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Abstract

The role of many-electron correlations in photoabsorption processes has been investigated. The results of numerical compu-
tations of photoionization cross sections of sodium atom are presented. The many-body effects such as interchannel correlations
resulting in autoionization resonance peaks, as well as effects of atomic core polarization were taken into account in the com-
putations in terms of RPAE. Polarization corrections were accounted for using both static and dynamic polarization potentials.
The influence of correlations on the position and the form of resonance peaks was studied. The obtained results demonstrate
necessity of taking into account polarization effects, especially for clarification of autoionization resonance peaks position and
the cross-section magnitudes in the low energy range. The best agreement with experimental data was reached with the model

of dynamic polarization potential based on Dyson equation.
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Introduction

The rapid advances made in radio astronomy, laser
technologies, and optical spectroscopy methods need
to be based on sound theoretical foundations for deci-
phering the experimentally obtained optical spectra of
atoms, molecules, atomic clusters, impurities, quantum
dots in solid bodies, etc. The correlation effects play a
significant role in the interactions between many-body
systems; these effects need to be taken into account
when constructing a respective theoretical model.

* Corresponding author.
E-mail addresses: alkonvit@yandex.ru (A.V. Konovalov),
andrei_ipatov@mail.ru (A.N. Ipatov).

http://dx.doi.org/10.1016/j.spjpm.2016.02.008

This paper studies the influence of many-electron
correlations on the optical properties of atoms using
the specific examples of numerical computations of
the photoabsorption cross-sections of the sodium atom.
The computations were performed taking into account
the many-body effects such as interchannel correla-
tions leading to autoionization resonance peaks ap-
pearing, as well as the interactions related to atomic
core polarization.

The data on the photoabsorption and radiation spec-
tra of atoms offer clues to understanding their struc-
ture and the processes occurring when they interact
with the electromagnetic field. It should be noted that
electron shell structure can be described only through
a theory that would adequately interpret the experi-
mental data. The emergence of quantum mechanics,
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the formulation of the Schrédinger wave equation and
its generalizations to many-electron atoms in the form
of the Hartree—Fock equations (HF) all once played
a key role in understanding the structure of electrons
and molecules [1-3]. The HF single-particle approxi-
mation allows computing wave functions and energies
of the ground and the excited states of many-electron
systems. However, this approach has significant disad-
vantages. The eigenvalues of the Hartree—Fock Hamil-
tonian mean the ionization energies of the respective
electron shells, but, as the computational results indi-
cate, these energies are always substantially different
from the corresponding experimental values. Addition-
ally, the excited states are computed in the combined
field of the frozen core and the vacancy formed. This
means that the wave function of an excited electron is
computed without taking into account the rearrange-
ment of the self-consistent field due to a hole appear-
ing in the structure of the electron core and as well as
the polarization of the electron core by the knock-on
electron. We should note that the methods presented
in this study can be applied to describing the opti-
cal properties of the individual many-electron atoms
as well as of the more complex structures.

The atomic system of units is used in this study:
m,=lel=h=1.

Theoretical approach

A photoabsorption cross-section of an atom is de-
scribed by the following formula [2]:
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where F is the highest occupied level (the Fermi level)
of the system in its ground state,(v|M (w)|i)is the ma-
trix element of the atomic electron transition from the
state i to the state v under the effect of the external
electromagnetic field in a dipole approximation.
These single-particle transition amplitudes take into
account the change in the state of only one elec-
tron, namely, the one interacting with the electromag-
netic field. Computations using dipole amplitudes with
only the electron-hole interactions taken into account
proved this approach to yield an adequate quantitative
and qualitative description of the photoabsorption pro-
cesses only in a limited number of cases. Indeed, the
methods based on single-particle approximation can-
not provide even a qualitative explanation for some of
the observed phenomena, in particular, the autoioniza-

tion resonance peaks appearing in the partial photoion-
ization cross-sections of outer atomic shells. Because
of this, a need arose to further develop the method of
the quantum many-body theory.

Random Phase Approximation (RPAE) [2,3,5,6]
turned out to be one of the most effective approaches
to constructing the operator of the interaction between
the atom and the external field; this method allows
taking into account many-electron correlations. The
photoabsorption cross-sections were first successfully
computed in this approximation for a considerable
number of atoms with a good agreement between the
numerical results and the experimental data. RPAE is
based on the assumption that an excited electron is
not immediately transferred to the final excited state
but instead passes through a number of intermediate
short-lived (virtual) ones. The virtual excited states of
the electron—hole type interact with the real excitation
by the Coulomb field with the exchange interaction
allowed for.

The operator form of the expression for the inter-
action amplitude can be written in RPAE as [5]:
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This expression can also be written in the matrix
form as
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This expression can be also represented by dia-
grams, as shown in Fig. 1 [5,6]. If the exchange terms
are taken out of the sum of Expression (3), the random
phase approximation (RPA), widely used in electron
gas theory [7], can be obtained.

An important feature of RPAE is the so-called ef-
fective interaction appearing in the operator descrip-
tion, different from the pure Coulomb interaction with
the core electrons by the adjustments introduced due
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Fig. 1. Diagram representation of the interaction amplitude in RPAE: a is the single-particle dipole amplitude; b and ¢ are the direct and the
exchange interactions for the’time-forward” processes; d and e are the direct and the exchange interactions for the ‘time-reverse’ processes; w
is the photon frequency; k" and /' are the states of the intermediate (virtual) electron and hole; k and i are the states of the electron and the

hole resulting from the photoabsorption process.

to virtual electron—hole excitations emerging [2]:

~

U
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In matrix form, the expression for the effective in-
teraction elements can be obtained from (3) by sub-

stituting the dipole single-particle amplitude with the
Coulomb interaction [8,9]:
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As mentioned above, RPAE allows describing the
profiles of the autoionization resonance lines in the
photoabsorption spectra. These phenomena are caused

by multi-channel correlations and emerge in the con-
tinuous photoionization spectrum of the outer shells

in the energy regions close to the energies of discrete
transitions from internal shells. The shape of the peak
profile can be described by the Fano formula [3,4]:
(e + 61)2>

e2+1 ©

o =0 (1 —p +p
where o is the photoabsorption cross-section in the
vicinity of the peak; p? is the interference index indi-
cating how strongly the channels are involved in the
resonance; ¢ is the form index defining the profile of
the resonance line.
A dimensionless quantity ¢ is determined by the
ratio
2(E — EF)
E= ——"—"",
14

where y is width of the resonance line; Ep is the
energy of the discrete transition; the interaction with
this transition is taken into account in the process of
ionization of the outer shell.

When describing the shape of the autoionization
resonance peaks within RPAE, the values y, Ep, 0’ €,
and q are expressed through the real and the imaginary
parts of the matrix elements of the operators Dand T,
and their linear combinations [3].

The correspondence between the computed and the
experimental data can also be improved by introduc-
ing additional effects caused by the polarization of the

@)
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system’s electron core. An excited electron creates its
own field that distorts the self-consistent field of the
atomic core and produces virtual electron-hole pairs
interacting with the electron.

One of the methods for taking into account the
atomic core polarization and, respectively, its influence
on the wave functions of the ground and the excited
states is based on using the static effective polarization
potential in the following form [3]:

o

(7 + )

where « is the static dipole polarizability of the atom;
b is the phenomenological parameter allowing to avoid
divergence at small distances from the atomic nuclei.
The dipole polarizability value is typically taken from
the experimental data, while the parameter b is se-
lected so that the energy of the outer shell of the
ground state could most closely match the experimen-
tal ionization energy.

Another approach allowing to take into account the
polarization corrections was previously widely used
for theoretically studying the scattering of slow elec-
trons by many-electron atoms [8]. The dynamic polar-
ization potential is described by the self-energy part
of Green’s function for the excited electron, X (E,r,r’),
depending on the energy of the incident electron and
two coordinates, i.e., in contrast to the static potential
(8), this potential is non-local. The expression for the
matrix element X(E,r,r’) in the second order of the
perturbation theory for electron—electron interactions
can be written in the form
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Here the first parenthetical term corresponds to the
‘time-forward’ diagrams, and the second one to ‘time-
reverse’ [3,5,6].

The expression (9) is schematically shown in dia-
grams in Fig. 2. In order to find a new wave function
of an electron moving in the field of the polarized

core, we used the Dyson equation:
(1{#“v _ E)\IIE(r) = / S(E. v, ¢)Wp(r)dr,  (10)

where E is the energy of a photoelectron (hole), Vg (F)
is its wave function, X(E,r,r’) is the irreducible self-
energy part of Green’s function [3,5,6].

Eq. (10) can be rewritten in the form

Vg (r) = Ye(r)
vy @Yy * ()

n / / dr'dr / EE(r/,r/’)wE(r”)dey,(11)

where v, (r) are the single-particle wave func-
tions in the HF approximation corresponding to the
H*FHamiltonian and forming a complete set of wave
functions; the integration, including all occupied and
excited states, is performed over this set.

Using Egs. (10) and (11), the expression for the
matrix element of the dipole operator d can be repre-
sented in the form

(Weld|W,)

1 Y. d,
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where

den = (Yeld|W,),
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d, = (Y, |d|W,).

Here X is the reducible self-energy part of Green’s
function; the integration is once again performed over
the whole set of HF states.

This, using Eq. (12), the amplitudes of dipole tran-
sitions can be found taking into account the polar-
ization correction based on the dynamic polarization
potential model.

It should be noted that this approach can be applied
to finding the perturbed states of both the photoelec-
tron and the hole, i.e., it allows to refine the electron
core energies of the system’s ground state compared
to their Hartree—Fock values.

The position of the autoionization resonance peaks
in the photoabsorption spectrum depends on the ener-
gies of discrete transitions from inner atomic shells.
These energies, in turn, typically depend on the spin
state of the excited system, For example, in the case of
the sodium atom, the line of the autoionization reso-
nance caused by the discrete 2 s— 3p transition is split
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Fig. 2. Diagram representation of a matrix element of the self-energy component of Green’s function: @ and b are the direct and the exchange
interactions for the ‘time-forward’ processes; ¢ and d are the direct and the exchange interactions for the ‘time-reverse’ processes.

Table 1

Comparison of the computed ionization energies of the sodium atom with the experimental data.

Electron shell Energy, eV

Polarization not taken

SPP taken into

DPP taken into Experiment [11]

into account account account
s —1101.48 —1101.66 - —1079
2s —76.11 —76.30 —71.95 —70.90
2p —41.31 —41.50 —38.70 —38.46
3s —4.955 =5.14 —5.14 —5.14

Abbreviations used: SPP is the static polarization potential, DPP is the dynamic polarization potential.

into two peaks whose position corresponds to the fi-
nal triplet and singlet states. This splitting can be taken
into account through the so-called spin-polarized ver-
sions of HF and RPAE (SPHF and SPRPAE, respec-
tively), where each atomic shell is divided into two
subshells which are filled with electrons with the same
spin projections [10].

Discussion of the numerical computation results

The above-described methods were used for com-
puting the photoabsorption cross-sections of the
sodium atom. Wave functions and energies of the
ground and the excited states were computed within
the non-relativistic HF approximation. Table 1 lists the
ionization energies of atomic shells computed without
and with taking into account the polarization correc-
tions, and the respective experimental values [11].

The experimental value of static dipole polarizabil-
ity of the ground state of the sodium atom, 162 a.u.,
was used to construct the effective static polarization
potential (8) The parameter b=11.687 au was selected
in such a way that the computed ionization potential

of the 3s shell would match the experimental value,
equal to —5.14eV, to a high degree of precision.

The partial and the full photoabsorption cross-
sections were computed for photon energies up to
100 eV. Pronounced autoionization peaks were discov-
ered, which proves that taking into account the in-
terchannel correlations is justified when computing
the photoionization cross-sections of the outer shells.
Four partial ionization channels, 2s— np, 2p— ns,
2p—nd and 3 s— np, were taken into account when
numerically modeling the photoexcitation process for
the sodium atom (the 1s—np channel was not
taken into account, since the ionization energy of
the 1s shell falls outside the energy range under
consideration).

Transition amplitudes and partial cross-sections
were computed within RPAE for photon energies up
to 100eV. In order to refine the numerical results,
amplitudes and cross-sections were also computed
using wave functions obtained taking into account
the polarization corrections. The shape and the pre-
cise location of the autoionization peaks caused by
the discrete 25— 3p(?P), 25— 3p('P), 2s—4p(>P)
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Fig. 3. The computed (lines) and the experimental (dots) curves of the full photoabsorption cross-section of the sodium atom versus the
photoelectron energy. Various approximations were used: RPAE taking into account the static polarization potential (/), SPRPAE taking into
account the dynamic polarization potential (2), RPAE without polarization (3).

and 2 s— 4p(' P) transitions were computed within the
SPRPAE approach.

The accuracy with which the computed and the ex-
perimental positions of the Cooper minima coincide
is one of the criteria indicating that the computation
is valid [3]. Fig. 3 shows the photoabsorption cross-
sections of the sodium atom versus the photoelectron
energies. It is evident from the dependences presented
that taking into account the polarization corrections al-
lows to improve the fit between the computed and the
experimental [12,13] positions of the Cooper minima.
However, a significant improvement of the fit between
the experimental and the computed photoabsorption
cross-sections was obtained only when the dynamic
polarization potential model was used.

Fig. 4 shows the total cross-sections versus the pho-
toelectron energies. As seen from the experimental de-
pendence published in Ref. [14], the photoionization
intensity is relatively small for photon energies lower
than 38.5eV, since only the electron from the outer
3s-shell participates in the ionization process in this
energy range. Energy regions where the autoioniza-
tion resonance peaks are located are the exception. For
example, a particularly intense peak caused by the res-
onance interaction with the discrete 2p — 3 s excitation
is observed at an energy of 31eV.

The shape and the location of this peak were ex-
amined, and the parameters necessary for constructing
the Fano profile (6) were computed (see Table 2).

The computed peak location is in good agreement
with the experiment; unfortunately, however, since it
is narrow and highly intense, no specific conclusions
can be drawn regarding the coincidence of the height
and the shape. The computed resonance lines and their
respective Fano profiles are shown in Fig. 5

Very narrow and closely spaced peaks caused by
the resonance of the 3s— np channel with discrete
2p—ns and 2p— nd transitions are observed in the
33.0-38.5eV region. Above the energy of 38.5eV cor-
responding to the bonding energy of the 2p-shell, the
ionization of this shell starts occurring in two chan-
nels, 2p—ns and 2p—nd. A number of peaks are
observed in the 38.5-45.5eV energy range in the ex-
perimental cross-section, which can be attributed to
two-electron excitations characterized by the simulta-
neous excitation of the 2p and the 3s-shell electrons
[14].

Furthermore, above 70.9 eV, the photoionization of
the 2s-shell starts. The excitations of the 2s-electrons
in the continuous spectrum contribute insignificantly
to the total photoionization cross-section; however, the
discrete 25— 3p and 2s— 4p transitions cause au-
toionization resonance peaks to emerge in the 63-71
energy range.

Numerical computations were performed; the
shapes and the locations of the autoionization reso-
nance peaks caused by the interactions with the dis-
crete 25— 3p and 25— 4p transitions were examined.
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Fig. 4. The experimental [14] (/) and the computed curves of the full photoabsorption cross-section of the sodium atom versus the photon
energy. Various approximations were used: RPAE without polarization (2) and SPRPAE taking into account the dynamic polarization potential

(3).

Table 2

The computed parameters for constructing the Fano profiles.

Electron Transition energy Line width y, Asymmetry
transition Erp, eV 103eV parameter g
2p—3s 30. 96 0.14 —754.34
25— 3p(2P) 66.37 34.4 —1.60
25— 3p('P) 67.59 39.6 —1.64
25— 4p(*P) 70.29 8.2 —1.80
25— 4p('P) 70.18 6.1 —-1.70

It can be seen from the experimental curve [14] that
each of these peaks is in turn split into two lines
corresponding to a specific spin state, i.e. the triplet
and the singlet. Because of this, the locations of these
peaks were computed within SP RPAE. The computa-
tions performed in this approximation showed that the
discrete 25— 3p(>P), 25— 3p('P), 25— 4p(*P) and
25— 4p('P) transition energies were equal to 70.53,
71.75, 74.45 and 74.34 eV, respectively. Consequently
taking into account the dynamic polarization poten-
tial allowed shifting the location of the 2s-level from
the energy of —76.11eV to-71,95¢V, i.e., the transi-
tion energies decreased by 4.16eV and became equal
to 66.37, 67.59, 70.29 and 70.175 3B,eV, respectively.

Remarkably, according to the computations per-
formed, the singlet-state energy for the 2s— 4p tran-
sition proved to be lower than the triplet-state one.
This fact needs to be rechecked using the multi-
configuration Hartree—Fock approximation. There are
discrepancies in the experimental and the computed

peak shapes. The computed ones turned out to be
more intense, and there is a characteristic dip in the
photoabsorption cross-sections after each peak. This
is possibly because an insufficiently small energy step
was taken when the experiment was carried out in this
energy range. In particular, this would explain the ab-
sence of the autoionization resonance peaks caused by
the discrete 25— 5p, 25— 6p, etc., transitions on the
experimental curve.

It should be noted that taking into account the
polarization corrections does not lead to a signif-
icant improvement in the agreement between the
experimental and the computed cross-sections in the
30-100eV energy range; it does, however, allow to
refine the locations of the autoionization resonance
peaks and the ionization thresholds of shells. Intro-
ducing the polarization corrections using the dynamic
polarization potential in the 5.14-20.14eV range
turned out to be justified as it improved the agree-
ment between the computed and the experimental
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Fig. 5. The computed autoionization resonance spectrum (/) and the corresponding Fano profiles (2). Resonance peaks corresponding to
25— 3p(P) (a), 25— 3p('P) (b), 25— 4p('P) and 25— 4p(*P) (c) are shown.
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results. Therefore, we can conclude that the effects
related to atomic core polarization have a signifi-
cant effect on the transition amplitudes only at low
photoelectron energies. Unfortunately, the obtained
computed photoabsorption cross-section is different
from the experimental one, and this discrepancy
grows with an increase of the photon energy. The
agreement between the cross-sections is 80-90% in
the 45-64eV energy range, and decreases to 70% in
the 70-100eV range. Presumably, this could be due
to the fact that the computations were performed in a
non-relativistic approximation. It is possible that using
the Hartree—Fock—Dirac approximation for computing
electron wave functions could improve the agreement
between the computations and the experiment.

Conclusion

The Hartree—Fock approach was used for finding
wave functions and single-electron energies of the
sodium atom in the ground and the excited states. The
photoionization amplitudes and the photoabsorption
cross-sections for this atom were computed through
RPAE which explains the experimentally observed au-
toionization resonance peaks emerging. The polariza-
tion corrections necessary for refining the energies and
the wave functions of the ground and the excited states
were taken into account by various methods, in partic-
ular, by the effective static polarization potential model
and by the model using the dynamic polarization po-
tential. Comparing the computed and the experimental
data proves that it is necessary to take into account the
electron—electron correlations in order to qualitatively
describe the optical properties of the atoms; it is also
useful to take into account the polarization corrections
when refining the photoabsorption cross-sections and
the ground state energies. In particular, introducing the
dynamic polarization potential allowed to significantly
improve the agreement between the locations of the
autoionization resonance peaks and the experimental
data; however, using this method to refine the pho-
toabsorption cross-sections only proved justified for
the case of low energies. Possibly, using a relativistic
basis may improve the agreement between the com-
puted and the experimental data in the high-energy
range. In order to further refine the positions of the
autoionization resonance peaks, it is necessary to go
beyond the Hartree—Fock approach, in particular, by
using the multi-configuration Hartree—Fock approxi-
mation and its relativistic generalization. The RPAE

method can be applied not only to describing atoms,
but also molecules, clusters, and other nanostructures
[14-17].

The authors express their gratitude to Professor
V.K. Ivanov, Doctor of Physical and Mathematical Sci-
ences, for his help in preparing the paper and the fruit-
ful discussion of the obtained results.
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