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A program for computing atomic autoionization widths, decay rates and lifetimes is presented as a new part of the MCHF
atomic structure package. The method used is based on the “configuration interaction in thé continuum” theory by Fano, in
which the continuum is computed independently of the discrete part and the width is given by the “Golden Rule” formula.
The program allows for correlation in the discrete part of the atomic state function and in the target, through
multiconfiguration expansions, but is restricted to only one continuum function.

PROGRAM SUMMARY

Title of program: MCHF _AUTO
Catalogue number. ACLD

Program obtainable from: CPC Program Library, Queen’s
University of Belfast, N. Ireland (see application form in this
issue)

Licensing provision: none

Computer for which the program is designed and others on
which it has been tested:

Computer: VAX 11 /780, SUN SPARC-station 330; Installa-
tion: Vanderbilt University

Operating system under which the program has been tested:
VMS, Sun UNIX

Programming languages used: FORTRAN77

Memory required to execute with typical data: 514K words
No. of bits in a word: 32

Peripherals used: terminal, disk

No. of lines in distributed program, including test data, etc.:
3600

Correspondence to: C. Froese Fischer, Department of Com-
puter Science, Vanderbilt University, Nashville, TN 37235,
USA.

CPC Program Library subprogram used: Catalogue number:
ABZU; Title: MCHF _ LIBRARIES; Ref. in CPC: 64 (1991)
399

Keywords: atomic structure, autoionization, line widths, di-
electronic recombination, ele¢tron emission, resonances, com-
plex atoms, wave functions, continuum processes

Nature of physical problem

This program is an extension of the MCHF atomic structure
package [1] to calculations of autoionization rates and line
widths.

Method of solution

Given a configuration list, radial functions and energies for
one or more discrete states, in an LS or LSJ scheme, the
program solves the Hartree—Fock equation for a continuum
orbital. This is used to calculate the interaction element
between the discrete state and the open channel. From this a
number of different autoionization properties can be obtained
by using the “Golden Rule” [2].

Restrictions on the complexity .of the problem

The dimensions of the atomic structure package restrict the
number of configuration stat¢s to 100, but this can readily be
changed. Only one continuum orbital is allowed.

Unusual features of the program
Some nonorthogonalities are allowed [1). Exchange interac-
tion within the core can be included.
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Typical running time References

The CPU time required for the test run is 1.1 seconds for the [1] C. Froese Fischer, Comput. Phys. Commun. 64 (1991) 369.
first case and 29.1 seconds for the second on a SUN [2] U. Fano, Phys. Rev. 124 (1961) 1866.

SPARC-station 330.

LONG WRITE-UP
1. Introduction

This program is an extension of the MCHF atomic structure package [1]. Its role is to calculate
autoionization rates, line widths and lifetimes from a given MCHF wave function, by solving the
Hartree—Fock equation for the continuum and obtaining the interaction with bound perturbers. It has
been tested and used for a wide variety of problems, from autoionization in simple systems [3] to
autodetachment in negative ions [4] and nonradiative decay of core excited states [5—7].

2. Theory and method of calculation
2.1. The configuration interaction model for autoionization

The foundation for the theory of autoionization was set by the classical paper by Fano [2], where he
develops his configuration-interaction (CI) theory for autoionization. This approach is also described in
the textbook by Cowan [8]. Based on this we can derive a formula for the width of the autoionizing state
in an N-electron system, according to the “Golden Rule”;

2
I'=2w|{W,(N; yLS)| H— Eo|¥,(N; Eyy'L'S") )| (1)
in the LS-coupling scheme, and

I'=27|{¥,(N; yLSI) | H — E)|W,(N; Egy'L'S'T") ) 2)

in the LSJ scheme. (A warning to the reader that uses Cowans book is in place here. He defines I" as
half the line width at half maximum, i.e. half our value.) The ¥, in these equations is the discrete state
and ¥, represents the open channel. Both can be expressed in a set of configuration state functions
(CSF), &(N; a,LS), which for the time being we assume to be known. This set can be divided in a
localized and a continuum subset. We denote the dimension of the combined set by NCFG, and of the
localized subset by ID. We can then express our discrete state in a Cl-expansion,

ID
W,(N; yLS) = Y ¢, ®(N; a,LS) (3)
i=1
or
ID .
Y, (N; yJ)= Y ¢;®(N; a;L;S.J). (4)

i=1

The ¥, state will be of the form,

¥, (N; Eyy'L'S") = |#,(N - 1; BLS) - ¢(ki) L'S") (5)
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where W,(N — 1; ,31157 ) is the function representing the N — 1 electron system, which in the future will
be labeled the target state (of dielectronic recombination). In a general case, this state will be expressed
as a MCHF-expansion for the N — 1 electron system,

3 NCFG o
¥, (N-1; BLS)= ¥ a@(N-1; B,LS). (6)
j=ID+1
The ¢(kl) is a one-particle, continuum function and the notation in eq. (5) implies coupling of the orbital
and spin momenta of this function with L, S to form total L, S.
We will assume that H in eq. (1) is the nonrelativistic, Coulomb Hamiltonian. Therefore, from eq. (3)
(or (4)), we can write the interaction element as,

VE()= <‘I’b(N; LS)lH—Eolq,k(N; E()L'SI)>

ID NCFG

=Y T caf®(N; a,LS)|(H-Ep)|®(N-1; B,L,S) ¢(kl) L'S"
i=1j=ID+1
ID NCFG Lo
=8,1850 ¥ L cia(D(N; &, LS)|(H—Ey) | ®(N —1; B,L,;) - ¢(kl) LS) (7)
i=1j=ID+1

or

VE0= (W (N; yJ) | H = Eg| W, (N; Egy'T"))

ID NCFG
=5, Y L ;8,185 5 (P(N; &;L;S,) |(H—Eo) | ®(N—1; B,L,S;) - (k) L;S)>.
i=1j=ID+1

(®)

The matrix element on the right hand side of egs. (7) and (8) will be denoted H;;.

From the rest of the MCHF atomic structure package, we can readily obtain the CSF’s, both for the
discrete state, @(N; a,L;S;), and for the target state, ®(N — 1; B;L}S]). It will also supply us with the
Cl-coefficients, c¢; and a;. We can also do the angular integration, with the MCHF _NONH program [9],
for the H;-element.

The only unknown part of egs. (7) and (8) is therefore the one-electron continuum function, ¢(kl), or

rather its radial part, since we assume it can be written;
1

B(KI) = —Py(r) s, (%
where the |Is) is the known spin-angular part.
2.2. The one-electron continuum function

The radial part of the continuum function will be a solution to the differential equation
dz 2 I(I+1)
2

217 + 7(Z—Yk,(r)) -

5 2
+ k%) Pyy(r) = 7Xk1(’) + Y€y mPulr), (10)

where we use the earlier defined notation [10], according to which Y}, is the direct function and X, is
the exchange function. In deriving this equation it has been assumed that the interaction, Hy., j, j'>id,
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Fig. 1. Term diagram showing the autoionizing level 1s2p? 2D of lithium, and some important energy properties discussed in the
text.

involves only orbitals of the target. This will be the case, for example, when the target CSF’s differ by two
electrons. Then

+ 1k2, (11)

where E_,. is the MCHF energy of the target (or core) and 3k? is the energy of the free electron. To
illustrate these different properties we use as an example the 1s2p? 2D*® state of neutral lithium. In fig. 1
we give the most important properties of this system. The core, “inside” the continuum function, is 1s>
1S. In this case the E_ . is represented by the total energy of this state, while E, is the total energy of
the discrete 1s2p? 2D state.

For simplicity we will refer to the whole right hand side of eq. (10) as the exchange function, and

define,

core

E,=E

2
XG(r) = 7Xk1(’) + Y € Pu(r). (12)

We are looking for positive energy solutions (k2 > 0) to eq. (10) and will use the boundary conditions,

2
Pu(r)— \/ o [ Fi(r) cos 8 + Gy, (r) sin 8], (13)

where F,(r), G,(r) and § are the regular and irregular Coulomb functions and the short-range phase
shift [11], respectively. This choice will give us a function, normalized per unit energy.

To impose the boundary condition in eq. (13) we use the fact that the value of the unnormalized
continuum function, Fk,, in a point far from the nucleus, is given by

P (r) = C[Fy(r) cos 8 + Gy (r) sin 5]. (14)
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If we use two points in this region, ry,; and ry;_;, we can derive the following expressions for the phase
shift:

Fkl(rMJ)Fkl(rMJ—l) _I—)kl(rMJ—l)Fkl(rMJ)

tan 8 = = = (15)
Po(ras-1) Gra(rmy) — Pr(rmy) Gra(rwms—1)
and the normalization constant
I_)kl(rMJ) (16)

- Fiy(ryy) €08 8+ Gyy(ryy) sin &

The normalized continuum function is then:

[ 2 _
Py(r)= _];T_Pkl(r)/c' (17)

Before discussing how to choose the values of ry,; and ry;_,, big enough for eq. (15) to be valid, let us
first describe the different interesting properties that can be computed after the continuum function has
been obtained.

2.3. Autoionization properties

The interaction element, Vg, of eq. (7) for the LS-case and eq. (8) for the LSJ-case, can now be
computed. From this element a number of observable properties can be derived, following the Fano
approach. First, the width of the resonance at half maximum is given by

r=2mw|vg, |2 (18)

To go further, we have to introduce physical constants, which introduces uncertainties outside the actual
calculations. The user that is interested in highly accurate calculations is therefore recommended to use
the value of the interaction element supplied by the code, and derive other properties with the current
best values available for the physical constants.

The decay rate of autoionization is given by

r 2=wv2 s7!
—¥& 1712
A=—="——=25976 X 10"V —|.
h h E"( au ) (19)
Finally the lifetime, if we only consider this autoionization branch, is
1
= (20)

All these properties are supplied by the code, as we will see when looking at some specific examples.
Before that, though, we will discuss some details of the numerical calculations and describe the structure
of the program.

2.4. The asymptotic region

One of the most important problems in the numerical solution of eq. (10), is to find a good
approximation for the onset of the asymptotic region, where we can impose the boundary condition in
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eq. (13) and use egs. (15)-(17). There are a number of conditions that could be used. The F,, and G,
are solutions to the Coulomb case, for which the differential equation can be written

d> 2Z, I(I+1)

and comparing with eq. (10), we find the following conditions:

o The exchange function, XG1(r), of eq. (12) should be negligible.

e The direct function should be constant, so that we can define an effective Z, Z (= Z —Y,,(r) when
r — x),

These conditions place an inner limit on our “asymptotic” region. The numerical method, or more

precisely, the choice of grid, place an outer limit on the region. We use in this program, as in the whole

MCHF _ASP package, a logarithmic grid [1], which is very efficient for discrete orbitals, but is a severe

constraint for the continuum problem. To improve our accuracy we reduce by half (in the logarithmic

variable) the step-size for the region outside the classical turning point, ry;, where

I(l+1
k?= _—[Z Ykl(rNJ)] (r_; ) (22)

As an outer cut-off, we use the point, ry where for all discrete, radial orbitals, P,/(r), we have
Py(r)|*<eyx if r>ryx. (23)

The choice of €y, is somewhat arbitrary, but can readily be changed. We also find the point, outside
which the direct function is “constant’:

[AY,, ()| ) (24)

Z <epp if r>ryp,

where AY,,(r) is the difference in the value of Y,,(r) in two consecutive grid points. The choice of outer
cut-off might be too optimistic, since the step-size grows rapidly for large r. We will therefore reduce the
outer region, to a new value ry,:

k Ar<e, if r>ry, (25)

where Ar is the distance between two grid points. Finally, we will find a point, where to impose the
boundary condition (eq. (13)) and find the normalization for our solution. This point, r,,; will be defined
as the point where the exchange function is small:

Xi'(r)
Sr(r)

<eyy i F>ryg, (26)

where f,(r) is defined as

+1
fu(r) = —_[Z Ykl(’)] + (r ) . (27)
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Table 1

€’s, limits and subroutines used for evaluating “asymptotic” points.

X Limits of ry €x Subroutine
MX ry < ryx < 'nob 10-3 CALCAUTO
NJ rop <y < Fmx COQULOM
MP ray < v < Tax 1076 CQULOM
M ragy <rm <rmx 2 CSpLVE
MJ rvp <y <I'm 0.0025 CSOLVE

The range, in which we are looking for these points, the values of the “right-hand-sides” and the
subroutine where the evaluations are done, are given in table 1. The values used for evaluation can easily
be changed by the user.

3. Input data

The autoionisation calculation might be based on different representations of the discrete state, as
outlined in the first section. In the program this will be referred to as different options and values of the
variable ICASE, as summarized in table 2. The program requires at least three types of files [1],
(name).c, {name).w and INT.LST. For the second and third option it also need a {(name).l and
(name) j file, respectively.

For all three types of calculation, the list of discrete CSF’s and the representation of the continuum is
supplied from the {name).c file. The latter should be added at the end of the (name).c file. This
includes both the list of target CSF’s, with an continuum orbital added, and the a; mixing coefficients of
eq.(6). The angular coefficients of the interaction element are always read from the INT.LST and the
orbital functions are always read from the (name).w file. Other properties are supplied from different
sources, depending on the type of calculations.

The first option is to obtain the discrete state from an MCHF calculation [12]. The CFG.OUT file [1]
then contains not only the list of CSF’s that represent this state, but also the ¢; coefficients of eq. (3) and
the energy E,,. This file should then be copied to the {name).c file, before the continuum is added at the
end. The user is in this case asked to supply the energy of the core, E_ ., fiom the terminal.

The second and third option both assume that the discrete state has been obtained from a CI
calculation [13]. Option 2 is based on an LS-representation of the discrete state as in eq. (3) and the ¢
coefficients and E; energy are obtained from an {name}).l file. Option 3 assumes an LSJ-representation
as in eq. (4), and the c;’s and E,, are read in from a (name) j file. In both these case the E__, energy is
supplied from the header of the {name).c file.

Table 2
Input for different type of calculations
Option Files Files containing

required ¢ EBOUND a ECORE
1 w,1i, ¢ cfile cfile cfile Terminal
2 w,i, ¢ 1 Ifile Ifile cfile cfile

3 w,1,¢, ] jfile jfile cfile - cfile
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We will return to the use of different files when discussing specific examples in a later section. Let us
now only list, property by property, the source files for the different options. To solve eq. (10) and
compute autoionization properties from egs. (7) and (8), we need the following input:

o The set of discrete CSF and their couplings. This is supplied from the (name).c file in the normal
format [1].

e The c; coefficients in eq. (3) (or (4)). This is supplied from different files, depending on the type of
calculation (see table 2).

e The wave functions for all “discrete” orbitals, which are supplied from the {name).w file.

e The list of continuum CSF and their coupling should be added at the end of the (name).c file. The
target can be represented by a linear combination of CSF (according to eq. (6)), but only one
continuum orbital is allowed.

e The a; coefficients in eq. (6) should be added at the end of the (name).c file, in the normal cfile
format [1].

e The energy of the discrete state (EBOUND, denoted by E, in section 2) is read from the {name).c,
{name).] or {name) j file, according to table 2.

e The energy of the target (ECORE) is supplied from the terminal or the {name).c file according to
table 2.

e Angular part of the interaction elements, H,;, in egs. (7) or (8), can be obtained from the
MCHF _NONH program [9] and stored in the INT.LST file. Only the last NCFG-ID rows of the total
energy matrix is needed, which is a possible option in running the MCHF _NONH program.

4, Program organization

The structure of the MCHF _AUTO program is depicted in figs. 2 and 3. Routines in thick line boxes
and with bold style names are new, while the others have been described earlier [12,14]. Here we will
describe the new routines in the order in which they are called.

AUTO
The main program initializes data arrays, handles the input/output interface and selects the type of
calculation (according to table 2). It calls ADATA and CALCAUTO.

ADATA
This routine reads and interprets the {(name).c file, determines data about the continuum electron
and sets orthogonality constraints. Finally it initializes data arrays, by calling WAVEFN and ANTGRL.

CALCAUTO

This routine determines r\,, according to eq. (23) and table 1. Depending on the value of ICASE it
continues according to:

ICASE = 1: The header card of the {name).c file contains the energy of the discrete state, EBOUND.
If ID + 0 the user is prompted to give the target energy (ECORE). After that CALCAUTO calls ASCF,
to perform one calculation according to eq. (7). Before that it checks the -factors in this equation by
calling LSTERM. If ID = 0, the value of ICASE is changed to 4 and only a continuum Hartree—Fock
calculation is performed - the user is prompted to give the energy of the continuum electron
(EBOUND-ECORE in other calculations), and ASCF is called.

ICASE = 2: In this case the weights, ¢; are taken from the (name).l file and the process described
above is performed for all states in this file.
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AUTO
INITA ADATA CALCAUTO
INITR
EPTR ELISET WAVEFN
ANTGRL
LSTERM ELISET ASCF
COULOM CSOLVE AGRANGE ARATE

AORTHO CSOLVE AOUTPUT

POTL AORTHO ASUMMRY
UPDATE

389

Fig. 2. Block diagram for the MCHF _ AUTO program.

ICASE = 3: In this case we solve eq. (8), and weights are read in from {(name).j. A loop over the
procedure for ICASE =1 is done over all states for a given J-value and over J-values.

LSTERM
Determines the LS term value from the configuration data.

CSOLVE

CXCH CNMRV RCWFN

Fig. 3. Block diagram for the CSOLVE routine.
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ASCF
This routine controls the solution of the differential eq. (10). It consists of four main stages:

e It calls COULOM to calculate the direct function and define the asymptotic region.

e It obtains initial estimates of the continuum function by calling CSOLVE and AORTHO.

e It iterates to solve eq. (10), and during each iteration it calls AGRANGE to calculate the off-diagonal
Lagrange Multipiers, ¢, ,,, CSOLVE to solve the equation, AORTHO, to orthogonalize the solution
and UPDATE, to update the integrals.

e It calculates autoionization properties by calling ARATE and summarizes the calculation by calling
AOQUTPUT and ASUMMRY.

COULOM
This routine calculates and stores the function f,,(r) of eq. (27) and it determines ry; and ryp
according to eqs. (22) and (24). Finally it interpolates f,(r) to half the step size in the region outside 7y;.

CSOLVE
This routine is called in two different stages. To initialize the continuum function (IX = 0) and during

the actual iterative procedure (IX = 1). It will perform the following tasks:

o Computes exchange Function, by calling CXCH.

o If IX = 0 it redefines the outer region, according to eq. (25). If IX = 1 it uses eq. (26).

e It interpolates X ™ in the outer region, [rn35 ), to half the grid size.

e It calls CNMRYV, to solve the differential equation.

o It finds the F,,(r) and G,,(r) of eq. (13), in ry; and ry,_,, by calling RCWFN.

e It calculates the phase shift from eq. (15) where P,,(r) is the unnormalized solution obtained from
CNMRYV. The normalisation constant is obtained from eq. (16) and the normalized solution from eq.
an.

e Finally it orthogonalize the continuum function to all discrete functions with the same /-value.

ARATE
This routine evaluates the H;; matrix elements, and calculates the interaction element, according to
egs. (7) or (8). From this the half-line width, autoionization rate and half-life are calculated, using egs.

(18)-(20).

CNMRV

This routine solves the differential equation (10), with outwards integration (Numerovs method), in
two different regions: [r,, ry;, 1] is the inner region with normal step size, and [ry;.,, 7] is the outer
with “half” the step size. CNMRYV is a modified version of NMRYV [12].

RCWFN

This is a routine for computing regular and irregular Coulomb wave functions [11]. It returns the value
of these and their derivatives for specific values of Z,; and radial coordinates and for a range of /-values
(see eq. (21)). The conventions of Abramowitz and Stegun [15] are used. This subroutine is an adaptation
of the “Manchester” routine by Barnett et al [16). The present version of this routine was written by
Pieper [17].

ANTGRL, AORTHO, AGRANGE, AOUTPUT, ASUMMRY and CXCH are just modified versions
of the corresponding routines in the MCHF program [12] (Namely INTGRL, ORTHOG, GRANGE,
OUTPUT, SUMMRY and XCH).
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5. Examples

The output in the Test Run Output contains two examples. The first illustrates LS-allowed autoion-
ization from one single state, while the second illustrates calculations for a set of states, including
spin-forbidden decay.

Example 1 is a simple calculation for the Feschbach resonance 1s2p? 2D of Li 1. After running MCHF,
we store the radial functions for the discrete state in the li2D.w file. The 1i2D.c file consists of the
CFG.OUT from MCHF with the 1s’kd, *D continuum state added with weight 1.0 at the end. The
header of this file contains the energy of the discrete state (E, = —5.2239685 au). The next step is to run
NONH to get the angular part of the interaction element (the 1i2D.c file is copied to cfg.inp). Only the
last row of the interaction matrix is needed (which gives the interaction between the continuum 1s2kd 2D
and the discrete CSF’s, not the interaction within the discrete state). This is accomplished by giving
NEW = 1 and NZERO = 0.

After this, we are ready to start the actual autoionisation calculation. After the name of the case is
specified, the program enquires about the type of calculation (according to table 2). In this example, we
choose the first type, and the program prompts us for the target energy. We use the result from a
Hartree—Fock calculation of the 1s? 'S state of Li* (E_,, = 7.2364152 au). Finally, we are asked to
define the case, by giving the ion name, term and nuclear charge, Z.

The iterations can be monitored from the terminal since the program prints a number of important
data. First it gives the energy of the continuum electron, k2, in atomic units. During each iteration the
phase shift, 8, of eq. (15), the coefficient lim, _, , P(r)/r'*!, the normalisation constant, C, of eq. (16) and
the maximum change in the solution are displayed under the heading ED/DELTA, AZ, NORM and
DPM, respectively. A well converged solution should give NORM = 1 and a small DPM.

A summary of the result is written to the AUTO.DAT file, which is shown in the Test Run Output.
The autoionisation data given are derived by using eqgs. (18)—(20). Approximate transformation coeffi-
cients are used for all properties, except the interaction element, V, and the half-line width in atomic
units. They are, together with the one given in eq. (19), 27.21 eV /au and 219474 cm~! /au. This implies
that only the two first properties should be used, as supplied by the program, for calculations that
requires a higher accuracy. The CPU time for this AUTO calculation was 1.1 seconds.

The second example is built on case 2 for the MCHF _CI program [13], the lowest core excited
configuration in sodium, 2p°3s3p. The naquart.c file contains 90 configurations that represents the
discrete states. The energies (E,) and composition (c; of eq. (4)) of the nine with dominant 2p33s3p
component is saved in naquart.,j. The corresponding radial functions are saved in naquart.w. We now
start by adding the 2p°kd, 2D continuum state, with weight 1.0, at the end of naquart.c. The target
energy, E .. = —161.6769459 au, taken from a Hartree-Fock calculation of 2p® !S, is also added to the
header of naquart.c. With NONH we calculate the angular part of the interaction matrix elements, H;;,
before we proceed to the AUTO run. After giving the name of the case, AUTO inquires about the type
of calculation, in this case the third. The calculations are performed for each discrete state in naquart.j
and the final results are displayed in the form of the AUTO.DAT file at the end of the Test Run Output.
The CPU time for the AUTO part of the second test case was 29.1 seconds.
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