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l. | nt r oducti on

RCG is a FORTRAN/7 programinitially coded (1964-65) on the
I BM 7030 ("Stretch"), and subsequently nodified (wWth addition of
many new features and options) to run on other I1BM CDC, and CRAY
mai nfranmes, various VAXs and M croVAXs, SUN and | BM Rl SC
wor kstations, and finally various Maci ntosh conputers (using the
Language Systens FORTRAN conpiler) and PCs (using the free G\U g77
conpiler). It has also been used by others on Apollo, Hewett-
Packard, and other conputers. On 32-bit-word nmachines, it should
be run in doubl e-precision node--preferably using, if available, a
| ar ge- exponent - range option (10%330 rather than 10%38) such as the
VAX G _FLQATI NG conpi l er option. To make the programeasily
useabl e on both 64-bit and 32-bit machines, the follow ng program
nodi fi cati ons have been incorporat ed:

(1) PROGRAM cards have been included both with and wi thout
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 |11 in
the main programset to 2, which causes the OPEN statenments to be
bypassed. On nost other conputers, the file-definition PROGRAM
card is the one to be commented out, and Ill set to 1 to define
all file names via OPEN statenents. (On VAX machines, 111 my
alternatively be set to zero, in which case sone file nanes are
set by typing themin interactively.)

(2) In all subroutines there are included IMPLICT
REAL*8(A-H O Z) statenents, which may be commented out if
necessary for 64-bit-word machines.

(3) GCeneric library subroutine nanes (e.g., MAX in place
of AVMAX1 or DMAX1) have been used so that the conpiler wll
automatically use the single-precision or doubl e-precision
versi on, depending on the type of the argunent variables. 1n al
argunent lists, constants have been repl aced by vari abl e nanes,
the variabl e being given a value in a replacenent statenent such
as TWD=2.0, so that in 32-bit-word nachines it will automatically
be converted to doubl e precision.

(4) In subroutines PLEV and CALCFC, there were 25-fol d-or-
so nested DO | oops, which exceeded the maxi num size allowed in the
VAX conpiler (20-fold). This problemhas been elimnated by
novi ng the inner-nost several DO | oops to subroutines PLEVDOLP and
CAFCDOLP, respectively.

(5) In subroutine SECONDS, there are included a single
statenment T=SECOND(T) appropriate to the CRAY, and al so sets of
timng-routine statenents appropriate to VAXs or Maci nt oshes, PCs,
SUNs, and IBM RI SCs. Inappropriate sections of the routine are to
be commented out (or a new one added as needed for the conputer in
question, or one can sinply set T=0.0 if the conputer has no
internal tinmer clock).

(6) Al ENCCDE and DECCDE statenments used in ol der
versions of the program have been renoved. This has been
facilitated by defining a nunber of variables as CHARACTER type.




The basic purpose of RCGis to conpute the angular factor
of various matrix elenents in the theory of atomc structure and
spectra. The program enpl oys Racah-al gebra techni ques, and i nput
decks contai ning coefficients of fractional parentage (cfp) for

each subshell W involved in each of the electron configurations
(n1l 1)W1 (n2l 2) W2 x x x (ngl q) g (1)

present in the calculation. Any occupied subshell nlW may be (and
In practice always is) deleted fromthe set (1) if it is filled
(w=4l +2) in every configuration involved in a given cal cul ation.

A short description of the basic theory behind the program
(except for configuration-interaction effects) may be found in
R D. Cowan, J. Opt. Soc. Am 58, 808 and 924 (1968). Ful
details are given in R D. Cowan, The Theory of Atom c Structure
and Spectra (University of California Press, Berkeley, 1981)--
especially Chapters 16 and 18--hereinafter referred to sinply as
"TASS".

The angul ar factors in question are:

(a) the trivial (unit-matrix) coefficient of Egy, the
center-of-gravity energy of each configuration;

(b) the coefficients fk, gk, and d of the single-

configuration direct and exchange Coul onb-interaction (Fk and C*)
and spin-orbit-interaction (z) radial integrals, and the
coefficients rgk and reK of the direct and exchange confi gurati on-

interaction Coul onb radial integrals RK, which are involved in the
cal cul ation of the Hamltonian (energy-level) matrix el enents;

(c) the magnetic-dipole matrix el enents, and the angul ar
coefficients of the electric-dipole (t=1) and el ectri c-quadrupol e
(t=2) reduced radial matrix el enents

P () =a r () ) s . (2)

Al so possible are angul ar coefficients of certain effective-
Coul onb-interaction operators a, b, g T1, and T2, and "ill egal - k"
operators FK and GX used in representing weak configuration-

interaction effects (TASS, Sec. 16-7), and al so coefficients of
spheri cal - Bessel -function radial integrals

al fljt(ke) i, (3)

(TASS, Secs. 18-12 and 18-13).

These angul ar coefficients may be used as input to prograns
(such as RCE Mbd 20) for least-squares fitting of experinental
energy | evels.

I f nunerical values of the radial integrals Eay, K, X, z, RK

are provided (either by considering them as adjustable paraneters
determ ned by | east-squares fitting of experinental |evels, or
using ab initio theoretical values conputed fromatom c radi al



wavef unctions), then energy |levels and intermedi ate-coupling
ei genvectors are conputed. |If nunerical values of the electric-
multipole integrals are supplied, then the energy |evels and
ei genvectors are used for conputation of spectrumline wavel engths
and the associated oscillator strengths and radi ative transition
probabilities. In practice, values of these radial integrals (and
I ndeed the entire RCGinput file, ingll) are obtained via a
calculation with the atom c-wavefunction progranms RCN RCN\2.
Options are available in RCG for the cal cul ati on of
phot oi oni zati on cross sections, autoionization transition
probabilities, plane-wave-Born el ectron-inpact collision
strengths, and spherically averaged radial electron density
distributions for each eigenvector-state (this |ast, provided
singl e-configuration radial wavefunctions are available from an
RCN cal cul ati on).

. Sour ce Prograns

The followi ng brief discussion of the function of each
subroutine or function program provides a rough outline of the
basi ¢ cal cul ati onal procedure. For sinplicity, the follow ng
di scussi on uses the default values of the various disk-file nanes,
but these can be easily changed. |In places, termnology wll be
used that dates fromthe tinme when conputer input consisted of
punched cards: The word "card" refers to a line (one record) of an
input file or FORTRAN source file, and the word "deck"” refers 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 colums of the input |ine.
Statenents that various information is "printed" neans that
information is witten to the output print file W9, but in many
cases only if certain print options are in effect.

MAIN Reads various control cards fromthe input file, disk unit
| R=10 (naned ingll), and calls the various nmgjor subroutines
according to the information thereon.

CUVFD (Calculate U, V,f,d) Defines three disk file nunbers |D2,
ID3, ID4 (normally 72, 73, 74). Reads coefficient-of-fractional -

parent age (cfp) decks (including termquantum nunbers ajlLjSj and
par ent quant um nunbers Eiiféi) for each subshell (Ij)W that nmay

be involved in any of the configurations (1) for which
calculations are to be nade | ater, conputes coefficients of
fractional grandparentage (cfgp) if pertinent, and wites all this

on binary disk 72; calculates matrix elenents of W) and Wr1)
and wites themon disk 73; and cal cul ates angul ar coefficients

for Fk(ii), for a, b, g(also T, T1, T2 for dW subshells) if so
requested, and for zj, and wites themon disk 74.



ClJKF Calls S3J0SQto calculate matrix el enents
alj 1K) |1 f. (4)

LOCDSK Locates the first record of information for I|W on disk 72,
73, or 74.

LNCW (1IN, C U, V) Reads input cards specifying the subshells |jW
i nvol ved in each configuration, and cal culates (via C JKF) and

prints a table of values of the matrix elenments (4). This table
Is not used in further calculations, but is for information only.

PLEV (prelimnary levels) Using the I{W values read by LNCW

reads the ternms of |iW fromdisk 72, and vectorially adds quantum
nunbers LiSj to set up tables of all possible quantum nunbers Lj Sj

and Ji (i £q).

PFGD Sets up prelimnary tables of the coefficients fk, gk, d, etc.
of Fk(ii), a, b,g T, T1, T2, and zj (obtained fromdisk 74) and of
FK(ij) and GX(ij) (conputed with the aid of subroutines C JKF,

RDIJ, and REIJ, using matrix elenments of U and V obtained from
disk 73), and wites these tables on disk 20.

PRK Conputes prelimnary tables of coefficients rK of the

configuration-interaction paraneters Rk(ij,i'j') with the aid of
cfp and cfgp fromdisk 72, Uand V matrix elenents fromdi sk 73,
and subroutines CLASS1 to CLAS11, RDIJ, and REIJ. Wites these
tabl es on di sk 20.

RDIJ Used in conputing coefficients fkx and rgKk of direct Coul onb-
interaction paraneters Fk(ij) and Rk(ij,i'j').

REIJ Used in conputing coefficients gk and rek of exchange
paraneters GK(ij) and RK(ij,j'i").

CLASS1- CLAS11 Used in conputing coefficients of RK for the el even
possi bl e cl asses of configuration interaction.

CALCFC (calculate final coefficients) For each possible val ue of
t he total -angul ar- nonment um quant um nunber J, selects those sets of
quantum nunbers ajLi SiLisji (1£i £q) found by PLEV that can give
this value of J, conputes the LS-JJ transformation matrix, and
wites all this on disk unit 1L=31 (first parity) or 1L=32 (second
parity) and on |1 C=41 (both parities). Reads the prelimnary tables
of coefficients fromdisk 20, and sets up final coefficient
matrices for all paranmeters (except Egy) and wites themon disk
unit 1C=41. Calls SPRRNto print matrices if desired, and al so
calls CPL37. If so requested, wites non-zero coefficient matrix
el ements on disk 19 for use by the Argonne National Laboratory

| east-squares |level -fitting program



CPL37 (coupling 3 to 7) |If desired, calcul ates quantum nunbers
for, and transformation nmatrices to, coupling representations
nunber 3 to 7 (LS=1, JJ=2--see JOSA article nentioned in Sec. | or
page 15 below for definitions. Wites this information on disk

| C=41.

SPRIN Ml tipurpose matrix-print routine, to print angul ar-
coefficient matrices for FK (KPAR=-1), X (0), z (+1), RK (-2), for
mul tipole transitions (+2), and for energy (+3) or eigenvector

(+4) matrices, with nore-or-|less adequately | abel ed rows and
colums. Also transforns energy-coefficient and nupole nmatrices
when cal culation in the JJ representation is desired, and conputes
and prints Landé g-val ues when called for LS eigenvectors. (Al so,
wites nupole matrices on disk | C=41.)

SPRN37 Called by SPRINto read transformation matrices from di sk
| C=41, and transformand print eigenvectors in representations 3
to 7.

MJUPOLE Reads quantum nunbers fromdi sks IL=31 and/or 32, cfp from

di sk 72, and W2) from disk 73 (for electric quadrupole), and
conput es angul ar coefficients for line-strength cal culations (or
for plane-wave Born calculations). Calls SPRINto print matrices
and wite on disk | C=41.

ENERGY Reads paraneter val ues (Egy, and Coul onb and spin-orbit
radial integrals) fromdata input cards on disk I R=10; for each J,
reads quantum nunbers and the Ls-JJ transformation matrix from di sk
| C=41, reads coefficient matrices from|C and conputes and

di agonal i zes the energy matrix, and wites eigenval ues (sorted in
nunerically increasing order) and ei genvectors on di sk | E=31

(first parity) or 32 (second parity). Conputes autoionization
transition probabilities if appropriate, and wites themon disk
IEE Calls SPRINto print the energy and ei genvector natrices.

CALCY |If so instructed, called by ENERGY (for each J) to calculate
the diagonal elenents of the coefficient matrices in the

i nternedi ate-coupling representation (the representation in which
the energy matrix is diagonal). These elenents represent the
derivatives of the various eigenvalues with respect to the various
paraneters, providing information that can be used for a trial-
and-error adjustnent of the paraneters to produce desired changes
in the eigenvalues. (These are the elenents that are cal cul ated
and used in | east-squares prograns such as RCE for the systematic
iterative fitting of theoretical eigenvalues to experinental
energy levels. In RCG these elenents are sinply printed out for
use in rough eye-ball paraneter adjustnents.)

LVDIST Called by ENERGY, if desired, to calculate the statistica
distribution of energy-level statistical weight, and plot it on
filmvia PLQJB (deleted in the present version of RCG. Also



cal cul ates and plots that skewed- Gaussian curve that best fits the
distribution (see TASS, Sec. 21-3 for definitions and exanpl es).

SPECTR Call ed by ENERGY. Reads val ues of reduced nupol e radi a
matrix integrals (2), calculated by RCN2, fromthe input file on
disk 10. For each possible pair of values of (J,J'), reads the
angul ar-coefficient nupole matrix fromdi sk 41 and ei genval ues and
vectors fromdi sk | E=31 and/or 32, differences eigenvalues to
conput e wavel engt hs of spectrumlines, and nultiplies the nupol e
matrix fromeither side by the appropriate eigenvector matrix (and
multiplies the resulting matrix el enents by the appropriate radi al
integral) to conpute internedi ate-coupling |line strengths,
oscillator strengths, and radiative transition probabilities.
Spectrumline information is printed after being sorted by (a)
levels in the first set of configurations (first parity), (b)

| evel s in the second set of configurations (second parity), and/or
(c) wavelength. In the first two cases, a total transition
probability and lifetinme are conputed for each |evel of the given
set with resect to all possible transitions to | ower-energy |evels
i ncluded in the opposite set.

WADI ST (wavenunber distribution) |If desired, called from SPECTR
to calculate [and plot] oscillator-strength distributions (see
TASS, Sec. 21-4); wites this on disk unit 11 to provide input
information for a separate program RADRATE.

BORN Can be called from ENERGY to cal cul ate pl ane-wave-Born
collision strengths (using interpolation routine AKNINT), and
excitation rate coefficients (using routines RCOEFF, El1, and
CSEW) .

UNCPLA and UNCPLB Conpute the uncoupling coefficients Uy and Uy
for reduced matrix elenments, as defined in TASS, Eqgs. (12.26) and
(12.27).

RECPSH, RECPJP, RECPEX Conpute the shift, junp, and exchange
recoupling coefficients defined in TASS, Eqgs. (13.64)-(13.66).

S3J0SQ, S9J, S6J, DELSQ CALCFCT Conpute the square of the 3-j
synbol wi th magnetic quantum nunbers all zero, the 9-j synbol, and
the 6-j synbol, using a table of factorials conputed by CALCFCT

SORT, ORDER Sort an array of nunmbers into nunerically increasing
order, and correspondingly rearrange up to 12 additional arrays.

M_LEW Dunmy program (called by ENERGY) to call matri x-
di agonal i zati on routines TRED2 and TQL2.

RCEINP (RCE input) Called by ENERGY to wite transformati on and
coefficient matrices on binary disk unit 2, and an input formatted
file on disk 11, for the | east-squares energy-level fitting
program RCE



ELECDEN Assumes the availability of the file tape2n conputed by

RCN, whi ch contai ns one-el ectron radi al

orbital

el ectron-density distributions for each configuration.

wavef unctions for each

of each configuration in the present RCG cal cul ati on.
Uses these wavefunctions to conpute spherically averaged radi a

Then uses

each conputed ei genvector to cal culate a spherically averaged

r adi al

i nteraction,

I nput/Qutput Units

D sk-storage unit nunbers used, with externa

el ectron-density distribution for each configuration-
i nt er medi at e- coupl i ng ei genl evel .

and i nternal

nanes, are as follows:
Ext. Int. Default val. Usage
ingll ir 10 I nput
outgll iw 9 printed out put
t ape2n 3 radi al -wavefunction input (optional)
el ecden 4 el ectron-density out put
t ape2e 2 coeffs. for use in |east-squares prog.
RCE
t apeci 8 Config.-interaction strengths from RCN2
out gi ne 11 formatted input for use in program RCE
tape72 id2 72 si ngl e-subshel | quantum nos., cfp, and
cfgp
tape73 id3 i d2+1 ur), url)
tape74 id4 i d2+2 si ngl e- subshel | Coul onb and spi n-orbit
coef fs.
20 prelimnary Coul onb and spin-orbit
coefficients
il 31, 32 guantum nos., transformati on matrices
ic 41 guantumnos., transf. and final coef.
matrices
ie 31, 32 energy | evels, eigenvectors,
aut oi oni zati on transition probs.
19 coeffs. for use in Argonne Natl Lab
| east-squares |evel-fitting program
11 speci al - purpose | evel and osc.-strength
out put
3,13 speci al - purpose di el ectroni c-reconb.
out put
Normal ly, ID2-1D4 are snmall files; 20, IL, and IE are of
internediate length; 1Cis the largest. Actual sizes depend on

the conplexity of the set of configurations being run.
(ILA) and ID4 may share the sane I/ 0O buffer
ID4 is no | onger needed.

until

Units 31
as LA is not used
Default values may be readily

changed by changing the six statenments starting with statenment 60

of the main program by correspondi ng choice of the val ue of

| D2T

read fromthe input file at statenent 85, and appropriate changes

in the file nunbers on the PROGRAM card or

in OPEN statnents



I V. | nput

W here discuss input-data setup for sinple bound-state |evel
and spectrum cal cul ations. Mbdifications for special -purpose
cal cul ations involving conti nuumstates will be discussed in Secs.
XI to XIll. Sanple input decks and output |istings are provided
in Sec. XW.

Briefly, input data consist of the foll ow ng:
(1) Two types of optional control cards.

2) |If requested by one of the above control cards, a
set of cfp decks, followed by a card with a negative integer in
colums 9-12 (signaling the end of the set of cfp decks).

(3) An optional rescale card (see Sec. X)

(4) One or nore cal cul ational decks (usually provided
ready-to-run fromoutput of an RCN RCN2 cal cul ation); each deck
starts with a control card, and ends with a card contai ni ng
"-99999999." in colums 21- 30.

(5) A card with a negative integer in colums 1-5,
causing an exit fromRCG (This card is automatically provided by
RCN\2) .

(6) Any unused input data cards nmay be stored here if
desired.

NOTE: Before actual calculational runs can be nade, a
first RCG run nmust be nmade in which the input deck includes the
cfp decks indicated in item(2) above; this results in the
calculation of the files 72, 73, 74 discussed earlier, which are
required in all subsequent calculations. An input file called
ingllk is supplied that includes the cfp decks for this first
calculation (with its nane changed to ingll). This is discussed
in greater detail in section (2) below, but it is suggested that
on a first reading one skip the discussion of optional control
cards, and at this point junp directly to the discussion of
standard cal cul ati onal decks in section (4) bel ow

Details of the input are as foll ows.

(1la) There nmay be one or two optional control cards of the
follow ng form

col s. vari abl e f or mat
1-4 NCLSKP(K) 3 1 | 4
5 K 11
6- 10 NOTKP( K) |5
11- 80 MULSL(1), LHS1(1) 14(14, A1)

K nmust be 1 for configurations of the first parity, or 2 for
configurations of the second parity. |If NOTKP(K) is greater than
zero then only those basis states (for configurations of parity K



and serial nunber greater than or equal to NCLSKP(K) will be

retai ned that have one of the NOTKP(K) ("no. of LS terns to be
kept") values of multiplicity and total orbital angular nonentum L
specified in colums 11 to 10+5*NOTKP; for exanple (using carats
to denote bl ank col ums),

NNN 12AAAA3AAA4SAAA2dAAA25

nmeans keep only 4S, 2D, and 2S basis states for all configurations
of the second parity. These control cards need be included only

if LsS-termtruncation of this type is desired. [Notes: (a) If nore
than one truncation control card with given Kis included, only
the final one will be effective; (b) Truncation cards nmay appear

ei ther before control card (1b), or follow ng (1b) and the

associ ated cfp decks and end card (if any).]

(1b) There may be an optional control card of the form

col s. vari abl e f or mat comment s
1-5 i nteger (=3) I 5 defines control card of type 1b
6-7 | LNCUWV | 2 extra output print if >0 (and
| D2 > 0)
8- 10 | D2 I3 file nunber (default=ID2DEF=72)
11-15 FLBDN E5. 1 def aul t =0. 001 A
16- 20 FLBDX E5. 1 def aul t =500000 A
21- 30 DELEKEV F10.5 defaul t=0. 0005 keV
31-40 El ONRY F10.5 default=0.0 Ry
41- 45 NPTKEV 15 def aul t =0

46-70  TKEV(1),1=2,6 5F5.3 default=0.0 keV [ NTKEV (£ 5)

det erm ned by the nunber of
non-zero TKEV]

71-80 EM NA F10.5 default=0.0 (sanme units as energy
| evel s)

The vari abl es FLBDN and FLBDX specify the m ni rum and naxi mum
wavel engt hs (Il anbda) of spectrumlines to be retained in
subroutine SPECTR, the variable DELEKEV is used in WANDI ST in
defining the histogrambin-wi dth for calculating the oscillator-
strength distribution; and the variabl es El ONRY, NPTKEV, TKEV, and
EM NA concern speci al - pur pose di el ectroni c-reconbi nati on

cal cul ations in SPECIR (see Sec. Xl|I , pages 37 and 41). This
control card need be included only if cfp decks are included
and/or if non-default values of the other variables are desired;
there nust be such a card (with 1 D2 non-zero) before a set of cfp
decks, and may be another (with ID2=0) follow ng these decks.

(2) If ID2 is non-zero (normally=72), then this value will
determ ne values for the file nunbers ID3(=ID2+1) and | D4(=I D2+2)
as well (see Sec. Ill). 1In addition, the control card (1b) nust
then (and only then) be followed by a set of cfp decks, and by an
end card with negative integer in colums 9 to 12; the subroutine
CUWFD is called to process these cfp decks and wite information
on disks I D2-1D4, and a non-zero | LNCW produces printed output of

10



sone of the conputed information. Except as noted bel ow, there
must be a cfp deck for each W involved in any configuration
specified in the cal cul ati onal decks (4 below); if subshells |I'W
and |W2 will both be involved in a set of interacting
configurations, then a cfp deck for W1 nust also be included (so
that cfgp for | Wcan be conputed). Al decks of given | should be
grouped together, and nust be arranged in order of increasing w
Decks for 10 and I'1 are needed only if cfgp for 12 are required,
so that decks for g, h, i, xxx, electrons are nornmally never
needed. The input file INGL1K provided with the program RCG
contains cfp decks for all sW pW dW fO to f4 and f11 to f14,
and for g9 gl, g2, hO, hl and h2. The file cfp contains also fo
to f10 decks, but these require |arger di nensions of several
vari abl es than those used in the code provided (see the coment
cards near the beginning of the main progran). Nornmally, all the
cfp decks included in INGL1K can be used in cal cul ati on of disk
files ID2-1D4. (The presence of unneeded cfp decks causes no harm
except for extra conputer tinme in CUVFD -see TASS, Tables 16-1 and
16- 2- -whi ch needs to be executed only once, and a small anount of
extra disk search tinme in reading data fromdisks I1D2-1D4 if
subshells of large | are needed in a given cal cul ation.)

The detailed format of each cfp deck need not be di scussed
here. W need comment only on the formof the first card of each
deck, which contains:

col um 4: t he spectrosopic letter code for |
(s,p,d,f,g,h,i,k,xxx according as the one-
el ectron angul ar nmonmentumis
0,1,2,3,4,5,6,7, xxx, respectively.

col ums 5-8: w (format |4)
colums 9-12: nunber of LS terns of |W (format 14)
col ums 13-16: Nunber of parents (terms of |W1)
(format (14)

The size of a calculation (particularly for configurations
i nvol ving an fW subshell) can be reduced by including only a

limted nunber of ternms of the subshell IWin setting up quantum
states of the conplete configuration. To invoke such a

truncation, the nunber of terns of IWto be included is placed in
colums 21-24, and the terns thensel ves are placed in colums 29-
32, 33-36, xxx73-76 (and if necessary in colums 1-4, 5-8, xxxof
succeeding cards). The first colum for each termcontains the
value of the multiplicity 2S+1, the second colum contains the
letter synbol for L (S,P,DF, GHI,K xxx,6 except in |ower case),

and the last two colums contain any necessary (| eft-adjusted)
serial nunber to distinguish different terns of the sane LS; this
serial nunber nust match that used in the body of the cfp deck,
whi ch foll ows the convention used by C W N elson and G F.

Koster, Spectroscopic Coefficients for the pn, dnN, and fNn

11



Configurations (The MI1.T. Press, Canbridge, Mss., 1963). (Sone
exanpl es are included in the cfp decks provided in I NGL1K for f2,

f3, etc., though with the nunber of terms equal zero so that there
is no truncation.)

The control card (1b) with ID2>0, together with cfp decks and
end card, nust be included on a first run of RCG -using, for
exanpl e, I NGL1K for the input deck INGL1--in order to produce the
files ID2, ID3, and ID4 (normally TAPE72, TAPE73, and TAPE74). |If
these files, produced on such a run, are saved and nmade avail abl e
to subsequent runs, then itens (1b) and (2) may be del eted from
all further runs [except, of course, that a (1b) card with 1 D2=0
nmust be included if non-default values are needed for variabl es
other than 1D2]. It will of course be necessary to reconpute
files I1D2-1D4 if new subshells need to be added, or if truncation
of LSterns is to be added or changed.

(3) For details of the optional rescaling card, see Sec. X

(4) Calculational decks:
NOTE: In the nost common usage of RCG the cal cul ational deck is
automatically prepared by execution of prograns RCN and RCN\2, so
that all the details bel ow can be ignored except if one wi shes to
make changes for special purposes, or for sonme reason w shes to
set up an input deck by hand. [The output deck fromRCN2 is named
"out2ing," and the nanme needs to be changed to "ingll" for use as
the RCG i nput deck. ]

Each cal cul ati onal deck consists of the foll ow ng:

(A) A control card, specifying anong other things the
nunber of configurations of each parity that are involved in the
cal cul ation

(B) A set of configuration-definition cards, one for
each configuration of the first parity.

(G A set of configuration-definition cards, one for
each configuration of the second parity. This will be an enpty
set if colum 16 of the control card contains a zero.

(D) Zero, or one, or several, sets of paraneter-value
cards; a set may have any one of three forns:

(i) For a diagonalization, a set consists of:
(a) Parameter values for each configuration of
the first parity.
(b) Configuration-interaction paraneter val ues
for each pair of interacting configurations
of the first parity (if any).

(c) If 1QUAD (col. 50 of the control card A is
1 or >2, one or nore sets of electric
guadr upol e reduced-nmatri x-el enent cards for
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configurations of the first parity.

(d) Sanme as (a), for configs. of the second
parity (if any).

(e) Sanme as (b), for configs. of the second
parity (if any).

(f) If TQUAD 3 2, sane as (c) except for the
second parity.

(g) If both parities are present, zero or nore
sets of electric-dipole reduced-nmatri x-
el ement cards, for all pairs of
configurations of opposite parity.

(ii) To wite coefficient matrix el enments for each
parity on file 2, a single pseudo-paraneter
card containing "-55555555." in colums 21-30.
If this option is used, then colums 9-10 of
the control card (A) must contain a negative
integer; the absolute value of this integer is
the quantity NOCSET used in | east-squares
energy-level -fitting program RCE. This
pseudo- paraneter card nay have one or nore
sets of genuine paraneter cards (i) preceding
it and/or followng it.

(iii) A single pseudo-paraneter card containing
"-99999999." in colums 21-30 signals the end
of the cal culational deck (4). Any nunber of
simlar decks may foll ow

A Cal cul ati onal deck control card
The control card (A) is of the follow ng form

(i) If it contains a negative integer in colums 1-5, it
Is the data card (5) above, causing an exit fromRCG Any cards
that follow are not read, but formpart of the bone-pile (6).

(it) If it contains a zero in colums 1-5, thisis a
rescaling card (see Sec. X below); it should be followed by a
genui ne card (iv) bel ow.

(iii) If it contains a positive integer NOCSET in col ums
8-10 and a 1 or 2 in colum 5, this is a signal to search through
the file on unit 2 until this CSET (set of coefficient matrices)
is found. This pseudo control card is not followed by cards (B)-
(D), but is imediately followed by a genuine control card (iv)--
normal Iy containing a negative nunber in colums 9-10 to specify
the serial nunber of a new CSET that is going to be added on to
unit 2, to provide input for |east-squares energy-level-fitting
program RCE. [In practice, this option is never used, CSETs being
conputed as needed and witten onto a new file on unit 2, rather
t han bei ng added onto an ol d one.]

(iv) A genuine control card is of the followi ng form

cols. fornat vari abl e nane nor mal val ue
1-5 15 KCPL 1
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NCK(K), K=1,2 bl ank
NOCET

bl ank; see (iii) above

NSCONF(1,1) ©

y 1=1,3 see bel ow
NSCONF(1,2) @
| ABG bl ank
IV bl ank
NL SVAX bl ank
NLT11 bl ank
NEVIVAX bl ank
KCPLD(1), 1=1,9 bl ank (except for Born calc.)
| ELPUN bl ank
SINK(1), SIXK(1) bl ank
SINK(1), SIXK(2) bl ank
| MAG bl ank (for no ML trans.)
| QUAD bl ank (for no E2 trans.)
UENRGY 1000. 0
DM N 0.0
I LNCUV bl ank
| PLEV bl ank
| CPC bl ank
| CFC bl ank
| DI P bl ank
| ENGYD 0
| SPECC 7
I V& -6 (blank for batch runs)
| PCT bl ank
| CTC bl ank
| CTBCD bl ank
Cl CRI TERI ON 0.0 or bl ank

The significance of these quantities is as follows.

KCPL:

NCK( K) :

NOCSET:

NSOONF( 1, K)

<0, an exit card, (i) above

=0, a rescaling card, (ii) above

=1, <calculation to be done in LS (or SL) represent.
=2, <calculation to be done in JJ representation

If non-zero, then in all spectrumline lists and

pl ane-wave- Born cal cul ati ons, only those transitions
are included that involve |levels belonging to the
first NCK(K) configurations. For parity-changing
(electric-dipole) transitions, K=1 and 2 represent
the first and second parities; for non-parity-
changing transitions, K=1 and 2 represent |ower and
upper level, respectively. [Default is 50, except
NCK(1) =1 for plane-wave-Born cal cul ations. ]

Must be bl ank or a negative integer;
above.

see under (iii)

nunber of subshells for configurations of parity K
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NSCONF( 2, K) :
NSCONF( 3, K) :

| ABG

NLSVAX:

nunber of configurations of parity K

nunber of successive configurations for which
interactions will be included [normal |l y=NSCONF(2, K)].
I f NSCONF(3,K)=0, then follow ng the configuration-
definition cards there nmust be a card containing
I NTEST(1), 1=1,80 (format 8011); interaction will be
i ncl uded between configurations with serial nunbers
J1 and J2 if INTEST(l) >0, where | is conputed as
foll ows:
J2X=NSCONF( 2, K)
J1X=J2X-1
| =0
DO 799 Ji=1, J1X
J2N=J1+1
DO 799 J2=J2N, J2X
[ =1+1
799 CONTI NUE
If -7E£NSCONF(3,K) £-1, interactions will be included
if the first configuration has serial nunber
J1 £ MAX(-NSCONF(3,K), I PCT). If NSCONF(3,K)=-8, all
interactions will be included. [Use this value with
K=2 to cal cul at e phot oi oni zati on cross-sections. ]
I f NSCONF(3,K)=-9, interactions will be included if
the first configuration has serial nunber J1=1, or
if the two configurations have successive seri al
nunbers (J2=J1+1).
Note: A nore satisfactory method of del eting
weak configuration interactions is discussed under
Cl CRI TERI ON bel ow.

>0, include effective-operator paraneters a (for pW

or a,b, T,T1, T2 (for dW, or a,b,g (for fW); see
TASS, Sec. 16-7.

=2 or 4, include illegal-k effective-operator
paraneters FK(ij) and GX(ij); TASS, Sec. 16-7.

33, use SL instead of LS coupling (for straight LS
coupling only; continue to use LS for conpound
couplings such as LSLK, LSJK, LSJLKs, etc.).

If non-zero, call CALCV to calculate and print V
matrices (derivatives of eigenvalues with respect to
par anet er val ues).

Cal cul ate eigenvectors in representations 3 to 7 if
matrix size NLSis equal to or |ess than NLSMAX

The representations are [J. Opt. Sos. Am 58, 808 (1968)]:
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(1)
(2)
(3)
(4)
(5)
(6)

(7)

Ls: {[((a1L1S1)L181, a2L2S2)L2s2, »* aglqSql LgSq}Iq

Jir {[[(a1L1S1J1) 31, (a2L2S232)]32, xxx (agLqSqdq)]}iq
JUK: {[( »xJg-1)Jg-1, Lgl K Sg}dq

LSLK: {[(( *»xLg-1)Lg-1, Lg)Lg, ( ** Sg-1)Sq- 1] K Sg}Jq
LSIK: {[((*xxx Lg-1)Lg-1, ( *»* Sg-1)Sg-1)Jg-1, Lql K Sg}iq

LSILK: {[((*xxx Lg-2)Lg-2, ( *x Sg-2) Sg-2) Ig- 2,
(Lg-1Lg) LI K (Sg- 1Sg) s} Iq

LSiLsy: {[(xxx Lg-2)Lg-2, ( *xx Sg-2) Sg- 2] Ig- 2,
[(Lg-1Lg)L, (Sg-1Sg)s]lJ }ig

NLT11: For all except the last configuration of each

parity, include no nore than the first NLT11
LS-ternms of | 1W1 (defaul t=119).

NEVMAX: For each J, print at nost the eigenvectors having

t he NEVMAX snal | est ei genval ues (defaul t =500).

KCPLD(1): If > 0, do not print eigenvectors in the

representation | (1=1 to 7) defined under NLSMVAX
I f KCPLD(3) 25, then a plane-wave-Born cal cul ation
is to be made, and KCPLD(3) to KCPLD(7) are
interpreted differently; see Sec. Xl I

If KCPLD(3) = 3 or 4, internediate-coupling, C
radial electron-density distributions will be

cal cul ated provi ded tape2n froman RCN cal cul ati on
is present; if =3, cross-termcontributions are
not i ncl uded.

KCPLD(9)°IPRINT: If 3 7, delete energy-matrix print.

If 3 8, delete all eigenvector and purity prints.
If 3 9, delete eigenval ue and aut oi oni zati on
probability prints.

[ELPUN. If =1, wite eigenvalues on unit 11 (special -

pur pose option).
If >1, wite multiplet level strengths on unit 19
(speci al - pur pose option).

SINK(K): For parity K exclude matrices with J<SINK(K)

(defaul t=0.0).

SIXK(K): For parity K exclude matrices with J>SJIXK(K)

(defaul t=99.0).

For exanple, to include only J=0 for first parity
and J=1 for second parity, put .0.51.1. in colums
41-48.
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| MAG

| QUAD:

UENRGY:

DM N

I LNCUV:
| PLEV:

| CPC.

If > 0, calculate magnetic-dipole transitions for
the first, second, or both parities, according as
| MVAG=1, 2, or 3.

Simlar to | MAG except for electric quadrupole
transitions (or parity-conserving plane-wave-Born
excitations if KCPLD(3) 35). Note that the
correspondi ng val ue of | QUAD nust be used in col umm
50 of the GBINP card in program RCN2 in order to
calculate the required radial integrals.

Unit (in cntl) of all energy-paraneter values on the
paraneter cards in this cal cul ational deck

(1000.0 if paraneter values are in kil okaysers,
8065.48 if in eV, 109737 if in Ry).

Del ete spectrumlines for which S/ X<DM N, where
Sis the line strength of the transition, and X is
the largest anl |[r |[n'|'f for all of the transition
arrays included in the calculation; S/Xis the
guantity printed in the spectrumline list in the
colum follow ng the wavel ength. Typical val ues of
S/X for strong lines are 2 to 5; an appropriate
value of DM N to delete weak lines is 0.005 to 0.05.
For nodifications of these remarks in certain cases,
see pages 25-26).

If >0, print (k) matrix elenents (4).

If >0, print prelimnary quantum nunbers in
subroutine PLEV

If >0, print prelim ang. coefs. in PFG and PRK;

1 f=1, print only parameter name and configuration(s),
i f=2, sane as 1 plus single-configuration coeffs.,

1 =3, sane as 1 plus config-interaction coeffs.,
if=4, sane as 1 plus all coeffs.

If 3 5 wite angular coefficients on unit 11 in a
formsuitable for input to program RCN, for making
LS-term HF cal cul ati ons.

If =9, skip matrix diagonalization part of program
(No paraneter, multipole, nor "-99999999." cards are
to be included in the input deck).

If >0, print coef. matrices in subroutine CALCFG,
if=1, print only LS- and JJ-representation quantum
nunber s,

if=2, print also the Ls-JJ transformation matri x,
if=3, sane as 2 plus coef. matrices for single-conf.
par anet er s,
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D P

I ENGYD:

| SPECC.

| PCT:
| CTC

| CTBCD:

C CRI TERI ON:

if=4, sane as 2 plus coef. matrices for C parans,
if35 sanme as 2 plus coef. matrices for all parans.

If >0, print J values of each nultipole matrix;
if >1, print angular nultipole matrix, and matrix
of the squares of the el enments.

, print full energy matrix;

, do not print matrix;

, print only first NEVMAX rows and col ums;
, print first 11*I ENGYD rows and col umms.

-
Voo
NN RO

=1, 3, 5 or 7, print spectrumlines sorted by
Ievels of first parity

=2, 3, 6, or 7, print spectrumlines sorted by
Ievels of second parity

=4 to 8, print spectrumlines sorted by wavel ength

8 8, call LVDIST and WNDI ST; | sort printed only if 8.

=0, avariable IGDLEV is set to 7 (so that in the
line list only lines involving the ground |evel are
i ncluded), and then ISPECC is set to 8.

Mist be 3 6 to obtain values of BRNCH etc.

see Sec. Xl I.

If <O, information on the progress of the
calculation is sent to unit 6 (the nonitor screen).
If >0, normal output is sent to unit 6 instead of
to unit 9; not a practical option because of the

| arge vol une of output.

Used only in connection with NSCONF(3, K), see above.

If not O, use previously conputed file on disk 41,
ski pping calls of PLEV, PFGD, PRK, CALCFC, and MJPCLE;
TAPE72 is still required, but not TAPE73 nor TAPE74.

If >0, wite coefficient matrix el enents on di sk
unit 19 for input to Argonne National Laboratory

| east - squar es program

But if NOCSET not 0, set ICTBCD = 0 and wite only
disk 2, for input to | east-squares program RCE.

If greater than zero, configuration-interaction
strengths for each pair of interacting configur-
ations are read fromtapeci (unit 4), witten by
program RCN2. Interactions for which the C strength
is less than CCRITERRON will be omtted from al

cal culations in subroutines prk, calcfc, and energy.
E.g., if CCRTERION=0.01, G wll be neglected for
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configuration pairs in which the energy perturbation
woul d have been | ess than about 1% of the energy
spread within either configuration. Resulting time
savi ngs can be sizeable in cases involving nmany
configurations. This is a nore satisfactory method
of deleting O than the options descri bed above

i nvol ving NSCONF(3,K). [See the RCN2 witeup for
definition of the cistrength.]

B-C Configuration Cards
Each configuration is of the form

| AWL 1 2W2 x x x| g

and each of the NSCONF(2,1) + NSCONF(2,2) configuration cards is
constructed accordingly in the form

l1, wi, 12, w2, xxxlg, wy

with format 8(Al1,12,2X), with |j witten as the appropriate
letter synmbol s,p,d,f,g,h,i,k,xxx, and w right-adjusted, even

if less than 10. g must be £ 8, and wj cannot be greater than 1

for j > 6. Any subshell that is filled in all configurations of
this deck may be omtted.
Certain restrictions nust be observed in setting up the

configurations. |If only one parity is involved, then
NSCONF(1,2)=0, all I; if both parities are present, then
NSCONF( 1, 1) =NSCONF(1,2). For given i, |j must be the sanme in all

configurations, as nust also be the principal quantum nunber,
though it is not explicitly listed; there are three exceptions to
this restriction, all pertaining to the case of a singly occupied
subshel | Ij [w=1] when all subsequent subshells in that
configuration are enpty:

(1) For given parity, |j nay be the sane in severa
configurations, with only the (unspecified) principal quantum
nunber differing.

(2) 1j may have different values for opposite parities.
Thus, for exanple, the set of configurations 3s23p2, 3s23p4p,
3s23p5p, 3s23p4f, 3s23p5f, 3s3p3, 3s23p4ds, 3s23p5s, 3s23p3d,
3s23p4d, 3s23p5d in Si | could be set up in the form

s2 p2 p0 foO
s2 pl pl1 O
s2 pl pl1 O
s2 pl p0 f 1
s2 pl po0 f 1
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sl p3 s0 do
s2 pl s1 do
s2 pl s1 do
s2 pl s0 d1
s2 pl s0 d1
s2 pl s0 d1

and columms 11-20 of the control card would contain 47"5"54"6"6,
where the carats represent blanks (or zeroes). [If one w shed to
i ncl ude configuration interaction only between 3p2 and 3p4p, 3p4p
and 3p5p, 3p5p and 3p4f, and 3p4f and 3p5f, the control nunbers
woul d be changed to 4757147676, etc. For this and other options,
see the discussion under NSCONF(3, K) and Cl CRI TERI ON above. ]

(3) If the final subshell j=q is never nore than singly
occupi ed, then Ij (as well, perhaps, as the principal quantum
nunber) may be different in different configurations, even of the
same parity. (To all intents and purposes, the dinensional

l[imtation q£8 is then seldomany restriction whatever. 1In an
RCN2 cal cul ation, use of the m ni num possi ble value of g may be
forced by setting ICON = 2 on the GINP control card.) 1In the
exanpl e above, the outer p, f, s, and d electron may be placed in
the third subshell in all configurations, with colums 11-20 of
the control card then being 3750537676 (or 3"5"13"6"6, etc.).

D nensions of cfp, and of Uand V matrix el enents are such
that any multiply occupied fW subshell should be | 1™1 (even then,
di mensi ons are too small for f9 to flo), and any nultiply occupied
dW subshel | shoul d come next.

D.  Energy Paraneter Cards

The first paraneter card for each configuration contains any
desired BCD identification (e.g., elenment and configuration) in
colums 1-18. Columms 21-70 contain values of the first five
paraneters [format F10.5,4(F9.4,1X)], the value of Egy occupying
colums 21-30; the total nunber of paraneters nmay be placed in
colums 19-20. Any additional paraneter values are put on
addi tional cards in colums 1-70 [format 7(F9.4,1X)]. Units for
all paranmeters are defined by the nunber in colums 51-60 (in

cnl) of the control card; for cards obtained froman RON2
cal culation, this nunber is 1000.0, and the energy unit for

paraneter values is kK (1000 cntl). Energy l|evels (eigenval ues)
are printed in the sanme units as those used for the paraneter
values. The units need to be specified only for purposes of
cal cul ati ng wavel engths, oscillator strengths, and transition
probabilities. [Note: The units used in calculating and printing
can be changed fromthose on the paraneter cards by nmeans of the
optional rescale control card; see Sec. X ]

Paraneters for each configuration are arranged in the
foll owi ng order:

Eav
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FK(11,11)
FK(12,12)

Al
z2

X

X

X
FK(11,12)
FK(11,13)

FK(12,13)
FK(1g-1,1q)
X(11,12)
K(11,13)

X
X

X

X(12,13)

X

X

K(lg-1,1q)

In this list, "Fk" represents F2, F4, ><><><Fm[m:m'n(2li,2Ij)], and
"X represents Adli-ljl, »xdi*lj, with index k increnented by 2.
There are no Fk(li,li) unless 2£w £41j; there are no Fk(li,lj)
nor &K(lj,lj), i <j, unless TEWE4lI+1 for both w and w; and
there are no FK of either type unless both | are greater than
zero. There is no zj unless 1£w £41j+1 and Ij >0. If |1ABG>O0,

any paraneters abg TT1T2 for subshell i follow the correspondi ng
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FK(Ij,1i). 1f IABG= 2 or 4, then "FK" represents F1, F2, F3, xxx
FM and k likew se increases in unit steps for the .

If desired, the first paraneter card for each configuration
may contain, in colums 71-72, BCD identification of the source of
par anet er val ues--for exanple, "LS" for |east-squares, "HF" for
Hartree-Fock, "HR' for HFR "HX or XR' for Hartree-pl us-
statistical -exchange, etc. In colums 73-74, 75-76, 77-78, and

79-80 may be included two-digit scale factors for the FK(I1j,1j),
zj , Fk(li,lj), and Gk(li,lj), respectively; "50" neans 0.50, "85"
means 0.85, "99" nmeans 1.00, and "01" neans 0.001. These scale
factors are factors that have al ready been applied to obtain the
par anet er val ues punched on the card, and are for identification
only, except as discussed in Sec. X

Configuration-interaction paraneter cards are |ike single-
configuration cards except that the paraneter val ues are
Rk(ij,i'j') (all possible k) and Rk(ij,j'i') (all possible k). If
nore than one set of values (ij,i"'j') is possible, the order is an
odoneter order simlar to that for the ij in Fk(ij) and Gk(ij).
The only pertinent scale factor is that in columms 79-80.

For paraneter-value cards output by RCN2, the tenth col unm of

each paraneter field (colums 30, 40, xxx 70 on the first card

colums 10, 20, xxx 70 on continuation cards) contains a single-
digit-integer code that provides correlation with the various
scale factors in columms 73-80; see the discussion of paraneter
rescaling in Sec. X

D. (cont) Radi al - Mul ti pol e-I ntegal Cards
These cards provide val ues of Racah's reduced matri x el enent

Poal |Ir(t)In @&l t 1o ¥
= (-1 [(21+1) 21"+ 2 g ¢ 6 rt PP dr (5)
€000 o po

(inunits of et adt):; t = 1 or 2 for electric dipole or quadrupol e
radi ation, respectively). No radial integral cards are needed for
magneti c-di pol e cal cul ati ons.

Col ums 1-18 and 21-38 contain BCD information (like that on
the single-configuration paraneter card) for the two
configurations involved in the transition. |In the case of
guadrupol e radi ation, the two configurations nmay be the sane or
may be two different configurations of the sane parity; if they
are the sane configuration, the code (incorrectly in sone cases)
uses a quadrupole integral only for electrons |j in the | ast
(greatest-i) non-s-electron, non-filled subshell. For electric
radi ation there is always one and only one card for each pair of

configurations, even when the value of P is necessarily zero
because of selection rules, as for exanple in the case of sp3 -

s2pp' or s2ps - s2pf. The value of P is punched in colums 41-50
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(format F10.5): colums 51-64 contain "(nl//rt//n"1')" where n and
n' are two-digit integers and | and |I' are BCD synbols (e.g., "3p
and ~3d, for identification only), and t is 1 or 2 as appropri ate;
the "(" and the value of t nust be punched because the code uses

t hese punches to distinguish between paraneter and nul ti pol e
cards.

Addi tional optional information is

i /A
FRAC® G rt PP dr / 6 | rt PP| dr (6)
p / p

in colums 65-70 (format (F6.4), and identification simlar to
that in colums 71-72 of the paraneter cards.

Al of the above detail is automatically included on al
i nput cards when the RCGinput file is prepared by running RCN and
RCN\2.

D. (review: Detailed Arrangenent of Paraneter and Multipole Cards

(1) Energy paraneters for configurations of the first
parity, one card (or set of cards if there are nore than 5
paraneters) for each configuration 1,2,3,4, xxxin succession.

(2) Configuration-interaction paraneter cards, one card (or
set of cards) for each pair of configurations for which
interactions are not identically zero (because of selection rules)
and are not excluded through use of special values of NSCONF(3, K)
(see A. above), in the order (1,2), (1,3), (1,4), xxx(2,3), (2,4),
xxx(3,4), X X X |

(3) If TQUAD =1 or 3, a set of quadrupole cards in the
order (1,1), (1,2), (1,3), (1,4), »x(2,1), (2,2), (2,3), (2,4),
xxx (3,1), (3,2), xxx.

(3a) If desired, additional set(s) of quadrupol e cards

containing different values of P for the purpose of naking
par armet er st udi es.

(4) |If configurations of both parities are included
[ NSCONF(2,2) >0], then cards for the second parity anal ogous to
(1), (2), and (if 1QUAD>1) (3); also,

(5) A set of radial dipole-integral cards (optional), one
card for each pair of configurations of opposite parity, arranged
in the follow ng order:

Serial nunber of configuration
First parity Second Parity

1 1
1 2
1 3
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(These cards are read in subroutine SPECTR statenents 104-110.

(5a) Additional sets of dipole cards (5), if desired for
par aret er st udi es.

(6) Additional conplete sets of cards (1)-(5) if desired
(for parameter studies, i1soelectronic-sequence cal cul ations,
etc.).

(7) A card containing "-99999999." in colums 21-30. This
is a new first-configuration paraneter card with a fictitious
val ue of the paraneter Egy; it is a signal that there are no nore
sets of input data (1)-(6), and that the programis to read a new
control card, etc. [cards (A-(D), page 12].

(8 A card containing a negative integer in colums 1-5.
This is a new control card (A) with "illegal" value of KCPL, and
is a signal for RCGto nmake a normal exit.

V. Qut put

The anount of output sent to the print file IW(internal disk
unit 9; external nane QUTGL1) is controlled by quantities punched
in colums 6-7 of the ID2 control card, and in colums 6-7, 21-50,
and 61-72 of the cal cul ati onal -deck control card, as discussed in
the preceding section. |In nost cases, all these columms are |eft
bl ank, except that (a) for configurations in light elenments where
LS coupling is a good approximation, colum 32 may be non-zero to
del ete printing of JJ-representation eigenvectors, and (b) if
colums 23-25 are non-zero to activate cal cul ati on of eigenvectors
in still other representations (nunbers 3 to 7), then non-zero
punches can be used in colums 31 to 37 to delete printing of
ei genvectors in the correspondi ng undesired representations.

(Note: Wen using these options, any nunber in colum 33 nust be
less than 5 to avoid activating a pl ane-wave-Born cal cul ati on; see
Sec. XIlI.)

Information routinely printed in the normal case (colums 21-
50 and 61-71 bl ank or zero) consists of:

(1) In CUFD (if called as the result of inclusion of cfp
decks), a list of subshells for which cfp decks were included.

(2) In PLEV, a list of dinensions actually used for certain
arrays. (If the array sizes specified in DIMENSION statenents are
exceeded, a fatal-error STOP results.)

(3) No output fromPFG and PRK unless ICPC>0, in which case
a list of paraneters for which coefficients have been conputed is
printed, wwth array sizes and (for PRK) the configuration-
interaction class. |In the parameter names "FK(i,j)" and
"CK(i,j)", the values of i and j refer to the serial nunbers of

the subshells i and Ij% involved, "ZETA(i)" is to be
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interpreted simlarly for zj; and "mkD ji'j'" and "mmkEiji"'j""
refer to RgK(ij,i'j') and ReK(ij,i'j'), where ij are subshell
nunbers for the configuration with serial nunber m and i'j' are
subshel | nunbers for configuration n.

(4) In CALCFCif ICFC>0, for each J-matrix a list of quantum
nunbers for each row (or colum) of the matrix in both the Ls and
JJ representations. In each case, synbols in parentheses refer to

qguantum nunbers ajLjSjJj for subshell 1iW, and synbols not in

parent heses refer to coupl ed quantum nunbers LjsSjJj as accumul at ed
for coupling of successive subshells fromleft to right [TASS,
Egs. (12.1) and (12.2), or as listed under "NLSMAX" in Sec. IV
above (page 15)].

(5) In ENERGY, a list of the paraneter val ues read as input;
for each J, the energy matrix, eigenval ues, Landé g-val ues,
ei genvectors in both the LS and JJ representations (except as
described in the first paragraph of this section, V, above), and
ei genvector purities (square of |argest eigenvector conponent) in
each representation. Each eigenvector is tabulated vertically
beneath its correspondi ng ei genval ue and g-value, in sets of
el even ei genvectors horizontally, with abbrevi ated basis-state
| abel s at the left side of the page, and (i medi ately above each
ei genvector) the configuration and basis-state | abel of the
| ar gest conponent; for conplete basis-state definitions it may be
necessary to consult the quantum nunber listings in (4) above.

(6) In SPECTR a list of the input radial nultipole
integrals, the nunber of spectrumlines for each J-J, and lists of
the spectrumlines thenselves. For each spectrumline there is
tabul ated (after a serial nunber), the |level value, the J val ue,
the serial nunber of the dom nant configuration, and the dom nant
ei genvector basis-state--first for the "first-parity" level, and
then for the "second-parity" |evel (assum ng dipole transitions
bet ween | evel s of opposite parity). Then cones the wavenunber in
the sane units as for the energy levels, the wavelength in A the

line strength divided by the largest P2 for any of the transition
arrays present, the weighted oscillator strength gf and its common
| ogarithm (for absorption oscillator strength f, g = statistica
wei ght of the |ower energy level, equal to 2J+1 or 2J' +1 as the
case may be), the weighted Einstein transition probability gAin
secl (g = statistical weight of the higher energy level), and in
the final colum either an F-format nunber £1 [representing a
cancel lation factor in the calculation of line strength; TASS, Eqg.
(14.107)] or an E-format number usually of the order of 108 to

1014 [representing the quantity BRNCH i nvol ved in diel ectronic-
reconbi nati on problens--see Sec. Xlil(a)]. The line list is
printed with lines sorted in the order of increasing energy of the
"first-parity" energy levels, and/or in the order of increasing
energy of the "second-parity" levels, and/or in the order of

I ncreasi ng wavenunber (decreasi ng wavel ength), depending on the
val ue of | SPECC (colum 72 of the control card); in the first two
cases, values are tabulated for the sumof oscillator strengths
for all upward and for all downward transitions involving a given
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| evel, as are the transition-probability sumfor all downward
transitions and the radiative-decay lifetine corresponding to this

sum [Note that these suns and lifetimes will not be correct if
the line-list storage dinmension KLAMis not |arge enough to store
and process all lines in a single pass--see the follow ng
section.]

(7) In ELECDEN, values at intervals of 40 RCN radial nesh
poi nts of the pure single-configuration electron density for each
configuration; then for each eigenstate (energy level), the
i nternedi ate-coupling Cl electron density for the diagonal terns
only and, if KCPLD(3) = 4, with cross-termcontributions included.

Sanpl e output is included in Sec. XV at the end of this
docunent, and it is suggested that readers skip to that point.
The material in Secs. VI-XIV is highly specialized, and the reader
need refer to it only when and if he has need for information on
t hese speci al topics.

V. Array D nensions

It has already been nentioned that RCG allows up to 8
subshells. The limtation is only partly a matter of array
di mensi ons; a change woul d al so i nvol ve sone coding differences in
PLEV, and nunerous do-loop-limt and format differences throughout
the program [A 12-subshell version is avail able, but does not
contain the nmany upgrades nade in the 8-subshell version since
1992.]

Requi red di nensions for many array vari abl es depend very
strongly on the conplexity of the calculations that one w shes to
handl e. Sone dinensionally inposed [imtations in MOD 11 as
currently provided are as follows:

Array D nensi onal

Upper limt on: vari abl es par anet er Limt
Conpl exi ty of subshell 1 U1, V1, CFP1 KLSI dW or f4
Conpl exity of subshell 2-3 U2, V2, CFP2 KLS2, 3 dW or f3
Conpl exity of subshell 4-8 U3, U4, CFP2 KLS4- 6 d3 or g2
No. of configs (first parity) SOPI 2, PMUP KC 50
No. of configs (second parity) NI JK, PMUP KC 50
No. of paraneters (each parity PARNAM VPAR KPR 2100
Matri x size C CT4, TMX KMX 300
No. of spectrumlines T, TP, FLAM KLAM 10000

It should be noted that spectrumlines are processed in
bat ches, and that the di nension KLAMof T, TP, FLAM etc. limts
only the maxi num nunber of |ines that can be processed in each
batch [ultimately, the nunber of lines arising fromany one J-J
matri x, excluding weak |ines deleted by a non-zero value of DM N
and short- and | ong-wavel ength Iines del eted by FLBDN and FLBDX
(page 10)]. However, if the total nunber of retained lines is so
great that processing is done in nore than one batch, then one has
to manually conbine nultiple Iine lists to obtain (for exanple)
all lines involving a given upper |level, and thereby obtain a
total downward transition probability and a correct radiative
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lifetime. But note: |If DMN>0, or NTKEV>0, then DMN is
automatically increased (in steps of 0.1 till DM N=4.0, and then
by a factor of 2 at a tine) until the nunber of spectrumlines is
smal | enough to be processed in one batch. For plane-wave-Born
cal cul ations, DM N nust be zero, and is so set by the code
regardl ess of the val ue punched on the control card. Normally, a
non-zero value of DM N deletes lines with S/ X<DMN, see page 15).
However, if a non-zero value of TEXCIT has been read in on a
rescal e card (see page 30), then the cutoff is not on inherent
line strength, but rather on relative intensities in a |ight
source with effective excitation tenperature TEXCIT (in the sane

units as eigenvalues): |If DMN=O, DMNis set initially to 104
and increased automatically by a factor 2 until the nunber of
retained lines is no nore than KLAM the cutoff is on

gA*exp(- (max(El L), El GP(LP))-EMEAN)/ TEXCI T)

|l ess than DM N, where EI L) and EIGP(LP) are the eigenval ues of
the levels involved in the transition, and EMEAN i s the average of
the largest of all eigenvalues and the |arger of the m ni num
energies for the two parities.

For nost purposes, the dinensions can be considerably reduced
If storage is imted. |If subshell 1 contains f electrons,
subshell 2 is not likely to be nore conplicated than d2, and the
ot her subshells no nore conplex than pW. Thus dimensions of 2,
V2, CFP2 can be reduced from17 to 5 (there being only 5 LS-terns
in d2), and those of U3, xx V6 to 3. Except when conputing

detail ed Fano profiles in photoionization spectra, the nunber of
configurations usually need be at nost 10 of each parity, the
nunber of paraneters 100, matri x sizes about 75, and nunber of
spectrumlines 1000 or so. Qher dinensions can al so be decreased
greatly; e.g., those of ISER PC, and PCl to 500, NOPCCC to 1200,
et c.

Many required dinensions are very difficult to estimte, and
have to be ascertained nore or less by trial and error (increasing
t hem whenever a run bonbs because of exceeded di nensions).

Nowadays, avail able fast nenory on nost conputers is quite
| arge, and the dinensions in the current code are | arge enough to
handl e nost cases of interest, w thout any necessity for either
reduci ng themor having to increase them However, if changes are
required, guides to estimating a few required val ues are as
fol |l ows:

Di mensions for f5 to f10 subshells: Dinension changes

required to be able to handle all fjW subshells (for i=1) are

gi ven by comment cards near the beginning of the main program one
needs to nmake the foll owi ng changes i n paraneter statenents

t hroughout the program

KLSI =119
KJP=350
KMX=360 (or greater)
KTRN=3200 (or greater),
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the last two values being required to keep certain cal cul ated
di nensi ons from bei ng negative. Even with these changes, fW“ or

fWd configurations may be so conplex as to overflow nmany ot her
di nensi ons, and be conpletely inpractical to conpute unless the

nunber of ternms kept for fWis truncated (see page 11 above).

Dinension of PCl: Gven a set of terns || ajLjSj, the
required dinension is

S (1/2) (no. of values of aj) (1+ no. of values of aj)
Li Si

A dinmension of 21 will handle all dW and f3 and f11. [PC is also
used for spin-orbit paraneters--see under PC ]

D nension of ISER  The dinension of I SERis conputed
simlarly to that for PCl, except that now we are considering a
sum over the different possible values of the total quantum

nunbers LS, and in place of a we have the total nunber of
different sets of quantum nunbers ajlLjSjLjSj having the given LS

If the configuration involves only one open subshell, the result
is the sane as for PCl; with nore than one open subshell, the
result is greater--for exanple:

p2 : ternms 1S 3p 1D ; PC(3), ISER(3)

d : terns 2D :  PA(1), |SER(1)

p2d: terns 4PDF, 2SPPDDDFFG ; PO (3), |SER(17),

where the 17 cones from
(1/2) (1x2 + 1x2 + 1x2 + 1x2 + 2x3 + 3x4 + 2x3 + 1x2)

D nension of PC. Mist be at least as large as that of |SER
However, PCis also used to store spin-orbit coefficients, and
this may require a |arger dinension: for the nost conpl ex subshel
|iW, set up a table of all possible ajLjSjJj. Then the required
di mrension is

S (1/2) (no. of levels with Jj=J) (1 + no. of levels with Jj=J)
J

For exanple, p2 : 1sp 3pPg12 1Dp |
PC(7), where 7 = (1/2) (2x3 + 1x2 + 2x3)

D nensions of CC(i,j): The dinension j nust be as great as

t he maxi mum nunber of different paraneters de and R@k (for any
one pair of configurations, and any one set of four interacting
electrons). The dinension i nust be inferred fromthe code of
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PRK, statenments 705-780; it is equal to the nunber of coefficients

of RK that are not i nherently zero because of the LS selection
rul e, because of zero values of the cfp involved, because of

I nconpatibility of internedi ate quantum nunbers, etc. The

sinmpl est and safest way to set the dinension i would be to
consider only the Ls rule; i.e., to find the maxi numval ue, for al
pairs of interacting configurations, of

S (no. of terns Ls in first conf.) (no. of terns LS in
LS second conf.)

For exanple, sp4 - s2p2d, terns of sp4 = 4P 2SPD, terns of s2p2d =
4PDF 2SPPDDDFFG

dimension = 1x1 + 1x1 + 1x2 + 1x3 =7
4p 2s 2p 2D

O course, except for CC, the above sanpl e dinensions becone
much greater when the presence of several configurations increases
t he nunber of terns of each LS or the nunber of |evels of each J,
di mensi ons goi ng up roughly as the square of the nunber of
configurations of given parity.

I'n nodifying dinmensions it is inportant to note that the
| abel ed common block /Cl/ is identical in all subroutines, but
that bl ank common and several other |abeled commons differ from
one subroutine to another. This may |lead to conplications in the
case of linker/loaders that require the first subroutine
contai ning a given common to have the | ongest version of that
common or that require all to be of the sanme | ength, though in
RCGL1 conmmons have been reorgani zed to mnimze this problem

VII. Menory Requirenents

Even with the code extensively overlayed and with small array
dimensions, it was difficult to fit RCGinto a 64K-word conputer,
such as the old CRAYS. On a Macintosh or PC, the executable file
I s about one Miyte in size; with present array di nensions,
execution requires about 25 Miytes of RAM which is no problemon
noder n-day desktop or | aptop conputers.

VIII. Execution Ti nes

Li ke required array di nensi ons, execution tines vary
trenendously, depending on the conplexity of the problem-as
nmeasured especially by the nunber of paraneters and the matrix
sizes. Sone exanples are given in TASS, Tables 16-1 and 16-2.
General | y speaki ng, CRAY Y-MP execution tinmes are less than half a
m nute for problens involving no nore than 40 paraneters, natrices

up to 50° 50, and no nore than a coupl e of thousand spectrumli nes.

29



Modern SUN, Power Mac, and PC ti nes are several times smaller for state-
of-the-art desktop computers.

| X. Modi fications for Gther Conputers

As noted in the Introduction, nodifications for other
conputers should be mnor provided sufficient nmenory is avail able
or a virtual-nmenory systemis in use, and this is generally true
of even nodest desktop conputers these days. However, if nenory
is a problem the follow ng nodifications are possible.

(1) Code storage space can be reduced by overl aying.
Suggest ed groupi ngs of subroutines are indicated throughout the
RCG source program by comment ed OVERLAY and CALL OVERLAY car ds.

If this feature is used, duplicate copies of the routines RDIJ and
REIJ in the PFDG overl ay shoul d be added to the PRK overl ay.

(2) Qher possibilities in addition to reducing array
di nensi ons are:

(a) If least-squares fitting of experinental energy
levels is of no interest, delete subroutine RCEINP and the cal
t hereof i n ENERGY.

(b) Delete CPL37, SPRN37, LVDI ST, and WNDI ST and cal | s

t her eof .

(c) If plane-wave-Born cal culations are of no interest,
BORN, AKN NT, RCCEFF, E1, and CSEVL can be del eted, as can the
vari abl e GOSS and several others.

(d) The code coul d be broken into a chain of three
prograns, containing essentially (i) CUVFD to prepare disks 72,
73, 74; (ii) LNCW through MJPOLE to prepare disk 41; (iii) LNCW
pl us ENERGY and SPECTR to use disk 41 in the cal cul ati on of energy
| evel s and spectra.

X. Rescaling of Input Data

Most frequently, input data for an energy-I|evel/spectrum
cal culation will have been obtained via an ROV RCN2 cal cul ati on.
The data will then be such that (1) the center-of-gravity energy
Eaqv of the first configuration will be zero, (2) all paraneter
val ues (and hence all conputed eigenvalues) wll be in kil o-
kaysers (units of 1000 cntl), and (3) energy paraneter val ues
ot her than Egy (and usually al so spin-orbit paraneters) wll have
been scal ed down by factors less than unity to allow for omtted
weak configuration-interaction effects (TASS, Sec. 16-2); these
scal e factors appear in colums 73-80 of the paranmeter cards (see
Sec. |1V-D above, pages 20-21), and the factor that has been used
for a given paraneter is indicated by an integer JPAR in the tenth
colum of the paraneter-value field, as foll ows:

JPAR ki nd of paraneter scal e factor

0 Eav -
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1 FK(ii) col ums 73-74
2 z 75-76
3 FK(ij) 77-78
4 K(ij) 79- 80
5 79- 80

It is frequently desirable to shift all energy | evels upward
(by adding a constant to all Egy) to nake the cal cul ated ground
| evel of the atomzero (as this is the convention used in
tabul ati ng experinental energy |evels), to change the eigenval ue
unit (to cntl, eV, or rydbergs, for exanple), or to nodify the
paraneter scale factors to obtain better agreenent with
experinment. This can be done by using an editor to nodify the
data in the input file by hand, but it can be done nuch nore
easily with the aid of a rescaling card of the form

col s. f or mat vari abl e action
1-4 - (bl anks)
5 11 (zero) defines a rescaling card
6 - (bl ank)
21- 30 F10.5 DELEAV DELEAV (same units as on input para-
(do not punch nmeter cards) added to all Egy
deci mal point)
31-40 512 | FACTO( 5) New scal e factors, in percent
(except 99=100 % 01=0.1 %
51- 60 F10.5 UENRGY New energy unit in cntl (8065.47 for

eV, 109737.3 for Ry, etc.), applied
after the addition of DELEAV

61- 65 F5.2 TEXQ T Effective |ight-source excitation
tenperature (in eigenval ue energy
units) (see pages 25-26)

Default values are zero for DELEAV, no rescaling for any | FACTO(I)
that is zero or blank, and the unit of energy specified on the
normal control card (A) if UENRGY is zero or bl ank.

Note that (1) the new scale factors represent exactly that,
and not additional scaling over and above the scaling already
present in the input paraneter values; (2) old scale factors
(colums 73-80 of the paraneter cards) equal to zero are assuned
to be unity; (3) non-zero values of IFACTO(l), | =1to 4, wll
not have the intended effect if the correct val ue of JPAR does not
appear in the tenth colum of each paraneter field; (4) if scale
factors are changed via | FACT0.ne.0, the value of DELEAV required
to give zero energy for the ground level will in general be
different fromthe value inferred froma previous run nmade with
the old scale factors.

A rescale card may be placed in front of any normal control
card (A) of a calculational deck; it is read at statenent 100 of
the main programas a normal control card with KCPL=0, and
reinterpreted as a rescale card. Non-default values read froma
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rescale card rermain in effect throughout the renmainder of a
calculation until nodified by another rescale card; a rescale card
contai ning default val ues (zeroes or blanks) for one or nore
quantities returns programcontrol to use of val ues of these
quantities specified in the individual calculational decks.

Xl. Phot oi oni zati on CGross Sections Q

A.  Neglecting resonances, and for cases in which continuum
conti nuum (i ntra-channel) configuration-interaction effects are
uni nportant, photoi oni zati on-cross-section cal cul ati ons are nost
easily made wth prograns RCN RCN2/RCG in the foll ow ng way. (The
procedure will be illustrated using the special case of Ar XVII
1s2 - 1sep, e = kinetic energy of the free electron in rydbergs.)

(1) Estimate the threshold value for photoionization, or
calculate it by making RON runs for Ar XVI1 1s2 and Ar XVI1I 1s
and differencing values of Egy. In this case, a sinple estimate
is: binding energy of a 1s electron = Zc2 = 17.52 = 306 Ry, and a

cal cul ati on gives Egy(1ls) - Eay(1s2) = -325.397 + 628.459 = 303

Ry.

(2) Choose values of € at which the cross section is to be
conputed. |If one wishes a threshold value of Q include a
conti nuum configuration with € =1 to 5 %of the threshold energy.

In the argon case, € =5 or 10 Ry is appropriate.

(3) Make an RCON RCN2 calculation. |In order to be able to
i nterpol ate across threshold, one can include bound confi gurations
1snp, say for n = 10 to 15. Larger n values get one closer to
threshold, but are nore likely not to converge, so one m ght
choose n = 8 and 12. The input to RCN is then

cols. 4-5 9-10 11-23 27 (or greater) on
18 17 Ar 17 1s2 1s2
18 17 Ar 17 1s 8p 1s 8p
18 17 Ar 17 1s 12p 1s 12p
18 17 Ar 17 1s 5.p 1s 99p 5.0
18 17 Ar 17 1s 10.p 1s 99p 10.0
18 17 Ar 17 1s 25.p 1s 99p 25.0

etc.

On the RCN control card, EMX (colums 61-65) shoul d be chosen such
that all values of € for which calculations are to be made lie in
the range fromabout EMX/ 10 to EMX. If the value of EMX is

i nappropriate, or n for the bound states too |large, the RCN runs
may fail to converge or bonb on an overflow. [If EMKis left zero
on the control card, RCNwill set EMX equal to the |argest val ue

of € on any input configuration card.]
On the GBINP control card that is input to RCN2, col ums 51-

60 [the enpirical scale factors for FK(ii), z, FX(ij), &(ij), and
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Rk(ij,i'j')] shoul d have appropriate val ues, such as (for a highly
lonized atomlike Ar XVI1) 9599959595. Colum 72 of this card
(and thereby colum 72 of the RCG control card) should contain a
one (for ease in using the RCG line-list output), and colum 75
nust be equal to 8.

(4) Run RCG as usual, using as input the unnodified output
file QUT2ING from RCN2 (w th name changed to | NGL1).

(5) Values of "f" in the RCGline-list output are oscillator
strengths for bound-bound transitions (1s2 - 1s8p and 1s2 - 1s 12p
in this exanple), and are values of df/de (e in rydbergs) for
bound-free transitions (1s2 - 1s5.0p, etc.). For interpolation
pur poses, the bound-bound oscillator strengths can be converted to
averaged (sneared-out-lines) values of df/de = (df/dn) , (d€ dn) by

t aki ng

de @de =d (-Zc2/n*2) = 2Zc2/n*3 (7)
dn* dn*

Q.
>S5

with Z¢c the spectrumnunber (1 for neutral) and n* the effective
guantum nunber (printed on the |ast page of the RCN listing for
each configuration, under the heading "n*rc"), where it was

cal cul ated from

E=- Zc2/n*2

with E = the binding energy ("eps fgr,” with correlation) of the
electron in Ry.
Then

Q = 8.067 x10-18 df/de cm? . (8)

Val ues of Q (correct only for the bound-free transitions) wll be
printed in the spectrumline list in place of gA provided
NSCONF(3,2) is negative, columms 51-64 are identical on the | ast
two dipole-integral cards, and each of the dipole cards contains a
nunber equal to 1.0 in colums 65-70.

(B) Wen resonances (bound-free interactions) or free-free
(intra-channel) configuration interactions are inportant, the set-
up for RCG runs is nuch nore conplex, requiring introduction of
many val ues of € -in order to resolve the detail ed shape of the
resonance, for exanple. Calculations are then practical only for
rat her sinple cases, such as those of Al I, d I, and Bal in
TASS, pages 539ff.

One approach is the following (TASS, Sec. 18-8), though it
i nvol ves a great deal of hand work.

(1) Make an RN RCN2 run including all essential bound
configurations, and conti nuum configurations in which the kinetic

energy € covers the range of interest or inportance; if values of e

cover a range of nore than 10:1, it nmay be necessary to nmake two
or three runs, each of which includes the inportant bound
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configurations but only one of several overlappi ng subsets of the
continua, each covering a 10:1 energy range (W th appropriate
val ue of EMX in each case).

(2) Draw graphs like those in TASS, Fig.18-3, giving RK and
radial dipole integrals as functions of €

(3) Divide the energy range of the continuuminto a nunber
of segnents, the ith segnent having a wdth Dj rydbergs. [For an
exanpl e in the case of neutral chlorine, see J. Opt. Soc. Am 64,
1474 (1974).]

(4) Read values of the radial integrals fromthe graphs at

points § = center of each segnent and nultiply by Dj1/ 2 or by
Di 1/2Dj1/2 for free-free RK. [Note that the values of D nust be

in rydbergs; val ues of RK t abul at ed by RCN2 in "kK' have in al
cases been converted fromvalues in "Ry" by multiplying by

109. 737, even though RK has di nensi ons of (energy)ll2 for bound-
free interactions and has no energy dinension at all for free-free
interactions (see TASS, Sec. 18-4)].

(5) Construct an appropriate RCG cal cul ati onal deck, using
the results (4), and using single-configuration paraneter val ues
for each "pseudo-di screte" configuration appropriate to the
corresponding €, and run in the usual way.

If NSCONF(3,2) is less than zero, the last two radial-dipole
i nput cards contain the sanme information in colums 51 to 64, and
each bound-free radial-dipole card contains the appropriate val ue

of Dj1/2 in colums 65-70, RCG will cal cul ate and print

phot oi oni zati on cross sections SIGVA° Qin place of weighted
transition probabilities gA. These values will have been conputed
fromEq. (8) assuming de = Dj for all spectrumlines involving
upper |evels belonging to the configuration "i". This wll be

i nappropriate if perturbations appreciably alter the nean energy
spaci ng between adjacent configurations, and will be particlarly

i ncorrect for bound-state autoionizing levels strongly mxed with
conti nuum st at es.

An alternative nethod is available that involves no handwork
in the preparation of the RCG input deck. This alternative
requires that all desired bound and conti nuum confi gurations be
included in a single RONRCN2 run, and that IDIP=7 on the RCN\2
control card; this may involve considerably nore conputer tine
than the hand nethod, and will not work if the desired val ues of
princi pal quantum nunber n for bound functions and val ues of € for
conti nuum functions cannot all be handled wth a single value of
EMK (If this last is a problem sonetinmes a conprom se can be
made, using a value of EMX snaller than the maxi mume, as the

requi rement EMX 3 | argest € is sonmewhat conservative.)

The alternative nmethod will be described by nmeans of an
exanpl e for neutral silicon, where the unperturbed position of

3s3p3 3P0 |jes between 3s23pnd 3P0 for n = 4 and 5, but
interactions of sp3 are significant throughout the entire discrete
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3pnd Rydberg series and well into the 3ped conti nuum (which
thereby distorts the energy dependence of the photoionization
cross section). An appropriate set of input configurations m ght
be

Si | 3p2 - 3s3p3+3p3d+3pad +xxx+ 3p9d + 3p10d + 3pl2d
+3p 0. 036d +3p 0. 22d + 3p 0. 58d

RCN2 recogni zes the discontinuity between 10d and 12d as well as
the presence of continuum configurations, and sets up four pseudo-
di screte configurations with unnodi fied Egy, but with appropriate
val ues of Dj to cover the energy range fromjust above 10d to wel |
beyond 0.58d. Values of RK and radial dipole integrals are
automatically nodified by appropriate "Dj /2" factors, which are
called "DEL" within RCN2, but printed out |abel ed "SQRTDEL"

RCG can then be run using as input the unnodified output deck
fromRCN\N2 provided IDIP on the RCN2 control card has the value 7.
The correct value of gf for 12d is obtained by dividing the |isted
value of gf by (SQRTDEL)Z; i.e., "Dj" for bound configurations is
here not an energy width in rydbergs, but rather a weighting
factor related to the effective nunber of bound configurations
represented by the pseudo configuration. Photoionization cross
sections for the pseudo configurations derived from conti nuum
configurations will be printed explicitly, or nmay be obtained as
before from(8) by dividing the f obtained fromthe gf colum by
(SORTDEL)2; i.e., "Di" is here both a weighting factor and an
energy width in rydbergs.

Note: The energies of the above set of three continuum
configurations were chosen because of primary interest in the |ow
bound configurations. For photoionization calculations, a |arger
nunber of nore closely spaced continua would be called for

X1. Aut oi oni zation Transition Probabilities
RCG has the capability of conputing autoionization transition
probabilities A2 (designated AA in the FORTARN program or GAA for

the weighted transition probability gA?). The basic theory is

di scussed in TASS, Secs. 18-7 and 18-11, and in Appendix B of LA-
6220 by Merts, Cowan, and Magee, which al so contains numnerous
nuneri cal exanpl es.

The cal cul ation of values of A2 will be described by neans of
an exanple in Fe XX, which has the ground configuration 2s22p2.
Suppose we wish to calculate A2 for the levels of Fe XXI 2s2p215p,
which all lie above the ionization linit Fe XXI| 2s22p.

(1) First, aprelimnary RCN run is nmade for Fe XX 252p215p
and Fe XXI| 2s22p. Fromthe conputed total binding energies it
will be found that Eay(2s2p215p) lies 3.4 Ry above Eay(2s22p).
[See Table B-111 of the above report LA-6220.]
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(2) The approximation is made that all |evels of 2s2p215p
lie 3.4 Ry above the ionization limt, and a final RCONRCN2 run is
made for

Fe XX 2s2p215p
Fe XX 2s22p3.4s (9)
Fe XXI 2s22p3.4d

parity and other selection rules permtting autoionization into
only the s and d continua. [Preparation of the RCN input
configuration cards involves punching "99s" or "99d" in the
configuration-definition part of the card (not the configuration-
| abel part), followed after at | east one space by "3.4".] The
GBI NP control card in the RCN2 i nput deck should have an 8 or 9 in
colum 72 (1 SPECC for the subsequent RCG run), and nust have a 2
in colum 73 and a 9 in colum 75; these punches in colums 73 and
75 produce certain appropriate nodifications in the RON2 out put
for RCG input.

(3) Qutput fromthe RONRCN2 run will include the usua
punched-card RCG i nput deck for the three interacting
configurations (9). The three printed values of Egy wll be equal

(towithin 0.05 Ry @5 kK). However, in the punched-card out put
(file out2ing) that is input for RCG the values of Egy for the
conti nuum configurations will have been changed to -9500 and -8500
(as aresult of the 9 in colum 75 of the GoINP control card).

(4) Running RCGwith these nodified values of Egy wll
result in some ei genval ues being | ess than -4000 and hence a
signal to the conputer program (ENERGY, statement 362%) that these
bel ong to continuum states. After saving the bound-conti nuum Cl
matrix el enents, the program zeroes these el enents of the matrix
so that diagonalization produces zero ei genvector m xi ng of
di screte and continuum states. Values of A2 are conputed in
ENERGY, statenents 360-380, using the perturbation theory
expr essi on

Aji@ = (4p2/h) |& |Hi A2

(4p2/h) | S 4&j|bAab|H b Aab' |i A2 . (10)
bb'

The internedi at e-coupl i ng ei genvector conponents aj|bfifor the
pure-di screte (but potentially autoionizing) state j and the
conponents ab'|i Afor the pure continuumstate i are obtained from
the energy-matrix diagonalization; the basis-state configuration-
interaction matrix elenments ab|H b' fi prior to diagonalization have
been saved in the block C at statenent 255. [Note: At statenent
363%, A2 is calculated in units of 1013 sec-1 by using h/2p @
(10‘13/2066) Ry-sec, and using the factor 1/109.735 to convert
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ab|H b' Afromthe incorrect units put out by RCN2 (see pages 32-33

above) to units of Ryl/ 2]

It is essential in the RCGinput deck (and hence in the RCN
I nput deck also) that all discrete configurations cone first, and
all continuum configurations cone last. For any given val ue of
t he total -angul ar - nronent um quant um nunber J, let the matrix size be
NLS, and let LX (<NLS) be the nunber of discrete levels and JX-1°
NLS-LX be the nunber of continuumlevels. Then the m ni num
per m ssabl e bl ock size for the variable  is LX by JX-1, for the
variable Cl is NLS by NLS, and for AAis NLS by JX+1. After
conpletion of the matrix diagonalization (which | eaves the
ei genval ues in the order of increasing value), the continuum
ei genval ues will be nunbers 1 through JX-1 and the discrete

ei genval ues will be nunbers JX through NLS. The val ue of Ajia IS
stored in AA(j,i) [JXE] ENLS, 1£i £JX-1]. The value of

Si AA(j,i) isin AA(j,JX) for all E <-8000 and in AA(j,JX+1) for
all E <-4000; the distinction between these two suns, Aial and

Aiaz, respectively, is for special purposes having to do with
di el ectronic reconbination. Al results are witten on disk unit
|E (= 31 or 32, depending on parity) for use in SPECTR

(a) Branching ratios and dielectronic reconbination
I f configurations of both parity are included, for exanple

Fe XXl 2s22p15p

Fe XX 2s2p215p (11)
Fe XX 2s22p3.4s

Fe XXI 2s22p3.4d

then spectral transitions are conputed as usual, but only between
levels with E3 -4000 kK.  Provided | SPECC (colum 72 of the RCG

control card) is 6,7,8, or 9, then for each spectrumline L = j®K,

a quantity
Bj k' © BRNCH(L) = (12)
Aja.z + Skl A’klr

is conputed in SPECTR, and printed in the final columm of the |ine
list (in place of the cancellation factor normally printed there).
The factor gj A]al is proportional to the total rate of

di el ectronic capture of free electrons by ions initially in states
havi ng Egy | ess than -8000 (|n practice, ions in the ground
configuration), and the remaining factor in (12) is the branching
ratio for radiative decay to stable (non-autoionizing) |evels,
including the effect in Aiaz of possible autoionization to excited

ion states defined by -8000<Eay<-4000. The quantity Bjkl is
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equal to gj times the final fraction in TASS, Eq. (18.120) [or
equal to Gofl K in Eq. (B.21) of LA-6200, where Gm°® Sgmis the
total statistical weight of the ground configuration of the
reconbi ning ion], and the contribution of the levels j and k to
the dielectronic-reconbination rate coefficient is given by
(18.120).

Al so conmputed in SPECTR (called BRNCHR i n the code, and
printed as "GWFRBAR) is the quantity

B" ° Sjk Bk (13)
whi ch provides the total contribution of all levels j and k to the
di el ectroni c-reconbi nation rate coefficient via TASS, Eg.
(18.116).

In equation (18.120) nentioned above, there has been assumned
a nean kinetic energy Es (i.e., a mean energy of autoionizing
| evel s above the ionization limt). Wen the energy spread of
autoionizing levels j is not small conpared wth the plasnma
el ectron tenperature of interest, this is a poor approxination.
The appropriate correction factor is conputed for each of NITKEV

(£5) tenperatures TKEV (in units of keV) read in on the type-b

optional control card (page 10). |If NPTKEV (read in on this card)
is 1 or greater than 2, then there will be witten on unit 13 the

val ue of B'/Gntogether with the tenperature correction factors,

and al so the val ues of Sﬁ Bikr/Gh1for each lower level k with the
correspondi ng correction factor. |If NPTKEV is greater than 1,
then there will be witten on the normal print file | Wthe val ue

of B" and of B' times each correction factor. EIONRY is the

i oni zation energy (in rydbergs) fromthe ground | evel of the
reconbining ion; this is used to conpute (and wite on 13) the
center-of-gravity energy of the autoionizing levels (wWwth Gnand

B'/Gp, and the energies of the individual levels k (with J and

Eﬁ Bjk'/Gn, all relative to the ground |evel of the reconbi ned
ion. In order for this to work correctly, it is essential that
the (final) continuuminput paranmeter card contain the kinetic
energy in rydbergs in colums 7-12 (format F6.2), and that
therefore the corresponding RCN i nput configuration card contain
this information in colums 17-22.
Note that the DIEL feature in RCN (Sec. II.L
of the RCN witeup) nmakes it possible to set up
input for dielectronic-reconbination cal culations
such as that in (11) wthout having to explicitly
make a prelimnary cal culation to obtain the
free-electron kinetic energy nor figure out by
hand the possi bl e values of the free-el ectron
angul ar monentum At the sane tinme, RCN auto-
matically puts the kinetic energy in colums 17-22
of the continuumconfiguration cards to satisfy
t he above requirenent.
A non-zero value of EM NA is intended for handling problens
in which sone levels of a configuration have too | ow an energy to
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i e above the bottom of a continuumto which they m ght otherw se
aut oi oni ze. Consider, for exanple levels of 2s2p(1P)nl that lie
above 2s2p(3P), and therefore can autoionize to 2s2p(3P)d"' but not

to 2s2p(lP)e'. If EMNO, RCG allows autoionization only if the
bound | evel has energy greater than EM NA and the conti nuum | evel
ei ther has energy |l ess than -8000 or has an energy |ess than or
equal to the center-of-gravity energy of the configuration to
which it belongs. |In the above exanple, EM NA shoul d be the
energy of 2s2p(3P) [deternined by means of a prelimnary

cal cul ation], Egy should be greater than -8000 for each 2s2pd’

configuration , and Egy should be | ess than -8000 for 2s2¢g "
(Qoviously the code is not general; one would run into difficulty
if the spin-orbit splitting of the 3P were large, or in nore
conpl ex cases such as 2s2p2d'.

If 1 SPECC (colum 72 of the control card) is 8 or 9, SPECTR
calls WNDI ST: the latter cal cul ates and punches (on disk unit 11),
in the formof a histogram the normalized [(12) divided by (13)]
energy distribution of radiation resulting fromexcited |evels |
produced by dielectronic reconbination in | owdensity plasnas.
The quantity DELEKEV (read in the main programfrom col ums 21-30
of the type-b optional control card, page 10) specifies the w dth

of the histogrambins. (If no A2 calculations are being
performed, the histogram gives the normalized distribution of gf
rat her than of Bikr, representing approxi mately the energy
distribution of radiation resulting fromcollisional excitations
in lowdensity plasnmas, assum ng the optical approximation
(excitation rates proportional to oscillator strengths). Both
types of punched deck constitute input for a conmputer program
RADRATE; for sanple output of this program see TASS, Figs. 19-12
and 19-13.

It should be noted that cal cul ati on of Bjkr and rel at ed
quantities will be incorrect if there are too many spectrumlines
for SPECTR to store and process themall in one pass (i.e., if
statement 560 is reached fromthe IF statenment follow ng statenent
511 or 550 rather than fromthe IF that foll ows 200), because the
sunmat i on over k' in (12) cannot be correctly evaluated. [This is
not a program bug, but just an inherent storage limtation.] |If
DM N>0 or if NTKEV>0, DM N is automatically increased until
enough weak |ines have been deleted so that this storage
limtation is not encountered (see pages 25-26).

(b) Autoionization contributions to collisional ionization

El ectron-inpact ionization nmay take place either by direct
ej ection of an electron froman atom (or ion), or by collisiona
excitation of an inner-subshell electron to a |level j |ying above
the ionization [imt, followed by autoionization. For this second
(indirect) process, one needs to know excitation-rate coefficients
to all possible levlies j, together with the branching ratios

SmAj nft
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SmA nft + Sk' Ajk' "

: (14)
gj A' a2 + gj Sku A' k' r

for autoionization to all possible states of the ion; see, for
exanmple, R D. Cowan and J. B. Mann, Astrophys. J. 232, 940

(1979).

If an RCG run is nade as described in the preceding
subsection, values of gj S;ﬁ k' are printed as "SUMAA" in the
spectrumline list sorted by second-parity levels, and gj Aiaz and
Bj@ are printed as "GAATOT" and "BRION' in the follow ng line.
[Note that these prints will be obtained only if |SPECC =
2,3,6,7,8, or 9, and that if equal to 9 then the |lines thensel ves
are not printed.]

(c) Autoionization contributions to collisional excitation
Simlarly to collisional ionization, excitation (or de-
excitation) can take place either directly, or indirectly via
di el ectronic capture of the inpacting electron into a highly
excited state, followed by autoionization into a state of the
target atomdifferent fromthe original one. Conputation of the
i ndi rect process involves nmuch the sanme quantity as that (12) for
di el ectroni c reconbi nation, except that the required branching
ratio is for autoionization instead of radiative decay:

(g An®) (g Aid
Bnjid = ; (15)

unli ke (12), we have not summed over states minvol ving the ground
configuration of the target atomto give Aial, and the quantities
Ain? and A i2in the nunerator of (15) are the values printed by
subroutine ENERGY as "AA" in all but the last two lines (which are
A‘j al and A‘J a2)

States mand i of the (Ntl)-electron system--target atom
plus free electron--will be basically JJ coupled, and we denote
t hem by

m=[(g3t)m ()l J
and (16)

= [(g)i. (J)ild

where gJt defines the target-atomstate with total angul ar nmonent um
Jt, the free electron € has orbital angular nonentum| and total
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angul ar nonentum (| +s) of J|, and the total (Ntl1)-electron angul ar
momentum (Jmor Jj) is necessarily equal to the value J°Jj of the
resonance-capture state j. If we sum (15) over the two possible
values J| =1 x1/2, and redefine mand i to represent the sum of
the two states:

m=[(g3t)m InJ
and (17)

b= [(t)i.lild

then val ues of the quantities in parentheses in the nunerator of

(15) are printed by ENERGY as an array of nunbers "GAAXC' ("gAda
excitation"), |abeled on the left by the serial nunber of the

free-electron configuration target+é and the energy "EXC' of the

target level glt (relative to Eavy).

I n SPECTR, the above val ues are conbined wth the denom nat or
of (15) and summed over all levels j [including thereby a
summati on over the quantumnunber J in (17)] to obtain val ues

"BRNCHX(mi)" =S S S Bnji?@ (18)
I (I)m (31)i

printed in a square array, labeled simlarly to the GAAXC array
(as to both row and colum), except with rows and col ums sorted
In order of increasing configuration serial nunber and increasing
val ue of EXC

This array (which of course forns a symmetric matrix) gives
maxi mrum physi cally significant detail for the collisional
excitation/de-excitation problem as it provides the total
contribution for all levels j and for all possible couplings of
the free electron (wwth given ) to the target state. (D agona
el ements pertain to resonant-state contributions to elastic
scattering.)

Actually, the | of the free electronis really only of
mat hemati cal (not physical) interest, so in a second array,
colums are conbined to give the sunmati on of (18) over the
possi ble values of |j. [This array is printed only if it is
actually narrower than the first one.] It is left to the user to
performthe corresponding sumover rows (Im to give total val ues
fromone target level to another; the result is the quantity

Infm (19)

involved in Egqs. (2) and (3) of R D. Cowan, J. Phys. B. 13, 1471
(1980). [There, mand i have been further redefined to refer only
to the levels gt of the N-electron target.]

Still athird array is printed (if narrower than the second)
in which a sunmation has been carried out over levels i of each
target configuration. The user may manually sumrows over Imto
obtain the total excitation rate froma given target |evel to al
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| evel s of the excited configuration. O he may al so sum over the
| evel s of the initial configuration to obtain the quantity

SmSi onfni °© Gf2 . (20)
If this is divided by the total statistical weight Gn°® Smgm of
all levels of the ground configuration of the target, one has a
quantity proportional to the nean total excitation rate, sunmed
over all levels i and averaged over all levels m this is

appropriate for application to noderate-density plasnmas, where the
(nmetastabl e) levels of the ground configuration nmay be nore or
| ess statistically populated. The quantity (20) is printed as

ngjal(Aj-aZ_ Ajal)
"GWFFABAR' © S . (21)

In some cases (as for exanple the O IV case discussed in the
above JPB paper), not all levels j of the excited configuration
will lie above the ionization limt, and the summations over j in
(18) and (21) nust correspondingly be limted appropriately. (RCG
does not inherently have enough information to set Ajpf to zero
for levels lying belowthe limt.) The necessary nodifications
may be acconplished (as described earlier) by introducing the
quantity EMNA (format F10.5) read from colums 71-80 of the
type-b optional control card (pages 10 and 37). |If EM NA® O and
the continuum |l evel has energy greater than -8000, then A& will be
set to zero if the level j has energy less than EM NA, or if the
conti nuum | evel has energy greater than Egy for the conti nuum
configuration in question. The second of these two restrictions
was introduced in order to compute excitations from2s2d to
2s2p(3P)€ ' via autoionizing |evels 2s2p(1P)n"1" [i.e., in order
to exclude continuumlevels 2s2p(1lP)e€1'], and may not al ways be an
appropriate restriction--in which case the code will have to be
changed accordi ngly.

Xl Pl ane- Wave-Born Col lision Strengths

I f KCPLD(3) (columm 33 of the cal cul ational -deck control
card) is greater than 4, then colums 33 to 37 are interpreted not
as KCPLD(3) to KCPLD(7), but rather as

col umm f or mat vari abl e
33 |1 | GEN
34 |1 I RNQ (3 0)
35 |1 I RXQ (3 1 RNQ
36 |1 I RND (3 1)
37 |1 | RXD (3 | RND)
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and pl ane-wave-Born collision strengths will be conmputed [from
| evel s of only the first configuration of the first parity unless
NCK(1)--colum 6 of the control card--is greater than one], via
calls near the end of ENERGY to subroutine BORN

The anmount of printed output is smaller the larger the val ue
of IGEN from5 to 9 (9 is recommended). |If collision strengths
for optically forbidden excitations are desired for the first,
second, or both parities, then | QJAD nust be 1, 2, or 3,
respectively, and I RNQ and | RXQ (even integers) mnust specify the
m ni num and nmaxi num val ues of t for the Bessel-function matrix
el enent s

alilit(kr) ) ka (22)

that will be involved for the junping electron in any of the
excitations specified by NCK(1) and NCK(2). Simlarly, if
optically allowed (electric-dipole allowed) excitations are to be
cal cul ated, then IRND and | RXD (odd integers) nust be specified
appropriately. [See TASS, Secs. 18-12 and 18-13 for details.]
This sane set of five integers (and | QUAD) nust be punched on the
GBI NP control card for RCN2 in order that the latter conpute the
matri x elements (22) in place of the normal electric multipole
matri x el ements

alirtdONkn (t =2or 1) (23)

and also to set up a card containing various other required
quantities (SPECTR, format 8).

The basic printed output consists of:

(i) a table of values of the nonentumtransfer K

(i1) for each spectrumline (or rather, each J-J'
excitation), a table of values of the weighted generalized

oscillator strength gf 33’ (K), and a tabl e containing X° kinetic
energy of the inpacting electron (€ in units of the excitation
energy (DE), the kinetic energy € in rydbergs, the unnodified

collision strength W, and two nodifications of Wthat shoul d be
physically nore accurate at small X--specifically,

&eW3) F(X , X<3
Wvi(X) = i
e WX) F(X) : X3 3
wher e F(X) =1 - 0.2 exp[0.07702(1 - X)] ,

and

We(X) = WX + 3/(1+X))
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with Wi\p generally being nore accurate than Wi Al so printed is

a table of excitation-rate coefficients conputed from Wp by
integration over a Maxwel lian distribution, at electron
tenperatures ranging fromT=1 to 2000 eV for |ow excitation
energies (low ionization stages) or fromT=5 to 10000 eV for high
excitation energies (highly ionized atons). (The quantity | abel ed
"CORR' is the percentage of the printed rate coefficient

contri buted by extrapol ati ng Wip(X) fromthe | argest tabul ated
value of Xto infinity.)

(iii) for each transition array, the array-average opti cal
oscillator strength fg [TASS, Eq. (14.97), evaluated by nunerical
summat i on of the individual weighted oscillator strengths] if
| GEN=5, three alternative values for the array-average excitation
energy (the first being DEgy, the second being Egy for the higher
configuration mnus the | owest energy of the |ower configuration,
and the third being an average of the individual excitation
energi es weighted with the unnodified collision strength at the
| argest X val ue being cal culated), and a table of values of X and
t he unnodi fied and nodified values of collision strength (sumed
over all levels of both the |ower and the upper configuration).
Rate coefficients are tabulated as in (ii).

Xl V. Li st of Principal Variabl es

Sections of code: A = all

C = cfp-deck cal cul ati ons ( CUVFD)
P = prelimnary cal cs. (LNCW, PLEV, PFGD, PRK)
F=1final J matrices (CALCFC, CPL37)
M= line-strength matrix el enents ( MJPCLE)
E = energy di ag. (ENERGY, CALCV, LVDI ST)
S = spectrum cal cul ati on ( SPECTR, WNDI ST)
B = pl ane-wave-Born (BORN)

Variable  Sections Si gni fi cance

AA(L, J) E aut oi oni zation transition probability from
bound state L to continuum | evel J

AA(L, IX) E total A2 fromL to all continuumlevels

with E<-8000 (= Aal)

AA(L, IJX+1) E total A2 fromL to all continuumlevels
with E<-4000 (= A22)

AA( L) S Al for level L of first parity

AAP( LP) S Al for |evel LP of second parity

AAT(L) S A82 for level L of first parity

AAPT( LP) S A32 for |evel LP of second parity

ALF CP ainajlLiS (BCD serial nunber for terns
of IWwith given LS

ALFBR C a in aLS (BCD serial nunber for terns
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ALF3
AVOE K)

AVEl G K)
AVP(M K)

Bl CKS
BRI ON

BRNCH( L)
BRNCHA
BRNCHR
BRNCHX
C

CAVE

CC, ocC

CFGP, CFGPT
CFGP1
CFGP2

CFP

CFPML
CFP1
CFP2

aJK

COUPL
CPURTY(L, J)
cs(1, J)

CSM
cswe

CTA
CT4
c1(l)
c2()
D
EIG
EIGP
ELEM

FI(L,1)
FJS1

MOVWM®WWWY WWW WM

w

nw 0 0O Oy mMm m mm

T T
m
()]

w -

T M

of IW1 with given LS)
skewness paraneter a3 in skewed Gaussi an

(2J+1)-weighted average of Eav for all

| evel s of parity K

(2J+1)-weighted average of all eigenval ues
of parity K [should equal AVCH K) ]

average purity of all eigenvectors of
parity K for coupling M

I nK, where K=nonentum transfer

branching ratio (14) for autoionization
quantity (12) for contribution of line L
to dielectronic reconbination

quantity (21) for total contribution to
collisional excitation

quantity (13) for total contribution to

di el ectroni c reconbi nation
collisional-excitation quantity (18), and
partial suns thereof

coefficient (fk, etc.), nmultipole, energy,
or eigenvector matrix

correction to diagonal coeff. matrix

el enents to give zero contribution to Eagy
tenporary storage for config.-interaction
matrix el enments

coefficient of fractional grandparentage
coef. of frac. grantparentage (subshell 1)

coef. of frac. grantparentage (subshells 2-6)

coef. of fractional

coef. of fractional
coef. of fractional
coef. of fractional
alj [IC(k)[INj A

BCD | abel for coupling type (LS,JJ,etc.)
purity of configuration J in level L
collision strength at Xj for

transition array J

collision strength (nodification one)
collision strength (nodification two)

temporary storage for matrix products, etc.
temporary storage for matrix products, etc.
collision strength at Xi for specific transition
collision strength at Xi (modification one)

ine strength (dipole, etc.) matrix, D = S**1/2
eigenvalue

eigenvalue, second parity (“eigenvalue prime™)
BCD name of element and configuration

(from parameter-value card)

Jj for Lth row of coefficient matrix

Ji for Lth row of coefficient matrix (maybe not

parentage (I1'W
parentage (I W 1)
parent age (subshell 1)
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EXC
FIT(D),FITP()
FK

FKJ

FK6

FL
FLBR
FLAM

FLL()
FLLIK(I,K)
FLLIJK(I,J,K)
FNU(I)

GA

GAA(I)

GAAP(I)
GAAT(I)
GAAPT(I)
GAAXC(J,1)

GF
GOSS(1,IT)

IBK
ICS

IC

IE

IL
ISER(M)

ISER(I)

literally the first subshell, but rather the

first occupied subshell with 2.le.w.le.2l)
excitation energy of target (relative to Eav)
Jg-Jg* for Ith spectrum line

quantum number K for LK coupling

quantum number K for JK coupling

quantum number K for coupling number 6
(LSJLKS)

Lj (preliminary set of LS quantum numbers)
Lj bar (in parent term alphapar, Lbar, Sbar)
wavelength of spectrum line (floating-point
lambda)

lj (floating-point little el) for the subshell |
and the parity under consideration

lj for subshell | and parity K

lj for subshell | and configuration J of parity K
wavenumber nu (= sigma) of Ith spectrum line

weighted radiative transition probability gAr

weighted autoionization transition probability
gAail for level of first parity in spectrum line |
gAail for level of second parity in line |

gA2a2 for level of first parity in line |

gAa2 for level of second parity in line |

gjAji@ for bound level J to continuum level |
(summed over J| of continuum electron)
weighted oscillator strength gf

weighted generalized oscillator strength for
transition | and momentum transfer IT
number of values of momentum transfer K
number of transition arrays

disk unit number (=41) for coefficient matrices
and transf. mxs. for cpls. 3-7 and mupole mxs.)
disk unit number (=30+K) for eigenvalues and
vectors, parity K)

disk unit number (=30+K) for quantum numbers
and LS-JJ transformation matrix, parity K
serial number of the term of subshell i for the
Mth preliminary basis function

serial number of level of second parity for
spectrum line |
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IPNT(J)
ITRM(M)
JEXC(I)

K or KK
KCPL
KCPLD(J)
KPAR
LBCD(M,I)
LBRBCD
LBCDI(M)
LCDLT(L)
LCDLTP(LP)

LHS1

LHS4
LHS1J
LHS4J

LHQQ
LL

LLIK
LLIJK

MULSI(M)
MULS1

MULS4
MULS1J
MULT(M,1)

MULTBR

ES

FE

FE

FE

FE

FE

PF

serial number | of parent for cfp of Jth term;
(alphaijlLiSj bar(}alphajL jSj)

serial number of Ith input term of lw for Mth
truncated term

serial number of configuration for target level
with energy EXC(I)

K=1 for first parity, K=2 for second parity

kind of coupling (1=LS, 2=JJ, etc.)

If KCPLD(J) > O, transformations to this kind

of coupling are to be deleted

kind of parameter (or matrix--see comment cards
in subroutine SPRIN)

BCD symbol for Li for Mth set of preliminary
guantum numbers [SPDFG, etc.]

BCD symbol for Lbar [SPDFG, etc.]

L (BCD) for Mth term of Iw

serial no. of dominant configuration for level L
serial no. of dominant configuration for level LP

script L1 (Hollarith=BCD, used for matrix and
eigenvector labeling, subshell 1--maybe not
literally the first subshell, but rather the
first occupied subshell with 2.le.w.le.2l)
script L (Hollarith=BCD, used for matrix and
eigenvector labeling, for the final subshell)
script Lj (same as LHS1, except for labeling
in JJ representation)

not used

script L (BCD label used in coupling number 6)
BCD symbol (spdfg, etc.) analogous to FLL
BCD symbol (spdfg, etc.) analogous to FLLIK
BCD symbol (spdfg, etc.) analogous to FLLIJK
multiplicity of Mth term of IW

multiplicity 2(script S1) + 1 for subshell 1
(cf. LHS1)

multiplicity 2(script S) + 1 for final subshell
(cf. LHS4)

multiplicity 2(script S1) + 1 for subshell 1
(cf. LHS1))

multiplicity 2Sj + 1 for Mth set of preliminary
guantum numbers

multiplicity 2 Spar + 1 for parent term
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MULTQQ
NALS(L, )

NALSJI(M)

NALSJ(L,1

NALSJIP(M, 1)

NALSP(M, 1)
NBIGKS
NCFG(L)
NCFGJIJP(M)
NCFGP(M)
NCSER(I)

NCSERP(I)
NDIFFJ(1)

NDIFFT

NDIFSJ
NENRGS
NI(I)
NIIK(1,3,K)
NIJKP(1,J)
NJJ
NJIK(K, 1)

NLASTT(I)

NLS

F

CP

Tn

SB

PF

PF

T wm

CP

SB
CP

alphabar, Lbar, Sbar

multiplicity used in label for cplg. #6 (cf. LHQQ)
serial number of term ajLiSj for Lth matrix row
(LS coupling)

serial number of term aiLiSi for Mth term
ajLiSjJi of IjWi (JJ coupling)

serial number of term ajLiSi for Lth matrix row
(JJ coupling)

serial number of term ajLiSj for Mth set of
preliminary quantum numbers (JJ coupling)
serial number of term ajLiSj for Mth set of
preliminary quantum numbers (LS coupling)
number of values of momentum transfer BIGKS
configuration serial number for matrix row L
configuration serial number for Mth set of
preliminary guantum numbers (JJ)
configuration serial number for Mth set of
preliminary quantum numbers (LS)

serial number of dominent configuration,

level of first parity for spectrum line |

same, second parity

number of different values of Jj for subshell i
(considering diff. configs. to imply diff. Jj)
number of different LS terms (i.e., number of
different possible values of script LgSq;
(considering diff. configs. to imply diff. LqSq)
total number of sets of values of {Jj} (all i)

for given script Jq

number of energies at which to calc. coll. strength
occupation number wj of subshell i (IjWi)
occupation number wj of subshell i for
configuration J of parity K

similar to NIJK, for subshell | of configuration J
(used in PRK)

number of basis states for given script Jq

(JJ representation)

number of basis states for Kth value of Jj

(see NDIFF)J)

serial number of last term of ljWi retained in
setting up basis states

number of basis states for given script Jq (LS
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NOPC
NOPCCC
NOSUBC
NOTOTI(I)
NTOTJI(1,9)
NOTOTT
NTOTTI()

NOTSJ1(1,J)

NOTSJP

NPAR

NPARJ(1,J)

NPARK (K)
NPAV(J)
NSCONF
NSCRJ8

NTI
NTRMK(L)

PC(M)
PC(M)

PCI
PJ, PJI
PMUP(1,J)

PSCRL(L, 1)
PSCRS(L,1)
S(L,1

CP

P

PFE

PE

CPF

representation)--hence matrix size for that Jq
number of coefficients (fk, gk, etc.) in

preliminary tables

serial number of rk coefficient (PRK 755)

no. of subshells (“'subconfigurations™)=NSCONF(1,K)
total number of basis functions for subshell |

(all configurations)

total number of basis functions for subshell I,
summed through configuration J-1

total number of basis functions (all q subshells
and all configurations)

total number of basis functions, all subshells,
summed through configuration J-1

number of LS terms for subshell I,

summed through configuration J-1

number of LS terms for subshell I,

summed through configuration J-1 (second parity)

total number of energy parameters (including Eav's)

for current parity

number of single-configuration parameters for
configuration | (=J), or number of configuration-
interaction parameters for interaction 1-J
value of NPAR for parity K

serial number of parameter Eav for Jth config.
see writeup Section IV. A

number of different values of script Jq

for current parity

same as NTRMK

number of LS terms with given value of script
LgSq (serial number L) for any given config.
cfp

preliminary coefficient (fk, gk, etc.)--M=serial
number--including off-diagonal coefficients
(also used for assorted tempoary storage)
similar to PC

similar to PC, except for zeta coeffs. in JJ repr.
electric dipole or quadrupole reduced matrix
element, <lj|Irt C(D)||lj>

script Lj for Lth LS term

script Sj for Lth LS term

Sj for Lth LS term of ith subshell, IjWi (cf. FL)
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SBR C Sj bar for Lth LS term (cf. FLBR)
S2() S line strength (except for factor P**2) for Ith line
SCRJ(L,I) F script Jj for Lth row of matrix (JJ representation)
SCRJ8 F script Jq (total J value for given matrix)
SCRJ8P MS script Jq (total J value for given matrix), 2nd parity
SCRL(L,I) F script Lj for Lth row of matrix (LS representation)
SCRS(L,D F script Sj for Lth row of matrix (LS representation)
SCRL6 F script L for coupling representation number 6
SCRS6 F script S for coupling representation number 6
SOABSS(I) S cancellation factor (S/|S|) with sign of S**1/2
for spectrum line |
SOPI2(1,J) MS sum of line strengths (divided by P**2) for array 1-J
SUMGA S sum of radiative gAl for given energy level
SUMGAA E sum of gA2a1 for all levels up to current J value
SUMGAAT E same, for gAa2
SUMGAR S sum of gAr for all levels
T(D) S term (energy level, first parity) for Ith line
TP(I) S term (energy level, second parity) for Ith line
TMX F transformation matrix (LS to JJ, or LS to ...)
TMXP M transformation matrix, second parity
uU1,U2,..U6 P matrix elements of U(K) for 1st,2nd,...subshells
V1,V2,..V6 P matrix elements of V(K1) for 1st,2nd,...subshells
Vv S eigenvector matrix
\Y/ E V matrix (derivatives of eigenvalues with respect
to parameter values
VECT E energy matrix; eigenvector matrix
VPAR(I1,K) E energy parameter values (EaV,Fk,etc.) for Kth
parity
X S temporary storage

XV. Program Usage and Example
The primary storage location for the various programs is an anonymous
FTP directory on the Los Alamos t4 network. To obtain the files using a
Web browser such as Netscape or Internet Explorer, go to
http://www.t4.lanl.gov
and follow links to my programs, or go directly to
ftp://aphysics.lanl.gov/pub/cowan
The FORTRAN files are named rcn.f, rcn2.f, rcg.f, and rce.f . Various
sample input files have fairly obvious names starting with "in". The
files rcng.UNIX and rcng.VMS are procedure files for running rcn, rcn2,
and rcg in succession for a sample test run in five-fold-ionized potassium,
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and also contain sample input; output from such a run is given in file
OutputK+5. The files diel.UNIX and diel.VMS are similar procedure files
for making an autoionization/dielectronic-recombination run for Se+24,
and output is contained in file OutputSe+24. Of course, the three programs
can also be run one at a time with appropriate input files, instead of
using these procedure files. The file "readme" contains further
information regarding compilation, file sizes, and execution times.

The file rcg.f uses dimensions adequate for all s, p, and d subshells,
and for all f subshells except f5 to f10, and the file ingl1lk contains cfp
decks for all such subshells; when renamed ingl1, it can be used for a
first RCG run to calculate the binary files tape72, tape73, and tape74.
The file rcglg.f is a source file for RCG with dimensions large enough
to make runs with all f subshells, and cfp decks for calculation of tapes
72-74 for all subshells are contained in the file "cfp”. [However, rcglg.f
Is based on an older version of rcg.f, so it might best be used only as a
guide to making appropriate dimension changes in the current rcg.f.
Likewise, included 12-subshell versions of rcg and rcn2 are not up to date.]

XVI. Sample Input and Output
RCN input file in36 for a K VI 3s23p2 + 3p4 - 35s23p3d run

2 5 2 10 1.0 5e-08 1e-11-2 090 1.0 0.65 0.00.00 -6
19 6K VI 3s2 3p2 3s2 3p2

19 6K VI 3p4 3p4
19 6K VI 3p 3d 3s2 3p 3d
-1

RCN2 input file in2

g5inp 0 0000 0.000 OO0 1100000 00000000 9099909090.0000 07229
-1

RCG monitor output
Times are for a 1.25 MHz PowerMac G4; times would be similar for PCs.

rcgmod 11 LScoupling nsconf=322 31 1 iabg=0 iv=0 119
000000000 99.0 99.0 print=00000 5002000 0.00000

Finished Incuv at 0.001 min
Finished plevat 0.001 min
Finished pfgd at 0.001 min
Finished prk at 0.001 min
Finished calcfc at 0.002 min
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Finished plev at 0.002 min
Finished pfgd at 0.002 min
Finished prk at 0.002 min
Finished calcfc at 0.003 min

Finished mupole matr for J=0.0 and Jp=1.0 at time=0.004 min, Matr size= 4 by 3
Finished mupole matr for J=1.0 and Jp=0.0 at time=0.004 min, Matr size=2 by 1
Finished mupole matr for J=1.0 and Jp=1.0 at time=0.004 min, Matr size= 2 by 3
Finished mupole matr for J=1.0 and Jp=2.0 at time=0.004 min, Matr size= 2 by 4
Finished mupole matr for J=2.0 and Jp=1.0 at time=0.004 min, Matr size= 4 by 3
Finished mupole matr for J=2.0 and Jp=2.0 at time=0.004 min, Matr size= 4 by 4
Finished mupole matr for J=2.0 and Jp=3.0 at time=0.004 min, Matr size= 4 by 3

Finished energy for J= 0.0 at time= 0.004 min, Matrix size= 4
Finished energy for J= 1.0 at time= 0.004 min, Matrix size= 2
Finished energy for J= 2.0 at time= 0.004 min, Matrix size= 4
Finished energy for J= 0.0 at time= 0.005 min, Matrix size= 1
Finished energy for J= 1.0 at time= 0.005 min, Matrix size= 3
Finished energy for J= 2.0 at time= 0.005 min, Matrix size= 4
Finished energy for J= 3.0 at time= 0.005 min, Matrix size= 3
Finished energy for J= 4.0 at time= 0.005 min, Matrix size= 1

Finished first-parity sort at time= 0.006 min
Finished second-parity sort at time= 0.006 min
Finished wavelength sort at time=  0.006 min
time= 0.006 min for Pmax= 1.70752, 10.0000 10.00000
sums2,sumgf= 10.0000 10.00000
sumf=
sumgAr= 9.6958E+11
s2min= 0.00000
O lines omitted, with max s2= 0.00000

O lines omitted, with lambda.gt. 500000.0000
0 lines omitted, with lambda.lt. 0.0010
O lines omitted, insuff storage

O lines omitted, conf serial nos .gt. 50, 50

STOP (normal exit)
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Appendix--Notes on basis-state and level designations

Some details regarding basis-state labeling and level designations
will be given, using an example from singly ionized argon, containing

two configurations of odd parity and five configurations of even parity.
At the beginning of the output from subroutine spectr, there is

a list of radial dipole integrals ( nl//r1// n'l"), together with

the names of the corresponding configurations and the serial numbers

of the configurations:

serial no. conf. serial no. conf. dipole integral

1 Arll 3p5 1 Arll 3p44s (3p//rl// 4s)=
1 Arll 3p5 2 Arll 3p4 5s (3p//r1// 5s5)=
1 Arll 3p5 3 Arll 3p43d (3p//r1// 3d)=
1 Arll 3p5 4 Arll 3p4 4d (3p//rl// 4Ad)=
1 Arll 3p5 5 Arll 3p45d (3p//r1l// 5d)=
2 Arll 3p4 4p 1 Arll 3p44s (4p//r1// 4s)=
2 Arll 3p4 4p 2 Arll 3p4 5s (4p//r1// 5s)=
2 Arll 3p4 4p 3 Arll 3p4 3d (4p//r1// 3d)=
2 Arll 3p4 4p 4 Arll 3p4 4d (4p//r1l// 4d)=
2 Arll 3p4 4p 5 Arll 3p4 5d (4p//r1// 5d)=

Then a bit later, the list of (the first five) configurations is
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repeated, together with configuration serial number:

serial no. conf. conf.
1 Ar Il 3p5 --- Ar Il 3p4 4s
2 Ar |l 3p4 4p --- Ar Il 3p4 5s
3 --- Ar 1l 3p4 3d
4 --- Ar 1l 3p4 4d
5 --- Ar 1l 3p4 5d

There follows the line list itself, of which | give a few of the lines below:

0 E J Conf Ep Jp Confp delta e
1 153.4484 25 2 (3P)4P 1315956 3.5 3(3P)4D 21.8528
2 155.2788 35 2(3P)4D 1315956 3.5 3 (3P)4D 23.6832
3 55.7404 25 2 (3P)4D 131.5956 3.5 3 (3P)4D 24.1448
8 -0.4039 1.5 1 (2P)2P 131.7381 2.5 3 (3P) 4D 132.1420
9 1534484 25 2 (3P)4P 131.7381 25 3 (3P)4D 21.7103
61 -0.4039 1.5 1 (2P)2P 132.7190 2.5 1 (3P) 4P 133.1228
62 153.4484 2.5 2 (3P)4P 132.7190 2.5 1 (3P)4P 20.7295
74 1727695 1.5 2 (1D) 2P 141.4790 2.5 3 (3P) 4F 31.2905
75 192.6821 15 2 (1S)2P 141.4790 2.5 3 (3P)4F 51.2031

For each line, the first column is a line serial number, which has no
physical significance--it is given only so that one can see how many lines
there are. The next two columns give the energy and total J value for the
level of first parity (odd parity, in this example), and the next column
is the configuration serial number--1 means 3p® and 2 means 3p4 4p.
Now comes the complicated part. As an example, in (3P) 4P, the 3 and 4
should be read as superscripts; the part in () being the term of 3p4, and
the final part, 4P, being the overall LS term--that is, the total multiplicity
25+1 (=4) and the total L (P=one unit of angular momentum).

The part (3P) is in the present example always the multiplicity and
angular momentum of the first subshell of the configuration; for 3p4, the
only possible values are 3p, 1D, and 15, as in lines 62, 174, and 175.

For configuration 1 (3p®), there is only one subshell, and so the
quantity in () is always the same as the total LS.
For cases in which there are more than two subshells, the quantity in
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() is the LS for the outermost (last) subshell that contains at least two
electrons and at least two holes; if there is no such subshell, then the
LS in () is the total LS (vectorially) for the next-to-last subshell.
[The computer code involved is that in subroutine calcfc, statements
350 to 420 (or to 460 for jj coupling).]

The above information for the first-parity level is followed by the
corresponding information for the second-parity level of the spectrum line,
and thus includes the serial number of the second-parity configuration.

Clearly, the amount of information given in the line list, limited by
space considerations to only one intermediate LS (for a single subshell,
or for the vector sum of all but the final subshell), is not generally
sufficient to specify the level designation completely. In such cases,
the only way of obtaining complete information is the following:

(1) On the g5inp control card for RCN2 or on the RCG control card, a
value of ICFC=1 in column 69 will result in all details of the basis-state
quantum numbers for each state being written to the file outgl1.

(2) For the eigenvalue and J value of interest, one goes to the
output of eigenvalues and eigenvectors for this J value. The desired
eigenvector lies below the desired eigenvalue, in the same column; the
configuration serial number and (abbreviated) level designation lie in
this same column in between the eigenvalue and eigenvector.

(3) In the eigenvector, find the eigenvector component that
corresponds to the term label in the line list--this is usually (but not
always) the component with the largest magnitude, but in any case, the
configuration serial number and name and the basis-state label are given
in the left-hand portion of the eigenvector-component row. Note the row
number of this eigenvector component.

(4) Going back in the file outgl1l to the place where basis-state
qguantum numbers are listed for the J value in question, the desired full
set of quantum numbers is that for the row number just mentioned.
[Note, however, that for a given energy level, the correct row number will
in general not be the same for the jj-representation eigenvector as it
will be for the LS-representation eigenvector, because the dominant
eigenvector component will in general lie in a different row.]

Two levels may sometimes appear to have the same level designation;
this is not supposed to happen, but the computer code may not be
infallible. However, such apparent duplication may be because the levels
actually belong to two different configurations, or may result because of
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the missing parts of the level designations in the case of more than two
subshells.
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