

High speedstoragerequired: casedependent
Unusualfeaturesoftheprogram

Peripheralsused: cardreader,line printer,at leasttwo diskfiles Most data is readdirectly from TRIATOM [3]. ROTLEVD
can providedata to drive DIPOLE [4].

No. of cardsin program: 3994
References

Keywords: rotationally excited state, Coriolis coupling, see- [i] J. Tennysonand B.T. Sutcliffe, Mol. Phys.58 (1986) 1067.
ondaryvariationalmethod,sparsematrix, vectorised [2] B.T. Sutcliffe, J. Tennysonand S. Miller, Comput. Phys.

Commun.51(1988)73.
Natureofphysicalproblem [3] J. Tennyson and S. Miller, this article, first program
ROTLEVD performsthesecondstepin a two-stepvariational (TRIATOM).
calculation for the bound ro-vibrationallevels of a triatomic [4] J. Tennysonand S. Miller, this article, fourth program
system[1]. (DIPOLE).
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PROGRAM SUMMARY

Title ofprogram: DIPOLE Methodof solution
Integralsover dipole surfacesareconstructedusingGaussian

C’ataloguenumber: ABJZ quadraturefor the primitive basis functions used in TRI-

Program obtainable from: CPC Program Library Queen’s ATOM [2]. The wavefunctionsgeneratedby TRIATOM [2]
Library Universityof Belfast,N. Ireland(seeapplicationform and/or ROTLEVD [3] are then used to give transition

intensitiesfor individual pairs of states.in this issue)
Restrictionson thecomplexityoftheproblem

Computer:CRAY-i; Installation: Universityof LondonCorn- The complexity of the problem that can be solved by
puterCentre TRIATOM or ROTLEVD.

Other machineson which program was tested: Cray-XMP48, Typicalrunning time
Micro Vax 3 andConvex100 Casedependent.A test run for J = 0 to J = 1 levels,involving

a maximum of 1200 basis functions takes15 secondson the

Programminglanguageused: FORTRAN 77 Cray XMP-48.

High speedstoragerequired: casedependent Unusualfeaturesoftheprogram
Most data is read directly from TRIATOM [2] and/or
ROTLEVD [3]. DIPOLEprovidesdatato drive SPECTRA[4].

Peripheralsused: cardreader,line printer,atleasttwo disk files
References

No. of cardsin program:2619 [1] S. Miller, J. Tennysonand B.T. Sutcliffe, Mol. Phys. 66
(1989)429.

Keywords: transitions,frequencies,linestrengths,vectonsed [2] J. Tennyson and S. Miller, this article, first program
(TRIATOM).

Natureofphysicalproblem [3] J. Tennyson and S. Miller, this article, third program
DIPOLEcalculatesdipole transitionintensitiesbetweenprevi- (ROTLEVD).
ouslycalculatedwavefunctionfor both rotationalandro-vibra- [4] J. Tennyson and S. Miller, this article, fifth program
tional transitions[1]. (SPECTRA).

PROGRAM SUMMARY

Title of program: SPECTRA tra as a functionof temperature.Integratedabsorptioncoeffi-
cientscan be calculatedif the necessarydata to calculate the

Cataloguenumber:ABLA partition function is supplied.

Programobtainablefrom: CPC ProgramLibrary, Queen’sUrn- Methodofsolution
versity of Belfast, N. Ireland (see application form in this Transitions are sorted by frequency and weighted using
issue) Boltzmannstatistics.

Computer:CRAY-i; Installation: Universityof LondonCorn- Restrictionson thecomplexityof theproblem
puterCentre The complexity of the problem that can be solved by

TRIATOM (1] or ROTLEVD [2].
Other machineson which program was tested: Cray-XMP48,
Micro Vax 3 andConvex100 Typical running time

Casedependent,but small comparedwith DIPOLE.
Programminglanguageused: FORTRAN 77

Unusualfeaturesof theprogram
High speedstoragerequired: casedependent Most datais readdirectly from DIPOLE [3]. Somedata from

TRIATOM [2] and/orROTLEVD [3] mayalsoby required.
Peripheralsused: cardreader,line printer,at leastonedisk file

References
No. of cardsin program:938 [1] J. Tennyson and S. Miller, this article, first program

(TRIATOM).
Keywords: synthetic spectra, absorptioncoefficients, Boltz- [2] J. Tennyson and S. Miller, this article, tl~irdprogram
manndistribution, partition function,vectorised (ROTLEVD).

[3] J. Tennyson and S. Miller, this article, fourth program
Natureofphysicalproblem (DIPOLE).
SPECTRAgeneratessynthetic,frequencyordered,stick spec-
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LONG WRITE-UP

1. Infroduction

The calculationof ro-vibrationalenergylevels for triatomic moleculeshasmademajor stridesin recent
years.Suchcalculationshavemoved beyondthe original goal of simply obtaininga good representationof
the vibrational fundamentalsandperhapsthe leading rotational constantsof the system[1]. Variational
calculations,with no significantapproximationsbeyondthat of assuminga potential energysurface,have
now beenperformedwhich stabiliseovera hundredvibrational states[2] androtational levels with total
angularmomentaup to 60 [3]. Converselyfor electronicallysimplesystems,such as H~,calculationsof
accuracycompetitivewith that of high resolution spectroscopyhavebeenperformedfor bothvibrational
fundamentalsand overtones[4,5]. Detailedpredictions of intensitiesfor individual transitionsare also
available [6].

Naturally theseadvanceshavebeenfacilitatedby the increasein availablecomputerpower but they
havealso beenachievedby the developmentof new methodsandalgorithmsfor solving the bound state
nuclear motion problem. A number of variational approacheswhich rely on the use of body-fixed
coordinatesystemsother than that suggestedby Eckart [7] are now available.In particular we cite the
work of CarterandHandy[8] andBacic and Light [2].

Over a numberof years Tennysonand Sutcliffe developeda secular equation approachbasedon
scattering coordinates [9—11].This approachwas implemented in programs ATOMDIAT [12] and
ATOMDIAT2 [13]. More recently these workers extended their work to a generalisedbody-fixed
coordinatesystem[14] using basis set selection[15] and developeda two-stepvariational approachfor
rotationally excitedstates[16]. Thesedevelopmentswere implementedin programsTRIATOM, SELECT
and ROTLEV [17], respectively.

Sincethe aboveprogramswerepublishedtherehavebeena numberof improvementsand extensionsto
the methodologyemployedin theserovibrational calculations.The coordinatesusedhave beenfurther
generalised[18]. ProgramDIPOLE has beenwritten to allow intensitiesto be computedfor transitions
betweenthe statescalculatedby TRIATOM andROTLEV [19]. ProgramSPECTRAprocessesthe output
of DIPOLE to given temperaturedependent,syntheticstick spectra.An energy-orderedbasis set selection
criterionhasbeenimplementedin ROTLEV [20].

Considerableimprovementshave been made in the algorithm used by ROTLEV — for example
obviating the need for separatelycalculatingthe Hamiltonian for the odd parity f states.Hamiltonian
scratchfiles havebeenimplementedin bothTRIATOM andROTLEVD leadingto considerablesavings
in fast storagefor largecalculations.Increasedvectorisationmeansthe TRIATOM and ROTLEVD, the
time-consumingmodulesin the suite,now drive a singleCray-XMP processorat over 110 and140 Mflops
(million floating point operationsper second),respectively[21].

Two bugs in the publishedversionof SELECThavebeencorrected.A numberof extra optionsin all
three programshavebeenimplemented.In particular programROTLEVD is ROTLEV augmentedby
subroutine DSTOREwhich allows the ro-vibrational wavefunction to be expressedin termsof the first
variationalstep basisfunctions usedby TRIATOM.

The purposeof this work is to presenttheseversionsof SELECT, TRIATOM, ROTLEVD, DIPOLE
andSPECTRAas a programsuite.Theseprogramssupersedethe programsreferencedabove.They allow
for the completecalculationof syntheticro-vibrationalstick spectrafor any triatomic systemfrom given
potential energyanddipole surfaces.
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2. Method

2.1. The ro-vibralionalproblem: TRIATOM

Using the generalisedcoordinatesof Sutcliffe and Tennyson[18] defined in fig. 1, a bodyfixed
Hamiltomancanbe written,

~=~+I+~+I~+ V(r~,r2, 0), (1)

whereV is the electronicpotential.Symmetrisedangularbasisfunctionsfor H can bewritten as [14]

j, k) = 2_1~I2(1+ ôkO)
1”2[E1.,k(0)D~k(a, $, y) + (— 1)~�~_k(0)D~..k(a,fi, y)], (2)

whereD~k is a rotation matrix element[22] and an associatedLegendrepolynomial [23]. The total
parity is givenby (— 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 whichcanbechosenparallelto either r

1 or r2. a, 18, y

are the Euler anglesrequiredto rotatethe spacefixed axesinto the body-fixedones.
Letting H act on j, k), multiplying from the left by (j’, k’ I and integratingover all angular

coordinatesyieldsan effectiveHamiltonian[14]:

a
2 h2 a2 h2. . 1 1K~Z~= 6j’j~k’k — ~ — i— —i + -~-j( j +1) —i + —i , (3)

!.Li a~, !12 ar
2 ~x1r1 j.L2r2

S
V — j’j+l k’k jk,1 ar, r1 ) 8r2 r2

+ + ~ h
2 (4)

K~~A= 8j’j8k’k 2 (J(~+ 1) — 2k2) — ~j’j8k’k±1 2 2(1 + 6k0 + 6k’O)CJkCJk, (5)

A
2

Atoms at A~AA2=e
t~—A2-R; ~.A,-P

9’ A3-A2’ A3-A,

Fig. 1. Programcoordinatesystem.
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a
~ ~ ~1/2~±J±k ~

VR j’j±l k’k±l 2 “ kO k’OJ .Jk r r 0r
1 2 2
b

11 1/2 j±k J
+8j’J_1ôk’k±1~—(1~~ko±~k’o) C~—~——— + .~— . (6)

P12 1 2 2

The angularfactorsin the aboveequationsare:

c~~=[J(J+1)—k(k±1)]’~2, (7)

d — (j—k+1)(j+k+1) 1/2 8jk (2j+1)(2j+3)

(j+k+1)(j+k+2) 1/2
alk— (2j+1)(2j+3) (9)

b - (j-k)(j-k-1) 1/2 10Jk (412_i) . ( )

The reducedmassesare:
—i 2 —1 —1 2 ~

P1 =g
2m1 +m2 +(1—g2) m3 , (11)

‘=(1—g1)(1—g2)m~
1—g

2m~
1—g

1m~, (12)

1=m~1+g~m~1+(1_gi)
2m~1, (~3)

whereg
1 and g2 definethe coordinatesystemused,seefig. 1.

Specialcaseof g1 and g2 include scatteringcoordinatesfor which

m2

g1 = m2 + m3’ g2 = 0; (14)

bondlength—bondanglecoordinatesusedby Carterand Handy for which the g‘s equaleither0 or 1, an
‘geometric’ coordinateswith g1 = ~, g2 = 0 which areuseful for systemswhosesymmetry hasbeenbroken
by isotopicsubstitution.Radaucoordinates[24], andalternativeset of orthogonalcoordinatesto scattering
coordinates,are obtainedwith specific mass-dependentvaluesof the g ‘s [18]:

a ( 1/2 m1
g ‘ g21 a=i , $= ., (15)1—$+a/

3 \m
1+m2+m3

For both the Radau and scattering(Jacobi) coordinates we have used radial coordinates defined
geometrically(see fig. 1) rather than the moreconventionalmass-weightedcoordinates.

All the specialcasescoveredabovecan be obtainedby using the requiredcombinationof the input
parametersIDIA and ISYM. Othervaluesof the g’s havealso beenused[18,25]andcanbe obtainedby
inputtingspecific valuesof Gi andG2. In particularwe note that otherssetof orthogonalcoordinatescan
be obtainedby specifying Gi andG2 such that P12 equalszero. This implementationdoesnot have the

full generalityof the Hamiltomandevelopedby Sutcliffe andTennyson[18], butothercoordinatesystems
canbeemployedwith only relativelyminor changesto subroutineSETCON.

The KVR operatorsgiven aboveare for the z axis embeddedparallelto r1. The appropriateoperators
for the otherembeddingare obtainedby making the exchangesr1 -~r2 and ~

If the potential is expressedin a Legendreexpansion,

V(r1, r2, 0) = ~ V~(r1,r2)e~0(0), (16)
A
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then the angularintegrationcanalso be performedanalytically,

(j’, k’ iex.o(0) If, k) ~k’k( 1) [(21 + 1)(2j+ 1)]1/2(J A A ~), (17)

where the 3-f symbols in the Gaunt coefficient are conventional[22]. This method of performing the
angularintegrationoverthepotential is completelygeneralaspotentialswhichare not naturallyexpanded
in Legendrepolynomialscanbeso expressedfor each (r1, r2) by usingGauss—Legendrequadrature.This
is a computationallyefficient way of forming matrix elementsoverthe potential [26].

Having performedthe integrationover all angularcoordinatesoneobtains a set of two-dimensional
coupleddifferential equationssimilar to the close-couplingequationsof ArthursandDalgarno[27]. Rather
thanattemptingto solve thesedirectly onecanusebasis functionsto carry the radial as well the angular
motion. Productsof one-dimensionalbasisare generallyused,

/‘mn(’i, r2) = rj
1H~(r

1)r7’H~(r2). (18)

In our experiencethe most suitable functions are a completeset basedon solutions of the Morse
potential [9,10]

In~=Hn(r)=$
2Nnaexp(—~y)y~’1”2L~(y), y=Aexp[—~8(r—r~)], (19)

where

4D 1/2

A = /1= ~e(~~) , a = integer(A) (20)

The parametersl~’ ‘e’ 0’e and De can be associatedwith the reducedmass,equilibrium separation,
fundamentalfrequencyanddissociationenergyof the relevantcoordinate,respectively.In practice(re, 0~e’

D~)are treatedas variationalparametersand optimisedaccordingly. NnaL~is a normalisedassociated
Laguerrepolynomial[28].

With the Morse oscillator-likefunctions integralsover the differential operatorsin the kinetic energy
operatorscanbe computedanalytically [14,15].However, it is necessaryto useGauss—Laguerrequadra-
ture to evaluatethe integralsover inversepowersof r andthe potential.

An alternative set of radial basis functions, particularly useful for systemswhich have significant
amplitudesfor r

2 = 0, are sphericaloscillator functions,definedby

~ y=/3r
2, (21)

where

(22)

and (a, We) are treated as variationalparameters.Further details about the functions can be found
elsewhere[11,12,17].

In termsof thesebasis functions, the approximationto the eth energylevel, Ee’ hasa wavefunction

(23)
k jmn

Forhomonucleardiatomicsthewavefunctionshouldbeeithersymmetricor antisymmetricwith respect
to interchangeof the like atoms.This symmetryis naturally representedin scatteringcoordinateswhere
functionswith j evenandodd are symmetricandantisymmetric,respectively.The wavefunctioncanalso
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be symmetrised, for the case of J = 0, in coordinates for which g1 = g2 — these include
bondlength—bondangle(g1 = 0) andRadaucoordinate.Then the symmetricwavefunctionshas the form

~P~?=~ m�n, (24)
jmn

and the antisymmetricwavefunctionhasthe form

~1’~°=~d~°f~ I10)2~1/2(Im)In)_In)I Im~), m>n. (25)
jmn

2.2. Vibrational basis setselection:SELECT

A numberof methodsof building basissetsfrom the functionsdescribedabovehavebeentestedwith a
view to obtaining the most rapid convergencefor a given problem[15]. As the vibrational basis set is a
product of one-dimensionalbasis sets for each internal coordinate,one method is simply to take all
possibleproduct functionsgiven by terminatingeachseriesat somemaximum quantumnumber.

A secondalternativeis to usea compoundquantumnumberNQMAX to determinewhich functionsare
selected.Allowing for selectiveweighting of functions in different coordinatesthis meansthat function

Ilk> I m) In> is includedin the basisif

NQMAX�~-+~-+~-. (26)

A third alternativeis to use an energy criterion in selectingthe functions. In this casethe diagonal
matrix elementsof a largeset of functionsare evaluated.The lowest LBASS are thenselectedfor the final
basis.

Although we havefound the energyorderingcriterion to be often themost efficient, all threemethods
havebeenfounduseful for certainsystems.Furthermore,it is alsopossibleto selectabasisusinga mixture
of methods.

2.3. Rotationalexcitation:ROTLEVD

The theoryoutlinedin section2.1 is in principle sufficient for finding the ro-vibrationalwavefunctions
of arbitrary triatomics.However, as the sizeof the secularproblemimplied by this methodgrows rapidly
with increasingangularmomentum,J, alternativemethodshavebeendevelopedto deal with rotational
excitation[29].

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

hIJk’~V+’<~Vk’kI~VR+ V(r1, r2, 0). (27)

Solutionsof this Hamiltonianwith eigenenergye~canbe written

I~,k)= ~c5
t,~,’,,Ijk)Im)In), (28)

j~nn

in termsof the basisfunctionsdefinedabove.The functions I i, k) canthenbe usedas a basisfor the fully
coupledproblem.

The advantagesof this procedureare two-fold. Firstly, the secularmatrix obtainedin the secondstep
has a distinctive sparsestructurewhich is well suited to iterative diagonalisation techniques[16,30].
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Secondly,not all the functions I i, k) are neededto obtainconvergedresults.A suitablebasisset canbe
selectedeitherby usingthe lowest NVIB functionsfor eachk block, or by choosingthe LBASS functions
with the lowest eigenenergy,c[”. Again, the energy selectioncriterion hasprovedthe most efficient [20].

If the ith solution of the secondstepis written

‘I’I=~b~Iik>, (29)

thencoefficientvectorsb~’canbe back transformedto yield coefficientsof the wavefunctionin termsof
the original basisfunctions

= j,J( Jkz
kjmn ikcjmn.

2.4. Transition intensities: DIPOLE

With the wavefunctionsgeneratedin the previoussections,dipole transition intensitiesfor selected
transitionscanbe calculatedgivenappropriatedipole surfaces.Fora triatomic lying in the x—z plane,the
dipolecan be expressedin a generalisationof the Legendreexpansionusedto expressthe potential [31]:

r2, 0) = ~CAO(rl, r2)øxo(0), (31)
A

r2, 0) = ~Cx1(r1, r2)EJ~1(0). (32)
A

Suchan expansioncanbe obtainedfrom any dipole surfaceusingGauss—Legendrequadrature,providing
careis takenwith the sin 0 factors[19].

Integratingover the dipole surfaceyieldsan expressionfor the transitiondipole [19],

TM’M”T_ (~)M’ [(2J’ + 1)(2J” + i)]1/2( J’ 1 J”)

+1

x ~ ~a(v, v+k, A)[(2j’+1)(2f”+1)}
1”2

p=—1 A=IvI k=p”j”j’

J’ 1 J”~(f’ A i”~( f’ A

k—k—v v kRO 0 01k—k—v v k

X ~ ~ X d~:y~?;fd~:
1~ [~— i)~”~”~’+ (— i)’~”~°’~, (33)

wherethe radialintegrals,B~”, are againevaluatedusingGauss—Laguerrequadratureand

a(O, n, A) = 1, 0�n�J’, a(±1,0, A) = —[A(A+ 1)11/2,

a(±i, n, X)= —[A(A+1)/2J”
2, 0<n�J’, a(v, n, A)=0, n<0, n>J’, v=0, ±1.
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In practice, the individual magneticcomponentsof the wavefunctionsare not computedseparately.
Summingover thesethengives the transitionline strength:

S(f—i) = ~[(2J’ + 1)(2J” + 1)]

+1 .1” -,

x ~ a(p, v + k, A)[(2j’ + 1)(2j” + 1)] 1/~

v= —1 A=~i’jk=p”j”j’

.1’ 1 A .J”)( j’ A I”)

X ~ xd f,,d,~,,,~_1)i±J+1 + (1)~”1]. (34)

From this the EinsteinAf coefficientfor spontaneousemissioncan beobtained:

1 64ii4w3
A,~=(2~+1) 3h ‘~S(j—

1). (35)

2.5. Syntheticspectra:SPECTRA

Stick spectrafor rotational andro-vibrational transitionscan be generatedas a function of frequency,
and temperature,T, usingthe formula

I(w ~ 81T
3N~co

1Jg/exp(_E”/kT)~1_exp(hcco,j/kT)]S(1i), (36)
‘1 3hcQ(T)

where Q(T) is thepartition function of the systemand I(W,j) is the integratedabsorptioncoefficientin
units of cm mo1

1 The degeneracyfactorg, for a particular level is determinedby nuclearspin statistics
andthe symmetryof the molecule.

If enoughenergylevels of the systemare known it is possibleto obtain an expressionfor the partition
function of the system,

E~
Q(T)=~g

1exp(_~). (37)

3. Programstructure

Figure 2 gives the structure of the programsuite showinghow the various modulesinterconnect.The
key programin TRIATOM whichhasto be run in all cases.Input for TRIATOM is eitherspecified by the
useror providedby SELECTwhich actsasa basisset preprocesser.If a two-stepvariationalcalculationis
being performedthe eigenvalues,eigenvectorsand somematrix elementsgeneratedby TRIATOM are
passedto 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 theinput to SPECTRA.If SPECTRAis to computea partitionfunction,an additional input
file from TRIATOM (andROTLEVD) containingenergylevelsand quantumnumbersis also required.
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Key
SELECT

U Program moduleo Disk file

~ Data switch

lout
TRIATOM

~V~ketgK2

DIPOLE SPECTRA

Fig. 2. Programmoduleflow diagram.

Additional card input is neededfor all modules.The amountrequiredis keptto aminimum by passing
as much information as possible from previousmodulesand by the use of default settings for many
parameters.

All the programsfollow the conventionthat namesbeginningwith lettersA—H andO—Y are for 8-byte
realvariables,I—N are for integersand variableswhosenamebeginswith Z are logicals.Wherepossible,
constantshave been placed in data statementsand generic function nameshave beenused to ease
conversionbetweenmachineswith different word lengths.

All programsusedynamicalassignmentof arrayspacein which onebig vectoris sub-dividedin routine
CORE. In the currentversions,this arrayis a singlefixed length arrayARRAY of dimensionNAVAIL in
subroutineGTMAIN. For efficient storagemanagementa call to a local GETMAIN or MEMORY
commandshouldbe implemented.

TRIATOM can be divided into four segmentswhich form the basisof a possibleoverlaystructure— see
fig. 3. It is convenientto considereachsegmentin turn as they perform physically distinct stagesof the
calculation.

3.1. Routinesalwaysretainedin core

Thesecomprisethe main program(s)and severalserviceroutines.Subroutine(6> CCMAIN would be
the main programif therewas no dynamic array allocation ((i) representsthe ith subroutine in the
programsource).

(1) MAIN readsin namelistdata(storedin COMMON/OUTP/) andcalls the initialising routines<3)
INSIZE, <5> CORE and <30) GTMAIN.

<5) COREcalculatesstoragerequirementsandsetsup arraypointers.Entry DYNAM calls
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<6> CCMAIN if sufficient array spaceis available.
<6) CCMAIN, driverroutinewhich calls the overlaid branches.
<24) OUTROW, fast unformattedwrite.
<25) GETROW, fast unformatted read.
<31) TIMER, service timing routine. Should be modified to make use of machine routines as

appropriate.
<32) GTMAIN, FORTRAN version of an assemblerroutine which requestspacefor the dynamic

allocation of storage.The array ARRAY(NAVAIL) should be dimensionedto the limit of t,he storage
available.

3.2. Overlay I: data input and initialisation

Namelistdatawhich changesthe defaultsset in <2) BLOCK DATA is readin <1) MAIN. Integerdata
which characterizesthe size of the problem is read in <3) INSIZE, prior to array allocation.The real
constantsof the problem are read in <~) SETCON. If the basis is selectedthen <9) BASOUT readsthe
quantumnumbersof the selectedfunctions.

<3) INSIZE readsthe integerparametersof the problemwhich are thenstoredin COMMON /SIZE/.
INSIZE includesa BACKSPACEcommand,which is machinedependentandmay needto be removedon
certainmachines.

<4) NSECdeterminesthe sizeof the secularproblemto be solved.
<~) SETCONreads in the real constantsof the problem,and sets up the coordinatesystemand the

reducedmasses(savedin COMMON/MASS/), and the radial basis set parameters(stored in COM-
MONs/SPLIT1/ and/SPLIT2/).

<20) SETFAC usesPascal’striangle to initialize array BINOM of binomial coefficients.
<21) NORMS setsup arraysof pseudo-normalisationconstants.

3.3. Overlay 2: radial basisfunctionsand matrix elements

This segmentsets up arraysVO, VI, R1MI, R2MI, RIM2, R2M2, HBLI, HBL2, HBL3 and HBL4
which containall the radial matrix elementsrequiredto set up the secularmatrix.

<8) SYMOUT prints a symmetricmatrix storedin lower triangular form.
<11) KEINTS formsthe analyticmatrix elements(HBLI,HBL2) and(HBL3,HBL4) for the Morse-like

functions.
<12) KEINT2 forms the analytic matrix elementsof (HBL2) and (R2M2) for the sphericaloscillator

functions.
<14) LAGPT sets up the radial basis set(s) at the numerical integrationpoints and forms matrix

elements over the potential (V0,VI) and inverse powers of r for the Morse-like functions
(RI Ml ,R1M2,R2M1,R2M2).

<15) LAGUER, adaptation[9] of the Gauss—Laguerreintegrationpointsandweightsroutineof Stroud
and Secrest[32] for large a. Note that the initial guessformulae are arbitrary and may need to be adjusted.
The ith call returnsthe ith point andweight.

<16) LGROOT improves the guessto the integrationpoint [32].
<17) LGRECRusesrecurrencerelationsto generateorthogonalpolynomials[32].
<26) POTreturnsthe potential in the form of eq.(16) at the specified(r1, r~).If ZLPOT.EQ.TRUEthis

routine must be usersupplied,seesection4.1. If ZLPOT.EQ.FALSEthenPOTcalls <33) POTV at (r1, r2.
x), wherex~(= cos 0) is a Gauss—Legendreintegrationpoint.

<27) LEGPT sets up Gauss—Legendreintegration points and weights; an adaptation of subroutine

JACOBI [32].
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(28) LEGEND setsup weightednormalisedLegendrepolynomials.
<29) LEGS calculatesLegendrepolynomials.
<32) POTV, usersuppliedpotential subroutine,seesection4.1.

3.4. Overlay 3: angular integrationandsecular matrix construction

This segmentconstructsa basis set, performs the analytic angular integration and constructs the
Hamiltonianmatrix HAMIL. Notethat if input is being preparedfor ROTLEV (ZROT.EQ.TRUE)then
<6) CCMAIN loopsover this and the following segment.

(9) BASOUT prints basisset labelseitherreadin from SELECTor generatedby <10> BASGEN.
<10) BASGEN generatesbasisset labels.
(14) MATRG performs the angular integration and forms the lower triangle of the Hamiltonian

matrix.
(19) VTOT performsthe angularintegrationover the potential.
(20) GAUNT calculatesGauntcoefficients,eq. (17).

3.5. Overlay 4: diagonalisation

This segmenthandlesdiagonalisationof the secularmatrix.
<23> DGCOREcontrols the call to the in-core diagonaliserandprints the results.
(24) NORM, normalisationroutine, not required if a diagonaliseris usedwhich returnseigenvectors

normalisedto unity.
(33) EIGSFM, this is a mock-upof an EISPACK routineof the samename[33] which calls routines

(34)—<44) to perform the diagonalisation.Theseroutinesmay be beneficially replacedby a symmetric
matrix diagonalisationsuiteappropriateto the machinebeingused.

3.6. Routinesfor SELECT

SELECT is composedmainly of routines adaptedfrom TRIATOM. Its structureis given by fig. 3,
exceptthat segment4 is replacedby a call to (22) SORT. As only the diagonalelementsof HAMIL and
hencethe matrix elementarraysare neededby SELECT, it is unlikely that an overlaywill be requiredfor
this step. The routines listed below are the only ones that are substantiallydifferent from the routines
foundin TRIATOM.

(1) SELECTreadsin datacontrollingbasisset selection(storedin COMMON/SELEC/). It includes
a machinedependentBACKSPACEcommand.

(8) BASOUT writes outdatafor TRIATOM including selectedbasis functionlabels.
<22) SORTchoosesfunctionswhich satisfy selectioncriteria and sorts them accordingto increasing

I k I andthen increasing j (a requirementfor TRIATOM).

3.7. Routinesfor ROTLEVD

Figure 4 givesthe structureof programROTLEVD. Routineswhich havethe samenameas routinesin
TRIATOM servethe samepurposeand will not be consideredbelow.

<6) VRMAIN, driver routine which would be the main programif there was no dynamic storage
allocation.

(7) SELECTdeterminesthe vibrational basisfunctionsto be used.
<8) WRTBAS prints the basis setlabels.
(9) WRTHAM prints the Hamiltomanmatrix if requested.
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Fig. 4. Structure of programROTLEVD. Serviceroutinesasin TRIATOM, plusMXMB andRDIVEC havebeenomitted.
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(10> SOLRT readsmatrix elements,eigenvaluesand eigenvectorsfrom TRIATOM. Constructsthe
diagonal(arrayDIAG) andnon-zerooff-diagonal(OFFDG) matrices[30].

(11) DGROT setsup the diagonalisationincluding shifting the diagonalelementsso the highestis zero,
which ensuresthat (18) FO2FJFreturnsthe lowest eigenvalues.DGROT containsa machinedependent
BACKSPACE command.

(12) DSTOREtransformthe eigenvectorsbackto the vibrationalbasis,seeeq.(29).
(14) RDIVEC readstheheaderfrom streamIVEC.
(16> VECVEC, dot productfor (18) FO2FJF.
(17> MATVEC performs the vectormatrix multiplication requiredby (17) FO2FJFtaking advantages

of the structureof the Hamiltoman.
(18> FO2FJF—(46)GO5CAFare aNAG Library [34]subroutinesuitefor diagonalisingsparsematrices,

basedon the algorithmof Nikolai [35]. The implementationgiven hereis appropriatefor IBM machines
and it is recommendedthat usersreplacethis by a local implementationwherepossible.

(48) MXMB, fast vectormatrix multiplier. This routine usesthe bulk of the CPU time [21] and thus
may needoptimisingfor the architectureof any particularmachine.

3.8. Routinesfor DIPOLE

Figure5 gives the structureof programDIPOLE. Many of the routinesusedin DIPOLE are the same,
or very similar, to thoseused in TRIATOM for the evaluationof the integralsover the potential energy
surface,the main differencebeing that the dipole momentoperatoris a vector. In addition, the fact that

insize
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Fig. 5. Structureof programDIPOLE. Serviceroutineshavebeenomitted.
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the ket andbra statesconsideredare generatedin separateTRIATOM/ROTLEVD jobs meansthat extra
checkson compatibility are carriedout in subroutineINSIZE (<3)). SubroutinesRDIVEC and MXMB,
describedin ROTLEVD, are also used.The new routinesare:

<6> GENIND generatesthe indices used to evaluatethe integrals from the basis function labels
suppliedfrom TRIATOM/ ROTLEVD.

<7> DMAIN, the main driver routine, responsiblefor correctly aligning the k-componentsof the bra
andket andthe z- and x-componentsof the dipole.

<16) DIP, analogousto POT in TRIATOM for ZLPOT false. Uses Gauss—Jacobiintegration to
evaluatethe angularexpansion.

<18) ASLEG generatesAssociatedLegendrepolynomialsP1
m(cos0) with a factor of sin2m0 removed.

<19) JACOBI setsup Gauss—Jacobipointsandweights [29].
<20> ROOT improvesthe guessto the integrationpoint.
<21> RECURusesrecurrencerelationsto generateorthogonalpolynomials.
<22> TRANS calculatesthe transitionmomentstepwiseover the braand ket using the basis function

indicesgeneratedby GENIND.
<23> DTOT performs the angularintegrationover the dipole.
<24) THREE..! calculatesthe 3-j symbolsusedin DTOT.
<25) DSREAD readsin the vectorcoefficients(for braandket).
<29> SPECTcalculatestransition frequencies,line strengthsand Einstein A-coefficients.
<30> OUTPT writes the abovedata to streamITRA. It includesa machinedependentBACKSPACE

command.
<31> DPRINT prints out the dipole matrix elementsproducedby LAGPT (for debuggingpurposes).
<33) DIPD containsthe unexpandeddipole surface(if ZLPOT is false).
<34) DIPL contains the dipole surfaceexpandedin AssociatedLegendrepolynomials(if ZLPOT is

true).

3.9. Routinesfor SPECTRA

The structureof programSPECTRAis very straightforwardanda diagramis not given. It usesroutines
to allocatememory and input datawith the samenamesas thosein TRIATOM. Thesehaveidentical or
nearidentical structuresto the TRIATOM routines.Routinesunique to SPECTRAare as follows:

<I) SPECTreadsprogramdataneededto set up core.
<2> SPMAIN is the main driving routine.
<3) SORTSPsortsout the transitionson ascendingfrequency.
<4) PFCALC calculatesthe partition function at the appropriatetemperature.
<5) SPECTM calculatesthe absoluteand relative intensitiesof transitionsspecified in the range

required.

4. Program use

4.1. The potentialanddipole subroutines

Both TRIATOM andSELECTrequirea usersuppliedpotentialenergysubroutine.Thereare two ways
of supplyingthe potential. If it is specified as a Legendreexpansion,eq. (15), option ZLPOT = .TRUE.,
then the expansionmustbe suppliedby

SUBROUTINE POT(V0,VL,R1,R2)
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which returns VO = J~(r1,r2) and VL(X) = V~(ri,r2) in Hartree for Ri = r1 and R2 = r2 in Bohr. If

IIDIA I = 2, only evenV,~are needed.If NCOORD = 1, Ri andVL are dummies. If NCOORD= 2, Ri
containsthe rigid diatom bondlengthr~.If NCOORD>1 then V5 hasdimensionsLPOT.

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

SUBROUTINE POTV(V,R1,R2,XCOS)

mustbe supplied.POTV returnsthe potentialV in Hartreefor anarbitrarypointgives by Ri = r~,R2 =

(both in Bohr) andXCOS = cos 0.
DIPOLE requiresa subroutinedefining the dipole surfaces.If ZLPOT = .TRUE. and the surfacesare

suppliedas 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~(r~,r2) andDL = C5~(r1,r2) in atomicunits. If ii = 1, DO is not required.If I IDIA I = 2, only
termswith X evenare required.

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

SUBROUTINE DIPD(DIPC,R1,R2,XCOS,NU)

mustbe supplied.DIPD returnsthe NUth componentof the dipole in atomic units (1 a.u. = 2.5417662
Debye)at point Ri = r1, R2 = r2 (both in Bohr) andXCOS= cos 0 whereNU = 0 correspondsto js~.and
NU = 1 to itt,.

TRIATOM, SELECTand DIPOLE include COMMON/MASS/XMASS(3),G1,G2to enableusersto
write flexible potential subroutineswhich allow for changesin coordinatesor isotopic substitution.(See,
for example,the version of POTV supplied.)In DIPOLE, ZEMBED is passedin COMMON/ LOGIC/,
allowing properaccountof the embeddingto be taken.

4.2. Inputfor TRIATOM

TRIATOM requires8 linesof input for all runs, extralines are required if the basis set is selected.
Lines giving datanotrequiredor for which the defaults[given below in parenthesis]are sufficient should
be left blank. Triatom input canoptionally all be generatedby SELECT.

Line 1: NAMELIST/PRT/
ZPHAM[F] = T requestsprinting of the Hamiltonianmatrix.
ZPRAD[F] = T requestsprinting of the radialmatrix elements.
ZPMIN[F] = T requestsonly minimal printing.
ZPVEC[F] = T requestsprinting of the eigenvectors.
ZDIAG[T] = T requestsdiagonalisationof Hamiltonianmatrix.
ZROT[F] = T, TRIATOM to perform first step in a two-stepvariationalcalculation.
ZLADD[F] = T, maximum j in angularbasis (LMAX) incrementedwith (J, k);

= F, maximum j fixed (only usedif ZROT = T).

ZEMBED[T] = T, z axisembeddedalong r2
= F, z axisembeddedalong r1.

ZMORSE[T] = T, useMorse oscillator-like functions for r2 coordinate;
= F, usesphericaloscillator functions(only allowedif IDIA > 0).

ZLPOT[F] = T, potentialsuppliedin POT;
= F, potentialsuppliedin POTY.
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ZVEC[F] = T, datafor ROTLEVD or DIPOLE to bewritten to streamIVEC.
IVEC[4] streamfor ROTLEVD or DIPOLE data.
ZPFUN[F] = T, eigenvaluesconcatenatedon streamILEV. Warning, the first eigenvalueson this

file mustbe for J = 0, j even.
ILEV[4] streamfor eigenvaluedata.
IHAM[IO] streamfor Hamiltonian matrix.

Line 2: NCOORD (15)
NCOORD[3] the numberof vibrational coordinatesof the problem:

= 1 for a diatomic(is useful for basisset optimisation);
= 2 for an atom rigid diatom system(not valid for I ISYM I = 2);
= 3 for a full triatomic.

Line 3: NPNT2,NMAX2,JROT,NEVAL,LMAX,LPOT,IDIA,KMIN,NPNT1,NMAX1 ,ISYM,NBASS,
NRAD(14I5)

NPNT2[2 * NMAX2 + 1], order of Gaussianquadraturein the r2 coordinate.
NMAX2 order of the largest radial basis function H~(r2),giving an r2 basis of NMAX2 + I

functions.

JROT[0] IJROT is the total angularmomentumquantumnumberof the system:
> 0, the off-diagonal Coriolis termsare included;
<0, they are neglectedand k (KMIN) is treatedasa good quantumnumber;
= 0 or NCOORD = 1, thereare no Coriolis terms.

NEVAL[0] numberof eigenvaluesandeigenvectorsrequired.
If NCOORD = 1, the restof the line is ignored.
LMAX order of the highestassociatedLegendrepolynomialsin the basis.

If IDIA = 2, the parity of the angularbasisis given by the parity of LMAX.
LPOT[2 * LMAX2], highestvalueof X in the Legendreexpansionof the potential. If ZLPOT = T, LPOT

must be consistent with subroutine POT. If ZLPOT = F, ((LPOT + 2)/2) * 2 point
Gauss—Legendreintegrationis used for the 8-coordinate.

IDIA = — I for generalisedcoordinates;
= 0 for Radauor otherorthogonalcoordinates;
= 1 for scatteringcoordinateswith a hetronucleardiatomic;
= 2 for scatteringcoordinateswith a homonucleardiatomic;
= —2 for midpoint coordinateswith a symmetricpotential (eg. wherethe symmetryhas
beenbrokenby isotopicsubstitution).

KMIN = k for JROT<0;
= (1 — p) for JROT>0 (includingZROT = T).

NPNTI[2 * NMAX1 + 1], order of Gaussianquadraturein the r1 coordinate.
NMAX1 order of the largest radial basis function Hm(Ti), giving an r1 basis of NMAXI + 1

functions.
ISYM[O] ~ 0 for bondlength-bondanglecoordinates(g1 = g2 = 0) or othersymmetriccases(g1 =

g2);
= 1 for hetronuclearcase;
= 2 for symmetricAB2 case;
= —2 for anti-symmetricAB2 case.

I ISYM I = 2 cannotbe usedwith JROT> 0 or ZROT = T.
NBASS[O] numberof basis functionsin the secularproblem:

= 0 determinedinternally;
> 0 basispreselectedandto be readin (see card9).
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NRAD[O] largestnumberof radial functionsin any block:
if NBASS = 0, set internally as (NMAX1 + i) * (NMAX2 + i);
if NBASS > 0, mustbespecified.

Line 4: TITLE (9A8)
A 72 charactertitle.

Line 5: (XMASS(I),I = 1,3) (3F20.O)
XMASS(I) containsthe massof atom I in atomicmassunits.
If NCOORD = i, XMASS(3) is set to zero,the diatomcomprisingatoms1 and 2.

Line 6: Gi,G2 (2F2O.O)
Parametersg1 and g2 determinethe coordinatesystemusedif IDIA = —1 or IDIA = 0 and ISYM = 1.
Otherwisethis line is ignoredand:
if IDIA >0, Gi = m2/(m2+ m3), G2 = 0;
ifIDIA =—2,Gi=~,G2=O;
if IDIA = 0 andISYM = ±2,Gi = G2 = i + s— (~2+ 25)1/2, wheres= m3/m2
if ISYM = ±2thenG2 = G1.

Line 7: RE1,DISS1,WEi(3F20.O)
If NCOORD = 1, this line is readbut ignored.
If NCOORD = 2, RE1 is the fixed diatomicbondlength,DISS1 and WE1 ignored.
If NCOORD = 3, RE1 = re, DISSi = De andWE1 = are Morse parametersfor the r1 coordinate.

Line 8: RE2,DISS2,WE2(3F20.O)
If I ISYM I = 2, this line is readbut ignored.
If ZMORSE = T, RE2 ~, DISS2= De andWE2 = are Morseparametersfor the r2 coordinate.
If ZMORSE = F, RE2 is ignored; DISS2= $ and WE2= ‘~eare sphericaloscillator parametersfor

the r2 coordinate.

Line 9 onwards:(IK(I,IL(I),IM(I),IN(I),I = 1,NBASS) (36I2)
If NBASS = 0, notread.
If NBASS > 0, basisset labelsas generatedby SELECT:

IK(I) = k, IL(I) =1’ IM(I) = m + i andIN(I) = n + 1
for the Ith basis function.

4.3. Inputfor SELECT

Line 1: LBASS, NQMAX,NQJ,NQM,NQN,IFLAG,IOUT (715)
LBASS[O] selectthe LBASS lowest basis functions ordered by their diagonalelements.
NQMAX[O] = Nm~,maximumtotal quantumnumberfor a basisfunction.
NQJ[i] = d~,weight of ~~k(

0) in determining NQMAX.
NQM[i] = dm, weight of Hm(Ti) in determining NQMAX.
NQN[1] = d~,weight of H~(r

2)in determiningNQMAX.
IFLAG[O] # 0: selectbasisfor different (J, k) or symmetry than the full calculation.
IOUT[7] output streamfor TRIATOM data file.



168 J. Tennyson,S. Miller / Ro-vibrationalspectraof tniatomicmolecules

Lines 2—9 Theseare the sameas lines 1—8 of the TRIATOM input, except:
If IFLAG > 0, thenTRIATOM card 3 is repeated:first to characterisethe basis for the selection

run, secondto characterisethe TRIATOM run.
If NQMAX >0, thenNMAX1 andNMAX2 default to NQM * NQMAX and NQN * NQMAX.

respectively.

4.4. Inputfor ROTLEVD

Most of the data for ROTLEVD, which must havebeenpreparedpreviously by TRIATOM, is read
from streamIVEC. Three lines of dataare readin.

Line I: NAMELIST/PRT/
TOLER[O.ODO] tolerancefor convergenceof the eigenvalues,zero gives machineaccuracy.
ZPVEC[F] = T requestsprintingof the eigenvectors.
THRESH[O.1D0], thresholdfor printing eigenvectorcoefficients,zerorequeststhe full vector(only usedif

ZPVEC = T).
ZPHAM[F] = T requestsprinting of the Hamiltonian matrix.
ZPRAD[F] = T requestsprintingof the radial matrix elements.
IVEC[4] streamfor inputdata from TRIATOM.
ZVEC[F] = T, eigenvalueandeigenvectordatato be written to disk file. (= T forcedif ZTRAN =

T).
JVEC[3] streamfor first set of eigenvalueand eigenvectoroutput.
JVEC2[7] streamfor secondset of eigenvalueandeigenvectoroutput (KMIN = 2).
ZTRAN[F] = T, eigenvectorstransformedback to original basis.
KVEC[8] streamfor first set of transformedeigenvectoroutput.
KVECZ[9] streamfor secondset of transformedeigenvectoroutput(KMIN = 2).
ISCR[1] streamfor scratchfile storingarrayOFFDG.
IRES[O] restartflag:

= 1, full restart(streamISCR mustbe supplied);
= 2, restartseconddiagonalisationonly (for KMIN = 2 only);
= —1, perform vector transformationonly (streamJVECmust be supplied).

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

ILEV[14] streamfor eigenvaluedata.

Line 2: NVIB,NEVAL,KMIN,IBASS,NEVAL2 (5I5)
NVIB numberof vibrational levels from TRIATOM for each k to he read, and perhaps

selectedfrom, in the secondvariationalstep.
NEVAL[10] the numberof eigenvaluesrequiredfrom the first diagonalisation.
KMIN[O] = 0, f or p = 1, parity calculation;

= 1, e or p = 0, parity calculation;
= 2, do bothe and f parity calculation.

IBASS[O] = 0 or > NVIB * (JROT + KMIN), useall the vibrational levels.
Otherwise,selectIBASS levels with the lowest energy.

NEVAL2[NEVAL], the numberof eigenvaluesrequiredfrom the seconddiagonalisation.

Line 3: TITLE (9A8)
A 72 charactertitle.
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4.5. Line inputfor DIPOLE

DIPOLE processesbatchesof transitionsbetweenstatesdefinedby the the braandket input files. These
files are producedeitherby TRIATOM — streamIVEC — or ROTLEVD — streamJVECor JVEC2.They
containmostof the datanecessaryto characterisethe run. Thisdatamustbe consistentwhich meansthat
runscreatingthe braandket files musthaveidenticalinput for lines 5—9 in TRIATOM, otherwiseanerror
conditionwill result.To generatetransitionswith AJ = 0, i~p= 0, the sameinput files shouldbeused for
the braandket. In this casethe diagonaltransition dipolesare simply thevibrationalaverageddipolesof
the relevantstate.

The usermustsupply the following threelinesof input:

Line 1: NAMELIST/PRT/
ZLPOT[F] = T, the dipole surfacessuppliedin DIPL;

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

= F, datais written to the endof existing file on streamITRA.
IKET[ii] input streamfrom TRIATOM/ROTLEVD for the ket.
IBRA[i2] input streamfor the bra.
ITRA[i3] outputstreamto SPECTRA(if ZTRA = T).

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

Line 3: LPOT,NPNT1,NPNT2,NV1,NV2(515)
LPOT highestvalueof A in the Legendreexpansionof the dipole.

If ZLPOT = T, LPOT mustbe consistentwith subroutineDIPL.
If ZLPOT = F, ((LPOT+ 2)/2) *2) point Gauss—Legendreintegrationis usedfor the 0
coordinate.

NPNT1[2 * NMAX1 + 1], order of Gaussianquadraturein the r1 coordinate.
NPNT2[2 * NMAX2 + i], order of Gaussianquadraturein the r2 coordinate.
NV1[all] numberof ket eigenfunctionsconsidered.
NV2[all] numberof braeigenfunctionsconsidered.

Input andoutputon streamsIKET, IBRA andITRA arein atomicunits.Thedataprintedat the endof
DIPOLE are givenin wavenumbersandDebye.

4.6. Line inputfor SPECTRA

SPECTRAtakes most of its input from streamITRA generatedby DIPOLE. Data for generating
partition functionsmay optionally be providedby TRIATOM/ ROTLEVD streamILEY. The usermust
supply at least4 (3 if ZSPE= F or ZSORT= F) cardsin input, cards5 and6 canbe repeatedto generate
spectrafrom the sametransitionsfor different conditions.

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

ZOUT is set automaticallyto T if ZSPEis F.
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ZSORT[TJ = T, sort transitiondataandwrite it to streamISPE;
= F, sortedtransitiondatais to be readfrom streamISPE.

ZSPE[T] = F, if the programis to stopafter sortingonly.
ZPFUN[T] = T, calculatethe partition function from dataon streamILEV;

= F, the partition functionis notcalculatedbut set to 1.0
ITRA[13] input streamfrom DIPOLE containingthe transitionsof interest.
ILEV[14] input streamfor the energy levels appropriatefor the partition function.

The first eigenenergyon ILEV mustbe the groundstate for J = 0, (j = even).
This is the zero energyof the problem.

ISPE[15] streamfor the sortedtransitions.

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

Line 3: NAMELIST/SOR/
If ZSORT= F this line shouldnot besupplied.
EMIN[—1.0D27], minimum valueof the ket energyE” in cm~for which datais to be printed.
EMAX[+i.0D27], maximumvalueof the ket energyE” in cm~for which data is to be printed.
JMAX[all] maximumvalueof J”, the ket angularmomentum,for which data is to be printed.
SMIN[0.0] lowest relativelinestrengthto beprinted out.

Line4: GE,GO(2DiO.O)
GE[ 1 .ODO] nuclear-spintimes symmetry-degeneracyfactors for homonucleardiatomic-containing

moleculesfor the j evenstates.
GO[i .ODO] nuclear-spintimes symmetry-degeneracyfactors for homonuclear diatomic-containing

moleculesfor the j odd states.

Line 5: TEMP,XMIN,WMIN,WMAX (4D10.0)
TEMP temperaturein K.
XMIN lowest relativeintensityto be printedout.
WMIN[0.O] minimum transition frequencyrequiredin cm -

WMAX[1 .0D27], maximumtransitionfrequencyrequiredin cm’.

Line 6: NAMELIST/SPE/
EMIN[—1.0D27], minimum valueof the ket energyE” in cm~for which datais to be printed.
EMAX[+1.OD27], maximumvalueof the ket energyE” in cm~for whichdata is to be printed.
JMAX[all] maximumvalueof J”, the ket angularmomentum,for which data is to be printed.

Lines 5 and 6 are repeatedfor eachset of spectralconditionsrequired.

4.7. Testinput

A test run of the full SELECT, TRIATOM, ROTLEVD, DIPOLE and SPECTRAsuite for the H2S
molecule hasbeenpreparedusing the potential and dipole surfacesof Senekowitschet al. [36]. These
surfaceswere recently used to benchmarkthe codespresentedhere [37]. The exampleinput file given
below calculatesthe energylevels andallowedtransitionsfor the moleculefor J = 0 and1, for the ground

state,v2, 2v2, ‘~ and v3 vibrational manifolds.The spectrumis calculatedfor a temperatureof 10 K.
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The input file is designedto run on the Cray-XMP48 at RAL, whichusesa IBM 3900 as a “front end”.
Thejob controllanguagesequence,written in Cray JCL, is numberedM. Input data, which is notmachine
dependent,is numbered* N.

Datasetswhich contain the programmodulesare FETCHedfrom the front end,compiledusing CFT
andrun usingLDR. If a programis to be run morethan once, the absolutebinary, AB, is given a name
andit can be run againsimply by repeatingthat name(e.g. lines 13 and 23 for TRIATOM). Input and
output streamsareASSIGNedso that datageneratedin onemodulecanbe passedto another.Filesare
RELEASEdassoonas possiblein order to cut down the amountof on-line disk spaceusedby the job.

ProgramSELECTis run for the J = 0 run in line 7. The programreadslines *1 to *9 (seesections4.2
and4.3 for details).Line *1 indicatesthat thelowest 400 basisfunctionsare requiredto be passedto the
full calculationto be carriedout in programTRIATOM. All the output from this SELECTrun is to be
passedto TRIATOM on stream7. TRIATOM is then run from line 13. The eigenvectorsgeneratedare
storedon streamii, the valuegiven to IVEC in line * 2. With ZPFUN = .TRUE. (line ~‘ 2), the energy
levels are storedon stream14 (the default).

Forthe J = 1 runs,SELECTis run from line 21. It readsdatafrom lines *10 to *19. Note that this time
the valueof IFLAG is set at 1, indicating that the parametersfor which the basisfunctionsare SELECTed
are different from the final run. In this case,we are SELECTingbasis functions for J = 0 to use for a
J = 1 calculation.Line * 14 is thereforea repeatof * 13, with the value of J changedfrom 0 to 1. (See
section4.3.)

TRIATOM is run again from line 23. In this example,this module only completesthe non-Coriolis
coupledpart of the calculation,since ZROT = .TRUE. (line ii), producingthe 200 lowest levels for each
valueof k(=O,i).

Thefull, Coriolis-coupledcalculationis run usingROTLEVD from line 31. ROTLEVD readslines * 20
to * 22 (seesection4.4), andthe eigenvectorsfor the e (basis functionswith k = 0, 1, parity p = 0) and f
(basisfunctionswith k = 1 only, parity p = 1) symmetrystatesare storedon streams8 and9, respectively.

Dipole transitionsfor J =0 to J = le statesare computedusingDIPOLE from line 37. For this run,
DIPOLE reads lines * 23 to * 25 (see section 4.5). Since this is the first time the module is run.
ZSTART= .TRUE., (line * 23). The transitionsare storedon ITRA, stream13.

To computethe J = le to J = if transitions,DIPOLE is run again from line 42, readinglines * 26 to
* 28. The transitionsare written ontostream13, after thosefor the previousDIPOLE computation.

Finally, the spectrumof the computedtransitions is computedusing SPECTRA, run from line 47.
SPECTRAreadsthe last six linesof data,line * 29 to * 34, computingjust the onespectrumfor T = 10 K.

4.8. Sampleoutput

A much truncatedsampleoutput is givenin the testrun output at the endof this paper,producedby
running the test input given above. The output shows all the major featuresof the suite: SELECTion
criteria, the use of TRIATOM to calculatenon-Coriolis intermediatebasis functions for ROTLEVD,
DIPOLE transitions,andSPECTRAoutput.

Full outputsfrom the abovetestinput maybeobtainedfrom theauthorson request.

4.9. Machinedependency

Thereis oneoperationonly containedwithin this programsuitewhich is genuinelymachinedependent.
Thatis the useof the BACKSPACEcommandwithin theFORTRAN code(subroutineswhich havethis
commandare notedin section3).

Thecommandis neededwhenreadingfiles to the endprior to writing additionaldata. Craycomputers
read the file to the end,including the end-of-file marker.It is thereforenecessarywithin theFORTRAN
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program itself to BACKSPACEthe file before the nextset of datacanbe written onto it. For FORTRAN
implementationson many computers,including Vax and Convex machines,howeverthis is not the case
andthe appropriateline(s) shouldbe “commentedout”.
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TESTRUN INPUT

JOB.US~SM7.JN~H2STEST,T25O.MFL500OOO. MI
ACCOUNT .ACCRAY29,UPWZUGSWANG #2
FETCH.DNSELH2S.TEXTFNSELECT,FTCPC.TIOSM7 . #3
FETCH.0N~TRIH2S.TEXT FNTRIATOM, FT~CPC.TID=SM7 #4
ASSIGN.DN~DATA,A~FTO7. #5
CIT. I’5ELH2S.OFF~P, L~O #6
LDR.AB~SELECT #7
REWIND.DN=DATA. #8
ASSIGN,DNDATA,AFTO5 #9
ASSIGNDNH2SOE.AFTII, Mb
ASSIGN,ON~H2SILEV,AFTl4. All
CFT, I*TAIH2S.OFFSP,LO #I2
LDR,ABTRIATOM. #13
REWINO,DN=H2SOE. #14
REWIND,DN=H2SILEV MIS
RELEASE,DNSELH2S. #16
RELEASE.DNTRIH2S. #17
RELEASE.ONDATA. #18
ASSIGN.ON*$IN,AFTO5, #19
ASSIGN,DN=DATA.A=FTO7 #20
SELECT #21
REWIND,DN=DATA. #22
ASSIGN,DNDATA,AFTO5, #23
TRIATOM. #24
RELEASE.DN’DATA. #25
ASSIGN.DN$IN.A’FTO5. #26
ASSIGN,DN=H2SIEE.A=FTO8. #27
ASSIGN,ONH2SIEF,AFTO9. #28
FETCH,DNROTH2S,TEXTFNROTLEVO.FTCPC.TIDSM7 #29
CFT,I.ROTR2S,DFFP.L0. #30
LDR. #31
REWIND,DN’H2SILEV. #32
REWINO.DNH2SIEE. #33
REWIND,DN’H2SIEF, #34
ASSIGN,DN=H2STRAN,AFTI3. #35
FETCH.ONDIPH2S.TEXT’’FNDIPOLE,FTCPC.TIO’5M7. #36
CFT,I*DIPH2S.OFF=P,L=0. . #37
LDR.AB=OIPOLE #38
REWINO.DNH2SIEE. #39
REWINO,DN=F-12STRAN #40
RELEASE,DNDIPH2S. #41
DIPOLE. #42
RELEASE. DN=H2S0E.H251EE~H2SlEF. #43
REWIND.DNH2STRAN. #44
FETCH.DNSpEH2S.TEXTFNSPECTRA,FT*CPC.TIDsM7. #45
CFT.ISPEH2S.OFFP.L0 #46
LDR, #47
/EOF

400 ‘I
APRT ZFMIN=.TRUE ZVECTRUE . ZPFUN.TRUE., IVEC~II, SEND

3 *3
13 7 0 5 24 50 -1 0 13 7 I *4

H2S: JO USING BONDLENGTH-BONDANGLE COORDINATES ‘5
I 007825 1 007825 31.972071

2.75 0.1 0.01 ‘8
2.75 0.1 0.01 ‘9

400 I ‘10
&PRT ZPMIN= TRUE., ZROT.TRUE. , ZVEC~.TRUE. . SEND ‘II

3 ‘12
13 7 0 20 24 50 -1 0 13 7 I *13
13 7 I 200 24 50 -I I 13 7 1 *14

H2S~ U=1 USING BDNOLENGTH-BONDANGLE COORDINATES ‘IS
I 007825 1.007825 31.972071 ‘16

‘17
2.75 0 I 0.01 ‘18
2.75 0 I 0 01 ‘19

&PRT TOLERI.OD-4. ZTRAN=.TRUE. . ZPFUN=.TRUE. . SEND ‘20
200 tO 2 360 5 ‘21

H2S J=l. BLBA CO-ORDINATES ‘22
&PRT ZSTART= TRUE . ZTRA’.TRUE. . IBRA’8, SEND ‘23

H25 OE TO IE TRANSITIONS; GENERAL Gl,G2; BLBA COORDS. ‘24
50 ‘25

&PRT ZTRA TRUE.. IKET8. IBRA’9. SEND ‘26
H2S bE TO IF TRANSITIONS; GENERAL GI.G2; ALBA COORDS *27

SO ‘28
SPAT ZOUT TRUE., SEND ‘29
H2S SPECTRUM FOR U’O AND I LEVELS.
&SOR SEND ‘31
1.0 1.0 ‘32
10 00 0,00001 0 0 10000.0 ‘33

SSPE EMIN=-l.0. EMAX=I0000.0. UMAX’I, SEND ‘34
/EOD
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TESTRUN OUTPUT

PROGRAMSELECT (VERSION OF FEB 12, 1989)

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

SELECTION CRITERIA.

LOWEST 400 BASIS FUNCTIONS CHOSEN

FULL TRIATOMIC VIBRATIONAL PROBLEM WITH

13 POINT NUMERICAL INTEGRATION FOR
7 TM ORDER RI RADIAL BASIS FUNCTIONS

13 POINT NUMERICAL INTEGRATION FOR
7 TM ORDER R2 RADIAL BASIS FUNCTIONS

24 TM ORDER ANGULAR BASIS FUNCTIONS
50 TERMS IN THE POTENTIAL EXPANSION

1600 CANDIDATE BASIS FUNCTIONS

TITLE H2S: ,JO USING BONDLENGTH-BONDANGLECOORDINATES

LOWEST 400 FUNCTIONS SELECTED FROM O.5I29I80405E-OI HARTREE TO 0 I332150739E+0O 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

PROGRAMTRIATOM (VERSION OF DEC A, 198A)

LOWEST S EIGENVALUES IN WAVENUMBERS

O 32974599031SE*04 0 44A790120742E”04 0 566949192399E+04 0 S91788890978E*04 0 592844088439E~04

TITLE M25- ,J1 USING BONDLENGTH-BONDANGLECOORDINATES

VIBRATIONAL PART OF RDT-VIB CALCULATION
I K’ 0

OPTION TO NEGLECT CORIOLIS INTERACTIONS

LOWEST 200 EIGENVALUES IN WAVENUMBERS

0 33IB420S3I56E~04 O.450676728552E~04 0 S68826443613E*04 0 5936S63S3963E*04 0 S94713004646E”04

VIBRATIONAL PART OF ROT-VIR CALCULATION
I K I

OPTION TO NEGLECT CORIOLIS INTERACTIONS

LOWEST 200 EIGENVALUES IN WAVENUMBERS

O 331679093974E’04 0 45O779599475E’04 0 568999053004E+04 3 5936942 10142E*04 0 SS4748093466E~O4

PROGRAMROTLEVD (VERSION OF DEC 12. 19#9).

ROTATIONAL PART OF ROT-VIB CALCULATION WITH,
200 LOWEST VIBRATIONAL EIGENVECTORS SUPPLIED FROM
400 DIMENSION VIBRATION SECULAR PROBLEM
200 LOWEST VIBRATIONAL EIGENVECTORS ACTUALLY USED

10 LOWEST ROTATIONAL EIGENVECTORS REQUIRED FOR
350 DIMENSION ROTATION SECULAR PROBLEM

WITH BASIS SELECTED BY ENERGY ORDERING

U I ROTATIONAL STATE, 360 BASIS FUNCTIONS
FARITY, SYMMETRIC .JK> * i-K> FUNCTIONS IN BASIS

LOWEST 10 LIGENYALUES IN WAVENUMBERS

0 331I15089162E>04 O.33I2S3715324E+04 0 4S0I7263I3O9E~Q4 0 4503285970IIE’04 0 5AR346814977E.04

O.56A52I0S2I54E+04 0.59313862575IE+04 0 S93273977642E+34 0 594200224037E*04 0 594325623I63E.04

U I ROTATIONAL STATE. 173 BASIS FUNCTIONS

F PARITY. ANTI-SYMMETRIC UK> - lU-K> FUNCTIONS IN BASIS
LOWEST S EIGENVALUES IN WAVENUMBERS

O.331679093R74E*Q4 0.450779599475E>04 0 S6R999053004E>04 0 593694210I42E>04 O.59474RO93466E*04
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PROGRAM DIPOLE (VERSION OF FEB 12, 1989);

H2S OE TO IE TRANSITIONS; GENERAL GI,G2; BLBA COORDS.

DIATOMIC PARAMETER lOlA = -I
PARITY OF KET ANGULAR BASIS 0
NUMBEROF CO-ORDINATES 3
SYMMETRYPARAMETER ISYM =

AXIS EMBEDDEDALONG R2 CO-ORDINATE
MORSE FUNCTIONS IN RADIAL BASIS SET
NUMBEROF TERMS IN THE DIPOLE EXPANSION 50

PARAMETERSPASSED TO DIPOLE FOR THE KET S THE BRA

TOTAL NUMBER OF BASIS FUNCTIONS = 400 766
NUMBEROF RI RADIAL FUNCTIONS 7 7
NUMBEROF R2 RADIAL FUNCTIONS 7 7
NUMBEROF ANGULAR FUNCTIONS = 24 24
TOTAL ANGULAR MOMENTUM(ABS VAL( 5 0 I
ANGULAR MOMENTUM(-XE = NO COR. ( = 0 I
KMIN= I-P. WHERE U + P 15 PARITY. = I
TOTAL VI5-ROT FUNCTIONS AVAILABLE = S ID
YIB-ROT FUNCTIONS TAKEN (0 = ALL) = 0 ,0

PRINT OUT OF DIPOLE TRANSITION MOMENTSAND S(F-I)

FREQUENCIES IN WAYENUMBERS
TRANSITION MOMENTS IN DEBYE (2.54174A.U
S(F—I ( IN DEBYE”2
EINSTEIN A-COEFFICIENT IN SEC-I

III IE2 BET ENERGY BRA ENERGY FREQUENCY Z TRANSITION A TRANSITION DIPOLE 5(F-I( A-COEFFICIENT

1 3297 460 3311 151 13.691 -O.4A7134E+OO 0 4B6A7IE*0O 0 263I36E-03 O.6924O6E-07 0 185757E-b0
2 3297 460 3312.537 15.077 -O 47I017E+OO -O 51I689E+00 0.982706E*00 0.96571IE*D0 0 346014E-03
3 3297 460 4501.726 1204 266 -O,419269E-D2 0 4I8815E-02 0.454388E-05 0 2O6469E-I0 0 376966E-08
4 3297.460 4503.286 1205,826 O.540274E-DI -O.699653E-0I O,159379E-0l O.254O18E-03 0 465584E-OI
9 3297.460 5683.468 2386.008 0.365639E-D2 -O 365501E-02 O.137762E-05 0 I89783E-1I 0 269497E-08
6 3297.460 5685 211 2387.751 -D.989474E-D3 -0.277O54E-02 0 376001E-02 O.I41377E-04 O.20I199E-OI
7 3297 460 5931.386 2633,926 0.4I1693E-02 -0.4I0374E-02 0 131915E-04 O,1740I7E-09 O.332416E-06
A 3297,460 5932 740 2635.280 O.328377E-02 0.450678E-02 0 779055E-O2 0.606927E-04 0 116I17E+O0
9 3297 460 5942 002 2644 542 -0.297920E-O2 -0.339696E-D2 0 637616E-02 0.406554E-D4 0.786050E-Ol
0 3297.460 5943.256 2645.796 O.454725E-O2 -0.456231E-02 0. I50633E-O4 O.22B904E-O9 0.439331E-O6

H25 bE TO IF TRANSITIONS; GENERAL GI,G2; BLBA COORUS.

IEI IE2 BET ENERGY BRA ENERGY FREQUENCY Z TRANSITION Y TRANSITION DIPOLE S(F-I( A-COEFFICIENT

I 3311 151 3316.791 5.640 -0.576754E+0O -0.626842E+OO 0. 120360E*OI 0. I44864E+OI 0.271701E-O4
2 3311 151 4507.796 1196.645 -0.66183OE-OI 0.85A6O6E-OI O.I94776E-0I 0.379378E-03 0.679594E-OI
3 3311 . 151 5689.991 2378.840 -0. 124482E-02 -0.34207 IE -02 0. 466553E -02 0,2 17672E-04 0. 306322E -01
4 3311.151 5936.942 2625.791 0,379722E-O2 0.525634E-02 0.905356E-02 O.819670E-04 0.155I32E*OO
5 3311 151 5947.481 2636.330 -O.557479E-D2 0.557689E-02 0.2IO382E-05 0 4426O7E-II 0.847809E-08

PROGRAMSPECTRUM (VERSION OF FEB 9, 1989)

TEMPERATURESET TO; 10.00K

MINIMUM RELATIVE INTENSITY REQUIRED = 0. I00000E-04
FREQUENCYRANGE FROM 0 000CM-I TO 10000 000CM-I

PARTITION FUNCTION 0 = 0. 1947l1E*OI
ESTIMATED ERROR IN 0 = 0.7I6357E’OI %
MAXIMUM ABSORPTION COEFFICIENT 0.383042E*08

100 TRANSITIONS WITHIN SPECTRAL RANGE
18 TRANSITIONS INCLUDED
82 TRANSITIONS NEGLECTED

IPAR U2 P2 12 il P1 11 E2 El FREQ S(F—I( ABS 1(W) REL 1(W) A(IF(

I I I I I 0 1 19.331 13.691 5640 0.I45E*0I 0 188E+07 0.491E0I 0 272E-O4
I I 0 2 0 0 I 15,077 0.000 15 077 0,966E*OO 0 383E+O8 0 IOOE+0I 0.346E-03
I 0 0 2 I 0 2 1190.441 15.077 1175.364 0.183E-O3 0.73IE*05 O.I9IE-02 0.9348-01
I I 0 3 I I 1 1204.266 19.331 1184.935 0 276E-03 06028+05 0,157E-O2 0 480E-OI

I I 2 I 0 I 1210.336 13.691 1196.645 0.379E-03 O.188E+D6 0.491E-02 0.680E-OI
I I 0 4 0 0 I 1205 826 0 000 1205.826 0 254E-03 0 9I0E+06 O.238E-0I 0.466E-OI
I 0 0 3 I 0 2 2372.032 15 077 2356.955 O.123E-04 0.980E+04 0.256E-03 0.503E-0I
I I 0 5 1 1 I 2386.008 19,331 2366.677 0 I78E-04 0.774E+04 0.202E03 0.246E-01
I I I 3 I 0 I 2392.531 13 691 2378.840 0 218E-04 0 2I5E+05 0.560E-03 0 306E-OI
I I 0 6 0 0 I 2387.751 0.000 2387.751 O.I4IE-04 0 IOOE+06 0 262E-D2 0 20IE-OI
I 0 0 4 I 0 2 2620.429 15.077 2605.352 0.456E-04 O.403E+05 O.105E-02 0.253E’DO
I I 0 7 I I I 2633.926 19.331 2614.595 0.735E-04 0 354E*05 O.923E-03 0. 137E+00
I 0 0 5 I 0 1 2630 981 13 691 2617.290 0 361E-04 0 392E*O5 0 IO2E-02 0 203E+00
I I I 4 I 0 I 2639.482 13.691 2625.791 O.820E-04 0.892E~05 0.233E-02 0.I55E*D0
I I 0 tO I I I 2645 796 19.331 2626.465 0.544E-04 0.263E+05 0.686E-O3 0,103E+00
I I I 5 I 0 2 2650 021 15.077 2634.944 0.659E-04 0.590E+05 0 I54E-02 0 126E*D0
I I 0 8 0 0 I 2635 280 0000 2635.280 0 607E-04 0.475E~06 0.124E-OI 0.II6E*O0
I I 0 9 0 0 I 2644.542 0.000 2644.542 0.4076-04 0 3I9E’06 O.834E-02 O.786E-OI

SPECTRUM COMPLETED SUCCESSFULLY


