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This paper proposes an accurate valuable interpretation scheme to study the evolvement of the photoionization

processes from the isolated to the condensed atoms by a unique ab initio method. The variations of the photoionization

cross sections of the atomic sodium with the photoelectron energy and the boundary radius of the atomic configuration

space are studied in this new scheme by the R-matrix method. The discrepancy in the photoionization spectra of the

isolated and the condensed sodium has been explained quantitatively and understood successfully by this alternative

view in detail for the first time.
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1. Introduction

The solid-state effects and the transition mecha-
nism from the isolated atomic property to the macro-
scopic condensed property have always been interest-
ing subjects for physicists.!=% A fully quantitative
understanding of the implications and relations be-
tween the photoionization processes and cross sections
of the isolated and the condensed atoms has remained
a challenge as yet. Many theories have been developed
to purely deal with either the solid photoemission!®”]
and the local field effects!®~1% or the photoioniza-
tion cross section of the isolated atoms. However, the
method which can interpret quantitatively the differ-
ence of the photoionization processes between the iso-
lated and the condensed atoms by a unique ab initio
procedure is still scarce.

2. An alternative view of conden-

sed-phase photoionization

In this work, a valuable scheme has been pre-
sented in order to interpret the differences of the pho-
toionization processes in the isolated and the con-
densed atoms. The story begins with the Dalton’s pos-
tulate that atoms retain their identity even in chemical
combination with other atoms.[!% Most of the config-
uration state space of the bound atoms will be en-
veloped by some boundary radius. If a reasonable ra-

dius around the atomic nuclear has been specified, the
configuration state space of the atom can be divided
into two regions: the outer region and the inner re-
gion. The influence of the environment on the atomic
states in the inner region is usually weak, so the prop-
erty of the isolated and condensed atom in this region
is not different largely and almost identical. However,
the atomic states in the outer region will be influenced
largely by the environment. The property of the iso-
lated and condensed atom in this region will be very
different due to the different environment. As a sim-
ple approximation, only the difference of the electronic
distribution of the isolated and condensed atoms in
the outer region has been taken into account to ex-
plain the difference of the property and the dynamic
process for the isolated and condensed atom.

Most differences of the photoionization process for
the isolated and condensed atoms can be explained by
the different construction schemes of the initial and fi-
nal states of the photoionization system in the outer
region. All of the configuration state space of the pho-
toionization system can be made from the wavefunc-
tions of the target electrons and the photoelectron.
The configuration state space of the initial state is
made with only the bound electrons. It is open for
the isolated atom and has been squeezed into a lim-
ited region for the condensed atom respectively. After
the photoionization process occurs, the photoelectron
escaping from the isolated atoms only receives a long
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range Coulomb interaction. So the photoelectron will
leave the target atom rapidly and the higher the pho-
toelectron energy is, the faster the photoelectron will
escape. Then the influence of the photoelectron on
the final state of the isolated atom will be small and
the final state of the isolated atom should be most
like the states of the target atom. When constructing
the initial and final states of the isolated atom, the
inner region of the configuration state space of the
target atom should be enlarged as possible in order
to not only make the initial state have a convergent
configuration state space but also make the influence
of the photoelectron on the final state very small. For
the condensed atoms on the other hand, the escaping
photoelectron will not only interact with the target
electrons in the outer region but also interact with
the condensed environment. These interactions will
make the proportion of the photoelectron in the con-
struction of the final states larger. When constructing
the wavefunction of the condensed atom, the radius of
the configuration state space of the target atom should
be decreased reasonably according to the actual con-
ditions of the condensed atom. The initial states of
the condensed atom have been squeezed into a lim-
ited inner region while the final states will be most
influenced by the target electrons in the outer region
and the photoelectron.

3. Application and discussion

In order to implement the above scheme, the ab
initio close-coupling and R-matrix method™?~4 have
been used to study the variation of the photoionization

l

cross sections of the atomic sodium with the bound-
ary radius R4 of the configuration space. Starting
from the ground state (corresponding to the lowest
state of J = 1/2, even parity) of the atomic sodium,
we show the main ionization and excitation processes
(corresponding to the final state of J = 3/2, odd par-
ity) in the relativistic calculations using the computer
code DARC!2! in Table 1. The initial and final states
of the system are all made from the target electrons
1s,2s,2p,3s,3p, 3d and the s,p,d, f-photoelectrons
respectively. The maximum densities of these bound
electrons are marked respectively and only the proba-
bility density of the d-photoelectron is shown as an ex-
ample in Fig.1. The difference of the photoionization
process between the condensed atoms and the isolated
atoms could be represented by the different separation

mechanisms of the target configuration space.
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Fig.1. The electron density in the different separated con-
figuration state space.

Table 1. The dominant photoionization processes of atomic sodium.

single photoionization and photoionization with excitations single and double excitations
No. process channels No. process resonances

1 3s — kp 1 1 2p — 3s 1

2 2p — kl(ks, kd, kd) 6 2 2p — 3d 7

3 25 — kl(ks, kd, kd) 4 3 3s — 3p 1

4 2p3s — 3d(d)kl(ks, kd, kd) 18 4 25 — 3p 3

5 2p3s — 3d(d)kl(ks, kd, kd) 11 5 1s — 3p 3

6 2s — ki(kp, kp, kf) 4 6 2p3s — 3d3d 11

7 253s — 3p(p)kl(ks, kd, kd) 10 7 2s3s — 3p3d 4
total channels of the photoionization processes 54 total correlation functions 30
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Several experiments have been performed to ob-
tain the photoionization cross sections of the atomic
sodium.['5=24 Only a few studies!'” have compared
the cross sections in the solid and the vapor conditions
and raised a question that parts of the three broad
maxima in solids might be due to the 2s excitations.
However, they did not give the quantitative theoretical
calculations and also did not interpret the third and
fifth broad maxima shown in Fig.2(a) while no max-
ima exist in the same positions for the spectrum of the
vapor. On the theoretical side, many works have been
done to study purely the photoionization cross section
of the free sodium atoms.?* =36 Only one work[3" has
tried to interpret these maxima with the help of the
so-called “plasmaron theory” which demands simulta-
neous excitation of the collective modes and the core
electron. This theory correctly describes the positions
of these peaks for Al. It fails, however, to give the po-
sitions of these peaks for Na and Mg.[>37] At present
a convincing explanation for these broad maxima has
been given.

The theoretical photoionization cross sections of
the isolated and condensed sodium have been com-
pared with the results of the vapor[!” and the solid
phase experiments[¥ respectively in Fig.2. Only the
length form has been shown because both the length
and the velocity gauges show almost the same be-
havior which can eliminate the numerical problem
with continuum funcitons.™ The experimentally de-
termined absolute values of the photoionization cross
sections of the vapor sodium shown in Fig.2(b) cannot
be made with an uncertainty better than 25%-30%
and only the relative shape of the absorption spectrum
was possible to be measured exactly.['”) The photoion-
ization cross sections of the isolated sodium have been
calculated with the boundary radius R,=14.89 a.u.
where the photoionization cross section will be con-
vergent and does not vary with the radius any more
for the present configuration state space. The most
sharp peaks shown in Fig.2 have already been dis-
cussed and marked,['>17] however, no definitive con-
clusion about the difference of the broad structures be-
tween the isolated and the condensed sodium has been
reached previously. For the gas sodium, our theoreti-
cal calculations agree well with the vapor experiments
in Fig.2(b) since the relativistic effects and the inter-
channel coupling arising from final state configuration
mixing have been considered. To our knowledge, there
are only a few studies which carefully investigated the
photoionization cross section in this photoelectron en-

ergy region for the isolated sodium. ']
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Fig.2. The theoretical solid-state calculations with 54
channels and 30 correlation functions in Table 1 com-
pared with the experimental solid datal?4l are shown in
Fig.2(a).
structures between the experimental and theoretical re-

The probable relations of the maximum broad

sults are marked by arrows. The isolated atomic calcula-
tions with the same 54 channels and 30 correlation func-
tions compared with the experimental vapor datall”) are
plotted in Fig.2(b).

There are still some sharp structures in the the-
oretical results in Fig.2(a) which can be smoothed
within the framework of band theory.!®) The solid the-
oretical results show unambiguously similar structures
with the experimentally observed structures in solid

517 some broad struc-

sodium.?¥ In some studies,!
tures of the solid sodium in Fig.2(a) were simply as-
signed to general solid-state effects without deeper in-
vestigation on their origins. Most of the broad struc-
tures of the photoionization cross section in solid, es-
pecially the third and fifth broad structures, have been
calculated out by using the present scheme. The first
broad structure shown in Fig2(a) is due to some dou-
ble excitation processes. The position of the second is
the threshold of the 2p3s — 3dkl process and the sub-
sequent series are 2s — 3p, 1s — 3p and the simulta-
neous excitation of the 2p and 3s electrons which give
the third broad structure. These structures might be
broadened when going from the isolated atoms to the
solid. The fourth broad maximum can be explained
in terms of a one-electron model for free atoms due
to the delayed onset of transitions from the 2p-states
to d-symmetric final states.['”) However, no maximum
exists in the spectrum of sodium vapor at the position
where we find the third and the fifth maxima in the
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solid. These deviations at the absorption maximum
between the solid and gas cross sections are most due
to the coherent interference of the outgoing photoelec-
tron in the final states. The most striking feature is
the broad fifth maximum at the 6.5 Ryd., which is
probably due to the strong coupling of the outer elec-
trons with the photoelectron in solid. The theoret-
ically predicted behavior is qualitatively reproduced
by the experiment.

The evolution of the energy-dependent photoion-
ization cross sections of the atomic sodium with the
boundary radius of the atomic configuration space
to 14.89 a.u.
Fig.3. The core radius of the atomic sodium calculated

varying from 1.85 a.u. is shown in
with Thomas—Fermi approximation is 1.85 a.u.*8! The
boundary radius of the configuration space should not
be less than this radius because most of the important
orbitals will be outside of the target atoms shown in
Fig.1. From 1.85 a.u. to 2.60 a.u., the photoioniza-
tion cross sections calculated will be negative at some
photoelectron energies. The photoionization cross sec-
tions will always be positive in the whole energy re-
gion when the radius is greater than 2.61 a.u. But
we think that the first reasonable radius should be
4.21 a.u., which is the atomic radius in metal sodium.
The evolvement of the photoionization cross sections
with the photoelectron energy and the boundary ra-
dius can be evidently characterized by the propaga-
tion of the wave in water around the center (20 Ryd.,
15 a.u.).
broad maxima should be due to the contributions of

The appearance or enhancement of some

the interference between the electrons of residual ion
and the outgoing electrons. As the radius becomes
bigger, the cross sections will be convergent to the ra-

dius 14.89 a.u. and the cross sections vary so slightly

that they can be completely ignored.

—_

Total photoionization
cross sections/Mb

Fig.3. The variation of photoionization cross sections of
atomic sodium with photoelectron energy for different con-
figuration space.

4. Conclusion

In conclusion the present method appears capable
of yielding accurate cross sections both for solid and
free atoms. It also shows that our atomic approach
can be successfully used to explain quantitatively the
different behavior of the solid and isolated atoms. As
a result all broad maxima can be explained quite ad-
equately by the solid-state calculations. The evolve-
ment of the photoionization cross sections from the
isolated atoms to the condensed atoms can be rep-
resented by the evolution of the atomic configuration
space. The results for both the isolated and condensed
atoms are so beautiful that more and deeper analyses
should be needed. A more detailed description of our
scheme will be presented in our future work.
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