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. SUWARY OF PROGRAMS

A | nt r oducti on

This is a pair of FORTRAN 77 prograns used on 64-bit-word
CRAY or CDC CYBER 205 conputers for the self-consistent-field
cal cul ation of atom c radi al wavefunctions, and of various radial
integrals involved in the calculation of atom c energy |evels and
spectra. RCN and RCN2 are easily adaptable to VAX, IBM R SC, SUN
Maci ntosh, and sim |l ar 32-bit-word conmputers because of the
foll owi ng coding features:

(1) IMPLICT REAL*8 (A-H O Z) statenents have been incl uded
in all programunits, so that floating-point variables will be
doubl e precision for 32-bit conputers. (These statenents can be
comented out if necessary on 64-bit nachines.)

(2) GCeneric nanes have been used for intrinsic functions,
with argunents that are never nunbers, but rather are variables
defined by statenments, such as HALF=0.5 or TWD=2.0, so that
conversion to double precision will be automatically perforned on
32-bit machi nes.

(3) Nanmed common bl ocks of a given nane have the sane | ength
in all subroutines. 1In all cases, there are an even nunber of
i nteger storage spaces if followed by a floating-point variable.

RCN can be run singly, but RCN2 requires that RCN be run
first to provide input wavefunctions, and the two are comonly run
in succession to provide input for a third program RCG to conpute
atom c energy |levels and spectra, giving the three possibilities:

RCN

RCN RCN\2
RCN RCN\2/ RCG

The primary input information is always to RCN, and each
program autonatically provides input information to the succeedi ng
program of the chain. Details of the prograns will be descri bed
later (RCGin a separate witeup); here we outline only the basic
pur pose of each of the first two prograns.

NOTE: The program RCN Mbd36 still contains the possibility
of feeding information into a nodified version, HF8, of Charlotte
Froese-Fi scher's wel | -known Hartree-Fock program[Can. J. Phys.
41, 1895 (1963); Report ANL-7404 (1968); Conp. Phys. Comun. 1,
151 (1969)]. However, unlike in pre-1981 versions, RCN can itself
cal cul ate Hartree-Fock wave-functions. Therefore the program HF8
is no longer used, and is not supplied; the pertinent option in
RCN has been retained for use by anyone desiring wavefuncti ons on
the logarithmc radial nesh used by HF.

B. Program RCN Mbd36

Program RCN cal cul ates singl e-configuration radial
wavefunctions Pp|(r) for a spherically symmetri zed atomvia any
one of the four follow ng honogeneous-differential -equation
approxi mations to the Hartree-Fock nethod.

(1) Hartree (H)




(2) Hartree-Fock-Slater, wth any desired val ue of the
coefficient for Slater's approxi mate exchange term and either
w thout (HFS) or with (HFSL) Latter's tail cutoff in the central-
field potential -energy function;

(3) Hartree-plus-statistical -exchange (HX);

(4) Hartree-Slater (HS).

(5) RCN can also be used for true Hartree-Fock (HF)
cal culations, either for the spherically symetrized atom (center-
of-gravity energy of the configuration), or for the energy of a
specific LS termof the configuration (LSD-HF) provided there
exi sts only one LS term having that value of LS.

Normal |y, the center-of-gravity HF nethod is the only one
used.

In addition to the radial wavefunctions, also cal culated for
each configuration are various radial integrals (& FK, &, z),
and the total (spherically averaged) energy of the atom (Eay)
i ncluding approxinmate relativistic and correl ati on energy
corrections. Relativistic terns can be included in the potenti al
function of the differential equation (HXR or HFR) to give
approximate relativistic corrections to the radi al wavefuncti ons,
as well as inproved relativistic energy corrections in heavy atons
(inmportant for outer orbitals only if Z>50, and for inner orbitals
if Zz>20). Simlarly, a correlation termcan be included in order
to make the potential function nore negative, and thereby help to
bi nd negative ions. Qptions are available to provide radia
wavefunctions as input to either program RCN2 or program HF8.

C. Pr ogr am RCN\2

Program RCN2 accepts radi al wavefunctions (for one or nore
different configurations of one or nore atons or ions) from RCN,
and for each atom cal cul ates various two-configuration radial

integrals: overlap integrals aPn||Pn'|'fl configuration-interaction

Coul onb integrals RK and spin-orbit integrals znin'|', and radial
el ectric-dipole and electric-quadrupole integrals. In its nost
commonly used option, it automatically conputes all quantities
required for calculating energy |levels and spectra of an atom and
wites a file containing this information in exactly the form
required for input to program RCG which perforns these
cal cul ations. For plane-wave-Born cal culations in RCG
calculation of radial nultipole integrals in RCN2 is replaced by
calculation of radial integrals of spherical Bessel functions.
For the theory behind all of the above prograns, see Robert
D. Cowan, The Theory of Atom c Structure and Spectra (University
of California Press, Berkeley, 1981), Chap. 7, and Secs. 8-1, 16-
1, and 18-13 -- hereafter referred to as TASS.




D. Conputi ng Ti nes

Approxi mate conputing tinmes for RCN on CRAY-1 conputers are
as listed below. Tinmes on a CRAY-YMP would be two or three tines
shorter. Tinmes on the CYBER 205 woul d be about the sane as |isted
below, tines on the CDC 7600 or | BM 360/95 or 370/195 woul d be
about 3 tines longer; tines on nodern (2005) PowerMacs and PCs are
about 5 tines shorter.

Ti ne (sec)

Confi g. HX HXR HF HFR
Ar | 3pb 2 2 1 1
Kr | 4pb 3 3 3 3
Xe | 5pb 4 4 5
Dy | 4f106s2 6 7 10
R 1 6pb 6 7 13
Ul 5f36d7s2 7 9 17

Conputing time for RON2 is usually only a small fraction of
that for RCN. However, if there are a | arge nunber of
configurations on the TAPE2N input file to RCN2 (say, >20) and the
configurations in question are the ones with high serial nunber,
read and rewind tinmes can be unconfortably |long, especially if the
fileis on a tape rather than a disk unit.



. PROGRAM RCN36

A. Programoutline

This is a FORTRAN 77 programfor the calculation of radia
wavefunctions Pp|(r) of a spherically symetrized atom
corresponding to the center-of-gravity energy Egy of an el ectron
configuration

(n1l WL (n2l 2)W2 x x x (ngl ) - (1)
Conputed fromthese radi al wavefunctions are the Coul onb integrals
FK and & and the spin-orbit integrals zpnl , along with radial

integrals required to give kinetic and el ectron-nucl ear energies,
and rough relativistic and correlation corrections to both the
one-el ectron binding energies and the total el ectronic binding
energy Eav .

The programwas originally (January 1964) based on the SHARE
program 1417 (M. HFSS) described by Herman and Skill man, Atomc
Structure Calculations (Prentice-Hall, 1963), and this reference
may be used for a description of the radial integration nmesh and
basi ¢ nunerical nethods used in RCN. However, except for the
subrouti ne CROSYM and part of SCHEQ the original program has been
changed beyond recognition [including notational changes from
SNL(M 1) and SNLQ(I) to PNL(I,M and PNLQ(1), and a redefinition
of NNLZ from 100n+10l +const. to 100n+l]. Options are stil
avai l abl e for nmaking cal cul ati ons via the Hartree-Fock- Sl ater
approxi mati on used by Herman and Skillman either with or w thout
Latter's tail cutoff in the one-electron potential, using either
Slater's original exchange coefficient 3/2 or Kohn and Shani s
nmodi fied value of 1 (or any other value). However, these
approxi mations are all considered to be unsatisfactory; a nmuch
better option utilizes the Hartree-plus-statistical -exchange (HX)
approxi mati on described in ny book TASS, which should be consulted
for theoretical discussions. Still further options are the HS
approxi mation of Lindgren and Rosen [Int. J. Quant. Chem S5, 411
(1971); Phys. Scripta 6, 109 (1972), or TASS], and full Hartree-
Fock cal cul ations. Hartree-Fock is the preferred option.

Normal |y, all radial functions are iterated to self-
consi stency. However, on configurations other than the first one,
any desired nunber of inner orbitals can be held fixed (frozen-
core approxi mation; see di scussion bel ow concerning the variable
I BB1, and Secs. I1-J and I1-K).




The programis all in FORTRAN 77, and consists of a nmain
program and thirty-odd subprograns.

RCN36 is the main program and nostly just deci des whether a
normal calculation is to be perfornmed, or one pertinent to
di el ectroni c-reconbi nati on.

RCN is the main subroutine. It handles all input (for nornal
cal cul ati ons) and sone output, controls the self-consistent-field
iteration, and does portions of the detailed cal cul ation.

ANALYZ and SETCFG i nterpret the configuration-definition
input and estimate initial values of the one-el ectron ei genval ues.
DI EL and ANALYZ1 are subroutines used to reduce handwork
involved in setting up dielectronic-reconbination runs; details

are discussed in Sec. II-L.

SCHEQ i ntegrates the one-el ectron radi al wave equation, and

controls the iteration on the one-electron eigenval ue EEEE(M to

give a radial wavefunction Ppl(r)°rRnl (r)=PNLO(1)=PNL(I,M that

satisfies the boundary conditions at r=0 and ¥. It also properly
normal i zes the function for either a bound electron (E<0) or a
free electron (E>0); it will not handle the case E=0. The
normal i zation for a free electron is likely to be inaccurate if E>
0.1 rydberg (because of too coarse an integration mesh) unless

EMX/ 10 £ EE EMX and very | arge dinensions are used for PNL, R and

ot her variabl es (see remarks bel ow regardi ng conti nuum
wavefunction calculations--Sec. 11-G. Appropriate snmall non-zero
val ues of EMX al so make possible calculation of Py for large n
(about 15 to 40) by bringing into use the full 1801-point nesh
i nstead of the 641-point mesh used when EMX=0; too |arge a val ue
of EMX (or too large n) will result in convergence failure because
even the 1801-point mesh will not extend to | arge enough radii.

QUTPT handl es nost of the printed output (in part, via calls
to PONER, ZETAl1l, and SLI1) and the wavefunction output to disk
file 2 or (viaacall to HFWRTP) to disk file 7, which provides
i nput to program RCN2 or HF8, respectively.

SUBCOR cal cul ates a nodified free-electron correl ati on energy
for a specified electron density.

CROSYM sol ves a systemof |inear equations to provide a val ue

of
AZ = [Pni(r)/ri+l]r=0 . (2)
PONER conput es val ues of &aMifor -3£mME6 (except me5) for
each orbital
ZETA1l conputes spin-orbit paraneter values zpn| fromthe
central -potential fornula

¥
2 0 Pp(r) 1 dv dr
bo r dr

and al so via the Bl ume-Watson nethod [Proc. Roy. Soc. (London)
A270, 127 (1962), A271, 565 (1963)]; the latter nmethod gi ves nuch
nore accurate val ues and so provides the nunbers used in practice.
Al so conputed and printed are the one-el ectron kinetic-pl us-

Zn| =

: (3)

a
2
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nucl ear energy Inl , and the relativistic nmass-velocity and Darw n
corrections. (Actually, Ipnl is conputed in RCN3S, and only
printed in ZETAL.)

SLI1 conputes and prints all Slater integrals FK and oK (in

units of both rydbergs and cntl); it al so computes overlap
integrals and calls RCN3S.
RCN3S prints the overlap integrals, and cal culates (fromthe

FK and &X, with the aid of subroutine S3J0SQ and prints the

Coul onb interaction energy between each pair of electrons. It
then cal cul ates correl ati on-energy corrections, and (using val ues
of Inl from ZETALl) cal cul ates and prints one-el ectron binding
energies and the total binding energy of the atom (see TASS for
equations). It also prints those single-configuration paraneter

val ues Eay, FK(ii), zi, FK(ij), and GK(ij) required for the
cal culation of atomc energy levels; the total binding energy Eav
is given in rydbergs, whereas all other paraneter values are in kK

(units of 1000 cntl).
S3J0SQ cal cul ates the square of the val ue of

el j2 j30 wher e ejl j2 j3 06
e0 0 0 o e nl P B o

is a 3-] synbol; though not used here, for other purposes there
exi sts also a function routine S3J.

FCTRL cal cul ates the factorial of an integer A required by
S3J0SQ and S3J.

HFWRTP i nt er pol at es val ues of each wavefunction fromthe
(periodically doubled) Iinear nesh used by RCN to points on the
| ogarithm c nmesh used by HF8, and wites on tape 7 these
wavef unctions and other input data for a Hartree-Fock cal cul ation
vi a program HF8.

HFPOT cal cul ates for a given orbital the Hartree-Fock
potential (excluding the classical-potential ternms, which are
calculated in the main subroutine), witten in the formof an
ef fecti ve honogeneous-equation |ocal -potential function. (This is
necessary because RCN i s basically a honbgeneous-equation program
The singularities that are present in the potential at zeroes of
the orbital in question are snoothed out by nmeans of a linear
interpolation fromthe second nesh point below to the second nmesh
poi nt above each zero.)

QUAD2 cal cul ates the classical potential via a Sinmpson's-rule
quadr at ur e.

QUADS is a general -purpose five-interval quadrature routine.

QUADK is used by HFPOT for the evaluation of Hartree's Yk
function.

ZETABW eval uates spin-orbit parameters via the Bl une- Wt son
met hod, using function routines SM SN ZK, VK, and DYK patterned
after those in HF8.



S6J eval uates the 6-)] synbol

i1 j2  j3 0
i y
i11 12  135p

with the aid of a function routine DELSQ .

CLOCK is a subroutine used to call a CPU-tine systemroutine
SECOND, whi ch contains sections appropriate to a CRAY, VAX or
Maci ntosh, PC, SUN, and |IBM Rl SC;, SECOND may be repl aced by a
dunmy do-nothing routine if desired, as CLOCK output tinmes are for
information only.

PHSHI FT is a subroutine that for continuumorbitals conputes
and prints the phase shift of the (distorted-wave) continuum
function relative to the phase of a pure (non-relativistic)

Coul onb function. (This phase shift does not beconme quite
constant at large r, indicating sone inaccuracy in numerica
integration of the differential equation. Because of this, and
because of om ssion in each phase of a termconsisting of the
argunent of a conpl ex ganma function, only the phase shift is
significant, not the distorted-wave and Coul onb phases

i ndividually.)

VI NTI conputes values of the Vinti integrals and associ at ed
wei ghting factors and sum (see Sec. I1-H).

EBREI T, BRTINT , and S3J are used for eval uation of
approxi mate Breit nmagnetic and retardation energies, if | REL=2.
The approxi mation is poor and inclusion of this option seens to
provi de no i nprovenent between theory and experinent; if one
w shes to save storage space, he can change the di nensions of the
approxi mate smal | -conponent rel ativistic wavefunction
QNL( KVBHQ KOQ from (1801,20) to (1,1), in which case the Breit
energies will not be conputed even with | REL=2.

B. | nput

For sinplicity in the followi ng, termnology will be used in
pl aces that dates fromthe tinme when conputer input consisted of
punched cards: The word "card" nmay be used to refer to a line of
an input file or FORTRAN source file, and the word "deck” to refer
to an input file--set of cards--or portion thereof. Characters
"punched" in specific colums of these cards are, of course, to be
typed into the correspondi ng columms of the input line.

Statenents that various information is "printed" neans that
information is witten to the output print file 9, but in many
cases only if certain print options are in effect.

Normal input, read in subroutine RCN, consists of a control
"card," and one configuration "card" for each configuration to be
conputed (not necessarily all of the sane el enent nor ion stage)--
additional cards are required if an LS-termHF calculationis to
be done; see Sec. II-F. Normally, the control card is nearly
uni versal and is sel dom changed fromone run to the next, except
to switch fromnon-relativistic (HF) to relativistic (HFR



calculations, or to include or delete correlation corrections in
the effective central-field potential function.

(1) Control card: this is read at statenent 200 of the main
subroutine, and contains the follow ng quantities.

nor mal val ue
RCN36 RCN36 + HF8

col s format vari abl e HX HF HX+HF HF only
1 I 1 | TPOW 2 2 2 0

2 I 1 | PTVU 0 0 0 0

3 I 1 | PTEB 0 0 0 0
4-5 | 2 NORBPT -9 -9 -9 -9

6 I 1 | ZHXBW 0 0 0 0
7-8 | 2 | PHFWF 0 0 0 0
9-10 12 | HF 0 2 1 1
11-13 13 | BB 0 0 0 0
14-15 F2.1 TOLSTB 1.0 1.0 1.0 1.0
16-20 E5.1 TOLKM2 2.0 2.0 2.0 2.0
21-30 E10.1 TOLEND 5. E-08 5. E-08 5. E-08 5. E-02a
31-40 E10.1 THRESH 1.E-11 1.E-11 1.E-11 1. E- 052
41-42 12 KUTD -2 -2 -2 -2
43-44 12 KUT1 0 0 0 0

45 I 1 | VI NTI 0 0 0 0

46 11 | RELD 0 0 0 0
47-48 12 MAXI T 90 90 90 90
49-50 12 NPR 0 0 0 0
51-55 F5.5 EXF10 1.0 1.0 1.0 1.0
56-60 F5.5 EXFML 0. 65 0. 65 0. 65 0. 65
61-65 F5.5 EMXC 0.0 0.0 0.0 0.0
66-70 F5.5 CORRFd 1.0 1.0 1.0 1.0
71-75 15 | W6€ 0 0 0 0

dUse 5.E-08 and 1.E-11 if IREL=0, and HX rel ativistic energy
corrections to Egy are desired.

buse | REL=1 for HXR or HFR, use I REL=2 to include Breit ener gi es.

CSee notes regardi ng conti nuum wavefunction cal cul ations, p. 6 and
Sec. I1-G

dsee Sec. 11-1 bel ow.

€Use IW=-6 if output to the nonitor screen is desired on the
progress of the calculation. The value used here for IW is
automatically carried through to subsequent prograns RCN2,
RCG and RCE

The first seven quantities and NPR control the anount of
printed output, as follows:

| TPOW =1 or 33, print SCFiteration information (N TER DELT,

ALFM; this information is sent to the
nmonitor screen if IW <O.

32, call POMER to print &"A



| TPVU: 31,  print FK and &
32, print Coulonb interaction energies
33, print wavefunction overlap integrals
34, print HFS potentials (RU RUEE, etc)
35 print HX or HF potentials (V)

36, in SCHEQ print relativistic contribution to
pot enti al

| PTEB: 31, print EE, JJJ, R(JJI), AZ
32, print Ekin, etc

NORBPT: <0, do not print wavefunctions
>0, print first two and | ast NORBPT wavefunctions at
every fifth nmesh point

36, print continuum wavefunctions at every nesh point

(for configurations 1, 5, 10, 15, xxx only,
i f 0 < NORBPT < 6)
any, wite on tape 2 or 7 the |ast | NORBPT|
wavefunctions (at least 2; if | NORBPT| =9,
wite all wavefunctions)

| ZHXBW >0, in HF8, calculate and print all quantities using
the (HX) input wavefunctions (primarily to give
zeta cal cul ated by the Bl une-Wat son net hod;
of no great use, as the Bl une-Watson nethod is
now used in RCN as well as in HF8)

| PHFWF: >0, in HF8, print the last |IHFW| wavefunctions at
every mesh point
<0, sane, except print at only every fourth nmesh point

+9, print all wavefunctions

| HF: =0, signifies an RCN cal culation only (hence, do not

| oad HF8)

=1, RCN output wavefunctions are for input to HF8
(via tape 7, rather than for RCN2 (via tape 2);
if IREL>1, RCN calculation of radial integrals
is skipped; if IREL=0 and TOLEND<1.E-4, only
ZETAl is called (to calculate relativistic
energy correction for Egy in HF8)

=2, carry out a Hartree-Fock cal culation within RCN

NPR: 10, (1) If npr is non-zero, then when niter.ge.npr,
expectation values of r for the outernost 10 orbitals are witten
to the nonitor screen. This may show up erratic changes in d or f
orbitals due to collapse into the core and expansi on back out of
the core; this is nost likely to occur for neutral or singly

i oni zed el enents near the beginning of a transition, rare-earth,
or actinide series. The nost likely solution is to place snal

val ues (e.g., 1030 or even 0208) of ialfmn and ial fmax on the
configuration card in question (see bel ow).

10



(2) If an orbital fails to converge in scheq, then
di agnostic remarks are printed to the nonitor screen.

(3) If the radial nesh is too coarse (enx too small) for
accurate cal culation and nornalization of a continuum function,
t hen di agnostic remarks are printed to the nonitor screen.

The significance of the other input quantities is as foll ows.

IBB1 0 sets the outer boundary of the atomat nesh point |BB
do not use this option, as it is not conpletely debugged.

TOLEND i s the maxi num perm ssi bl e value of DELTA (the
absol ute val ue of the change in RU for ending the SCF iteration
(see the main program statenments nunber 530-550 and 700-780).

THRESH i s the maxi num perm ssible fractional change in the
val ue of the eigenvalue E to end the eigenval ue iteration (SCHEQ
statenments 805 and 205).

MAXIT i s the maxi num al | owabl e nunber of SCF iterations; if
convergence has not been reached within MAXIT cycles, the
calculation is continued for 4 nore cycles with diagnostic
printout produced via NPR>0 (RCN, 710-729).

EXF10 is the coefficient of Slater's exchange termfor an HFS
calculation with no tail cutoff (KUT=1) or with tail cutoff
(KUT=0) (RCN 411-417). EXF10=1.5is Slater's original value and
EXF10=1.0 i s Kohn and Shami s nodified val ue.

EXFML, CAO and CAl are values of k1, k3, and k2,
respectively, for KUT=-1 in an HX cal cul ati on [ Phys. Rev. 163, 54
(1967), Egs. (13)-(14) or TASS, Egs. (7.49)-(7.50)]. Provided
| HF=0, EXFML=0.0 will give a Hartree calculation for KUT=-1, and
KUT=-2 gives an HS cal culation. (CAO and CAl are no |onger read
in fromthe control card, but sinply set to 0.5 and 0.7,
respectively, in the code.)

If 1REL=0, relativistic terns are omtted fromthe
differential equations (HX or HF); if 1REL>0, these terns are

included (HXR or HFR). If IREL3 2, approximate Breit magnetic and

retardation energies will be included, provided the dinensions of
Q\L are the sanme as those of PNL. If IREL>3, sone diagnostic
printouts will occur.

QG her quantities will be discussed |ater.

(2) Configuration card: This is read at statenent 210 of
subroutine RCN and contains the follow ng information.

cols format variable si gni fi cance
1 1 NHFTRM  Nunber of LS terns for which HF cal cul ati ons
are to be made
2-5 | 4 | Z At om ¢ nunber (fixed point)
6- 8 I3 | BB1 For this configuration only, overrides the

value IBB read fromthe control card,
provi ded 1 BB1>KO the storage di mension
for the maxi mum nunber of orbitals. |If

11



9-10

11-28

29-32

33-35
36- 37

68- 70
71-72

73-74

75-80

| 2 NSPECT

3A6 CONF

212 |1ALFM N
| ALFVAX

A3 NLBCDS(1)
A2 VWALS(1)

A3 NLBCDS(8)
A2 \WAALS(8)

| 2 KUT

F6.5 EE8

O£I1BBLEKQO then the input value is
interpreted as a quantity NISCF, and IBBl is
set to zero. Al radial functions with
serial nunber equal to or |ess than NLSCF
are held frozen at their formin the
precedi ng configuration; see exanples

in Secs. Il-J and K

l+degree of ionization (1=neutral, 2=singly
i oni zed, 3=doubly ionized, etc.)

BCD configuration label (eg, Cal 4s 3d),
for identification purposes only. (For
clarity of RCN2 and RCG out put, col umms
11-16 shoul d contain the elenment and ion
stage, and the configuration |abel should
be restricted to colums 17-24).

Iteration control variables (normally left
bl ank)

--if TALFM N is non-bl ank, then so also
must be | ALFMAX. (Each nust consist of two
non-bl ank digits, and represents a value in
percent.)

Orbital specification (eg, " 4s", "12d",
etc)

Cccupation nunber (0" or 00 neans 0, blank
or 1 or 01 neans 1, 2~ or 02 neans 2, etc,
where " signifies a bl ank)

Orbital specification
Cccupation nunber (default value is 1)

For this configuration only, KUT*O overrides
the value of KUT1 fromthe control card.
(See exanples in Sec. I1-K)

Ei genval ue (kinetic energy in rydbergs) of
the outernost orbital for a free el ectron.
(EE8 nust be greater than O; the |ast-
punched val ue of NLBCD8 nust be "99s",
"99p", "99d", etc, and the correspondi ng
val ue of WWL8 nust be bl ank or one.)

The above col um-nunber restrictions for the variables in

colums 11 to 80 may be adhered to if desired, but actually a

bl ank-del i m t ed,
(a)

sem -
The CONF field begins in colum 11 and extends to at

free-formformat is permssible, as follows:

| east colum 16, but term nates at colunm 28 or whenever three
successi ve bl anks occur - -whi chever happens first.

12



(b) The IALFM NI ALFMAX field, if present at all, appears
next--two successive non-blank digits if only ALFMAX i s present,
four successive non-blank digits if ALFM N and | ALFMAX are both
present. Floating-point control variables are calculated via

ALFM N=0. 01*1 ALFM N
ALFNMAX=0. 01* I ALFMAX ,
default val ues being 0.20 and 1.00, respectively.

(c) The subshell nl values and occupati on nunbers conme next-
-any nunber of subshells up to eight, each with format A3, A2 (or
A2 and/or Al, if n<10 and/or occupation nunber |ess than 10).

(d) KUT (1 or -1) and/or EE8 (any nunber of digits, with
deci mal point) cone last, in either order, default values being O
and 0.0 .

Thus, beginning with colum 11, one has al nost conpl ete
freedomas to the colums in which information is to be typed.

For exanple, for ionized copper plus a free p el ectron (denoted by
using n=99) with kinetic energy of 13.6268 Ry, the nomnal formats
given in the above table would require

29 1Cu | d10 13.6p 3d1099p 13. 627
but actually any one of the followng is equally valid:

29 1CQu | d10 13.6p 3d1099p 13. 627

29 1CQu | d10 13.6p 3d10 99p 13. 6268

29 1Cu | d10 13.6p  3d10 99p 13.626793
This sem -free-formflexibility is provided by reading colums 11-
80 with format A70 , and then interpreting this information by
means of subroutine ANALYZ (or ANALYZ1, when subroutine DIEL is
used) .

C Cal cul ati onal Procedure

After reading the control card, the followi ng is done for
each configuration card:

(a) If 1Z>0 but colums 11-16 are blank (first
configuration card only), the output fromlZ conpl eted
configurations done on previous runs is skipped over on tape2n, so
that results for configurations in the present run will be added
on to those done previously.

If 1Z=0, go back and read a new control card. (This feature
makes it possible, for exanple, to nmake both HF and HFR
calculations in a single run.)

If 1Z<0, wite EOF on tape 2 (and on tape7 if IHF0), and
exit.

If 1Z>0 and colums 11-16 are not all blank, this is a
genui ne configuration card, and a calculation is nmade as foll ows:
(b) Calculate the nunber of electrons in the atomfrom
N=1Z+ 1 - NSPECT .

Set up the heavi est nobl e-gas core (ground configuration of He,

Ne, Ar, Kr, Xe, Rn, or Z=118) having no nore than N el ectrons.
Modify or add to this core according to any val ues of NLBCD3/ WWNL8
punched on the configuration card, so as to obtain the fina
desired configuration, Eq. (1). [Note that any orbital in the
nobl e-gas core nodified via NLBCD8/ WAL8 wi th WAL8=0 i s del et ed
conpletely fromthe final configuration unless it is one of the
frozen-core orbitals, in which case the orbital is retained with
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zero occupation nunber.] Estinmate a value of the eigenval ue for

each orbital (unless EE8 is non-zero, in which case this value is
used for the outernost orbital.) [Decoding of WWL8 (subroutine

SETCFG statenents 230-233) and of NLBCD8 (statenents 237-242) is
done partly via table | ook-up.]

In setting up each configuration card, it is worth noting
that the spectrum nunber punched in columms 9-10 of the card is
used only to find the noble-gas configuration fromwhich to start
in setting up the desired final configuration. Fictitious nunbers
sonetines can be used to sinplify the card punching. For exanple,
the following two cards will produce exactly the sane results for
neut ral germani um

32 1Ge | 4p 4d 3d10 4s2 4p 4d
32 -3CG | 4p 4d 4p 4d

The former starts with Ar | 3p5 and adds on 14 nore el ectrons; the

latter starts with Kr | 4p8, changes 4p6 to 4pl, and adds on 4dl.

(c) Aradial integration nesh is set up in terns of a
uni versal nmesh X(1), scaled via R(I)=CX(1) , where
C=0. 88534138/ z1/ 3 (RCN, 290- 295).

(d) A suitable starting atomc potential RY(l) for the
current value of Z is obtained by scaling a universal input
potential RUO (Herman and Skillman's function U for argon, first
configuration only) or the final SCF potential fromthe preceding
configuration (RCN, statenents 270-290).

(e) A SCFiterationis carried out by repeatedly (up to
MAXIT tinmes): calling SCHEQ to integrate the differential equation
to obtain a radial function PNL(I,M for each orbital M
recal culating the potential RU fromthe PNL; conparing the PNL
and/or RUw th values fromthe preceding cycle, and revising as
appropri ate.

An HX or HF calculation is started by first making an HFS
cal cul ation (KUT=0) for at |east two cycles to obtain approxinmate
wavefunctions (required for the calculation of HX or HF potenti al
functions for use in the differential equation), and then
automatically switching to HX or HF (KUT=-1) when DELTA< TOLKM2
(RCN, statenments 730-735). [To calculate via HFS only, nake
TOLKM2=0 on the control card; to calculate for two or nore val ues
of KUT in succession (in the order +1, 0, -1, -2), nake
TOLKM2=TCLEND on the control card, KUT1=1 (or O, if KUT=1 is not
desired), and KUTD=0 if KUT=0 is not desired (see RCN, statenents
990-end).] On other than the first configuration, the initial HFS
cal cul ati on can be skipped and the HX or HF cal cul ation started
i mredi ately by setting KUT=-1 on the configuration card, provided
all orbitals in the new configuration are present also (in the
sane order) in the preceding configuration; for exanples, see Sec.
I'l-K

Stabilization of the SCF iteration is via RUon early cycles
(RCN, statenments 600-660), and on the PNL on |later cycles (454-
490). The control involves quantities ALF(M, reconputed each
cycle within the range ALFM N to ALFMAX (normally 0.2 to 1.0). If
convergence is not obtained on a run, rerun it wth I TPOM1 or 3
to print values of DELTA (unless IW <0, in which case this
information is already avail able on the nonitor-screen output).

If the SCF iteration seens to be progressing satisfactorily (DELTA
changing nore or |ess nonotonically toward zero), but not
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satisfying the criterion |DELTAl <TOLEND in MAXIT cycles, MAXIT
and/or IALFM N can be increased on the control card. |If the SCF
iteration should fail to converge because of oscillatory instabil-
ities (very unlikely), three things can be tried: (1) decrease
the values of IALFM N and | ALFMAX read in on the configuration
card; (2) increase the value of TOLEND on the control card; (3) in
t he FORTRAN st atenent just before statenent 708 of RCN, increase

t he nunber "5.E-06", which is an upper bound on the fractional
change allowed in the tail of each wavefunction.

(f) Using the final SCF radial wavefunctions PNL, various
one-electron radial integrals (eg, kinetic energy and el ectron-
nucl ear potential energy) are conputed, the subroutines PONER
ZETAl, SLI1, and RCN3S are called, and output is witten on a BCD
output print unit 9 (external nane QUT36); also, provided there
exi sts no asterisk anywhere in colums 11-16 of the configuration
card, then wavefunctions and other information are witten on
output file tape2n for use by the conputer program RCN2, or (if
| HF=1) HFWRTP is called to convert froma linear to a logarithmc
mesh and wite tape7 for use by program HF8 (see subroutine QUTPT
statenments 989-990) .

(g) |If the values of TOLKMZ2, TCOLEND, KUT, and KUTD so
indicate, additional calculations are autonatically nmade for the
sane configuration, but with different values of KUT [see under
(e) above].

D. Input/output units

Data input and printed output are via files 10 and 9
(external nanmes I N36 and QUT36), respectively. In addition,
binary file 2 (external name TAPE2ZN) or 7 is used for output
wavefunctions (input to RCN2 or HF8, respectively), and binary
file 4 is used for tenporary scratch storage. If IW<0, then the
progress of the SCF iteration for each configuration is sent to
the nonitor screen via unit 6.

E. CQutput

The amount of printed output is controlled by the quantities
| TPON | PTW, |PTEB, |IHF, and NPR punched on the control card, in
ways described under "Input,” Sec. II-B. If NORBPT>0, the first
two and the | ast NORBPT radi al wavefunctions are printed out. For
each function, the value is printed at every fifth nesh point in a

two-colum format (nmesh points 1, 11, 21, 31, xxxin the first

col um, and nmesh points 6, 16, 26, 36, xxx in the second col um);

the radius is printed only at nesh points 1, 11, etc. (If IREL=2
and subroutine EBREIT is in use, then the small-conponent

relativistic function QNL at points 1, 11, 21, xxxis printed in

pl ace of PNL at points 6, 16, 26, xxx) |f NORBPT>5, continuum

wavefunctions are printed in the above manner, and al so at every
mesh point in a ten-colum format.

Coul onb interaction energi es between two el ectrons, and one-
el ectron and total binding energies (W thout corrections, and with
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relativistic and/or correlation corrections) are printed out on
the final page; all values are in rydbergs, except that spin-orbit
paraneters are given in both rydbergs and cntl

The final Iine of each listing (except for timng
i nformation) contains the configuration identification CONF, the
nunber of parameters required for an energy-level calculation in
t he single-configuration approximation, and a list of the
par anet er val ues together with an i nteger code nunber:

0: Egy = total binding energy, including corrections
(i n rydbergs)

1: FK(Ijli) (in units of 1000 cntl)
2. Zj "
3 FR(Iilj) "
40 K(lilj) "

The order of the paraneters is the sane as that required as input
to program RCG

Finally, provided there is no asterisk in colums 11-16 of
the configuration card (colums 1-6 of the el enent/configuration
variable CONF) and IHF=0 or 2, then in subroutine QUTPT (statenent
989) nost of the inportant output information is witten on file
2. This information includes a configuration serial nunber ("1"
for the first configuration, and automatically nade one greater
for each succeeding configuration), the atomc nunber |Z and
ionization stage ION (O=neutral), and a nunber of wavefunctions
which for the first configuration of given 1Z and IONis
det erm ned by NORBPT, and which for later configurations is such
as to delete any wavefunctions deleted fromthe the first
configuration. (The purpose here is to delete nost inner closed-
subshel | wavefuncti ons, which are not needed by RCN2, so as to
decrease required disk read/wite and storage requirenents in
RCN2. Note, however, that if inner-subshell excitations are
involved in a set of configurations, then it is essential that
| NORBPT| be | arge enough that the inner-subshell orbital in
guestion is witten onto unit 2 for all configurations--otherw se
RCN2 wi Il put out diagnostic remarks to the effect that orbital
so-and-so could not be found, and RCN2 output will be incorrect!
To be safe in all cases, one can al ways use | NOCRBPT| =9.)

I f IHF=1, then wavefunctions and other information required
to start a Hartree-Fock cal cul ation via programHF8 are witten on
unit 7 instead of on unit 2. Mbst radial integrals are not
computed in RCN--only the call of ZETAl to calculate a
relativistic energy correction for carryover to HF8; if |IREL>0 ,
HF8 cal culates its own relativistic energy, and tine can be saved
by using TOLEND equal about 0.05, so that the RCN SCF iteration is
not carried out to final convergence.
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F. Hartree-Fock cal cul ations

If ITHF>0 , then a Hartree-Fock (HF) cal culation (rather
than HFS, HX, or HS) is to be carried out--either through the use
of program HF8 (1 HF=1), or self-contained wthin program RCN
(1 HF=2) .

In either case, it is possible to calculate radial
wavefunctions that mnimze the energy of a particular LS term
instead of the center-of-gravity energy of the configuration, and
the added input to RONis identical in the two cases. This option
is called by placing a non-zero val ue of NHFTRM (nunber of HF
terns) in colum one of the configuration card, and follow ng the
configuration card by NHFTRM LS-term cards (or sets of cards)

containing the following information for the ith LS term

cols format variable significance
1-7 A7 T1IHF(1) Unused identification information (eg, the
configuration "pd", "p4 d", etc)

8-10 A3 T2HF(1) LS termidentification (eg, "3P " for 3P,
etc.)

11-15 15 NFG Nunmber of Slater integrals (Fk and Gk)
i nvolved in the diagonal energy-matrix
element for this LS term (excludi ng Eay)

21-29 F9.8 CF1,1) Coefficient fx or gk of the jth FK or X in
the matrix elenment (relative to Eay)

30 Al FE1,1) "F' or "G', as appropriate
31 1 KFE 1, 1) Val ue of k

33-35 A3 |FE 1, 1) O bital codes; eg, " 3p" and " 3d" for
37-39 A3  JFE1,1) F2(3p, 3d) or GX(3p, 3d).
For legibility, colum 32 may contain
a left parenthesis, colum 36 a commma, and
colum 40 a right parenthesis.

41- 60 Same as 21-40 for the second FK or X

71- 80 Sane as 21-40 for the third FK or X

If nmore than three Slater integrals are involved in the expression
for the energy of this LSterm(relative to Egy), then the

remai ning coefficients and integral nanes are punched four to a
card in colums 1-20, 21-40, 41-60, and 61-80. (If a HF
calculation for the center-of-gravity energy is desired in
addition to one or nore cal culations for specific LS terns, this
can be done by faking an LS-termcard with T2HF=C G NFG=1
CFE1,1)=0.0, IFG and JFG equal any two orbitals of the
configuration.) For IHF=1, none of this information is used in
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RCN, but is sinply passed on unchanged to program HF8; for |HF=2,
this information is used in subroutine HFPOT, and in SLI1
(statements 650-700).

The required values of fk and gk can in many cases be
obtained fromtables in J. C Slater, Quantum Theory of Atom c
Structure (MG awH I, New York, 1960), Vol. |1, App. 21
Alternatively, they can be conputed with the aid of program RCG
using the option ICPC>4 (see RCG witeup, or subroutine PFGD,
statements 499-900). This option will wite the above information
out on file 11, except that the first two characters of |FG and
JFGw Il be the serial nunbers of the orbitals in the RCG
calculation, and will have to be changed to the appropriate
princi pal quantum nunbers before use as input to RCN

G Cal cul ation of continuum functions

A conti nuum wavefunction is conputed when the | ast orbital
defined on the configuration card is singly occupied, has a
"princi pal quantum nunber” of 99 (ie, has NLBCD8="99s", "99p"
"99d", etc), and a positive eigenvalue (kinetic energy) EE8 (in
rydbergs) has been included on the card.

In colums 61-65 of the control card, a quantity EMX nay be
punched with a val ue approximately equal to the |argest val ue of
EE8 contai ned on any of the configuration cards; if EMKX is left
zero, RCN will automatically search the input file, and by default
set EMX equal to the | argest value of EE8 found. The action of
EMX>0 is firstly to set the size (MESH) of the integration nesh to
KVMSH, the dinmension of R PNL, etc (instead of to 641), and
secondly to change the radial integration mesh that is set up:

i nst ead of

DR° R(I) - R(I-1)
bei ng doubl ed at nmesh points 41, 81, 121, 161, x x x no further

doubling is done after DR becones 3 O.40/(EI\/T>()1/2 . This ensures

that the nesh interval will not becone so | arge but what there
wll still be about 10 nmesh points within each hal f-wavel ength of
t he conti nuum function, even at |large R

It is of course necessary that the dinension of the
i ntegration nmesh be great enough (hence the use of MESH=1801), or
that EMX be small enough, so that sufficiently large radii can be
reached for accurate asynptotic nornalization--the value of "F"
printed via format 97 of SCHEQ should not differ fromunity by
nore than about 0.05 or 0.1

Smal | non-zero values of EMX can al so be used to handl e
| arge-n bound functions (n equal about 15 to perhaps 40), which
extend to radii too large for the normal 641-point integration
mesh. Use of too large a value of n or an inappropriate val ue of
EMX usual | y causes ei genval ue-iteration convergence failures or
causes execution to bonb on an overfl ow
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H. Vinti integrals

If the quantity IVINTI read fromcolum 45 of the contro
card is non-zero, the subroutine VINTI is called from subroutine
RCN just before statenent 850:

| VINTI =0 no call of subroutine VINTI
| VINTI >0 Vinti integrals cal culated and printed
| VINTI >1 sone debuggi ng information printed
For any two orbitals njlj and njlj with |j =1j - 1, the Vinti
integral [J.P. Vinti, Phys.Rev. 56, 1120 (1939)] is defined as
P¥ i dp P U
J(i,j) =1 P -y — 1 dr (4)
bo T dr r b

In a treatnment of specific mass shift, this integral is weighted
by a factor

21§ wow

Wj = (5)
(4l +2) (4l +2)

The information printed is
J(i, ) 32(i ) Wi & 92(iLj)
for each (i,j), and also the sum
& &j Wj J2(i,j)
l. Correlation Potenti al
The quantity CORRF read from col utms 66-70 of the contro

card is used as a nultiplying factor for a theoretical approximte
correlation potenti al .

CORRF = 0.0 effectively deletes the potenti al
(equival ent to past versions of RCN)

CORRF = 1.0 is the theoretically correct value, and is the
suggested standard for future use

CORRF > 1.0 exaggerates the correlation potential.

Physi cal |y unreal values greater than unity may be needed for
negative-ion cal cul ati ons. For exanple,

OORRF = 0.0 is adequate to bind Hy- 5d96s26p2
CORRF = 1.0 is adequate to bind Hy- 5d106s6p2 |
F- 2p43s2, and F 2p43p2 ;
CORRF = 1.5 is needed to (barely) bind F 2p43s3p
CORRF = 2.0 is needed to (barely) bind Hy- 5d106s26p
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It is worth comrenting on rel ationshi ps between the out put -
listing quantities EE (ei genval ue of the Schroedi nger equation),
EPSFG (one-el ectron binding energy cal culated fromthe kinetic
energy and the Sl ater FK and oK integrals), and EPSFGC (sane,
except with added perturbation correlation energy correction).

For HF (or HFR) cal culations with CORRF=0, EE is equal to
EPSFG -this is basically Koopmans' theorem Wth CORRF=1, EE is
nore negative than EPSFG but is equal to EPSFGC, as is to be
expected. Wth CORRF>1, EE is nore negative even than EPSFGC
and in fact the latter may becone positive (in which case SCHEQ
may m stakenly treat the radial wavefunction as if it were a
conti nuum function and produce conpletely incorrect normalization)

As a function of CORRF, the total binding energy of the atom
excluding the perturbation correlation correction is a variationa
m ni mum f or CORRF=0, but the total binding energy including the
correlation correction (which is the total energy passed on to
RCN2 and RCG) is a variational mninmumfor CORRF=1. It thus seens
appropriate to consider CORRF=1 (rather than CORRF=0) to be the
standard value. This results in nore-contracted radi al wave-
functions and hence in sonmewhat |arger values (usually by only 1

or 2% of the Slater integrals FK and &X; these val ues are al r eady
too large even for CORRF=0, but this can be conpensated for by
using slightly smaller values of the scale factors in RON2.

J. Frozen-orbital options

If the quantity I1BBl1 read fromcolums 6 to 8 of the
configuration card is no larger than the di nensional paraneter KO
(currently KO=20) for storing radial wavefunctions, then this
quantity is instead interpreted as N1ISCF (and |1 BBl set to zero).
The first NILSCF orbitals of this configuration are then held fixed

at their formin the preceding configuration. |If desired, al
orbitals can be frozen. For exanple, wth input

13 1A | 3s2 3p

13 5 1A | 3s 3p2 ,

all five orbitals of the configuration 3s3p2 (including 1s, 2s,
and 2p as well as 3s and 3p) will be held fixed at the formthey
had in 3s23p.
Also, an orbital with zero occupancy can be retained if its

serial nunber is no greater than N1SCF. For exanple, with input

13 1Al | 3s2 3p

13 4 1A | 3s0 3p3

13 4 1A | 3s  3p2 |,
the orbitals 1s, 2s, and 2p of 3p3, and the orbitals 1s, 2s, 2p
and 3s of 3s3p2, will all be the sane as the correspondi ng
orbitals of 3s23p. Further exanples are discussed in the
foll ow ng section.
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K. Negati ve-ion cal cul ations

In principle, if some value of CORRF can be found that wl |
bind the electrons of a negative ion in the HF (or HFR) net hod,
then it should be straightforward to nake a calculation. In
practice, the procedure can be tricky and nmay require severa
trial-and-error attenpts. As an exanple, we consider the
follomjng set-up which has been found to work for

F- 2p43s2+2p43p2 - 2p%3s3p (with CORRF=1.5 and |REL=1).
9 9F |* 3S 2P4 38 1S2 2S2  2P4 (a)
9 1 9F -* 3S2 2P4 352 1S2 2S2  2P4 (b)
9 9F -  3S2 2P4 352 1S2 282 2P4 -1 (c)
9 1 9F I* 3S03P P4 350 3P 1S2  2S2 2P4 (d)
9 1 9F - 3P2 2P4 350 3P2 1S2 2S2 2P4 -1 (e)
9 19F -* 3S 3P P4 35 3P 182  2S2 2P4 -1 (f)
9 9F - 3S 3P P4 3s 3P 182  2S2 2P4 -1 (9)

In all configurations, NSPECT (colum 10) has been taken as 9
so that the code will not set up any noble-gas core to start with
(and therefore the 1S2 and 2S2 have to be explicitly provided
everywhere). The calculation starts [configuration (a)] with a
neutral fluorine case that includes a 3s electron to provide a
starting wavefunction for (b) and (c). In (b), a calculation
(initially via a couple of HFSL cycles and then changi ng

automatically to HFR) is nmade for F- 2p%43s2, with the 3s orbital
fixed at the formobtained in case (a) by including the 1 in
colum 8. Then in (c), the 3s orbital is allowed to vary freely;
by including the variable KUT=-1, the cal cul ati on begins

i medi ately via the HFR nethod, without initially backing up to
HFSL, whi ch woul d have w ecked t he convergence.

In (d), we go back to neutral fluorine (and, initially, HFSL)
in order to introduce a 3p orbital, holding fixed the F 3s
orbital (with zero occupancy) for later use. In (e) we go to F
3p2, starting imediately with HFR (KUT=-1); it proved to be
unnecessary to include here an internedi ary cal cul ati on anal ogous
to (b), presumably because the 3p electron in (d)--unlike the 3s
el ectron in (a)--does not nuch penetrate the core, so that the 1s,
2s, and 2p HFR orbitals in (d) already provide adequate starting
functions for (e).

In (f) we make a first calculation for F- 2p#3s3p, using as
starting point the 3s function from(c) and the 3p (and ot her)
functions from(e), but holding 3s fixed while the 3p and ot her
functions are allowed to vary fromtheir forns in 2p43p2.

Finally, in (g) the 3s function is allowed to vary freely to
obtain the final 2p#3s3p result. [It proved not to be possible to
delete (f), presumably because introduction of the 3s affected the
core orbitals too nuch to allow everything to vary

si mul t aneousl y] .

Several additional remarks are appropriate:

(1) Asterisks have been included within colums 11 to 16 of
four of the configuration cards, so that results for only the
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three fully relaxed F- calculations will be passed on to RC\N2 and
RCG (see Sec. I1-C(f), page 15).

(2) Use of IREL=1 (rather than zero) provides an additi onal
smal| attractive potential, which helps to bind negative ions;
this will of course be nore hel pful in heavy atons than in
sonething as light as fluorine.

(3) Numerous attenpts were nade to nake a cal cul ati on for

2p#43s3d, none of themsuccessful. This is not surprising: In
fluorine, a 3d orbital is essentially hydrogenic, with very little
core penetration; the correlation formulation used in RCN depends
entirely on wavefunction overlap with other orbitals, so that the
correlation potential for 3d is very small. (Physically, 3d may
be bound via pol arization of the core, but the correlation

al gorithm used here does not adequately m mc pol arization).

(4) Final results should be obtained using a val ue of CORRF=1
if possible, or if not, then as snall a value as will give
convergence. If on early attenpts a value CORRF=2 (say) is used
in order to hel p ensure success, then an estinmate of the snall est
possi bl e val ue of CORRF can be nade as follows: For the nost
weakly bound orbital, note on the final page of the output listing
t he val ues of EE (eigenvalue) and ECT (in the colum follow ng the
colum | abeled N*RC). Unit decrease in CORRF will decrease the
magni tude of EE by approximately the nmagnitude of ECT; thus if the
magni tude of EE is only about one-third the nmagnitude of ECT, then
it is safe to try a newrun in which CORRF is decreased by no nore
t han about one third of a unit--in the present exanple, from2.0
to about 1.7.

As an illustration of the sensitivity of Coulonb integrals to

the value of CORRF, in the case of F- 2p43p2, decreasing CORRF
from2.3 to 1.0 decreased the 2p-3p Coul onb integrals by about
20% for F- 2p43s3p, a decrease from2.3 to 1.5 decreased the

i nter-subshell integrals by 30 to 50%

L. Di el ectronic reconbi nation cal cul ati ons

RCN i nput for naking diel ectronic-reconbi nati on cal cul ati ons
in RCG requires knowi ng the kinetic energies of the free el ectrons
that can be captured into the autoionizing configuration of
interest. This requires nmaking prelimnary RCN cal cul ati ons for
t he autoi oni zi ng configuration and for the ion configuration(s)

i nvol ved to get the kinetic energy (by differencing total binding
energies), as well as figuring out by hand the possi bl e val ue(s)
of the angul ar nomentum of the free electron. This hand work can
be elimnated and final RCN i nput constructed automatically by
using the subroutine DIEL of RCN36. To do this, the RCN i nput
file IN36 is constructed so as to contain only the exit card with
-1 in colums 4-5, and input to DIEL is set up in a separate file
naned INDIEL (internal file 12). This latter file contains:

(1) the usual RCN control card;

(2) a card for the ground configuration of the ion (it being
assuned that this is the initial configuration for electron
capture), and one for each excited configuration of the ion that
t he captured atom m ght autoionize into (a maxi mumof 5 ion
configurations, total);
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(3) a card for each of the singly excited configurations
that the doubly excited configuration mght decay to radiatively
SO as to produce a system stabl e agai nst autoi oni zati on;

(4) a card for the doubly excited (autoionizing)
configuration (programdinensions allow nore than one such
configuration, but if nore than one is used, the RCG output print
of individual-1evel autoionization rates nust be interpreted with
care and the overal |l dielectronic-reconbination-rate nunber is
i ncorrect);

(5) the usual "-1" exit card.

Further sets of cards (2)-(5) for other doubly excited
configurations may be included if desired, provided that in al
sets the radi ative-decay configurations have the sane parity.

(But unlike normal RCN input, all such cards will be utilized--not
just the cards in front of the first exit card!) Note also that
inthis INDIEL file, each configuration card nust contain
explicitly any orbital (even though full or enpty) that is listed
as other than the final (outernost) orbital on any other
configuration! Also, the value used for NSPECT for the ion
configurations (2) nust be different fromthat used for the "atonf
configurations (3)-(4).

RCN36 will then first call DIEL to find kinetic energies,
determ ne orbital angular nonenta for the free el ectrons, and set
up conplete input for the final RCN run--which will then be
carried out automatically in the normal way.

M Fractional occupation nunbers
A new option (1999) is the possibility of using fractional
occupation nunbers for the subshells of an atomc "configuration.”
Reasons for interest in use of fractional occupancies have
been di scussed in, for instance, Slater, Mann, WIson, and Wod,
Phys. Rev. 184, 672(1969).

Previously, an input configuration card to program RCN coul d
contain only integral occupation nunbers, with no deci mal points;
for exanple, for the 3s2 3p2 and 3s 3p3 configurations of 5-fold
i oni zed potassium K VI:

19 6K VI 3s2 3p2 3s2 3p2
19 6K VI 3s 3p3 3s  3p3

Now, fractional occupation nunbers are perm ssible, such as (al
for a total of 4 electrons in the n=3 shell):

19 6K VI 3s1.8 3p2.2 3s1.8 3p2.2
19 6K VI 3s0.23 3p3.77  3s0.23 3p3. 77
19 6K VI 3s.015 p3.985 3s.015 3p3.985

The nunber of characters that nmay be used for the occupation
nunber is limted to 6. The decinmal point can lie in any
appropriate point in this nunber--first, in the mddle, or at the
end--though this last of course represents an integral occupation
nunber and is therefore no different than if the decimal point is
absent.
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NOTE 1: If the decimal point lies in the first or second
position, a 6-character nunber will be read and used in the
program as having 5 or 4 decimal places, respectively. However,
occupation nunbers given in the output print file out36 are
printed to only three decinmal figures in all cases, and it is
suggested that the occupati on nunbers on the input configuration
card never use nore than three decimal places, as in the |ast
exanpl e above.

NOTE 2: As usual, the Iength of the configuration |abel (the
characters starting with "K VI" and ending before the [at |east]
three bl ank spaces) can be no nore than 18 characters; the
princi pal quantum nunber "3" for the 3p subshell has been omtted
in the | ast exanpl e above to stay within this limt.

NOTE 3: For a configuration containing fractional
occupancies, no output file is witten on the binary output file
tape2n used for input to program RCN2, as such cases are
i nappropriate for RCN2 and RCG cal cul ations. Both the old- and
new styl e configuration cards can be intermxed in a single RCN
cal cul ation, but in such a case, RCN2 may not work properly.

In addition to the above fractional -occupation feature,
further nodifications have been nmade to RCN

(1) If npr is non-zero, then when niter.ge.npr the forner
out put of diagnostic potentials and radi al wavefuncti ons has been
renoved and replaced by a wite to the nonitor screen of
expectation values of r for the outernost 10 orbitals. This may
show up erratic changes in d or f orbitals due to collapse into
the core and expansion back out of the core; this is nost likely
to occur for neutral or singly ionized el enents near the begi nning
of a transition, rare-earth, or actinide series. The nost likely
solution is to place snmall values (e.g., 1030 or even 0208) of
ialfmn and ialfmax on the configuration card in question.

(2) If an orbital fails to converge in scheq, then
di agnostic remarks are printed to the nonitor screen.

(3) If the radial nesh is too coarse (enx too small) for
accurate cal culation and normalization of a continuum function,
t hen di agnostic remarks are printed to the nonitor screen.

N. St orage requirenents

Menory storage requirenents for 20 orbitals and an
integration nmesh of 561 points (adequate for n up to about 10) or
1801 points (needed for continuumfunctions or large n) is, on the
CRAY- 1, about as follows (nunber of 64-bit words, octal):

561 1801
no ONL ONL no ONL  ONL
FORTRAN code (2 to 4 instrs. per word) 27K 27K 27K 27K
Wility/library 46K 46K 46K 46K
Dat a storage 61K 106K 221K 327K

Total (excluding I/0O buffers) 156K 203K 316K 424K

On a Maci ntosh, the mninum RAM for execution is about 2.5 Mytes
with QNL and 1801- poi nt nesh.
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Storage requirenents can be reduced in various ways,
dependi ng on the kinds of calculations one is interested in. The
paraneter KO can be reduced if one is interested only in atons
involving fewer than 20 orbitals, and KMBH can be reduced to, say,
521 if one is not interested in continuumor |arge-n bound
orbitals. If the option IREL=2 is not desired (and, in fact, the
Breit magnetic and retardation corrections seemto provide no
i ncrease in accuracy even for very high Z), then KVMSHQ and KOQ can
each be reduced to 1 and routines EBREIT, BRTINT, and S3J can be
discarded. If RCNis used only to provide input to HF8 (I HF=1),

t he subroutines POANER SLI1, RCN3S, S3J0SQ FCTR, and all routines
from HFPOT on may be discarded. |If IHF=1 and IREL >0, then
subroutine ZETAL nmay be di scarded as wel |

O course, 2 or 3 Muytes is no limtation on nodern desktop
and | aptop conput ers!

O Conversion to other conputers

Conversion problens to other conmputers having a FORTRAN 77
conpi l er should be m nor except for the foll ow ng:

The SCF iteration nust be carried out to very tight tol erance
if one wishes to conpute neani ngful excitation energies by
di fferencing val ues of Egy for two configurations, because nmany
significant figures are lost in this difference (about 6 or 7
significant figures for an actinide). This means that nost
cal cul ati ons nust be done with a precision of 9 or nore
significant figures. On machines using 60- or 64-bit basic
floating-point word lengths, this is no problem On VAX or |BM
32-bit machines (about 7 significant figures), it is necessary to
conpil e using 64-bit floating-point nunbers--preferably using, if

avai |l abl e, a | arge-exponent-range option (10%330 rather than

10%38) such as the VAX G FLOATI NG conpil er option. This neans

usi ng basically doubl e-precision floating-point nunbers. To
sinplify converting back and forth between CRAY and VAX-type
machi nes, the foll ow ng program nodifications have been

i ncorporated, as nentioned earlier:

(1) PROGRAM cards have been included both with and w t hout
file-definition names included, and there have al so been incl uded
file-name definitions via OPEN statenents. On CRAY and CYBER
machi nes, the sinple PROGRAM card can be commented out and IIl in
the main programset to 2, which causes the OPEN statenents to be
bypassed. On VAX-type conputers, the file-definition PROGRAM card
is the one to be commented out, and Il set to 1 to define al
file nanes via OPEN statenents. (On VAX nachines, |1l may
alternatively be set to zero, in which case sone file nanes are
set by typing themin interactively.)

(2) In all subroutines there are included | MPLIC T REAL*8( A-
H O 2Z) statenents, which nay be commented out if necessary for 64-
bit machi nes.

(3) Ceneric library subroutine nanes (e.g., MAX in place of
AVAX1 or DVAX1) have been used so that the conpiler wll
automatically use the single-precision or double-precision
versi on, depending on the type of the argunent variables. In al
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argunent lists, constants have been replaced by vari abl e nanes;
the variable being given a value in a replacenent statenent such
as

TWO=2. 0,
so that in the 32-bit-machine case it will automatically be
converted to doubl e precision.

[11. PROGRAM RCN\2

A Qutline

This is a FORTRAN 77 program for the CRAY-1 or CDC CYBER 205
conputer, or for VAX, Sun, IBM R SC, or Macintosh and simlar
conputers. It reads information fromthe output disk unit 2 of
RCN or HF8, cal cul ates configuration-interaction radial Coul onb
integral s RK and electric di pol e and quadrupol e reduced matri x
el enent s

P(K) = al Ir(K) s (k=1 or 2)
or anal ogous nmatri x el enents of spherical Bessel functions, scales
all energy-level-structure paraneters FK, &, R, and z, and

wites on unit 11 a conplete file of input data for maki ng energy-
| evel and spectrum cal cul ations via program RCG [Note: For HF
wavef unctions, RCN2 output is useful mainly for center-of-gravity
(not LS-termdependent) cal culations; nomnally, RCG assunes c-g
results exclusively.]

The program consi sts of a main program and ni ne subrouti nes.

MAI N reads control cards and calls various subroutines
accordi ngly.

OVER conputes an overlap integral between two specified
radi al wavefunctions fromthe sane or fromdifferent
configurations.

ZETA2 conputes single-configuration or configuration-
interaction spin-orbit paranmeters [using the sinple central-field
formula (3)]. The former are conputed by ZETAL of RCN, and the
|atter are usually so snmall as to be negligible, so in practice
this subroutine is al nost never used.

DI P conputes electric dipole and quadrupole integrals

P(K)||* or matrix elements of spherical Bessel functions.
SLI 2 conputes configuration-interaction radial integrals
RE(111 2,13l 4).

GbINP is a nmaster programthat calls SLI2 and DI P as
appropriate, and prepares the input file for RCG (Note: The nane
"GBINP' refers to the preparation of input for RCG Mod5, which is
now a m snomer since the current version of RCGis Md 11.)

S3J cal cul ates the 3-] synbol

a1 j2 j3 6
eml n nB8 @
S3J0SQ cal cul at es val ues of
gl j2 |3 &
e0 0 0 o
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FCTRL cal cul ates the factorial of an argunent A for use by
S3J and S3J0SQ

SBESS eval uates the spherical Bessel function of specified
order for a given radius and wavenunber.

B. | nput

| nput consists of radial wavefunctions and ot her information
witten on unit 2 (in a file nanmed TAPE2N) by program RCN or by
program HF8, and of one control card for each cal cul ati on bei ng
made. The control card is read as a string of 80 BCD characters
at statenment 200 of MAIN, and then is decoded according to a
format appropriate to subroutines other than GBI NP. The first
three characters (colums 1-3 on the control card) specify the
subroutine to be called and colums 11-20 (format 2I5) specify the
serial nunbers of the two configurations fromwhich wavefunctions
are to be selected; the orbitals thenselves are specified in
colums 21-30 [format 2(2X, A3) for OVER ZETA2, and DI P] or
colums 21-40 [format 4(2X A3) for SLI2]. The program RC\2
usually is no longer used to call the subroutines OVER, DI P, and
SLI2 directly, but only via GINP. Hence we shall not describe
t hese options further, but consider only the case in which the
first 3 characters of the data card are "Gbl".

In this case, control is transferred to subroutine Gbl NP,
whi ch decodes the control card according to a new fornat
(statenment 100):

cols format variable normal val ue

1-5 A3,2X ----- g5i np

6-7 A2 NCK bl ank (or as desired for RCG input)

8 11 | OVFACT 0

9-10 12 NOCET blank (or 1 to produce input for RCE)

11 1 NSCONF(3,1) O (or as desired for RCG input)

12-13 12 NSCONF(3,2) O (or as desired for RCG input)

14-20 F7.4 EAV1l 0.0 (or as desired for RCG input)

21 1 | ABG O (or as desired for RCG input)

22-49 3A8, A4 OPTI ON blank (or as desired for RCG input)

50 1 | QUAD O (non-zero for E2 spectra)

51-60 512 | FACT 9999999999, 8099808080, 9399939393, etc

61-65 A5 DM N blank (or as desired for RCG input)

66-70 A5 | PRI NT blank (or as desired for RCG input)

71 Al | ENGYD blank (or as desired for RCG input)

72 Al | SPECC blank (or as desired for RCG input)

73 11 | CON 2

74 11 | SLI 2

75 1 | DI P 9 (0 for plane-wave-Born calcns., 5,
7, or 8 for photoionization calcns.)

76-80 F5.0 ALF bl ank (0. 0)

| OVFACT if non-zero nultiplies RK values or radial multipole
integrals or both by the product of overlap integrals for al
spectator electrons for the subshells included in the RCN2 out put,
according as IOVFACT is 1, 2, or greater than 2, respectively.
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NOCSET is normally zero, but if not (normally +1), the RCG
input file QUT2ZING will be set up to provide input files for RCE

Any punches in colums 6-7, 22-49, and 61-72 are unused in
RCN2, and are sinply transferred unchanged to the sane col ums of
the RCG i nput control card; |ikew se, punches in colums 11, 12-
13, and 21 are transferred unchanged to colums 15 and 19-21. (See
the description of this control card in Sec. 1V(4)(A) of the RCG
programwiteup). For a nodification of these remarks when col um
33 contains a nunber greater than 4, see Sec. IV-F of this witeup

(page 34).
EAV11 is the value desired for the center-of gravity energy
Eav of the first configuration (in units of 1000 cntl). It nerely

shifts the energy scale of all energy |levels calculated by RCG
If TABG>0, it is a signal that the effective-operator

paranmeters a, b, gare to be included in the RCG cal cul ati on.

Val ues of these paraneters cannot easily be conputed
theoretically; hence, RON2 sinply | eaves room at the proper places
on the single-configuration paraneters cards of the RCG i nput

file, where enpirical paraneter values can be inserted by hand
(except that the nunber ALF punched in colums 76-80 of the G5l NP

control card will be punched for a).

I QUAD (colum 50) causes electric-quadrupole radial integrals
to be conputed for configurations of the first, second, or both
parities according as | QUAD=1, 2, or 3, respectively; the value of
| QUAD is also transferred unchanged to colum 50 of the RCG
control card.

Al'l this provides a neans of controlling wthin RON2 the
various RCG options in a chai ned RCN RCN2/ RCG or RCN HF8/ RCN2/ RCG
run.

The val ues of | FACT(5) are converted to floating point and
di vided by 100 to provide scale factors FACT(5); if | FACT=01 or
99, FACT is set to 0.001 or 1.00, respectively. The val ues of
FACT(5) are fudge factors to be applied to the theoretical val ues
of the parameters FX(1j,1j), 1z, F(i,lj), &(i,lj), and
Rk(lilj,l'il'j), respectively, to give scal ed-down paraneters for
input to RCG It is known enpirically that conputed energy-I|eve
intervals will agree better with experinment if the Coul onb
paraneter values are 5 to 30% snaller than theoretical. Values of
FACT of 0.85, 0.95, 0.85, 0.85, 0.85 are assuned by the code if
zeroes are read in. Values of 0.90, 1.00, 0.90, 0.90, 0.90 are about
right for HF cal cul ations on about 5- or 10-fold ionized atons.
The first and the | ast three val ues should be nore |ike 0.80 for
nost neutral atons (except about 0.70 for |anthanides and
actinides), and should be 0.92 to 0.95 for very highly ionized
atons. (Al values should be about 0.05 smaller if HX
cal cul ations are used instead of HF.)
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the RCGinput control and config. cards are not
punched

t he nunber of subshells set up on the configuration
cards is limted to no nore than ICON if possible

print maxi mum SLI 2 out put

omt page restore and nost printout

omt all but final punched card i mage (except that
paraneter values are printed unscaled as well as
scal ed)

omt all printout

do not punch di pol e cards

configuration-interaction radial matrix el enents
bet ween a bound and a conti nuum configuration are
set to zero if the two configurations have the sane
total energy; otherw se, as for ID P=9
configuration-interaction matrix elenments invol ving
a continuumelectron are set to zero except for
core bound-bound interactions in the case of two
conti nuum configurations for which the free

el ectrons have the sane angul ar nonenta and kinetic
ener gi es

val ues of RK and dipole integrals in Rydberg series
will be nodified appropriately for pseudo-di screte
cal cul ations. [Each Rydberg-series configuration
is given an effective-energy-w dth wei ghting

factor DE, which is unity for successive-n discrete
configurations, greater than one for non-

successi ve-n discrete configurations, and an
effective wwdth in rydbergs for continuum

confi gurations. RK val ues are wei ghted by the
square root of DE1" DE2, and di screte-conti nuum
dipoleintegrals are weighted by the square root of
DE2--see the RCG writeup, Sec. Xl (B).]

nmodi fications will automatically be made for sinple
phot oi oni zati on cal cul ations in RCG [ The val ue of
NSCONF(3,2) on the RCG control card is set to -8,
and all RK involving a continuum configuration are
set to zero--see the RCG witeup, Sec. X (A)]

val ues of Egy, RX, and di pol e integrals invol ving
conti nuum functions will be nodified appropriately
for perturbation cal culation of autoionization
transition probabilities in program RCG [ The

conti nuum Egy are changed to | arge negative val ues,
and the continuum continuum RK and di screte-
continuumdipole integrals are set to zero--see the
RCG witeup, Sec. XII]. The value ID P=9 can be
used as a universal value for runs not involving
conti nuum confi gurati ons.
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C Cal cul ational procedure
In order for GBINP to properly prepare input decks for RCG
it is necessary that the pertinent configurations be arranged on
unit 2 in a specific order, and hence that the input configuration
cards for RCN al so be arranged in this order:
(a) Al configurations of given 1Z and IONthat are to be
i ncluded in one RCG cal cul ati on nust be arranged in succession.
Usual |y the | owest-energy configuration is chosen as the first
one; all configurations of this sane parity follow, and then cone
all configurations of the opposite parity (if any). Wthin a
given parity, all configurations that are nmenbers of a single
Rydberg series (eg, 3p°3d, 3p24d, 3p95d,x x x) should preferably be
pl aced in succession. Each input configuration card for RCN
shoul d be punched so that all orbitals (other than the outer,
nost - weakl y- bound, singly occupied orbital) are arranged in order
of increasing n, and for given n in order of increasing |; if
orbitals are not arranged this way, GBINP attenpts to rearrange
things so, but the code is not bug-proof. [Note the exception to
this order in the negative-ion exanple of Sec. I1-K necessitated
by the fact that only the "inner" (ie, first-listed) orbitals can
be held frozen.]
(b) In multi-configuration runs involving excitations out of
i nner subshells, RCN2 may incorrectly give zero for certain radia
di pol e integrals unless the configurations are arranged in such an
order that the different nl values of the outernost excited
el ectron first appear in the sanme order in each parity; for
exanple, if the even parity configurations are
2s522p2
2522p3p
252p23s
2s52p23d
(outer electrons in the order 3p, 3s, 3d), then for the second
parity the order should be
2s2p23p
2522p3s
2s522p3d
If the first-parity configuration 2s2p23s is onitted, then the
second-parity order should be
2s52p23p
2s522p3d
2522p3s .
Thi s caveat can probably be ignored if I CON on the Gol NP control
card is set to two.
(c) GBINP will process sets of configurations in groups such
t hat each group ends when (a) GBI NP has already found two parities
for a given ion and encounters on unit 2 the first parity again,
or (b) it encounters a different elenent or ionization stage. For
exanple, if AL B, C D, and E represent five sets of consecutive
configurations, all configurations of a given set belonging to the
sane ion and parity, and of the follow ng sort (ION = degree of
i oni zation):
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set Z | ON parity
A 12 9 even
B 12 9 odd
C 12 9 even
D 14 9 even or odd
E 14 7 even or odd

then A and B will be processed together (including calculation of
radial dipole integrals), but C D, and E wll each be processed
individually. |[If for sone reason one had desired that A and B

al so be processed individually (or that the set C be processed as
two separate subsets), this could have been acconplished by
separating A and B (or the two subsets of C by, say, the set E or
by sone single dumy configuration with Zt12 and/or | O\t9.

The cal cul ati onal procedure is as foll ows:

(1) D sk unit 2 ("tape2n") is searched to find a group of
consecutive configurations of the type described above--all having
the sane Z and sane | ON, and of at nobst two non-interleaved
parities. (Wth current dinensions, the maxi mum nunber of
configurations in any one group is 90.)

(2) The configurations of the first parity are copied onto
disk unit 31, and those of the second parity (if any) are copied
onto unit 32. (This is done to reduce disk search tinmes after
rewinding in the case of configuration sets D, E, xxx far fromthe
begi nning of the file on disk unit 2.)

(3) Al subshells IWthat are full (w=4l+2) in al
configurations of the group are ignored. The remaining subshells
in the various configurations are ascertained, and arranged
according to the requirenents of RCG

(4) The RCG control card is "punched" (ie, witten on file
11--external name "out2ine"); this card contains the total nunber
of subshells and the nunber of configurations of each parity
[ NSCONF( 2, K)], anong ot her things.

(5) The | and w val ues are punched for each configuration.

[ The configuration |abel and total binding energy (in units of
1000 cntl) are al so punched, though this information is not used
by RCG ]

(6) The single-configuration paraneter val ues VPAR supplied
by RCN (via disk 2) are rearranged if necessary [see the remark in
Sec. (C(a) above], scaled by the factors FACT, and punched. [First
parity only]

(7) Paranmeter values RK for all possible configuration
interactions are conputed with the aid of calls to SLI2, and
punched. [First parity]

(8) If the value of IQUAD so indicates, values of the

el ectric quadrupol e reduced matri x el enent P(2) - [or of the
appropri ate spherical Bessel function, if IGEN (colum 33 of the
GbI NP control card) 3 5] are conputed via calls to DI P and punched.
[First parity]
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(9) If configurations of both parities are present, (6)-(8)
are repeated for the second parity, and then val ues of the
electric dipole reduced matri x elenent [or of the spherical Besse
function] are conputed via calls to DIP and punched.

(10) A card with "-99999999." in colums 21-30 is punched to
provide the "end" card for an RCG calculation. (If the value of
NCMAX is non-zero, a simlar card with fives instead of nines is
punched first.)

(11) D sk unit 2 is searched to see if there exist
additional configurations. |If so, itens (2)-(10) are repeated for
each remai ning group of configurations. [If the new group of
configurations is identical wwth the preceding set so far as the
lijw are concerned, then ICTC=1 is punched in colum 78 of the RCG
control card and step (5) above omtted, so that RCG will not
waste tinme repeating the cal culati on of quantum nunbers and
angul ar matrix el enents--see the RCG witeup, SEC 1V(4)(A).]

(12) Wien unit 2 has been exhausted, a return is nmade to the
mai n program and a new RCN2 control card is read and processed.
(This feature could, for exanple, be used to run RCGw th two
different sets of scale factors by including two G5l NP contro
cards.) A final "control card" containing a negative nunber in
colums 8-10 results in an exit fromRC\N2 (after witing to file
11 an RCG exit card--a card with a negative nunber in colums 1-
5).

Note: The identification |abeling that RCN2 provides on the
configuration-interacti on-paraneter cards consists of whatever
appears in colums 17-25 of the two RCN configuration-definition
cards involved. For maxinmumlegibility, it is suggested that
these latter cards contain (insofar as possible) the el enent and
ion stage in colums 11-16 and the configuration |abel in colums
17-25 (or, even better, in colums 17-24, because of sone eight-
character limtations in |abeling in RCE)

D. | nput /out put units

Data input and output are via units 10 and 9 (external nanes
IN2 and QUT2), respectively. |In addition, disk unit 2 (external
nane TAPE2N) is used for input wavefunctions fromRCN or HF8, and
unit 11 (external name OQUT2ING is used for the output file that
will be the input file for ROG Disk units 31 and 32 are used for
scratch storage in the manner described earlier, and unit 8 is
used to store C strengths for use in program RCG

E. Qut put

Qut put includes the ASCII file QUT2ING on unit 11 ready to be
used directly as input to program RCG Such a file nmay be used
wi t hout change (except for the nane change to INGL1) or it may be
nodi fied by hand in various obvi ous ways. For exanple, the print
options in colums 66-70 of the RCG control card may be nodifi ed;
if one wishes to add or delete cal culati on of magnetic dipole
spectra, that can be done sinply by changi ng col unm 49
appropriately; if configurations of both parity were included in
the RCN RCN2 run but one wi shes to include only the first parity
inthe RCG calculation, it is only necessary to insert zeroes in
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colums 16-20 of the control card, and delete all configuration-
definition and paraneter-val ue cards for the second parity, and
renove all electric dipole cards; if one wishes to nmake the RCG
calculation in the JJ- rather than LS coupling representation,
colum 5 of the control card can be changed from1l to 2; etc.
Paraneter values in file QUT2ING are always in kK (units of

1000 cntl). Decimal points are usually onitted to provide an
extra columm to obtain an additional significant figure; val ues
are read in RCG (subroutine ENERGY) with a format such that the
i nplied decimal point |ies between colums 5 and 6 of the 10-digit
paraneter field. (Note: The tenth digit is not actually part of
the paraneter value, but is rather a code nunber that indicates
the type of paraneter--see Sec. X of the RCG witeup.)

In addition to the file 11 output, all information in this
fileis also printed via the output file 9 (QUT2), as is sone

additional detail regarding the calculation of the RK and the
P(K)

F. Pl ane- wave- Born cal cul ations in RCG

| nput for plane-wave-Born collision-strength cal cul ations via
program RCG i s prepared when columm 33 of the GbINP control card
of RCN2 is greater than 4. In this case, certain colums of the
control card are interpreted differently fromthe manner indicated
in Sec. 1V-B

cols format variable nor mal val ue
23-25 13 NBI GKS 41 or blank (default=41)
26-27 12 NENRGS bl ank (defaul t =21)

33 1 | GEN 9 (or as desired for RCG input)

34 1 I RNQ (def aul t =0)

35 1 I RXQ (def aul t =1 RNQ)

36 1 | RND (defaul t =1)

37 1 | RXD (def aul t =1 RND)

50 1 | QUAD

73 1 | CON 0

75 1 D P 0

After interpretation of the above information, columms 22-29 are
in effect reset to blanks, and then col ums 22-50 transferred
directly on to the RCG control card just as when colum 33 is | ess
than 5; ICON and IDIP are also ultimately reset to zero.

The anmount of printed output in RCG for IGEN35 is smaller
the larger the value of I1CGEN, the value |GEN=9 is recommended. The
effect within RON2 is the sane for any value IGEN35, and is to
cause matri x el ements

al lit(kr) ) |1 a
of the spherical Bessel function jt(Kr) to be conputed in DIP
instead of the electric nultipole reduced nmatrix el enents

al Jirt (t) A :
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see TASS, Secs. 18-12 and 18-13 for details. Calculations will be
made for

t = IRNQ IRNQ+2, xxx , |RXQ
in the case of parity-conserving excitations (called for by
| QUAD!O in the usual fashion), and/or for

t = IRND, IRND+2, xxx , | RXD
in the case of parity-changing excitations, at NBIGKS different
val ues of the nmomentumtransfer K The val ues of | RNQ and | RXQ
must be even integers covering the range of values of t needed
for all parity-conserving excitations included in the present
cal cul ation, as specified by NCK(1l) [default=1 when | GEN3 5] and
NCK(2); simlarly, ICND and I RXD are odd i ntegers covering the
range needed for all parity-changing excitations. [Note: For
intra-configuration excitations, calculations are nade
(incorrectly in sonme cases, just as for electric quadrupole
radiative transitions) for a given partially filled subshell only
if there exists no other less-tightly-bound, non-s, partially
occupi ed orbital.]

The val ues of K are equally spaced on a logarithm c scal e,
covering an energy-transfer range from 10-3 Ry to 4. 4* XNMAX* ENVAX,
where ENVAX is the difference between the hi ghest and | owest
val ues of Egy [or is the value of VPAR(2) if there is only one
configuration present]. Values of collision strength are to be

conputed in RCG at NERGS val ues of X°E/(DE) on a |ogarithm c mesh
fromXMN to XMAX, where E is the kinetic energy of the inpacting
electron, DE is the excitation energy, and

1.01 i f 1 CON=0
1.1 i f 1 CON=L

XMN = | coN if ICON=2 to 8
10 i f | CON=9
100 if 1D P=0
20 if IDP=1

XMAX = 100*IDIP if IDIP=2 to 8
1000 if 1D P=9

G Phot oi oni zati on and aut oi oni zati on cal culations in RCG

Cal cul ati on of photoi oni zati on cross sections can be carried
out in RCGin various ways. The value of IDIP in colum 75 of the
RCN2 GBI NP control card needs to be chosen appropriate to the
nmethod to be used in RCG In one nmethod (appropriate only if all
configuration interactions involving continuum configurations nay
be negl ected), ID P should be eight. In another nethod (in which
all interactions are to be retained, with no necessity for
handwork in the preparation of input to RCG, |ID P should be equa
to seven; the kinetic energies of the free electron in the various
conti nuum configurations then need to be chosen judiciously, and

RCN2 will nodify the various RK and radi al multipole integrals in
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a manner appropriate to the energy spaci ngs between successive
configurations of each Rydberg series.

| f detailed autoionization cal culations (by perturbation
nmet hods) are to be made in RCG then ID P should be nine. In this
case, RC\N2 will nodify Egy for continuumconfigurations to
appropriate |large negative values, and wll set to zero al
conti nuum cont i nuum RK and al | radi al multipole integrals
i nvol ving a conti nuum confi gurati on.

See Sec. |VB above--for further details, see the RCG program
writeup.

H. Configuration-interaction strength estinates

[ January 2005] An addition to RON2 has been nmade to conpute
for each pair of interacting configurations a quantity cistrength,
added to columms 81-90 of each C parameter card in the output
file out2ing. This quantity is here defined to be

ci strengt h=4. 0*sum of the squares of all Rk for both configs.
/[(delta(Eav)*(sumof all Fk, Gk, zeta for both configs)].

(The coefficient 4.0 has been chosen enpirically on the basis of
sone sinple cases such that, for exanple, cistrength=0.01
corresponds to Cl energy perturbations equal to about one percent
of the energy spread within either configuration.)

The val ues of cistrength are also witten on a file "tapeci”
(unit 8) to be read by RCG If values are | ess than an optiona
variable "cicriterion” in that program then the corresponding Cs
are excluded fromall calculations in RCG

l. St orage requirenents

Storage requirenments for up to 90 configurations of given | Z
and 1ON, 20 orbitals per configuration (so far as the information
witten on unit 2 is concerned), and 561 or 1801 nesh points are,
for the CRAY-1, about as follows (nunber of 64-bit words, octal):

FORTRAN code (2 to 4 instructions/word) 16K 16K
Uility/library 46K 46K
Dat a storage 130K 234K

Tot al (excluding I/0O buffer 214K 320K

On a Macintosh or PC, execution requires a m ni num RAM of about
2 Mytes.
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J. Conversion to other conputers
Conversion problens to other computers should be mnor, in
t he sane manner discussed for program RCN36 (Sec. I1-N). Except

for the cal cul ation of val ues of DEgy, doubl e-precision

cal cul ations are probably not really necessary, but floating-point
vari abl es have to be defined consistently with RCN because of the
binary informati on passed from RCN to RCN2 via TAPE2N.)

| f pl ane-wave-Born cal cul ations are of no interest,
subroutine SBESS can be del eted and the di nensi on KBGKS reduced to
unity, thus reducing data storage requirenents by about 14K oct al
wor ds.

V. PROGRAM USAGE AND EXAMPLE

A Executi on

An RCN RCN2 cal cul ational session mght go as foll ows:

(1) Assumng that the RCN and RCN2 executable files, and
sanple IN36 and IN2 input files, are avail abl e:

(2) Edit any desired changes into the RCN control card (eg,
change the desired values of |REL, CORRF, |IW, etc.).

(3) Following the control card, type in the desired
configuration cards, followed by an exit card (-1 in colums 4-5).

(4) Make any desired changes in the RCN2 GblI NP control card.

(5) Execute RCN and then RCN2.

(6) The output print files are named out36 and out2. The
name of the RCN2 output file QUT2I NG can be changed to | NGL1,
ready for use as input to an RCG cal cul ati on.

B. Program avail ability
The source prograns are avail abl e by anonynous ftp:
The three source files (SUN versions) and nine different sanple
i nput data files have been placed on the Wb in a public ftp directory
aphysi cs/ pub/ cowan
on the Los Alanps t4 network, and can be accessed
by anyone having a suitable Wb browser in the foll ow ng way:

As URL, use http://t4.1anl.gov, and follow links to ny prograns;

or alternatively, go directly to

ftp://aphysics/ pub/ cowan
Downl oad the Readne file, the source programs rcn.f, rcn2.f, and rcg.f, and
sanple input files as desired.

For use on a CRAY, VAX or Macintosh, PC, or IBM in each of the three
progranms nodify the timing routi ne SUBROUTI NE SECONDS by commenting out the
SUN section and unconmenting the appropriate section

For a first RCG cal cul ation, use ingllk (renamed ingll)
as input in order to calculate binary files TAPE72, TAPE73, and TAPE74
for subsequent RCG cal culations; this input file contains all cfp
decks that can be used in RCGwith the dinmensions provided. The file
CFP includes additional cfp decks (for f5, f6, f7, f8, f9, and f10),
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but these can be used in RCG only if nunerous dinmensions are increased
appropriately, as described by comment cards in the RCG source
program lines 174 to 204.

C Sanpl e input files
Sanpl e RCN36 and RCN2 input files follow

Sanple RCN input file, 1n36

333 9 2 10 0.2 5.e-08 l.e-11-2 190 1.00.65 0.0 0.0 -6

1 IH1  1s 1s

19 6K VI 3s2 3p2 3s2 3p2

19 6K VI 3p4 3p4

19 6K VI 3p 3d 3s2 3p 3d

-1

29 1Cu | 1s2 4s 1s2 3d10 4s

29 1Cu | 1s 4s .1p 1s 3d10 4s 99p 0.1
29 1Cu | 1s 4s 1.p 1s 3d10 4s 99p 1.0
-1

10  1Ne | 2p6 2p6

10  1Ne | 2p5 3d 2p5 3d

10  1Ne | 2p5 4d 2p5 4d

10  1Ne | 2p5 6d 2p5 6d

10  1Ne | 2p5 8d 2p5 8d

10  1Ne | 2p5 .1d 2p5 99d 0.1

10  1Ne | 2p5 .2d 2p5 99d 0.2

10  1Ne | 2p5 1.d 2p5 99d 1.0

10  1Ne | 2p5 2.d 2p5 99d 2.0

-1

The above control card is for long output print (for debugging
pur poses, for exanple); for nornal output, use

2 9 2 10 0.2 5.e-08 l.e-11-2 190 1.0 0.65 0.0 0.0 -6

Sanple RCN2 input file, in2

g5i np 000 0. 0000 01 9099909090 0. 00 07229
-1

(The "1" on the control card deletes printing in RCG of
ei genvectors in the JJ-coupling representation, and the scale
factors of "90" are appropriate for 5- to 10-fold ionized atons.)
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D. Command-fil e net hods

As an alternative to launching each programone at at
one can use a command file to run each programin turn,

ne

I me,
with the

input files contained within the command file.

D1. UNI X command file for runni ng RON RCN2/ RCG
A sanple command file for running a three-configuration

problemin 5-fold ionized potassi umon UN X nachi nes,
execution of RCG as well

#!/bin/csh -f
rmin36 in2 inputg ingll
cat << eod36 > in36

as of RCN and RCN2,

i ncl udi ng
Is the foll ow ng:

2 -9 2 10 0.2 5.e-08 l.e-11-2 090 1.0 0.65 0.0 0.0 -6

19 6K VI 3s2 3p2 3s2 3p2

19 6K VI 3p4 3p4

19 6K VI 3p 3d 3s2 3p 3d

-1

1 1H | 1s 1s

29 1Cu | 1s2 4s 1s2 3d10 4s

29 1Cu | 1s 4s .1p 1s 3d10 4s 99p 0.1

29 1Cu | 1s 4s 1.p 1s 3d10 4s 99p 1.0

-1
eod36
rcn36. out
cat << eod2 > in2
g5i np 000 0.0000 00 9099909090 0. 00 07229

-1

eod?2
rcn2. out
cat << eodg > inputg

3 10e- 350e05 000005 10. 050 2.0 1.0 0.5 0.2

0 0000000000 1000. 0000
eodg
cat inputg out2ing >> ingll
rcgll. out
cat in36 out36 in2 out2 ingll outgll >> out$1

Let us suppose that this command file is named "cosnos", for

exanpl e.
this file,

Any desired input changes can be edited by hand into
and then the conmand

chnmod 777 cosnops

wi Il probably have to be given before it can be executed. If it
is launched by the command
cosnos . KVI

then the final conbined output file will be named

out . KVI
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D2. UN X command file for a dielectronic-reconbination run, using
the DI EL feature:

#!/ bin/csh -f

rmindiel in36 in2 inputg ingll

cat << eoddiel > indiel

2 -9 2 10 0.2 5.e-08 l.e-11-2 090 1.0 0.65 0.0 0.0 -6

34 26Se+25 s2 p5 2s2 2p5
34 25se+24 s2 p5 9i 2s2 2p5 9
34 25se+24 sp6 9i 2s 2p6 9i
-1
eoddi el
cat << eod36 > in36
-1
e0d36
rcn36. out
cat << eod2 > in2
g5i np 000 0. 0000 00 9099909090 0. 00 07229
-1
eod?2
rcn2. out
cat << eodg > inputg
3 10e- 350e05 000005 10. 050 2.0 1.0 0.5 0.2
0 0000000000 1000. 0000
eodg
cat inputg out2ing >> ingll
rcgll. out

cat in36 out36 in2 out2 ingll outgll >> out$l
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D3. Command file for VMS operating systens anal ogous to DL:

$create i n36. dat
2 -9 2 10 0.2 5.e-08 1.e-11-2 090 1.0 0.65 0.0 O.0 -6

19 6K VI 3s2 3p2 3s2 3p2
19 6K VI  3p4 3p4
19 6K VI 3p 3d 3s2 3p 3d
-1
1 1H | 1s 1s
29 1Cu | 1s2 4s 1s2 3d10 4s
29 1Cu | 1s 4s .1p 1s 3d10 4s 99p 0.1
29 1Cu | 1s 4s 1.p 1s 3d10 4s 99p 1.0
-1

$run rcn36. exe
$create in2. dat
g5i np 000 0. 0000 00 9099909090 0. 00 07229
-1
$run rcn2. exe
$create inputg. dat
3 10e- 350e05 000005  10. 050 2.0 1.0 0.5 0.2
0 0000000000 1000. 0000
$copy i nputg. dat, out 2i ng. dat ingll. dat
$run rcgll. exe
$copy in36. dat, out 36. dat, i n2. dat, out 2. dat, i ngll. dat, outgll.dat 'P1'.dat

If this file is nanmed "cosnos. cont
and | aunched vi a

@osnos KVl

then the conbi ned output file will be nanmed KWV . dat
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