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We have calculated the photoionization cross section for the (1s'2s'2p '3s)'P metastable state of neon

using ab initio, many-electron wave functions in the LS-coupling scheme. We have considered all the

channels which arise from the (1s'2s 2p ')'P state of Ne+ and an ejected p electron. The continuum was

made discrete by approximating the final states as superpositions of square-integrable configurations. The

Stieltjes moment-theory technique was used to construct the continuum oscillator strength distribution. Both
the dipole-length and the dipole-velocity forms of the cross section were evaluated. We have examined

systematically the effects of orbital relaxation, core polarization, and electron correlation and found them to

be important within 5 eY of threshold. The peak value of the photoionization cross section for metastable Ne

is 1 9 X 10 ' cm, which is much smaller than the corresponding value for the ground state. We have also

calculated the line strengths for a few bound-bound transitions as well as the static polarizability of the P
metastable state.

I. INTRODUCTION

There is a growing interest. in the study of ex-
cited-state photoionization, due in large part to
the importance of such processes in determining
the overall efficiency that can be realized in many
short-wavelength gaseous lasers. The production
of photoelectrons from an excited species, which
may be either the upper laser level itself or some
metastable species which feeds this level, must be
considered as a potentially serious loss mechan-
ism in any system where the las'er photons are
sufficiently energetic to ionize the excited species
in question. This will typically be the case in
rare-gas excimer systems such as Kr2~ or Xe*„
where photoionization plays an important role. '

With the exceptions of atomic hydrogen, 2 hel-
ium' ' and the alkali metals, ' the literature con-
tains very few previous theoretical studies of ex-
cited-state photoionization. In the case of helium,
close-coupling, ' Green's function, ' and complex
coordinate' techniques have been applied to the
photoionization of the n =2 metastable states. In
the case of the alkali metals, ' most theoretical
work has concentrated on the nonhydrogenic be-
havior of the cross section, especially near thres-
hold. Quite recently McCann and Flannery' have
looked at the photoionization of the 'I' metasta, ble
states of the noble gases. However, these calcula-
tions were performed with one-electron model po-
tentials which involved local approximations to the
exchange interactions and averages over the sever-
al possible angular-momentum couplings between
.the 'P core and the ejected electron with l= j.. In
addition, neither core polarization nor correlation
effects were considered in their study. Independ-
ently, Hartquist' has recently examined the photo-

ionization of metastable rare gases near threshold
using quantum defect theory. In this study, the
cross sections were calculated using hydrogenic or
Whittaker functions with experimental quantum de-
fects.

In the present work, we have calculated the photo-
ionization cross section for the (1s'2s'2P'Ss)'P
metastable state of Ne using ab initio many-elec-
tron wave functions, in the I.S coupling scheme, to
describe both the initial bound state and the final
continuum states. We have considered all possible
open channels which arise from a (1s' 2s'2p'}'P
core and an ejected p electron. The continuum was
made discrete by approximating the final wave
functions as superpositions of square-integrable
configurations. We used the recently devised
Stieltjes moment-theory technique' to construct the
continuum oscillator strength distribution from the
calculated pseudo-spectra, of discrete transition
energies and oscillator strengths. Since the
Stieltjes imaging procedure only requires power
moments of the oscillator strength distribution,
which can be obtained solely from calculations in
finite Hilbert space, we have been able to ex-
amine systematically the effects of electron corre-
lation in considerable detail, without having to
construct coupled-channel continuum eigenstates
explicitly.

The outline of this paper is as follows. The
Stieltjes moment-theory techniques are briefly
summarized in Sec. II. Section 'III describes the
calculation af wave. functions and their use in con-
structing pseudospectra of discrete energies and
oscillator strengths. The results are presented
in Sec. IV. Section V contains a summary and
conc lus ions.
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II. STIELTJES MOMENT THEORY

F(e) = Q f;5(e; —e')+g(e') de'

Detailed descriptions of the Stieltjes procedures
have appeared in previous publications, ' so only a
brief summary will be given here.

The computational procedures are based upon
consideration of the atomic cumulative oscillator
strength distribution,

in some fashion. Considerable flexibility exists in
this aspect of the development. "

In the method originally proposed by Langhoff, '
g(e} itself is approximated by a histogram obtained
from the slopes of straight-line segments connect-
ing the values of Fl")(e„)given by Eq. (5). This de-
fines the so-called Stieltjes derivative,

F(n)ie ) F(n)t
Z(~. ) =g'"'(~.) = ' "' ' ", (7)

~a+~ &n

at the succession of points

df (e'),

which is uniquely determined by its power mo-
ments'

S(-k)= e df(e), k=0 1, . . . (2)

In the Stieltjes procedure, ' the cumulative oscillator
strength is approximated by an n-term histogram
of the form

where the n points and weights t)e„,ft; which are
distinct from the correct spectrum of (1), can be
obtained by solving the generalized quadrature
problem associated with the specification of 2n
values of the moments"

8(-k)=g e„f, k=0, 1, . . . 2n —1 .

F{n)( )
x [F(n)( '

()) +F(n)(e ~ P)] (5)

converge to F(e„) in the limit of large n." lf the
moments used in Eq. (4) are not exact, as will al-
ways be the case in variational calculations on
many-electron systems, the bounds of Eq. (5) will
be correspondingly weakened.

The photoionization cross section is related to
the continuum oscillator strength through the ex-
pression'

v(e) =(2m/c)g(e)

g(e)=d, .dE

(6a)

(Gb.)

In order to obtain this density, it is necessary to
differentiate the. cumulative histogram of Eq. (3)

If the 2n sequential moments used in Eq. (4) are
precisely those of Eq. (2), then the spectrum
J)e„,fj is said to~form a principal representation
of the oscillator. strength distribution. In this
case, the histogram construction of Eq. (3) rigor-
ously bounds the correct distribution, and, the
values associated with the rise. points,

Alternatively, analytic forms can be fit to the dis-
crete cumulative values F "(e„)and differentiated
to obtain a continuous approximation to g(e). We
found that, in the case of metastable neon, Fi")(e„)
could be adequately fit to a single exponential in ~

plus a polynomial in 1/e.
Some insight into the accuracy of the Stieltjes

derivative values can be gained from the following
consideration. Consider a Taylor series expansion
of the exact cumulative oscillator strength about
some point e, in the continuum:

F(e) = F(E'O} +(E' —e )F (E}+2(e'—E' ) F '(e )

+ k(e —e.)'F "'(e.) +

If we now substitute this expansion into the Stiel-
tjes derivative formula, Eq. (7), taking e, to be the
halfway point e„given in Eq. (8), then the even
derivatives cancel and w'e obtain

g'"'((u„) =F'((u )+2'4(e„„—e )'F"'((o )+. . . . (10)

Thus, the Stieltjes derivative will tend to over-
estimate the cross section in regions where the
second derivative of the cross section, i.e. , F"',
is positive and underestimate it in the reverse
situation. As we will show in Sec. 7, one can see
thig pattern in the present work when one compares
the Stieltjes values with those obtained from a
continuous, analytic fit to the calculated cumula-
tive oscillator strength. This observation suggests
that the latter procedure gives more reliable re-
sults.

More recently, Langhoff and Corcoran" have
suggested an alternative method for obtaining a
continuous approximation to g(e}. The so-called
Tehebycheff derivative is constructed by preas-
signing one of'the energies at some desired point,
e„and solving the moment problem for the re-
maining values fe„(eo), f„(eo)j, with this con-.
straint. However, our experience in the case of
metastable neon has been that, in order to obtain
converged results, the Tchebycheff procedure re-
quires a greater number of moments than the
Stieltjes derivative. Consequently, in the present
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work, we have used the latter method along with
the analytic fit of the cumulative oscillator strength
described earlier. We have generally found a
range of n values over which mutually compatible
cross sections were obtained.

In actual numerical computations, we do not work
with the power moments themselves, but rather
with the set of recurrence coefficients fa„, P„) for
the related orthogonalpolynomials of the associated
generalized quadrature problem. This procedure
avoids the instabilities associated with working
with the power moments themselves. These in-
stabilities and their circumventions have been
discussed in detail elsewhere"* " and will not be
given here.

Experience gained from calculations on a number
of atomicio, i4, is and molecu]. ari6-is systems indi-
cates that finite Hilbert-space calculations, which
give N discrete energies and f values, can pro-
vide 2n accurate power moments for n&=

¹ It is
this observation which has led to a powerful com-
putational procedure, since the input to moment-
theory calculations can be obtained without re-

.sorting to numerical construction of continuum
eigenstates.

III. CALCULATION OF THE ATOMIC WAVE FUNCTIONS

A. General comments

In this paper, we consider the ionization pro-
cess:

k v + Ne(ls'2s'2P'3s, 'P')

-Ne'(1s'2s'2P', 'P') +e (kP) . (11)

In the LS coupling scheme, there are three allowed
channels corresponding to (Is'2s'2P'kP): 'S', 'P',
and 'D'. The first excited state of Ne', (Is'2s2P',
S') lies 26.9 eV above the ground state, so that

there is a large energy region above the first
ionization threshold where only the lowest 'P' state
of Ne' is accessible. Although, in some of our
calculations, we have included several excited
states of Ne' as closed channels, we have not cal-
culated the cross sections for ionization leading to
excited states of Ne'.

In the present work, the initial bound state and
the final continuum states are represented by lin-
ear superposition of many-electron configurations.
Each configuration is an eigenstate of L', L„S',
S„and parity, so that, in general, it must be a
linear combination of 3later determinants. Each
determinant is an antisymmetrized product of
mutually orthogonal atomic orbitals (AO). The
1s, 2s, Ss, and 2p AO's are taken from a self-
consistent-field (SCF) calculation of the 'P' initial

where I', (r) is a normalized spherical harmonic.
Table I lists the parameters for our basis set con-

TABLE I. Ne Slater orbital parameters.

Orbital

Si
S2

S3

S4

S5

S6

Sy

Ss

pi
P2

P3
p4

p5
pe
PY

P8
pg

P10
Pii
P12

P13
p14
P15
di
d2

d3

d4

d5

fi
f2
f3
f4
f5
f6

1
1
2

2

2

2

3

2

2

2

2

3
4

3
4
2
2

2

2

2

2

3
3
-3

4
4
4
5
4
4
4

0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2

2
2
2
2

3
3
3
3
3
3

9.57 350
15.44 960
1.95 500
2.84 620
4.77460
7.71 310
1.05 223
0.68 741
2.55 175
4.70 064
1.75 336

10.15 720
0.48 370
0.32 250
0.24 000
3.82 000
4.20 000
1.36 700-
1.07400
0.84 400
0.66 300
0.52 100
0.41 000
5.00 000
0.46 902-
0.33 179
1.00 000
0.27 000
6.67 000
0.25 000
0.20 000
2.93 500
1.29 100
0.56 800

Referring to normalized Slater-type functions defined
in Eq. (12) of the text.

state (see Sec. III 8)."20 A 3d AO is obtained from a
similar calculation of the (2P'3d) 'P' state of Ne.
The other AO's are chosen either to span the lower
rydbergs and the continuum, or to describe elec-
tron correlation in the (2s'2p') P' core I.n most
of our calculations we have used a basis set con-
taining 4s, 13P, 4d, and 2f AO's. For the 'D'
final channel, where coupling to the (2p'kf ) con-
tinuum is possible, "we have. au'gmented the basis
to 6f AO's.

The mutually orthogonal AO's are linear com-
binations of Slater-type orbitals (STO) which have
the form:

2g 2&q+1 I/2
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taining Ss, 15P, 6d, and 6f STO's. "
In order to examine carefully the effects of core

polarization and electron correlation on the photo-
ionization cross section, we have calculated the
many-electron wave functions describing the in-
itial and the final states at four increasingly ac-
curate levels of approximation. In the following,
these wave functions will be referred to as: (i) the
frozen-core wave function (FCW) (ii) the distorted-
core wave function (DCW) (iii) The dipole-polariza-
tion wave function (DPW) (iv) The correlatedwave-
function (CW). E ach level of approximation will be
discussed separately below.

B. Frozen-core approximation

In general, this approximation treats the ioniza-
tion process as a one-electron problem by assum-
ing that both the initial bound electron and the
ejected electron move in the static-exchange po-
tential of the frozen-core. The model assumes
that the core does not relax during ionization.
However, we wish to emphasize that, for systems
with open-shell cores, the static-exchange poten-
tial is different in the initial and the final states.
Because of the various possible angular momentum
couplings between the core (with jx0) and the ad-
ditional electron, at least the exchange part of the
core potential is different for states with distinct
angular momentum quantum numbers.

In the frozen-core approximation, the initial
(1s'2s'2p'3s) 'P' state of Ne is described by an
SCF wave function. The calculated ionization po-
tential of the 'P' state (relative to the SCF energy
of Ne') is 4.75 eV, whereas the experimental value
is 4.89 eV. In the calculation of the final states,
the 1s, 2s, and 2P AO's are "frozen, " i.e., they
are taken from the SCF calculation of the initial
state. The final states are approximated by the
expansion

= gC (Is'2s'2P' 'P' }p

where the (p„) are discrete, square-integrable
P-type AO's, which are orthogonal to 2P. The ex-
pansion coefficients (C„j are determined by dia-
gonalizing the full X-electron Hamiltonian for each
value of L and S. Since the frozen core 1s'2s'2P'
is common to every term in the expansion (13),
(CJ can be also obtained by diagonalizing the one-
electron, static-exchange Hamiltonian of the 'P
core in the basis g„).

For the basis set of AO's described in Sec. IIIA,
the lowest four eigenstates obtained in our cal-
culations represented the (2P'np) rydberg states
with n =3-6, while the remaining eight eigen-
values appeared in the continuum. The solutions

corresponding to these eigenvalues form the dis-
crete, Hilbert-space representation of the con-
tinuum, from which one calculates the photoioni-
zation cross section via the Stieltjes procedure.
A large number of P-type AO's must be included
in the expansion (13) in order to describe, as ac-
curately as possible, the kP continuum wave func-
tion associated with the long-range coulomb po-
tential of the residual ion.

C. Distorted-core approximation

This approximation is intended to account for two
effects which are absent in the FCW: the relax-
ation of the core upon ionization and the distortion
of both the core and the outer orbitals due to in-
completely filled subshells (mainly the 2P subshell
in the present case of neon). The former is ne-
glected in the FCVf by definition. On the other
hand, the spin and the angular polarization is ne-
glected whenever one uses the restricted Hartree-
Fock approximation (with maximum spin-pairing
in doubly occupied orbitals) to describe configura-
tions with open shells. " For the process in Eq.
(11) both the initial bound and the final continuum
states contain two incompletely filled subshells. .

Thus, the static distortion of the SCF AO's could
be important.

The distorted-core wave functions used in the
present work are linear superpositions of con-
figurations which include, in addition to the Har-
tree-Fock reference configurations, certain
singly excited configurations allowed by sym-
metry. In particular, we include all types of
single excitations from the 2s, 2p, and Ss AO's
(or 2s, 2P, and kP AO' s in the final state) to both
occupied and some unoccupied AO's. The specific
configurations are listed in the second column of
Table II. The linear coefficients of the configura-
tions are determined variationally by diagonaliz-
ing the full, many-electron Hamiltonian.

Although our one-electron basis set (see Sec.
IIIA) contains only one "correlating" AO for each
I value (s, P, d, f}, the number of configurations
in the final-state wave functions are rather large—
between 176 and 377 configurations depending on
the symmetry. This is due to the fact that each
excitation out of the 2s and 2P AO's must be com-
bined with every P-type AO used to expand the kP
continuum function. In addition, some of the single
excitations lead to configurations with as many as
four incompletely filled subshells. Such a

configu-

rationn may correspond to as many as nine linear-
ly independent LS eigenfunctions. For example,
the 2s- d excitation leads to the spatial configu-
ration 1s'2s2P'P„Z. For a given AO P„, there are
nine linearly independent LS eigenfunctions assoc-
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TABLE II. List of configurations used in the various approximations.

FCW DCW DPW CW

Initial

F inal

3/3+ 3D

s'2p'3s"

2S22p5 kp

2s2p~3S2

. 2S2p 3SS
2s2p53sd
2S 2p 3sp
2s22p43sf
2s'2p'3d
2s22P5d

2s2p'kp3s
2s2p5 kps
2s2p' kpd.
2S'2p4 kpp
2s 2p kpf

s22p43p2

2s 2p5kf c

2s2p'kp
2s2p'kpp
2s22p4 kps
2s22p4 kpd
2s 2p 3p3d

2s2p63s
2s'2p43s'
2s'2p43s3d
2s'2p43sd

2p 3SS
2p 3sp
2s22p33ss 2

s22p33sp
s22p33s

2S2p 3SSp

2p'kps '
2P'kPP
2s22p3 kps 2

2s22p3 kpp 2

2S22p3 kpd 2

2s2p4 kps p

For each level of approximation, the configurations appearing in that column were used in
addition to the configurations in all previous columns.

The doubly-occupied ls AO is omitted for convenience, since no excitation out of this AO
was used,

'These configurations contribute only to the 3D final channel.

iated with (Is'2s2p'p„d ) 'D. Since we use a set of
12 p-type AO's to expand the Ap continuum func-
tion, we must include 108 configurations in the
wave function to represent the 2s-8 excitation
in the 'D final state.

In order to reduce the number of distinct Slater
determinants in the wave functions and to make
feasible calculations at higher levels of approxi-
mations (see Sec. IIIE), we included only those
singly. excited configurations in the final calcula-
tions which corresponded to a 'P' or a '5' state of
the Ne' core." Such a projection of the core is
equivalent to neglecting the spin and angular, but
not the radial, polarization of the core due to the
outer 3s or kP electron. However, the relaxation
of the core upon ionization, and the angular dis-
tortion of the active, outer electron due to the
anisotropic core is properly described. As the
discussion in Sec. IV will show, the difference be-
tween the cross sections obtained with the FCW and
DCW arises mainly from the mixing of the
(1s'2s'2p'3s) and (1s'2s'2p'3d) configurations in the
initial state and is due to the angular d'istortion of
the 3s electron.

In the 'D final channel, we have included the
(1s'2s'2P'kf) configurations in the DCW. In the
frozen-core approximation, the oscillator
strengths for the 3s - nf or 3s -kf transitions are
zerobysymmetry. However, intheDCW, the
(1s'2s'2p'kp) and the (1s'2s'2p'kf) configurations
are mixed slightly due to the angular distortion of
the outer electron. Consequently, the "forbidden"
3s-kf transitions "borrow" some intensity from
the corresponding alloweg 3s- kP traiisitions.

D. Dipole-polarization wave function

.As discussed in Sec. III C, the DCW accounts for
the relaxation of the core during ionization and the
static distortion of all the orbitals due to incom-
pletely filled subshells. However, it still neglects
the dynamic polarization of the core and the in-
fluence of this polarization on the motion of the
outer electron. To account for the latter effect,
it is necessary to add to the DC% a certain class
of doubly excited configurations. In particular,
the so-c alled dipole-polarization wave function
(DPW) includes those doubly excited configura-
tions which are connected by nonzero dipole matrix
elements to the SCF reference configurations of
the initial and the final states. The third column
of Table II lists the specific configurations used.
As before, the linear coefficients are determined
by diagonalizing the many-electron Hamiltonian.

An inspection of Table II shows that the config-
urations in question involve the simultaneous ex-
citation of the outer electron and one of the core

. electrons. Thus, in the language of quantum
chemistry, "these configurations involve "inter-
shell double excitations" and contribute very little
to the correlation energy because the outer and
the core electrons occupy different regions of
space. On the other hand, these configurations
have an important effect on the bound-bound and
bound-continuum oscillator strengths because they
have relatively large dipole moment matrix ele-
ments with the SCF configurations. In addition,
they correspond one-to-one to those core config-
urations which must be included in a calculation
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of the dipole polarizability and the polarization po-
tential of the Ne' core. Since we do not allow ex--
citations out of the 1s AO, we neglect the small
contribution of the 1s electrons to the polarizability
of the core.

It should be noted that the doubly excited config-
urations included in the DPW for the final states
constitute zeroth-order approximations to physical
autoionizing states of Ne, which involve electrons
loosely bound to the (1s 2s2P')~S' and (1s 2s22p~3s) 4P'

excited states of Ne'. The transitions between
the 'P metastable state and these autoionizing states
have lax ge oscillator strengths, because the trans-
ition moments (2s ~F (2p), (2p~P[3s) and (2P(r ~3d)
are large. Thus, these autoionizing states should

'have a, large effect on the total photoionization
cross section of the 'P state just below the second
ionization threshold at -32 eV.

E. Correlated wave function

As a final improvement in the atomic wave func-
tions, we have attempted to account for the most
important electron correlation effects. Since the
outer (3s or kP) electron and the core electrons
occupy different regions of space, pair correla-
tion" involving the outer electron is expected to
be small. Furthermore, some of this correlation
is already included in the DPW (see Sec. IIID).
Thus, only the pair correlation of the core elec-
trons needs to be added to the previous, approxi-
mation. In order to identify the most important
double excitations, we have carried out several
configuration interaction (CI) calculations on the
ground, 'P', state of Ne', and used an energy cri-
terion to select the configurations. Column 5 of
Table II lists the doubly excited configurations used
in the final calculations. As before, excitations
out of the 1s AO were not considered. Although
these excitations make a large contribution to the
correlation energy, the magnitude of this contri-
bution should be almost identical in the initial and

the final states. Consequently, the correlation of
1s electrons should have only a small effect on the
energies and the oscillator strengths for transi-
tions involving the outermost electron.

The number of doubly excited configurations which
must be included in the final-state wave functions
is very large for the same reasons as discussed
earlier in Sec. IIIC. Double excitations out of the
core may lead to configurations with several open
subshells, and, usually, such a configuration
corresponds to many linearly independent LS
eigenfunctions. For example, the excitation
2s 2P - sP leads to the spatial configuration
1s'2s2P~APsP with 5 incompletely filled AO's. Also,
each excitation must be combined with every one

IV. RESULTS

A. Pseudospectra and the bound-bound transitions

Using the various wave functions described in
Sec. III, we have calculated the transition ener-
gies and the oscillator strengths for the (2P'3s)'P'
-(2p'kp) 'S', '~', and 'D' transitions. We have
evaluated both the dipole-length and the dipole-
velocity forms of the transition moments. Since
our calculations employ fully antisymmetrized,
many-electron wave functions, one can use the
extent of agreement between the dipole-length
and dipole-velocity matrix elements to judge the
accuracy of the results.

Table III gives a typical pseudospectrum which
was obtained with the FC%' for the P'-'D' chan-
nel. For comparison, it also lists the experi-
mental tra, nsition energies for several 3s-nP
transitions. An inspection of Table III shows that

TABLE III. Pseudospectrum calculated with the FCW
for the transitions {2p 3s) P (2p kp)3g) in Ne. The
calculated value for the first ionization threshold is
0.1745 a.u. A —n stands for A x 10 ".

F inal
state Length Velocity

3p
4p
5p
6p

kgp

k2p

k3p

k4p

k5p

k6p

kpp

ksp

0.0697
0.1285
0.1495

'0.1596 .

0.0664
0.1248
0.1459
0.1587
0.1882
0.2605
0.4217
0.7866
1.6587
3.8965
9.9306

34.4594

5.45-1
4.95-3
4.91-4
1.93-4
3.40-6
1.31-3
4.67-3
7.09-3
6.90-3
5.80-3
3.90-3
1.49-3

5.42-1
4.37-3
4.41-4
1.73-4
4.66-6
1.44-3
5.07-3
7.08-3
6.44-3
5.17-3
3.28-3
1.44-3

Transition energies for &0—3D~~.

"Energies in atomic units (1.0 a.u. = 27.21 eV).

of the 12 P-type AO's used to expand the kP con-
tinuum function. In order to make the calculations
with C% possible, we include only doubly excited,
correlating, configurations in the final calcula-
tions, which correspond to a 'P' or a 'S' state of
the Ne' core." In addition, several types of ex-
citations, e.g. , 2P'-sd and 2P'-f ', are omitted
entirely. Even with our basis of a few "correla-
ing" AO's, the wave functions for some of the final
states contained over 500 configurations (LS eigen-
functions) and as many as 5200 distinct Slater
determinants. The CW used in the present work
accounts for -45% of the correlation energy of the
electrons other than the 1s pair.
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the four lowest solutions correspond to the
(2P'nP) rydberg states with n = 3—6 and that the
calculated transition energies are reasonably ac-
curate. The remaining eight solutions form a
discrete representation of the ionization c'on-

tinuum. Our choice of the 12 p-type AO's (see
Sec. IIIA) leads to four eigenvalues between the
first and second ionization thresholds, at 0.175
and 1.163 a.u. respectively. As we will show in
Sec. IV B, Stieltjes imaging of such a distribution
of points in the pseudospectrum produces con-
verged photoionization cross sections from
threshold to about 1.0 a.u. Our experience indi-
cates that one must use a sufficiently large one-
electron basis set in order to obtain a spectrum
which is dense enough to produce converged re-
sults in energy regions where the cross section
has structure and is not monotonic. "

We wish to emphasize that the pseudo pectrum
which is shown in Table III for the ease of I"
—'D' is quite typical; similar distributions of eigen-
values were obtained for'P' - 'S' and'P'- 'I '.
Furthermore, inclusion of core polariza-
tion and electron correlation in the wave functions
introduced no new eigenvalues below 1.0 a.u. and
left the nature of the spectrum in this region es-
sentially unchanged. When the calculations were
performed with the DPW and CW (which include
doubly excited configurations), autoionizing states
did appear in the spectrum between 1.05 and 2.0
a.u. A discussion of how these autoionizing states
were treated in the Stieltjes calculation of the
photoionization cr'oss section will be deferred to
Sec. IVB.

Next, we compare briefly the available experi-
mental and theoretical oscillator strengths for
bound-bound transitions originating from the P
metastable states of Ne. Such a comparison is
complicated by the fact that, while the excited
states of neon are characterized by j —I coupling,
our calculations were done in I.S coupling. How-
ever, for certain symmetries, it is possible to
find states which are pure L,5 states, provided in-
teractions with other, high-lying configurations
are neglected. One example is the (2P'Ss) P2- (2p'np) 'D, series, because the configurations
(2p'3s) and (2p'np) lead to only one J =2, and one
J = 3 state, respectively. Table IV compares. our
ca, lculated line strengths to the experimental and
other theoretical values for the first two transi-
tions (n =3, 4) of this series. For the strong 3s
-3p transition, theory and experiment"' "agree
within 1(P/z, although our calculated values a.re
systematically too high. For the much weaker
Ss —4P transition, there is reasonable agreement
between our values and that calculated by Starace
using the one-electron Coulomb approximation. "

TABLE IV. Comparison of experimental and theoreti-
cal line strengths (in atomic units) for the two lowest
(2p 3s) Pp —(2p np) D3 transitions in neon.

Present theory: FCW
Present theory: CW ~

Coulomb approximation "
Intermediate coupling '
Experiment"
Experiment '
Experiment

51.8
51.1
47.2

45.9+ 3.2
48.9

0.25
0.23
0.27
0.13

~ ~ ~

1.4 + 0.4

Calculated with the "dipole-length" matrix elements.
Reference 26.
Reference 27.

"Reference 24. ,

'Heference 25.
References 28 and 29.

B. Photoionization cross sections

We have evaluated the photoionization cross sec-
tions from the power moments of the calculated
pseudospectra using either the Stieltjes deriva-
tive formula, Eq. (7), or continuous, analytic fits
of the cumulative oscillator strength distributions.
Figure 1 compares the results which we have ob-
tained with these two procedures for a typical
case, the (2P'Ss) 'P-(2P'kP)~D channel. (The
corresponding pseudospectrum calculated with the
FCW is displayed in Table III). Two features of
these results are noteworthy. First, the Stieltjes

Intermediate coupling theory" appears to give too
small a value for this transiti'on. The value ex-
tracted by Wiese et a/. "from lifetime measure-
ments" is definitely incorrect.

Finally, we note that using the calculated pseudo-
spectrum, one ean easily determine the static di-
pole polarizability of the initial state. In fact, this
is done automatically in the Stieltjes procedure,
because the static polarizability is just the second
inverse moment of the oscillator strength distribu-
tion, i.e., it is S(- 2) which appea, rs in Eq. (4).
The experimental value" for the average polari-
zability of the (2P'3s) 'P state of Ne is 27.8+ 0.6
A'. Our best calculations with CW yield 30.7A'
(dipole length) and 27.5 A' (dipole velocity). The
discrepancy between the latter two values is due to
small errors (s 0.05 eV) in the computed transi-
tion energies for the 3s-3P transitions which car-
ry large oscillator strengths. In fact, over 98%%uo

of the pola, rizability of the (2p'Ss) 'p state is due
to the 3s- 3P transitions. A completely analogous
result was obtained by Kelly" for the polarizabil-
ity of the (2p'Ss) 'S' state of atomic oxygen.
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FIG. 1. Partial photoionization cross section for
Sp —g) channel obtained with frozen-core wave functions
(FCW). Solid curve: cross section obtained with
analytic fit of cummulative function E(q) [Eq. (1)]. In-
dividual points represent Stieltjes derivative values
IEq. (7)] obtained with the first n moments: +» n =10;
g, n=l2; ~, n=14; ~, n=16; 0, n=18.

values of the cross section which we have calcula-
ted using different sets of moments fall on a rea-
sonably smooth curve. This shows that our basis
of p-type AO's is sufficiently large, and the re-
sulting pseudospectrum is sufficiently dense, to
provide converged cross section between threshold
and about 30 eV. Second, in our discussion of the
Stieltjes procedure (see Sec. II), we remarked
that the Stieltjes derivative, being a linear approx-
imation, tends to overestimate the cross section
where the curvature of the cross section is posi-
tive, and to underestimate in the opposite case.
This behavior is clearly visible in Fig. 1, es-
pecially for E&15 eV. We emphasize here that the
results shown m Fig. 1 are typical; very similar

plots were obtained for the other two channels and
with the more elaborate wave functions. In the
present calculations we have found that, for our
basis of p-type AO's the Stieltjes derivative form-
ula and the analytic fit of F(e) gave mutually coin-
patible results when we used the first 10-18 mo-
ments of the calculated osciIlator strength distri-
butions. Since the latter method requires no ap-
proximation for the derivative and gives the cross
section for any energy, it was used to obtain the
results which are presented in the remainder of
this section.

Since the various atomic wave functions used in
the present work were calculated in the presence
of nonlocal exchange interactions, their accuracy
can be judged from the degree of agreement (or
disagreement) between the cross sections computed
with the dipole-length and the dipole-velocity
forms of the transition moment. Figure 2 shows
the total photoionization cross sections which we
have obtained for the (2P'Ss) state of neon with
the FCW. It is clear that the "length" and the
"velocity" forms of the cross section differ, signi. -
ficantly from threshold to about 15 eV. At thresh-
old, the two cross sections differ by a factor of
2. In the case of the 'P-'I and "'P-'S partial
cross sections, the discrepancy is even greater
than what Fig. 2 shows, about 6(F/~ at peak value.

In Fig. 3 we compare the total cross sections '

("velocity" form) which we have calculated using
the four levels of approximation discussed in Sec.
III. In going from the frozen core (FCW) to the
distorted core (DCW) approximation, the peak
values of the "length" and the "velocity" cross
sections increase by 2(P/o and 3(P/p, respectively.
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FIG. 2. Total photoionization cross section for
(2P 3s)~& state obtained with frozen-core wave functions
(FCW); Solid curve: dipole velocity. form; dashed curve:
dipole length form.

Photon energy, eV

FIG. 3. Comparison of the total photoionization cross
sections ("velocity" form) calculated with four different
approximations. Solid curve: correlated wave function
(CW); dashed curve: {DPW); dotted curve: distorted
core wave function (DCW); dot-dashed curve; frozen
core wave function (FCW).
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By carefully repeating the DC% calculations using
slightly different sets of singly excited configura-
tions, we have found that most of the increase in
the "velocity" cross section is due to the relax-
ation of the core orbitals during ionization. On the
other hand, the increase in the "length" form is
due almost entirely to the angular polarization of
the 3s electron in the initial state. Figure 3 also
shows that, in going from the distorted core wave
function (DCW) to the dipole-polarization wave
function (DPW), the peak value of the total cross
section ("velocity" form) increases by another
30%%u~. This increase is due largely to the presence
of those doubly excited configurations in the final
state which have nonzero dipole matrix elements
with the reference configuration of the initial state.
As discussed. in Sec. IIID, these doubt excited
configu, rations correspond to physical autoionizing
states which are connected to the initial (2P'3s)'P
state by large oscillator strengths. Thus, even rela-
tively small mixing of these autoionizing states into
the nonresonant (2p'kp) continua leads to significant
increases inthe continuum oscillator strength far
away from the autoionization r egion near the second
ionization threshold. Finally, in going from the di-
pole polarization (DPW) to the correlated wave func-
tions (CW), the peak value of the total cross sec-
tion decreases by about 2(F/o (see Fig. 3). This
change can be understood by recognizing that the
CW contains a large number of doubly excited con-
figurations which have vanishing dipole-matrix
elements with the reference configurations of the
initial and the final states. The inclusion of such
double excitations in the calculations decreases the
linear coefficients of the ref erence conf igur ations
in the CI %ave functions. This, in turn, results
in a decreasing contribution of the SCF configura-
tions to the transition moments.

Next, we discuss briefly how the autoionizing
(AI) states were treated in our calculations. The
results in Fig. 3 clearly shorn that polarization

. and electron-electron correlation influence the
shape and the magnitude of the photoionization
cross section of metastable neon. In order to ac-
count for these effects, one must include in the
wave functions singly and doubly excited configu-
rations, some of which represent physical auto-
ionizing states. Some of these AI states, e.g. ,
(2s2P'3s)'S', ca.rry large oscillator strengths
from the initial (2s'2p'3s) 'P' state, while others,
e.g., (2s~2p'3p')'S', are nea, rly forbidden. In the
AI region, the resulting pseudospectra may con-
tain closely spaced points with very different os-
cillator strengths. If one attempts to use such a
pseudospectrum (with rapidly varying oscillator
strengths) in the Stieltjes procedure, wildly os-
cillating and physically meaningless photoioniza-
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FIG. 4. Partial and total photoionization cross sec-
tions for (2p 3s) P —(2pskp) g, ~, D calculated with
correlated wave functions (CW). Solid curves: dipole
velocity form; dashed curves: dipole-length form.

tion cross sections result. "' " In order to avoid
this difficulty in our calculations, me inspected
the eigenvector associated with every eigenvalue
of the Hamiltonian. By examining the contribu-
tions of the various configurations to each wave
function, we were able to identify each solution as
representing eitlzex the (2s'2P'kP) continuum, or
another continuum associated with an excited state
of Ne', e.g. , (2s'2P'3skd), ov. a physical auto-
ionizing state. Only those solutions which had
large contributions from the frozen-core (2s2p'np)
configurations and which therefore corresponded
to the nonresonant continuum, were included in the
Stieltjes moment analysis. (Such an inspection of
the CI wave functions is very similar to the pro-
cedure used in the stabilization method" for cal-
culating resonances, e.g. , AI states, where one
looks for those solutions which have large contri-
butions from spatially localized configurations. )

In neon, the lowest AI state with even parity is
probably the (2s2P'3s) 'S' state which is located
about 28 eV above the (2s'2P'3s)'P' state. Thus,
for photon energies greater than 28 eV, AI states
will contribute to the total ionization signal. Since
we have not included these AI states in the Stieltjes
procedure, our calculated total cross sections
above 28 eV represent only direct i.onization lead-
ing to the (2s'2P')'P' state of the ion. Further-
more, above the second ionization threshold, at
31.8 eV, our cross sections- do not include the
contribution of direct ionization leading to the
(2s2P') 'S' state of Ne'.

Figure 4 displays our final results for the photo-
ionization of metasable neon which we have ob-
tained with the C%. The individual partial cross
sections: 'P-'S, 'P-3I'„and P-'D, as mell as
the total cross section are shown for both the
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"length" and "velocity" forms of the transition mo-
ment. A comparison of Figs. 2 and 4 shows that
using correlated wave functions in the calculations
improved significantly the agreement between the
"length" and the "velocity" cross sections, es-
pecially near threshold. It is clear that the re-
maining discrepancy is due almost entirely to the

cros6 section which has the smallest mag-
nitude among the three. The agreement between
the two forms of the cross section is excellent
over a wide energy range for the 'P-'S and
'P- 'D channels.

The behavior of the cross section near threshold
is interesting because of the appearance of the
"Cooper minimum. "".Figure 5 shows the near-
th. eshold region in more detail. One of the
striking features is that the minimum in the
'P 'S oscilla-tor strength evidently occurs among
the discrete Ss-nP rydberg transitions. We ob-
tained the same result at every level of approxi-
mation, although the exact location of the minimum
and the threshold value of the photoionization cross
section varied somewhat.

In a simple, one-electron picture of ionization, ,

the minimum value of the partial cross sections
(in the 'P and 'D channels) should be zero. The
fact that our calculated minima ate small but finite
is due partly to many-electron correlation effects
and partly to some inaccuracy in fitting the cumu-
lative oscillator strengths to analytic forms. In
the various channels, the minima occur at differ-
ent energies because the (2s22p') Ne+ core is not
spherically symmetric, and therefore the potential
seen by the ionized electron depends on the total
orbital angular momentum L. The practical con;

0 I I I I

0 0.41 0.82 1.23 'l.64 2.05

Energy of ejected electron, eV

FIG. 5. Partial and total photoionization cross sec-
tions for (2p 3s)3P (2pskp)3$, P, D in the threshold
region. Solid curves: dipole velocity form; dashed
curves: dipole-length form. Individual points repre-
sent values calculated by Hartquist {Ref. 8) for the

Pz initial states: ~, J=o; ~, J=2.
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FIG. 6. Comparison of calculated total photoionization
cross sections for (2p~3s)3P (2p~)2P+e . Solid curve:
present result —"velocity" form; dashed curve: pre-
sent result —"length" form; dotted curve: result of
McCann and Flannery (Ref. 7).
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sequence of this fact is that the minimum in the to-
tal cross section is not as deep as those in the in-
dividual partial cross sections.

Finally, we compare our results to previous
work. Figure 5 shows the values of the cross sec-
tions for the 'P, and 'g, levels of neon which have
been calculated by Hartquist' using the quantum
defect method. A detailed comparison is difficult
because his results refer to states described by

j „-j coupling, whereas we have used LS cou-
pling and, neglected the spin-orbit splitting in the
'P' state of Ne'(-0. 1 eV). If the latter assumption
is justified, our calculated cross sections should
be va. lid for the 'P, and 'P, (but not the 'P, ) states,
because these are pure L,S states provided mixing
with other higher-lying states is negligible. We
feel that neglecting the splitting between the j =-,'
and j = 2 states of Ne; should have only a small ef-
fect on the cross sections for ejected electron
energies greater than 1.0 eV. Considering all
these as sumptions, we find that our values of th-

cross sections at threshold are the same order of
magnitude as those of Hartquist, ' but the energy
dependence is quite different.

Figure 6 compares our total photoionization
cross section to that calculated by McCann and
Flannery, ' who used a one-electron model poten-
tial to describe the initial and the final states of
the active electron. The magnitude of the cross
sections are quite similar over a wide energy
range between 10 and 40 eV. In this region, our
results are somewhat larger due to the in'elusion

.of many-electron effects in the calculations. On
the other hand, the difference between the calcu-
lated cross sections is quite large from threshold
to 10 eV: the cross section of Mc Cann and Flan-
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nery actually dips to zero and their threshoM
value is a factor of 10 smaller. The former is due
to the fact that these authors averaged thei. r atom-
ic potential over the various angular momentum
couplings which are possible between the open-
shell 'P state of the core and the active kP elec-
tron. (See the discussion of Fig. 5 earlier). The
results presented in Fig. 6 lead to the conclusion
that orbital relaxation, polarization, and electron
correlation effects are important in determining
the magnitude of the photoionization cross section
from threshold to about 5 eV (ejected electron en-
ergy).

V. SUMMARY AND CONCLUSIONS

In the present work, we have calculated the
photoionization cross section for the (1s'2s'2p'3s)-
3P metastable state of Ne using ab initio, many-
electron wave functions in the LS-coupling scheme.
We have considered all open channels which corre-
spond to the (1s'2s'2P')'P state of Ne'and an
ejected P electron. Although several excited
states of Ne' were included in the calculations as
closed channels, we have not determined the cross
section for processes leading to excited states of
the ion.

The (1s'2s'2P'kP) continua were disc retized by
approximating the final-state wave functions as
superpositions of square-integrable configura-
tions. In order to examine the effects of orbital
relaxation, core polarization, and electron corre-
lation, the initial and the final states were calcu-
lated at four increasingly accurate levels of ap-
proximation. The shape and the magnitude of the
cross section within 5 eV of threshold were found
to depend sensitively on these effects. The ac-
curacy of the various wave functions was judged
from the degree of agreement between the dipole-
length and the dipole-velocity forms of the cross
sections. We have used the Stieltjes moment-
theory technique to construct the continuum os-
cillator strength distribution from the ca,lculated
pseudospectra of discrete transition energies and
oscillator strengths. The cross sections were
computed from the cumulative oscillator strengths
using either the so-called Stieltjes derivative or
continuous, analytic fits of the cumulative func-
tion, F(e). In order to obtain converged cross
sections from threshold to 30 eV, we found it
necessary to use a sufficiently large one-electron,
basis for the ionized electron which led to a rea-

sonably dense spectrum between the first and the
second thresholds.

In order to account for polarization and corre-
lation effects, we had to include in the final-state
wave functions doubly excited configurations which
corresponded to physical autoionizing states. Of-
ten, the presence of such states in the pseudospec-
trum used in the Stieltjes procedure can lead to
anomalous behavior of the photoionization cross
section as a function of energy. In order to avoid
this problem in our calculations, we have included
in the moment analysis only those eigenvalues of
the Hamiltonian matrix which had large projections
on the non-resonant continuum (2s'2P'kP). Thus,
our calculated cross sections do not include any
contributions from autoionization. In the present
case of metastable neon, this a workable procedure
because excitation out of the (Is'2s'2p'3s)'P state
leads to essentially a one-electron spectrum with
widely spaced ionization thresholds. It should be
recognized that the same procedure may not work
in other cases where there are nearly degenerate
thresholds, or where there are several strongly
coupled open channels. Furthermore, the direct
inclusion of autoionizing states in the Stieltjes
moment analysis is still a difficult problem which
needs further theoretical study.

We have compared our calculated photoionization
cross sections to the results of other workers.
The threshold value of the cross section, 1.0
x10 "cm, is in reasonable agreement with that
obtained by Hartquist, ' but it is almost a factor of
10 larger than the value of McCann and Flannery. '
The peak value of the cross section, 1.9 x10 "
cm', is somewhat larger than that calculated by
McCann and Flannery.

The application of the present computational pro-
cedure to the photoionization of the metastable
states of the heavier rare gases will require the
explicit consideration of spin-orbit coupling. Cur-
rently, we are investigating the inclusion of this
effect in a Stieltjes calculation of the photoioniza-
tion cross section.
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