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1. INTRODUCTION
The R-matrix approach to scattering theory was introduced into nuclear
physica by Wigner and Etgenbud{l}, and extended tv slectron-atom ayatems
by Burke et alf?), pecently sctmeider et alf{3} and Burke et aif*s5) nave
applied the R-matrix method o electron~molecule eollisions with gome
aignificant success. It ig with the implementation of the approach of

porke ot all%:5) that wa convern ourselvea in this repart.

The hagi¢ philcaophy of the Re~matriyx method lies in the division of
gpace Into two distinguiehoble reqions {aee £ig.t}. In the axternal re-
glon the acattering electron is far removed from the N-electron target
molecule, the exchange interaction is negligibly mmall, and the collision
process may be treated as an eleotron scattering from s central local
potential. Ip the internsl region, however, the mcattering elsotron ig in
cloge proximity to the target electrons, exchange 1s Amportant aznd the
ayastem iz more correctly viewed asg an {N+1}-electron molecular lom, JIn
thisg report we present #n approsch bto the solution of the acattering
wquations in the internal reglom bassd on the ArcuENy{8) sulte of bouna

state molecolar codes,

In the Rematrix method, as in many other approaches to low energy
electyon scattaring by atomic/molecular targets, a close coupling expan-
glon of the total (N+f)~electrom wavefunction {a solution to the
Sehrfidinger equatlon} is made, which in quantum chemistry pariance im
equivalant to a configuration intexaction (CI), expansion. By enclosing
the slectron~molecule system within a spherical reglon, of radius a say,
the continuum elgenspectrum of the Hamiltonlan ie replagedt by a completely
digcretised elgenspectrum (see flg. 2Z). Consequently the solution $0O the

Schrddinger equatlion in the internal reglon may be derived in a completaly

analogoss fashlon to the derivation of the eigensolutlions ¢f a properly
bound system: l.e.[I} we ¢an choosa sowe guitable atomic basis ser (in ocur
cage we use Slater type orbitals {5T0}}, and evaluate all the neceasary
atomic integrals; {II) we deteymine a set of orthoncrmal molecular orbi~
tals from the &T0 basle and trangfovem the atomic integrals to molecular
integrals; {IX1) we generate a get of configurations from the available
molecular orifitcals and construct the Hamiltonian matzix; and {IV¥) we dia-
gonalise the Hamiltonian matrix to determine the R-matrix sigenstates and
eigenvaluas. ‘hese glve a complste representatios of the (N+il-slectron
wavefunction on the boundary at r » a, and by matching to the solotions of
the Schr;&iuger equation in the external region we can derive the scatter-

ing cross sectlona.

In the original molecular R-matrix programmee of Buckley st aliS) the
evaluabion of some of the atomic integrals {perticularly those involving
contracted ET0's on the nuclel) was not as ascourste as 1t might have beaen,
and the traneformation of the tw electron integrals from atomic to mole-
cular type was exceedingly slow - proportional to n¥, where n is the pum-
ber of 5TO's - compared with the most efficlent quantum chemlstry codes
which use o® algorlthme. For these reasons it wes decided to adopt the
RLcHEMY( ®1 guite of codes to evaluate the atumle integrals and perform the

integrala transformetion described in steps (I} and (X%} above.

in section 2 of this repor:t we describe briefly the atomlc and mole-
cular lategrals packages Erom ALLHEMY, whilst in section 3 we detail the
modifications necessary to generate the ilntegrals required by the R-martrix
method. Appendicee 1 and 2 cutline the Input data reguired by the modi-
fied ALCHEMY packages, and an exemple of both lnput and eutput for an elac~

trom-nltrogen run lg given in appendix 3. Flnally appendix 4 provides gome
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ugeful information for romnlay the programme on the Uarssiary Iaboratory

oM 370/165.

2+ ALCHEMY
The ALCHESY suite of codes has been written and developed over many
years by the Theorstical Chemiptry Group at IeM{%) for the calculation of
bound state properties and uses functions of linear molecules (up to 26
nuclel}. The facllity exists wilthin the codss to perxform both self-conmie=-
tent Fiald {SCF) Hartree-Fock {¥F) and/or CI calculationy using a hasis

pat of STO's,
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wherse o Iladexes the STO and I the rmawleus on which the §T0 is centrad.

2.1 The Atomic Integral Package
The atemic integrals required for the construction of the Hamlltonlan

matrix are the one anpd twe slectron integrals:
i &
f@s (1 B g tdr = (x_Ipla) {2}

1
where the cperator P is t for the overlap integrals, - 2 %2 for the

kinetic energy lhtegrals, and E*r;l for the nuclear attraction integrales
1
and

ES T -1 g A
JIegtty ¢, (2) 135 $,11) $242) ar) a1y = (1 I IK L 1 {3)

{pometimes the notatlon (wiF|t} and {stiuv) is adopted when the nuclear
centres are unimportant.} The two slsciron Integrals may be sub~divided
into three Alfferent types - the one centrs integral {Iaxktxuxv}' the

Coulomb-hybrid integrals {Iﬁltlxuhb); and the sxchange Inteyrals

(1,9, 1K,L ) i.e. when both charge distributions are multicentred.

The general structure of the ALCHEMY integralg package is shown in
fig.3. "The dynamic cove allocator determines the smount of core avallable
to the programme, subtracis the space reguired by the input/oukput buffers,
and allocaten the remaining core to & single vector, X, which is paased
through as an argument to tha driving routine. ‘7The driving routine, in

turn, allocates space from X for the storage of constants and for useful

workapagse Iin the evaluation of the regqulred inmtegrals.

2.2 1he Molecular Integrale Package
The molecular iategrals package takes a molecular orbital basin,
i&i}, where

Y= :Z %o tia (4)

and tranafoxms the atomie integrals to integrals osver the molecular

orbitale; L.0.

tiirlN ”E"ig Cy, (elPlt) .o (8
Bt
and
ti3lkp) = :E: Sy %t Ceu Cav {ntiuv) {6}
stuv

The summation in eq. (6] contains as it stands, of the order of n¥ arith-
matic operations {n being the numbey of S70's), and would be exceedingly
expenaive to compute for reaponable baasie sets. 7The number of operations

required, however, can be reduced bo the order of n® {f the aummation is

rearranged In the following manner

{itjuv) = i 0, istiuw) (Ta)
{idluv) = i Cjttit[uvi . {7h)
{14lkv) = ¢ ckﬁiljluv) ' - t7e}
3
and finally



gty = 2o, Uilkv) - (7d)
v

The intermediate, partially summed integrvals in eq. {7) can cause storage
problems and it ia necessary o use complex lntegral sorting algorithmsi77
to ensure that calculationa with yeasonably sized basis sets {~ 58] can be
petformed withobt unreasonable demands on efther CPU time oy inputfoutput

devices.

3. R-HATRIX CALCULATIONS

The R-matrix method of Burke et all®%:%) for electron scattering by
diatomic molecules i@ based wpon & three cestre 870 expansion of the {(N+1)-
electron wavefunction in the Internal région. The cantres are the two
nuclei, R and B, and the centre-of-masm, G (see flg.1). OFf the ST0’s,
only those centred on G are allowed to be sufficlently diffuse to be non-
negligible at the R-matrix boundary. Thus in the external reglon the scat-
tering equations are baased on a slngle centre, thereby conaslderably simpli-
fying the scletion of the Schridinger eguation in thie reglon. Further-
more, whilst A and B are aaéé aa centres for expanding both the bound mole-
tular orbitals {both occupied and unoccupied) asd the continuum molecular
orbitale, the 5T0"s on 6 are reserved solely for ths continuum molecular
orbltals. This, as we shall see below, redacea the number of iIntegrale

whlch need be evaluated and slmplifies the modifications required by the

R-matrix method.

"‘fhe difference botween what is normally required of the ALCHEMY pack-
age, and the R-matrix method is that in the former integration is over all
space (o, =), whilst in the latter Inteqration 1s restricted to within a

aphere of radius a centred on G.

The approach uaed in thia adaptation of ALCHEMY for R-matrix calcula~

tiong ig {(a) to evaluate all the integrals over the normal (0, «)} range,

{h) dotermine the 'tail' contributlions to these integrala coming from the
range {a, ») and {¢) sabtract the talls from the {o, =) integrals. Step
{a} represents a noxmal fun of ALCHEMY. Steps (b} and {e) constlitute thae

modifications made ©o ALCHEMY and are now described.

3.% The Tail Integrals

Cognigcent of our definltions of bound orbitals {i.e. two centred, A
anpd BY and continmm orbitals {f.e. thres centred}, the fact that only &
centred 5TO'as are non-negligibls at v » a, and that in a scattering pro-
cess only one electron way be in the continuum, then the only roguired

f

atomic Integrala which will have a contribution coming from ocontside the
internal reglon are the one electron (Gaipiet] integrala, and the two
electron coul ombr-hybyid {Iaaticycv} integrals, whera I and J are elther A
or B.  All the remaining one and tws electron integrals poasess no contri-
butlon from the external reglon. We note that two electron integrals con-

taining more than twe G-centred S5TO's are not required since anly one

electron in ever in the continuvum.

3.1.1 The one electyon tall integrals

The one electron tail integrals are single centred and are given by

fﬁ a_tn, —lus+atlr
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where Ne in the normalisation constant for the sth STO over the renge
{o, =}, mk and zg are the nuclesr changes, and Rk nsd RB are the dgigplace—
ments of tha tws nuclel From the centre-of-mmsn, G.

It is apparent from ecs. (8«10} bhat the evaluation of the one elec-
tyon tail intoegrsls is gbtreightforward, requiring only the oaleusiation of

averiap inteqrals of the type S%h feg.0).

3,1.2 The two eloctron tail integrals

‘The only two mlectron tall integrals are of the ooulombhybrid type

tiajtiaunv’rzba

m &B*zt tief &, R £ L %
VI CETIRSETETIS Iy IR 5;, el A B .
# tel2 -2 | m, M om o0

% ~iM$ o
% {Isirg Fﬁaicos QG} @ idt} Suv{nuwnv o 13 ‘ {14}

whare I and 4 are elther A or ®. Agaln, the calculation of integyrals of
the type eg. {11} are relatively simple, requiring only the single centre

L1}, and the one or twe cestre multipola inte
tail overlaps 8, (p, N, Ve po a-

rals

i ~1Mp
irairg Pgﬂ1°°“ GG) ® !Jtﬁ . {423

Integrals feq. 12} are over all space and can be evaluated directly within

the standard ALCUEMY package.

3.2 TNormaligatlon

In all the integraies so far mentloned the 510's are normalised over
all space, i.e. {o,®}, by the factoy N“ {seo ey.ils  In the Bematrlx ap~
proach, howsver, normalipation is reguirad within the aphere {O,a), which
moang in effect that the diffuse Gwcontred $90's are incorrectiy normal-
ised. (The Kk and B centred 5TO's are wnaffected sincve they are by defini-
tion negligihle by the R-mabtrix baundary). ‘The overlap Integral in the
Internal R-matrix reglon is given by

tc:ﬂk;t)a = {Gsfﬁt) ~ S, (13}

so that the 57O Ge is correctly normalised by multiplying it by the factor

- ~t/2
[1-s_l .

33 Modifications to the ALCHEMY Momic Integrsls Peckage

ks far as possible the modifications regquived for the tall integrals
evaluation were incorporated in the ALCHEMY package so ag to nimic the
structure of the orlginal code. 'This wap achieved by dupliceting orilginal
subroutines and modifying than to & form suibable For the tall integrals.
Table 1 gives & swwmary of these, together with their counterparts in the
originai code. The changes reduired in the one electron integral auvb-
routines were straightforward, being a direct leplementation of ege. (B~10}.

The modifications necesssary for the two slectron tall Integrals were more

complex.

The firet step in avaluating the twe electron tail integrals feg.11}

iz to calculate the multipole integrals {eg.12}. ‘This ls done using the



ariginal ALCHEMY packsge, since the mulilpole istegrals are juat a subset
of the property integrals which ALUHENY evaluates. These iIntegrals are
ptored saguentially in blogks with ths same ¥ value but all possible & o

facilitate the caleulation of the twoe electron tail Integrals {eq.¥2}.

Tha orlginal AILHEMY roukines have heen modified to prevent the cal-~
culation of uawanted integrals. These sre the one electron nuclear attyrac—
tion integrals on centre G, and all two electron integrals involviag more

than twe G centred ST0%s.

The scaling of the atomle integrals reguired by the renormalisation
of the G-centred S90's g performed in subroutine TAILNM. Four pets of
integrals are processeds the one glectron and tw electyon integrais and
their respective tails. At thig stage the tail integrals are further
moltiplisd by - 1 im preparation for their subtraction from the (0, )

integrals.

Subroutine TATLUM alno reorders the atomie orbital set a0 that 5T0'a
with the pume me-quantus number are grouped togethaer, and in the orxder m = 0,
1, 2 at¢n Thip is the order regulred by the transformation prograsme.
This reordering le reguired as it iz not always possible to ensure thin
ordering in the Input data to the atomle istegrals programese. In thia lat-
ter case it is imperative that the STO's are ordered such that the target
atomle orbitals {(i.e. A and B cenirsagd STO's) come firet, followed by the
G~centrad functiong. This ordering eneures that the wmultipole Integrals
(eq.12} reguired by the two glsctron tall integrals {eq.13) are stored in

the correct manner.

3.3.1 gubroutinae LINT

Bubroutine LINT is the main driving routine of the programme and has

heen extenslvely modified. It sets up the areas for work space and storage
in the large dynsnically allovated vector, X, and ¢alls the main routines
for the evaluation of the one and two electron integrala. Qalle have been

ingerted to the subroutines

TETIMX - une electron tall integrals

TTEOCK - kwo electron tall integrals

TAILNM - inteqral renormallsation ’
TRESDR - molecular orbital vector manipulatios

{""he wector manipulation routine TRNSDR le discussed in section 3.44)

In addition to these calls use ie made of calls &5 entry polints in
other subroutines it set up Arraye which remain static throughout the
later subroutine calls« This age of entry polnts lowers the overheads of
later cails to subroutines as fewer subrountines arguments are needed. How-
evay, 1t dues involve the implemesntation of uniguely IBM type Facilities
and in lncompatible with other machines such ag CDX where upe of enbry
palnte is very restricted.

A flow chart for the wodified ALCHERY atomle integrals package is

given in fig.4.

3.4 Molecular Orbital Generatlon

Part of the usual input to any R-matrix calevlation is the target
wavefunctioni{s), be it {they} HF or CX, genersted from an ovthonormal met
of molecular orbitais KEAB' #ay) which freguently includes additlonal un-—
occupled or virtual orbitals. The problem we addrens in this section lm
that glven these molecular orbitals, how do we generate the additional
molacular orbitals from the G-centred £T0's. One stralghtforward approack
ig by Schmidt orthoganalisation of eagh of the G-peptred 5TO's in turn to
the provicas moleculsr orbitals until the maximum nunber of molecolar or-

hitalp have been generated. 1In this way a gomplete set of orthonormal

10



molepalar orbitaly ig obtained for the {(Wi!j-electron scatterimy problem
which leaves the molecular orbiltals of the H-electron target wavefunetion

unaltered.

A disadvantage of the above method 1e that it provides no way of fd-
entifylng any numerical problems which might exist with the chosen 8§90
basis, other than by visocal inspestion of the vector coefficients. A more
suitable means of ascertaining any numerical problems which may arise ig
by casonbteal crthogonalisation of the addltional molecular orbitala.

Glven the target set of moleculay orbitals, €, , a complete non-orthogonal

AR
get C, which includes all the SI0's is

- fe 8
Y (143
°%

uhere g@ is any arblerary vector set, useally chogen to be 1. The indivi-
dual vectors in (O QG}* can be mnde oxthogonal to gan by Sclmldt orthogon~

alisation {this step i taken to avold altering SRB in what follows},

giving us
c
gl o= ~hB € (149)
i 0

vhere the vectors In ) are now esch arthogonal to 9%5' but not with each

other.

Taking 8 as the stomlc overlap matrix, we define a new overlap mateix
+ -
g1=Er By (16)
vhose algenvectors £y, given by
Eifz = G2 Bs it
are orthogonal to each other. They can be rendered orthonormal by

dividing ¢y by E!7Z, i.e.

1o, B0 g0, 51T = gy By gy = $18)

1"

Finally we can trsssform back to the orilginal atomic basis by taking the
matxix product of £; and C3 to glve us

€, =Ly &y {14}
The final pot of orthonormal molecular orbitale is

c
% -
¢l [+% N {20}

- ]

Kumerical problems can arise with the normalipation constant B~1/2
when the matrix 8) has vory small elgenvalues. The numerical problems
arise at the two and four iandex transformation stage where the Integrals
are of the order of -1 and B2 respecktively. It has been found from
experience that eigenvector corresponding bto eigenealues smaller than
5 x 10~7 often glve rise to inaccuracins in the molecular intgrals doe to
either the word langth of the computer, or to errore in the evalusbion of
the atomic integrsal) due in turn to unavoldable series truncation or poox
integretion gridse. Upon transformation one le freguently left with some

error term multipiied by larger coefficlents.

3.4.1 Yecbtor manipulation

A gset of routines for manipulating the molecular corbitals as des~
cribed in eqs. {14-20) have been added o the atomic Integrals package
{see £ig. 4} Information for the target wavefunction{s} is read by sub-
routine TRNSDR, whilat COMMUN reads the data on the additional molecular
orbitals to ba generated from the G-contzred HT0's. Euxbroutine EHLARG

performs the actual orthogunalisation.

An additional foanture in TRHEDR is the fagllity to read in the targeb

wavefunction{s} from the NTMOL3 suite of programmes!(¥),

Table 2 briefly desceribes the subroutines vsed in the manipulation of

iR



tha molecular orbitals. As far as was poseible the data input follows
RLCHEMY convention and has the game foymat and varlable namea an the HF

and transformation packages An ALCHEMY.

3.5 The Inteqral Tranaformations

Hgviag avalvated all the required atowic Integrals it remains to
tranaform them to molecuelar integralp over the molecular basie {*i}' This
involvea a two and four index transformation respectively of the one and

two electron integrals.

3,51 The one electron integrals

Since the Hamiltonian for the electron-molecule aystem is being
treated within & sphere snd nob over all spsce, the kinetic energy matrix
is no longer hermitian and the standard two index transformation routines
from the ALCHEMY molecelar integrsl package cannot be used. 3as the one
electron traneformation {eg. 5) 1= not very time commuming It has heen

included in the gubroutine ENLARG in the atomic integrals package.

An alternative procedure woald be to add the Bloch operator
{aeel¥¢3}) to the Hamiltonian at the stomie integrale stage. The com=
bined (H+Lb) matrix 1 hermitian and can therefore be transformed in the
standard fashlen. <This approach would remove, howover, the flexibility of
chalee of the Bloch term at an e#frlier stage In the R-matrix calcoulation

than is pometines desirable. It has, therefore, not beén implemented.

3.5.2 The two electron integrale

The ALCHEMY molecular integrals package has been modified to allow
the atomic tall Integrals to be eubtracted from the renormalised (0, =)~
integrale. 'the modification regquired was very simple and involved the

changing of two lines of code.

.

13

The transformation programme reorders the two electron integrals
fusing & direct access device if pufficient core ia unavailable) so that
requlred subsets of the integrale can be brought into core at different
stagea in the transformation {eq. 7). 7The position of these integrals in
the integral list la uniquoly determined by thelr orbitel Indices, and so
if tvo integrals with the same indices are gliven to the unmodified code
{the integral and its tall for instance) then the second integral will

overwrite the firat,

The modificarion to the code conaists of adding rather than over-
writing the integrala in thelr storage location (which must now be preset
to zero for sach subset of integrais). The changes are made in the sub-

routines OHDRE and ORDAC and lnvolve replacing

40 COR(T) = BOX{N}

by
48 COR{I) = COR{Y} + BOXIK)
and
COR{INT) = NEINT
by
COR{INT} » COR{INTY HXINY
roapactively.

4. INTERFACE WITH THE R-MATRIX CODES
To evaluate the Hasiltonlan matyix and subsegquently caleulate the

R-matrix on the boundary of the intexnal region, the original codes of

‘Buckley ot a1{5} were used, An interface ia reguired to transform the in-

formation on the atomic eand molecular besis to the R-matrix codes, and to
port the one and two electron wmolecular integrals into the order ased by
these codes. - Furthermore the Bloch terms need to be determined to render
the Hamiltonian matrix hermltien, and the W-electron multipole integrala
tranaferred to the R-matrix codes forxr the external region in order to de-

rive the asymptotic interactlon patentiala. These operations are performed

14



by the program BTGIII.FORT to be found under uwgerlid XH. A compiled version
of this is kept in AH.LOAD{STGIIT), and ths required L in

i RMATTT CLISTASYGAL LY »
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APFENDIX 1

As The Atomic Integral Data

pate is input into the Remabtrix atomic Intagrals peackage via threo
namellistey

EIRPUT =~ atomie Integrals data

&GET ~  goarget malecular orbital data

&PUT ~ final molecular crbital data
Bach namelist must ba terminated by sBERD, and the firs: coluan in aachk
line of data must be left blank. Each pleca of data munt be saparated by
a comma.  An additionsl namelist GGET? is required if the target molecular
orbital data are taken from fille ¥T27, having been genersted iﬁ & previcus

rurt of the ALCHEMY SCF progrsmmo.

& THEPUT

HAME "title'

HEFP total number of akomle orhiimle
HNUIC number of atomic orbital cemtrss

GRORUC coordlnste poaitione of atomic orbital centres

KIMK the guantun numbers asgoclated with each STO ~ In,E.m X}
n ~ principle quantum number,
£ = agimuthal guantum numbr,
m o~ magneble guanton number (f.e. ¢, %, &, ato.)
ko« atonle orbleal centre,

ZETA Blaker orbital exponents

IFLINT ab0.d,e,f,9¢ aithar 0 or = 1. 0 means caloulaks the integral,
~ 41 do npt. {Default iz 0}

~ Coulomd hybrid

- one centre tw electron

- eohange

one electron

~ propexty

« talla and renorsalisation

~ vector manipulation

LR - 2 B o ]
i

i5



I2ICDE

IcoRD

RUCCER
RMATR

LRRENT

LEND

Hstar

GRT

ITCVY

IATMOL

IBLOCK

raee

KE¥M
NBP{LI}
ROB{Y}

YCIN(E, T}

4,04, 3:k.8,m,0
to salculate the property integrals of the operator

n i
rk Aain Bk

{Bote: the property integrals reguired by the two elactron tall
inteqral are caloulatod by default.}

3m
coyd 8;; l?'wicos 9k) aing

Grder of atomic orbital centres in Coulomb intagral calculstions.
Should be ordered as to Coulomb change on each ventrs ~ largeet
firat. PDefault is the order specified in GECHIC.

Centro-of-nasng

R-mateix radius

¢ maans no printout of atomig
a~f ma In IPTLIWT.

thrafdgﬂpfl either & or h
integrals, 1 msans print.

The numerical integration grid can be modifisd if deslred, bhut
the default grid is balleved to be auirable for BT0's with
exponents within the range (0.5, 50.0).

Gontrole tha inpoet of the target molecular orbital vectore.

= §p yegtors read in with YWIK) ~ 1: vectors are taken from

aither ATMOLI dGmpfile or from AICHEMY &CF run in which case
namelist &GET1 is reguired.

EDG, EDY. . ED7,MTO,HTT. .MT7, IXf wectors are bto be read frowm

ATMOLI dumpfila.
Starting block of the fumpfile on AINGLI datas set.

Bection of the ATMOLY dumpfile containing the requirad vector
set.

The numbar of sypmetries uaed ln the target bagly set.
I=1,H5¥: the nusber of target BT0's in each symmetry set.
I=f,R8¥H; the number of molecular orbitals in each symmotry set.

{H{I=¥,HBF{L)}},I=1, NOB{L}) L1, HE¥M): Molecular orbitel

vagtord. Bagquired when ITVWCI=0.

EGETT (only neoded when ITWIw=) and IATMOL i3 not specified.)

cs

pata file containing the target molecular orbital vectors.
pafault’ is IVI5=27,
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HiIND

IHD

IPAUL
LERD

Notas

&P

e

HEGU

ws

ISTOST

IORTHO

CHARG(I}

Number of guarbats in ING required to dafine the vectors.
{a,b,e,d): & - the se: nunber

b ~ symmetry typa {f.e. o,n.§ ate)
@ = the stariing orhital

- tha £finsl orbital

[~

The vectors for orbitals ¢ to d of gymmetry b are taken from pet
a on flle IVCE.

increment all set numbsrs a in IRD by NBASE.

Hust ba set = 0, .

JELEYM ahould naver be used,

Centrols ottbtput ©F the final molecular orbitals: = § cutput mole~
cular orbital vectors onto file MEGU. This fs the recosmmended
procedura as it allows & grester Flexibility in the seleoction of
molecular oxrblital veotorss = n where n » 2. Vectors are
dirscted bo anlt TWE. {(Default ITVWCI=0).

, Fortran £ile used to atore Final vectors if ITWiI»0, (Defsuit
value 27)
Fortran file ased to gtore final vectors if ITWI»2. (Default

valua 21}

Control pesitioning of vectors on MEGU if ITW IO,

=0 gtored as last wet of vectore.

wp storad ag ol get of vectors.

he MEGHY is a sequentiel file, ail vector aote stored after thowe
being written will bs lost. Conventlonally the target vectors
are gtored s set 1 and ISTOST le set equal €0 2 for the final
sat: If ISTOST=0 ig ussd, the input data for the transfoimation
programme will bave to be changed for each run.

Controle the orthogonalisation sceheme nsed bo generate the
completa set of molocular orbitals

=} ganonical orthogonalisation {(recommsnded})

= Schmidt orthogonalisation

I=1,NNUC Coulorb charge on the atomle orbital centrea.

HEYM, KBP, NOB - ap in &GET

&N

B. Rtomic Integrals Fortran Files

The fortran file wused by the atomic integrals packagae are sunmariged

18



in kable 3. ‘the one electron integrals zre read in as
READ{N} CW.MC, {HC{J) et , 80) ,ngC{J},Bwf,mJ

whers
RABAL*YE CW, 80
INTEGER*4 MC
INTEGER*2 INIC

C# contalns 8 2-byte integers s,b.¢,4,4,.8,9,h, where & duslignetern the type
of integral:

a=1  kinetlc energy

=2 overlap

=3 nuclear sttraction

=4 proparty integral

=5 kinetie energy talls

=5 overlap tails

=7 nucleay stbtyaction tails;

and b-h desiguate the operator

S o G
T, ain 6@ cos 80 ¥£g§8&3§¥1

Atomic orbital centres are denoted by e. The mumber of inbtegrale in the
record 1s MG, X are the integrals, and INDC holde 2 T-hyte integers

{hexadecimal) which axe the orbital indices for the integer M.

For the two electron integrale

READ{H }MM,NIT, (MI6 (K} MNIN(K) ,K=1,HH) ,
{RO{R) Kt NIT) , (IC{K) Kwi, HIT)

whaera

HE  is the total number of diffarent M gquanbun mumber blocks stored
in the records

BIT tobal aumber of integrals

HIZ ¥ gquanbtus pumber of each block

HIM  Rumber of intgrals in each block

T the integrals
IC 4 1-byte hexsdecimal integers denoting the orbital iadices for

X

1%

APPENDIN 2
A. The Molecular Integral Data
The input datsn for the molecular integrml package is specified in two

nameiisgty, GTHTRN and SCET. &INTRH controls the ordering and transforma-
tion of the atomic integrale, whilet &GET ieg used when ITVOI=t.

SINTRE

IORDR =3 for present cane. Specifies that all fnteqrale are to be
reordared.

ITRHE »3., Spepifies that all integrale sre to be bransforsed.

KTDRG Bumber of records of length LPRDIN on fortren £ile 20.

LPROTN Ioglical ragord length of file 20.

BYMTYP =2, Eor 80,

THIRT Any integral less than THINT is treated as zaro (default
THINT=5x 10~ B},

NAME 'title!

ITVCT Spacifies location of molecular arbitmle.

=1 yocbkorns come from IVCE and EGET must bu included.
=, n»1 fortran £file 21 contains vectors am nth get. &SET is
not regquired.
HPFLG tontrols printing of molacular integrsle
w=2 guppress all printing
wed print only final vectors
= priot fnput dats, input and final vectors
w2 print transformed integrale
NOORTH =0 prthogonalise input vectors
) Jdo not orthogonalise input vectors
{dafault «0)
CHARG toulomb changes on atomic orbital céentres
BETH, NEP, ROW -~ ap la SGET for atomic inteqrsls package
BERD

SCRT pame ag SGETY for atomic integrals packxge.

B Molevalsr Integvals Fortran Piles
The one and twa alactron atomlic integrals regquired by the transforma-

tion programme are on FPIS¥001 {see table 4) and may be road ueing

20



3 READ{16)HAME, BMVL, NBFY, NNUC , NCODT, LTRET,

* [NBF(L},I=1, HHMVL) , {NPBF{X),I=,NBFT},
* {MBF(L), E=1,MBFT}, { CHARG (X}, X1 HNUC ),
» (GEORUC{I) , X»1,NHLE) , BCPUSE, LPEFGO, NBLK,
* (TURK{T ), Int, 3)
where

HaME{33} ia the title

HMVLL nmher of symmwetries in the nmolecular orbital set
NBPT number of molecular orbitals

s number of atemic orbital gentres

NEF number of melacular orbitals in each symmelry blook
A symmerry of each aymmetry block .

CHARG the coulomb charge on each atomie orbhital centre

GRoRe the position of each atomic orbital centre

21 B 15 Ie1,2
DO 15 Jal, OMVE
5 BEAD(16) JCA,ICB NN, (BUF{K} K=1,HH}

this reads the overlap integrals, I»1, and the kinetic plus nuclear
attraction integrals, I=%,

3)  READ{E,END=50)H, M1, N2, M3, Md, IMAX, JHAX , KMAX, EMAX, NPQ, NRS, HOODI,
*RCODA , NOODR

L=t
X=0
IBO=NPQ
PO 20 IRS=1,HRS
K=K+t
IF(NCODB.EQ. . AND. X, LB KHAX} Gb TO 23
IF{HCODB.EG. 3. AND. K. LE. L} €0 To 21
K=
RS A S
23 IFENCODI,8Q. 1) IRO=IRH
READ{ 16} {BUF(I},1=1,IPD)
e
I=g
Do 20 Ix=Y, IPQ
Imi+t
IR{RCODALBQ. 1, ANG, 1. 1LE, INAX) 8O T 21
IF(NCODA.EQ. 3. AKD, I.LEB.J) 60 TO 21
Tl
YTt
“2t  CONTIRUE
20 CONTIRUE

whare

o= [Ht e M2l o= P34+ MA]

and M1, M2, M3, M4 are the absolute magnetic quantm; mmbers of the four

orhitals.
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Example of JCL and Input Data

LN

The R-matrix radiua 1s at
=1) of the

scattering channel using the minimum STD

g9

basis of Ranall{9) for the target wavefunction.
A Schmidt orthogonalieation {1ORTHO

input for calculating the integrala required for an electron nitrogen
10 a.u., two additional nuclear centred dm ST0's are lncluded and 6 dn

scattering calculation in the 2x

additional S7T0's is performed.

G~centred STO's umed.
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1E 01 Do V2 STLH2R5,DISP (LY
23?§f§§3?§5c§§ j§§:§f§%?;§.ggisgisx ,sgﬁcswtcyL.tL,xii,
-3 # k-3
Jfﬁrgqﬁnnétcgg vn?ﬁ:gikgzg,gul?ixeap.syacaasch.tl,xsnp
St eva8Rasithh ggﬁgastuésiuﬁ??mrﬁur,sracs=|nvt.:1,1:;.
i ﬂgﬁ=&§ﬁ{gs=¥ﬁs.ﬁLRSil€=72961 )
gm0
NABEt6=~HDEX TRANSF. K2 MINIMAL SET WITH AUDFD PT CONTINUUMY,
I T
gnaas:?.é.u.o.ric,'Nsvsaz. NPFLE=1,  ITVCEw2,
F

EXAMPLE (F CRFTRUT
ALCHENY LINEAR MCLECULAR INTEGRALS PFROGRAM

VERSICN MODIFIED TO CALCULATE TAJU INTEGRALS

#2 RANSIL HF WFN WITH PI B CONTINUUM STOS
I~COORDINATES OF ATCPIL NUCLFI

1 =0 18340000C0000000401)

2. B

3 0. 1034000C00000000+01
SLATER TYPE ORBITALS

N t N X IETA
i 31 1 0 o 1 0. 6 T0000000000000D+01
2 2 1 0 90 3 0.670000000000000D¢0}
3 3 2 0 0 1 0.19500000000000004+01
4 4 2 6 0 3  0.1950000000000000+01
5 5 2 1 o 1 0. 19500000000000004+01
& & 2 1L 6 3 p,1950000000000000+01
t 1 2 1 1t 1 9. 195000000000000D 01
8 2 2 1 1 3 0,1950000000000000+01
¢ 3 3 2 1} 1  0.30800000000000000+01
10 4 3 2 1 3 §,3800000000000000+01
1 2 5 2 1 2 . 0.400000000000000D+01
12 6 % 2 1 2  0.,2000000000000000+01
13 1 5 2 1 2 0.1200000000000000+01
14 8 8 2 1 2  0,1200000000000000401
15 % 8 2 1 2 0.800000000000000D+D0
16 18 8 2 1 2 0,5000000000000000+00

ATOMIL INTEGRATICN PARAMETERS

FILE STRUCTURE FCR ATOMIC INTEGRALS

s b+ —

rredroal
FTQEF002
FTOYFOOL
FTLoFGGL
FTLIFCEL
£TL2FOG)
FT12F041

RESTART INFD

2-E
i1E
2-F
1-E
2~E
1-€

INTEGRALS © TO INF

INTEGRALS O TO INF INCLUDING PROPERYIES
TAIL" INTEGRALS '

TAIL INTEGRALS

MEACED RENORMALISFD ANO RELABELLED INTEGRALS
INTEGRALS NCRMALISER O~A AND RELABELLED


http:INTEGR.tS
http:NOo.6.1O

FTLSF001 1-£ TRARSFORMEQ MOLECULAR INTEGRALS : I AND 2-E INTEGRALS NORMALYSED OVER THE RANGE O Tp 10.000

FTZIFOOL OUTPUT FILE FOR VECTORS o e 4 e 3 1A A emere 3 rem Yt et b e e e e
FT27FCOL INPUT EILE FOR VFEYORS : 000 1DULO0GECET0D0000 000000000000 70
) 210 «2%% 4 - -
Hfh CF NON-CONTINLUM ORBITALS 10 eéoé %. sigggggggw | s !:556§333533ﬁ35
: 870 »38125C000D+00 9305 11308 908000+0
. B fogigon M edhaplind
- 2l - 6 B_
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- . 1383358940084 B8 -1:9729520358-54
3 248 1} 108 i - 1oz F4 6 oLl BASIS SET
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Lateld Liies R wlfaial ran - ass
oc 07930 ni%azﬁigﬁagn g} 2co%03 aizsgcssegguwa! LTRG ~ 449
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= # - d
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2 2 1 0 0 3  0.67T00000000000000+01 - -
303 2z 0 8 1 0,1950000000000000#01
A % 2 0 ¢ 3 0.1950000000000000401
5 5 2 1 0 1 0.195000000000000M01 HSYHs 2
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NIN-ORTHOGGNAL VECTCORS WITH ADDED CONTINUUM ORBITALS

A A T — — —— —— S ——— S S VED. W . P S . A T ) S ) St g s THS W bad kY SuS Ty Sl R SRR W R R e

SYM= 1
1 2 3 4 5 6
0.7C447243 0.16820461 0.06210650 0.70436650 ~0.16148134 ~0.10969141
0.7C447243 -0, 16890461 0.06210650 ~0,T70436650 0.16148134 0. 10969141
0.CC842448 0.48828101 0.40579949 0.01972063 0.74122040 1.20697380
CoeCCEB42448 0.48828101 0.,40579949 -0,01972063 ~0.74122040 -1.20697380
0.,001€2260 0.23971186 - 060323294 0.00856676 ~0.,26580508 1.21624660
~0.,00182260 0.23971186 0.60323294 0.00856676 0.26580588 1.21624660
1 2 3 4 5 6
1 0e £3451689 0062450235 0.0 040 0.0 0.0
2 0.63451689 0.62450235 0.0 0.0 0.0 0.0
3 0. C 0.0 1.00000000 ~1, 00000000 0.0 0.0
4 0a0 0.0 1.00000000 1 .00000000 0.0 0.0
5 0.0 0.0 0.0 0.0 1.00000000 0.0
b 0.0 0.0 0.0 0.0 0.0 1,00000000
7 0.0 0.0 0.0 0.0 0.0 0.0
8 0.0 0.0 0.0 0.0 0.0 0.0
9 0.0 0.0 0.0 0.0 0,0 0.0
10 0.0 0.0 0.0 0.0 0.0 0.0
7 8 9 10
1 0.0 0.0 0.0 0.0
2 0.0 0.0 0.0 0.0,
3 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0
6 0.0 0.0 0.0 0.0
7 1.0C000000 0.0 0.0 0.0
q 0.0 1.00000000 0.0 0.0
9 0.0 0.0 1. 00000000 0.0
10 0.0 0.0 0.0 1.00000000



Skk-(3,5 ORTHONORMALISED VECTORS WITH S~MATRIX EIGENVALUES
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APPEHDIX 4
IHS‘TM:JATIW CETAYLS
A Atomic Integrals
The Eollowing is a list of filas relavant to the program svallable on
tha IBM 3707165 at Daresbury. Filenamas refer Lo userid QCK.
fouad library ALCHENY. TAILE.LOAD
Load module LOAD(IETALILS )
FORTRAN sourca ALCHMY. TAILS. PORT
CLIST{OLOFHCL} compiles a routine and places it in the load library, o.9.
‘ OLDFHCL MAIN HMAIN REG (240K}
vompiles ALCIMY.TAILS.FORT{MAIN) and places the shiect module in

ALCHENY.TAILS.LOAD{MAIN) .
ALCHMY.CNTL{LINE} links together the load Jibrary snd places the

exacutabla load moduls in LOAD{IRTARILE}

H. Holecular Integrals

LORD Module LOAD{TRARER)
YORTRAH gourca AMATRANS . FORT

ALOHMY .CNTL{TRANSF} compiles this program.
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TABLE 1

SUBROUTINES USED IN THE BVALUATION OF TAIL INTEGRALS

New Subrountine

halated original

Gomnent

oubxoutine
TSTUMY FPIMX A driving routine for the overlap,
kinetlce energy and nuclear attrag-
tion integrale
TSTPY 5T Overiap and kinetic enerqy
integrale
TTTPQ taleoulatés the rest of the kinetle
snorgy integrsls needad to forin
the #oll sqguare matrix
TECUPQ OTCUPG Huclear attraction integrals
TOEINT WORINT Controle output and printing of
the one electron integrals
TTEOCH TEOCW Priving routine for the coulowmb-
hybrid btwe electron Integrals
TCHHLK CHELEB Generates indices for the required
coulomb-hiybrid integrals
TCPERG OCPORQ
TWRINT WRINT Calwmlation and storage of the
wonlond-hybrid integrals
TCHINT Stores the solld harmonic, property integrals ready for
the calenletion of & blook of coulomb-hybrid tail
integrals
TICOF
Bvaloates | fw m tymg wln 8834
TFAC Evaluates factorlals up te 311

CLEBGN Bvaluates 3-j coefficisnte



TRNSDR
COMEEEN

DIAG
SORTQ
FMOVER

BULT2
BOLTY
TRNSLD
TRHSQ

ENEARG

GETQ

CRTHOG

PICPS

ETOVC
EMEGU
50T

RPAULC
RPAUL
WMEGY
FRINT
FIRG
WRTCP

TABLE 2

VECTOR MANIPULATION SUBROUTINES

Reads in target wavefunotlon data

Resde In tobal wavefunction data

Jacabki dlagonallsation roubkine

Matrix mulbiplication routines

Drihogmaealiges moleoular orbitsle snd perforsms the
tranaformation of the one electron inteqgrals

Ghtaing molecular orbibale from sn ATMORY dumpfile
Bchmidt orthogonalisation routine

Prints ALCHEMY moloculay orbitsl coefficients

ALCHEMY routines for resding and writing vectors from
add to files

THAELE 3

ATOHIC TRTHCRAL PILES

Unit Ho. Commanty
FTOBFO01* Basls set information

.
FTOBF002 2—glactron integrale
FTOSFR02 1~electron integrals
FTTOF0O1 2-~eglectron tall integrals
FT11F001 i~alectron tall integrals
FT12F001+ 2~aloctron Integrals, merged, renoxmuliugd and xelabelled
FT13FO01* t~alectron fntegrala, merged, renormalined and yelabelled
FT21F001)*

} Uned for storing molecular orbitals

FT2TFO01)

* These £illes are passed onto tho transformablon program,



TABLE 4

HOLECURAR INTEGRAL FILES

Unit Ho. used

tinlt No., Commernts by Atomie
Integral Package
FTO8¥00Y Atomic orbital basie set data FTOSFa0
PTOBFG0Z  2-slectron atomlc integrals FTI2FO01
FTGSF 001 1-electron atomic integrals #H1IF001
Fr2IF001 Holecular oxbital infoymation, only one PTZ1P001
FrATR00 aof these 1o veguired. Pr2IFO0
FTI6¥00t Tranafaraed t~ and 2~electron integrals FT2IP0G
FT20F001
Friarost
FLi9F001
Temporary, intermediate flles
FI288441
FTi7e801

FR2GFH01

Fig. 1

Plyg. 2

¥ig., 3

Plg. 4

FPIGURE CAPTIONI

The division of configuration gpace in the Rematrix method.

Tha elgenspectruan of the slectron-molecole Hamiltonian in all

space {8 € all r < «=§, and in the Aw-matrix ephore (0 < ail v £ ay,
Plow chart for the ALOHEMY atomic integrals package.

Plow chart for the modified RLCHEMY atomlc integrals package.


http:MOLlCUI.AR

X

X

: 4

v » 1l 0
0

i+ _.Mm

i4+N

{614

jeuiaix 3y

VRN




Dynamic core
allocator

Driving
routine

1-centre and
Coulomb and Hybrid
2-e integrals

Exchange
integrais

All 1—electron
integrals

Fig.3

Property
integrals




Dynamic core

aillocator

Driving

routine
Exchange P t
. ang . roperty Renormalisation
integrals integrals

1~ Centre and
Coulomb - Hybrid
integrats

1=-electron
integrals

Tail
integrals

Fig.4

Vector
manipulation







£v YNIN



