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PROGRAM SUMMARY

Title ofprogram: TRIATOM Method of solution
A basis is constructedas a product of radial (either Morse

Catalogue number: AALO oscillator-likeor sphericaloscillator) functionsand associated
Legendrepolynomialsfor the bendingcoordinate,with rota-

Program obtainable from: CPCProgramLibrary, Queen’sUni- tion matricescarrying therotationalmotion. A secularmatrix
versity of Belfast, N. Ireland (see application form in this is constructedusing Gaussianquadratureanddiagonalisedto
issue) give thesolutions.Themethodis variational allowing basis set

parametersto beoptimised.Input can eitherbedirect or from
Computer: CRAY-I; Installation: Universityof LondonCorn- SELECT [2]. TRIATOM gives the data necessaryto drive
puterCentre ROTLEV[3].

Other machines on which program tested: NAS7000 at Dares-
bury Laboratory Restrictions on the complexity of the problem

The size of matrix that can practically be diagonalised.TRI-

Programming language used: FORTRAN 77 ATOM allocatesarraysdynamicallyat execution time and in
thepresentversionthetotal spaceavailableis a singleparame-

High speed storage required: casedependent ter which can be reset asrequired.

Overlay structure: optional Typical rimning time
Casedependentbut dominatedby matrix diagonalisation.A

Peripherals used: card reader,line pnnter,optional disk files . .problem with 533 basis functions (requinng 350000 words
storage)takes8 s on theCRAY-I.

No. of lines inprogram and test deck: 8062 of which 2685 form
TRIATOM

Unusual features of the program
Keywords: ro-vibrational, body-fixed, associatedLaguerre A usersuppliedsubroutinecontainingthepotential energyas
polynomials, associated Legendre polynomials, Gaussian ananalytic function(optionally a Legendrepolynomial expan-
quadrature,variational, close-coupledequations,vectorised sion) is a programrequirement.

Nature of physical problem References

TRIATOM calculatesthe bound ro-vibrational levels of a [11 B.T. Sutcliffe andJ. Tennyson,MoI. Phys.58 (1986) 1053.
triatomic system using thegeneralisedbody-fixedcoordinates (2] J. Tennyson,this article, secondprogram(SELECT).
developedby Sutcliffe and Tennyson[1]. [3] J. Tennyson,this article, third program(ROTLEV).

OO1O-4655/86/$03.50© ElsevierSciencePublishersB.V.
(North-HollandPhysicsPub]ishingDivision)
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PROGRAM SUMMARY

Title ofprogram: SELECT Nature ofphysical problem
SELECTselectsbasis setsfor TRIATOM [I].

Catalogue number: AALP
Method of solution

Program obtainable from: CPC ProgramLibrary, Queen’sUni- A basis function is selectedeither according its quantum
versity of Belfast, N. Ireland (see application form in this numbersand/or thevalueof its diagonalelements.
issue)

Restrictions on the complexity of the problem

Computer: CRAY-i; Installation: Universityof London Corn- Thesizeof matrix that canbe handledby TRIATOM.
puterCentre

Typical running time

Other machines on which program tested: NAS7000 at Dares- Casedependentbut much less thanTRIATOM.
bury Laboratory

Unusual features of the program
Programming language used: FORTRAN 77 A usersuppliedsubroutinecontainingthe potential energyas

ananalyticfunction (optionally a Legendrepolynomial expan-
High speed storage required: casedependent sion) may be needed.SELECT producesa file which can be

readdirectly into TRIATOM.
Peripherals used: card reader,line printer and one disk file

Reference
No. of lines in program: 1915 [1] J. Tennyson,this article,first program(TRIATOM).

Keywords: basis set selection,first-orderperturbationtheory

PROGRAM SUMMARY

Title ofprogram: ROTLEV calculation for the bound ro-vibrationallevels of a triatomic
system, especiallythosewith large total angularmomentum,

Catalogue number: AALQ using the generalisedbody-fixed coordinatesdevelopedby
Sutcliffe and Tennyson[1].

Program obtainable from: CPC ProgramLibrary, Queen’sUni-
versity of Belfast, N. Ireland (see application form in this Method of solution
issue) A basisis constructedfromCoriolis decoupledsolutionsof the

problem [2]. The resulting sparsesecular matrix is then di-
Computer: CRAY-I; Installation: Universityof London Corn- agonalisedto give thesolutions.
puterCentre

Restrictions on the complexity of the problem

Other machines on which program tested: NAS7000 at Dares- The size of matrix that can practically be diagonalised.
bury Laboratory ROTLEV allocatesarraysdynamicallyat executiontime and

in the present version the total spaceavailable is a single

Programming language used: FORTRAN 77 parameterwhich can be presetasrequired.

High speed storage required: casedependent Typical running time
Casedependent.A problemwith 902 basisfunctionstakes20 s

Peripherals used: card reader,line printer, onedisk file on theCRAY-i [2].

No. of lines in program: 3424 Unusual features of the program
Most of thedata input is readin directly fromTRIATOM [3].

Keywords: rotationally excited state, Coriolis coupling, sec-
ondary variationalmethod,sparsematrix, vectorised References

[1] B.T. Sutcliffe andJ. Tennyson,Mol. Phys.58 (1986) 1053.
Nature ofphysical problem [2] J. TennysonandB.T. Sutcliffe, Mol. Phys.58 (1986) 1067.
ROTLEV performsthe secondstepin a two-step variational [3] J. Tennyson,this article, first program(TRIATOM).
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LONG WRITE-UP

1. Introduction scatteringcoordinatesand bond length—bondan-
gle coordinatesare special casesof this gener-

The calculation of the bound ro-vibrational alisedcoordinatesystem.
levels of small, especiallyt~iatomic,moleculeshas Another developmenthas been the use of a
been an area of much recent researchactivity, two-stepvariationalprocedurefor the calculation
Much of this work has focused on the use of of rotational excitedstates[14]. This has greatly
variational techniqueswhich allow one to obtain extendedthe rangeof rotationalstatesthatcanbe
the eigen energiesand wavefunctionsof a given practicably considered.Progresshas also been
potential to high accuracy. Typical of this ap- madein the useof basisset selectionto give more
proachis WhiteheadandHandy’s[1] useof Wat- compactbasissetsfor the representationof vibra-
son’s [2] form of the Eckart Hamiltonian[3]. How- tionally excited states [12,15]. Finally, improve-
ever, the realisationthat this Hamiltonian is un- mentshavebeenmadein the algorithmsused for
satisfactory for systems with large amplitude constructionof the secularmatricesin ATOMDI-
vibrational modes, which includes most highly AT and ATOMDIAT2, a step which could be-
excitedvibrational states,hasled to the develop- comerate limiting if the codeswere usedwith a
ment of techniqueswhich do not rely on the fast,vectoriseddiagonaliser[12].
concept of a special (equilibrium) geometry for In this work a suiteof programsare presented
defining the internal coordinatesof the system. which allow ro-vibrationalcalculationsto be per-
An exampleof this approachfor triatomics is the formed on any usersupplied triatomic potential
one usedby CarterandHandywho expresstheir using the generalised(r1, r2, 0) coordinates.The
Hamiltonianin termsof two bondlengthsandthe core of this suite is program TRIATOM which
anglebetweenthem[4—6]. can beusedon its own for ro-vibrationalcalcula-

An alternative representationthat has proved tions; it replacesboth ATOMDIAT andATOM-
popular is the use of scatteringcoordinates.In DIAT2, also including GENPOT [11] as an op-
these, a triatomic is representatedas a diatomic tion. TRIATOM can be usedfor eitherfully-cou-
bond length, the distanceof the third atom to the pledro-vibrationalcalculations,calculationswhich
diatomic centre of massand the anglebetween neglect off-diagonal Coriolis interactions or to
thesetwo coordinates.This coordinatesystemwas, loop over such calculations thus providing the
the basis of the secular equationmethod devel- datanecessaryto driveROTLEV.
opedby Tennysonand Sutcliffe [7—9],andimple- ROTLEV performs the secondvariationalstep
mentedin programsATOMDIAT [10] and AT- in a two-stepvariationalprocedure[14]. Program
OMDIAT2 [11]. The method has recently been SELECTallows the basis set usedby TRIATOM
reviewed[12].

Since programsATOMDIAT and ATOMDI- —

AT2 were publishedtherehas beena severalsig- fi
nificant developmentsin the calculation of ro-
vibrationallevels usingthis methodology.Themost x

fundamentalof theseis the derivation of a para- Z2 2

meterisedHamiltonianby Sutcliffe andTennyson
[13] which allows suitable coordinates to be
selected from a continuum of coordinate sets.
Thesecoordinates,given in fig. 1, consistof all B

thosein whicha triatomic moleculeis represented
by a diatomicbondlength, r1, the distanceof the 2 r~ 3
third atom to any fixed point on this bond, r2, Fig. 1. Body-fixed coordinatesystem: axes (x,, z,) refer to

and the anglebetween r1 and t~. Clearly, both embeddingi. 0 � u � r1.
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to be preselected.Criteria usedare basedon the ~~(2) h2 jj+16k k( 8 (j+ 1) \
total numberof quantaof excitationor the value v — ‘ ‘~ — r

1 )
!~12

of the diagonal matrix element for a particular
productfunction.A mixture of criteriacanalsobe “ a (j + ~ — ~xl——
employed.SELECT can be usedto generateall ~~‘2 r2 / P~12

the input requiredby program TRIATOM, which a ‘~ ( ~ + I ‘~, (4)
is designedflexibly to allow users to implement X (— +

~8r1 r1j~8r2 r21
alternative basis set selection proceduresif de-
sired. _____~(1)

8k’k6j’j h2
2(J(J+1)—2k

2)
~‘ yR 2j~~r

1

2. Method h
2

— ~k’k ±1~j’j 2 (1 + 8k0 + ~k’O )1/2
Using the generalisedcoordinatesof fig. 1, a 2L

1r1
body-fixedHamiltoniancanbe written < c~~, (5)

VR

j~(2)=

+V(r1, r2, 0), (1) VR ôk~k±l~j~j÷1—(1+ôko+ôk,o)
2~s12

where V representsthe potential. Suitable sym- >< ~ ~ I(~+ 1) 8 )
metrisedangularbasis functionsfor the Hamilto- r2 — 8r2
nian are

+

6k~k±1~j~i_1

1, k)=(1+8ko)/22h/~2

x —(1 + 8k0 + ~k’O)

x [�~,k(0)D~k(a, /3, y)

+(—1)~k(0)D~k(a, /3, 7)], (2) + —~--~. (6)
r
1 ~r2 8r2)

whereD~k is a rotation matrix elementasdefined
by Brink and Satchler[16] and an associated In the above,the auxiliary quantitiesare defined
Legendrepolynomial [17]. The total parity under as follows *

inversion is givenby (_1).’+P, for p = 0 or 1. J is
the total angularmomentumand k is its projec- ci~= [J(J+ 1)— k(k±1)11/2, (7)
tion on the body-fixed z axis. j is the angular dfk = [(j — k + 1)(j + k + 1)
momentumof the diatomicrepresentedby atoms
2 and 3. The Euler angles (a, /3, y) are those /(2j+1)(2j+3)]h/’2, (8)
requiredto placethe z axis along r1 and r2 in the afk = [(j + k + 1)(j + k + 2)
positive x—z plane — embedding1. Similar func-
tions maybe written downfor embedding2 which /(2j + 1)(2j + 3)] 1/2 (9)
placesz parallel to r2 and r1 in the positive x—z
plane. ~/k_[(j—k)(jk1)/(4j1)1, (10)

Following the close-coupling approach of
which are specialcasesof Clebsch—Gordoncoeffi-

Arthurs and Dalgarno[18] yields an effective ra-
dial Hamiltonian[13]: dents.The reducedmassesare definedin termsof

the atomic masses(m,) and g, the parameter

~ h
2 ~2 h2 82 which determinesthe internalcoordinates

~ 1=m~1+m~1 (11)

/ 1 1
+ ~j(j + i)( __~~ + _~)], (3) * Note that eq. (8) is givenincorrectlyin ref. [13].

\ ,.tlrl ~tL

2l’2
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p.
12 = g(m~ + m~1)— ~ (12) integrationcanbe usedto expressa generalpoten-

tial function in theform of eq. (16) [9,11].
= mj” + g

2m~1+ (1 — g)2m~~, (13) Integration over angular coordinatesyields a

g = (r
2 — u )/r2, (14) set of two-dimensionalcoupleddifferential equa-

tions,solutionsof which canbe expandedin terms
where u is the distancefrom particle 2 to the of onedimensionalbasisfunctions
intersectionof r1 and r2, seefig. 1. For scattering
coordinates ‘I’m,n(Ti, r2)=rj’

1Hm(r
1)r~

1H,,(r
2). (18)

g = m2/(m2 + m3) (15) Theseradial basis functions can be expressedin
termsof known analyticfunctions.The bestsuited

which meansthat r1 cuts r2 at the diatomiccentre of theseto such problemsare the Morse oscilla-
of mass.In thesecoordinatesl~~l2= ~ = K~= 0 tor-like functions[7,10]
and the Hamiltonian reducesto the one used in
programATOMDIAT. If g = 0 or 1, oneobtains I = H,,(r)
thebond length—bondangleHamiltonianusedby = $‘~

2N exp(—y/2)y~~’~~2L(y),(19)
Carterand Handy. Other valuesof g between0
and1 yield differentcoordinatesystemswhichcan j’ = A exp[— /3 ( r —

be used as appropriate.For exampleg = ‘~has where
beenrecommendedfor Van der Waalscomplexes 41~e ( p. 1/2

a = integer(A)whose symmetry has been reduced by isotopic A = —, = We ~, ~75~)
substitution[13].

The form of the kinetic energyoperatorsgiven (20)
abovein (5) and(6) is appropriatefor embedding and the parametersf~’ ‘~e’ COe and Dc can be
1. Embedding2 is obtainedsimply by making the associatedwith thereducedmass,equilibrium sep-
exchangesr

1 ~-sr2 and jx1 P’2 aration, fundamentalfrequencyand dissociation
So far only the kinetic energy operatorshave energyof the coordinate,respectively.In practice

beenconsidered.It is of coursepossible to write (i~, W~,Dc) are usually treated as variational
thepotential solelyin termsof the internalcoordi- parametersandoptimisedaccordingly.N,,aL is a
nates (r1, r2, 0). In these coordinatesone can normalisedLaguerrepolynomial [22]. With these
makethe Legendreexpansion functions the matrix elementsof the differential

V(r1, r2, 0) = ~ V~(r1,r2)Px(cos0). (16) termsin the kinetic energyoperators(3)—(6) can
be calculatedanalytically [7,13]

For the angularbasis functions,matrix elements / I 82

oversucha potential expansioncan be computed I n’I
analytically \ I
<j’, k’IP~(cos0)Ij,k)

= ôk.k( —1) [(2j + 1)(2j+ 1)11/2 ~n’n_2[(a + n)(a + n — 1)n(n — 1)11~/2

X x (17)
0 0 0/ —k 0 k)’

x(n + 2)(n + 1)]1~~2), (21)
where the integral is over all the angularcoordi-
natesand the 3 —j symbolsin the Gauntcoeffi- I
scatteringcoordinatesthe potential is often given 8r ) = ~(6~~~+1[(n — 1)(a + n — 1)11/2
cient are conventional[16]. In the atom—diatom —

as a Legendreexpansion,but this is unlikely to be — 1 [(,~— 2)(a + n — 2)] 1/2)

generally the case. However Gauss—Legendre (22)
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There is no simple closed form for the matrix Having computed the matrix elements, TRI-
elementsof r~, r2 or V~(r

1,r2), but thesein- ATOM constructsa secularmatrix which is then
tegrals are evaluated using Gauss—Laguerrein- diagonalisedto give the solutionsof the problem.
tegration[20]usingthe normalisedbasisfunctions SELECTcanoptionally usethe diagonalelements
to ensurenumericalstability [10]. of the secularmatrix to selectthe LBASS lowest

However,becauseMorsefunctionsdo not obey basis functions. First-order perturbation theory
the correct boundaryconditions at r = 0, these suggeststhat these functionsshould be the most
functionsare not satisfactoryfor the specialcase important.Alternatively, the quantumnumbersof
that the wavefunctionhasamplitudeat r = 0. This the basis functionscan be inspectedaccordingto
is unlikely to occur for the r1 coordinatebecause the formula
of the stronglyrepulsivenatureof diatomic poten-
tialsat small separations,but is possiblefor the r2 Nmax> + + -~- (27)
coordinatewhen scatteringcoordinatesare used — d3 drn d~
[9,11]. Sphericaloscillator functionsdo not suffer
from this problem and are offeredin TRIATOM where j, m, n are the quantum numbersassoci-
asan alternativefor this specialcase.Thesefunc- atedwith the basisfunctionsin the in 0, r1 and r2
tions are definedby coordinates,respectively,which are weighted by

d., d and d to allow more functions to be
n\=Hiri j m

/ ‘?‘ / selectedfor low energymodes.
= r2

1~2$3~4Nnaexp(_y/2)y0/2L~/2(y), ROTLEV solves the secondstepin a two-step

— j~ 2 ~23~ variational procedure[14]. The first variational
— ‘ ‘ / step is performedby TRIATOM using the Ham-

where iltonian

/3 = (p.to~)~”2, (24) ~‘J,k = + +

p., We and NnaL are asdefinedfor the Morse-like + V( r
1, r2, 0) (28)

functions. Again a and w can be treated as
variationalparameters.Forscatteringcoordinates, for which both J and k (the projection of J on
all the kinetic energy matrix elementsover the the body-fixed axis) are good quantumnumbers.
spherical oscillator functions can be computed Solutionsof this Coriolis decoupledproblem are
analytically [9 11] obtained for all the appropnatevalues of k.

ROTLEV then solvesthe full Hamiltonianof eq.
/ 2 (1) using thesesolutions as the basis functions.
I n’ -~--~ n = /3(~~~~(2n+ a + 4) Matrix elementsfor this stepare givenby

3r ~ ~i, kIHIi’, k’) 1/2

—2 / \ = ~i 1~

8kk~�i + ôk±lk,(1 + ~kO+ ~k’o)+(n Ir In) n�n, ~25)
1 2 x C± J.k.i

—2 n! F(n’ + a + 3/2) / J.k Cj,m.n j’.rn’.n’<n’Ir In>=/3 — J,nnjmn
n’! F(n+a+3/2)

+ ~ __________ x o .‘~ .C.~/m’ 1 m
a! T’(n’ + a + 3/2)) ~‘ “V” \ 2p.

1r1
2

n�n’. (26)
aJ±k / , 1

Radial integrals over the potential are again +6J+1J~2 ç m -~- m
evaluatedusingGauss—Laguerrequadrature. 12



J. Tennyson / Ro-vibrational levels oftrialomic molecules 263

x[ 1 \ d \ 1 MAIN INSIZE NSEC
r~ dr2 TMAIN b~AMCORE(j+1) n’—1n1+ n’1—n

~,±kK

i1~ \ SETCON
~ ~ m’1—~m~

- . 2p.12 r1 ,,, SETFAC — ~ — — ~ -

x[~
1 \ d I 1’~ — LAGPT LAGUER LGROOTn’~_1n1_~fl~~_~fl\) ~ (29) CCMAIN OINr LGRECRr2 dr2 ~ POT LEGPT

where the ith solution of Hik has eigen energy KEINTS POTV LEGEND

cJ.k and eigenvectorc”~’, and the radial matrix KEINT2
— _SE~MENU2 -

elementsare the sameas thoseusedin solving the
fully coupledproblem. In constructingthe secular BASOUT BASGEN

matrix I k I runs from p to J and i runsfrom I to MATRG

N for each k. If N is chosenas the number of RTHA VTOT GAUNT
functions of the first variational step then the SL~MENI~ —

two-step procedureyields results identical to di- CORE EIGSFM
rectly solving the fully-coupled problem, seeref. NORMS SEGMENT 4

[14] for a numericalexample.
The two-stepprocedurehasthe advantagethat Fig. 2. Structure of program ATOMDIAT. Service routines

OUTROW, TIMER, SECOND and SYMOUT have beennot all the solutions of the first variational step omitted.

are required to obtain good convergencein the
secondstep and that the resulting secularmatrix be the main program if therewas no dynamic
has a tridiagonal blocked structure.Further de- arrayallocation(<i) representsthe i th subroutine
tails on both thesepoints can be found in refs. in the programsource).
[12,14].

<1) MAIN reads in namelist data (stored in
COMMON/OUTP/) andcalls the initialis-3. Programstructure
ing routines <3) INSIZE, <5) CORE and

All the programsfollow the convention that <31) GTMAIN.
namesbeginningwith letters A—H and O—Y are <5) CORE calculatesstoragerequirementsand
for REAL *8 variables,I—N are for integersand sets up arraypointers.Entry DYNAM calls
variableswhosenamebegins with Z are logicals. <6> CCMAIN if sufficient array space is
Wherepossibleconstantshavebeenplacedin data available.
statementsand FORTRAN 77 generic function <6) CCMAIN driver routine which calls the
nameshavebeenusedto easeconversionbetween overlaidbranches.
machineswith different word lengths. <25> OUTROWfast unformattedwrite.

TRIATOM can be divided into four segments <30) TIMER calls <32) SECOND and prints
which form the basis of a possibleoverlay struc- CPU timeused.
ture — seefig. 2. It is convenientto considereach <31> GTMAIN Fortran version of an assembler
segmentin turn as they perform physically dis- routine which requestsspacefor the dy-
tinct stagesof the calculation. namic allocation of storage. The array

ARRAY(NAVAIL) shouldbe dimensioned
3.1. Routinesalwaysretainedin core

to the limit of the storateavailable.
Thesecomprisethe mainprogram(s)andseveral <32> SECOND Fortran dummy. Should return

service routines.Subroutine<6) CCMAIN would the CPU timeusedin seconds.
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3.2. Overlay 1: data input and intialisation <16) LAGUER adaptionof the Gauss—Laguerre
integration points and weights routine of

There are severalforms of datainput in TRI- Stroud and Secrest[20] for large a. Note
ATOM. Namelistdatawhich changesthe defaults that the initial guessformulae are arbitrary
set in <2> BLOCK DATA is read in <1) MAIN. andmay needto be adjusted.Theith call to
Integer datawhich characterizesthe size of the entry XPOINT returns the ith point and
problem is read in <3) INSIZE, prior to array weight.
allocation. The real constantsof the problem are <17) LGROOT improvesthe guessto the integra-
readin <7) SETCON.Finally, if a basisis selected tion point [20].
by SELECT, it is read in <9) BASOUT. <18) LGRECR usesrecurrencerelationsto gen-

erateorthogonalpolynomials[20].
<3) INSIZE readsthe integerparametersof the <26> POTreturnsthepotential in the form of eq.

problem which are then stored in COM- (16) at the specified(r1, r2);
MON/SIZE/. If ZLPOT .EQ. TRUE this routine mustbe

<~) NSEC determinesthe size of the secular usersupplied,seesection4.1.
problemto besolved. If ZLPOT .EQ. FALSEthenPOTcalls <33)

<~) SETCONreadsin the realconstantsof the POTV at (r1, r2, x.) where x, (= cos0) is a

problem,and setsup the coordinatesystem Gauss—Legendreintegrationpoint; this op-
and the reduced masses(saved in COM- tion is equivalentto calling programGEN-
MON/MASS/), and the radial basis set POT[11].
parameters (stored in COMMONs/ <27) LEGPT setsup Gauss—Legendreintegration
SPLIT1/ and /SPLIT2/). points and weights, an adaptationof sub-

<21) SETFAC usesPascal’striangle to initialize routine JACOBI [20].
arrayBINOM of binomial coefficients. <28> LEGEND sets up weighted normalised

<22) NORMS sets up arraysof pseudo-normal- Legendrepolynomials.
isationconstants. <~~)POTV user supplied potential subroutine,

seesection4.1.
3.3. Overlay 2: radial basisfunctionsand matrix

3.4. Overlay3: angular integration andsecularma-elements trix construction

This segmentsets up arrays VO, Vi, R1M1, This segmentconstructsa basis set, performs
R2M1, R1M2, R2M2, HBL1, HBL2, HBL3 and the analyticangularintegrationandconstructsthe
HBL4 which contain all the radial matrix elements Hamiltonian matrix HAMIL. Note that if input is

requiredto set up the secularmatrix, being preparedfor ROTLEV (ZROT .EQ. TRUE
) then <6> CCMAIN loops over this and the

<8> SYMOUT prints asymmetricmatrix stored following segment.
in lowertriangular form.

<12) KEINTS formsthe analyticmatrix elements <~) BASOUT prints basis set labels either read
of eq. (21) (HBL1, HBL2) and (22) (HBL3, in from SELECT or generatedby <10)
HBL4) for the Morse-likefunctions. BASGEN.

<13> KEINT2 formsthe analyticmatrix elements <10> BASGEN generatesbasisset labels.
of eq. (25) (HBL2) and(26) (R2M2) for the <11> WRTHAM prints the Hamiltonianmatrix if
sphericaloscillator functions, requested.

<15) LAGPT setsup the radialbasisset(s)at the <14> MATRG performs the angular integration
numericalintegrationpointsand forms ma- andforms thelower triangleof the Hamilto-
trix elementsoverthepotential (VO, Vi) and nian matrix. This versionusesan improved
inversepowersof r for the Morse-likefunc- algorithm [12] andis written to allow for a
tions (R1M1, R1M2, R2M1, R2M2). bug in someoptimisingcompilers[10].
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<19) VTOT performsthe angularintegrationover IMAIN I—.~INSIZE I
the potential. ______

______ ~IcoRE
<20) GAUNT calculatesGaunt coefficients, eq. IGTMAIN I—HDYNAM I

(17).

~ F—’iSOLRT F—’[~ETROWI3.5. Overlay 4: Diagonalisation VRMAIN I—HWRTBAS] IVECVEC I IMXMB I

This segment handles diagonalisationof the L—4M~THAM ______ ______

secular matrix. ______F—HDGROt7---HFO2FJF_J—’IMATVECI
Fig. 3. Structureof programROTLEV.

<23) DGCORE controls the call to the in core
diagonaliserandprints the results.

<24) NORM normalisationroutine, not required
if a diagonaliseris usedwhich returnseigen-
vectorsnormalisedto unity. TRIATOM serve the same purposeand will not

<34) EIGSFM this is a mock-upof an EISPACK be consideredbelow.
routine of the samename [21] which calls
routines<35)—<~5)to performthe diagonal- <~)VRMAIN driver routinewhich would be the
isation. Theseroutinesmay be beneficially mainprogramif therewasno dynamicover-
replacedby a symmetric matrix diagonal- lay.
isation suite appropriate to the machine <6) WRTBAS prints the basissetlabels.
being used. <7) SOLRT readsmatrix elements,eigenvalues

3.6. Routinesfor SELECT and eigenvectors from TRIATOM. Con-
structsthe diagonal(arrayDIAG) and non-

SELECT is composed mainly of routines zerooff-diagonal(OFFDG)matrices,seeeq.
adaptedfrom TRIATOM. Its structureis given by (29).
fig. 2, except that segment4 is replacedby a call <~) DGROT sets up the diagonalisationin-
to <22) SORT. As only the diagonalelementsof cludingshifting the diagonalelementsso the
HAMIL and hencethe matrix elementarraysare highest is zero, which ensuresthat <17)
neededby SELECT, it is unlikely that an overlay FO2FJFreturnsthe lowest eigenvalues.
will be requiredfor this step.Only thoseroutines <10> GETROWfast unformattedread.
that aresubstantiallydifferent in purposeor struc- <12> VECVEC dot productfor <17) FO2FJF.
ture from TRIATOM are consideredexplicitly <13) MATVEC performsthe vectormatrix multi-
below. plication requiredby <17) FO2FJFtaking

advantageof the structureof the Hamilto-
<1) MAIN reads in data controlling basis set man.

selection(storedin COMMON /SELEC/). <14) MXMB fast vectormatrix multiplier.
<8) BASOUT writes out data for TRIATOM <17) FO2FJF—<45)GO5CAF area NAG Library

includingselectedbasisfunction labels. [22] subroutinesuitefor diagonalisingsparse

<22) SORTchoosesfunctionswhich satisfy selec- matrices,basedon the algorithmof Nikolai
tion criteria and sorts them according to [23]. The implementationgiven here is ap-
increasing I k I and then increasing j (a propriatefor IBM machinesandit is recom-
requirementfor TRIATOM). mendedthat usersreplacethis call with the

local NAG implementationwherepossible.
3.7. Routinesfor ROTLEV In particular,<45) GO5CAFis anassembler

pseudo-random number generator; the
Fig. 3 gives the structureof programROTLEV. FORTRAN versionprovided is only equiv-

Routineswhichhavethe samenameas routinesin alent for the first 79 calls.
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4. Programuse ZPVEC[FJ = T requestsprinting of the eigenvec-
tors.

TRIATOM requiresbothcard input (which can ZROT[F] = T TRIATOM to performthe first step
generatedby SELECT) and a subroutinegiving in a two-stepvariationalcalculation.
the potential. ZLADD[F] = T maximum j in angular basis

(LMAX) incrementedwith (J, k); = F maxi-
4.1. Thepotential mum j fixed (only usedif ZROT = T).

ZEMBED[TJ = T z axisembeddedalong r
2 = F z

For both TRIATOM and SELECT there are axis embeddedalong r~.
two waysof supplyingthe potential. If the poten- ZMORSE[T] = T use Morse oscillator-like func-
tial is specifiedas a Legendreexpansion,eq. (16), tions for r2 coordinate;= F usesphericaloscil-
option ZLPOT = .TRUE., then the expansion lator functions(only allowedif IDIA > 0).
must besuppliedby ZLPOT[F] = T potential supplied in POT; = F
SUBROUTINE POT(V0,VL,RI ~ potential suppliedin POTV.

ZVEC[F] = T datafor ROTLEV to be wntten to
which returns VO = V0(r1, r2) and VL(X) = streamIVEC.
Vx(r1, r2) in Hartreefor Ri = r1 and R2= r2 in IVEC[4] streamfor ROTLEV data.
Bohr. If I IDIA I = 2, only even V,., are required.If
NCOORD = 1, Ri and Vi are dummies. If Card2: NCOORD(15)
NCOORD = 2, Ri containstherigid diatombond NCOORD[3] is the numberof vibrational coordi-
length, ,~. If NCOORD > 1, VL has dimension natesof the problem: 1 for a diatomic (this
LPOT. option is useful for basis set optimisation), 2

If a general potential function, ZLPOT = for an atom rigid diatomsystem(not valid for
.FALSE., is to be used I ISYM I = 2), 3 for a full triatomic.

SUBROUTINE POTV(V,R1,R2,XCOS) Card 3: NPNT2,NMAX2,JROT,NEVAL,LMAX,

mustbe supplied,which returnsthe potentialV in LPOT,IDIA,KMIN,NPNTI,NMAXJ,ISYM,
Hartree for an arbitrary point given by Ri = r1, NBASS(1215)
R2 = r2 (both in Bohr) andXCOS = cos 0. NPNT2[2 * NMAX2 + 1] order of Gaussian

COMMON /MASS/ XMASS(3),G is included quadraturein the r2 coordinate.
in <~)SETCONto enableusersto write flexible NMAX2 order of the largestradial basisfunction
potential subroutineswhich allow for changesin H,,(r2), giving an r2 basisof NMAX2 + 1 func-
coordinates or isotopic substitution. See, for tions.
example,the versionof POTV supplied. JROTIO] I JROTI is the total angularmomentum

quantum number of the system. If JROT>0
4.2. Card input for TRIATOM the off-diagonal Coriolis terms are included.If

JROT< 0, they areneglectedand k (KMIN) is
TRIATOM requires8 linesof cardinput for all treatedasa goodquantumnumber.If JROT= 0

runs, extra cardsare requiredif the basis set is or NCOORD= 1 thereare no Coriolis terms.
selected.Cards giving data not required or for NEVAL[10] the numberof eigenvaluesandeigen-
which the defaults(given below in parenthesis)are vectorsrequired.
sufficient shouldbe left blank. If NCOORD = 1 the restof the cardis ignored.

Card 1: NAMELIST /PRT/ LMAX order of the highestassociatedLegendre
ZPHAM[F] = T requestsprinting of the Hamilto- polynomials in the basis.If IDIA = 2, the par-

manmatrix. ity of the angularbasisis givenby the parity of
ZPRAD[F] = T requestsprintingof the radialma- LMAX.

trix elements. LPOT[2 * LMAX2 + I] highest valueof A in the
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Legendreexpansion,eq. (16). If ZLPOT = F, If NCOORD= 3, RE1 = re, DISS1 = Dc andWE1
LPOT + i + MOD (LPOT,2) point Gauss—Le- = We are Morse parametersfor the r1 coordi-
gendreintegrationis usedfor the 0 coordinate. nate,seeeqs.(19) and(20).

IDIA = — 1 for generalisedcoordinates,= 1 for
scatteringcoordinateswith a hetronucleardi- Card 8: RE2,DISS2,WE2(3F20.O)
atomic,= 2 for scatteringcoordinateswith a If I ISYM I = 2, this card is readbut ignored.
homonucleardiatomic,= —2 for midpoint co- If ZMORSE= T, RE2 = re, DISS2= Dc andWE2
ordinateswith a symmetricpotential (e.g.where = are Morse parametersfor the r2 coordi-
the symmetryhasbeenbrokenby isotopicsub- nate,seeeqs.(19) and(20).
stitution). If ZMORSE= F, RE2 is ignored; DISS2= a and

KMIN[0] = k for JROT< 0, = (1 — p), seeeq. (2), WE2 = We are sphericaloscillator parameters,
for JROT>0 (including ZROT = T). seeeqs.(23) and(24).

NPNT1[2 * NMAX1 + 1] order of Gaussianquad-
raturein the r1 coordinate. Card 9 onwards: (IK(I),IL(I),IM(I),IN(I),1 = 1,

NMAX1 orderof the largestradial basisfunction NBASS)(3612)
Hm(ri), giving an r1 basisof NMAX1 + I func- If NBASS= 0, not read.
tions. If NBASS > 0, basis set labels as generatedby

ISYM[0] # 0 for bond length—bond angle coor- SELECT: IK(I) = k IL(I) =j, IM(I) = m + 1
dinates (g = 0 or 1): = 1 for hetronuclear and IN(I) = n + 1 for the Ith basis function.
case,= 2 for symmetric AB2 case,= —2 for
anti-symmetricAB2 case. ISYM I = 2 cannot 4.3. Data input for SELECT
be usedwith JROT>0 or ZROT = T [13].

NBASS[0] numberof basisfunction in the secular If the basisis to be selectedusingthe diagonal
problem: = 0 determinedinternally, > 0 basis elementsof the secular matrix, then a potential
preselectedandto be readin (seecard9). subroutine(either POT or POTV) must be sup-

plied, seesection4.1.
Card4: TITLE (9A8) Card 1: LBASS,NQMAX,NQJ,NQM,NQN,

A 72 charactertitle. IFLA G,IOUT (715)

LBASS[0] selectthe LBASS lowest basisfunctions
CardS:(XMASS(I),1= 1,3) (3F20.O) orderedby their diagonalelements.
XMASS(I) containsthe massof atom I (number- NQMAX[0] = N

m~,seeeq. (27).
ing as in fig. 1) in atomic mass units. If NQJ[i] = d~,seeeq. (27).
NCOORD= i, XMASS(3) is set to zero, the NQM[i] = dm,seeeq. (27).
diatom comprisingatoms1 and2. NQN[i] = d~,seeeq. (27).

IFLAG[0] * 0: selectbasis for different (J, k) or
Card6: G (F20.0) symmeterythan the full calculation.
Parameterg determinesthe coordinatesystem,see IOUT[7] outputstreamfor TRIATOM datafile.

eq. (i4), neededif IDIA = —1 and ISYM = 0.
Otherwisethis card is ignored and: Cards 2—9Theseare the sameas cards 1—8 of the TRI -

if IDIA > 0 G = m
2/(m2+ m3), ATOM input, with the exceptions:

if IDIA = 2 G= If IFLAG # 0, then TRIATOM card 3 is re-
if ISYM # 0 G = i. peated: first, to charactensethe basis for the

selection run and second to characterisethe
Card7: REJ,DISSJ,WE] (3F20.0) TRIATOM run.
If NCOORD= 1, this card is readbut ignored. If NQMAX > 0, thenNMAX1 and NMAX2 de-
If NCOORD= 2, RE1 is the fixed diatomic fault to NQM * NQMAX andNQN* NQMAX,

bondlength,DISSi andWE1 ignored. respectively.
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4.4. Data inputfor ROTLEV References

Most of the data for ROTLEV, which must [1] R.J.WhiteheadandN.C. Handy.J. Mol. Spectr.55 (1975)

havebeenpreparedpreviously by TRIATOM, is 356, 59 (1976) 459.

read from streamIVEC. Three lines of data are [21C. Eckart,Phys.Rev. 47 (1935)552.[3] J.K.G.Watson,Mol. Phys.15 (1968)476.
readfrom cards. [4] 5. CarterandNC. Handy, Mol. Phys.47 (1982) 1445, 57

(1986) 175.

Card1: NAMELIST/PRT/ [5] S. Carter,NC. Handy and B.T. Sutcliffe, Mol. Phys.49
TOLER[0.OdO] tolerance for convergenceof the (1983)745.

eigenvalues,zero gives machineaccuracy[22]. [6] S. Carter, Report CCP1/84/2, DaresburyLaboratory,UK (1984).
ZPHAM[F] = T requestsprinting of the Hamilto- [71J. Tennysonand B.T. Sutcliffe, J. Chem. Phys.77 (1982)

man matrix. 4061.
ZPVEC[F] = T requestsprinting of the eigenvec- [81J. Tennysonand B.T. Sutcliffe, J. Chem. Phys.79 (1983)

43.tors.
IVEC[4] streamfor datafrom TRIATOM. [9] J. Tennysonand B.T. Sutcliffe, J. Mo!. Spectr.101 (1983)

71.
[10] J. Tennyson,Comput.Phys.Commun.29 (1983)307.

Card2: NVIB,NEVAL,KMIN [11] J. Tennyson,Comput.Phys.Commun.32 (1983)109.
NVIB numberof vibrational levels (N) from TRI- [12] J. Tennyson,Comput.Phys.Rep. 4 (1986) 1.

ATOM for each k to be usedin the second [13] B.T. Sutcliffe and J.Tennyson,Mo!. Phys.58 (1986) 1053.
[14] J. TennysonandB.T. Sutciffe,Mol. Phys.58 (1986) 1066.

variationalstep. [15] J. Tennysonand S.C. Farantos,work in progress.

NEVAL[iO] the numberof eigenvaluesrequired. [16] D.M. Brink and G.R. Satchler,Angular Momentum,2nd

KMIN[0] = (1 — p), seeeq. (2). ed. (ClarendonPress,Oxford, 1968).
[17] EU. CondonandG.H. Shortley, TheTheory of Atomic

Card3: TITLE (9A8) Spectra(CambridgeUniv. Press,Cambridge,1935).
[18] AM. ArthursandA. Dalgarno,Proc. Roy. Soc. (London)

A 72 charactertitle.
A256 (1960) 540.

[19] IS. Gradshteynand !.H. Ryzhik, Tables of Integrals,
4.5. Testoutput SeriesandProducts(AcademicPress,New York, 1980).

[20] A.H. Stroud and D. Secrest,GaussianQuadratureFor-

A test run of SELECT, TRIATOM and mulas (Prentice-Hall,London,1966)chap. 2.
[21] B.S. Garbow,J.M. Boyle, J.J. Dongarraand C.B. Moler,

ROTLEV for the D2H~moleculehas been pre- Matrix EigensystemRoutines- EISPACK Guide Exten-

pared.The potentialusedis the BVDH potential sion, Lecture Notes in Computer Science, vol. 51

of Martire andBurton [24]. (Springer-Verlag,New York, 1977).
[22] NAG FortranLibrary Manual, Mark 11, vol. 4 (1983).
[23] P.J. Nikolai, ACM Trans.Math. Software5 (1979)403.
[24] B. MartireandPG. Burton, Chem. Phys.Lett. 121 (1985)
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TESTRUN OUTPUT

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

SELECTION CRITERIA:
LOWEST 100 BASIS FUNCTIONS CHOSEN
FUNCTIONSWITH UP TO 5 QUANTACHOSENUSING
3 ANGULARFUNCTIONSPER QUANTA
I RI FUNCTIONS PER QUANTA
1 R2 FuNCTIONS PER QUANTA

PRESELECTIONPERFO~4EDFOR J = 0 CASE

FULL TRIATOMIC VIBRATIONAL PROBLEMWITH

11 POINT NUMERICALINTEGRATION FOR
5 TH ORDERRi RADIAL BASIS FUNCTIONS

11 POINT NUMERICAL INTEGRATION FOR
.5 TR ORDERR2 RADIAL BASIS FUNCTIONS

14 TH ORDER ANGULARBASIS FUNCTIONS
28 TEl~’1S IN THE POTENTIAL EXPANSION

288 CANDIDATE BASIS FUNCTIONS

LOWEST 100 FUNCTIONS SELECTED FROM -~O.2662624634E+OO HARTREE TO —O.1672416929E+0O HARTREE

13 FUNCTIONS SELECTEDWITH LESS THAN 5 QUANTA

NBASS = 113 FUNCTIONSCHOSENWITH THE REVISED PARAMETERS

FULl. TRIATOMIC VIBRATIONAL PROBLEMWITH

11 POINT NUMERICALINTEGRATION FOR
5 TH ORDERRi RADIAL BASIS FUNCTIONS

11 POINT NUMERICALINTEGRATION FOR
5 TH ORDERR2 RADIAL BASIS FUNCTIONS

14 TH ORDERANGULARBASIS FUNCTIONS
28 TEUMS IN THE POTENTIAL EXPANSION
40 LOWESTEIGENVECTORSREQUIRED FOR

113 DIMENSION SECULAR PROBLEM

*** VIBRATIONAL PART OF ROT--VIB CALCULATION ***
J= 1 KS 0

*** OPTION TO NEGLECT CORIOLIS INTERACTIONS ***

LOWEST 40 EIGENVALUES IN WAVENUMBERS

—O.714068722794E+05 —O.694353775883E-f 05 -O.686699830589F.+O5 --O.675546976196E+05 O.673727788630E405

—O.667371987610E-4-05 --0. 66OO27939589ui~O5 —O.656524442688E+05 --0. 653812343100E+05 —0. 64927451 1947F-f 05

—0.648063468882E+05 —0,640898430523E-f05 —O.6379019283O8E+O5 -~O.635199I44447E+O5 --O.633582357493E+05

—O.632857100691E+05 —O.62942258O436F.-1-05 —O.6267R6554230E+O5 —0.624231139330F±05 —O.619670654139E-i-O5

—O.618224216590E+05 —0.614O88206123F.-f05 —0.612594598808E+O5 -O.611221346112E-4-O5 —O.6O7263121757E÷O5

—O.605715288293E-i-05 —0.600599870895E+05 —0.5987Q87tL4578E~05 —O.59499766R185E+O5 —O.592R92560815F+05

—O.5924O7515111E+05 —O.590072038907E+05 --O.58929’7440620E+05 —O.586953483929E~O5 --O.585282529019E+O5

—0.582417480770E+05 —O.578329290682F-i-O5 --O.576358738867F+05 —O.572559026414E-i-05 —O.567924926990E+05
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*** VIBRATIONAl, PART OF ROT—VIE CAlCULATION ***
J= I K= I

*** OPTION TO NEGLECT CORIOLIS INTERACTIONS ***

LOWEST 40 FIGENVALUES IN WAVENLIMBERS

—0.693434778845E+O5 —O.673520908937E+05 —O.667367529737E÷05 —O.65568O535567E405 —O.653695235544E+05

-0.6475812O7137E-F05 —O.64i58465O351E-i-05 —O.6365O6785O96E+O5 —O.633898691954E+O5 —O.63I2iO4969O8E+O5

--O.62735O7O5008E+O5 —0. 62O451O74873E-~O5 —o.619321:1004785+os —0. 6i5l3187273IE+05 —O.6l44OiO83279E+05

—O.611i3789197OF-~05 -O.6O9561219989E+05 --0.6O5059997466E+O5 —O.602762609382E+05 —O.59696961Ft421E+05

—O.594707724476E+0-5 -0.591486300333E-fOS —O.5856805O2052E+05 --O.582846334O58F.+O5 —O.579434392730E+O5

--O.577146293484E+O5 —-O.570798691057E-+O5 -O.569522O30011E-fO5 -O.567372233855E-4-O5 —0.562657059258E÷O5

—O.557006622625E+05 --O.549539344639E+O5 —O.5475i6O93382E+05 —O.543753631137E+05 —O.540765764232E+05

—O.53O367647568E+05 —O.524147046677E+05 —O,52O570286981E-i-O5 —O.516503198823E+05 —0.51i88O33OO27E~05

ROTATIONAL PART OF ROT—VIB CALCULATION WITH:
40 LOWESTVIBRATIONAL EIGENVECTORSSUPPLIED FROM

113 DIMENSION VIBRATION SECULARPROBLEM
40 LOWESTVIBRATIONAL EIGENVECTORSACTUALLY USED

6 LOWESTROTATIONAL EIGENVECTORSREQUIRED FOR
80 DIMENSION ROTATION SECULARPROBLEM

TITLE: D2H+ : E PARITY

LOWEST 6 EIGENVALUES IN WAVENUMBERS

-0. 7i4277079814E+O5 —O.694627380851E+O5 —O.693607860944E+05 —O.686893214285E+O5 —O.675780556790E+05

-0.6741O1182911E+05


