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In the R-matr1x method for electron-molecule scatterinq it ia 

necQssary to have a set of continuum orbitals centered upon the molecular 

center-of-mass to represent the wavefunction of the scattored electron. 

In the codes supported at DBresbury these orbitals are constructed from a 

hasis set of slater type orbitals (GTO). 'lhe proqram ORBOP'l' accept. as 

input a set of continuum STO's, and qives as output a new set adjusted 90 

as to minimiae their mutual linear dependenc~ subject to given constraints 

on the parameters. 

The STOia used are defined by 

1) ~i ~ Ai r"1-1 e-~i~ 

with i N 1,2, •• ~ n ~ 20) with Ai determined from 
a 

2)1dr,2 Hi)2 - I 
o 

where a ia the radiue of the a-matrix boundarYI with Ni an integer i 15 

and ~i any positive number ~1/2, which li~it8 correspond roughly to those 

1mpo$cd in practice by the modified ALCHEMY code used in the R-matrix 

calculations (they can be exceeded in ORBOPT, but this may void the 

warranty). The probability amplitude associated with the orbital +i is 

r+ which obtains its maximum at r ~ Ni/~i. The standard method of uainq
i i 

ORBOPT oonsiste of defininq as input the principal quantum numbers Ni~ 

the pea~ pqsitions r # and the allowed v&ri~tiona in the peak poeitions
i 

rif. The exponents ~i are then confined to l1e vithin the limite 

3) Nil €r .. r/) ~ (i (NJ/(r i - ri-}J
i 

ORnOPT adjusts the get ot ~i within this range to minimise the degree 

of linear dependence of the eet of orbitals. 

In the present application the ~degree of linear dependence~ is 

determined from the determinant D of the overlap matrix S of the STO's, 

4) Sij - La dr " ~i ~j' 


The smallar the determinant v_ the greater is t,{e deqrss of linear depend­


ence. This determinant is the product of the ei90nvalues of the S-matrix. 


In the actual R-matrix calculation orthonormal continuum orbitale are con­

structed from linear combinations of the t • If ths expansion cosffici ­

i 

ents of any of ths +i are too larqe - oay, greater than 10D - the two­

electron integrals enterin9 the Hamiltonian matrix cannot be evaluated 

reliably because of round off error~ In the symmetric orthonormaliaation 

procedure the expanaion coefficients are given by the components of the 

eiqenvectors of the B-matrix. In this case only those eigenvectors can be 

used which correspond to eigenvalues which e~ed a certain value (in 

practica, 9Bnerally 1D-5). Thus it is intended that by maxi_iSing the 

product of the eigenvalues one will raise a few of the lowest ei90nv~luea 

above the cutoff yalue; and this oxpectation is fulfilled in execution. 

In the full R~matrix caloulation one bes the additional worry of the 

degreo of linear dependsnce between the bo~nd and oontin~um orbitalS t b~t 

thie abort interactive program is not intended to deal with it. 

The .aans by which the determinant D is maximised Is quite .imple. 

The n principal quantum n~Mbers Ni are hsld fixed while the exponents ~i 

are allowod to vary between the predetermined limite. ThesB limite define 

en n-dimensional rectangular priam n within wbidh the vector ~ liss. The 

program calculates the N-dimensional gradient vector ~- :~ at the 

initial value of~. The vector , is tben varied along the direction of ~ 

until no additional increase in the dete~nant occure. Tne value of i 

at the new ~ can be then determdned, and the process rspeated 

indefinitely~ 1be length of etep Along g ie at first taken to be 1/1D of 

the distance from the point , to the boundary of n; This step length is 
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used until the determinant decreases (or the boundary ie reached), 

then one .te~ bac~ward ie taken. the stop length is divided by 

10/ and the ~roces8 repeated (10 such iterations are made in the presen~ 

version). As presently conetructed the program evaluates ~ ten separate 

times before printing out intermediate results. fhis can be varied ss 

required. It is generally the case that little improvement occurs after 

four or five such intermediate results. The results printed on unit 6 are 

the principal quantum numbers N
i 

, the new values of the exponents t
i 

, the 
N 

surface probQbility amplitudes rti .. Ai r i e-tir associated wIth the new 

continuum orbitals on the R-matrix boundary sphere mal and the 

ei9Gnvaluee of the new overlap matrix S. 

The program is designed to run interactively on the 170k TSO region 

of the naresbury IBM 370/165. Units 5 and 6 are assigned to the terminal 

screen. Matrix diagonalization routines from the NAG library are 

.mployed~ To execute ORBOPT it is suggested that a copy of 

'CW.ORBOPT.FORT" be made on the user's own directory and that en object 

meddle ORIlOP'l'.OBJ be then created by the command FORT ORBOP'l'.. SOl'ltEl 

facilities to aid interactive execution reside on 'CW.CuISTll 

'CW.CLlST(TSET)' assigns unite 5 and 6 to the terminal with definite 

blockeize and record iength (this may be executed only once during a 

terminal seseion), ·CW.CLIST(NALGO}' loads the object module given as a 

positional para-eter along witb the NAG library and initiates execution~ 

UI required input is prompted in an obvious manner by ORBOP'l' with the 

required format specifications given in the Pto~t. 

The author gives no guarantee that the new orbitals generated by 

ORBOPT wiil be euperior to the original set in the sense of providing 

better results in an R-matrix calculation - in fact in eome caaee the 

contrary is true. The types of orbitala required in application are 

dete~ined by the physics of the problem at hand~ and a bad choice of an 

initial sst will not be much improved by reducing linear dependlifficq. 

HoWever, to establish the convergence of an R-matrix calculation it ie 

desirable to increase the number of orbitals which can be used. Generally 

ORBOPT will facilitate this by providing a new set of orbitals not too 

diesimilar to that given initially. but which provides a yreater number 

of orthogonal combinations of STO's with sufficiently small coefficients. 

The results of a sample execution are given below. Seven orbitals 

with the principal quantum numbers indicated are put in a sphere of 

radius 10 a.u. The first orbital, with N=2, is eet initially to peak at 2 

a.u., and its peak is allowed to vary between 0 ..7 and 3~5 8.U. The 

mini~, initial, and maximum values of zeta are printed after each peak 

specification is given. 

It hss been found that the results are relatiVely insensitive to the 

allowed peak variations assigned to intermediate orbitals. Adjacent 

orbitals -repel- each othert since any increase in mutual overlap .ust 

tend to decrease the value of the determinant~ Thus it will be found that 

the greatest change occurs in the outermost orbital, whoso peak is pushed 

out as far as possible. The innermost orbital on ths other hand is invar­

iably contracted. though if it is diffuse (as in this example) its peak 

will not be shifted much4 

Flqurss 1 and 2 show respectively the old set of orbitals, and the 

new set of orbitals obtained after four passes of optimisation. It can be 

eeen that the individual orbitala have not been greatly altered by 

optimisation. The iMprovement of linear independence is significant. 

however. The secOnd lowest eigenvalue for the initial set is probably too 
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small for its eigonvector to be uaed in a calcu1ation# whe~as after Si\MI?LE PROGRAM SDCU'l'ION 

optimisation its ma9nitude wQuld .ppear to be 8atisf~ctory. t .. t 
PF.AIW 
naho Ol'l'Iopt 

R t'ATlHY .AflllJ~ 1M A.fOHn: rnfITS (FJ4.1) 
10.00 
N!lHPfR OF ORRITALq LF. 20 (12) 9"" 'to STOP.9ft HEW 1I:ADtuS, 
I''IUFCIPAL f1lj...HT11t4 NlIfIRFRS TN ORDER (NP" 12) 
?J4~"77 
F.JtrF:1t (I FOR: DEFAtt1:r FRAJ SPACE OR I TO SPECIFY (II) 

I 
l'llfiTAttCF foJl(Jf Olnt'llfl O'F prA~ , (F14.7) 

'.011 
pt.m; FIA.7 

,,SO 
}lINn!! F14.1 

n.lO 
mINt i':F.T.... T.H...x 0.57142ft5ID+OO 0.100000000+01 0.I176470tID+Ot 
flI~TAfoiGP. fJHlM OUroIfI 01' PEAK' :t (F14~ 7) 

:".75 
PLUS 1'14.1 

2.no 
!'fINU5 1'''.7 

1.0 
~IN.?rTA.ZMAX 0.52'739130+00 O.ItOOOOOOOD+OO O. )09090910+01 

nrsTANCF FR(ff ORImfl OF PPAY.' 3' (Fl4.7) 
4.~0 

PLIIS F14.7 
:t.oo 
t'IM$ Plio. 1 
~.OO 
1tfIN.1.rrA!i':~A1 0.615)A462D+OO O.PAftAAAft9D+OO O~ 160000000+01 

f\UiTANCP. 'lHJtf ORIGIN OF PF.AlC' 4 (F14~ 1) 
.'i.~o 

PLUS 'F(4.7 
2·00 

t'll'fIIS F14.7 
2.00 
~IMtZFTA~~AJ 0.666666679+00 0.909090910+00 0.142857140+01 
f\lSTANCz FlIOIi ORU'!I!'l O'F PEAII:' 5 (1'14.1) 

7.!l0 
PLmi F14.1 

1. !'EO 
t'INIl~ Fl4.7 

2 • .0;0 
1.)01 IN. ZF.TA,7.HAX 0.666666670+00 O.JlOOOQOOOJ:H.<IO 0.120(01)000+01 

OIRTAfJr.! FR(ltt OR Ir.[H OF PEU' 6 (F14.7) 
1t.00 

Pf.lt5 F14.1 
2·(\0 
"INlln 1'14.1 

3.00 
?MIN, 'IF.TA..?..tIAX O. "363ti3~D+OO 0.177171781)+00 O.lIfi66661D+OJ 

1'1I5TAHCf. f'itGt OIH(j:IH OF PEAK' 1 (f'l-4.1) 
tl.(\n 

P'f,I15 PU•• 7 
2.0(\ 
tftHIT$ F14.7 

4."" 
2tfI".T.rr.... 7.MAT 0.!ilJl4filS41).+OO O.6lU6364D+OO 0.100000000+01 

FIRST F.V...r.IIATtoN OF J\E'J'F.RMINANT O.49169QO-U 
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•• 

"1II'5T '""AI.IIATIO" OP ntTDH1NAN1' 0.4916990-14 
R 7."A StI'ItFACF. AKPLITUDE OVERLAP &ICEPVALU"£S 

" O.I00l)ooon+01 0.'2423770-02 0.1371352n-05 
3 O.POOODOOD+OO 0.~4oo3100-o1 O.442~1?40-O' 
4 O.IIPJ'PPft~m+oO 0.91942980-01 0.13949120-02 
5 o. ~o«)an~o O.I~1322n+oo 0.22955930-01 
~ O.~onooon+oo 0.3~2tI910+00 0.32719440+00 

7 0.771177110+00 0.5017505D+OO 0.1511~32n+Ol 

1 0.~3fi3~3fifH(JO O.nHUln+oO 0.51:.'t0181D+Ot 


ttALUF. Qt m:TF.RtUPANt' AFTD YEP ATEF'S tS 0.5435'9»-L3 
l.F.tA ~tlRrAe!' AHP'LITlme OWU"'P EiCENVALUES" 7 0.1015%70+01 0~4MG25~O-ol O.3t11i44m-05, 0.112144430+00 (I. 5547354fJ-01 ()'!~1614910-04 

4 f).0212424lHOO 0.779553PO-Ol 0.21131900-02 
5 0.~310~6Pn+OO 0.14fi15340+00 0.33a3,OPO-ot 

O.~2P51i100+00 0.334640Gn+OO 0.365011910+00•,, O.1~on500n+OO O. 5259173MOO O~ 159611'50+01 
O. 512 ~1OP.f.()O 0.717f12P3n+OO 0.5OO2691n+Ot 

..,.tt o TO cotrrnurn ntt I Tn TRY Nr;w SET OR STOP (11) 
o 

VAtllf. or OETERMINANt' AFTI!R UR STEPS I~ 0.1l4f1380 .. 12 
UTA stlR:FAC! AMPLITUI'I£ OveRLAP EIGEffVALUES" 2 f).10225MIHOI 0.44235550-02 0.3l?',46:fl90-o5 

3 ('l.ft3PIi3Uo+OO 0~519193OP-01 O.lOnMOO-o3 
4 0. 03436530+00 O. nfl:31~~..01 n.242241lf)-D2 

S P.~40&0540+OO O.1410l42n+DO 0~3~05l9HO-ol 


fi. n. "3~221An.f.()0 0.32741'21)+00 0.37f13f100f)+(JO 

7 0.7'l446Fn+Q0 O.532~~fl:~+OO 0~16214J'30+01 

7 O. '503f'i41MOO 0.74011140+00 0.49535530+01 


mrt'rn 0 Til C(lNTltIlJE OR 1 TO TRY Nfl,.! SET OR STOP (11) 
n 

vALlI'F. OF tlI':TF-RHINAtIT A'TER TF.R STEP'9 IS 0.14191 ~n-12 
R ZF.TA SURFACt AHP'LlTtlD& oveRLAP EICF:NVALU£S 

2 O.lfl24o"40+01 0.43432721)-02 O.42f14621D-o, 
3 0.ffA272240....o0 0.:5074!l54n-ol O.1l089181l-03 
" O. G]01450P+00 0.11 035"0..01 0.253tlS46n-ol 
~ 0.04331f'70+00 0.13~25R2MOO o. 3~51tl91D-ol 
~ o.P:.'tIl64lon+oO 0.)25l515n+00 0.3R291'36D+OO 
7 O.1Sl0oJZD+Q0 O.535tt1~ 0.163e1a~n+Ol 
7 0.542~I.m+oO 0.141"41ID+OO O.493'~96D+Ot 

FlffrR 0 TO Cotn'l11'tr. OR I TO TllY NFl'll sn OR STOP (11) 
o 

l1AMfF. OT Df.TlOOtlNAN1' ArTER DR STEPS IS O~ lli142FO-12 
fI ZETA $;URFACF. AMPLITUf}! OVERLAP tlGEHVALt1ES 

2 O.10l'P44~+01 0.43151170-02 0.4&041990-05 

3 n.p44t11~O 0.5I)lt~3n...(J1 0.1l3ti59U)...(J3 

4 (t.94ilP35:\fH.OO O.104ni'166D..(l1 0.25t10562D-02 

5 0.94Ut62l'H-OO 0.1 3Ptl401D+OO O.401113P'O-Ol 

~ 0.P,o&~3Fn+QO 0.32'39170+00 0~3R4'I'4JO+OO 

7 (I. 7502~"3n+oo o. '35~~15D+OO 0.lM21120.f{)1 

1 fl. ~3q:~Oflfin+oo 0,. 7505313tl+OO 1).4929a:21D+01 


RIff'rP 0 TO Cf'iflTIMt1f: (rf:I 1 TO ~y tiF;W S'ET Oft STOP (11) 
I 
flIIUIFJ! Of' ('!IJflM"AlS til 20: (12) 99 TO stO'P'"fI NEY MorUS 

'KEAnT 

Figure CAptions: 


Fig.1. Probability amplitudes r~i for the seven orbitAls of the initial 


set as a function of r. 


Fi9.2. Probability amplitudes for the optimised set~ 
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