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The multi-configurationHartree—Fockcode (MCHF) determinesradial functions that define theorbitals of configuration
statesin theexpansionof a non-relativistic wave function of a many-electronsystem.This code hasbeen combined with
others that perform angularand/or radial integrationsto form an atomic-structurepackagefor the prediction of atomic
properties,called the MCHF atomic-structurepackage.This articledescribesthe scopeof thepackage,its designphilosophy,
organization,datainput, and common file formats. Throughexamplesit alsooutlines the seriesof stepsthat typically are
requiredin thepredictionof anatomicproperty.Thepresentpackageis restrictedto energylevelsandtransitionprobabilities,
either in thenon-relativisticLS framework or the Breit—Pauli, relativisticLSJ framework.

1. Introduction

Atomic-structurecalculationshave played an important role in atomic spectroscopy,both in the
prediction of atomic propertiesand in the interpretationof experimental data. Astrophysics,fusion
research,collision phenomena,all rely extensively on atomic-structurecalculations. In addition, since
atomsare the building blocks of molecules,liquids, and solids, the resultsof atomic calculationsare of
fundamentalimportanceto theseareasas well.

The MCHF method[1] hasbeenshownto beeffectivefor the studyof correlation(wherecorrelationis
used to designatethe error in the independentparticle, Hartree—Fockmodel) and for problemswhere
relativistic effectsare small. The systemswhereit canbe usedmosteffectively are many-electronsystems
that canbe modeledas two-electronsystems[2] outsidea closedcore. Magnesiumis onesuch example[3].
But it has beenapplied to some difficult caseswherea perturberis embeddedin a Rydbergseriesand
mixing dependscritically on correlationandpossiblyalsoon the LS-dependentrelativisticshift effects[4].
More recently, it has been used to study the electron affinities of Ca [5] and other alkaline earths.
Relativisticcorrectionsmaybe includedthroughthe Breit—Pauli approximation.This approachhasbeen
usedin a studyof the boronsequence[6] where the fine-structuresplitting obtainedfrom multi-configura-
tion Dirac—Fock calculationswas not in good agreementwith observationand a correctionprocesswas
neededto obtain the correctnon-relativisticlimit [7]. It hasalso beenusedto studyforbidden transitions
in the carbon[8], nitrogen[9], andoxygen [10] sequence.Thus the MCHF (or MCHF + BP) method is a
versatilemethod for the study of atomic structurefor a large classof problems.The presentsoftware
packageis basedon this method.

2. Designconsiderations

Severalatomic-structureprogramsare alreadyavailable — SUPERSTRUCTURE[11] for which the
radial functionscan beeitherstatisticalmodel-potentialradial functionsor user-suppliedfunctions,CIV3

0010-4655/91/$03.50© 1991 — ElsevierSciencePublishersB.V. (North-Holland)



370 C.F Fischer/ TheMCHFatomic-structurepackage

[12] where the radial functions are expandedin terms of Slater orbitals, and Cowan’s program [13]
designedlargely for highly ionizedsystems.All theseare large,generalprogramsoftenusedon “supercom-
puters”.The presentsystemdiffers appreciablyin its designin severalways:

(i) Modularity
Insteadof one programcapableof performing many different calculations, the presentpackageis

organizedas a seriesof programsandutilities, sharingseverallibraries.

(ii) File orientation
Informationis communicatedbetweenprogramsthrough files and large arrays or lists are storedas

files. Themain requirementis anadequateamountof disk spacefor the problemat hand,facilitatedby a
large, virtual memorysystem.

(iii) Easeof use
Human error can be reducedthrough the developmentof an easy-to-usesystem. Severalapproaches

havebeentakento minimizeblunders.First, a spectroscopicnotationhasbeenintroducedfor specifying
configurations.The configurations and the coupling of their subshellsis alwayscheckedfor validity.
Second,input may be givenin answerto promptsanddefaultvaluesmaybe selected.Unlessprogramsare
used frequently, it is easyto forget the format of the input data. By having the program prompt for
information, the user is freed from rememberingthis detail, provided the programscan be executed
interactively.Also, programsare initialized for a certainsize, a constraintwhich canreadilybe changed
but needsto be remembered.All programscheck that thesebasic constraintsare not exceeded,thus
avoiding erroneouscalculations.

(iv) Portability
Computersystemsare changingrapidly. In suchanenvironmentit is vital that the softwareberelatively

portable,that is, capableof being transferredfrom onesystemto anotherwith minimal modification.
The mostportablelanguageto datehasbeenFORTRAN. Thoughprogramswritten in FORTRAN are

oftenbadly structured,FORTRAN77goesa longway towardsmeetingthisgoal, andis availableon most
computerson the market.This languagesupportsthe charactervariableneededto developa friendly user
interface.It also allows for free-formatinput.

Many earlier FORTRAN programsegmentshavebeenincorporatedinto the presentsystemwithout
revision,but all new routineshavebeendevelopedusingFORTRAN77.

(v) Efficiency
Whenextensivecalculationsareundertaken,it often is desirableto studysome atomicpropertyalong

an iso-electronicsequence.The angular integrationsto be describedin a later section, are the most
CPU-time-consumingtask (at leastin largeMCHF + BP calculationson the Cray wherethe angularcodes
do not vectorize).At the sametime, the angularintegrationsare independentof the nuclearchargeZ, and
needbe performedonly onceper sequence,provided the configurationexpansionof the wave function
remainsunchanged.For this reason,angularintegrationsare alwaysseparatedfrom tasksrequiringradial
functionswhich, of course,are Z-dependent.

Efficiency hasbeena factor influencing the design at all stages.In this connection,a revisedprogram
MCHF88 [14] has beendevelopedin which the basicdatastructuredescribingthe energyexpressionis
integral driven and exploits the sparsity of many of the arrays appearingin the problem. Also, it is
designedwith largecalculationsin mind and deals more efficiently than earlierversionswith a typical
situation,onewhereonly a few orbitals are variedat a time. The dimensionsof thepresentversionhave
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not been set for large cases(as may be required by state-of-the-artcalculations),but may readily be
increasedby increasingparametervalues.

3. A conceptualview of atomic-propertyevaluation

Everyatomicpropertyis the expectationvalueof someoperator,i.e.

(property)= (‘Pf lop I ‘~P), (1)

where OP is an appropriateoperator and ~ Slit, are wave functions for the initial and final state,
respectively.In some cases,such as the energy, the property is for a given atomic statein which case
t~t,

In the configurationmodel, the wave function is describedin terms of configuration-statefunctions
(CSF). Unlike a Hartree—Fockcalculation,wherethe label of the statedesignatesthe configurationand
the only decisionmight be the coupling of the open subshells,a multi-configurationcalculationrequires
the selectionof a set of configuration statesthat define the wave-functionexpansion. In the MCHF
method,the totalwave function, ‘I’(yLS), which is an atomic-statefunction(ASF) describinga many-elec-
tron systemlabeledy (usually the dominantconfigurationin the expansion)and total angularand spin
momentaLS, is approximatedby

~= ~c~(y~LS), (2)

where sI~yLS)is a configuration-statefunction with a specific coupling scheme(sometimesalso referred
to as a coupledconfiguration).In particular,for an N-electronsystem,

~(y~LS) =A{{UR(nili; ~)}I(l~,

is a normalizedantisymmetricproduct of a radial factor and a spin-angularfactor. The radial factor
consistsof a product of radial functions.All the programsin this packageuse Racahalgebra for the
manipulation(recoupling)andintegrationof angularfactors.

Substitutingeq. (2) into eq. (1) we thenget the result

(property) = ~ c,c1’(’~’LSlopI y~LS). (3)
I,,,

The operatormatrix elementmay be expandedfurther as

(y,~LSlop I y~LS)= ~ Coeff(k, a1~,a1)RI”~(a1~,a3), (4)
j,j’,k

where a~and ~ refer to sets of oneor moreelectrons(or radial functions)of the initial and final state,
respectively,RI is a “reducedintegral”, and k refers to any additionalparametersthat may be present.
Substitutingeq.(4) into eq.(3) we get

(property)= >c1c1’ ~ Coeff(k, a1~,a1)RI”~(a1’,a1). (5)
i,:’ j,j’,k

Supposefor the time beingthat the radial functionsandthe wave-functionexpansionsare known.The
taskof evaluatingan atomicpropertythenbreaksdowninto two subtasks— the angularintegrationof eq.
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List of Configuration States‘y, OP
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List of ConfigurationsStatesrny,,

Fig. 1. Schematicfor anangularintegrationof a generalatomic property.

(4) producing the list of coefficients, Coeff(k, a1~,a1) along with the list of unevaluatedintegrals
RI k (a1’, a1), andthe evaluationof eq. (5) wherenow Coeff(k, ~ a1) are known andreducedintegrals
must be evaluated.The former is a Z-independenttask, the latter Z-dependent.The result of the angular
integrationsis a list of reducedintegrals,their coefficients,andpositionsi’, i in the expansionsof the bra
and ket atomic-statefunctions,respectively.For brevity, we shall refer to this list as the “list of reduced
integrals” for a specifiedoperator.

Figure 1 depictsa schematicdiagramfor the flow of datain an angularintegration.Notice that such a
calculationrequiresa small amountof SPECIALdata that may beenteredfrom the terminal (or a special
file, if the userwishesto preparethe datain advance)andtwo lists of configurations.In someinstances,if
the initial andfinal statesarethe same,only oneconfigurationlist is required.

Figure 2 depicts the propertyevaluationtask. Now all information about the wave function for the
initial and final stateis needed(configuration-expansioncoefficientsas well as radial functions). This is
combinedwith the reduced-integrallist. Eachreducedintegral must be evaluatedand its contribution
addedto the sumdefining theatomicproperty.

Thus it is convenientto representa wave function by two files — one calledthe CONFIGURATION
file, which lists the configurations,their coupling andpossibly also their weight,and the other the file of
radial functions.The former will be referredto as a “cfile” and the latter a“wfile”. The formatsof these
andother files are discussedin sections7—9.

An importantpropertyis the energyof a statesincein the MCHF approximationit is usedto determine
the radial functions. The above descriptionof the prediction fo an atomic propertyhas not specified
whetherthe stateis viewed asan LS (non-relativistic)or LSJ (relativistic) state.In fact, in mostcases,the
only differenceis the wave-function expansionitself, but the energyis an exceptionin that a restricted
amount of non-orthogonalityis allowed in non-relativisticcalculations.Non-orthogonality has not yet
beenextendedto aBreit—Pauli calculation.

The MCHF + BP methodassumesthat the radial functionswill be determinedusinga non-relativistic
form of the Hamiltonian. Thus the first stageof a wave-functioncalculation is the generationof the
reduced-integrallist for the non-relativisticHamiltonian, HNR, which consistsof the well-known Slater
integrals,Fk, Gk, Rk, andthe one-electronintegral I. In anMCHF calculationit is convenientto usethe
I-dependentoperator

d
2 2Z l(1+1)

L= + — — ____

dr2 r r2

INPUT FILES OUTPUT FILES

SpecialData

List of ReducedIntegrals Atomic Valueof the property
Property

NumericalRadial Functions

Fig. 2. Schematicfor atomicpropertyevaluation.
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Fig. 3. Schematicfor an MCHF calculation.

Then

I(nl, n’l)= —~(nl’lLInl).

The latter is referredto asan “L-integral” andreplacesI in the reducedlist.
Figure 3 depicts the data flow for an MCHF calculation. An MCHF calculationusually is for a

particularLS state,or possiblytheaverageenergyof someconfiguration.More generally,it is a calculation
determiningradialfunctions,andmixing coefficientsor weights, for a given energy expression.The latter
neednot be physicallymeaningful. If the purposeof the calculationis to generatea balancedsetof radial
functions, simultaneouslyrepresentingseveral states, say, the energy expressioncould be a linear
combinationof energyexpressionsfor severalconfigurations,not necessarilyfor the sameLS. In such
applications,the diagonalizationprocessmust be by-passedand the mixing coefficientskept fixed during
the self-consistentfield procedure.

Once radial functionshavebeendeterminedrelativistic effectsmay be addedthroughthe Breit—Pauli
approximation.In the presentdesign,it is convenientto view the Breit—Pauli Hamiltonianas a sum[15],
namely

HBP = HNR + HR,

whereHNR is the usualnon-relativisticHamiltonianand HR representsthe relativisticcontributions.The

latter may againbe subdividedinto non-fine-structureandfine-structurecontributions,namely
HR = Hnon tine + Hfine,

where

Hfl
0fl fine = Hmass+ HDa~in + H55~+ H00

and

Hf inc = H~0+ H~00+ ~

The non-fine structurecontributionsare not J dependentand,except for H00, the coefficientsfor the
associatedreducedintegralsare directly relatedto coefficientsalreadydeterminedfor the non-relativistic
Hamiltonian.Theorbit—orbit contributionis lengthy andnot deemedsufficiently importantto beincluded
in the MCHF package.CIV3 [12] also neglectsthis effect and SUPERSTRUCTURE[11] neglectsthe
two-body Darwin term andthe spin—spincontactstermsas well. The effect of the non-finestructureis
mainly one of shifting one configurationrelative to another. For this reason,the effect is sometimes
referredto as the “relativistic shift effect”.

The fine-structurecontribution is responsiblefor splitting a term into several J levels. Since the
Breit—PauliHamiltonianis not diagonalwith respectto L and S, termswith different LS valuesmaynow
interact. Thus MCHF + BP expansionsare much longer than MCHF expansions.For these longer
expansions,the Hamiltonian in the Breit—Pauli approximation must be re-evaluatedto produce the
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INPUT FILES OUTPUT FILES
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List of ReducedIntegralsfor H~p

Fig. 4. Schematicfor Breit—Pauli diagonalization.

BREIT list of reducedintegrals — F”~,Gk, ~ L, Z, N’~,Vk, and Sk, wherethe latterfour representthe
spin—orbit, spin—other—orbit,and spin—spininteractions.

Thewave-functionexpansionwithin the MCHF + BP approximation is obtainedfrom a CI calculation,
depictedin figure 4. The (name).1 file and (name).j file contain eigenvaluesand eigenvectorsof HNR +
Hnon tine and HBP, respectively.Thelatter file maycontaininformationfor a seriesof J values.Oncethese
files havebeenobtained,otherpropertiessuchas transitionprobabilitiescanbe evaluated.

4. Organization of the package

The packageis organizedas a set of programs,utilities, andlibraries.Eachprogramperformsa specific
atomic-structurecalculationwhereasthe utilities are useful, short programsthat assistin the processing
and evaluationof results.The librariescontainroutinesthat are usedby more thanoneprogram.Table1

shows the organizationof the basicpackage.Only the short nameis given in this table.Whenadditional
clarity is needed,particularly in related papers,the CI program, for example,may be referred to as
MCHF_CI to emphasizethat it is partof the MCHF atomicstructurepackage.Similarly, the full nameof
a library may be given as MCHFLIBANG, for example.Not mentionedin this table are the CPC
routines for the CFP’s (for p- andd-electrons)[16]andthe NJGRAFrecouplingpackage(Bar-Shalomand
Klapisch [17]). A modified versionof Robb’sTENSORprogram[18] is includedin the ANG library.

With this packageit is possibleto perform energy-relatedcalculations(ionization energies,electron
affinities, term-energyseparation,fine-structuresplitting) and transition-probabilitydata (wavelengths,
line strengths,f-values)for El, E2,... (EX in general)andMl, M2,... (MX in general)transitionsfrom
which lifetimes canbe derived.Severaleffectsmay beincluded,namelycorrelation,relativisticshift effect,
spin—orbit interaction, masspolarization. Programsfor other atomic propertiesmay be addedin the
future.

Table 1
Organizationof thebasic atomicstructurepackage

Angular Radial General

Programs NONH MCHF88 GENCL

BREIT CI

MLTPOL LSTR
LSJTR

Utilities COMP

LEVELS
LINES

Libraries ANG RAD COM
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5. Installationof the package

Though attemptshavebeenmadeto make the systemportable, therealwaysare some system-related
matters that should be investigatedprior to compilation. The presentpackageis a double-precision
package.If singleprecisionis required,appropriatechangeswill needto be made.It also assumesthat file
namesmaybe specifiedin lowercaseandthata one-or three-characterextensionis allowedin a file name.
The namingconventioncanreadilybe changedto whateverschemeis desired.The packagehas notbeen
designedwith vectorprocessorsin mind. Improving performanceon vectormachinesrequiresthe use of
additionalmemoryanddegradesperformanceon conventionalmachines.

The abovepoints are not likely to be importantin many situations,but every installation shouldbe
precededby a studyof the following topicswhich describesystem-dependentfeaturesof the packagethat
may requirechange.

5.1. Unit numbers

Most files arereferredto by nameso that the userneednotbe awareof the FORTRAN unit number
associatedwith theprocessingof the file. However, the following are exceptions:

UNIT = 5 StandardInput (usually a terminal or screen,80 characters),
UNIT = 6 StandardOutput(usually a terminalor screen,80 characters),
UNIT = 0 Error or Prompt(usuallya terminalor screen),
UNIT = 3 PrinterOutput(130characters).

Usually,UNIT = 6 containsinformation importantto themonitoring of a calculationin progresswhereas
UNIT = 3 containsinformation importantas the completion of the calculation. UNIT = 0 is usedfor
information that is neededevenif UNIT = 6 is reassignedor redirected.(On the VAX, PRINT statements
could be used for this purposesince they were not affectedby a reassignmentof UNIT = 6, but this
featureis notsupportedby all operatingsystems).In a UNIX environment,UNIT = 0 shouldbethe unit
numberof “StandardError”, but thereseemsto be no agreementon the unit numberto beused for this
purpose.

5.2. Dimensions

The packagehasbeendimensionedfor a modestlysized calculationandas long as format statements
are not affected,arrayscanreadilybeincreasedor decreasedas desired.PARAMETER statementshave
beenintroducedto help maintainuniformity betweenthe different packages.The following lists PARAM-
ETER constantsthat appearin different programs,their values,and their role in the package:

NWD 30 maximumnumberof electronsor radial functions,
NOD 220 maximumnumberof grid points in the representationof a radial function,
NCD 100 maximumnumberof configurationstates,
IDIM 500 maximumnumberof reducedintegrals,
NCDIM 1000 maximumnumberof coefficients.

Someparameterconstantsare expressedin terms of thesebasic constants.For example,the maximum
numberof radial functionsfor a non-relativistictransition-probabilitycalculationbetweenan initial state
and a final statecould havea maximum of NWD2 = 2* NWD radial functions,and NCD2 = 2 * NCD
configurationstates.A Breit—Pauli calculationgenerallyhas a longer expansionthan a non-relativistic
one: ratherarbitrarily, the maximumallowednumberis NCD2 so that a transition-probabilitycalculation
could haveas many as NCD4 = 4 * NCD configurationstates in the combinedinitial and final states.
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Table2
Parametersusedto set the dimensionsin variousprograms

Dimensionfor Parametersusedin

NONH BREIT MLTPOL MCHF88 CI LSTR LSJTR

radial functions/electrons NWD NWD NWD2 NWD NWD NWD2 NWD2
configuration states NCD NCD2 NCD4 NCD NCD2 NCD2 NCD4
grid points - - - NOD NOD NOD NOD
integrals — — — IDIM IDIM2 — —

integral coefficients NCDIM NCDIM4 — NCDIM — — —

Table 2 shows the dimensioningschemethat hasbeenused.Thesedimensionscan easily be changedif
largeror smaller dimensionsare required.

Dimensionparametersthat havenot beendefined in terms of PARAMETER constantsare incorpo-
ratedinto the programwith parentheses.Thus, a conditionalstatementsuchas

IF (I.LE. (20)) THEN

shouldbe interpretedas an indication that “20” is associatedwith a dimension.Appropriateuse of an
editor will thenchange,not only the dimension,butalso constantslinked to that dimension.

5.3. Options

In SUN UNIX, the FORTRAN environmentsupportsthe useof command-linearguments.This is the
most convenientway of specifyingthe namesof files for a processwhenthe namesare variableand often
results in easy-to-remembersyntax. Thus GENCL BE1S.c would be the commandfor generatinga
configuration-statelist for a casecalledBE1S.In this packageit wasdecidedto usedefaultnamesinstead,
which limits flexibility somewhatbut retainseaseof use.Lines of codebeginningwith “CSUN” support
the command-lineargumentoption. By replacingthesecharactersby blanks, the option may readily by
re-installed.

The angularcodescontainoptions for printing-out information that could assit in the debuggingof a
programcontainingthe code. It was decided here that the debuggingoption would not be included
explicitly, but neither has it been removed from the programs. This means that it can readily be
re-installed. In some instances,lines of codeneededonly for debuggingstart with “CDBG”; in other
instances,the variablecontrolling the printout of debugginginformation havebeenassignedvaluesin the
main programthat prohibits the printing.

6. Summaryof input data for the basic package

Eachof the programsthat are part of the packagewill be describedin separatepapers.Utilities will be
describedin a paper on MCHF libraries and utilities. As both an overview and a summary,we will
describehere the SPECIAL data input in responseto prompts, the other input files, and the results
producedfor eachof the programsor utilities that definethebasicpackage.Eachprogramproducessome
output that is for informationonly andis not neededin future calculations.In an interactivesessionsuch
outputwould appearon the screen,whereasin a batchenvironmentit shouldbe routed to a file. In the
programs,FORTRAN unit number6 is usedfor screenoutput(80 characters),unit number3 for printed
output (130 characters).We shall refer to theseas UNIT6 and UNIT3, respectively.All other files are
referredto by name.
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In this description,a file whosenameis fixed (not variable)will be specifiedby small capitalsas, for
example,TR.LST. Files that are variable will be specifiedby the file type. The latter will be in square
brackets([ ]) if optional.The typesof files are:

1. cfile List of configurations and their couplings that may contain information about expansion
coefficients.

2. wfile File containingthe radial functions.
3. ifile File containinginformation specifying the interactionmatrix in terms of reducedintegralsof

eitherHNR or HBP, coefficients,and position in the matrix.
4. jfile File containingeigenvectorsfrom an LSJ Breit—PauliCI calculation.
5. lfile File containingeigenvectorsof an interactionmatrix, excludingfine-structuresplitting (similar

to a jfile, but only LS dependent).
6. mfile File containingoutput from a multipole calculation.

A convenientfile-namingconventionis to usea nameto specifya caseandthe first letterof the typeas
a one letter extensionto indicatethe type of file. Thus hels.c,hels.w, andhels.i could be the files for a
calculationfor the heliumgroundstate.Someprogramsrefer to such collectionsby “name” only. Since
the nameis variable, it will be indicatedas“(name)”.

Informationon the useof the programswill be providedin the orderin which theywould be used,first
for a non-relativistictransition-probabilitycalculationand then in a Breit—Pauli allowed or forbidden
transition-probabilitystudy.

6.]. GENCL

Programto generateconfigurationsandtheir couplingseitherfrom a given list, given replacements,or
somegeneralrules. This programis bestusedin the interactivemode.At any point, an entryof ‘b’ means
the userwishesto backupone line andrepeattheinput. A rudimentaryhelp facility is available.

(i) Special data

blank or h (for help)
header
commonclosedsubshells
referenceset:

config (1)

config (2) .

(maximum of 15 configurations)

blank
activeset (blank or commadelimited list of electrons,maximumof 15)
replacementlist (terminatedwith blank line):

generalrules: el(2)= el’.el”
el(2) = el’(2)
e11 . e12 = el’(2)
eli . e12 = el’ . el”

whereel, e11, andel2 are occupiedorbitals of the referenceset of configurations
or

‘sd’ (for singleanddoublereplacementsto a virtual set)
virtual set (commadelimitedlist of electrons,maximumof 15)
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final terms:
term

term2 maximumof 15 terms(blank only meansall termsare requested);

with the ‘sd’ option, only one term or blank is accepted

blank

(ii) Input files: none.

(ii) Outputfiles: UNIT6 andCFG.INP.

6.2. NONH

Programto perform the angularintegrationsfor the non-relativisticHamiltonian,with thepossibility of
non-orthogonalorbitals, with at most two non-orthogonalpairsbetweeneachconfiguration.The list of
integrals is sortedso that the energycanbe expressedin termsof a uniquelist of integrals.The sortedlist
is written to INT.LST anddefinesthe interactionmatrix.

Parameters

new — numberof new configurations(0 = ALL)

nzero numberof configurations(from beginning)defining the zero-orderset (0 = ALL)
(i) Special data

printout (y/n)
all interactions(y/n)

if ‘n’ then

new,nzero

(ii) Inputfile: CFG.INP.

(iii) Outputfile: INT.LST.

6.3. MCHF

Program to computeradial functionsand expansioncoefficientsfor an MCHF wave-functionexpan-
sion.

Parameters

atom — label(at most6 characters)
term — label(at most6 characters)
Z — atomicnumber(real,with decimalpoint)
electrons— the electronswhoseradial functions are to be varied; this may be specified in several

ways:
— all, none,some(outsideclosedsubshells)
— = ii (two digit integer) for last in list
— commadelimitedlist

All otherparametersas describedin earlier publications[19].
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(i) Special data

atom,term,Z
electrons
defaultelectronparameters?(y/n)

if ‘n’ then
5, IND, METH, ACC in free-format(F,I,I,F) for eachelectronvaried

defaultfor NO, REL, STRONG (y/n)
if ‘n’ thenNO, REL, STRONGin free-format(I,L,L)

defaultparametersfor othervariables?(y/n)
if ‘n’ then

defaultfor PRINT, CFGTOL, SCFTOL?(y/n)
if ‘n’ thenPRINT, CFGTOL, SCFTOL in format (L,F,F)

defaultfor NSCF,IC? (y/n)
if ‘n’ thenNSCF, IC in format (1,1)

defaultfor ACFD, LD, TRACE? (y/n)
if ‘n’ thenACFD, LD, TRACE in format (F,L,L)

if iterationshavenot convergeddo you wish to continue?(y/n)
if ‘y’ thenNSCF,ICin format (1,1)

if iterationshaveconverged,do you wish to continuealong the isoelectronic
sequence?(y/n)
if ‘y’ thenATOM, TERM, Z, (ACC(i),i = 1,nwf)

in format(2A6,F6.0,(18F3.0))

(ii) Input files: CFG.INP, INT.LST, and [wFN.INP].

(iii) Outputfiles: UNIT6, UNIT3, CFG.OUT andWFN.OUT.

6.4. MLTPOL

Programto perform the angularintegrationsfor oneor moretransitionoperators.

Parameters

initial — nameof initial state
final — nameof final state
type — El, E2 EX, Ml, M2,..., MX, with * designatingexit

(i) Special data

initial
final
commonorbitals for bothstates?(y/n)

if ‘n’ thenlist of orbitals that are common(may beblank line) in format (18(1X,A3))
type
type

* (to designateendof case)



380 CF Fischer/ TheMCHF atomic-structurepackage

(ii) Input files: (initial).c and(final).c.

(iii) Output files: UNIT6 andMLTPOL.LST.

6.5. LSTR

Programto computeEl or E2 length andvelocity transitiondatain the non-relativisticformalism.

Parameters

initial — nameof initial state
final — nameof final state
print — (y/n) controlsintermediateprinting
tol — contributionsare printed if the length-formcontributionis greaterthat tol in magnitude

(all are printed if tol is 0.0)

(i) Special data

initial
final
print? (y/n)

if ‘y’ then tol

(ii) Input files: (initial).c, (initial).w, (final).c, (final).w, andMLTPOL.LST.

(iii) Outputfile: UNIT6.

6.6. BREIT

Programto perform angularintegrationsfor selectedBreit—Paulioperators.Orbitals are assumedto be
orthogonal.

Parameters

type — 0 for non-relativisticonly
1 for selectedrelativistic operators
2 for both of the above

new — new configurations(from endof list)
nzero — subsetof the first nzero configurationsdefinethe zero-orderset

(i) Specialdata

type
full print-out?(y/n)
all relativistic operators?(y/n)

if ‘n’ thenspin—orbit?(y/n)
spin—other—orbit?(y/n)
spin—spin?(y/n)
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all interactions?(y/n)
if ‘n’ thennew, nzero
if type> 0 andnzero< ncfgthen

relativistic interactionwith all the zero-orderblock?(y/n)
if ‘n’ thendefinereferenceset (maximumis 20) in format(2013)

diagonalrelativistic corrections?(y/n)
restricted2-body interactionswith zero-orderset?(y/n)

(ii) Input file: CFG.INP.

(iii) Output file: INT.LST.

6.7. CI

Programto computeeigenvaluesandeigenvectorsof an interactionmatrix, eitherin thenon-relativistic
or Breit—Pauli approximation.Themass-correctionmay alsobeincludedusingeitherthegradientor Slater
integral form.

Parameters

name — nameto beused for defining files
nzero — size of zero-ordermatrix (0 = all)
neigv — approximatenumberof eigenvalues(definesan energyrange)
max2j — maximumvalue of 2 * J (0 if non-relativistic)
min2j — minimumvalueof 2*J (0 if non-relativistic)

(i) Specialdata

name
relativistic calculations?(y/n)
masspolarizationincluded?(y/n)

if ‘y’ gradientor Slaterintegral form? (g/s)
nzero (0 or blank= ALL)
neiv
max2j
min2j
matrix printed?(y/n)

(ii) Input files: (name).c,(name).w,and INT.LST.

(iii) Outputfiles: UNIT6, (name).l,and(name)j.

6.8. LSJTR

Programto computelength transitiondatain the relativistic Breit—Pauli formalism.
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Parameters

initial — nameof initial state
final — nameof final state
to! — contributionsarereportedin TR.LSJ if gf-value is greaterthan to! (a!! are printed if to! 0.0).
mass — massof the nucleusfor determiningthe Rydbergconstant

(i) Specialdata

initial
final
intermediateprinting?(y/n)

if ‘y’ then tol
defaultRydbergconstant?(y/n)

if ‘n’ thenmass

(ii) Input files: MLTPOL.LST, (initia!).c, (initial).w, (initia!).j, (fina!).c, (final).w, and (final).j.

(iii) Outputfiles: UNIT6 andTR.LSJ

6.9. COMP

Programto print wave-functionexpansionsin increasingorder of energyanddecreasingmagnitudeof
composition.

Parameters

tol — cut-off magnitudefor printing contributions
name — nameof fi!es to be processed

(i) Specialdata

name
to!
casewhere

case= 1: coefficientsto be taken from cfile
case= 2: coefficientsto be taken from !file
case= 3: coefficientsto be takenfromjfile

(ii) Inputfiles: <name).c,[(name).! or (name).j].

(iii) Outputfiles: UNIT6.

6.10. LEVELS

Programto sort the statesin anlfi!e or jfi!e file in increasingorder,reportthe theoreticaltotal energies
in atomicunits andthe energiesrelativeto the !owest in cm ~. Severa!suchfi!es may havebeenmerged.
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(i) Special data

name

(ii) Inputfile: (name).!or (name)j.

(iii) Output file: UNIT6.

6.11. LINES

Programto sortand reportthe transitiondatain a numberof ways.

Parameters

to! — transitionswith line strengthless than tol will be ignored
line list order criterion —

1 — energy(cm~)
2 — wavelengthin vacuum
3 — wavelengthin air
4 — line strength
5 — gf-value
6 — transitionprobabi!ity

(i) Special data

tol
!ine-list-ordercriterion.

(ii) Input file: TR.LSJ.

(iii) Outputfile: UNIT6.

7. Spectroscopicnotation and the cfile format

Many ca!culationsare contro!led or “driven” by the configuration!ist describingthe wave-function
expansion.This file usua!lystartsasbeingCFG.INP for anMCHF ca!cu!ation,theoutputof which is ca!led
CFG.OUT. The !atter containsthe sameinformation as the former, but the tota! energyand the mixing
coefficientshavebeenaddedto thefile so as to providereadableoutput. Spectroscopicnotationis used
throughoutthe package.Becausethe spectroscopicsymbols,both for orbital angularmomenta(1) andthe
tota! angularmomenta(L), needto be convertedto integers,the stringof symbo!sis storedasdatain the
library routine,LVAL. From the position of the symbol in the string the l( L)-va!uecanbe determined.In
the presentimplementation,the string containsthe symbols for 1(L) � 10. With the addition of symbols
the rangemaybe extended.
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Table3
An exampleof a configurationlist for the 3s

23p 2P stateof aluminium showing thecfile format

Al 2P
is 2s 2p
3s( 2) 3p1( 1)

iSO 2P1 2P0
3p2( 3)

2P1
3s( 1) 3p3( 1) 3d3( 1)

2S1 2P1 2D1 1PO 2P0
3s( 1) 3p4( 1) 3d4( 1)

2S1 2P1 2D1 3P0 2P0
3p5( 1) 3d5( 2)

2P1 iSO 2P0
3p5( 1) 3d5( 2)

2P1 1D2 2P0
3p5( 1) 3d5( 2)

2P1 3P2 2P0

Thougha program,GENCL, hasbeenwritten to generatea configurationfi!e in the requiredformat, it
oftenisjust as simpleto enterthe datausingan editor.The format of this fi!e is assumedto be as fo!lows:

(i) A header:FORMAT(A72).
(ii) List of closedsubshe!ls,commonto al! configurations:

FORMAT(18(1X,A3))andlimited to a maximumof 18.
(iii) For eachconfiguration:

(a) the e!ectronsubshe!lsandtheir occupation,followed optionally by the configurationweight:
FORMAT(5(1X, A3, ‘(‘, 12, ‘)‘), F);

(b) the coupling of the occupiedsubshe!!s:FORMAT(9(5X, A3)).

An exampleof a configurationlist for the 3s23p2P stateof a!uminium using non-orthogona!orbita!s is
given in table 3. The dimensionsof the presentimp!ementationare such that theremay be at most five
subshel!soutside the closed subshe!lscommon to a!! configurations.C!early, thesesubshel!smay also
include someclosed subshells,but the angu!arprogramswill executemore efficient!y if commonc!osed
subshe!!sareremoved.In a!! cases,contributionsfrom thesec!osedsubshe!lscanbe treatedby formu!a.At
the sametime, the !ist of reducedintegra!scanbe keptto a minimum.For examp!e,the Z-integra!sin the
Breit—Pauli approximationcontainmany contributionsfrom the core andhencewou!d grow rapid!y, as
the size of the core increases,if such a schemewere not adopted.For the non-re!ativistic Hamiltonian,
Slaterintroducedthe notionof an “average”energywhichcouldreadilybederivedfrom a formulaso that
the only dataneededby a programwasthe deviationsfrom the average.Thesedeviationson!y involved
open subshe!ls.However, this notion was difficu!t to generalizeto other atomic propertiesand so a
somewhatsimpler notion hasbeenintroduced,namelyonewhereall contributionsinvolving the coreare
omitted from the list of reducedintegrals.The efficient organizationof the reducedintegral list for both
Hami!tonianswi!l be discussedin section8.

The configurationconsistsof subshe!ls,identified by their e!ectron!abe!, and their occupation.The
e!ectronlabelmay containthreecharacters— the n symbol,the I symbol,and(optionally) a set indicator.
The n symbo! is the usua! digit if n = 1, . . . ,9, but for higher n, n = CHAR(n + ICHAR(’O’)), in
FORTRAN notation. The n characteris the first non-blankcharacterin the e!ectron!abel fie!d. The /
symbolmust fo!low immediatelyand is the usualspectroscopicsymbol. It may be eitheruppercaseor
lower case.The set indicator is used if non-orthogona!orbitals are desiredand must thenbe the third
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Table 4
A list of allowed terms(multiplicity, symmetry, and seniority) for partially filled subshells,1(q), where q is either an occupation
numberor thenumberof holes.All filled subshellshavea termof iSO. For 1> 3, the termsallowed in thepackageare restrictedas
indicatedby thelast two lines

CONFIGURATION TERMS (MULTIPLICITY, SYMMETRY, AND SENIORITY)

s(1) 2S1

s(2) 150

p(1) 2P1

p(2) ISO 1D2 3P2

p(3) 2P1 2D3 4S3

d(1) 2D1

d(2) iSO 1D2 162 3P2 3F2

d(3) 2D1 2P3 203 2F3 2G3 2H3 4P3 4F3

d(4) 150 102 iG2 3P2 3F2
iS4 104 1F4 164 114 3P4 3D4 3F4 364 3H4 5D4

d(5) 201 2P3 2D3 2F3 2G3 2H3 4P3 4F3
2S5 2D5 2F5 2G5 215 4D5 4G5 6S5

f(i) 2F1

f(2) iso 1D2 162 112 3P2 3F2 3H2

1(1) 2Li

1(2) ISO 1D2 162 112 3P2 3F2 3H2

characterin thelabe! field. The algebrafor the evaluationof matrix elementswith non-orthogonalorbitals
is comp!ex,but for the non-relativisticHamiltonian a limited amount of non-orthogonalitycanbe dealt
with in the presentcodes.In suchcases,orbitals with the samesetindicatoras well as orbitalsin the same
configurationare orthogonal; all orbita!s are orthogona!to an orbital with the sameangular orbital
momentumfor which the set indicator is omitted (or blank). In the non-orthogonalapproximationthe
configurationlist may a!soinclude:

(iv) An * to designatethe endof the configurationlist.
(v) Additional orthogonalityconstraints,oneper line: FORMAT(2(1X, A3)).
(vi) An * to signa! the endof the orthogonality!ist.

The coupling information for the subshellsconsistsof an integer for the multiplicity, (2S+ 1), the
spectroscopicsymbolfor L, andthe seniority.Thesethreeva!uesdefinethe “term” for a subshell.Table4.
lists the allowedtermsfor opensubshellsaccordingto thenumberof e!ectronsor holesin the subshe!l.For
1> 3, oneelectronor oneho!e are allowedby the program;two e!ectrons(but not two ho!es)canalso be
accommodatedbut the terms must thenbe restrictedto thoseallowed for 1 = 3. The subshel!sare then
coup!ed from left to right as requiredby the angular programs.Though information may be specified
eitherin lower caseor uppercase,the following conventionshavebeenfound helpful:
• electron!abe!sare lowercase,
• electronlabelsaeright-justified,
• coup!inginformation is in uppercase,
• the coup!ingof subshel!sresultsin termswith seniority= 0.
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8. If ‘le format

The fi!e describingthe interactionmatrix eitherfor the non-re!ativisticHami!tonianor the Breit—Pauli
Hamiltonian, is written in “ifi!e” format. By defau!t, this file is usua!lynamedINT.LST for “interaction
list”. Before defining the format of this file, it is he!pfu! to considersome of the factorsthat influencethe
performanceof programsusingthis fi!e.

Two programs use INT.LST — MCHF88 and CI. The former applies only to the non-re!ativistic
Hamiltonian,but non-orthogonalorbita!smay be present,whereasthe !atter maybe eitherthe non-relativ-
istic or the relativistic Breit—Pau!i approximation.For the Breit—Pau!i approximation,on!y an orthonor-
mal basiscanbe dea!twith at this time.

In the MCHF88program,the variationof the integralswith respectto a!lowed perturbationsdefinethe
set of integro-differentialequationsthatneedto beso!ved.Clearly, if the sameintegraloccursmany times,
it is mostefficient if the variation is computedonly once. For the MCHF program,it is a!sohe!pfu! to
know the symmetry type of anintegra!. Forexample, Fk and Gk integralsare both specialcasesof Rk
(seetab!e5), but on!y F” integra!scontributeto the direct potential,a function neededto solve the radia!
equation for an orbital [21]. In a CI ca!culation, the radia! integrals are evaluated,mu!tip!ied by
coefficients(and possiblyoverlapfactors) andaddedto the appropriatematrix e!ement.Again, if the same
integra! occurs many times, it would be efficient to eva!uatethat integral only once. In the caseof a
re!ativistic calculation, the same integral !ist is used to generatethe different f-dependentinteraction
matrices.It canbe shown that, in the LSJ scheme,an interactionmatrix elementcan be factoredinto a
f-independentpart timesthe Racahcoefficient, W(L, 5,L’,S’; kJ), where k = 1 exceptfor the spin—spin
operatorwherek = 2. Integra!sarising from this operatormustbe separatedfrom similar integralsarising
from otheroperators.Thus, efficient processingof this !ist requiresthat

1. integralsbe separatedinto types;
2. eachintegra! occurson!y oncein the list.

Suchan organizationcanbe achievedby sortingthe dataassociatedwith eachtype of integra!.
The reducedradia! integra!sthat may occur for various operatorsare summarizedin table 5. Not a!!

need be included in the INT.LST. Contributions that arise from the common core are inc!uded by
interpretingthe L-operatoras an La-operatorthat includescore contributionswith relatedcoefficients.
The sum on a is over the closedsubshe!lsin the commoncore. The coefficients cbl1/k representthe
averageexchangeinteractionbetweenan electron i and an e!ectron a in a c!osed subshe!l.Similar!y, the
nuclearspin—orbit integral, Z, hasbeenredefinedto inc!udewhat can beinterpretedas the effectof the
screeningof the nuc!eusby the common core. The coefficientsbwm//k, bwn/Ik, and bwvl/k are
coefficientsfirst publishedby Blume and Watson [22] that representthe contribution to the spin—orbit
parameterfrom a closedsubshell.

G!assandHibbert [15] haveshownthat the coefficientsof the re!ativisticshift operatorsare relatedto
other integra!s.Theseeffectscanbe inc!udedin a calculationthroughthe optionalredefinitionof the L~
and R”~(inc!uding F” and G”) integralsas shownin table 6.

Eachintegralhascertain symmetry properties.To identify a minimum numberof different integrals,
eachintegral is expressedin a canonica!form thatcanbe derivedfrom symmetryrelations.The symmetry
relationsandthe canonicalform are shownin tab!e 7. In the caseof the R” integra!s,not all symmetries
are used.A numberof atomicpropertiescanbederivedfrom the samecoefficientdata.Onesuchproperty
is the mass-polarizationcorrection that accountsfor the specific massshift in different isotopesof the
sameatom[20]. In thiscase,the tensoria!operatoris simi!ar to the e!ectrostaticoperator,but the reduced
integra! is different. In order to maintain the proper phaseshift for this operator,the symmetryrelations
mustberestrictedto interchangesof the two coordinatesor aninterchangeof the e!ectronson the !eft with
the electronson the right. Then R”(ii; jj) cannotbe consideredthe sameas R”(ij; ji), and for this
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Table5
Radialintegralsfor differentoperators.Summationsover a areover all closedsubshellsof a common core

(a) Non-relativisticHamiltonian

F”(i; j) R”(i, j; i, j)

Gk(i; j) R”(i, j; j, i)

Rk(,, j; ‘5’) =ff )~(r2)4~l~’(r1)~’(r2)dr
1 dr2

d
2 2 1(1+1)

L~(i, j) = I —i + —(Z — Y~(r)—X~(r))— 2 If>,
dr r r

where<iI Ye(r) I j) =~ 2(2l~+ i)R°(i, a; f, a)

a

1, +

<iIXc(r)Ij)=—~2(21a+1) ~ cb,,~R”(i, a; a, j)
a

O~(i, j)=<ilf)k

Or(i, i’; j, j’) = (i Ii’)i~~<jIf’)’~2,where K = 64k
1 + k2

(b) Breit— Pauli finestructure
2

Z(i, i) = ~- <i I r
3 If> —~ 2(2l~ + i)N°(i, a; f, a)+~ ~ {bwm

115N”
2(i, a; a, f)

a ak=kmin

+bwnh,kNk(a, i; f, a)+bwv,,

5(V”

1(i, a; a, f)— V”’(a, i; f a))),

(2, 1=1
where kmin = ‘ a

l~I”i’aI’ li�la

Nk(i, j; ,‘, j’) = ~jjP

1(ri)Pj(r2) 3e(r5 — r2)P~’(r1)P1~(r2)dr1 dr2, where e(x) = {~‘ x >0

2 k

yk(, j; i’, j’) = ~ dr1 dr2

Sk(i, f; i’, f’) Nk(i, f: 1’, j’)

(c)Breit — Pauli non-finestructure

a

2 oof d2 l(l~+1)\ / d2 l~(l~+i)\

masscorrection C(i,i)=-_

4—f ~ r

2 )P

1(r)_i_ r

2 )Pj(r)dr

p (r) P~(r)
one body Darwin D(i, f) = -i-- ~ ) r = ~(~) = o

a2 °° b(r

1—r2)
two-body Darwin X

5(i, j; i , f ) = -~-jf .P(r~)P,(r~) r? .P~.(r

1)P~’(r2)dr1 d2

spin—spin contact X’~(i,j; i’, j’) same as two-body Darwin

reason,such interactionsare not expressedas G”(i; j). Once the integra!shavebeenexpressedin a
canonicalform, theycanbe sortedandauniquelist of integralsdetermined.

Excluding overlapintegrals,at most four radialfunctions anda k va!ue enterinto the definition of an
integral.The R” integralswith possib!eoverlapfactorsrepresentthe genera!cases.Figure 5 showsadata
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Table6
Redefinitionof non-relativisticoperatorsto includethe relativisticshift effect

Non-relativistic With relativisticshift

L~(i,j) L~(i,f)— C(i, I)— b,
0d(i, j)

Rk(i, j; i’, j’) Rk(i, j; i’, j’)+(2k +1)X
5(i, j, i’, j’)

Table 7

Canonicalform of integrals

Typeof integral Allowed interchanges Canonicalform

Fk,Gk,L,Z y~fi i�j
Rk iji’j”soi’j5jsoj4j’i’ i�min(f, i’, j’)
N~~,Sk ,ji’j’~fii’j’soi’fzj’ i�i~ and j�j’
vk iji’j’soif’i’f J�J’

structurefor representingthe R”-integra! !ist. With datadefining theintegral is associateda “C-pointer”
(CPTR) that points to the last elementin the coefficient datalist associatedwith this integral. The first
e!ementis either1 (if the integra! is the first) or theCPTR valueof the precedingintegralplus 1. The data
associatedwith an integra! is a set of coefficients that mu!tip!y the integral and a position in the
interactionmatrix. Associatedwith eachcoefficient is an “0-pointer” (OPTR) that points to an over!ap

COEFFICIENTS
REDUCED INTEGRALS and POSITION OVERLAP INTEGRALS

k e1

1 el 2 el ~ el ~ c i i — K e11 el 2 el ~ el

-~ L”””~ I

Fig. 5. Datastructureshowingtheorganizationof dataassociatedwith R”-integralsand their contribution to the interaction matrix
or energyexpression.
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Table 8
Format of data in ifile. Sym refers to the one-charactersymbol designationof the type of integral; CPTR is the pointer to the
coefficient data; c is a coefficient; i’ and i specify thepositionsin theinteractionmatrix; OPTRis a pointer to anoverlap— 0~if

OPTR>0, 02 if OPTR<0, andneither if OPTR= 0 (seefig. 5)

Type Variables FORMAT

(a) Integrals
Sym,k,eI

1,e12,CPTR lx, Al, I2/(~, A3, ~ A3, ‘), 15
L, Z Sym,e11,e12,CPTR lx, Al, 2X,(, A3, ~ A3, ~ 15
0, ‘O’,k1,eI1,e12 1X, Al, 12, .<~, A3, ~, A3, .>

0, ‘0’, K,e11,e12,el3,el4 1X, Al, 2(12, ~C, A3, ~‘ A3, ‘>~)

R’~,N”, Vk, S” Sym,k, el,, e12,e13,e14 1X, Al, 12, - ( , 2A3, 2A3, )~ 15
end-of-list 1X, *~

(h) Data associatedwith an integral

FA,Gk,Vk,Sk c,Sym,i’,i F14.8, Al, 213
R”,L c,Sym,i’,i,OPTR F14.8, Al, 313
end-of-list 1 4X,

factor that mu!tip!ies that particu!arterm.A negativeOPTRimplies that the over!apis of type 2 with two
factors,a positiveOPTRthat the over!apis of type 1 with on!y one factor,a zero va!ue for OPTRthatno
overlap factors are present.

In the CI program,it is efficient if the O-integra!sappearin the list of integra!sbeforethey are needed.
The Fk and G” integra!s neverhaveover!ap integra!s since they arise from diagona!interactions.The
iNT.LST is producedas a list containingdatafor the different typesof integra!sin the order,

F”, G”, O~,02, R”<, L, Z, N”, Vk, 5k

For each type of integral, the list of integralsis given, terminatedwith an asterisk,and fo!lowed by the
coefficientsfor the typeof integral, a!so terminatedwith an asterisk.Over!ap integralsdiffer in that they
haveno associateddata.

The FORMAT of the variablesthat definethe different types of integralsand their associateddatais
specifiedin tab!e 8. Several facts shouldbe notedimmediate!y. In order that this fi!e be readable,the
coefficientshavebeenwritten in a fixed format with eight significant decima!places.It maybe desirab!eto
increasethis for improvedaccuracy.The valueof k is written in fixed formatswhich effectively limits I to
1 � 49. The 13 format for OPTR is not likely to be a limitation, but it restrictsthe number of type 2
overlapsto less than 100, thoughthe numberof type 1 over!aps(for which the valueof OPTRis positive)
may be as largeas 999. The same13 format also !imits the numberof configurationstatesto a maximum
of 999. The 15 format for CPTR limits the numberof coefficientsfor a given type of integra! to at most
99999. When associatedparameterstatementsare increasedbeyond these va!ues, then the format
statementswill also haveto be changedor the fi!e convertedto unformatted,binary form.

Examplesof INT.LST files will beincludedin the descriptionof NONH andBREIT.

9. Lfile, jfile, and wfile formats

The lfile andjfi!e formats are both the same.They are text fi!es in a fairly easyto readformat that
representa summaryof output from a CI calculation,namelythe eigenvaluesandeigenvectorsfor a series
of interactionmatrices.The ifile is diagonalin LS, thejfile is diagonalin J.
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The first !ine is a headerline, namely

‘Atom = ‘, atom,‘Z = ‘,Z, ‘NEL = ‘,ne!, ‘NCFG = ‘,

ncfg in FORMAT(2X,A6,A,F5 .1 ,A,13,A,13)

whereZ is the nuclearcharge,NEL the numberof electrons,and NCFG the numberof configurations.

Then
For each J value

‘2*J =‘, 2*J, ‘NUMBER =‘, numberin FORMAT(//A8,14,2X,A8,14)
For i = 1, number

JMAX, EIGVAL, CONFIG in FORMAT(16, F16.8,2X,A)
EIGVEC(IV,I),IV = 1,NCFGin FORMAT(7( 10.7))

where NUMBER is the numberof eigenstatesfor the specified J value, JMAX is the position in the
eigenvectorof the maximumcomponent,andCONFIG is the configurationstatein a packedformat that
includescoupling information.Finally, sincesetsobtainedfrom different ca!culationsmay be combinedso
that level information canbe determinedusingthe LEVELS program,the datafor a particularcalculation
is terminatedwith “ * ~ in the first threecolumns.

The wfile format is written as an unformattedfile, both to retain machineaccuracyand reducedisk
usage.It consistsof information defining a set of radial functions.Consistentwith the definition of a set,
the order of the radial functioninformation is not important— it maycontain moreradial functionsthan
are neededbut, of course,the set must containa!! the radia! functions that are neededfor a calculation.
On UNIX or VAX systems,the wfi!es maybe concatenatedor onewfile appendedto another.

Theinformation for eachradial function includesthe following:

ATOM, TERM labelsfor acase(type CHARACTER*6);
EL electronlabel (type CHARACTER*3);
M numberof tabulatedpoints in the rangeof the function (integer);
Z atomicnumber(doubleprecision);
ET diagonalenergyparameter(doubleprecision);
EKI kinetic energy (doubleprecision);
AZI AZI —s P(r)/r’~, r —* 0 (doubleprecision);
P(j) P(r1)/ ~/E~T,j = 1, M (doubleprecision).

Becausethe datatypesmustmatch exact!ywhenreadingunformattedfiles, the typeshavebeenspecified
explicitly. Note that the atomicnumberneednot haveanintegervalue. In thispackage,the nuclearcharge
is a double-precisionvariable, which can often be usedto advantagewhen convergenceproblemsare
encounteredin MCHF88.

10. Example of a transition-probability calculation

Finally, as TestRun Output,we show a transitionprobabilitycalculation,performedin the interactive
mode under the UNIX operatingsystem, with output to UNIT = 6 redirectedto a file. For the sakeof
brevity andclarity, the output to the screen(UNIT = 0) hasbeenedited.Commandlineswhich invoke a
procedure(either a program from the MCHF packageor a systemcommand)start with the symbols
“>>“designating input. Data(UNIT = 5) suppliedin responseto a promptis indicatedby”>”. The
calculationis for the 3s

23p2P —s 3s23d 2D transition of aluminumandcanbe divided into four phases—

the calculation for the initial state,the final state, the transitiondata, the energy-leveldata. Command
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linesarenumbersto indicatethe phaseaswell the numberwithin a phase.In addition, eachcommandline
hashad a short descriptionaddedto it summarizingthe calculationthat is performed.Towardsthe end,
wherethe output to UNIT = 6 is brief, it hasbeenincludedto providean indication of the type of results
obtainedby such a simple calculation. The exampleuses the previously publishedHartree—Fock[23]
programfor obtaininginitial estimatesfor the is, 2s, 2p, and 3s orbitals from a calculationfor Alt This
programis not part of the presentpackagebut is a veryuseful supplement.

Severalpoints shouldbe noted.The files CFG.INP, WFN.INP are intermediatefiles that serve as initial
estimatesof mixing coefficients and radial functions, respectively, for MCHF. The files producedby
MCHF, namelyCFG.OUT, WFN.OUT, may not be final files. Thisis demonstratedin calculation(2.3) where
the MCHF calculationdid not convergeto the desiredaccuracy.The CFG.OUTandWFN.OUTfiles are then
recycled as CFG.INP and WFN.INP, respectively,andthe MCHF iterations repeated.Also, in a transition-
probabilitycalculation,the commoncore shouldbe the samein both the initial and final statesincethe
evaluationof the transition-probabilitymatrix elementscandealwith only a limited amountof non-ortho-
gonalityand the transition programassumesthat therewill be at most two overlapintegrals.Thus the
radial functions for the 2P calculationswereusedas initial estimatesfor the 2D one,and only the outer
functions varied. The calculationswere restricted to the complex and only configurationsconsistingof
n = 3 subshellswereincludedin the expansion.In a non-relativisticcalculation,a comparisonof the length
and velocity form of the f-value may be used as an indication of accuracy.In this case, they differ by
almosta factor two. More accurateresultshavebeenobtainedthroughthe use of non-orthogonalorbitals
[24] and with the inc!usion of configurations containing f-electrons. Indeed, the energy associated with the
configuration list of table 3, assuming the same core as in thepresentcalculationwas —241.924616a.u.,or
917.4 cm1 lower in energy. This demonstratesthe versatility of the non-orthogonalapproximation,
though at the expenseof morecomplicatedRacahalgebraand the computationof moreradial functions.

Transitionsfor the mu!tip!et havealso beendetermined.In this case,the mixing of different LS terms
is likely to be small andso the Breit—Pauli calculationusedthe sameconfiguration-stateexpansionas the
non-relativistic calculation. This is not usually the case. The LEVELS calculations shows the fine-structure
splitting for the 2P

1/2_
2P

3/2of 106.7 cm
1 to be in reasonable agreement with the observed value of 112.0

cm ~. Thecompleteoutput from this calculation will be included in the paper describing the programs for
LS and LSJ transitions [25].
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TEST RUN OUTPUT

>> hf =======> 0) Get initial estimates for core

Enter ATOM,TER1~1,Z
Examples: O,3P,8. or Oxygen,AV,8.

> Al,1S,13.
List the CLOSED shells in the fields indicated (blank line if none)

etc.

> is 2s 2p 35
Enter electrons outside CLOSED shells (blank line if none)
Example: 2s(i)2p(3)

>

There are 4 orbitals as follows:
is 2s 2p 3s

Orbitals to be varied: ALL/NONE/=i (last i)/conuna delimited list/H

>all
Default electronparameters? (YIN/H)

>y

Default values for remaining parameters? (Y/N/H)
>y
Additional parameters? (Y/N/H)

>n

Do you wish to continue along the sequence ?
>n
my wfn.out wfn.inp =======>0.i) HF results are initial estimates

>> gencl =======>i.i) Generate 2P configuration list
> ==> Blank for no help

Header ?
> Al 2P

Closed Shells ?
> is 2s 2p

Reference Set ?

>3s (2) 3p( 1)
2 ? > Prompt for second configuration

> ===> blank, terminating the reference set

Active Set ?
>3s,3p,3d

Replacements ?
>

Final Terms ?
>2P

2 ? > Prompt for second Term
> ‘> blank, terminating the list of Terms

>> nonh ======>1.2) Perform angular integrations
FULL PRINT—OUT? (Y/N)

>n
ALL INTERACTIONS 9 (YIN)

>y
>> mchf ~=====>1.3) Determine all radial functions

ATOM, TERM, Z in FORMAT(A,A,F)

>Al,2P, 13.
There are 6 orbitals as follows:

is 2s 2p 3s 3p 3d
Enter orbitals to be varied: (ALL,NONE,SOME,NIT=.coiiuna delimited list)

>all
Default electron parameters ? (Y/N)

>y
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Default values (NO,REL,STRONG) ? (YIN)

>y
Default values for other parameters 7 (Y/N)

>y
Do you wish to continue along the sequence ?

>n
>> my cfg.out al2p.c >i.4) Save cfile for al2p

>> my wfn.out al2p.w ~~i.5) Save wfile for al2p

>> breit =======>1.6) Determine BP interaction matrix

Indicate the type of calculation
0 > non—relativistic Hamiltonian only;

1 > one or more relativistic operators only;
2 > non—relativistic operators and selected relativistic:

>2
Is full print—out requested? (YIN)

>n

All relativistic operators ? (YIN)
>y

All Interactions? (YIN):
>y

>> ci >i .7 Determine LSJ eigenvectors
Name of State

>al2p

Is this a relativistic calculation 7 (YIN)
>y

Is mass—polarization to be included ? (YIN)
>n

The size of the matrix is 7

Enter the approximate number of eigenvalues required
>1

Maximum and minimum values of 2*3 ?

>3, i

Do you want the matrix printed? (Y or N)
>n

>> gencl =======>2.1) Generate2D configuration list

Header ?
> Al 20

Closed Shells ?
> is 2s 2p

Reference Set ?

>3s(2)3d(1)

2?
>

Active Set ?

>3s,3p,3d
Replacements ?

>

Final Terms ?
>2D

2?
>

>> nonh =======>2.2) Perform angular integrations
FULL PRINT—OUT 7 (Y/N)

>0

> ALL INTERACTIONS ? (Y/N)

y
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>> mchf =======>2.3) Determine 3s,3p,3d functions
ATOM, TERM, Z in FORMAT(A,A,F)

>al,2D,13.

There are 6 orbitals as follows:
is 2s 2p 3s 3d 3p

Enter orbitals to be varied: (ALL,NONE,SOME,NIT=,comma delimited list)

>=3
Default electron parameters ? (YIN)

>y
Default values (NO,REL,STRONG) ? (Y/N)

>y
Default values for other parameters? (YIN)

>y
SCF ITERATIONS HAVECONVERGEDTO THE ABOVE ACCURACY

Do you wish to continue ? (Y/N)

>n

>> my wfn.inp cfg.inp
>> my wfn.out wfn.inp >2.4) Recycle for better convergence

>> my cfg.out cfg.inp

>> mchf ==>2.5) Improve radial functions
ATOM, TERM, Z in FORMAT(A,A,F)

>al, 2D, 13.
There are 6 orbitals as follows:

is 2s 2p 3s 3d 3p

Enter orbitals to be varied: (ALL,NONE,SOME,NIT=,comma delimited list)

>=3
Default electron parameters 7 (Y/N)

>y

Default values (NO,REL,STRONG) 7 (Y/N)

>y
Default values for other parameters 7 (YIN)

>y
Do you wish to continue along the sequence ?

>n
>> my wfn.out al2d.w =======>2.7) Save results for al2d
>> my cfg.out al2d.c

>> breit ~rr>2.8) Determine BP interaction matrix
Indicate the type of calculation
0 => non—relativistic Hamiltonian only;

1 => one or more relativistic operators only;
2 => non—relativistic operators and selected relativistic:

>2
Is full print—out requested? (YIN)

>n
All relativistic operators 7 (Y/N)

>y
All Interactions? (Y/N):

>y
>> ci ~~=>2.9) Determine LS3 eigenvectors

Name of State
>al2d

Is this a relativistic calculation ? (YIN)
>y

Is mass—polarizationto be included 7 (YIN)
>n

The size of the matrix is 8
Enter the approximate number of eigenvalues required

>1
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Maximum and minimum values of 2*3 7
>5,3

Do you want the matrix printed? (Y or N)

>n

>> mltpol >3.0) Compute transition matrix elements
Name of Initial State

>al2p

Name of Final State
>al2d

THERE ARE 3 INITIAL STATE ORBITALS AS FOLLOWS:

3s 3p 3d
THERE ARE 3 FINAL STATE ORBITALS AS FOLLOWS:

3s 3d 3p
Initial & final state orbitals an orthonormal set 7 (YIN)

>n
List common orbitals, terminating with a blank orbital.

Upper and lower case characters must match.

Fixed format (18(1X,A3)) as indicated below:
AAA AAA AAA AAA AAA AAA AAA . . . . etc (up to 18/line)

>

Type of transition 7 (El, E2, Ml, M2, . . or

>E1

Type of transition 7 (El, E2, Ml, M2, .. or
>1

>> lstr >3.l) Non—relativistic gf—values
Name of Initial State

>al2p

Name of Final State
>al2d

INTERMEDIATE PRINTING (Y OR N) 7

>y
TOLERANCE FOR PRINTING ?

>0.001

Default Rydberg constant (Y or N) 7

>y

>>type UNIT6.out =====>3.2) Display output

LS — T R A N S I T I 0 N

Initial State

Al 2P —241.9204360

1 0.9604447 3s(2).3p_2P
2 0.i902863 3p(3)_2Pi
3 0.1542743 3s.3p_1P.3d_2P
4 —0.li48907 3s.3p_3P.3d_2P
5 —0.0545261 3p.3d(2)1SO_2P
6 —0.0227076 3p.3d(2)iD2...2P
7 —0.0291200 3p.3d(2)3P2.2P
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Final State

Al 20 —24i.7720i90

1 0.9581457 3s(2).3d_2D
2 0.1465009 3s.3p(2)1D2_2D

3 0.2454186 3p(2)1SO.3d_2D
4 —0.0035531 3p(2)1D2.3d_2D

5 0.0149756 3p(2)3P2.3d_2D
6 —0.0047824 3s.3d(2)1D2_2D
7 —0.0020545 3d(3)2D1
8 —0.0000980 3d(3)_2D3

Default Rydberg constant (Y or N) 7

Al Z = 13. Angular multiplicities = 3 5
Spin multiplicities = 2 2

Orbitals
Initial: 6; is 2s 2p 3s 3p 3d

Final : 6; is 2s 2p 3s 3d 3p

Transition Integrals Length Velocity

1—> 1: 3p—> 3d < 3s1 3s> 2 < I > 0 2.8876017 0.4979971
i—> 2: 3s—> 3p < 3s1 3s> 1 < 3pI 3p> 1 —0.4533017 —0.0780489
2—> 2: 3p—> 3s < 3p1 3p> 2 < > 0 0.0617022 —0.0128295

2—> 3: 3p—> 3d < 3pI 3p> 2 < I >~ 0 0.1133674 0.0195514

2—> 4: 3p—> 3d < 3pI 3p> 2 < I >~ 0 0.0010856 0.0001872
2—> 5: 3p—> 3d < 3p1 3p> 2 < I > 0 —0.0089864 —0.0015498
3—> 1: 3p—> 3s < 3sI 3s> 1 < 3dI 3d> 1 —0.2425596 0.0504345

3—> 2: 3d—> 3p < 3sI 3s> 1 < 3pI 3p>~1 0.0076390 —0.0022564
3—> 3: 3s—> 3p < 3pI 3p> 1 < 3d1 3d> 1 0.0349805 0.0060229

4—> 2: 3d—> 3p < 3s1 3s> 1 < 3pI 3p> 1 0.0098534 —0.0029106
4—> 5: 3s—> 3p <

3pI 3p> 1 < 3dI 3d> 1 0.0023844 0.0004105

5—> 3: 3d—> 3p < 3pI 3p>~1 < 3d1 3d> 1 —0.0058007 0.0017134

6—> 3: 3d—> 3p < 3pI 3p> i < 3dI 3d> 1 —0.0031957 0.0009440
7—> 3: 3d—> 3p < 3p1 3p> 1 < 3d] 3d> 1 —0.0080486 0.0023774

SUM OF LENGTH FORM = 2.39649031
SUM OF VELOCITY FORM = 0.48227912

El FINAL gf-VALUES: LENGTH 0.1136510+01
VELOCITY= 0.2089550+01

ENERGY DIFFERENCE OF THE STATES: 3.2573i264D+04 CM—i
3.0700i54iD+03 ANGSTROMS(vac)

1.484170000—01A. U.

Rydberg constant for conversion: 109735.16

TRANSITION PROBABILITY: (final—>initial) = 8.0432484D—01 108 sec—i
>> lsjtr >3.3) Multiplet Transitions

Name of Initial State

>al2p

Name of Final State
>al2d

INTERMEDIATE PRINTING (Y OR N) 7

>y
TOLERANCEFOR PRINTING ?

>0.001
Default Rydberg constant (Y or N) 7
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>y
>> lines ======>3.4) Line List

Enter tolerance on line strength

>0.0
Number of transitions = 3

Select the line list order:

1: Energy (cm—i)
2: Wavelength (Angstroms) in Vacuum

3: Wavelength (Angstroms) in Air
4: Line Strength
5: gf Value
6: Transition Probability

Enter your selection:

>2

Line List for al ( Z = 13.) with 13 electrons

Transition Array MuJ.tiplet Line Type E(cm—l) L(air) S gf Aki

3s(2).3p 3s(2).3d 2P 2D 0.5—1.5 El 32573.6 3069.1 3.833 0.379 6.7iE+07

1.5—2.5 El 32468.0 3079.1 6.901 0.681 7.98E+07
1.5—1.5 El 32467.0 3079.1 0.767 0.076 i.33E+07

>> cat al2p.j al2d.j >al.j =======>4.0) Combine 2P and 20 data

>> levels ======>4.1) Print energy level data

Enter name and type (.1 or .j) of file
>al.j

ENERGY LEVELS
Z = 13 13 electrons

Configuration Term .1 Total Energy Energy Level

(a.u.) (cm—i)

3s(2).3p 2P 0.5 —242.3385514 0.00

1.5 —242.3380659 106.57

3s(2).3d 20 1.5 —242.1901323 32573.60
2.5 —242.1901280 32574.54


