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Starting from the Hartree-Slater independent electron model, we perform configuration interac-
tion (CI) calculations for both the initial state and the final state in atomic photoionization process-
es. Our CI K-shell photoionization cross section for Ne displays an enhancement near the threshold
due to the dynamical screening effect of the K vacancy, which is in good agreement with experi-
ments. Furthermore, the K-shell ratio function of the CI Ne K shell to the CI Ne® K-shell photo-
ionization cross sections shows no oscillatory behavior, in contrast to the ratio in the Hartree-Slater

independent electron calculation.

I. INTRODUCTION

There is a great deal of interest in photoionization pro-
cesses because one can learn dynamical properties of the
interactions, not only between the incident photon and
the atomic electrons but also between the ejected electron
and the residual atomic electrons. Historically, an in-
dependent particle approximation (IPA) such as the
Hartree-Slater method provides a convenient method to
calculate the photoionization cross sections and can also
explain most of the nonhydrogenic features (e.g., atomic
screening effects) in photoionization processes. General
physical properties of photoionization cross sections for
the neutral atoms in their ground states (i.e., oscillator
strength density distribution) have been reviewed."? For
example, IPA gives the main features of Cooper minima
and delayed maxima in the photoionization cross sec-
tions,! although the exact quantitative description of
these nonhydrogenic features sometimes requires more
precise theoretical calculations beyond the IPA. Owing
to recent developments in laser technology and fusion
plasma research, there is also much interest in photoion-
ization processes for excited atoms as well as ionized
atoms. Some aspects of photoionization of such targets
have now been investigated.%8 For example, since all
photoionization cross sections behave similarly in shape
for neutral and ionized atoms,>*® a subshell ratio func-
tion for an ion can be introduced as the ratio of the sub-
shell ion photoionization cross section to that for the cor-
responding neutral atom;® such subshell ratio functions
vary smoothly with photon energy and, in the high pho-
ton energy region, approach constants asymptotically,
not only for the inner subshells but also for the outer sub-
shells. However, in regions near thresholds, the subshell
ratio functions, calculated from Hartree-Slater-type po-
tentials with the Coulomb Latter tail, have oscillatory be-
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haviors.””? Such oscillatory behaviors are associated

with a discontinuity in the derivative of the Hartree-
Slater-type potential at the joining point of the Coulom-
bic tail.®° In addition, dynamical correlations also be-
come important near the threshold regions. Thus to
achieve a better understanding of photoionization near
thresholds requires more precise theoretical calculation
methods beyond the IPA methods.

There have been various theoretical approaches
beyond the IPA for atomic photoionization, such as the
configuration interaction (CI) method, !~ '* the R-matrix
method, '*~'® the random-phase approximation,'>?° the
many-body perturbation method,?!?? etc. Here we adopt
the CI method, more specifically to calculate separately
the initial-state atomic wave function by a superposition
of the relevant configuration functions and the final-state
wave functions by superpositions of the relevant
configuration functions including the continua. Photo-
ionization is then treated as a first-order perturbation
process between the initial and the final states. This ap-
proach provides a clearer picture to elucidate the initial-
state correlations, the final-state correlations, and the
dynamical correlations linked by one photon absorption
in the atomic photoionization processes. Here, we
choose K-shell photoionization for the neutral Ne atom
and the Ne' ion as an illustrative example. We start
with the Hartree-Slater IPA method. In such a calcula-
tion the K-shell ratio function displays an oscillatory be-
havior near the threshold region. With the CI method
we can take into account the residual interactions which
have been omitted in the IPA method. Our calculated CI
K-shell ratio function has no oscillation, as shown in Fig.
1. We also compare the CI K-shell photoionization cross
section with the existing experimental data?’~2° for the
neutral Ne atom. We have not taken into account the
shakeup and the shakeoff channels (in which while a K-
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FIG. 1. K-shell ratio function of o(Net)/o(Ne). (a)

Hartree-Slater (HS) initial-state and HS final-state wave func-
tions. (b) HS initial-state and CI final-state wave functions. (c)
CI initial-state and HS final-state wave functions. (d) CI initial-
state and CI final-state HS wave functions.
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FIG. 2. K-shell photoionization cross section for the neutral
Ne atom. (a) K-shell cross sections. Solid curve: Hartree-Slater
result. Dashed curve: our CI total cross section. Points: ex-
perimental data (Refs. 23 and 24) (upper—K-shell total cross
section; lower—K-shell partial cross section with Ne* in
ground state). (b) Ratios of K-shell cross sections with respect
to the Hartree-Slater cross section. Solid curve: our CI result.
Dashed curve: experimental data (Refs. 23 and 24) (upper—K-
shell total cross section, lower—K-shell partial cross section
with Ne* and K vacancy). Solid vertical line: Ne K-shell
threshold. Solid vertical line: Ne K-shell shakeup threshold.
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shell electron is ionized, an outer-shell electron is also ex-
cited or ionized) in our present CI calculation, shown in
Fig. 2, and our CI K-shell cross section is in best agree-
ment with the experimental results below the shakeup
threshold. This agreement demonstrates the importance
of the dynamical screening effect on the photoelectron,
due to the K vacancy in atomic K-shell photoionization.
At the end of this paper we discuss the effects of the
shakeup and the shakeoff channels in photoionization.

II. THEORETICAL METHOD AND RESULT

Since the interaction between the atomic system and
the photon field is treated as a first-order perturbation
process, we start with the total N-electron atomic Hamil-
tonian (in atomic units throughout):

H,= 2(P,2/2—-Z/r,-)+ S U/ry=Hys+V, (1)

i<j

where Hyg is the Hartree-Slater Hamiltonian defined as

Hys= 3 [P} /24 Vscr(r)] . (2)

The Hartree-Slater potential Fgcp with the Coulomb
Latter tail is readily calculated by a self-consistent
method.?*?” The residual interaction potential ¥, which
has been omitted in the Hartree-Slater Hamiltonian, can
then be defined as

VEZ‘—[VSCF(ri)+Z/r,]+ZI/rij_ 3)

i<j

Based on the Hartree-Slater potential Vg, one-electron
wave functions including continuum wave functions can
be conveniently calculated and form a complete ortho-
normal basis set. Antisymmetrized N-electron product-
type configuration wave functions ®;(T,y) with T and ¥
denoted as the quantum numbers (e.g., the angular mo-
menta and their couplings) and the z-component projec-
tions form a complete orthonormal basis to describe the
N-electron atomic system. The residual interaction ma-
trix elements (®;[V|®;) can be conveniently calculated
as one-electron matrix elements and two-electron matrix
elements. 2

We will now discuss briefly how to calculate the final-
state and the initial-state wave functions (see Refs. 14 and
28 for the details). The initial-state wave function with
'='S for Ne or =2P for Ne" is expressed as a super-
position of the relevant configuration wave functions,

WI(F,Y):EQI‘(D,‘(F,'}/) . (4)

For the Ne atom, the ground-state configuration is
1s225s%2p%!S). For the Ne%' jon, the ground-state
configuration  is 15225 %2p3(%P). The  relevant
configurations chosen in Eq. (4) consist of the ground-
state configuration, one-electron excited bound-type
configurations and two-electron excited bound-type
configurations with I' =15 for the Ne atom and ' =2P for
the Ne* ion, respectively. The superposition coefficients
a; are determined by diagonalizing the relevant Hamil-
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tonian matrix.?® In K-shell photoionization of the neu-
tral Ne atom, the main configuration of the final state is
1522522p®%(2S)eP (1P), with the configuration wave func-
tion denoted as ®I",y), where r'=s)!'P. In K-shell
photoionization for Ne™, the main configuration of the
final state is 1s'25%2p°('P or 3P)ep (%S, 2P, or *D), with
the configuration wave function denoted as ®(I,y),
where T'=('P)’S, ('P)*P, ('P)*D, (°P)’S, (*P)*P, and
(3P)?D, respectively. In our present one-channel CI cal-
culation (e.g., six separate calculations for the Ne ™" final

states), the final-state wave functions are then expressed
1,10— 14
as”

VT,y)= [aS® T, y)de", (5)

where the integration also includes a sum over discrete
configuration wave functions. Although the continuum
configuration wave functions adopted are antisym-
metrized product-type wave functions of the residual
frozen-core configuration wave function (N —1 electrons)
and the photoelectron wave function (one electron), the
major part of the residual interactions due to the K va-
cancy (regarded as dynamical screening) should be taken
into account. Of course, the residual interactions due
to more delicate core relaxations, such as shakeup and
shakeoff, have been completely ignored in our present
calculation. Thus we anticipate our present one-channel
calculations should best simulate the physical K-shell
photoionization process below the core shakeup thresh-
old. Further discussion on the implication of the residual
frozen core will be given later.

Now, we return to the calculations of the superposition
coefficients, which can be expressed ash10—14

P

’

€—€

at = K. .+8e—¢) |B,, 6)

where the matrix K,
type integral equation
(D, VIP. K,

"

€€

satisfies the Lippmann-Schwinger-

S+(p VD) | . (7)

The symbol P represents a principal value integration.
The coefficient B, in Eq. (6) is determined by normaliza-
tion of the final-state wave function per unit energy,

1

B=———"——>—. (8)
€ [1+(7TK55)2]]/2

The matrix elements (®_|V|®_) are residual interaction
matrix elements, apart from the parts solely due to the
N —1 electron core configuration wave functions. For
example, the calculated (®_|V|®,) for the Ne atom in
the 1s'2522p®?P)ep (!P) channel are shown in Fig. 3.
The integral equation can be recast into an algebraic
equation which is readily solved by a matrix inversion.
For the details, such as optimal discrete energy mesh and
convergence, we refer to Ref. 14. The K., matrix on the
energy shell (i.e., the diagonal matrix elements) for the
Ne atom in the 'P channel are shown in Fig. 4. The K,
represents a correction Au(e) of the quantum defect p(€)
which is obtained in the Hartree-Slater potential,
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FIG. 3. Residual interaction matrix element (®.|V|®,) for
the Ne atom in 15'2522p°(2S)ep (' P) channel.

Au(e)=—tan (7K ) /7 . 9)

For the Ne atom in the 'P channel, Au=0.17 at the
threshold, indicating that the slow photoelectron feels
more attraction due to the dynamical screening effect of
the K vacancy produced in the photoionization process.

After obtaining the initial-state and the final-state wave
functions, the photoionization cross section can be calcu-
lated by first-order perturbation theory,

amg

3g,

o=2w)?

S Kw D)|r|w,)[?, (10)
r

where a~ 35 is the fine-structure constant, wy the pho-

ton energy, and g; the degeneracy of the initial state. For
the Ne™ ion, the K-shell photoionization cross section re-
sults from the sum of the six final channels. Figure 1
displays the K-shell ratio function of the Ne K shell to
the Ne™ K-shell photoionization cross sections. When
one includes the configuration interactions in the final
state (i.e., mainly the dynamical screening of the K vacan-
cy), the K-shell ratio functions have no oscillations, as

_ . . . . L . .
o'20 50 100
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FIG. 4. K matrix on the energy shell for the Ne atom in
15'25%2p%(*S)ep (' P) channel.
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shown in Figs. 1(b) and 1(d). The calculated K-shell pho-
toionization cross section for the Ne atom with CI
initial-state and CI final-state wave functions is also
shown in Fig. 2(a). As we anticipated, the cross section is
in good agreement with the experimental data below the
shakeup threshold.?3~2°

III. DISCUSSION

First we examine the ratio function of the Ne K shell to
the Ne™ K-shell photoionization cross sections. In Fig.
1(a), the K-shell ratio function with Hartree-Slater
initial-state and final-state wave functions shows the os-
cillatory behavior which is associated with a discontinui-
ty in the derivative of the Hartree-Slater potential (with
Coulombic Latter tail). If we adopt one-channel CI
final-state wave functions, the oscillation disappears as
shown in Fig. 1(b). The enhancement of the K-shell ratio
function near the Ne' K-shell threshold is associated
with an enhancement of the Ne* K-shell photoionization
cross section near the threshold, reflecting the dynamical
screening effect of the K vacancy. In Fig. 1(c), the K-
shell ratio function with a CI initial-state and the
Hartree-Slater final-state wave functions also has the os-
cillation. This indicates that the oscillation, due to the
discontinuity in the derivative of the Hartree-Slater po-
tential, mainly results from the final-state wave functions.
This conclusion is also consistent with the results of mod-
el potential calculations.® Figure 1(d) displays the K-
shell ratio function with both the CI initial-state and the
CI final-state wave functions. There is again no oscilla-
tion and the enhancement near the Ne™ threshold
remains.

Now let us discuss the implication of adopting frozen
one-electron orbital wave functions in constructing the
N —1 electron core configuration wave function. In our
present one-channel CI calculations, the major part of
the residual interactions due to the K vacancy (i.e., the
dynamical screening) has been taken into account but the
residual interactions due to more delicate core relaxations
such as shakeup and shakeoff have been ignored. Ac-
cording to the variational principle, our one-channel CI
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calculations will simulate the K-shell photoionization
cross sections below the shakeup threshold. As shown in
Fig. 2(a), our one-channel CI cross section agrees with
the experimental data below the shakeup threshold. This
becomes clearer if we examine the ratios of various Ne
K-shell photoionization cross sections with respect to the
Hartree-Slater Ne K-shell photoionization cross section
as shown in Fig. 2(b). There is an enhancement near
threshold due to the dynamical screening effect in our CI
result, which is in good agreement with the experimental
data.?>”%5 As the photon energy increases, the photo-
electron will escape faster from the ionic core. At high
photon energies above ~60 a.u. as shown in Fig. 2, our
one-channel CI photoionization cross section agrees with
the experimental K-shell total photoionization cross sec-
tions, >~ % in accord with the physical picture of the sud-
den approximation. In the photon energy range between
the shakeup threshold and the high-energy region, our
one-channel CI photoionization cross section is in be-
tween the experimental K-shell total photoionization
cross sections and the experimental K-shell partial photo-
ionization cross section with the Ne' ion with a K-shell
vacancy. It will require further theoretical multichannel
CI calculations to achieve a better understanding of K-
shell photoionization in this intermediate photon energy
range.

Finally, we would like to conclude by commenting on
the K-shell ratio function for Ne and Ne™. Just below
the shakeup thresholds, some autoionizing states are ex-
pected to exist in rather localized narrow energy regions.
The K-shell ratio function is then expected to show
Fano-type profiles in these narrow energy regions. Fur-
ther experimental research is needed, since present exper-
imental measurements of inner-shell photoionization
cross sections for atomic ions are very fragmentary.
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