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PROGRAM SUMMARY

Title ofprogram: VIBMATEL No. of lines in combinedprogram and testdeck: 5915

Cataloguenumber: AAFQ Keywords: molecular,diatomic, vibrational, matrix elements,
expectationvalues, Dunham potential—energyfunction, rota-

Program obtainablefrom: CPC ProgramLibrary, Queen’sUni- tional dependence
versity of Belfast, N. Ireland (see application form in this
issue) Nature of thephysicalproblem

The vibrational matrix elementsandexpectationvaluesfor a
Computerfor which the program isdesignedand otherson which diatomic molecule, including the rotational dependence,are
it is operable: anycomputerhavinga FORTRAN-77 compiler calculatedfor powers of thereduceddisplacementin termsof
andsufficient core the parametersof theDunhampotential—energyfunction [1].

Computer: Sperry 1100/91; Installation: P.S.!. Université de Methodof solution

Pans-Sud,F-91405 Orsay, France Explicit expressionsfor the matrix elementsin terms of the
vibrational quantumnumbersv andv’, or ~v, aregivenfor x’,

Operatingsystem:SPERRY OS1100Exec-8,Level 39R2 0 � 1 � 8 or 7, respectively,in two different groups: in one
group, 0 � v � v’ � 7 and0 � 1 � 8, up to the eighth order in

Programminglanguage used:FORTRAN-77with nonstandard the potential—energyfunction; in the other group, 0 � z~v= v’
IMPLICIT statement — v � 7 and 0 � 1 � 7, up to the sixth order in the

potential—energyfunction.
High-speedstoragerequired: 169 Kwords

Typical running time

No.of bits in a word: 36 1.3 s.

Overlaystructure: optional Reference

El] J.F. Ogilvie and R.H. Tipping, Intern. Rev. Phys.Chem 3
Peripheralsused:card readeror input console,line printer (1983) 3.

* Presentaddress:Departmentof PhysicsandAstronomy,The

University of Alabama, P.O. Box 1921, University, AL
35486-1921,USA.
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LONG WRITE-UP

1. Introduction Herex is the reducedinternucleardisplacementin
termsof the instantaneousR andequilibrium Re

According to quantummechanicsa matrix ele- distances,x = (R — Re)/R e Be is the equilibrium
ment of the correspondingoperator is associated rotational parameter, Be = h/(8~i2c~tR~),having
with any physically observablequantity. For the the same (wavenumber)units as V; y is the ap-
comparisonbetweentheoreticallyand experimen- propriatedimensionlessexpansionparameter,the
tally determinedproperties,one thus requiresac- ratio y = 2 Be/Weof limiting rotationaland vibra-
curateexpectationvaluesor matrix elements.For tional spectral intervals, that governs the conver-
the evaluation of thesequantities, one can use genceof the analyticexpressionsto follow. The a

1
eithernumericalmethods,requiringnumericalin- coefficientsare usually determinedfrom the fre-
tegration over an appropriaterange, or analytic quenciesof lines in the observedvibration—rota-
expressions,if the theory to producethe latter has tional spectra,whetherin absorption,emissionor
generatedan adequatesupply of expressionsover Ramanscattering.
the necessaryrangeof quantum numbersof the It is convenient[2] to expressvariousmolecular
discrete states.The numerical method is rather properties,for instancerotationalparametersBe,,

general,but requiresa relatively long calculation shieldingfactorsor spectralline intensities,in the
for eachvalue, whereasoncethe analytic expres- form of power-seriesexpansionsof the corre-
sionshavebeenformed, probablyas the result of sponding functions in terms of the reduceddis-
long calculations,the resultsare fairly simple ex- placementx; e.g.
pressionsthat requireonly brief times for evalua-
tion. M(x) = ~ M1x’. (3)

1=0

In this case,any vibrational matrix elementof the
2. Summaryof the theory and its implementation function M(x) caneasilybe expressedin termsof

the sum of the correspondingmatrix elementsof
In the programVIBMATEL, we usea seriesof x:

analytic expressionsfor the vibration—rotational
expectation values and vibrational matrix ele- KM(x)k)) = ~ MiKv~x’Iv’) (4)
mentsof a diatomic molecule(in a ~ state) in /0

terms of the parametersof the potential—energy in which the (v I and v’) correspondto the
function due to Dunham [1], commonly used in vibrational eigenfunctions‘4i~0(x)and i~0(x).If
spectroscopicinvestigationsof thesemolecules: the valuesof v and v’ are identical,then we have

the expectationvaluesof the function M(x) in a
V(x) = BeY_2X2(1 + ~ a1xi). (1) particularvibrational state v = v’.

j = I Two groupsof analyticexpressionsare used in
the programVIBMATEL. In the first group, the

The vibration—rotationalwavefunctions ~ im- expressionsare given for explicit valuesof v and
plicit in the calculationsare the solutions of the v’, in the range0 � v � v’ � 7, useful for powersof
dimensionlessSchrodingerequation x in the range 0 � I � 8. (Higher powers can be

generatedfrom exactrecurrencerelations[3].) The

d 2 expressionscontain all terms in the potential-en-
X ergyparametersup to a8 inclusive. In the second

1 ,~ \ BCJ(J+ 1) ‘ ~— 0 group, the expressionsare given in terms of the
+ -~- E~,— V~x— (1 + x)

2 differencebetweenvibrationalquantumnumbers,

~ \ ~v=v’—v,intherange0�z~v�7forpowersof
x up to x7 and contain all terms up to a

6 inclu-
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sive. Thesetwo groupsof expressionshave been of the generationof theseexpressions,that in no
derivedby different methods,that we summarize way deviatesfrom the method of generatingthe
as follows, expressionsfor 1 < 8 and that is in fact a trivial

The matrix elementsand expectationvaluesin extensionof the algorithm for which all necessary
termsof v and v’ havebeengenerated[21entirely termswereconfirmed to be correct,it is believed
by computeralgebra [41,through the use of the that theseexpressionsare alsocorrect.The expres-
vibrational wavefunctions [5], q~~0(x)= IV~,g1,(x) sions (v I x

1 v + 7) in the secondgroupcould be
tJ.~

0(x).Thederivationof the wavefunctionst?11~,O(x) checkedagainstthose in the first group for only
with the aid of quantum-mechanicalrelations[3] the specialcasev = 0. As analternativemethodof
has been describedin detail elsewhere[2]. The checkingall the matrix elements,one can use a
preexponentialfunctions g~,(x)are polynomials well knownpotential-energyfunction,suchas that
with coefficients involving y and a1. Thus, the due to Kratzer[2], for which the matrix elements
generalvibrationalmatrix element(v I x

1 I v’) can takea simpleandcalculableform.
be written as It may be desirable to know the rotational

1 / dependenceof thesematrix elementsandexpecta-(v~xIv) = N,N,.K0 g (x)xg~(x) 0), (5) tion values, thus in effect to generatethe matrix

so all that is required is a method of generating elements<VJ Ix’ v’J) that may be off-diagonalin
the ground-state(v = 0) expectationvaluesof xt. v but diagonalin J. Onecanachievethis objective
For the latter purpose,a simple two-term recur- in a formalway by usingtheknown f-dependence
rencerelationhas beenpreviouslydevised[4]. By [2] of thearguments,the parametera

1 and y. This
this means,all the expectationvalues andmatrix dependenceis in fact expressedin termsof J(J +

elementsin the first grouphavebeenevaluated. 1) = ~8,and consistsof a seriesof terms of the
The vibrational matrix elementswith a func- form:

tional dependenceon v, in the secondgroup,have = — ~ ~ + 1
beenevaluatedby the applicationof perturbation ‘~‘~ / ~‘ 2 r’~ I

theory [6] using the harmonic-oscillatorbasis set + ~y
5f32(15a~+ 30a

1— 8a2+ 25)
and including the anharmonic-oscillatorterms as + 7$3( . . . ~ + •..

successiveperturbations; these matrix elements ‘1’ /

havebeengeneratedby numericalcomputerpro- a1(/3)= a1 + y2$[_3a1(1 + a1)
grams.The method has beenpreviously described
[7] and some expressionshave also been pub- +(j+ 3)(a1+ (—1)’)]
lished; the presentset of terms extendsthe treat-
ment. +y

4$2(...)+y6$3(...)+ ~ (7)
It is importantto confirm that the given expres- Becausefor almost all known diatomic molecules,

sions are correct. For this purposesome proce- the range of y is 102 > y> iOn, thereis a
duresare available.First of all, if all the valuesof rapid convergenceof theseseriesprovidedthat the
the coefficientsa

1 are set to zero,the expressions valuesof J arenottoolarge(J � 30 for y 10 2)

reduceto the harmonic-oscillatorresults that can All the expressionsfor KvJ I x
1 v’J), a

1(f~)
bewritten in closedform. Secondly,thetwo groups and y(/3) havebeenautomaticallyconvertedinto
of expressionscanbe usedto checkeachother, by FORTRAN statementsand have then been as-
analyticevaluationof the appropriatedifferences. sembledinto ten subroutines.The first eight sub-
Tests haveconfirmed the correctnessof the ex- routines contain the statementscorrespondingto
pressionsby this method (and in fact located a the expressionsin the first group (v I x

1 v’), 0 � v
few transcriptionerrors). However, some expres- � v’ � 7, with a different value of v in eachsub-
sions for which overlap betweenthe two groups routine.The ninth subroutinecontainsthe expres-
doesnot occur could not be checkedin this way. sions for (v I x1 I v + ~v) belongingto the second
The expressions<v I x8 v’> in the first group are group. The tenth subroutineproducesthe J-de-
in this category. However, becauseof the nature pendentparametersa

1($) and y(/3) if necessary,
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Table 1
Values of contributionsof termscontainingsuccessivepowers of y to vibrational matrix elementsof HCI with ~v = I or 2, as v

increases

Matrix element ~
3/2 ~S/2 ~S/2 Sum

<Ox3 1) 0.6324xi~—~ 0.1103x i0~ 0.4459x105 0.1879x106 0.7473xI0~
<51x316) 0.9294X102 0.8880X102 0.1945x102 0.4214x103 0.2054x10’

(lOlx3IIl) 0.2307x10’ 0.4033x10~ O.1616><10_1 0.6393x102 0.8596x10~
<151x3116) 0.4047xl0~ 0.1029 0.5993x10~ O.344SxlO’ 0.2377

Matrix element y ~,4 Sum
<01x212) 0.5009><lO_2 —0.2250x103 —0.1100x104 —0.7830x106 0.4772x102
<S1x217 0.2295x10~ —0.4467x102 —0.7645x103 —0.2213x103 0.1750x101

(101x2112) 0.4069<10~ —0.l40lx10~ —0.4203x102 —0.2146x102 0.2033x102
<151 x2 117) 0.5841x101 —0.2886x10_i —0.1239xi0~ —0.9070x102 0.8092x10_2

and is executedbefore the previous subroutines a
1 merelyset equalto zero.If the set of known a1

are calledas required.The entireprogramis thus terminatesat ak, then all terms (coefficientsof y
readily adaptable to an overlay or segmented to somepower) that contain any potential-energy
structurefor usein a small core, coefficientsa~with j> k shouldbe removedfrom

The limitationsof the validity of the resultscan the expressions.An alternativeprocedurewould
be easily ascertainedbecausethe analyticexpres- be to extend the set of known a1 with values
sions are series in powersof y. As alreadymen- appropriateto a particular model potential—en-
tioned, the f-dependenceis found by a formal ergy function (suchas that of Morseor Lennard-
substitutionthat dependson a rapid convergence Jones [2]). The same injunction applies to the
of the expressionsfor a1(fl) andy($); the explicit expressionsKy I x

t I v+ ~v) for which in mostcases
requirementfor this convergenceis that J(f + 1) a set of a

1, I �j � 6, is required. Also in the
<<y

2. Another limitation of the use of the ex-
pressionsfor the matrix elementsin the first group
arisesif a completeset of a

1, 1 �j ~ 8, is unavail- Table 3

able, and correspondinglyfor a1 I �j � 6, in the Descriptionof COMMON variablesandarrays

secondgroup. It is importantnot simply to use Variableor Description
the given expressionswith the unknown valuesof arrayname

G expansionparameter y
Al potentialenergycoefficient a1

Table2 A2 potentialenergycoefficient a2

Descriptionof subroutinesof programVIBMATEL A3 potentialenergycoefficient a3
A4 potentialenergycoefficient a4

Subroutine Input Outputparameters AS potentialenergycoefficient a5

name parameters A6 potentialenergycoefficient a6

MELO )~,a1 ~8’ v’ <01x’I v’), 0 � 1 � 8, 0 � v’ � 7 A7 potentialenergycoefficient a7

MELI y, a1 —a8, v’ <11x

t~v’), 0 � / � 8, 1 � v’ � 7 A8 potentialenergycoefficient O~

MEL2 y, a

1—a8,v’ <21xt I v’), 0 � 1 � 8, 2 � v’ � 7 MEL (V, L, VP) matrix element <v I xt I v’)
MEL3 y, a1—a8,v’ <31x’l v’), 0 � I � 8, 3 � v’ � 7 V vibrationalquantumnumber v

MEL4 y, c11 — a8, v’ <41 xt I v’), 0 � 1 � 8, 4 � v’ < 7 L powerof thereduced /
MEL5 y, a1—a8,v’ <51x’I v’), 0 � / � 8,5� v’ � 7 displacementx
MEL6 y, ai— a8, v’ <61x’I v’), 0 � I � 8, 6 � v’ � 7 VP vibrationalquantumnumberv’ /

MEL7 y, ai—as, v’ <71x’17), 0 �l� 8 R(L, DV) matrixelement (clx Ic + ~v)

MELDV y, a1 — a8, v, LXv <v I x
t I v + dv), 0 � / < 7 L powerof thereduced /

ROTDEP y, ai—as, J y(f3), ai($)—as(/l) displacementx
DV differenceof vibrational &

Note that if J * 0 then all the quantities <v Ix’ I v’) above quantumnumbers
become<vJIx’Iv’J).
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secondgroup in which the v-dependenceappears and ten subroutines. In the routine MAIN, the
as a parameterto be set, it is importantto recog- inputdataare read,the resultsare printedandthe
nize that for valuesof v greaterthan somevalue subroutinesare called as required.The functions
(that has to be determinedempirically in each of the subroutinesare statedin table2. The mean-
particular application) the series in powers of y ings of the common variablesand arraysare ex-
will fail to converge. For instance, the data in plainedin table3. The input dataare describedin
table 1 illustrate the values of the various contri- table4.
butions to <vIx3Iv + 1) and <vIx2 I~+ 2) with
J = 0 for a few valuesof v. From theseresultsit is
evident that acceptableconvergenceis attainedat References
small valuesof v, for a givenvalueof y, but not at
large values. For moleculeswith smallervaluesof [1] J.L. Dunham,Phys.Rev.41(1932)721.

-y thanthat of HC1, the convergenceis correspond- [21 J.F.Ogilvie andRH. Tipping, Intern. Rev. Phys.Chem. 3
(1983) 3.

ingly improved. 131 R.H. Tipping, J. Chem. Phys.59 (1973)6433, 6443.
The testrun for which thegiven main routine is 14] J.F.Ogilvie, Comput.Chem. 6 (1982) 172.

furnished with the subroutinesuses input data IS] R.M. Herman,RH. Tipping andS. Short.J. Chem.Phys.

appropriateto HCI. This moleculehasa valueof 53 (1970) 595.

y 7 x I0~ typical of many moleculesfor which 16] EU. CondonandG.H. Shortley, Theoryof Atomic Spec-
tra (CambridgeUniv. Press,Cambridge,England,1957)p.

this programis expectedto be useful. 34.

The expressionsin thesesubroutineshaveal- 17] J.P. Bouanich and C. Brodbeck, J. Quant. Spectrosc.

readybeenused in applicationsfor the determina- Radiat.Transfer 15 (1975) 873.

tionsof the dipole-momentfunctionsof HCI [9,10] 181 J.P. Bouanich. J. Quant. Spectrosc.Radiat. Transfer 16

andCO[8] andthe Herman—Walliscoefficientsof (1976) 1119.
~ 1111 191 RH. Tipping and J.F. Ogilvie, J. Mol. Spectrosc.96

I 1’ (1982)442.

[10] J.F.Ogilvie andRH. Tipping, J. Quant.Spectrosc.Radiat.
Transfer33 (1985) 145.

3. Program description 111] J.P. Bouanich,Nguyen-Van-ThanhandI. Rossi,J. Quant.
Spectrosc.Radiat.Transfer30 (1983)9.

Written in the language FORTRAN-77, the
programVIBMATEL comprisesa MAIN routine
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