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An alternative expression for photoionization cross-section of atoms or molecules and a dielectric influence function

(DIF) in a high-density system proposed recently are used to study the photoionization cross-sections of solid silver. It

is suggested that a density turning point (DTP) of a photoionized system may be viewed as the critical point where

the photoionization properties of atoms in a real system may have a notable change. The results show that the present

theoretical photoionization cross-sections are in good agreement with the experimental results of a silver crystal both

in structure and in magnitude.
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1. Introduction

Photoionization and photodetachment processes
of isolated atoms or molecules (in ideal gas) are the
simplest electron transfer reactions induced by pho-
toabsorption and have been extensively studied for
several decades.[! 8] Understanding these microscopic
processes and the related properties is fundamental
and important to many physical and chemical studies.
Photoionization processes of condensed systems (non-
ideal case) have received much attention recently® 1]
because of their increasing importance. For exam-
ple, photoionization data are the necessary inputs for
modelling phenomena in plasmas and neutral fluids, ]
etc. Many photoionization experiments have aimed
at studying the characteristics and properties of solid-
states, oligomers and clusters, ! the temperature de-
pendence of photoionization cross-sections,'!! the dy-
namic processes of photoionization of liquids,[?! and
the atomic/molecular interactions of photoionization

(13] rather than studying them just for a sin-

processes,
gle free atom (or ideal gas). Phenomena such as line
broadening and spectral shifts of the optical spectra of
atoms in liquid systems contain information on both

the dynamics of liquids and the interatomic interac-

tions, which can be studied using interphase theory.!'*
Many measured microscopic properties of atomic and
molecular photoionization stem from experiments in
condensed phases. Photoionization cross-sections of
atoms/molecules in condensed phases may be sensitive
to the “environmental” effects — the electromagnetic
effects of surrounding particles and the interactions
among particles. Understanding the relation between
macroscopic electromagnetic responses observed in ex-
periments and microscopic properties such as pho-
toionization cross-sections and identifying the influ-
ence of the state of aggregation (the number density
effects, etc) on the observable microscopic properties

still present a challenge.['5]

Generally there exist two main complementary
approaches to solving this problem: (i) interphase
theory and (ii) cluster physics and chemistry.l'] Tn
the former approach, a given reaction or property is
studied as a function of density and properties of the
medium in which it occurs from a low-density gas to
a liquid or solid. In the present work we investigate
the number density effect on photoionization cross-
sections of atoms in a real system using the general

expression for photoionization cross-sections and the
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dielectric influence function proposed recently.['6] The
basic idea of these expressions is that the photoion-
ization cross-sections of atoms in a real system can
be described as the coupling between quantum quan-
tity (QQ) and classical quantity (CQ) parts. The QQ
part represents the photoionization cross-sections of
an isolated particle, while the CQ part may repre-
sent most of the important influences of the macro-
scopic effects on the photoionization cross-sections.
The theoretical expression for photoionization cross-
sections of condensed matters is based on the experi-
mental Beer-Lambert’s law.['”l And the expression is
derived directly from the physical response of a pho-
toionized system and is independent of any quantum
mechanical method. The theoretical photoionization
cross-sections of solid silver are studied using the new
expression and compared with the experimental val-
ues of both an ideal gas and a solid phase. The in-
teratomic interactions are considered using the well-
known Clausius—Mossotti model('8] in this study. Tt
is suggested that a density turning point (DTP) of
a photoionized system may be viewed as the critical
point where the photoionization properties of atoms
in a silver system may have a notable change. The re-
sults show that the suggested method is reliable and
would open a new way to calculate the photoionization

cross-sections of atoms in condensed systems.

The general expression for photoionization cross-
sections of a condensed system and the dielectric in-
fluence function (DIF) are presented in Section 2. Sec-
tion 3 applies the new formula and the DIF to solid
silver, and analyses the variations of the complex di-
electric constant €, the DIF and the photoionization
cross sections o with photon energy w and number
density N respectively. Finally, Section 4 presents our

conclusions and discussion.
2.Photoionization cross-sections

of condensed phase

The photoionization cross-sections of atoms are
usually determined by detecting the light attenu-
ation through a target. It is known from the
Beer-Lambert’s law that the number density of
the medium significantly affects the measured cross-
sections. Based on the Beer-Lambert’s law, and using
the first order approximation in a series expansion on

the dielectric constant €!/2

in an ideal gas model, Fano
and Cooper!”! gave the expression for photoionization

cross-sections o; of an isolated atom or molecule used

in most theoretical studies,~8]

_ 4w

¢ (1)

oi(w) = Y
where ¢ is the speed of light, and ( is the imaginary
part of dynamic dipole polarizability a(n + i¢) of a
free atom/molecule. o; in Eq.(1) is independent of any
macroscopic quantity of a system, and only represents
the property of an isolated atom. Equation (1) is valid
usually in a range of room temperature (273K) and
pressure (latm) under which a typical number density
of particles N = 3.99x 1076453 = 2.70x 107 um~2 (ay,
the Bohr radius) for an ideal gas and the interatomic
interactions among the atoms in an ideal-gas system
can be completely neglected.

However, as mentioned in Section 1, photoion-
ization cross-sections of atoms in a condensed sys-
tem may be sensitive to “environmental” effect which
might be represented by some macroscopic properties
such as, the complex dielectric constant € of the sys-
tem. Using the Born—Oppenheimer approximation,
Lax suggested an experiential formula for the pho-
toionization cross-sections which is corrected by the

dielectric property and electric field of a photoionized

[19]
n (B
e\ FE

where I,,(w) represents the square of the matrix ele-

system,

8m3w
3c

Ta(w), (2)

ment of emission transition from the initial quantum
state b to the final state a, w is the photon energy, n
is the index of refraction, € is the dielectric constant
of the condensed system, and the factor (E./E)? de-
scribes the fact that the emitted electron is located
in the medium of which the effective field F, may
differ from the average macroscopic electric field F.
The factor (8m3w/3c)Ipa(w) is an alternative expres-
sion for photoionization cross-section o; of an isolated
atom in Eq.(1), and the factors in the brackets take ac-
count of the modification of the electromagnetic field
Can the pho-

tolonization cross-sections of atoms and molecules in

in the crystal to the cross sections.

a condensed system be theoretically related to some
macroscopic quantity of the photoionization system?
Is there a proper and correct expression that describes
the macroscopic medium influence of a real system on
the photoionization cross-sections? Recently, an alter-
native expression for photoionization cross-sections of
atoms in a real system has been proposed based on the

experimental Beer—-Lambert’s law without using any
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mathematical approximation and physical model,[16]

o(w) = Y220 o _ o 3)

Nc
which is a function of the number density IV of parti-

f(GI,GH) :@4 / /€I2 + 6”2 _ e/
€

oo

¢ and €’ are the real part and the imaginary part
of the complex dielectric constant ¢(= € + i€”’) of a
macrosystem respectively. The series expansion in
Eq.(5) can be used only for the cases ¢ > 0 and
e < €.

that Eq.(3) is a function of macroscopic properties

Comparing Egs.(1) and (3), one can see

(¢,N) of the system and can be used to evaluate
the cross-sections of atoms both in condensed phases
and ideal gas systems, while Eq.(1) is only a func-
tion of the microscopic property, i.e. the imaginary
part ¢ of the dipole polarizability « of a single particle
and can only describe the cross-sections of an ideal-
gas system. Equation (3) is a solid expression and
gives a convenient way to understand the influence
of the macroscopic electromagnetic responses such as
the observable dielectric constant (¢’,€”) on the mi-
On the right-hand side of

Eq.(3), the complex dielectric constant (€’,€’’) repre-

croscopic quantity o(w).

sent the statistic average of the macroscopic dielectric
property and implicitly includes the dynamic influence
of other particles in the environment on the ionized
particle. Usually, linking the gaseous and condensed
phases of matter requires multidisciplinary and sys-
tematic investigations concerning how the microscopic
and macroscopic properties of materials are related
with each other and how the photoionization processes
are changed. A very useful review of these studies is
given by Christophorou et al.['4

Equation (3) can also be reexpressed as!'‘]
U(w) = .f(Na E’a 6”5 C)Ui(w)v (6)

where 0;(w) is the photoionization cross-sections of an
ideal gas, which is expressed in Eq.(1), and the trans-

formation function

1

_— €% 4 e? — ¢, 7
221 N¢ @

f(N,€ €' ¢) =

1 2em—3)n e\
v D S ((Zm)!!) <_2> ’

cles of the condensed system and can be rewritten in

a series expansion as

o) = 4 5 0

1/2

for €' <¢€ (5)
€

Equation (6) indicates that the photoionization cross-
sections o(w) of the atom/molecule in a real system
can be obtained by transforming the photoionization
cross-sections o; of the same particle in an ideal gas
using a transformation function f(N,€',€”;(). Since
f(N,€,€"; () is a function of the number density N
and the dielectric constant (€’,€”) of the system, it
may be referred to as Dielectric Influence Function
(DIF). For a dilute and ideal gas, the number den-
sity IV is so small that there are almost no effective
interactions among particles, and DIF—1 and Eq.(1)
becomes the accurate expression for photoionization
cross-sections. However, as the number density of the
system increases, the influence of the dielectric prop-
erty on cross-sections becomes more and more impor-
tant, and the interactions among particles are not neg-
ligible for a high-density gas, or liquid, or solid. Under
the circumstances the DIF is not close to unity in some
energy range, and it includes both the higher power
dielectric terms and the interactions among particles.
These contributions are not included in Eq.(1). It is
noted that the Lax’s expression in Eq.(2) is similar to
our Eq.(6). The factors in the brackets in Eq.(2) play
a similar role to that the DIF factor in Eq.(6) plays.
It is seen that the present Equations (3), (4) and (6)
are dependent only on the system properties explic-
itly while Eq.(2) is dependent not only on the system
properties (n, €) but also on the electric field intensity
E of the external electrical field.

To evaluate the photoionization cross-sections of
a condensed system using Eq.(3), or Eq.(4) or Eq.(6),
one may measure the dielectric constant € of the ma-
terial in the case of a given number density N. When
the values of the (¢, €”) are not available, one may use
Eq.(6) to evaluate the o(w) of the condensed phase by

transforming the cross-sections o;(w) of ideal gas us-
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ing the DIF in Eq.(7) and the theoretical values of
(e, €.

derstanding the effects of the dielectric property and

Equation (6) is also very important to un-

the particle interactions in the photoionization pro-
cesses of the condensed system. The dielectric con-
stant (€¢/,€’) may be obtained as follows. For a cu-
bic crystal system, the well-known Clausius—Mossotti
(CM) model*®! for the polarized particles in the sys-
tem may be used to bridge the microscopic polarizabil-
ity a(w)[= n(w)+i¢(w)] of a polarized particle and the
macroscopic dielectric function e(w)[= € (w) + i€’ (w)]
of the N-particle system as/[®!

o (3+87Nn)(3 —4wrNn) — 32(7N¢)? ()
N (3—47Nn)?2 + (47 N()? ’

" 36T N(

T (3—4wNp)? + (47N()? ()

1
2\/§7rN(

fCM(N76176”;<) = €I2+6

1

This fom(N, €, €”;¢) contains both particle interac-
tions and all higher power terms in the expansion of
€!/2. Therefore, the photoionization cross-sections of a
cubic solid or real gas system can be obtained through
Eq.(6) by transforming the ideal gas cross-sections o;
in Eq.(1) using the DIF in Eq.(7) or Eq.(10).

The complex dielectric constant (€', €”) in Eq.(7)
or Eq.(10) is a function of the number density N of
particles of the cubic system and the particle dipole
polarizability (n,{) in the CM model expressed as in
Egs.(8) and (9).
polarizability « can be obtained from Eq.(1) using
the pho-

tolonization cross-sections o;(w) of an ideal gas. The

The imaginary part ¢ of the dipole
the single particle quantum quantity, i.e.

real part 7 of the dipole polarizability can then be
determined by using the imaginary part ¢ and the
Kramers—Kronig (KK) mathematical transformation

relation.[20]

3. Applications

The photoionization cross-sections and the DIF
for atomic silver in the cases of different number den-

sities are studied using Eq.(6) and Eq.(7). The experi-

[21]

mental values'*" of the photoionization cross-sections

i 1 2(2m — 3)1 (€7
| ()

Equations (8) and (9) represent the massive effects of
N polarized particles which have the same microscopic
polarizability (7, () on the dielectric constant (¢’,€”)
of the cubic microsystems. The number density N is
of the order of 1076, 47N is of the order of 1072 for
most ideal gases; while N and 47N are of the order
of 10~% and 1073 respectively for most real gases; and
N and 47N are of the order of 1073 and 102 respec-
tively for most cubic crystals. The DIF f(N, €' €”;()
in Eq.(7) may have different forms for photoionization
systems in different physical phases or models. When
the CM model is used for a cubic crystal, or liquid
system, or real gas, f(N,¢€,€”;() would have the fol-

lowing form:[6!

m—1 1/2

o0

=2

o;(w) of a silver ideal gas are used to generate the
imaginary part ¢ of the silver dipole polarizability
a(w) from Eq.(1).

the complex dielectric constant (€', €”) of the silver in

The real part 7 of the a(w), and

a cubic crystal are obtained using the KK transforma-

tion and Egs.(8) and (9) respectively.

Figures 1 and 2 present the variations of the real
part € and the imaginary part €’ of the dielectric
constant € with both the photon energy w(eV) and
Both € and €’

have structures in a high-density and lower energy re-

the number density N respectively.

gion. It is noted that € has some negative values in a
small area, while €’ is always positive. Figure 3 shows
the variation of the DIF in Eq.(7) with (w,N). The
DIF has a similar shape and structure to those the
real part € of the dielectric constant € has, but the
DIF is always positive while the ¢’ has negative val-
ues in a high density and low energy (the most lower
left) region in Fig.1. It is seen that the DIF is almost
unity in a low-density region where the system is the
ideal or dilute gas. This fact indicates that the DIF
has no effect on the photoionization cross-sections of
an ideal gas. The peak of the structure of the DIF
(at about 100eV) is getting sharper as the number
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density increases. Therefore, the dielectric property
and the particle interactions play a more and more
important role in the photoionization process as the
number density increases, and their influences on the
photoionization cross-sections of a high-density sys-
tem can be measured by the DIF. Figure 4 presents
the variations of the photoionization cross sections of
atomic silver with both photon energy w and particle
density N. It is noted that at photon energies above
125eV, the basic shape of the cross-sections in higher
densities is similar to that in lower densities, and at
energies above 140eV, the cross sections of solid silver
are almost identical to those of the silver ideal gas. It
is also seen from Figs.1, 3 and 4 that at the density
N’ = 1.69 x 10 3ag®, the real part €, the DIF and
the cross-sections of silver show a similar character in
structure. In a region for N < N’, the physical quan-
tities may be seen as those of the ideal gas where the
number density effects have less influence on the pho-
toionization cross-sections, while for N > N’, they
are the quantities of high-density system where the
photoionization cross-sections have a notable change.
Therefore, N’ may be seen as the Density Turning
Point (DTP) of a photoionized system. The DTP is
a critical density point at which the photoionization
properties of the high-density system start to have no-
table differences from those of ideal gas for the same

atom.

8.69x103
7.69%x1073
5.69%x1073
1.69%x1073

—4 w
N 5.69x10
8.69x107°
Fig.1. The real part € of dielectric constant € of

atomic silver vs photon energy w in the cases of differ-

ent number densities V.

8.69x10~°
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—6
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Fig.2. The imaginary part €/’ of dielectric constant

e of atomic silver vs photon energy w in the cases of

different number densities N.

7.69%x1073
5.69x1073

1.69x1073 w
N 5.69x10*
8.69%x1076
Fig.3. The dielectric influence function DIF

foMm (I, €,€”;¢) of atomic silver vs photon energy w

in the cases of different number densities V.

7.69x1073
5.69%x1073

1.69%x10~3
5.69x10~4
8.69x10~¢

N 50

25

Fig.4. The photoionization cross-sections o(N,w) of
atomic silver vs photon energy w in the cases of differ-

ent number densities V.
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Figure 5 shows the comparison of the silver pho-
toionization cross-sections among the solid phase ex-
periments (“o”),[22} determined by using synchrotron
radiation on thin films, the ideal gas experimental re-
777)[21] obtained from the photoabsorp-

tion experiments, and the present theoretical results

sults o; (“——

(“—") calculated with the solid phase number den-
sity N = 8.69 x 10_?’6163 at room temperature. It
should be mentioned that the theoretical cross sec-
23,24] ¢,
This
shift originates from the fact that the binding energy
of the ideal gas differs from that of the solid phase of

atomic silver. The present theoretical photoionization

tions of solid silver are scaled by a constant

the experimental cross sections of solid silver.

cross-sections for solid silver are generated by trans-
forming the ideal gas photoionization cross-sections o;
using Eq.(6) and the DIF in Eq.(7) where the complex
dielectric constant (€’,€”) is evaluated using Egs.(8)
and (9) based on the widely used Clausius—Mossotti
model for a cubic crystal. In Fig.5, the inset shows the
structure of DIF below 200eV, and describes atomic
interactions in the photoionized solid silver. For a
solid silver system, the general behaviour of the the-
oretical results (“—”) is in good agreement with that
of the experimental cross-sections, particularly in a
high-energy region. The present example shows that
the general expression in Eq.(6) is a useful mean to
generate photoionization cross-sections of a high den-
sity system by transforming those of ideal gas using a
DIF function, and that the differences in cross-section
of the same particles between solid phase and ideal

gas are mainly caused by the interactions among

2 95—

= dielectric influence function (DIF)
= 15 T

S '

8 20 - N

@ = % -

a 1.0 T

© 15¢f. o

8 !

: -

.‘3 10 b 055160 150 200
N b

a expt’s (gas) [21]

.8 > expt’s (solid) [22]

3 3

-3 —— theory, N=8.69x 10

<

o‘ e
= 0 S a0 O —

[';5 25 50 75 100 125 150 175 200

Photon energy/eV

Fig.5. Total photoionization cross-sections of silver

atom: “o0”, the solid silver experimental data; “———",

«

the ideal gas experimental results; “—”, the present

theoretical studies of solid silver. The curve in the
inset is the dielectric influence function of the pho-

toionization cross sections of solid silver.

particles. The differences between present theoretical
results (“—”) and the experimental photoionization
cross-sections (“o”) for solid silver at energies below
85eV in Fig.5 might be partly caused by the errors em-
bedded in the classical CM model and the fact that
some important quantum effects of solid phase are not

included in the model.
4. Conclusion and discussion

The general expressions for photoionization cross-

[16] have

sections in Eqs.(3) and (6) proposed recently
been used here to study the photoionization cross-
sections of solid silver. The new expressions are only
based on the experimental Beer—Lambert’s law with-
out using any mathematical approximation and phys-
ical model, and are the correct functions of macro-
scopic properties such as the particle number density
N and the complex dielectric constant (€’,€'") which
implicitly measures the particle interactions of the
high density photoionized system and the polariza-
tion effects of surrounding (environmental) polarized
particles on the photoionized atom/molecule. Equa-
tion(6) indicates that the photoabsorption (photoion-
ization) cross-sections of atoms in a real system can
be obtained by transforming the cross-sections of the
same atoms in an ideal gas using the DIF, and that
the particle interactions and the polarization effects
of the high density photoionized system can be mea-
sured by the DIF. If one has the complex dielectric
constant (€’,€”) of a high density system, the pho-
toionization cross-section of the system can also be
directly obtained from Eq.(3). However, Eq.(3) does
not give a measure of the particle interactions and the
environmental polarization effects of the high density
photoionization system.

The energy- and density-dependent photoioniza-
tion cross-sections of the silver atoms in a solid phase
show that density effects are quite important in pho-
toionization studies of a high-density system. A DTP
factor is suggested as the critical density point beyond
which the photoionization properties of a high-density
system notably differs from those of its ideal gas. The
present theoretical cross-sections of solid silver are in
good agreement with the measured data (“0”) in both
the shape and the magnitude. The differences of the
solid results between experiment and theory at low
photon energies may partly originate from experimen-
tal errors such as those in the deconvolution procedure
and from theoretical approximations used in the CM

model. They may also partly come from the errors
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in the experimental cross-sections of ideal gas at low
energies in Fig.5, where the experimental results of
ideal gas failed to show a similar structure to that in
the experiments of solid silver at around 65eV. For ex-
ample, the experimental cross-sections of the barium
atom in both solid phase and ideal gas show very sim-
ilar physical structures.'8! To improve the accuracy
of theoretical photoionization cross-sections of a solid

system, one may develop a more general theory used

to evaluate the dielectric constant which is a func-
tion of the particle polarizability a(w), and does not
depend on a particular physical model like the CM
model. One may directly use the measured complex
dielectric constants to calculate the photoabsorption
(photoionization) cross-sections using Eq.(3). But one
should be careful in determining the number density

at which the dielectric constants are measured.
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