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DVR1D calculatesvibrational energylevels and wavefunctionsfor triatomic molecules in eitherscattering(Jacobi)or
Radau coordinatesfor a given potential. The programusesa discretevariable representation(DVR) for the angular
coordinateanda choiceof basis functionsfor theradial coordinates.The programis particularlyappropriatefor high lying
vibrational states.The accompanyingprogramROTLEV2 is driven by DVR1D andcalculatesrotationallyexcited statesof
AB

2 molecules such as water using Radaucoordinatesand a “bisector” axis embeddingwhich properly reflects the
symmetry of thesystem.DVR1D can alsodrive ROTLEVD, DIPOLE andhenceSPECTRAfrom theTRIATOM program
suite (Tennysonet al., Comput.Phys.Commun.,previousarticle).

PROGRAMSUMMARY

Titleof program: DVR1D No. of lines in distributedprogram, including test data, etc.:
3709

Cataloguenumber:ACNC
Keywords:ro-vibrational,body-fixed, discretevariablerepre-

Program obtainable from: CPC Program Library, Queen’s sentation,finite elements,vectorised
University of Belfast, N. Ireland (see application form this
issue)

Natureofphysicalproblem
Licensingprovisions:none DVR1D calculatesthe boundvibrationallevelsof a triatomic

systemusing body-fixed coordinates(either Jacobior Radau)
Computer: Convex C3840 running BSD Unix; Installation: [1]
Universityof LondonComputerCentre

Method of solution
Other machines on which program has been tested: Cray- The angularcoordinateis treatedusing a discretevariable
XMP/48, Cray-YMP8i, IBM RS6000 representation(DVR) basedon (associated)Legendrepoly-

nomials and theradial coordinatesare representedby a basis
Programminglanguageused: FORTRAN 77 constructedas a product of either Morse oscillator-like or

spherical oscillator functions. Intermediate diagonalisation
Memoryrequired to executewith typical data: casedependent andtruncationis usedto constructthe final secularproblem.

For rotationallyexcited statesDVR1D provides dataneces-
Peripheralsused: card reader,line printer, disk files saryto drive ROTLEV2 [21or ROTLEVD [3].

Restrictionson the complexityof theproblem
Correspondenceto: J. Tennyson,Departmentof Physicsand The size of matrix that can practically be diagonalised.
Astronomy, University College London, Gower St., London DVRID dimensionsarraysdynamically at executiontime and
WC1E6BT, UK.
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in the presentversion the total spaceavailable is a single an analytic function (optionally a Legendrepolynomialexpan-
parameterwhich can be reset as required. sion) is a programrequirement.

Typical running time Reterences
Casedepenenthut dominatedby matrix diagonalisation.The [I] J. TennysonandJR. 1-lenderson,J. (Them. Phys. 91(1989)
sampledata takes23 s for J 0 and 47 s for J = I (Coriolis 3815.
decoupled)on the ConvexC3840. [2] JR. Hendersonand J. Tennyson, this article, second

program(ROTLEV2).
Unusualfeaturesof theprogram [3] J. Tennyson,S. Miller and C.R. Le Sueur.Comput. Phys.
A usersuppliedsubroutinecontainingthe potential energyas Commun.75 (1993) 339, this issue.

PROGRAM SUMMARY

Title of program: ROTLEV2 Nature of physicalproblem
ROTLEV2 performsthesecondstepin a two-stepvariational

Cataloguenumbers:ACND calculation for the bound ru-vibrational levels of an AB~
moleculeusing Radaucoordinates[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 energy selectedsolutionsof
the Coriolis decoupledproblem.The resultingsparsematrix is

Licensingproilsions: none .

then diagonalisedto give the solutions.

Computer: Convex C3840 running BSD unix: Installation:
Universityof LondonComputerCentre Restrictionson thecomplexityof theproblem

The time taken to transform the requiredmatrixelements.
Other machineson which program has been tested: Cray-
XMP48, Cray-YMP8i

Typicalrunning time
Programminglanguageused: FORTRAN 77 Highly casedependent.The sample data takes873 s on the

ConvexC3840.
Memoryrequired to executewith typical data: casedependent

Unusualfeaturesof theprogramPeripherals used: card reader,line printer, at least two disk Most data is readdirectly from DVRID [2].
files

No. lines in distributedprogram, including test data, etc.: 4401 References
[I] J. Tennysonand B.T. Sutcliffe, lnt. J. QuantumChem. 42

Keywords: rotationally excited state, Coriolis coupling, see- (1992) 941.
ondary variational method,sparsematrix, vectorised,discrete [2] JR. Henderson and J. Tennyson, first program, this
variable representation article.

LONG WRITE-UP

1. Introduction

The use of the discretevariable representation(DVR) by Light, Baèiéand co-workers[1] hasgiven
new impetus to the theoretical study of highly excited vibrational statesof small molecules. This is
developmenthasprovedtimely becauseof the greatincreasein experimentalactivity in this area.

In practice most DVR calculations(see e.g. refs. [2—111)on the ro-vibrational levels of triatomic
systemshavebeenhybrids. One coordinate,usually the angularcoordinate,hasbeen treatedusing a
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DVR andthe two remaining,radial, coordinateshavebeenexpandedwithin a finite basisrepresentation
(FBR). This method has proved highly successfuland the only significant computationaldifference
betweenthe works cited above hasbeenbetweenthe form of the functions usedto carry the radial
motion. Thesecalculationsshow that the DVR1—FBR2 [12] method can routinely deliver an accurate
representationof severalhundredvibrational statesof most triatomics.This is significantly more than
caneasilybe obtainedusingcomparablepureFBR (FBR3) methods[8].

In this work we presentour DVR1—FBR2 program,DVR1D, which has beensuccessfullyusedto
studythe vibrationalstatesof HI~[6], LiCN [71,Na

3 [8], H20 [10], KCN [11]and H2Se[13]. Rotational
excitationof Hj~[61,H25 [14], H20 [15] andH2Se[13] havebeenstudiedusingeitherROTLEVD [161
or ROTLEV2 (this article). The computationally efficient [15] option of using ROTLEVD involves
back-transformingthe DVR to an FBR. By this meansit also possibleto calculatetransitionintensities
usingDIPOLE [161eitherfor individual ro-vibrationaltransitions[17]or for completevibrational bands
[18].

2. Method

2.1. Thevibrational problem:DVR1D

Following Sutcliffe andTennyson[14,19]onewrite canan effectiveradial Hamiltonianoperator

1
4(r

1, r2) =KV+KVR+~k’k(jkI V(r1, r2, 0)11k)9. (1)

This Hamiltonian is obtained by letting the full body-fixed Hamiltonian of the problem act on the
angularfunctions,multiplying from the left by the complexconjugateof thesefunctionsandintegrating
overall angularvariables.Appropriateangularfunctionsaregivenby

If, k)=�~Jk(0)lJ,.M’, k), (2)

where@Jk(0)is a normalisedassociatedLegendrepolynomial with the CondonandShortley[20] phase
conventions. I J, M, k) is an angularmomentumeigenfunction[21] given in terms of the Euler angles
(a, /3, y) which are definedby the embedding.In eq.(2), J is the total angularmomentumwhich is a
good quantumnumberof the system;M is the projectionof J on the space-fixedz-axisandwill not be
consideredfurther; k is the projectionof J onto the body-fixed z-axis.

For orthogonalcoordinates,suchas scattering(Jacobi)or Radaucoordinates,the effectivevibrational
kinetic energyoperatorof eq.(1), which is independentof the axis embedding,is givenby

ha
2 ~ 1 1

K~=~j’j6k’k — 2 — + ~hJ(.l + 1) —i + —i , (3)
~ 8r

1 2~2ar2 p~1r1 ji2r2

wherethe reducedmassesaregivenin termsof the atomicmasses,rn:

~j
1 =g~m~+m~’+ (1 —g

2)
2m~’, ~1 =m~+g~m~’+ (1 —g

1)
2m~. (4)

The parameters(g
1, g2) aredefinedby the coordinatesystem.For scattering(Jacobi)coordinates:

m2
g1= , g~=0; (5)m2+ m3
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and for Radaucoordinates[191:

a a 1/2 rn~
g1=1— — , g2=l— — , a= - , /3= . (6)

a+B a/3 1 /3+a/3 m1+m2+m5 m1+m2

For systemswith two like atoms (AB2 molecules), the identical atoms are 2 and 3 in scattering
coordinateswhen g1 = ~. In Radaucoordinatesthe like atomsare 1 and2; in this caseg1 =g-,.

Transformationof the Hamiltonianof eq.(1) to a DVR in 0 is achievedby

HD=TTHT. (7)

The featurewhich distinguishesthe DVR from other finite elementapproachesis that grid points are
definedby an appropriateGaussianquadrature.The transformationmatrix for the angularcoordinateis
thus

(8)

where °k and ~
0k are the points and weightsof N-point Gauss-associatedLegendrequadraturepoints

for associatedLegendrepolynomialsof order k.
An important featureof the DVR is the quadratureapproximation[221.This is usedto evaluatethe

contributiondue to the potentialwhich is diagonalin the DVR:

N+k— I

~ 7~~(j’kIV(r
1, r2,0)Ijk)97 ~V(r1,r2,

0ka) (9)

This meansthat all angularoff-diagonal contributionsarisefrom the kinetic energyoperatorvia the L
matrix which is givenby

N±k—1

L~,a= ~ T~j(j + 1)1-;-~. (10)
1=4

The resulting J = k = 0 effective radial Hamiltonian is

—h a2 h2 a2 i
H,~=l~a ~ — ~ + V(r

1, r2, 04,) + -~h
2—i + ~ L~. (11)

2~~
1ar1 2~2ar2 ,a1r1 /L7r~

The solution strategyin the DVR is to solve the effectiveradial Hamiltonianfor eacha on the DVR
grid. The lowest solutions,selectedeitherby numberor energycut-off, are then usedto constructa full
3D Hamiltonianmatrix which is diagonalisedto yield the eigenenergiesandvaluesfor the wavefunctions
at the DVR grid points.In this approachthereis choiceas to whetherthe diagonalpartsof the angular
kinetic energy term (the “W-matrix” of ref. [6]) are included in the 2D or 3D problems [23]. Our
experiencehasshownthat the latter gives betterconvergence.

The 2D radial Hamiltoniansarediagonalisedusingradialbasisfunctionssimilar to thoseemployedin
our FBR

3 program [16]. Theseare either Morse oscillator-like functions or spherical oscillators. The
Morse oscillator-like functionsaredefinedas [24]

n)=Hfl(r)=I31”2Nfl,~+l/
2exp(—+y) y~~/

2L~(y), y=Aexp[—13(r—re)], (12)

where

A =4De/13, /3e(~/

21)e)Y2, a=integer(A). (13)
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The parametersp,, re, ~
0e and Dc can be associatedwith the reducedmass,equilibrium separation,

fundamentalfrequency and dissociationenergy of the relevant coordinaterespectively. In practice
(re, ~0e’ De) are treated as variational parametersand optimised accordingly. NnaL~is a normalised
associatedLaguerrepolynomial[25].

The sphericaloscillator functionsareparticularly useful for systemswhich havesignificant amplitude
for r

2 = 0. Thesefunctions are definedby [26]

In)=H~(r) =2~
2/31”4Nfla±l/

2exp(—~y)y(a+l)/

2La±l/2(y) y=f3r2, (14)

where

(15)

and(a, 0e) are treatedas variationalparameters.
For eitherset of radial functions, integrationover the potential is performedusingGauss—Laguerre

quadrature[27]. Detailsof how the integralsover the radial kinetic energyoperatorsarecomputedcan
be found in the previousarticle [161.

For an AB
2 systemin scatteringcoordinatesthepermutationsymmetryof the like atomsis carriedby

the angularcoordinate.In the DVR this leadsto a modified, symmetrisedL matrix [6]:

N/2+k— 1

~ = 2 ~ T2ki±qa~(2j+ q)(2j + q + 1)T~’j+q,a, q = 0, 1. (16)
f—k

In a symmetrisedDVR only the term which differs betweeneven(q = 0) andodd (q = 1) calculationsis
providedby the L matrix which meansthat the samesolutionsof the 2D problemscanbeusedfor both
q = 0 and q = 1 calculationsif the diagonalportion of L is only includedin the 3D Hamiltonian.

In Radaucoordinatessymmetry is carriedby the radial functionsprovided the samefunctions are
usedfor the r1 and r2 coordinates(denotedI m) and I n), respectively).Symmetrisedradial functions
canbe written as

rn, n, q) =21/2(1 +8mn)~
1~2(Im)In)+ (_1)~~n)~m)),m�n +q, q=0,1. (17)

2.2. Rotational excitation

2.2.1. Driving ROTLEVD
If the z-axisis takento lie parallel to either r

1 or r2, thenthe vibration-rotationterm in Hamiltonian
(1) is given by [19]

KVR—
6fJ8k~k_h2_

2(J(J+ 1) —2k
2) ~j’f6k’,k±1 h2_2(1+6kO+~kO)’~2C~CJ~, (18)

where

= [J(J+ 1) —k(k±1)J1~~’2. (19)

The first, diagonalin k, term in (18) can be included as part of the effective “vibrational” problem
discussedin the previoussection.The second,off-diagonalin k, Coriolis coupling term is then the only
remainingoperatorthat needsto be considered.This is the problemsolvedby ROTLEVD [16].The ith
solution, c1’~of the effectivevibrationaloperatorin the DVR can be transformedto an FBR, using[6]

= ~ (20)
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The FBR eigenvectorcoefficients,d~,andcorrespondingeigenenergies,~ form the necessaryinput to
ROTLEVD. When J = k = 0 thesecoefficientscanalso be usedto drive DIPOLE [16] directly.

2.2.2. Bisector ernbedding: ROTLEV2
If, in Radau coordinates, the z-axis is placed along a direction ~0 from either r1 or r2, the

vibration—rotationoperatorin (1) is given by [14]

KVRk’k~(J(J+ 1) _3k2)(~ +

+64~4~(J(J+l)_k2)~11(__~ +

~k’k±i — + (k±~)iJ~14)

+ ~k’k±2 ~CJ~±lCJk + ~)(2~I,~,J,k — 1fYk’.J,k)’ (21)

whereC~is definedaboveandthe other angularfactorsare

(j+k+l)(j+k+2) 1/2

alk = (2j + 1)(2j + 3) (22)

(j—k)(j—k—1) 1/2

blk = (4J2 — 1) - (23)

The integralsin (21) are

= Kjk~(1- cos 0) 1k), (24)

1 + cos 0
1k) (25)

and

1~~~,1.4=Ki’k’iik>. (26)

The integrals I~and j(2) are in fact singularfor k = k’ = 0, althoughinspectionof (21) showsthis only
to be seriousin the caseof jo), However,for k = k’ onecanapply the quadratureapproximationin the
DVR:

N+k—I 1
T”~ j(I) T’< —~ 27

f,j’=k j’k,J,k ~ — ~‘ (1 — cos Oka)

In all caseswhere k * k’, the integralscan be evaluatedquickly and accuratelyusing an appropriate
Gauss-associatedLegendrequadratureschemeand then transformedinto the DVR.

Of courseevaluatingin the DVR doesnot actuallyremovethe singularity, it is simply avoided.For a
generalmoleculein Radaucoordinatesthe singularityoccurswhen 0 = 00 or 180°.However,for an AB2
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systemusingthe symmetrisedbasisfunctions(17), thesingularityis confinedto 0 = 0°:seeTennysonand
Sutcliffe [14] for a detaileddiscussionof how to symmetrise(21). This correspondsto a linear ABB
geometrywhich is energeticallyunfavourable for many molecules. If this is so the effects of the
singularitycanbe suppressedby forcing the wavefunctionto be havezeroamplitudenear0 = 0°.This is
the procedureused by ROTLEV2 which is thus only appropriate for AB2 molecules in Radau
coordinates.

3. Program structure

The keyprogramin the suiteis DVR1D which hasto be run in all cases.If rotationally excitedstates
arebeingconsideredtheneigenvalues,eigenvectorsandsomematrix elementsgeneratedby DVR1D are
passedto eitherROTLEVD [16] or ROTLEV2. The input wavefunctionsfor DIPOLE [16] comefrom
eitherDVR1D or ROTLEVD.

Card input is neededfor bothDVR1D andROTLEV2. The amount requiredis keptto a minimumby
passingas much information as possiblefrom previousmodulesand by the use of default settingsfor
manyparameters.Both programsfollow theconventionthat namesbeginningwith lettersA—H andO—Y
are for 8-byte realvariables,I—N are for integersandvariableswhosenamebeginswith Z are logicals.

The calling sequencesof DVR1D andROTLEV2 aregivenin figs. 1 and2. The role of the individual
subroutinesis describedin commentcardsincludedin the sourceprograms.

DVR1D and ROTLEV2 used dynamical assignmentof array space in which one big vector is
sub-dividedin routineCORE. In the currentversions,this array is a singlefixed length arrayARRAY of
dimensionNAVAIL (set to 500000 in the versionssupplied) in subroutineGTMAIN. For efficient
storagemanagementa call to a local GETMAIN, MEMORY or HPALLOC command should be
implemented.

The CPU time requirementof DVR1D is dominated by matrix diagonalisation.The required
diagonaliserhas to give all eigenvaluesand eigenvectorsof a real symmetric matrix. The present
implementationusessubroutineEGVQR [28] to mimic NAG routine FO2ABF [29]. We would strongly
recommendthat EGVQR is replacedeitherby the local NAG implementationor by somediagonaliser
appropriateto the architectureof the machine.

ROTLEV2 uses NAG routine FO2FJF [29] which is a sparsematrix diagonaliserbasedon the
algorithmof Nikolai [30]. The suppliedsourcefor this shouldbe discardedif a local implementationof
NAG is available.In ROTLEV2 the major consumerof CPU time is routine MXMB which performs
vector—matrix and matrix—matrix multiplies for both the transformation and diagonalisationstep.
ReplacingMXMB by a versioncustomizedfor any particularmachineis stronglyrecommended.

4. Program use

4.1. The potentialsubroutine

DVR1D requiresa usersuppliedpotential energysubroutine.There are two waysof supplying the
potential.If it is specifiedas a Legendreexpansion,

V(r1, r2, 0) = ~VA(rl, r2) PA(O), (28)
A

which correspondsto option ZLPOT = .TRUE., then the expansionmustbe suppliedby



372 J.R.Henderson,J. Tennyson/ Mixedpointwise/ basissetcalculation of ro-tibrational spectra

Dvrld }_*um4insize I
Core

Gtmain h~[DYnam

~ Setconi
Ccmain

~ Setfaci ~‘1Norms

~ Lagpt H ~I Laguer] ~‘iLgroot —*P-~Lgrecr

Keints

~ Keint2

~ Basgen

pUrl Jacobi ~ Root Recur

,~ A.llpts~

~IAsleg

Pin Llnatrxl

Blocks Potv

I Bickr ~ Pivl~ Pij Le~

]

Pi~Dgblk ________

_______ Pot

Cutoff

I Choose I
~IMkehain

~rIDgore ]

_____ Trans

Fig. 1. Structureof programDVR1D. ServiceroutinesTIMER, GETROWandOUTROW havebeenomitted.
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jRot].ev2] ~1insize1

ftcore]
I Gtmain .~ ~[D~amlJ~1 Select I

I ppyarn2I

Radint H~~1Mkrad .1
Vrmain ________ ________ ________ ________

________ An ml Gasleg F—Pi~1 Root I—Pi4 Recur

Soirt ____________

~ Angin2 I ‘I Asleg I
I Solofd~

~l Wrthaml I vacvecf Pu Sdot I

_________ 1’ __________

Dgrot }—“~1FO2fjf I ~‘I Matvecl

_______ pin Dstorel

Fig. 2. Structure of programROTLEV2. ServiceroutinesTIMER, GETROW,OUTROWand MXMBhavebeenomitted.

SUBROUTINEPOT(V0, VL, Ri, R2)

which returns VO= V
0(r1, r2) and VL(A) = V5(ri, r2) in Hartree for Ri = r1 and R2= r2 in Bohr. If

I IDIA I = 2, only even V~are needed. If NCOORD= 2, Ri contains the rigid diatombondlengthre. If
NCOORD>1 then ~A has dimensionsLPOT.

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

SUBROUTINEPOTV(V, Ri, R2, XCOS)

must be supplied.POTV returnsthe potential V in Hartree for an arbitrary point given by Ri = r1,
R2 = r2 (both in Bohr) and XCOS= cos0.

DVR1D includes COMMON/MASS/XMASS(3), Gi, G2 where XMASS contains the atomic
masses in atomic units (not amu), Gi = g1 and G2 = g2. This enables users to write flexible potential
subroutines which allow for changes in coordinates or isotopic substitution.See,for example,the version
of POTVsupplied.

4.2. Input for DVR1D

DVR1D requires9 linesof card input for all runs. Cards giving data not required or for which the
defaults[givenbelowin parenthesis]are sufficient shouldbe left blank.

Card 1: NAMELIST/PRT/
ZPHAM[F] = T, requests printing of the Hamiltonian matrix.
ZPRAD[F] = T, requests printing of the radial matrix elements.
ZP2D [F] = T, requestsprinting of the solutionsof the 2D radial problems.
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ZPMIN[F] = T, requests only minimal printing.
ZPVEC[F] = T, requestsprintingof the eigenvectors.
ZLMAT[F] = T, requestsprintingof the L-matrix.
ZCUT[F] = T, final basis selected using an energy cut-off given by EMAX.

= F, LOWEIG (LOWEIG2) final basisfunctionsselected.
ZDIAG[T] = T, requestsdiagonalisationof the final Hamiltonian matrix.
ZROT[F] = T, DVR1D to perform first stepin a two-stepvariationalcalculation.
ZLADD[F] only used if ZROT = T:

= T, numberof DVR points(NDVR) fixed with (J, k);
= F, number decreaseswith (J, k).

ZEMBED[T] Usedonly in conjunctionwith ROTLEVD
= T, z-axisembeddedalong r2
= F, z-axisembeddedalong r1.

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

ZLPOT[F] = T, potential suppliedin POT;
= F, potentialsuppliedin POTV.

ZWBLK[F] = T, includeW-matrix in the 2D Hamiltonians.
ZTEST[F] Usedonly in conjunctionwith IDIA = —2 andJROT> 0.

= T, force suppressionof functionsat lastDVR point.
ZTWOD[F] = T, perform 2D calculationonly at specifiedgrid point.
ZVEC[F] = T, datafor ROTLEVD or ROTLEV2 to be written to streamIVEC(IVEC2).
IVEC[4] stream for ROTLEVDor ROTLEV2data.
IVEC2[7] secondstreamfor ROTLEVD data if IPAR = 2.
ZPFUN[F] = T, eigenvaluesconcatenatedon streamILEV.

Warning, the first eigenvalues on this file must be for J = 0, q = 0.
ILEV[14] stream for eigenvalues data.
IHAM[25] streamfor intermediatevectors.
IHAM2[i] streamfor partial Hamiltonianmatrix if IPAR = 2.

Card 2: NCOORD(15)
NCOORD[3] the number of vibrationalcoordinatesof the problem:

= i for a diatomic (useful for basis set optimisation),
= 2 for an atom rigid diatom system(not valid for IDIA = — 2),
= 3 for a full triatomic.

Card 3: NPNT2, NMAX2, JROT,NEVAL, NDVR, LOWEIG, IDIA, KMIN, NPNTI, NMAXI, IPAR,
LOWEIG2, LPOT(1415)

NPNT2[2 * NMAX2 + 1] order of Gaussianquadraturein the r2 coordinate.
NMAX2 order of the largest radial basis function H,,(r2), giving an r7 basis of NMAX2+ 1

functions.
JROT[0] total angularmomentumquantumnumberof the system.
NEVAL[10} numberof eigenvaluesand eigenvectorsrequired.

If NCOORD = i the restof the card is ignored.

NDVR numberof DVR points in 0 from Gauss—(associated) Legendre quadrature.
LOWEIG Maximum dimensionof largestfinal Hamiltonian.
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If ZCUT = F, it is the actualdimension,
if ZCUT = T, LOWEIG mustbe � than the numberof functionsselected.

IDIA = 1 for scatteringcoordinateswith a hetronucleardiatomic,
= 2 for scatteringcoordinateswith a homonucleardiatomic,
= — 1 for Radaucoordinateswith anABC molecule,or Radaucoordinatesfor an AB2
systemwith J> 0 driving ROTLEVD,
= —2 for Radaucoordinateswith anAB2 molecule.

KMIN[0] = k for JROT> 0 andZROT = F,
= (i —p) for JROT> 0 andZROT = T.
Note: if KMIN =2 in ROTLEV2 or ROTLEVD, KMIN mustbe i in DVR1D.

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

functions.
IPAR[0] parity of basisif diatomic homonuclear(I IDIA I = 2).

IPAR = 0 for evenparity and = i for odd.
IPAR = 2: do bothevenandodd in samecalculation(IDIA = 2 only).

LOWEG2[LOWEIG] Maximum dimensionof smallerfinal Hamiltonian. Only used if ZROT = T and
IDIA= —2.

LPOT If ZLPOT = T, highestvalue of A in Legendreexpansionof the potential must be
consistentwith subroutinePOT.
If ZLPOT = F, ignored.

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

Card 5: FIXCOS (F20.0)
If ZTWOD = T, FIXCOS is the fixed value of cos 0 for the run.
If ZTWOD = F, this card is read but ignored.

Card 6: (XMASS(I), I = i, 3) (3F20.0)
XMASS(I) containsthe massof atom I in atomicmassunits.
If NCOORD = 1, XMASS(3) is set to zero,the diatomcomprising atomsi and2.

Card7: EMAX (F20.0)
If ZCUT = T, EMAX is the cut-off energyin cm’ with the sameenergyzeroas the potential.
If ZCUT = F, this card is readbut ignored.

Card8: RE1, DISS1, WE1 (3F20.0)
If NCOORD = 1, this card is readbut ignored.
If NCOORD = 2, RE1 is the fixed diatomicbondlength,DISS1 andWEi ignored.
If NCOORD = 3, RE1 = r~,DISS1= Dc andWE1 = We are Morseparametersfor the r1 coordinatein
a.u.

Card 9: RE2, DISS2,WE2 (3F20.0)
If IDIA = —2, this card is readbut ignored.
If ZMORSE= T, RE2= re, DISS2= De andWE2 = We are Morseparametersfor the r2 coordinate.
If ZMORSE= F, RE2 is ignored;DISS2= a andWE2 = We are sphericaloscillator parametersfor the
r2 coordinatein a.u.
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4.3. Card input for ROTLEV2

Most of the datafor ROTLEV2, which musthavebeenpreparedpreviouslyby DVR1D, is read from
streamsIVEC (and IVEC2). Note that when J> I a copy of steamIVEC must be suppliedon IVEC2.
Three linesof dataare read from cards.

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

1.OD-4 is usually sufficient for mostapplications.
ZPVEC[F] = T, requestsprintingof the eigenvectors.
THRESH[0.1d0] thresholdfor printing eigenvectorcoefficients,zero requeststhe full vector(only used if

ZPVEC = T).
ZPHAM[F] = T, requestsprintingof the Hamiltonianmatrix.
ZPRAD[F] = T, requestsprinting of the radial matrix elements.
IVEC[4] streamfor input datafrom TRIATOM.
IVEC2[7] secondstreamfor input datafrom TRIATOM.

Note that the files on units IVEC and IVEC2 shouldbe identical.
ZVEC[F] = T, eigenvalueandeigenvectordatato be written to disk fle.

(= T, forced if ZTRAN = T).
JVEC[31 streamfor first set of eigenvalueandeigenvectoroutput.
JVEC2[2] streamfor secondset of eigenvalueandeigenvectoroutput. (KMIN = 2 only.)
ISCR[i] stream for scratch file storing array OFFDG.
IRES[0] restart flag:

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

ZPFUN[F] = T, eigenvalues concatenated on stream ILEV. The first eigenvalues
on this file must (with J = 0, q = 0) be alreadypresent.

ILEV[14] streamfor eigenvaluedata.

Card 2: NVIB, NEVAL, KMIN, 1BASS,NEVAL2, NPNT (615)
NVIB numberof vibrational levelsfrom DVR1D for each k to be read,andperhapsselected

from, in the secondvariationalstep.
NEVAL[iO] the numberof eigenvaluesrequiredfor the first set.
KMIN[0] = 0, f or p = I parity calculation.

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

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

NEVAL2[NEVAL] the numberof eigenvaluesrequiredfor the secondset.
NPNT[NDVR from DVR1D] numberof GaussassociatedLegendrequadraturepoints usedfor integral

evaluation.

Card 3: TITLE (9A8)
A 72 charactertitle.
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4.4. Test output

Two test decks have been prepared. Both use Radau coordinatesand the H2S potential of
Senekowitchet a!. [31]. The first run use DVR1D to drive programs ROTLEVD, DIPOLE and
SPECTRA[16]. Because of constraints on ROTLEVD, this run does not use the permutation symmetry
of the H2S molecule.

The second test run, which is for even (q = 0) symmetry, uses DVR1Dto drive ROTLEV2. Both these
runs mimic benchmark calculations on H2S transisitionsperformedby Carteret al. [32], although the
sizeof the calculationshavebeenreducedin the testdata.

The LjCN (CN frozen) scatteringcoordinatesurfaceof Esserset al. [33] is supplied in subroutine
POT.
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TEST RUN OUTPUT

Program DVRID (verijon of 16 sept 1992)
TITLE: H2S: J—0 even USING Radau COORDINATES

FULL TRIATOMIC VIBRATIONAL PROBLEM WITH

13 POINT NUMERICAL INTEGRATION FOR6 TN ORDER 91 RADIAL BASIS FUNCTIONS
13 POINT NUMERICAL INTEGRATION FOR
6 TN ORDER R2 RADIAL BASIS FUNCTIONS

24 ANGULAR DVR POINTS USED, WITH
5 LOWEST EIGENVECTORS CHOSEN FROM

UP TO 250 DIMENSION SECULAR PROBLEM

250 EIGENVALUES SELECTED FROM 0.12345700240—01TO 0.11240497460+00

LOWEST 5 EIGENVALUES IN WAVENUMBERS:

0.3297458063750+04 0.4487898790460+04 0.566945382446D+04 0.5917813652530+04 0.684111928092D+04

TITLE: H25: J—1 even USING Radau COORDINATES

Solution, with J — 1 k — 0

LOWEST 120 EIGENVALUES TN NAVENUMBERS:

0.3311159190720+04 0.450177106869D+04 0.5683511483380+04 0.5931320043040+04 0.6855378099840+04

0.7105697815540+04 0.801405916722D+04 0.8271377203180+04 0.8465002577570+04 0.8562015910640+04

Solution, with S — 1 k — 1

LOWEST 120 BIGENVALUES IN WAVENUMBERS:

0.5943241767510+04 0.7112406111960+04 0.0272950038400+04 0.8467494364690+04 0.9423344775320+04

0.9620108566330+04 0.105644696838D+05 0.1076427028500+05 0.1090121291290+05 0.1110103992940+05

PROGRAM ROTLEV2 (VERSION OF 15 Sept 1992):

ROTATIONAL PART OF ROT-VIB CALCULATION WITH:
120 LOWEST VIBRATIONAL EIGENVECTORS SUPPLIED FROM
672 DIMENSION VIBRATION SECULAR PROBLEM WITH

24 ANGULAR DVR POINTS.
120 LOWEST VIBRATIONAL EIGENVECTORS ACTUALLY USED

24 POINT GAUSS-ASSOCIATED LEGENDRE INTEGRATION
10 LOWEST ROTATIONAL EIGENVECTORS REQUIRED FOR

200 DIMENSION ROTATION SECULAR PROBLEM
WITH BASIS SELECTED BY ENERGY ORDERING

TITLE: fl2S .1—1 even. RadaU CO-ORDINATES

200 FUNCTIONS SELECTED FROM K — 0.15086751850—01 TO 0.94941829510—01

J — 1 ROTATIONAL STATE. 200 BASIS FUNCTIONS
E PARITY. SYMMETRIC (SE> + S-K> FUNCTIONS IN BASIS
EVEN PARITY RADIAL FUNCTIONS IN BASIS SET

LOWEST 10 EIGENVALUZS IN WAVENUMBERS

0.3311148666240+04 0.4501723410480+04 0.5683426414010+04 0.5931307850020+04 0.594324844233D+04

0.6855255572840+04 0.7105644627150+04 0.7112300358920+04 0.8013898713570+04 0.S27125402553D+04


