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PROGRAM SUMMARY

Titleofprogram. ATOMDIAT Methodof solution

A basis set is constructedas the productof Morseoscillator

Cataloguenumbers:ACEN functions(associatedLaguerrepolynomials)for theradialcoor-
dinate(s)andassociatedLegendrepolynomialsfor thebending

Programobtainablefrom: CPCProgramLibrary, Queen’sUni- coordinate,with rotation matricesrepresentingthe rotations.
versityof Belfast,N. Ireland(seeapplicationformin this issue) The method is variational and the parametersused in con-

structingtheradial basisset(s)canbeoptimized[I ,2]. A secular
Computer: IBM 4341/2: Installation: Universitair Re- matrix is constructedby useof Gauss—Laguerreintegrationfor
kencentrumNijmegen theradial coordinate(s)andanalyticintegrationfor theangular

coordinates.This matrixis diagonalisedto give thesolutions.A

Operatingsystems:MVS release3.7 choice of Givens—Householderand orthogonalisedLanczos
proceduresaresuppliedwith theprogram[2].

Programminglanguageused: FORTRAN IV
Restrictionson thecomplexityof theproblem

High speedstoragerequired: casedependent The size of matrix that can practically be diagonalised.The
programallocatesarraysdynamicallyatexecutiontime andin

No. of bits in a byte: 8 the presentversionthetotal spaceavailableis a singleparame-
ter which can beset as required.

Overlaystructure:yes
Typical running time

Peripheralsused: cardreader,line printer, up to 4 optionaldisk Running timesare casedependentbut dominatedby thetime
files requiredfor diagonalisingthe secularmatrix.A problemwith

350 basisfunctions (which canbeheld in 512 K) takes7 mm
No. of cards in program and testdesk:3706 on theIBM 4341/2.

Cardpunchingcode: EBCDIC Unusualfeaturesof theprogram
A user suppliedsubroutinecontainingthepotential energyas

Keywords: ro-vibrational, body-fixed, associated Laguerre an (analytic) Legendre polynomial expansionis a program
polynomials,associatedLegendrepolynomials,Gauss—Laguerre requirement.
quadrature,orthogonalisedLanczos,LC-RAMP, variational,
close-coupledequations References

[1] J. Tennysonand B.T. Sutcliffe, J. Chem. Phys. 77 (1982)
Natureofphysicalproblem 4061.
ATOMDIAT calculatesthe bound ro-vibrational levels of a [2] J. Tennysonand B.T. Sutcliffe, J. Chem. Phys. (1983) in
triatomicsystemusing body-fixedcoordinates.Theembedded press.
coordinatesare appropriateto atom—diatomsystemsand the
diatombondlengthmaybe frozen[11.
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LONG WRITE-UP

1. Introduction

The calculation of the bound ro-vibrational levels of moleculeswith one or more large amplitude
internalmodeshasbeena centreof muchrecentresearch[1—9].In particular, the variationaltreatmentof
the problemby settingup anddiagonalisinga secularmatrix in thestyle of Le Royand Van Kranendonk
[1] has beena particular areaof interest.The acronymLC-RAMP (linear combinationof radial and
angularmomentumfunction products)has beencoined[9] to distinguishthe basisfunctionsusedin these
methods.

Recently,Tennysonand Sutcliffe [7,8] havedevelopeda generalLC-RAMP method for atom—diatom
systems.this methodis characterisedby its useof a body-fixedcoordinateandpolynomialbasissetsfor the
radial coordinate(s).Useof thepolynomialbasisallows the full three-dimensionsto be tackled,makingthe
methodappropriatenot only for atom—diatomcollision complexessuch asVan der Waalsmolecules,but
also any triatomic systemwhich performslargeamplitudemotions.Unlike methodsbasedon the BOARS
approximation[3,6], the methodis exactwithin theusuallimitationsof the Born—Oppenheimerapproxima-
tion and the variationalprinciple, for bothbent andlinear molecules.For rotationally excitedstates,the
body-fixing of the coordinatesystemcausesthe coupling betweenbasis functions differing in k (the
componentof the total angularmomentumon the body-fixed z axis) to be small and neglectof these
Coriolis interactionshasbeenfound to be an usefulapproximation[4,7,9,10]as it leadsto a considerable
simplificationof the computationalprobleminvolved.

ATOMDIAT is a general program which uses the method of Tennyson and Sutcliffe to solve
the ro-vibrationalproblem for triatomic systems.It can perform calculationson full triatomic systems,
atom-rigiddiatomcomplexesandsimplediatomics(this is useful for optimizingbasis sets);optionsallow
the Coriolis interactionsto be includedor neglectedas desired.For givenquantumnumbers,the program
automaticallygeneratesboth angular and radial basis sets,the appropriatequadratureschemefor the
radial integrationandhencethe secularmatrix. A choiceof diagonalisers[11,12]is provideddependingon
whetherthe secularmatrix canor cannotbe retainedin high speedstorage.

ATOMDIAT hasbeenappliedto moleculesasdiverseasKCN [7], H2Ne [7], HF [8] andHFHe [8]. A
generalisationof the programhasbeenused for rigid-diatom rigid-diatom calculationson the (N2)2 Van
der Waals dimer [9]. A similar program in space-fixedcoordinateswas usedfor calculationson the
spin—orbitcoupling andweak field Zeemaninteractionsin 02 Ar [13], ATOMDIAT generatesvibrational
wavefunctionssuitable for the calculation of transition intensities [13,14] and vibrationally averaged
properties.The wavefunctionshavealso beenusedas input to plot routineswhich given physicalinsight
into the natureof the largeamplitudevibrations[9,15].

2. Method

Fig. 1. illustrates the body-fixed coordinatesystemused by Tennysonand Sutcliffe [7,8]. R, which
connectsthe diatomcentre-of-massto the atom,liesalong the body-fixedz axis andthe whole moleculein
the x—z plane. This embeddingdefines three Euler angles a, $ and y. A symmetrizedwavefunction
appropriateto this systemcanbe written

~ ~flfl(r,R)[9,k(O)DMk(a,$,y)
k=p mn,!

+(— l)~O,k(O)D (a, $, y)](i + ~k.o)/
22~2, (1)
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whereD~kis a rotation matrix elementas definedby Brink and Satchler[16] and 9/k and associated
Legendrepolynomial [17]. p equals 0 or 1 for ( l)J±P parity under inversion.J is the total angular
momentumand k is its projectionon the body-fixedz axis. 1 is the angularmomentumof the diatomic.

2

Fig. I. Body-fixed coordinatesystemof ATOMDIAT.

Following the close-couplingapproachof Arthurs andDalgarno[18], integrationover the angularbasis
functionsyieldsan effectiveradialHamiltonian [7,8]:

_____ a ‘ 2 ~ \ h2 ~ 2 ~ \ h2 1 1 J(J+i)
H=~kk4,’ 2~t

2R
2-~(~R~) — 2~.t

1r
2-a-—kr ~) +-~-i(l+ ~

1.t2R
2+2 + 2~t

2R
2

+8kk,(81~k~~l~!k)

— 2~
2R

28,!,[6kk,2k2 + ~k~,k+Ic~C7~(1 + 8k0) + ~k~.k_ IcJkClk (1 + ~kO)]~ (2)

where~i~’ ~j1 + ~ ~ = m~’+ (m
2+ m3)’ with m,as the massof atom I and

c~4~= [J(J+ l)—k(k±1)]h/~2. (3)

If thepotential is givenin form of a Legendreexpansion,

V(R,r,O)=~V~(R,r)Px(cosO), (4)
A

the angularintegralbecomesanalytic

KO!~kIJ’1O/k)=~Jg~(l’,1, k)V,,,(R,r), (5a)

g~(l’,1, k) = (- 1)k[(21~+ 1)]1/2(~ A ~ ~), (Sb)

wherethe 3 —j symbolsin the Gauntcoefficientare standard[16]. If the diatomis homonuclearonly terms
with even A appearin (4) andthe problemblock factorisesaccordingto whether1 is oddor even.

TennysonandSutcliffe expandedsolutionsof the two-dimensionalcoupleddifferential equationsgiven
by H actingon Pm,,, ( R, r) in Morseoscillator like functions,

~ R) = r’H,,(r)R’H,,(R), (7)

H,, = $,I~~’2j~,e~’’
2y~’~”2L’(y

1) i = 1 2 (8)

whereN,,,,L,,~is a normalisedassociatedLaguerrepolynomial [19] and
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y1=A1exp(—$1(r—i~)), (9a)

(9b)

The constants(A1, $~,,~)and (A2, $2, Re)are thoseassociatedwith the solutionsof the Morsepotential
for diatomic molecules[20]. If D. is thedissociationenergyandw, the fundamentalfrequencyof diatomic i,
then

A. = 4D1/w,, $, = co~(~s1/4D,)”
2. (10)

Choosinga, as the nearestintegerto A. gives an orthonormalbasis completefor all n. As the methodis
variational, the constants(re, D

1, w1) and (Re, D2, “2) can be optimized to give the best basis set for a
particularproblem.Experience[7—9]hasshown the choiceof R~(andre) to becritical andoptimalvalues
to generallybe larger than theequilibrium separation.

With theseradial functions,the matrix elements

= ~ {8,,~,,(2nj(aj+ n~+ 1) +a~+ 1) —8,, ~~2((a1 + n1)(a~+ n~+ i)n~(n~— l))~2j,

~ n, 1=1,2 (Ii)

are analytic where k, is the appropriatesecondderivativeoperatorfrom (2) [7]. Other radial matrix
elements,thoseoverr 2 R—2 and VA(r, R), areobtainedby Gaussianquadrature.For this a modification
of the programgiven by Stroudand Secrest[21] hasbeenused,this allows problemswith a> 20 to be
tackledandinvolvesrewriting the quadratureformulafor normalisedLaguerrepolynomials.ForM, point
Gauss—Laguerreintegrationthe formula for the weight of thepthpoint becomes

= [(dL~(x~)/dx)L~(x~)] ‘. (12)

With a in the quadratureschemeequal to a. in the basis set, the numericalintegrationperformswell if
M > ~rnax + 3 [7].

Diagonalisingthe secularmatrix forms the computationalbottleneckof the problem. It dominatesthe
time takenandif a procedureis usedwhich requiresthe whole matrix to be retainedin fast store,it also
gives a limit to the size of problemthat canbe tackled. In core diagonalisationis the simplest for small
problemsand comparisonof severalout of core diagonalisationmethods[8] showedthe orthogonalised
Lanczos procedure[22] to be particularly well suited to LC-RAMP secular matrices. A choice of
diagonalisershasthusbeenincludedin ATOMDIAT, althoughit is anticipatedthat theusermight wish to
useotherdiagonalisingpackagesparticularly if vectorisationis desired.

3. Programorganisation

ATOMDIAT is divided into five segmentswhich form the basisof the overlayedstructure,seefig. 2.
The subroutineshavebeennumberedsequentiallyasthey appearin thelisting andthesenumbersareused
in the following subsectionwhereeachsectionof the overlayis discussed.

ATOMDIAT usesthe conventionthat variablenamesbeginningwith the lettersA—H andO—Y are for
double precisionreals, I—N are for integersand variableswhosenamesbegin with Z are logical. Where
possibleconstantshavebeenplacedin datastatementsto easeconversionto machineswith different word
lengths.
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INSIZE NSEC
MAIN FTXFVV

CORE
6TMAIN DYNAM

SETCON
SETFAC OVERLAY 1

— LAIPT — ~ LGRODT LGRECR

kEINTS OVERLAY 2
CCMAIN ~

sssoui OVERLAY 3
OT1C~E SI VT WA

tVEC OVERLAY 1+

SAlTER OIALAN et at
GEIROW OVERLAY 5

Fig. 2. Programstructure.ServiceroutinesSYMOUT, TIMER, OUTROW andDATETI, which arein themain segment,have not be
depicted.

3.1. Routinesalwaysretainedin core

Thesecomprisethe main program(s)and severalserviceroutines.Subroutine<6) CCMAIN would be
the main programif therewasno dynamicarray allocation.

(1) MAIN Readsin namelistdata, checksfile allocationsand calls initializing routinesincluding

COREandGTMAIN.
(5> CORE Calculatesstoragerequirementsand sets up array pointers.Entry DYNAM calls CC-

MAIN if sufficient arrayspaceis available.
<6> CCMAIN Driver routine which calls the overlayed branches.Calls ERRSET an IBM supplied

routinewhichsuppressesunderfiow errors.
<8> SYMOUT Printsa symmetricmatrix storedin lower triangularform.
<10> TIMER CallsCPUSEDandprints CPU time used.
<24) OUTROWFastunformattedwrite.
(44) GTMAIN Fortranversionof an assemblerroutinewhich requestsspacefor the dynamicallocation

of storage.The array ARRAY(NAVAIL) shouldbe dimensionedto the limit of the
storageavailable.

(45) DATETI Fortrandummyof assemblerroutineDATETIME. In assemblerentry CPUSEDshould
returnthe CPU timeusedandRTIME the time remaining(both asintegersin hundredths
of a second). It is not possibleto initiate a dump in the Lanczos routineswithout a
genuineRTIME.

3.2. Overlay 1: datainput and initialization

Thereare 3 forms of datainput. Namelistdatawhich changespresentdefaultsis readin (1> MAIN.
Integerdatawhich characterizesthe sizeof the problemis readin (3) INSIZE, prior to arrayallocation.
Realdatais readin (7> SETCON.Theothersubroutinesin this segmentare concernedwith initialization.
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<3) INSIZE readsin integerparameterscontrollingproblemsize(storedin COMMON/SIZE/) and
setsflow parameters.

(4) NSEC determinessizeof secularproblemto be solved.
(7) SETCON readsin realconstantsof the problemandsetsradialbasissetparameters,reducedmasses

(androtationalconstants).
<20> SETFAC usesPascal’striangle to initialize arrayof binomial coefficients(BINOM).
<21> NORMS setsup arrayof pseudo-normalisationconstants.
<46> FTXFYY Fortran dummy of an assemblerroutine which checksthat the necessarydisk files are

pre-allocated.Thisdummy assumesthat all the files are allocatedandthus i/o errorscan
occur; in particularif thereis insufficient storagefor in core diagonalisation,the program
will attempt to run using Lanczosand this may lead to failure in (12> MATRG if no
diskfile is allocatedfor the secularmatrix.

3.3. Overlay 2: radial basisfunctionsand integration

This segmentsetsup matricesVO, VI, RM21, RM22, HBL1 and HBL2 which contain all the matrix
elementsof the radial basis functions neededin settingup the Hamiltonian. Note that performing the
radial integrationbefore the angular integrationis the reverseof the order in which the formalism is
generallypresented,eq.(2) andrefs. [1,5,7—10,15,18].

(11) KEINTS forms the analyticmatrix elementsof eq. (Il), storedin HBL1 andHBL2.
<13> LAGPT sets up the radial basis set(s) at the numerical integrationpoints and forms matrix

elementsoverr2 (RM21), R2 (RM22), J’~(R,r) (VO) and VX(R, r) (VI). Checks the
sumof integrationpointsandweightsagainstanalyticformulae.

(l4)LAGUER adaptationof the Gauss—Laguerreintegrationpointsandweights routineof Stroudand
Secret[211for largea.Note that the initial guessformulaeare arbitraryandmayfail e.g.
if a> 1000.The ith call to entryXPOINT returnsthe ith point andweight; i mustbein
ascendingorder.

<15) LGROOT Improvesthe guessto the integrationpoint [21].
<16> LGRECR Usesrecurrencerelationsto generateassociatedLaguerrepolynomials[211.
(47) POT returnsthe potential at the requestedpoint. This routine must be supplied for each

problem,seesection4.1.

3.4. Overlay3: angular integrationand theHamiltonianmatrix

This segmentsetsup the Hamiltonianmatrix HAMIL andwritesit to disk if required.Angular matrix
elementsare formedas needed.

(9) BASOUT prints out the basisset labelsasin eq. (1).
<12) MATRG performs the angularintegrationand forms the Hamiltonianmatrix in lower triangular

form. Note that use of the IBM H extendedcomplierwith OPT(2) can causespurious
errorsfor this routine.

<17> VTOT performsthe angularintegrationover the potential.
(18> GAUNT a doubleprecisionfunction which calculatesGauntcoefficients,eq. (5b).

3.5. Overlay 4: in corediagonalisation

This segmenthandlesthe diagonalisationwhenthe secularmatrix canbe retainedin fast storage.
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(22> DGCORE routinewhich controls in calls to the Givens—Householderdiagonaliserand prints the
results.

<26> GIVTWO Givens—Householderdiagonalisingroutine due to Prosser[11]. Entry EVEC(I) returns
the Ith eigenvector.

3.6. Overlay 5: iterative diagonalisation

This segmentcontrols the iterative diagonalisationof the secularmatrix for which 3 diskfiles are
necessary,seesection4.2. Themethodusedis orthogonalisedLanczos[8,22]androutinesare adaptedfrom
a PaigestyleLanczosprogram[12].

(23> DGITER provides a starting vector, calls the orthogonalisedLanczos routines and prints the
answers.

<25> GETROW Fastunformattedread.
<27> DIALAN— (43> SET!’ Suiteto perform orthogonalisedLanczosdiagonalisation.

4. Program use

ATOMDIAT requiresnotonly card input, but asubroutinegiving the potential.

4.1. Thepotential

The potentialmustbe specifiedasa Legendreexpansion,eq. (4). It shouldbeprovidedfor eachsystem
studiedas

SUBROUTINEPOT(VO, Vl, Rl, R2)

yieldingfor Rl = r andR2 = R, VO = VØ(R,r) andVl = VX(R, r). If IDIA = 2, only evenV~are required.
If NCOORD= 1, Rl andVl are dummies.If NCOORD = 2, Rl is the rigid diatombondlength,,~,. If

NCOORD> 1, the dimensionof VI is LPOT. Note that this version of ATOMDIAT works in atomic
units,so VO andVI mustbe in Hartreesfor Rl andR2 in Bohr. To changethe units it is necessaryto alter
subroutines(7) SETCON, (22> DGCORE,<23> DGITER and (47) POTonly.

4.2. Card input

The programrequires9 linesof card input for all runsalthoughif NCOORD� 3, someof the data is
not used; Table1 gives the structureof the datainput. Defaultsgiven in parenthesesare assignedto all
namelistinput in (2> BLOCK DATA.

Card 1 NAMELIST/PRT/
ZHAMIL [F] = T requestsprintingof the Hamiltonianmatrix.
ZRAD [F] = T requestprinting of the radial matrix elements.

Card2 Namelist/UNT/
IHAM [2] streamto which the Hamiltonianis written if ZLANC = T.
ISCRI [1] Lanczosscratchfileusedif ZLANC = T.
ISCR2 [3] Lanczosscratchfileusedif ZLANC = T, thesescratchfilesmustbe retainedif the Lanczos

processis to be restarted.
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Table 1
Formatof datainput

c ACENCC6O
C MAIN PROGRAM #001 ACENCC61
c ACENCO66

COMMON/OUTP/ ZHAM1L,ZRAD ACENCO69
NAI4ELIST /PRT/ZHAMIL,ZRAD ACENGO7O
COMMON/UNITS/ IHAN,IVEC,ISCR1, ISCR2,ZVEC,ZLANC ACENCC7S
NAMELIST / UNT/ IUAM,IVEC,ISCRS,ISCR2,ZVEC,ZLANC ACENCO72
COMMON/LANC/ EPSV,MAXCYC,LPRINT, IER,NSTRT,INCR ACENCO73
NAt1ELIST / LNC/EPSV,MAXCYC,LPR1NT,IER,NSTRT,INCR ACENCO74

C READ IN NAMELIST INPUT DATA (DEFAULTS IN BLOCK DATA) ACENCc8I
READ(5,PRT) ACENC~E2
READ(5,UNT) ACENCt~3
READ(5,LNC) ACENCC84

C ACENc2c9
C SUBROUTINE INSIZE #OO3ACENG21C
C ACENc2II

READ(5,5) NCOORD ACENC248
5 FORMAT(1C15) ACENC249

READ(5,5) NPNT2,NMAX2,JROT,NEVAL,LMAX,LPOT,IDIA,KMIN,NPNT1,NMAXI ACENW54
READ(5,500) TITLE ACENC295

5CC FORMAT(18A4) ACENI296
C ACENC645
C SUBROUTINE SETCON #007ACEN0646
C ACENC647

READ(5,5) XMASS ACENC66I
5 FORMAT(3F20. C) ACENC662

READ(5,5) RE1,DISS1,WE1 ACENC666
READ(5,5) RE2,DISS2,WE2 ACENC673

IVEC [4] streamto which theeigenvectorandeigenvaluesare written if ZVEC = T.
ZVEC [F] = T requestwriting to streamIVEC.
ZLANC [F] falsefor in core diagonalisation,true for Lanczosdiagonalisation.

Card3 NAMELIST/LNC/
Ignoredif ZLANC = F, exceptthat IER mustnot be <0.

EPSV[1 x 10~] convergencecriteria for Lanczosvectors.
MAXCYC [100] maximumnumberof Lanczositerations.
LPRINT [0] * 0 requestsextraprinting.
IER [0] negativefor the restartoption.
NSTRT [10 * NEVAL] initial number of iterations,if IER < 0, NSTRT mustbe set to the number of

iterationsalreadycompleted.
INCR [2 * NEVAL] numberof iterationsperformedat eachsubsequentincrement.

Card4 NCOORD
NCOORD is the numberof vibrationalcoordinatesof the problem: I for a simplediatomic,2 for an atom

rigid diatom systemand3 for a full triatomic.Othervaluesresultsin termination.

Card5 NPNT2,NMAX2,JROT,NEVAL, LMAX, LPOT, IDIA, KMIN, NPNTI, NMAXJ
NPNT2 order of Gaussianquadraturein theR coordinate(mustbe greaterthan NMAX2).
NMAX2 order of the largestradialbasis functionH,, (R), giving an R basesof NMAX2 + 1 functions.
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JROT IJROTI is the total rotational quantum numberof the system. If JROT>0 the off diagonal
Conolistermsare included,seeeq. (2). If JROT< 0 theyare neglectedandk (KMIN) is treated
asagood quantumnumber. If JROT= 0 or NCOORD= 1 thereare no Coriolis terms.

NEVAL the numberof eigenvaluesandvectorsrequired.

If NCOORD= 1 the restof the card is ignored.

LMAX order of the highestassociatedLegendrepolynominalin the basis.
LPOT highestvalueof A in the Legendreexpansion,eq.(4).
IDIA 1 for a heteronucleardiatomic and2 for a homonucleardiatomic.For homonuclears,the parity

of I is takenfrom theparity of LMAX.
KMIN ForJROT<0, KMIN = k. For JROT>0, KMIN = 1 —p, seeeq.(1).

If NCOORD = 2, the restof the cardis ignored.

NPNT1 order of Gaussianquadraturein the r coordinate(mustbegreaterthanNMAX1).
NMAX 1 order of the largest radial basis function Hm(r) giving a diatomic basis of NMAX I + I

functions.

Card6 TITLE
A 72 charactertitle.

Card 7 (XMASS(I),I = 1, 3)
XMASS(I) containsthe massof atom I (numberingas in fig. 1) in atomicmassunits. If NCOORD= 1,

XMASS (3) is set to zero, thustreatingthe diatomasatoms1 and2, not2 and3.

CARD 8 RE], DISSJ, WE]
If NCOORD= I, this cardis readbut ignored.
If NCOORD = 2, RE1 is the fixed diatomicbondlengths,DISSI andWE1 ignored.
If NCOORD = 3, RE1 = .‘~, DISSI = D1 andWE1 = co1, seeeqs.(8)—(10).

Card9 RE2, DISS2, WE2
RE2 = Re,DISS2= D2 andWE2= ~~2’ see eqs. (8)—(l0).

4.3. Test cases

Three test caseshave been included correspondingto runs with NCOORD = 1,2 and 3. The test
subroutinePOTcontainsafull surfacefor the HeHF Van derWaalsmolecule[4]. POThasbeenwritten
for all 3 valuesof NCOORD,althoughit is anticipatedthat this will not usuallybe the case.Somepages
from theserunswhich havetheprint parameterssetfor maximal printing are reproduced.
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