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The physics of the atomic shells of ionized atoms is reviewed. Interaction effects and structural effects in the
atomic shells associated with vacancies in different subshells are considered. Methods of calculating the

parameters of the atomic structures and wave functions are described. The dependence of the energy of the
characteristic x rays emitted by the ions on the degree of their ionization is analyzed. The influence of

vacancies in the outer and inner shells of an atom on the x-ray energy is described in detail. The influence of
chemical valence states on the x-ray parameters is discussed. The dependence of the probabilities of radiative
and nonradiative electron transitions on the degree of ionization is considered, and the parts played by Auger
and Coster—Kronig processes in the rearrangement of the atomic shells are elucidated. The influence of

nonradiative electron transitions on the cross sections of multiple ionization is estimated. The ionization cross

sections for direct and indirect processes are given for ions of different charge states.
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INTRODUCTION

During the last decades, interest in the processes and
interactions in the atomic shells of ionized atoms has
increased considerably. The shell physics of ionized
atoms has been the subject of numerous theoretical and
experimental papers. The reasons for the steadily
growing attention paid to this previously little studied
field of atomic physics are above all the terrestrial and
extraterrestrial objects and phenomena studied in mod-
ern physics for which processes in ionized atoms are
important. There are facilities that depend functionally
on the presence of more or less strongly ionized atoms.
The practical realization of the acceleration of heavy
ions and the development of heavy-ion physics make the
investigation of multiply ionized atoms very important.
Effects associated with ionization processes in atomic
shells acquire great importance in research facilities
and prototypes of controlled thermonuclear fusion reac-
tors. The need for atomic and molecular data, in par-
ticular for multiply ionized atoms, has been empha-
sized at working sessions of the IAEA.! 2

Ionized atomic states influence many properties of the
plasma that will be used in future thermonuclear fusion
reactors. For simulation of the plasma (energy loss,
particle transport, density of particles, instabilities)
great importance attaches to processes such as excita-
tion of atoms by electrons, ionization of the atoms by
electrons, charge-exchange and recombination pro-
cesses, and electron-ion and ion-ion collisions. For
plasma diagnostics (temperature and density of the par-
ticles and impurities, influence of the plasma on con-
structional materials) it is necessary to know the ener-
gy and intensities of the lines of the characteristic x-
ray emission of the ionized atoms and the ionization po-
tentials for the electrons of all subshells and arbitrary
degrees of ionization of the atoms. Reliable diagnostics
of thermonuclear plasmas is particularly important,
since even a fraction of a percent of impurities signifi-
cantly influences the energy loss, transport processes,
and stability of plasmas.?

With the expansion of hot-plasma research under
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laboratory conditions, atomic physicists take an in-
creasing interest in the study of plasmas in the optical
range and in the region of the characteristic and con-
tinuum x-ray emission. These components of the emis-
sion are important from the point of view of the energy
losses, but they also give valuable possibilities for
plasma diagnostics.

In the last decades, spectrometry of x-ray radiation
of extraterrestrial origin has been developed. Discrete
x-ray sources and a diffuse radiation background have
been discovered. The x-ray energy spectrum of extra-
terrestrial sources is similar to the spectrum of ter-
restrial laboratory plasma sources, and in a number of
cases it is produced by the emission of multiply charg-
ed ions.

The x-ray source nearest the Earth is the Sun. The
solar protuberances are sources of short-wave x rays
and accelerated particles.? In the spectrum of the x
rays,“which are basically bremsstrahlung associated
with the thermal motion of the particles, one can identi-
fy the K, lines of the characteristic x rays (in particu-
lar, of highly ionized atoms with small and medium
atomic number Z).¥" The discovery of characteristic
x-ray radiation in the solar spectrum indicates the
presence in the corona of high-energy particles, es-
pecially during the time of reduced activity of the Sun.®
The changes in the intensities of the individual x-ray
lines indicate changes in the fluxes of the high-energy
particles.®

For cosmic objects far from the solar system it has
not yet been possible to identify individual lines of x-
ray transitions. However, in 1973 Serlemitsos et al.'°
reported the possible identification of x-ray transitions
of the K series in the x-ray spectrum of the supernova
Cas A.

To achieve optimal control of the processes in collec-
tive heavy-ion accelerators,’ it is necessary to know
the ionization cross sections of the atoms and ions for
all ionization states. The diagnostics of the ions in the
electron rings of such accelerators requires knowledge
of the energy and intensity of the x-ray transitions that
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take place when vacancies are formed in an inner atom-
ic shell.'® Nonradiative processes make an appreciable
contribution to the formation of multiply charged ions
due to filling of primary vacancies in inner atomic
shells.!315

Analysis of the x-ray spectra resulting from the ir-
radiation of targets with ions also requires detailed
knowledge of the influence of vacancies in the inner and
outer shells.

Physical information about the ionization state, i.e.,
about the vacancy distribution in the shells, is contain-
ed in the transition energies of the characteristic x
rays, in the energies of the emitted Auger electrou:,
and in the intensities of the corresponding x rays or the
transition intensities of the Auger electrons. The bind-
ing energies of all electron states together with the ex-
citation and ionization probabilities depend on the ion-
ization state of the atom. On the basis of the change in
the energy structure of the atomic shells one can form-
ulate energy selection rules that preclude certain Auger
or Coster—Kronig transitions in atoms in definite ion-
ization states.

Nonradiative transitions significantly influence mul-
tiple ionization, i.e., the possibility of primary pro-
cesses of the Auger or Coster—Kronig type determines
the probability of the following cascades through the
vacancies and, thus, the processes of many-electron
emission. The shift in the balance between the radia-
tive and nonradiative processes as the vacancy distri-
bution in an atom changes is characterized by the
fluorescence yield.

The development of powerful computers has made
possible detailed calculations of atomic structures.
There are programs that permit the solution of this
problem by the self-consistent field method. These
programs include approximations of different degrees
of complexity: from calculations based on loeal poten-
tials in the nonrelativistic'® and relativistic'™*® approx-
imations to nonrelativistic®®2! and relativistic®®*™%¢ pro-
grams using nonlocal potentials and with inclusion of a
Breit operator in the first order of perturbation theory
to describe magnetic and retardation effects.?”28

To avoid the complexity of the solution of problems
with a nonlocal potential, the averaged local Slater po-
tential®® is frequently used in various modifications.
There are also programs that take into account quan-
tum-electrodynamic effects (electron self-energy,
vacuum polarization), which give additional corrections
to the results of calculations with a self-consistent
field.%

The above-mentioned programs provide a basis for
constructing wave functions that can then be used to
calculate the probabilities of radiative® and nonradia-
tive® electron transitions in atomic shells and also ion-
ization cross sections. %%

The aim of the present paper is to discuss the most
important processes in atomic shells associated with
the occurrence of vacancies. We describe methods of
calculating the parameters of atomic states and con-
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structing wave functions for calculating the matrix ele-
ments of radiative and nonradiative transitions. We
find the dependences of the energy and intensity of the
characteristic x-ray radiation of ions on the ionization
state. We discuss the change in the probabilily of
nonradiative electron transitions with increasing ion-
ization multiplicity, and we elucidate the part played by
Auger and Coster—Kronig processes in the rearrange-
ment of the shells. We give the cross sections of direct
single and multiple ionization for ions of different
charge states.

1. METHODS OF CALCULATING ATOMIC
STRUCTURE
Basic problem

We describe here the most widely used methods of
calculating atomic structure. To calculate the energy
of an electron transition in atomic shells, it is neces-
sary to determine the total energy of the atom for the
initial and final electron states. The total energy E is
found using the equation

HY = E¥, ‘ (1)

where H is the Hamiltonian operator, and ¥ is the
many-particle wave function characterizing the consid-
ered electron state. This equation is usually called the
Schrodinger wave equalion in the nonrelativistic case
and the Divac equation in the velativistic case. For
atoms possessing more than one electron, there is no
exact solution of (1). Approximate solutions of the
Schridinger equation giving high accuracy in calcula-
tions have been found for the atoms of helium and its
isoelectron sequence in Refs. 34 and 35. The most
widely used method of approximate solution of problems
for many-electron systems is the Hartree-Fock self-
consistent field method.#3°

The self-consistent field method

General Principles. In the Hartree-Fock method, the
potential and wave functions of the electrons are deter-
mined simultaneously in a self-consistent manner.373°
The Coulomb interaction potential 25,,,1/7,, of the elec-
trons together with the nuclear potential determines the
total potential, for which the wave functions are calcul-
ated. The difficulties in the method are due to the fact
that except for closed shells the total potential is non-
central. The wave function can be factorized into angu-
lar and radial parts only for a central potential. If the
wave functions are factorized, the solutions are no
longer exact solutions of the wave equation, and pertur-
bation theory must be used to achieve the required ac-
curacy of calculation.

The Hartree-Fock equations are obtained from the
variational principle using the expression for the total
energy of the atom

E= (¥ |H|¥) (2)

and the normalization condition for the wave function.

A complicating factor of the method is the need to take

into account the Pauli principle, i.e., the antisymmetry
of the wave function ¥ with respect to all pairs of elec-
trons. The integro-differential equations derived from
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the variational principle have the form

HY,=E¥,+ 3 > C¥

where ¥, is the wave function of the ith electron. The
exchange interaction (the second term) greatly compli-
cates the solution of the Hartree—Fock equation.

In nonrelativistic calculations, it is necessary to
solve N coupled equations, but in relativistic calcula-
tions one must solve 2N equations, since each wave
function has two components. Although the Hartree—
Fock method was developed about 50 years ago, the
iterative solution of the corresponding nonlinear inte-
_ gro-differential equations on a large scale became pos-
sible only during the last two decades through the de-
velopment of modern computational techniques. The
Hartree—-Fock method is expounded in detail in Refs.
37 and 38.

For a definite atomic configuration, the electron
wave function ¥(1,2,...,N) is approximated by a deter-
minant wave function, the antisymmetric product of
single-electron wave functions ¥, corresponding to a
central potential:

¥ (1) (B) oo T V)
(1,2, ..., Ny=(N)y*» Wﬂ(i) ‘Yﬂ(z) lFﬁ(N) 1 (3)
Vo) Ya2) L)

Using a Hamiltonian that includes single- and two-parti-
cle operators, the total energy of the system can be ex-
pressed as follows:

(4 ] 17 ] O

=

ZIung E(‘ruﬂ Ko, g (4
where all the orbitals @ and B of the individual configur-
ations are taken into account; I, characterizes the sin-
gle-electron contributions and I, , and K, , the two-
electron contributions. The single-electron wave func-
tions can be found from the variational principle, which
requires the total energy of the system to be minimal.

The wave functions in the central field are expressed
in the form of products of the radial and angular single-
electron wave functions:

W (1) = Yo m (s &, €)%y (= Pty (1) Yigm, (0, @) 2, (), (5)

where P, , is a radial wave function, dependently on on-
ly the quantum numbers n, and [;; ¥, m, are spherical
harmonics, and ¥, (s) are spin functions. The factor-
ization of the wave functions makes it possible to reduce
the problem to the solution of a system of nonlinear
integro-differential equations, the so-called Hariree—
Fock equations, which are solved by numerical or
analytic methods.

For atoms with incomplete shells, the many-electron
wave function is represented as a linear combination of
determinant functions that contain different incomplete
sets of single-electron wave functions for a closed sub-
shell or subshells. The structure of the Hartree-Fock
equations depends on the particular form of the Hamil-
tonian and the single-electron wave functions.

Nonrelativistic Theory. The spin-independent non-
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relativistic Hamiltonian of the many-electron system
has the general form

NR:—-%ZV?*E ;mz o (6)

The first term in (6) is the kinetic-energy operator of
the electrons, the second is the potential-energy opera-
tor of the electrons in the field of the nucleus with
charge Z, and the third is the potential-energy operator
of the Coulomb interaction between the electron pairs.
Substituting (5) and (6) in (4), we obtain for the total
energy of the system the expression

E =~§ .1 (a) +"§b ; A" (a, b)—u%‘,b ‘? BayrG* (a, b), (7

where g and b are taken for all subshells of the atom.
In the nonrealtivistic case, ¢ and b depend on the quan-
tum numbers » and [. The subshells g and b are char-
acterized by the sets of quantum numbers »,/, and # ity
The single-electron contribution is described by I{a),
and it takes into account the kinetic energy of the elec-
tron in subshell g and its electrostatic interaction with
the nucleus. The quantities F¥a, b) and G*a, b) are the
Coulomb and exchange integrals in subshells g and b.
The two-electron integrals F“(n!l‘,n,lj) and G‘(uil‘, n,l,)
are usually called Slafer integrals. In(7), q,, A,,, and
B,,, are the corresponding numerical coefficients.
Slater proved that the expression (7) is also valid for
atoms with partly filled electron shells. The values of
the numerical coefficients for the different terms or
LS multiplets are given in Ref. 38. In Appendix 21 of
Ref. 38 there are tables for all possible multiplets as-
sociated with definite electron configurations and the
corresponding coefficients of the coupling between the
electrons and the partly filled subshells.

Nonrelativistic Hartree—Fock calculations make it
possible to determine the energies of all multiplets.
For many problems (for example, to calculate the en-
ergies of x-ray transitions and Auger transitions) it is
sufficient to know the averaged (over LS) energy of the
configuration.

A method of numerical solution of the radial Hartree—
Fock equations was developed by Hartree.*” There cur-
rently exist several programs for computer calculation
of atomic structures, for example, the Froese,*
Froese-Fischer,? and Mayers—Q’Brien* programs.
There is also an analytic approximate method based on
work of Roothaan*** in which the atomic orbitals are
represented as linear combinations of basis functions
of Slater or Gauss type.?4™® Analytic calculations are
difficult because of the necessity of nonlinear optimiza-
tion of exponentials for the basis functions.

Molecular systems have lower symmetry than atoms
or ions, and therefore factorization of the wave function
in accordance with (5) becomes impossible. In this
connection, it is necessary to perform a lengthy three-
dimensional numerical integration, and therefore Root-
haan’s method is used for the majority of molecular
calculations.

Relativistic Corrections to Nonrelativistic Hartree—
Fock Calculations. By means of the Breit—Pauli effec-
tive Hamiltonian we introduce relativistic corrections:
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HBP — HNR i HRC,

The relativistic correction factor H*¢ can be interpret-
ed as the first term in the expansion of the energy of the
N-electron system with respect to the parameter 1/c®
(=0a?® in atomic mass units, where a is the fine-struc-
ture constant). The correction H*C has the form?*’

N
=i§1 [7: (s0) + [ (mass) + f, (d)}
+ gj (815 (s0-4-s0") + g5 (s8") + g1 (c58") 4 g15 (d) + 845 (00')]- (8)
The single-particle operators in (8) are as follows:

fi (so):—“:Tz- 1;s; , the spin-orbit intéraction,
1
filimass) = —% a?p? , the relativistic correction to the mass,

fi(d)= *‘iﬂlzZV? (;1—), the Darwin correction.

The two-particle operators can be divided into two
types:

a) the fine-structure operators g;;(so + so’) = -« [r
v3,Xp (s, +28) + r /r} xp[s,+ 28], which describe

the spm—orblt interaction plus the interaction of the spin
with the orbital angular momenta of other orbits, and
g,\ss’) = 20%/7%,[s;5,- 3(s,x, )(s;r,) /73], which de-
scribe the spin—spin interaction;

b) operators not associated with the fine structure,
namely, g, (css’)= -(161/3)a’s;s,6%r,,), the spin—spin
contact interaction; g, (d) = (1 /2)a2V2(1/1f”) the Darwin
operator; and ;

a? . Tep(regpjs) pi-
gij(00") = =i [Pil’j ’%J
the orbital interaction. Here, r,, characterizes the spa-
tial vector of the relative position of particles i and j,
and p, and s, are the linear momentum and spin opera-
tors of particle i.

The influence of these interactions on the LS-coupled
functions of the configuration states and on the functions
of the atomic states depends on whether or not these
operators commute with the total spin operators 8% and
S, and with the operators of the total angular momen-
tum.

The single-particle corrections to the energy in
Breit—Pauli perturbation theory increase for hydrogen-
like atoms as &®Z*, while the two-particle corrections
increase as a’Z°, i.e., these corrections increase
rapidly compared with the nonrelativistic energy
[0(Z?)] with increasing Z.*® Allowance for the fine-
structure operators improves the agreement between
the calculations and the experimental data for light
atoms and their ions. With increasing contributions
from the fine-structure terms, the spectrum becomes
sensitive to the splitting of the terms,*" and neglect of
the terms not associated with the fine structure, which
influence the term splitting, the total energy, and the
ionization potentials, can lead to a loss of accuracy of
the caleculations.

Intermediate Type of Coupling. In nonrelativistic cal-
culations, the spin—orbit interaction, which lifts the
degeneracy of the J states, is taken into account by the
corrections to the energies of the LS multiplets. A de-

352 Sov. J. Part. Nucl. 14(4), July-Aug. 1983

tailed description of the method is given in Ref. 49.
The splitting of the levels depends on the spin-orbit
coupling coefficient K5, which in the approximation of
a central field has in atomic units the form

@

= an;’.;(r)E(r)dr=t;—25
0 [

Py (r) -L%Jdr, (9)

where V(#) is the potential energy of an electron in the
self-consistent field. A method of calculating the cou-
pling coefficients is given in Ref. 50.

In an alternative approach, the coefficients K, are
determined from the known binding energies EZ, of in-
dividual subshells:

2 a
Ksp=3r7 [EZ,(*L1_1y2) — EZ, (*L141j2)]

The intermediate—coup}mg technique is widely used in
the interpretation of x-ray spectra and the spectra of
Auger electrons. This model describes very well vec-
tor coupling for many atoms.*

Relativistic Theory. The Breit—Pauli approximation
is not suitable for atoms with high Z, since perturbation
theory does not hold for them. Therefore, it is desir-
able to use a theory in which the single-electron terms
are calculated without perturbation theory. This can be
achieved by using the single-electron orbitals obtained
by solving the Dirac equation.

A relativistic variant of a Hartree—Fock-type equa-
tion for a many-electron system was first formulated
by Swirles.?®% The many-electron wave function ¥ is
approximated by a linear combination of determinant
functions. The employed single-electron central-field
wave functions are the relativistic functions obtained by
Dirac®*'* and Darwin.’® For the solution of particular
problems, the relativistic equations of Hartree—Fock
type (the Dirac-Fock equations) were reformulated by
Grant®” using the algebra of tensor operators. A de-
tailed description of the relativistic theory was given
by Grant.3®

The relativistic Hamiltonian for the many-electron

system has the form
N
H* =3 ko) + T 800 )y (10)

where h;(i) = —ica,V, + B,c®+ V(r) is the Hamiltonian
of electron ¢ moving in the Coulomb field of the nucleus
with charge Z. This Hamiltonian takes into account the
relativistic variation of the mass and the spin-orbit in-
teraction of the electrons; « and g are Dirac opera-
tors®; V(r,) is the potential energy of the interaction of
electron i with the nucleus. For small and medium Z,
the nucleus is regarded as a point and the potential is
V(r)=-Z/r,. For atoms with large Z (Z > 80), the po-
tential ¥(#,) is described by a more complicated func-
tion, which takes into account the finite radius of the
nucleus,

The functions g(4,j) are related to the interaction en-

ergy of electron pairs:
g (i, j) = try + B, j) (11)

The first term in (11) describes the Coulomb interac-
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tion of the electrons. The Breit operator'® is

B(i, j)= —o-vgcos (Eury;)/ry; + (04 V) (@2V3) [cos (Eyr; — 1)/ Ebry)
= —oy0y/ry;— (1/2r;) (04 V) (@2V3) + O (Eorij),

where E  is the exchange energy of the electrons. The
Breit operator takes into account magnetic and retarda-
tion effects, which in the nonrelativistic approximation
correspond to orbital interaction and the spin-spin con-
tact interaction. Usually, the contributions from the
magnetic and retardation effects are taken into account
in the first order of perturbation theory. When the rel-
ativistic Hamiltonian (10) is used, the single-particle
interactions are taken into account in ky(#), the Cou-

" lomb interaction of the electrons by the term 1/7“, and
all the remaining corrections are included in the Breit
operator.®® On the basis of a relativistic approximation
of Dirac—Fock type, programs have been developed for
computer calculations with allowance for the exchange
interaction.?*2® The retardation, magnetic, and corre-
lation effects are not taken into account. Their contri-
butions can be partly estimated by perturbation theory.
A relativistic generalization of the Hartree—Fock—
Roothaan equation is given in Refs. 58 and 59, in which
analytic approximations are obtained for the single-
electron wave functions.

Slater Exchange Potential. In the Hartree-Fock equa-
tions, the exchange potential is nonlocal, which greatly
complicates their solution. Numerical calculations are
very complicated and require much computer time even
with modern computers.

To simplify the Hartree—Fock equations, Slater pro-
posed that the intractable exchange terms should be re-
placed by an average exchange potential.?® The result-
ing equations are usually called the Hartree—Fock-
Slater equations. The solution of these equations re-
quires much less computing time. The Slater exchange
potential is obtained by averaging the potential of the
electrons over all occupied electron states with definite
weight factors and by multiplying by the densiiy of elec-
trons at the point r.

This method gives the average deasity of the exchange
potential and, accordingly, a common average exchange
potential VA(r) for all states. This potential is usually
parametrized in the general form*®

G Bl i\l
Vi) =—— (g o))",

where p(7) describes the radial charge density, and C,
m, and n are constants. In his original paper,?® Slater
chose C=m=n=1. The use of wave functions calculat-
ed by means of the Slater exchange potential leads to
results intermediate between the Hartree and Hartree-
Fock models. The energy eigenvalues of individual
electron states in Hartree—Fock-Slater calculations
differ little from the Hartree—Fock results, since in-
accuracy in the wave function gives an error in the en-
ergy eigenvalue in the second order.?®

To obtain better agreement with the experimental da-
ta, the Slater potential was modified. Several modified
potentials® 895¢ giye better agreement between the cal-
culated and experimental results. The Kohn—-Sham-
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Gdspdr approximation®®® with C=2/3 and m=n=1 is
widely used.

The X, method®*® is based on the introduction of a
parameter a in the Slater exchange potential,

Vx, (r=aVa(r),

which is done to make the energy eigenvalues calculated
in the Hartree—-Fock model using the true exchange po-
tential equal to the eigenvalues calculated in the model
with the Slater exchange potential. The choice of the
parameter a has been discussed in particular by Gopin-
athan et ql.°® Naturally, one cannot expect the Hartree-
Fock equations modified in this manner to give wave
functions satisfying the original equations. However,
the relative simplicity of solution of the equations with
the Slater exchange potential justifies its use in many
cases {see Refs. 18, 26, and 67-1T1).

In the Hartree—Fock model, the Coulomb interaction
potential of the electrons is partly compensated by the
exchange potential, in contrast to the Hartree-Fock-
Slater model, in which the interaction potential at large
distances from the nucleus differs from the real poten-
tial. To correct this defect in the potential of the atom,
Latter™ proposed a correction method in which the po-
tential has the form

V(r) = V,(r) for r<<ry;
V()= —2(Z—1-+1)r forr=re.

The distance 7, is determined from the condition
Vo (rg) = —2(Z — I + 1)/ry,

where I denotes the number of vacancies in the atom,
and V(7) is the sum of the potential of the nucleus, the
Coulomb potential of the electrons, and the exchange
potential.

In the nonrelativistic approach, the program develop-
ed by Herman and Skillman'® was mainly used for com-
puter calculations of atomic structure. They used the
wave functions of the nonrelativistic program in the
Hartree-Fock-Slater model to estimate in the first or-
der of perturbation theory the contributions of the rela-
tivistic corrections and the spin-orbit interaction. The
relativistic calculations by the Dirac—-Fock-Slater
method were made by Rosen and Lindgren,'® Liberman
et al.,'™®" and Lu ef al.'® The energies and single-
electron wave functions calculated in this way have been
used in many studies to determine the transition ener-
gies of the satellites of x-ray lines and Auger electrons
and to calculate the transition matrix elements of elec-
trons in radiative and nonradiative processes. Huang
et al.™ used Dirac-Fock-Slater wave functions to cal-
culate the binding energies of electrons for neutral
atoms with inclusion of the magnetic and retardation ef-
fects, and also the quantum-electrodynamic corrections
(vacuum polarization, electron self-energy).

Hartree Method. For completeness of the exposition,
we briefly characterize the point of departure of all
self-consistent calculations. The Hartree method is a
simplified form of the radial Hartree-Fock equations
obtained by ignoring completely in them the exchange
interaction. The many-electron wave function
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¥(1,2,...,N) (see above) is replaced by a simple pro-
duct of single-electron wave functions:

Y, 2000y N) =Y, (1) Ty (2) ... Fx(N).

This simple procedure was widely used prior to the ad-
vent of powerful computers, which made it possible to
overcome the barrier of long computing times associat-
ed with the solution of the Hartree-Fock equa-
tions.®™™ " At the present time, such calculations are
not as a rule made because their results in the majority
of cases deviate much more strongly from the experi-
mental results than do calculations by the Hartree—Fock
or Hartree-Fock—Slater methods.

Comparison of Methods of Calculating Atomic Struc-
ture. Many calculations of atomic structure using dif-
ferent approximations have been made. Because of the
large number of such calculations, it is impossible to
discuss the results of each paper separately. However,
in the literature one can trace certain general directions
characteristic of the models discussed above.

Two main directions are the relativistic and nonrela-
tivistic methods. In the original nonrelativistic calcula-
tions, the total energy of the system is minimized for
the Hamiltonian associated with the Schrédinger equa-
tion. Correlation effects influence the results of the
calculations even at low Z, and it is recommended that
they always be taken into account. In the first order of
perturbation theory, relativity is taken into account by
adding corresponding terms to the effective Breit—
Pauli Hamiltonian using nonrelativistic wave functions.
An improved description of the most important relativ-
istic effects associated with the motion of the electrons

is achieved by using the Dirac single-electron Hamil-
tonian and the development of a theory analogous to the
nonrelativistic theory. The interaction of electron
pairs is taken into account, as in the nonrelativistic
theory, by the Coulomb field. Retardation effects, the
higher guantum-electrodynamic corrections, and the
electron correlation effects are taken into aceount, de-
pending on the particular problem.

Table I gives the experimental values of level ener-
gies, which are compared with calculated energies ob-
tained in various ways. As a rule, the calculations
without allowance for the relativistic effects differ
more strongly from the experimental data than do the
relativistic results. In relativistic calculations, the
relativistic effects influence the electrons of the outer
shells indirectly through the increase in the binding en-
ergy of electrons with ssmall angular momentum.®"-7®
In the relativistic theory, the electron orbitals with
small angular momenta approach the nucleus and
screen the electrons with higher angular momenta more
effectively. This leads to a decrease in the binding en-
ergy of the electrons if the exchange effects do not have
the opposite influence. Very good agreement between
the calculated and experimental electron binding ener-
gies was obtained by Huang ef al.™ in the adiabatic ap-
proximation of the Dirac-Fock-Slater method with al-
lowance for magnetic, retardation, and quantum-elec-
trodynamic effects.

We give an idea of the individual contributions to the
total energy (atomic units) for the example of the bind-
ing energy of an electron in the K shell of mercury
(Z = 80)*:

TABLE I. Comparison of experimental and calculated electron energy levels. All energies
are given in atomic units (1 a.u. =27.2116 eV).
Herman and Skillman Rosén and Lindgren Huangetal - s
Orbital f,r:ia Liberman Desclaux Experiment
A B A B A B |erak
Argon
Z=18
1s 1/2 116,268 | 116,926 | 148,610 | 119,070 | 117.928 | 117,918 | 147,795 | 116,776 | 119,427 117.703 10,011
2p3/2 4 9,123 9,519 9,118 9,110 9,106 9.08 9.547 9.011+0,014
3s1/2 1.053 1,069 1.280 1.283 1.225 1,226 1.220 1.063 1.287 0,9304+0.015
3p 3/2 0,533 0,535 0.590 0.584 0,537 0,536 0,536 0,530 0.588 0.456+0.011
Krypton
Z=36
1s1/2 515.320 | 526,125 | 520.150 | 529,650 | 527.680 | 527.670 | 526.460 | 526,539 | 529.690 | 526.452+0,029
2s1/2 67.628 | 70,477 | 69.900 | 72,010 | 71,050 | 71,050 [ 70.950 | 70.523 | 72.080 70.595+0,022
2p 3/2 61,624 | 62,082 | 63.000 | 62.820 | 61,770 | 61,770 [ 61.770 | 61.530 | 62.880 6E.5§1t0.018
3p 3/2 7,624 7.742 8.330 8.205 7,974 7,974 7,968 7.616 8.313 7.857+0.040
3d 5/2 3.549 3.5M 3,830 3.711 3,380 3.382 3.383 3,057 3.727 3,234+0.029
4s1/2 0,973 1.036 1,150 1,197 1,136 1,132 1,132 0.983 1.188 0.882+0.029
Uran;uzm
T
1s1/2 3704.600 14243,150 [3747,550 |4286,060 — 4275.290 [4248.110 |4272.646 |4279.230 | 4248,412+0,059
2p 3/2 624,770 | 649,620 | 629.800 | 635,550 — 633.170 | 631,020 | 631.364 | 635,570 | 630.845+0.011
3s1/2 163.318 | 200,138 | 167.450 | 206,890 — 205.210 | 204.910 | 203.155 | 204,395 | 203.884+0,015
3d 5/2 134.404 | 137,458 | 136.960 | 132,420 — 130,980 | 130,760 | 130,601 | 132.420 | 130.521-+-0,011
Ad 5/2 28,154 | 29,260 | 30,040 | 28.140 — 27,500 | 27.480 | 26,983 | 28.130 27.110+0.011
AfT/2 15,977 | 16,278 | 17,190 | 14.790 — 14,140 | 14.150 | 14.323 | 14.790 14,000+0,033
5s1/2 9,245 | 11,955 10.840 | 12,620 — 12.270 | 12,2060 | 11,792 | 12.600 11.896+0,040
5d H/2 4.219 4,463 5.230 4,005 —_ 3,751 3.751 .802 4,042 3.539+0,051
bs1/2 1,482 2.018 2.450 2.161 — 2.027 2,026 1,915 2,138 2.598+0,044
6d 3/2 0.225 0,275 _ 0.206 — 0,182 0,182 0.169 0,193 _

Note. Herman and Skillman'®: A are the energy eigenvalues found by the Hartree—Fock—
Slater (HFS) method with frozen orbitals (FO), and B is A +relativistic corrections
(single-particle terms); Fraga et al.?’: eignevalues by the HFS method with FO; Rosbkn
and Llndgren“: A are the eigenvalues by the Dirac—Fock—Slater (DFS) method with

FO, and B are the binding energies by the DFS method in the adiabatic approximation
(AP); Huang et al. ®: A are the eigenvalues by the DFS method in the AP, and B are

the eigenvalues by the DFS method in the AP with allowance for the Breit operator

and the quantum-electrodynamic corrections; Liberman et al.'™: eigenvalues by the

DFS method with FO; Desclaux™: eigenvalues by the DF method with FO; the experi-
mental values are from Ref. 77.
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Electrostatic interaction................. 3070.825

Magnetic interaction.............. Soa e g 047

Quantum-electrodynamic correction to the self-
Ty S B B i B R i e o Db St 7.325
Vacuum polariZation. ... .« eie v ees s saeis 1.645
Retardation effects........... EPRER LIS 0.885
Correlation interaction.......... Alaacs irath oy 0.040
3092.765

In caleulations of the structure of the atomic shells of
heavy elements, the finite size of the nucleus becomes
particularly important. The correction associated with
the finite volume of the nucleus increases with increas-
ing Z. This correction is less than 0.1% for Z = 80, is
- about 1% for Z = 114, and about 4% (around 10 keV) for
the K shell of element Z = 126.™ The probability of an
electron of the K shell being within the nucleus is
0.0014% for Z= 179, but it is already 0.0058% for
Z =023

For many problems, it is not necessary to calculate
the absolute values of the atomic-structure parameters;
only their relative changes are needed. Such problems
can be solved using truncated programs which ignore
definite types of interaction or take them into account
only in averaged form (see the Slater potential).?® This
is very important, since the relativistic computational
programs of Hartree-Fock type on an EC-1060 com-
puter consist of approximately 4500 (for multiconfigur-
ation programs more than 10000 (Ref. 28)) charts®” and
require a computer memory of approximately 350
kbytes to calculate 40 orbitals with integration over
250 points. To make calculations for very high Z, it is
necessary to raise the number of points of integration
for each orbital to 400, and the memory requirement
increases to 500 kbytes. The characteristic times re-
quired for the calculation of one configuration range
from a few minutes to tens of minutes. Programs with
reduced number of interactions require, as a rule,
much less computing time and much smaller memory.

2. CHARACTERISTIC x-RAY RADIATION
Calculation of x-ray transition energies

Among the radiative transitions in atomic shells,

characteristic x-ray transitions are the most important.

They take place when a vacancy is formed as a result
of ionization in the inner electron shells of an atom.
The vacancy is filled by an electron from the outer
shells. The electrons of the outer shells have lower
binding energy than those of the inner, and the differ-
ence between the binding energies in the electron tran-
sition is equal to the x-ray energy. The discrete nature
of the energies of the electron levels leads to discrete
x-ray transitions. The x-ray lines formed in this man-
ner in a neutral atom are called diggram lines; in a
multiply ionized atom, nondiagvam lines. Diagram
lines are systematized in Ref. 81.

The energy of transitions in atoms or ions associated
with de-excitation processes can be calculated if one
knows the total energies of the initial and final state of

the electrons:
E? =EZ -

A T total — % total
(transition) (initial state)  (final state)
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The energy of an x-ray transition in an atom with
atomic number Z from subshell (n,1,j) to subshell (»’,
1,5') is equal to the difference between the binding en-
ergies g2(n,l,j) and g4(n’,1’,7") of the subshells:

Ez(("r L )=, U, .fJ)):;F‘g("rv v, f’)fsg(nv L)

The binding energy ¢%(n,1,j) of the electron in sub-
shell (nl4) is calculated as the difference between the
total energies of the corresponding initial and final
states of the atom. The initial state contains the con-
sidered electron, and in the final state it is gone:

es(n, 1, )=E% —EE : (12)

t
(initial config) (;lmal
config.)

In self-consistent field calculations, the exact transition
energy EZ (transition) can be represented as a sum of
several individual contributions: "

E* = Eye

(transition)

+E,

(transition)

+Eml +Ecur

(transition) (transition)

+Equp  ,(13)
(transition) (lr-nsmon)‘
where EJ%, (transition) is the difference between the
total energies in the nonrelativistic Hartree—Fock-—
Slater calculation, E, (transition) is the difference be-
tween the exchange energies, E_,, (transition) is the dif-
ference between the relativistic contributions to the en-
ergy, E, . (transition) is the difference between the cor-
relation energies, and Eqpp, (transition) is the differ-
ence between the contributions of the quantum-electro-
dynamic corrections. The choice of the method of cal-
culation determines what terms in (13) are taken into
account. In self-consistent Dirac-Fock calculations,
the contributions E_ . and E,y, are ignored; in Hartree-
Fock calculations, the contributions E_,;, E_ ., and
E,Qgp; and in Hartree-Fock-Slater calculations, E,,

E s Epe» and Egpp. To take into account £, multi-
configuration programs are used,? 2728 and to take into
account E,pp, additional programs by means of which
the corresponding corrections are calculated using the
wave functions from the programs we have mentioned.*

In many cases, especially for the outer shells, Har-
tree-Fock calculations give results in better agree-
ment with the experiments than Dirac—-Fock calcula-
tions. The Hartree—Fock method gives a good accuracy
of calculations of the energy shifts of the x-ray lines
relative to the diagram lines in the presence of addi-
tional vacancies.®® For successful use of the truncated
methods of description the difference between the ig-
nored contributions to the transition energy must be
small.

The electron binding energies are determined in two
ways with allowance for the relaxation time of the elec-
tron states. If a transition or ionization process takes
place so rapidly that the other electrons of the systems
do not succeed in following the change of the electron
configuration, a single set of radial wave functions is
used to describe the initial and final states of the elec-
trons. Koopmans® showed that in such a model, which
is called the frozen-orbital method, the binding energy
of an electron in the orbital (n,1,7) is

E%(n, 1, j) = —eny (Koopmans's theorem), (14)
where £, is the single-electron energy eigenvalue ob-
tained by solving the Hartree-Fock equations for the
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original atom. We note that Koopman’s theorem does
not hold in multiconfiguration calculations or in calcu-
lations using the Slater exchange potential. However,
it is standard practice to compare the eigenvalues ob-
tained in such calculations with the experimentally
measured level energies.® To calculate the relaxation
effects, the expression (14) is replaced by

E (nl) = —eqpy — Senyy,

where 0z, describes the correction associated with
the contribution of the exchange interaction of the elec-
trons. :

The adiabatic approximation is an alternative to the
frozen-orbital method. It is assumed that the electrons
have sufficient time to redistribute themselves during
the ionization process. The transition energy is cal-
culated as the difference between the total energies of
the corresponding states of the atom and the ion, i.e.,
different radial wave functions are used to describe
the initial and final states. The energy of the true
ground state of the ion is lower than in the frozen-or-
bital approximation, in which the total energy of the
system is not minimized. The use of the adiabatic ap-
proximation is complicated by two factors that must be
taken into account: 1) the transition energy is the
small difference of two large quantities, and therefore
the error of the calculations increases; 2) for » binding
energies, n+ 1 individual calculations are needed.

Systematic comparison of the experimental values of
the transition energies with the values calculated in the
two approximations shows that the adiabatic approxima-
tion gives better agreement for the inner shells but
worsens the results for the optical shells.!®3%

At the present time, there are no reasons justifying
the exclusive use of a particular method in atomic-
structure calculations. The accuracy of the calculation
of the energies of x-ray transitions depends on the ac-
curacy with which the corresponding electron binding
energies are calculated. For light elements, the
standard programs using the Hartree—Fock or Dirac—
Fock methods give adiabatic energies that differ by on-
ly a few electron volts from the experimental values.
For heavy elements, the calculation of the electron
binding energies of the inner shells requires more ac-
curate methods that take into account the electromag-
netic corrections and the correlation and quantum-
electrodynamic effects.

The binding energies for the K shell of elements with
70 <Z < 90 can be calculated to an accuracy better than
107 (Ref. 84). The experimental energies of x-ray
transitions with the participation of valence electrons
are sensitive to the chemical conditions. The discrep-
ancies between the calculated and experimental values
can also be explained by the fact that, as a rule, the
calculations are made for isolated atoms or ions.

Satellites of x-Ray Lines

General Comments. Additional vacancies in the
atomic shells are formed as a result of photoionization,
collisions of atoms with electrons, protons, or heavy
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TABLE II. Influence of outer and inner vacancies on the
energy shifts of the x-ray K, emission of chlorine. For the
inner vacancies (1s?2s%2p% " 35%3p°) the experimental values
of Ref. 89 are given; for the outer (1s?2s225%3523p5~ "), the
results of Dirac—Fock~Slater calculations.

AE, eV

Configuration, n
n

(45225228 M 352305) (1522522835035~ 1)

i 18,3+1.4 0.402
2 36.9+1.8 1.104
3 56,64-2.2 2.120
& 77.242.0 3.520
5 98.4:42.8 5.308

ions, or as a result of internal nuclear transformations.
The characteristic x-ray lines and the Auger emission
lines that arise when inner vacancies are filled in mul-
tiply ionized atoms differ in energy from the corre-
sponding diagram lines. It is characteristic that with
increasing degree of ionization in a shell containing an
inner vacancy the x-ray transition energy increases,
while the energy of the Auger transitions decreases.?5™87
An exception to this general rule is observed only for
intershell x-ray transitions.?® The same physical pic-
ture is observed for hypersatellites with not one but
two initial vacancies in one shell in the primary state of
a multiply ionized configuration.

The energy shifts of the satellite lines are much
weaker when there are outer instead of inner vacancies.
This effect for the chlorine atom is demonstrated in
Table II.

For greater clarity, we give once more the explana-
tion for the difference between the diagram x-ray and
Auger lines from the satellite lines.

1. A diagram x-ray line or an Auger line arises be-
cause of a transition in which the initial state corre-
sponds to a singly ionized atom, i.e., one electron has
been removed, and all the remainder are in their or-
bitals. The final state for an x-ray transition again
corresponds to a singly ionized atom; for an Auger
transition, to a doubly ionized atom.

2. All other vacancy configurations form satellite
lines.

Influence of Outer Vacancies on the Energies of x-Ray
Transitions. Validity of atomic-stvuctuve calculations.
Quter vacancies play a particularly important part in
the behavior of hot plasmas? and bunches of charged
particles.!? The existence of outer vacancies influences
the characteristics of the structural processes and the
interaction strengths, in particular the nucleus-atomiec
shell interaction.

Hitherto there have been hardly any experimental in-
vestigations of the energy shifts of individual charac-
teristic x-ray lines of heavy ions. This is due to the
limited number of suitable heavy-ion sources and the
high requirements on the experimental technique and
method. It is only possible to calculate the shifts of the
characteristic x-ray lines by means of the methods de-
seribed in See. 2.

Because of the absence of experimental results, a
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TABLE III. Comparison of energy shifts of K, line (eV) of
lead ions relative to the diagram line obtained in different
ways (I is the number of outer vacancies).

I DF(a) | DF(f) | DFS(f) | HFS DFS8(a) |DFS(ts 1) |.DFS(ts 2) |DFS(K-1)

1| o0.082| 0.015| 0.059| 0.053| —0.082 | 0,078 | 0.078| 0.090
2 | 0491 0,094 0.151| 0.144| 0.000 [ 0,194 | 0.191| 0.213
4 | 0.517| 0,312 0.451| 0.307| 0.585| 0,535| 0,522 | 0,541
10 | 0.245| 0.135| 0,093| 0,010| 0,013 | —0,054 | —0,052 | 0.041
12 | 0.109| 0.165| 0.157| 0.150| —0,082 | —0.141 | —0,133 | 0,022
14 | —0.271| —0,040| —0,182| 0,136 —0.205 | —0,204 | —0.189 | 0,048
22 | 12,318 10,676 11.240| 11,386| 11,498 | 11,578 | 11,384 | 11.671
54 | 80,102| 73,774| 71.810| 74,830| 72,598 | 72,514 | 71.376 | 72.746
60 |128,201 123,450 (102,232 | 115,098 | 98.378 | 98.364 | 97.119 | 104.914
64 158,165 154,980 138.033 | 161.989 | 129,718 | 129.750 | 128.459 | 142,370
68 290,770 280.452 | 256.909 | 287,015 | 248,768 | 248,835 | 246,307 | 261.444
70 |387,023|363.856 | 343.641 | 375,759 | 336,718 | 336.878 | 332,801 | 346,969

. Note:

DF(a): adiabatic calculations by the Dirac—Fock method with

allowance for magnetic and retardation effects.

DF(f): calculations by the Dirac—Fock method with allowance

for magnetic and retardation effects for frozen
orbitals.

DFS(f): calculations by the Dirac—Fock—Slater method (ex-
change potential with C =m =n =1) with Latter’s
modified Coulomb potential (see Sec. 2) for frozen
orbitals.

HFS: calculations by the Hartree—Fock—Slater method
using free-electron exchange potential %

DFS(a): adiabatic calculations by the Dirac—Fock—Slater
method.

DFS(ts 1): calculations of transition state by the Dirac—Fock—
Slater method. In these calculations, the relaxation
of the primary vacancy is taken into account approxi-
mately. It is assumed that the initial and final state
of the x-ray transition have half vacancies. The
x-ray transition energy is determined as the differ-
ence between the energy eigenvalues for the initial
and final states. The modified Kohn—Sham potential®
is used to calculate the energy eigenvalues.

DFS(ts 2): calculations of the transition state by the Dirac—
Fock-Slater method. The energies of the x-ray
transitions are determined as the differences of the
corresponding electron binding energies. These
energies are calculated as the differences of the total
energies of the considered ion and the ion with one
less electron in the considered subshell. In all calcu-
lations, the wave functions of the initial ion were
used.

DFS® —1): calculations by the Dirac—Fock-Slater method
with frozen orbitals. Besides a definite number of
outer vacancies, an additional vacancy in the K shell
was taken into account in the calculation.

problem arises: Which of the methods of calculation
described in Sec. 2 describe the physical situation best?
In calculations of x-ray transition energies it is not the
absolute values for different degrees of ionization of

the atom that are of primary interest but rather the
relative shifts.

The shifts of the energy of the Km1 line of lead ions
relative to the energy of the diagram line is given in
Table III.

In comparing the results in Table III, it can be as-
sumed that the best agreement with physical reality is
achieved in adiabatic calculations by the Dirac-Fock
method [DF (a)] using Desclaux’s program.?” It can be
seen from Table III that when electrons are removed
from the outer shells (6s,6p) calculations of the transi-
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tion state by the Dirac-Fock-Slater method [DFS (ts 1,
2)] agree satisfactorily with the adiabatic Dirac—Fock
calculations [DF (a)]. As more inner electrons are re-
moved (n < 5), the agreement between the Dirac—Fock—
Slater calculations using a free-electron exchange po-
tential (HFS) and Dirac-Fock calculations [DF (a)] im-
proves. At low degrees of ionization, the nature of the
change in the shifts is correctly reflected. All the re-
maining methods of calculation at high degrees of ion-
ization give energy shifts of the x-ray transitions that
are too low.

The calculated energy shifts of the x-ray H o transi-
tion for lead ions are given in Fig. 1. The shifts of the
K, line for the ground states of the lead ions found by
the Dirac-Fock-Slater method using the free-electron
exchange potential®-® for frozen orbitals are compared
with the shifts of the K, line obtained in adiabatic cal-
culations by the Dirac—f‘ock and Dirac-Fock-Slater
methods. As follows from Table III and Fig. 1, all the
methods of calculation give, apart from model devia-
tions, similar behavior of the shifts of the x-ray transi-
tion energies with increasing number of vacancies in
the outer shells. A similar behavior of the energy
shifts of the x-ray lines for lead was found by Arndt
et al.?° in adiabatic calculations by the Dirac-Fock
method and calculations with various local potentials.
McGilp and Weightman® also point out that the choice
of the particular method of calculation in the frame-
work of central-field approximations does not lead to
results differing strongly from each other in an analy-
sis of the dependence of the internal properties of the
atomic shell on the degree of ionization of the atom. It
is much more important in the various calculations to
take into account the same corrections to the Hamil-
tonian that describes the particular system. The elec-
tron binding energies for zinc, cadmium, and mercury
calculated in Ref. 93 by two different methods in the

I
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FIG. 1. Energy shifts of K, transition of Pb ions obtained
from adiabatic calculations by the Dirac—Fock and Dirac—
Fock—Slater methods and by the Dirac—Fock—Slater method
with frozen orbitals: A) adiabatic calculations by the Dirac—
Fock method; B) adiabatic calculations by the Dirac—Fock—
Slater method; C) calculations with frozen orbitals by the
Dirac—Fock=Slater method. I is the number of outer vacancies.
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central-field approximation agree well, although the en-
ergies were determined by means of two very different
programs. The electron binding energies were deter-
mined in the adiabatic approximations by the Dirac—
Fock method®” and by the Dirac-Fock—Slater method.™

The excellent agreement between the two methods,
which take into account the exchange interaction be-
tween the electrons in different ways, show that both
methods give a good approximate solution of the prob-
lem. In addition, the good agreement for the electron
binding energies calculated in the adiabatic approxima-
tion indicates that the two methods are equally suitable
for calculating ionized states of the atom, since the
total energy of the singly ionized atom enters into the
adiabatic calculation of the electron binding energies.
It can be concluded from the results we have given that
the Dirac—Fock-Slater method makes it possible to cal-
culate the atomic structure of highly ionized atoms ra-
ther accurately. The use of a local rather than a non-
local exchange potential does not change the qualitative
results and only slightly changes the quantitative re-
sults.

As we have already pointed out, not much is known
about the influence of outer vacancies on the properties
of atomic shells. We compare the experimental energy
shifts of satellites with calculated data, using the known
spectrum of the x-ray K satellites of neon. The atomic
structure of neon (1s®2s%2p®) is convenient for investi-
gating the influence of outer vacancies. The physical
picture in this case is fairly simple. At higher atomic
numbers Z >10, the experimental picture is complicated
by the fact that, as a rule, pure configurations with
outer or inner vacancies are not observed. In addition,
neon is suitable for investigating the influence of outer
vacancies because nonradiative transitions from the
higher-lying principal shells or within a definite prin-
cipal shell are impossible for it. Thus, the obtained
experimental information admits unambiguous phyical
interpretation.

The experimental shifts of the satellites of the neon
K, line are compared with calculations in Table IV. To
within the errors of the experiment, the calculatioas re-
veal good agreement with the experimental shifts. On
the transition to heavier ions, the situation becomes
less definite, since it becomes uncertain during the ex-
periment whether there are only outer or only inner
vacancies. In addition, with increasing Z there is a de-
crease in the specific shift of the x-ray transition ener-
gies on the removal of one electron of the outer shells,
'due to the fact that with increasing number of electrons
in the atom the screening of the field of the nucleus for
the outer electrons by the inner electrons increases.

Satellites and alomic stvucture. The structure of an
atomic shell determines the possibility of various x-ray
satellites associated with defect configurations in the
outer shells of the atom. Depending on the particular
structure of the atomic shell, the number of x-ray
transitions increases with increasing Z. However,
some transitions are possible only for definite degrees
of ionization and for distinguished vacancy configura-
tions. The maximal degree of ionization at which a cer-
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TABLE IV, Influence of outer vacancies on the energies of
x~-ray K, transitions of neon ions of 1slas” 2p™ configurations,

Cm;lﬁguras,i!nn Satellite BV AE oV | Eypev Eppgr Y
2 & KL 8482 — — -
28 KL 8552 T4 5.8
T 8 55+ + 6,1 s
2 4
& 5 KL-? 863+2 15+4 14.5 13.4
(e G

3
1 g KL 873+2 25+4 25.4 22.6
2 2
i 3 KL 882:4+-2 3444 31,7 3#.3
0 4
P :
15112 KL-3 895:-2 4T+4 45.3 45.9
o 3
}, é KL% 907+2 59+4 56.1 57,1

Note. E,, are the experimental values™; AE,  are the ex-
perimental energy shifts of the satellites; Eyp are the results
of Dirac—Fock—Slater calculations using a free-electron ex-
change potential without additional vacancy in the K shell;

E prs are the results of Dirac—Fock—Slater calculations with
the Slater exchange potential.

tain x-ray traasition can still be observed can be repre-
sented as a function of the atomic number Z in the form

I max (Z) = Z — K (Z),

where K\Z) is a constant for the considered type of
transition.

When electrons are knocked out of an atomic shell,
various vacancy configurations are formed. In what fol-
lows, we shall consider only those processes in which a
positive ion goes over to its ground state, which corre-
sponds to the minimum of the total energy of the many-
electron system. The ground-state configurations of
ions calculated by the energy-minimization principle
differ from the electron configurations of the neutral
atoms with the samsa number of 2lectrons. The local-
ization of the vacancy in the ground state of an ion be-
gins with the Ts and 6d orbitals® and is displaced in the
sequence 5f, 6p, 6s, 5d, 4f, 5p, bs, 4d, 4p, 4s, 3d,
3p, 3s, 2p, 25, and ls.

Irregular behavior in the filling of orbitals in the
ground state begins with Z = 57. For all elements with
Z <57, electrons with the largest quantum numbers are
the first to be removed from the ground state of the ion.
The ionization takes place in such a way that the eiec-
tron with the highest values of the quantum numbers
n, 1, j is always stripped.

However, there are a number of exceptions to this
rule, for example, for Z = 23, 27, 28, 39, 57, 58. The
change of the occupied electron orbitals in the ground
state of the ion is shown for the first three degrees of

ionization for all elements up to uranium in Table
V‘20.95

Satellites of x-vay lines. Calculations have been
made of the energies of x-ray satellites for multiply
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TABLE V. Structure of the atomic shell of neutral atoms and
the first ground states of their ions for 1<z < 92 %

Degree of ionization
z Symbol Structure q ] 5 2
1 H 1st — — —
2 He 1s2 151 = o
3 Li 152251 152 1st —
4 Be 152252 152251 1s? 15t
5 B 1522522 p1 152252 152251 152
6 C 1522s2p2 1522522p1 152242 152251
7 N 1522522p° 1522522p2 1522522 p1 152252
8 0 152522 p* 1s22522p% 1522522 p2 1522522 p?
9 F 1522572 p° 1522522 pt 1522522 p3 1522522 p%
10 Ne 1522522 pt 1522522 p5 1522522 pt 1522522p3
11 Na Ne] 3s Ne 1522522 p5 1522s22p!
12 Mg Ne| 352 Ne] 3st Ne 1522522 p%
13 Al Ne| 3s23p! Ne] 3s2 Ne| 3st Ne
14 Si Ne| 3s23p2 Ne] 3s23p? Ne] 3s2 Ne] 3st
15 P Ne] 3s23p3 Ne] 3s23p? Ne| 3s23p! Ne| 35
16 S Ne] 3s*3p* Ne] 3s23p3 Ne] 3s23p2 Ne] 3s*3pt
17 Cl Ne| 3s23p® Ne] 3s23p! Ne| 3s?3p* Ne] 3s23p?
18 Ar Ne] 3s23p® Nej 3s23p° Ne] 3s23pt Ne] 3s23p®
19 K Ar| 4st Ar Ne] 3s23p% Ne] 3s23p*
20 Ca Ar] 4s? Ar]| 4st Ar Ne| 3s23p®
21 Se Ar| 3d'4s® Ar] 3dt4st Ar] 3d* Ar
22 Ti Ar| 3d24s? Ar] 3d24s! Ar] 342 Ar] 34t
23 v Ar] 3d3%4s2 Ar] 344 Ar] 343 Ar] 342
24 Cr Ar| 3d%4s! Ar] 3d° Ar] 3d¢ Ar] 343
25 Mn Ar] 3d54s? Ar] 3d%st Ar] 3a® Ar] 344
26 Fe Ar| 3d%s? Ar] 3d84st Ar] 3a° Ar] 34°
27 Co Ar) 3d%s? Ar] 328 Ar] 3d7 Ar] 34°
28 Ni Ar] 3d84s? Ar] 34° Ar] 348 Ar] 3d7
29 Cu Ar] 3410441 Ar] 3410 Ar] 24° Ar] 348
30 in Ar] 3dL04s2 Ar] 3d104s1 Ar] 3410 Ar) 3d°
31 Ca Ar| 3d104s24pl| [Ar] 3410452 Ar] 3d10451 Ar| 3410
32 Ge Ar] 3d104s24p%| [Ar] 3d104s24pl| [Ar] 3d104s2 Ar] 3d10%s!
33 As Ar| 3d104524p3| [Ar] Bd104s24p%| [Ar] 3d194s24p!| [Ar] 3d'04s?
34 Se Ar| 3d1%s24pd| [Ar] 3d1%4s%4p®| [Ar] 3d104s24p?| [Ar] 3d'04s24p!
35 | Br Ar| 310452 p8| [Ar] 3d194s%pi| [Ar] 3d1%4s%4p3| [Ar] 34194522
36 Kr Ar| 3d104524p8| [Ar] 3d104524p3| [Ar] 3d104s%4pl| [Ar] 3d104s24p?
37 Rb Kr] 5st Kr Ar| 3d104s24p5| [Ar] 3d104s24pt
38 Sr Kr] 5s2 Kr] 5st Kr| Ar] 3d104524p8
39 Y Kr] 4d15s? Kr| 5s* Kr] 5st Kr
40 ir Kr| 4d25s® Kr] 4d25st Kr] 4d* Kr] 4dt
41 Nb Kr] 4d'5s! Kr] 4d* Kr] 4d3 Kr] 4d?
42 Mo Kr] 4d55s! Kr] 4d5 Kr| 4dt Kr] 4d%
43 Te Kr] 4d35s® Kr] 4d®5s1 Kr] 4d® Kr] 4d*
44 Ru Kr] 4d75s1 Kr] 4d? Kr| 4d8 Kr] 4d®
45 Rh Kr] 4d85s! Kr| 428 Kr| 4d? Kr] 4d¢
46 Pa Kr] 4410 Kr] 42° Kr] 4d8 Kr] 4d7
47 Ag Kr] 4d'05s! Kr] 4d'0 Kr] 44° Kr] 4d8
48 Cd Kr] 4d'0552 Kr] 4410551 Kr] 4410 Kr] 4a°
49 In Kr] 4d'05s25p!| [Kr] 4d105s2 Kr] 4d!05st Kr] 4d10
50 Sn Kr] 4d105s25p2 | [Kr] 4d195s25p1| [Kr] 4d!05s* Kr] 4d105st
51 Sh Kr] 4d105525p3| [Kr] 4d1°5s25p2 [Kr] 4d105s25p1| [Kr] 4d105s%
52 Te Kr| 4d105525p%| [Kr] 4410552508 [Kr] 4d'05525p2| [Kr] 4d105525p1
53 1 Kr] 4d105525p5) [Kr] 4d'°5525p3| [Kr] 4d105525p3| [Kr] 4d195s25p2
54 Xe Kr] 4d'95s25p8) [Kr] 4d195s25p5 [Kr] 4d195s25p!| [Kr] 4d'05s25p°
55 Cs Xe] Gs! Xe Kr] 4d'95525p% [Kr| 4d!95525p*
56 Ba Xe| 6s® Xe] 6st Xe Kr] 4d105525p%
57 La Xe| 5d*6s? Xe] 5d2 Xe| 5dt Xe
58 Ce Xe] 4/265% Xe] 4f15a2 Xe] 4f2 Xe] 4f1
59 Pr Xe] 473652 Xe] 4f%6s! Xe] 4f2 Xe] 472
60 Nd Xe] 47465 Xe] 47365 Xe] 414 Xe| 453
61 Pm Xe] 4f°652 Xe] 4f°6st Xe] 4f° Xe] 474
62 | Sm Xe] 47565 Xe] 47965 Xe] 4f6 Xe| 43
63 Eu Xe] 47652 Xe] 4f76s! Xe] 4f7 Xe] 478
64 Gd Xe] 4/75d'6s? | [Xe] 4f75d6s? Xe| 4f75d* Xe] 4f7
65 Th Xe| 4/%6s? Xe] 4/%6s! Xe] 47° Xe] 478
66 | Dy Xe] 47106s? Xe] 4/196s! Xe] 4f10 Xe] 479
67 Ho Xe] 4711652 Xe] 4711651 Xe] 4712 Xe] 4110
68 Er Xe] 4112652 Xe] 471265 Xe] 4512 Xe] 4f11
69 Tm Xe] 4/136s* Xe] 471965t Xe] 4713 Xe] 4712
70 Yhb Xe] 4719652 Xe] 4714651 Xe] 4714 Xe] 4712
71 | Lu Xe| 4115465 | [Xe] 4711652 Xe| 41651 Xe] 4f14
72 Hi Xe| 4f145d2652 | [Xe] 4/145d16s2 | [Xe] 4f145d* Xe] 4f145d*
73 | Ta Nel 4/1450%32 | [Xe] 4/195d%s | [Xe] 471152 Xe] 4711542
T4 w Xe| 4f145d%6s% | [Xe] 4f115d'6s" | [Xe] 4f45d* Xe] 4f145d*
75 Re Xe] 4713545652 | [Xe] 4714545651 | [Xe] 4f145d4° Xe] 4f115d4
76 0Os Xe] 4f145d86s% | [Xe] 4/115%6s" | [Xe] 4f145d° Xe| 4f145d°
77 Ir Xe 4f135d76s% | [Xe] 4f1*5d76s' | [Xe] 4f145d? Xe] 4f145d8
8 Pt e] 4f135d%6s! Xe 4f1454° Xe] 4f145d8 Xe] 4f145d7
79 Au Xe] 413541961 [Xe] 4/'45d10 Xe] 4f*45d° Xe] 4f*45d8
80 Hg | Xe] 47195d196s2( [Xe] 4f145d1%651| [Xe] 4f145d10 Xe] 4/145d°
81 Tl Hg) 6p? Hg Xe] 4/115d'96s'| [Xe] 4f145d10
82 Pb Hg] 6p* Hg 6p1 Hg] | Xe] 4f15d10651
83 Bi Hg] 6p3 Hg) 6p* Hg| 6p! Hg]
84 Po Hg) 6p' Hg] 6p® Hg] 6p2 Hg| 6p*
85 At Hg) 6p° Hg| 6p! Hg] 6p° Hg] 6p2
86 Rn Hg] 6p® Hg] 6p° Hg] 6p* Hg| 6p3
87 Fr Rn] 7s! Rn Hg] 6p° Hg] 6p*
88 | Ra Rn] 75 Rn] 7s Rn]| Hg] 6p°
89 Ac Rn] 6d17s® Rn] 7s? Rn] 7st Rn
90 Th Rn| 6d27s2 Rn| 64275t Rn] 5f16d" Rn] 5f1
9 Pa Rn] 5/26d7s® | [Rn] 5f27s* Rn] 5727s! Ru] 52
92 | v Rn| 5/%di7s? | [Rn] 57%7s% Rn] 51375t Rn] 5/

charged ions formed by the removal of electrons from
the outer shells of Ne (Ref. 96), Ar (Ref. 97), Br (Ref.
98), Mo (Ref. 99), Xe (Ref. 100), Pb (Ref. 80), and U
(Ref. 101). For Ar, the influence of not only outer va-
cancies but also mixed states of outer and inner vacan-
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FIG. 2. Energy shifts of characteristic x-ray transitions of
noble gases up to Xe as functions of the number I of outer
vacancies.

cies is considered. For Ne, Ar, Br, Mo, and Xe, the
energies of the x-ray satellites are calculated for the
ground state of the ion; for Pb and U only the ionization
states that arise on the removal of the electrons with
the highest quantum numbers are considered.

The energy shifts of the characteristic x-ray radia-
tion of some transitions of the K, L, and M series of
the noble gases shown in Figs. 2 and 3 were obtained by
the Dirac—-Fock—Slater method using the Slater ex-
change potential (C = m =n= 1) and Latter’s correction™
for the Coulomb potential at large distances from the
nucleus. For the transitions of all series a rule can be
formualated: The energy shifts are greatest for the x-
ray series whose initial level has the largest principal
quantum number. The change in the satellite energy
for some x-ray transitions with increasing degree of
ionization is not monotonic. For example, for transi-
tions of the K and L series of elements with closed 4f
subshells, shifts of the x-ray transitions to lower ener-
gies are observed. The lines of the M series do not
have this property. This fact can be used for diagnosis
of ionization states to eliminate the ambiguity in the in-
terpretation of the x-ray spectra of the K and L series.
The extent to which the outer vacaacies influence the
x-ray transition energies depends strongly on the elec-
tron levels that participate in the considered transition.

Generally speaking, the change in the energy shifts of
the x-ray K transitions is greatest in the cases when the
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FIG. 3. Energy shifts of transitions of the L and M series of
Nd as functions of the number I of external vacancies. The
completely stripped shells are indicated at the fop.
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difference between the principal quantum numbers of
the electron states is maximal. This rule is also valid
for the other series. The reason for this is the differ-
ent decreases in the binding energies of electrons in
the states that participate in the x-ray transition on the
appearance of an additional outer vacancy. There is a
general characteristic tendency: With increasing pria-
cipal quantum number of the vacancies in the outer
shells their influence decreases. The growth of the
binding energy of the outer electron states is also
diminished. The relative change in the binding energy
increases with increasing difference hetween the prin-
cipal quantum numbers of the considered levels. This
effect will be discussed in more detail below.

The energy shifts of the Kml and L,Jll transitions for
singly ionized atoms with Z <70 are given in Figs. 4
and 5. In all cases there are characteristic local max-
ima of the shifts of the x-ray energies for the noble
gases. The energy shift decreases for the elements
following each noble gas, and reaches a minimum in
Mg, Ca, Sr, and Ce for the K, transitions and in Tc
and Ce for the L, transition. As a rule, these minima
are associated with transitions in atoms and singly ion-
ized ions that have the shell structure of noble gases
with additional ns electrons (z=3,4,5,6). The ioniza-
tion of the ns electrons leads to a relatively small shift
in the binding energy of the electron states participating
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FIG. 5. Dependence of the shift of the L o, line for singly
ionized ions on Z %
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FIG. 6. Dependence of the shift of the K, line for I-fold
ionized ions on Z %

in the transition. The removal of electrons with large
angular momenta gives large shifts of the x-ray ener-
gies because the difference between the electron bind-
ing energies then changes more strongly. An exception
to the rule is the minimum at Z = 58. Here we observe
a deviation in the filling of the electron shells of the
ground state of the neutral atom ( [Ke]4/254%s%) and the
ground state of the singly ionized ion ( [Ke]47'54%). The
following regularity consists of a decrease in the ener-
gy shifts of the x-ray transitions with increasing atom-
ic number of the noble gases due to the weak change in
the intra-atomic screening of the electrons.

A fuller picture of the x-ray transition energy shifts
of multiply charged ions for elements with Z <70 is
given by Figs. 6 and 7. At degrees of ionization corre-
sponding to closed subshells, we observe characteristic
changes in the gradient of the energy shifts. At degrze -
of ionization 5, the K“:. line and, with some exceptions,
the L, line have local minima of the shifts for the
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FIG. 7. Dependence of the shift of the L ,, line for I-fold
ionized ions onZ %
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atomic configurations corresponding to those of the
noble gases. As the s and p levels are filled, the ener-
gy shifts for K transitions decrease, while they in-
crease as the d levels are filled. For L,, transitions
at fixed degree of ionization, the shifts decrease with
increasing Z.

Useful information for identification of the charge
state of an ion on the basis of the energy of its charac-
teristic x-ray radiation is contained in Figs. 4-7. For
a large Z range there are no intersections of the shifts
for different degrees of ionization of atoms with definite
Z, i.e., the measured shifts correspond to a definite
degree of ionization of the atom. If the shifts do inter-

- sect, the situation becomes ambiguous, i.e., for the
correct determination of the charge state of the atom
additional, independent information is required.

Chemical enevgy shifts of x-vay tvansitions. System-
atic investigations of the chemical shifts make it possi-
ble to obtain information about the valence structure of
the electrons in different regions of the periodic table.
The existence of chemical shifts was first established
by Lindh and Lundquist,’® who determined the relative
intensities and wavelengths of lines of the K, group of
some compounds of S with metals and with S itseli.

Fundamental studies to determine the chemical shifts
were made by the Leningrad group of Sumbaev. In
1965, this group reported the first measurvements of
the chemical shifts of the Kc,‘1 energy of molybdenum
and tin.'®® This group also investigated various com-
pouads of silver, antimony, tungsten, and rare-earth
elements. At the same time, the results were pub-
lished of measurements for tin,'® ruthenium, praseo-
dymium, and ytterbiam.!%®

The influence of the chemical valence states on the
x-ray emission spectra is determined by the valeace
electrons. Removal of a valence electron from an atom
leads (this is especially true for s electrons) to a de-
crease in the screening of the nuclear poteatial for the
other electrons, and the binding energy of these elec-
trons increases (Fig. 8). In atoms with medium values
of Z, the change in the electroa binding energies
reaches 10 eV and, as a rule, is approximately the
same for the 1s, 2p, 3p, and 4p electron levels, with
which the most intense x-ray transitions of the K series
are associated. As a consequence, the change in the
energy of the x-ray K transitions is two orders of mag-
aitude smaller, i.e., the chemical energy shift of the
x-ray K transitions is about 0.1 eV. This effect is par-
ticularly clearly manifested in inner shells. There-
fore, most investigations of the chemical energy shifts
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FIG. 8. Electron levels in Sn and Sn0,.!%
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TABLE VI. Experimental values of the chemical shifts of
x-ray transitions of the K series (all shifts are given in meV;

AE=Ey -E,).
Investigated
PAIES, Refer-
AEK“l AEK"-: AEKﬂl MgKBz AFxg ences
A B
Rb RbC1 24x4 - 28110 131x22 - [109]
Zr ZrOg —209+5 - —149+8 L8015 - [109]
Mo MoO3s —199+5 s —137£45 | 224+15 - [108, 109}
Ru RuO: —h2+4 = — — 24425 - [105]
RuF3 —84+3 - —50£25 — [105]
Ag AgsS Shtd —_ 59+10 |—125+15 - [108, 108}
AgCl 12245 — 12949 |—104x16 —_ [108, 109)
Sne 8n02 210+10] — 193+16 | 10136 = [104, 109]
Snf SnO — = 1224144 89+21 = r109]
PrFs Pr —45x4 - - 4829 - [105]
PrCa 510 510 == = o [105]
Pr0az —04+8 —4LBx6 — —31+9 —11x10 [105]
PrFe0O3 - = = —127+35 —309+7 [105}
PrgOnn —214+8 | —2148 = — - [1053
Prog —320%5 |—320+5 - —416+18 —1018+4 [105]
SmClg | SmF3 —606=14) —4BB£19 = —4&15£50 Br: —14556+40 [109]
Ba: —1360x50 [109)
EuFy EuF3 —Bh4£11| —582+10 - —300£65 P1: — 1450148 [109}
B3t —173050 [109]
Yb YbFz —579:+26] —570:£14 (588114 —1402+43 [105]
YheoO3 —592+26| —56éx14 — —839:£119 —1676+62 [105]

of x-ray transitions are based on analysis of the K-
series spectra. It is characteristic that the absolute
shift in the binding energy has the largest values for
electrons of the K shells and decreases for the outer
levels. The largest effect is observed for the most in-
tense componen's of the x-ray series. It should be not-
ed that the removal of an electron from an atom in a
chemical compound need not necessarily be complete;
the energy shift is related to the ionicity of the com-
pound. The chemical shifts are largest for light ele-
ments whosz valence electrons are localized in the L
shell and have a large influence on the binding energies
of the electrons of the K shell. Experimental results
for the chemical shifts of the K transitions are given ia
Table VI.105:107

Certain regularities can be seen in the data of Table
VI. Thus, the chemical shifts increase with increasing
Z from Ag to Sn as the valence 5s and 5p shells are
filled with electrons. The largest chemical shifts are
observed for the rare-earth elements. These shifts are
explained by the large changes in the screening of the
inner electrons that arise when electrons of the 4f sub-
shells are added or removed. The changes in the ener-
gies of the x-ray transitions between different levels
(see Table VI) indicate different sensitivities of the
electron levels to the chemical valence states, this be-
ing revealed by the different values of the chemical
shifts.

The development of the self-consistent field method
and the accessibility of sufficiently large computers
made possible quantitative comparisons of the experi-
mental values and calculated results!® 19:110 3n4 thus
the verification of structural ideas about the nature of
the chemicai bond.

Influence of Inner Vacancies on the Energies of x-Ray
Transitions. Theoretical investigations. Weak lines in
the short-wavelength region of the most intense diagram
lines for the x-ray K, L, and M series were long
known. Initially, these were called nondiagvam lines
because their energy cannot be obtained from the ener-
gy-level diagrams of the emitting atom in the presence
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of one inner vacancy. Because of their low intensity and
appearance in the energy neighborhood of the diagram
lines, they were called safellite lines.

Satellite lines were observed for the first time by
Siegbahn and Stenstrom™! in 1916 in the x-ray emission
K spectra of the elements with 11 < Z < 30. Satellite
lines of the L series were first observed by Coster'?
in 1922 for the 37<Z <51 elements. These satellites
were investigated in more detail by Richtmyer.!'®* The
first satellite lines of the M series were discovered in
1918 in experiments of Stenstrom,''* which were imme-
diately continued by other authors.'!>!'8

The first explanation of the origin of the satellite
lines was given by Wentzel**7-*!® jn 1921. According to
his theory, the difference between the frequencies of the
individual K, satellite lines is associated with single-
electron transitions in atoms with several inner vacan-
cies. For each K, satellite, Wentzel proposed special
electron transitions, which proved to be a mistake. A
following modification of Wentzel’s theory was made to
interpret the separation of the frequencies of K, L,

L, and L,, _ satellites. " Ray® was the first to take
into account the multiplet nature of the energy levels.
On this basis, he succeeded in predicting multiplets
cousisting of six satellites of K, transitions, for which
he gave the spectroscopic designations. Investigations
into the origin of the satellites were continued by Ken-
nard and Ramberg'? on the basis of Hartree’s method.
Good agreement between the calculated and experimen-
tal values of the frequency shifts is achieved if one as-
sumes that KL ionization is the reason for the occur-
rence of the K}, K, , and K, satellites and that KL?
ionization is respons1b1e for the K, _and K, e satel-
lites. The long-time open question 0% the exact descrip-
tion of the satellitas of the L and M series was solved
by the theory of Coster and Kronig,'*® which solved the
problem of the mechanism of occurrence of states with
several vacancies in the inner shells of an atom. The
theory is based on the importance of Auger transitions
for the formation of secondary vacancies in inner shells.
The primary vacancy arises as a result of electron im-
pact or photoionization. The Coster—Kronig theory
revolutionized ideas about the occurrence of x-ray
satellites and was able to explain all aspects of the L
satellites. In addition, on the basis of the theory the
origia of the M, and M, satellites was clarified,'®
namely the M, satellites are associated with ionization
of the My, Ny; vy levels, and the M, satellites with the
ionization of the Myy, Nypyp levels. The energies of
all known satellite lines resulting from electron impact
or photoionization are given in the tables of wavelengths
in Ref. 124,

Satellites in the case of multiple ionization by elec-
tron impact and photoionization. Ionization by electron
impact and photoionization are characterized by the ex-
citation of diagram lines formed by the appearance of
isolated primary vacancies. Only slight multiple KL}
and KL? ionization is observed (Fig. 9). Besides the
short-wave satellites of the diagram lines, long-wave
satellites are observed. A number of long-wave satel-
lites are explained by electron transitions from outer
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FIG. 9. Spectra of K x rays of Ne produced by collisions with
electrons and heavy ions.!®

levels of the atom to the K level of a different ion in a
crystal (cross transitions) and two-electron processes
with a decrease in the x-ray transition energy due to
the simultaneous excitation of an outer electron (radia-
tive Auger transition).'?®™'28 Data on the transitions and
structures that arise in the case of electron or flusres-
cence excitation are given in Fig. 10.}*® The figure
does not take into account the structures that arise in
the case of ion—atom collisions. Figure 10 is discussed
in detail in Ref. 129.

Application of the frozen-orbital approximation to
atoms with closed and partly closed shells, molecules,
and solids makes it possible to interpret the diagram
lines and the structures that arise as a result of multi-
plet splitting and cross transitions. Only single-elec-
tron transitions between singly ionized configurations
are considered. If one gives up the frozen-orbital ap-
proximation and takes into account the processes of re-
arrangement of the atomic shell that follow after direct
and indirect multiple ionization, the appearance of
short-wave satellites can be explained. The long-wave
satellites can be explained by many-electron processes.

If there is sufficieatly strong interaction between an
unfilled subshell and an x-ray vacancy, the multiple:

Rearrange-
ment

Configuration in- :ir:::?;;ir::l'
teraction { Hion

satellites
m':ﬁc.tuw.::. Sakeott
Rearrangement for tion X effect
;x-rav vacancy: con-
iguration interac- Radiative
Auger transi-
tions

tion Photon
emission
FIG. 10. Classification of x-ray diagram and satellite lines
resulting from fluorescent excitation of the atom or excitation
by electron impact,!?

Auger and
Coster-Kronig
transitions

Long-wave
satellites
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structure of x-ray emission lines may be manifested in
the form of splitting, so that the long-wave satellites of
a line emitted by atoms with unfilled d or f subshells
can be ascribed to multiplet splitting.!3°

A number of weak satellites of the principal maxima
of the emission bands of molecules and solids can be
explained by the proximity of the valence orbitals of the
emitting atom to orbitals of surrounding atoms. These
satellites, which were observed for the first time in the
K spectra of KC1 and NaCl,*® can be explained by tran-
sitioas of valence electrons of an ion in the crystal to a
K vacancy of a different ion.

If in the case of an x-ray transition that corresponds
" to a diagram line a further electron is missing in some
shell, then the energy of the emitted photon exceeds the
energy of the diagram line, i.e., a weak short-wave
satellite of the diagram line occurs with small probabil-
ity.

Of all the conceivable ways in which multiply ionized
atoms could be formed (successive ionization by sever-
al electrons, multiple ionization as a result of non-
radiative transitions, multiple ionization by electron
impact and multiple photoionization), indirect multiple
ionizatioa and direct multiple ionization (shake-off pro-
cess) are the most probable because of the short life-
time of an electron vacancy (a K vacancy for Z = 40 has
a lifetime of about 2x107% sec; for Z = 90, about
8x107!8 gec). Particalarly important are processes of
the type X, ~ X ¥, in which the valence states X, and
X, correspond to different subshells of one principal
shell. Such processes are known in the literature as
Coster—Kronig transitions.

The fundamentals of the theory of the shake-off effect
and corresponding numerical results can be found in
Refs. 132-135. The essence of this theory is that when
one electron is removed a second electron goes over to
an excited bound state or to the continuum. The excita-
tion occurs as a result of a “sudden” change in the
atomic potential, which happens if an electron is re-
moved during a time short compared with the orbital
period of the second electron.

The probability of shake-off of a second electron has
the largest values for weakly bound electrons. For a
given shell, the ionization probability decreases as
Z32, (Z,, is the effective charge of the nucleus). The
dependence of the probability of ths shake-off effect on
Z is shown in Fig., 11. The change in the charge of the
ion on ionization of the K shell corresponds approxi-
mately to transition to a nucleus with charge Z+ 1. In
the frozen-orbital approximation, the shake-off proba-
bility does not depend on the method or energy of the ex-
citation. This is valid until the excitation energy ex-
ceeds the ionization potential. A detailed model repre-
sentation of the shake-off effect is given in Ref. 132.

As a rule, the energy of the emitted electrons produced
by the effect is small. Most of the electrons have kine-
tic energy lower than the corresponding binding ener-
gy.1*™1% For estimates of the intensity of the shake-
off processes we can formulate the following rules'®:

1) for a given subshell, the shake-off effects decrease
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FIG. 11, Probability of the shake-off effect for P electrons
for different subshells in nuclear B~ decay as a function of the
atomic number Z. The probabilities are divided by the
number of electrons in the subshell.!??

with increasing Z;

2) for a given atom and fixed angular momentum, the
intengity increases with increasing principal quantum
number;

3) for a givea principal quantum number, the shake-
off probability is higher for large angular momenta at
low Z; at high Z, the opposite tendancy is observed;

4) the total contribution of the shake-off effact to the
ionization cross section of an atom, summed over all
subshells, is almost independent of Z.

A review of studies of direct multiple ionization is
given in Refs. 132 and 140. Emission of x rays by mul-
tiply ionized atoms is almost always associated with a
satellit= short-wave structure of the diagram lines, the
salzllites either coinciding with the diagram lines or
lying in the short-wave region of them (in the presence
of vacancies in the outer shells). The different forms
of satellite lines that arise as a result of transitions
between multiply ionized states of the types LM, LN,
LMM, and LNN are given in Fig. 12. It follows from
calculations of the corresponding transition energies
that because of the appreciable widths of the satellite
lines (the natural width of the x-ray lines) only some of
of these lines can be observed experimentally, i.e.,
they can be separated in the x-ray spectrum. The sat-
ellites with initial vacancies in LM, LMM, or LMN
states are separated from the diagramn line by a few
electron volts and appear on the short-wave side.
Satellites with initial vacancies in the LN or LNN
states coincide with the diagram lines. For the zirconi-
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Vacancy Simple Double Double-triple Double Triple
Shell L LN LM-LNN L LM

FIG, 12, Schematic illustration of the formation of satellites
and their energy position in the spectrum of the L series of
Zr @ =40).M0
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FIG. 13. Dependence of composition of Ly diagram line of
Zr on the excitation energy and the initial distribution of the
vacancy-number ratio Ly /(L +L )M

um L, diagram line, Fig. 13 shows the proportions of
the satellites resulting from the decay of an L;;N vacan-
cy formed by direct and indirect multiple ionization and
of triply ionized L ;NN states formed by an Auger
traasition in a doubly ionized atom in the LM state or
by a combination of direct and indirect multiple ioniza-
tion in the N shell. With increasing energy of the ex-
citing photons, the ionization cross section of the 2s
shell of zirconium decreases more slowly than the cor-
responding cross section of the 2p shell, and therefore
the vacancy ratio L,/(L,,+ L,,,) increases. With in-
creasing probability of Coster-Kronig transitions, the
contribution of the diagram lines decreases. Even at
very low excitation energies, there can be appreciable
superposition of satellites on a diagram line, provided
the employed excitation energy is not higher than the ex-
citation energy of the singly ionized state by only a few
electron volts.

Besides electron or photon excitation, radiative
Auger transitions can give rise to satellite lines. The
energy of the emitted y rays is

hv = Ei e Eﬁr i Eg.

The difference between the energies E, of the singly
ionized state and E,, of the doubly ionized final state
corresponds to the energy of the nonradiative Auger
transition i = ff’. The energies of the emitted or ex-
cited electrons have discrete negative values corre-
§ponding to bound states below the energy zero point
and a continuous spectrum in the direction of positive
values. The maximal kinetic energy of an electron is
E,=E,- E;. Accordingly, the radiation is character-
ized by a steep drop in the short-wave part of the spec-
trum and a slow fall in the long-wave part. The theory
of radiative Auger transitions is given in Ref. 135. A
systematic review of the satellite lines of the K, L,
and M series is given in Ref. 142, which proposes a
new classification of satellite lines that is more sys-
tematic and consistent than the old one.

Satellites formed by multiple ionization by protons
and heavy ions. When inner electrons are removed by
photons or electron impact, there are characteristically
states with a small number of internal vacancies. The
situation is much more complicated for ionization of
atoms by heavy particles (see Fig. 9). In this case there
are configurations with a set of vacancies. It is not
uncommon to encounter one-, two-, and three-electron
systems. High-resolution x-ray spectroscopy and
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Auger-electron spectroscopy have been used to investi-
gate a large number of characteristic spectra resulting
from ion-atom collisions. Analysis of these spectra on
the basis of model representations and calculations by
the self-consistent field method permits conclusions to
be drawn about the interaction mechanism of the colli-
sion. The lines of satellites and hypergatellites are
identified by means of the calculated energies or wave-
lengths, respectively. Thus, conclusions are obtained
about the distribution of vacancies in atomic shells
after ion—atom collisions.

The first experiments in which ionization of inner
electron shells was observed after ion—atom collisions
were made in 1912-1914,2%714% Ip these experiments,
various targets were irradiated with @ particles from
radioactive sources, and the x-ray radiation was ob-
served. The physieal picture remained incomplete un-
til Meitner'? in 1922, Robinson'*® in 1923, and
Auger®®1% jn 1925 and 1926 showed that the ionization
is accompanied by x-ray emission and additional elec-
tron emission. The existence of two independent ways
in which the atomic shell can be rearranged restricts
the possibilities of exact experimental determination of
the ionization cross section. If a vacancy appears in a
definite subshell as a result of a collision, the transi-
tion cross section is characterized by the cross sec-
tions for the production of x-ray photons and Auger
electrons only for K ionization. Measurement of the
ionization cross sections for the L, M, ... subshells is
complicated by a third effect, discovered in 1935 by
Coster and Kronig,'?? in which there is a rearrangement
of the subshells. In multiply ionized atoms the initial
distribution of the vacancies is particularly important.
The main processes in the case of ionization of atoms
by heavy ions will be considered in Sec. 5.

High-resolution x-ray spectroscopy made it possible
to obtain much experimental information about KL
vacancies for elements up to Z = 32. Relatively few
systematic studies have been made on XY vacancies in
inner shells, in which vacancies are localized in shells
different from the K or L shells. The energy shifts of
the K, satellites relative to their diagram lines are
shown as functions of the atomic number Z of the inci-
dent particle in Fig. 14. As can be seen from the fig-
ure, the satellite structure increases with increasing
Z. If ionization of one of the inner subshells occurs in

g L L
b/ % a0 e Z

FIG. 14. Dependence of the energy shift AE of K, satellites
of light elements in the presence of additional L vacancies®» %
on the atomic number Z.
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TABLE VII. Energy shifts of satellite lines with additional
vacancy in the L and M orbitals®®? calculated in accordance
with the results of Ref. 151 (Z; and Z are the estimated
screened charges; Z; =Z —4.15; Z,,,,I L =Z -11.25;
Zyyy =2 =21.16). :

Transition Initial vacamey | Final vacancy - 5:;;5;’: £V E:t:fa':é(;’r! je'{"
Ka Lé Ly, m 1.66Z, 0,062 5
Kpg,1 £ Myy, m 4,387, 0,912,
Lo Ly My, v 2,242y, 0,562
Lpy Iy My 2,242y, 0.56Z3;
Lpo Ly Ny 3.71Zy, 1,722

an ion—atom collision, there is also a high probability
of ionization of other subshells due to the strong Cou-
lomb interaction. These additional vacancies frequently
exist until the filling of the vacancy in the inner shell.
The energy shifts of the satellite lines can be estimated
in a calculation from the change in the electron binding
energies of the corresponding levels in the presence of
simultaneous vacancies in the shells that are situated
higher. Using Burch’s simple procedure'®* and hydro-
genlike wave functions, it is possible to obtain the
changes in the binding energies for the X, L, M, and N
levels due to simultaneous vacancies in the 2p (L) or
3d (M) shells. The binding energy increases because of
the decrease in the screening of the electrons, and the
most strongly bound electrons undergo the largest in-
crease in the binding energy. The energy of the satel-
lites also increases with increasing number of vacan-
cies. In Table VII, we give examples of the strongest
transitions of the K and L series. The energy shiits in
Table VII are proportional to the screened charge for
the L and M electrons found by Slater’s method.'*®* The
results obtained in this way give a good estimate of the
expected shifts but are not very accurate for high
shells. For a more accurate estimate, one must make
self-consistent field calculations. In addition to this
consideration of ordinary satellite lines, we should
point out that the chemical environment of an atom in a
solid influences the satellite structure.’® The radia-
tive Auger effect and the radiative effects of rearrange-
ment of the electrons give rise to satellites whose ener-
gies lie in the long-wave region of the diagram
lines.'%1% Double K transitions, in which two elec-
trons simultaneously fill two K vacancies, correspond
to peaks in the satellite spectrum with twice the K, en-
ergy.”’"

Intensities of Radiative Transitions in Multiply Ionized
Atoms

Calculation of Intensities of x-Ray Transitions. Addi-
tional vacancies in the electron shell influence the
probabilities of radiative electron transitions. The in-
tensities of the x-ray and Auger transitions and, thus,
the fluorescence yield are changed. The changes in the
intensities of the x-ray transitions represent an inde-
pendent atomic parameter whose measurement yields
information about the ionization state of the atom.

Calculations of radiative transitions of inner-shell
electrons are part of the more general problem of cal-
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culating radiative transitions.® %8151 The main prob-
lem in atomic-structure calculations is the description
of the interaction between the electrons. For inner-
shell electrons, the interelectron interaction is rela-
tively weak compared with the interaction between the
electrons and the nucleus. Rough approximations here
frequently give satisfactory results.

For transitions in atoms of heavy elements, it is im-
portant to take into account relativistic effects and the
finite wavelength of the x-ray radiation. For transi-
tions between different shells, these two factors are on
an equal footing. The corrections to the oscillator
strengths due to these effects are greater than 5% for
K transitions when Z >50 and for L transitions when
Z >80.%

In the region of large Z, the importance of multipole
transitions increases. In the photoelectric effect, high
multipoles are important at high energies; in the x-ray
emission spectra only the electric and magnetic dipole
and quadrupole radiation has practical importance.

To analyze transitions in multiply ionized atoms,
Larkins'®? proposed a statistical procedure of averag-
ing that makes it possible to estimate the fluorescence
yield and the oscillator strengths. If there are n elec-
trons in a subshell that can contain n, electrons in the
closed state, the transition intensity is reduced by n/n,
times for single-electron transitions and by n(n -1)/
nyn,— 1) times if two electrons of the partly filled shell
participate in a transition. The oscillator strength de-
creasges in proportion to #/n,. The probability of radia-
tive transitions is proportional to the product of the os-
cillator strength and the transition energy. For known
differences between the binding energies of the elec-
trons that participate in a considered transition, one
can take into account the influence of the change in the
binding energy on the transition probability., A study of
radiative transitions in terms of multipoles was made
in Refs. 159 and 163. Relativistic calculations of radia-
tive transitions have been made by Scofield. 3164155

We now discuss the calculation of the relativistie
matrix elements for finding the probabilities of radia-
tive transitions in a multipole expansion, following
Ref. 31.

In the first order of perturbation theory the intensity
of photons emitted with energy 7iw and momentum 7k
in the angle dQ with polarization vector £ by an atom
that goes over from state 1 to state 2 is

[p= |ao/2n]|< V| g e exp (ikr) | ¥, >[2 dQ.
The photon energy is determined by the initial and final
energies of the atomic states:

i = hke = E, — Ey.
To calculate the atomic matrix elements, it is conven-
ient to introduce photon states with definite parity and

angular momentum relative to the nucleus. For this,
we define a set of vector fields on the unit sphere:
V£ =Y 1o (7 Y () =1L (L + 017 V¥ rar ()
Y() =L (L + 1)1 2 LY 1 (1),

where L= —irxV and r is a vector on the unit sphere.
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These vector fields are mutually orthogonal, the com-
ponent with index 0 is perpendicular to the sphere, and
the components e and s are tangential.

Plane waves of the radiation field can be decomposed
with respect to these vector spherical harmonics:
eexp(ikr) = 4x LEM [eYER" (k) ASRr (k, r)—eY' it (k) ADy (k, 1)]:
A (e, 1) =" [L (L + 1) jp (k) LY 10 ()
AL (B, 1) =1" [LLAD)2 KV X Lig (kr) Yoo (7);

here, j,(%¥) are spherical Bessel functions; A is a
solenoidal solution of the vector Helmholtz equation
[#® + 2?] A= 0 with angular momentum L and parity

= (=1) £ for waves of electric type and m= (=1)%* for
waves of magnetic type. Using Dirac matrices, we can
represent the wave functions of the single-electron
states with definite angular momentum as

G(r) g
o} (r):é(ip @ xf:‘k).

where

(15)

i 1 : "
xﬁ(r)# E C(Iv 5 B—m, m; ], P-) Yl.u—m(r)xﬁz;
m

X1z describes a spinor with spin 3. The quantum num-
bersj and [ are expressed asj= |k| — $and [= |k+ 3
— 3. The matrix elements of transitions betweea the

single-particle states have the form
(smalaAfi| famg) = —i¥ (4n) =12 (24, + 1)'/*
X b (kyy kyy L) Ry, (e) C(joLbmaM; jymy);
(Gomy|eAfRe|jama) = — i+ (dn) ™12 (27, +1)'2
X b(ky, ks L) Ry (m)C(jaLmaM; jimy).

(16)

The quantities b(k,, k,, L) have the form
bk, kge L)=(— 142 (21, 4-1) (21, 4-1) QL+ 1)/L L+ )]
BTSN
*{ie st (66 0) (17
C are Clebsch-Gordan coefficients; the brackets in (17)

characterize the corresponding Racah coefficients and
Wigner’s 3j symbols.

In a spherically symmetric potential, the intensity of
transitions between single-particle electron states can
be expressed in terms of radial wave functions.’®® The
radial matrix elements are

Ry (m) = (ku+ky) | drjz (er) (FiGa+GiFa);
Ry ()= | 5[ (Fi6a—GF) L(L+1) 1 (hr)
+ (s =) (FiGa+ GoFy) (r g=+1) ju (hr) .

The matrix elements are nonvanishing if the conditions
|j,=jz| < L <j, + j, are satisfied; the sum [, + [, + L
must be even and odd, respectively, for electric and
magnetic multipoles. If there are n, electrons in the
initial subshell and 2j,+ 1 — n, vacancies in the final
subshell, the radiation intensity, averaged over the
magnetic moments of the final state, has the form (see
Refs. 31, 164, and 167-170)

Iy = 2002 [(2];+ 1 —ng) n,/(2]; 4 1)] ; [fe (m)+fr (),

where
fr(e)=w™(2j; -+ 1) b (ky, Koy L) RE(e);
fr(m) =w (2j, +1) B2 (—ky, kyy L) RY(m).
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To take into account electron exchange effects, it is
necessary to make relativistic self-consistent field cal-
culations and obtain wave functions describing the exact
initial and final states of the electrons. Neglect of ex-
change effects in the calculation of the KS/KH intensity
ratio gives, for example, an error of order 5%.%
However, if one is merely interested in the relative
changes in the x-ray intensities, electron exchange ef-
fects can be ignored. In some cases, correlation ef-
fects make an important contribution to the oscillator
strengths. The applications of perturbation-theory
methods to many-body systems for calculations of the
probabilities of radiative transitions are reviewed in
Ref. 171.

Intensities of x-Ray Transitions in Multiply Ionized
Atoms. The development of computers and programs
for numerical calculations of atomic structure have
made it possible to take into account the electron inter-
action and, thus, to obtain rather accurate calculated
results. The relativistic and nonrelativistic versions
of the Hartree—Fock method with the Slater exchange
potential are widely used ( see Refs. 164, 165, and
172-189). Calculations of the fluorescence yields of
highly ionized atoms are made in Refs. 185 and 186.
For highly ionized atomic states only a few results are
so far known.

The total probability of x-ray K transitions and the
Ka-/Ku intensity ratio are shown as functions of the
outer-shell ionization of Pb in Fig. 15.%° Following
Scofield,* % the calculation was made using relativis-
tic wave functions calculated by the Dirac—Fock method.
Allowance was made for all multipoles of the radiation,
for retardation effects, and for the influence of the fin-
ite size of the nucleus. Electron exchange was not taken
into account in the calculation of the wave functions of
the initial and the final state, since the main attention
was directed toward the change of the considered pa-
rameters with increasing degree of ionization. Figure
15 shows clearly the effects of rearrangement of the
atom after ionization. These effects are observed in
contrast to the results obtained using Larkins’s proce-
dure.'®® The results are typical of ionization of elec-
trons from d and f shells. These electrons are unim-
portant for the radiative de-excitation of K vacancies,
hut they strongly screen the p electrons, which deter-
mine the emission of the K photons. The changes in the
total probability of emission for K transitions and the
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FIG. 15. Dependence of the fotal probability I'; of x-ray K
transitions and ratio of the probabilities of x-ray K g and K,
transitions on the ionization of the outer shells of Pb.8 The
broken lines are the results of using Larkins’s procedure‘sz;
the degree of ionization at which an electron is removed from

the indicated shell is shown at the top.
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FIG. 16. Changes in the total probability of X transitions and

the probabilities of Ko (K—Lyy) and K, (K —Ly) transitions
following ionization of the outer shell of argon, calculated

for the ground states of the ions; I is the degree of ionization,
and the completely stripped shells are indicated at the top.

changes in the probabilities of K—L; and K-L,, (K,
and K, ) transitions in the case of successive ionizafion
of outer electrons in the atomic shell of Ar are shown in
Fig. 16. In the case of ionization of outer electrons,
the probabilities of K, transitions and the total proba-
bility of K transitions change little. Only ionization of
electrons in the L shell has an influence. The influence
of additional vacancies in the inner shells of the atom
is shown in Fig. 17 for the example of the total proba-
bility of K transitions in the presence of additional va-
cancies in the 2p and 3p shells in the ground states

of the Ar ions.®” The results in Fig. 17 are obtained

on the basis of wave functions calculated by the Har-
tree-Fock-Slater method. Additional vacancies in the
2p shell have a much stronger influence on the proba-
bilities of x-ray K transitions than vacancies in higher
shells. This corresponds to the intensity distribution
within the K series; the K, transitions (K—L;, L)

are the most intense. On the removal of electrons from
the 2p level, the ratio K,,/Ku increases appreciably,
which is explained by the decrease in the number of
electrons participating in the K transitions. The re-
moval of electrons from higher levels with the number
of electrons in the 2p level remaining the same leads
to a decrease in the KB/KQ ratino. The relative iatensi-
ties of the x-ray satellite lines are determined by the
distribution of the atoms over the possible states. If
the system is in dynamical equilibrium and the number
of atoms in the different states of a configuration is the
same, the number n(f |ij) of quanta for transitions be-
tween all states j with vacancy i in configuration f is
DI [Pan Nt 3 WGk N (D],

kI=ij

n(flij) =

where I'(ij) and I'®(f |ij) are the total probabilities of
decay and radiative decay of configuration (ij); P(#j) is
the relative probability of formation of atoms with con-
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FIG. 17. Changes in the total probability of x-ray K fransi-
tions of Ar in the presence of additional vacancies in the 2p
and 3p shells.”
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figuration (#j); N, is the number of atoms with vacancy
that are formed as a result of direct ionization. The
sum in the brackets takes into account the formation of
atoms of configuration (4j) from (&I), where in the rela-
tive probability W{(ij| &l) of transition of atoms of con-
figuration (k1) allowance is made for all radiative and
nonradiative transitions that carry the configuration
(k2) to (¢).2

3. ELECTRON BINDING ENERGIES OF IONIZED
ATOMS

Figures 1-T give examples of the energy shifts of x-
ray lines following ionization of atomic shells. These
shifts are due to the decrease in the screening and the
associated increase in the electron binding energy. The
binding energy changes in different ways for different
levels. The energy separation between the electron
states changes, which is manifested in the energy shifts
of the corresponding x-ray transitions. In Ref. 100,
the Dirac-Fock-Slater method is used to calculate the
binding energies for all levels and all degrees of ion-
ization of xenon. In Ref. 101, these quantities are cal-
culated for U. The shifts of the binding energies for
some electron states and degrees of ionization of nep-
tunium are also calculated by the Dirac—Fock-Slater
method in Ref. 189. For neon ions, corresponding data
obtained by the Hartree—Fock method are contained in
Ref. 190. The ionization potentials of an outer electron
for all ground states of ions up to Z = 103 are given in
Ref. 191. The experimental values of the ionization po-
tentials obtained by analysis of optical spectra are giv-
en in Refs. 192-196. Theoretical values for the first
36 elements, corrected with allowance for the experi-
mental data of Refs. 192—195, are given in Ref. 197.

The experimental ionization potentials'®* **° are com-
pared with the calculated potentials in Table VIII. The
calculations were made by the Dirac-Fock-Slater
method. The table shows the accuracy with which the
ionization potentials can be determined in the frame-
work of this method. Allowance for further correc-
tions (electron correlations, quantum-electrodynamic
effects; see Sec. 1) increases the accuracy of the cal-
culations.

In Ref. 198, the ionization potentials are determined
for the chemical elements with serial numbers 71-86
and 81-102 for electrons of the O and P levels. A dia-
gram of the binding energies of electrons of the K, L,
M, N, 0, P, @ levels is constructed for all elements
of the periodic table.

When an electron is removed by ionization, the total
potential in the atom Vyp (Vg = Vo + Vg, where Vg is
the Coulomb potential of the nucleus, and Vy is the po-

DThere is much detailed information about the intensities of
radiative transitions of electrons of outer shells for neutral
atoms and atoms in low ionization states. Unfortunately,
there is very little information about the influence of the
multiplicity of ionization on the radiative transitions in inner
atomic shells. Here we need extensive theoretical and ex-
perimental investigations in order to clarify the physical pic-
ture of the phenomena of interest for diagnostics of a thermo-
nuclear plasma and astrophysical investigations.

G. Zschornack 367



TABLE VII. Comparison of experimental values of ionization
potentials'™: 1% with values calculated by the Dirac—Fock—
Slater method. (I is the degree of ionization, E.,,, are the
experimental energies, and Epgg are the calculated values).

Calcium, Z =20 Manganese, Z =25
I expt Y | Bppge¥ 1 E eV Eppg SV

0 6.1 5.4 0 7.4 7.2
1 11,9 11.7 i 15,6 14,9
3 67.3 66.7 6 119.3 117.5
5 108.8 104.1 13 404.0 404,3
T 147.6 145,7 14 435.3 437.8
9 211 212,7 15 1136.2 1129.8
11 657 657.3 21 1765,5 1784.2
13 818 802,6 23 8082,5 8122,5
15 974 961.4 24 8571.5 8575.6

Gallium, Z=31 Lead, Z=82
0 6,0 5.0 0 7.4 6.4
1 20.5 19.9 4 15.0 14,0
2 30.7 30.6 2 3.9 3.9
3 68 62.4 3 42.3 42,1
4 90 87.0 4 68.8 68.4

tential of the self-field of the electrons) changes; as a
rule, the contribution V; decreases. The screening po-
tential can be written in the form*®®

Velr) = [ty @/ir—1'1,

where p(r) is the density of the electron charges. Re-
moval of an electron from the atom leads to a change
8p(r) of the charge density. The change in the screen-
ing is

8Vg (r) = 5 Sp (e dr'/ e —r |

In the first order of perturbation theory, the energy
shift of the corresponding electron level is

AE = 5 6%_(:' Lr_)r(? I(r) d3r’ der.
Calculations show'®*® that the changes AE in the bind-
ing energy following ionization with removal of one va-
lence electron are of order 10 eV. The results of cal-
culations of the change in the binding energy following
removal of a valence electron are shown in Fig. 18,
from which it can be seen that the change in the binding
energy depends on the electron configuration. Within
each period of the periodic table the shifts of the elec-
tron binding energies increase, since the charge of the
nuclaus .increases and the electrons fill the same shell.
The smallest shifts are observed for the alkali metals,
while the noble gases with electron configuration ns®:p®

T 8,
o]

B

&
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FIG. 18. Changes in the binding energy AE of electrons of
the K shell resulting from the removal of one valence electron,
calculated by the Dirac—Fock-—Slater method.
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FIG. 19. Differences between the binding energies of the
neutral atom and Nd ions. Calculations by the Dirac—Fock—
Slater method.

have the largest shifts of the binding energies. For the
elements of one principal group the change in the bind-
ing energy decreases on the transition to higher periods.
This is explained by the fact that with increasing num-
ber of the period the outer electron shell is further
from the nucleus.

For a detailed demonstration, Fig. 19 shows the dif-
ferences between the binding energies for different sub-
shells of the neutral atom and some Nd ions. Usually,
the change in the binding energy is greatest for the in-
ner levels, since the reduction in the screening is here
very appreciable. The removal of electrons with high
angular momenta has less influence on the screening of
the K-shell electrons than it does on the higher levels.
Therefore, the change in the binding energy of the K-
shell electrons with increasing ionization may become
less than for the higher levels, which is the reason for
the negative x-ray energy shifts. This effect is mani-
fested only in the inner shells, and negative energy
shifts of x-ray transitions are not observed for the M
series. The changes in the binding energies of the K
level of noble gases up to Xe are shown in Fig. 20.
Large changes in the binding energy are observed when
electrons are removed from the ns shalls, which is due
to the concentration of these electrons near the nucleus
and their strong influence oa the screening of the re-
maining electrons.

The numerical values of the first ionization potentials
are given for all elements of the periodic tasle in Ref.
95. The information given there was obtained primarily
by analyzing series of optical transitions induced by
various excitation sources. At the present time there
are almost no experimental data for different charge
states of ions. The oanly possibility of finding electron

E 9
E, 107 eV Xe

sk 82

Ne

a 1:.‘? 2:7 .?b' bltJ' 5’0 I
FIG. 20. Changes in the binding energies of the K levels of

noble gases, calculated for the ground states I of the ions.
Calculations by the Dirac—Fock—Slater method.
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binding energies in a large region of states is by self-

consistent field calculations. For exact calculations of
the binding energies of inner electrons it is necessary

to take into account the effects of magnetic interaction,
retardation, and quantum-electrodynamic corrections

(see Sec. 1).

4. NONRADIATIVE TRANSITIONS
The importance of nonradiative transitions

Most studies of nonradiative transitions have been of
neutral atoms. Hitherto, processes with a small num-
ber of vacancies in the atomic shell have been of prac-
tical interest. Noaradiative transitions are basically
used for detailed investigation of wave functions. Be-
cause of the high sensitivity of nonradiative transitions
to the form of the wave functions, the obtained informa-
tion is used to improve the existing numerical methods
of calculating wave functions. Detailed knowledge of the
probabilities and energies of nonradiative transitions is
needed to interpret many measurements in nuclear and
atomic physics. Especially important is the x-ray
fluorescence yield, from which the ionization cross sec-
tion is determined. The fluorescence yield w, is the
probability that after ionization in state { an x-ray pho-
ton is emitted. The ionization ecross section U§ for
state ¢ can be determined from the total cross section
of of the x-ray transition or from the cross section o#
for emission of Auger alectrons:

of = ofjo; = of/(1— ;).

The fluorescence yield and the probabilities of Auger
and Coster—Kronig processes for neutral atoms are
given in Ref. 51. Of great interest are investigations
of the nonradiative process of multiplication of vacan-
cies formed in the inner shells of atoms—the so-called
Auzev cascades. The Auger effect in an inner shell of
an atom leads to double ionization, and successive non-
radiative transitions may lead to multiple ionization.

The fluoresceaca yields have great importance in
many applied problems, for example, in x-ray spectral
analysis (analysis of the chemical composition in indus-
try, medicine, and geology) and in problems of radia-
tion protection (description of photon transport pro-
cesses on the basis of the Boltzmann equation, for ex-
ample).

There are three main possibilities for filling inner
vacancies accompanied by electron emission.

The Auger effect**®'**°; the filling of an inner vacancy
with emission of an electron and traasitions in which a
vacancy in one shell of an atom leads to two vacancies
in ohe or two other principal shells.

In Coster—Kronig transitions*®® a nonradiative transi-
tion results in one of two vacancies that are formed he-
ing in a different subshell of the same principal shell
from the primary vacancy.

Super-Coster—Kronig transitions*™ correspond to the
situation when a primary vacancy leads to two vacan-
cies in subshells of one principal shell.

Analysis of the existing material on Auger transitions
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shows that the calculated and experimental data are in
satisfactory agreement. The discrepancies between ex-
periment and theory in some parts of the periodic table
can be reduced by a further experiment or by more ac-
curate numerical values of the calculated functions.
There is almost no experimental information about non-
radiative transitions in multiply ionized atoms, and
calculated results are also very sparse. In principle,
the quantities one needs can be obtained by taking wave
functions from self-consistent calculations and using
the matrix elements for nonradiative transitions from
Ref. 32. In the theory of satellites and Auger hyper-
satellites few numerical results have yet been obtained.
There have been measurements of complicated Auger
spectra produced by ion—-atom collisions.2%:20l Jt was
found that satellites that are weak compared with the
main Auger lines for electron or photon excitation can
become the dominant lines in the case of ion—atom
collisions.

In what follows, we give a general scheme for cal-
culating the energy and intensity of nonradiative elec-
tron transitions in the presence of vacaancies in ths
configuration. We give some numerical results to il-
lustrate the significance of the various effects.

Energies of nonradiative electron transitions in
multiply ionized atoms

As we pointed out above, there is almost no experi-
mental information about the energies of nonradiative
transitions. The energies of the corresponding transi-
tions can be calculated. For the Auger process (Wi
-X,Y,) the transition energy is determined by the ex-
pression

& ("V:' — X;¥y) = Eexc ”Vl] — Eexc ‘XJYk]v
or

E(W,—X,Ys) =ef (W) —ef (X)) —ef (X,

or
E(W:—X,Yy) = e (W) —ef (Ya)—e} [Val,

where gZ(X ) is determined by Eq. (12); Sf'a [x] is the
binding energy of the electrons in subshell 'Y, of the ini-
tial atom with atomic number Z, which has a vacancy in
subshell X s

To determine the energies of Auger transitions in
atoms without additional vacancies, use is made of em-
pirical and semiempirical rules,*® which require
knowledge of the binding energies of the electrons that
participate in the transitions. The use of this technique
is restricted in the determination of satellite energies
by the fact that in the majority of cases the correspond-
ing experimental electron binding energies are not
available. Relativistic self-consistent calculations are
often used to determine the energies of nonradiative
transitions. The reviews of Refs. 32 and 82 are devoted
to the technique of such calculations.

As an example, Fig. 21 gives the energy shifts of
some lines of the K series for the ground states of Nd
ions. The calculations were made by Dirac—Fock-
Slater method. We note that for the Auger and Coster—
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FIG. 21. Dependences of the energy shifts of the K lines of
Auger transitions for Nd on the number of outer vacancies I
calculated by the Dirac—Fock—Slater method. The completely
stripped shells are indicated at the top.

Kronig transitions there are energy restrictions. With
increasing degree of ionization, the energy reserves of
the atomic levels may change in such a way that the dif-
ferences between the binding energies of the electrons
that participate in the transition are not sufficient for
removal of an additional electron.l®

Calculations show that, in coatrast to Coster—Kronig
transitions, only filling of the outer orbitals by elec-
trons is necessary for Auger transitions of the K and L
series. Additional internal vacancies have little influ-
ence on the energies of the atomic shells and must be
investigated specially in each particalar case.

Intensities of nonradiative electron transitions in
multiply ionized atoms

The foundations of the quantum-mechanical treat-
ment of nonradiative transitions were laid by Went-
zel.?”2 The nonrelativistic probability of transition per
unit time is%°3

Wﬂ=25|<¢a% |-|?l-_1-‘-_-r;]1|:c1p¢>A|2, (18)

where 3, is a continuum wave function; ¢, ¥,, and ¢,
are bound-state wave functions. The subscript A indi-
cates that the matrix element is calculated with anti-
symmetric wave functions in the initial and final states.
The function ¢, is normalized to unity.

Using the atomic unit of energy e"’/ao= 27.2116 eV
and measuring distances in Bohr radii 4,, we wrii2
(18) in the form

= | o e [P = 2 G

The atomic unit of time 7= fig,/e% = K*/me* = 2.42x10™7
sec is the unit of measurement of the transition proba-
bility. An excited state decays with probability Ef Wiy
The mean lifetime of the state is 7= 1/2,, W,,, and in
accordance with the uncertainty principle the effective
width of the line is AE= /7= )}, W;,. In the relativis-
tic variant of the calculation,2® the expression (18) is
rewritien as

Fl’ri'l’al |“’f>ar'

Wyo=2n | Ghaps | V (12) | bebada I*.

The perturbing interaction is represented in the state-
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dependent form®* (in atomic units)
Vo = (1 — aye;) exp (ioryg)/ryg, (19)

where w = |E,—E,|/c= |E,~E,|/c. Here, E,,,,ave
energy eigenvalues of the orbilais a, b, ¢, and d. The
interaction is determined by exchange of a virtual pho-
ton between two electrons in quantum electrodynamics
and includes the Breit interactioa and the Coulomb in-
teraction. The expression (19) is valid only for elec-
tron orbitals in a local potential {Dirac-Fock-Slater
method). In the Dirac-Fock model, the nonlocal gea-
eralization of this potential has the form?®

Vo (12) = - — (@) S2EN) 1 (g,v) (@,7;) X0omel =1 (30)
in the integral form proposed by Bethe and Salpeter.20¢
The first term of the expression (20) describes the
Coulomb interaction between the charges; the second,
the retarded interaction between the currents; and the
third takes into account the correction for retardation
in the Coulomb interactioa. The retardation is taken
into accouat by the scalar Green’s function exp{iwr 12)/
7,2 The retardation effects are negligibly small if the
radii of the corresponding atomic subshells are much
less than the waveleagth A= 27¢/w, which is so in the
majority of cases.

In the relativistic approach, one is recommended to
take into account jj coupling. When the Coulomb inter-
action is predominant, practical calculations are made
in the nonrelativistic approximation. To estimate the
influence of the individual terms in (20) on the accuracy
of the calculations, we transform (20) to the form?®*

Vo (12) =5 — (ots) = [ exp (iorya) (1 + 5=

O,
1

i ﬁ) g Eﬁ%’%‘;J + (o) (oarys) :T
x [BXP (iory) (1 -i-i——i) -’—~—3—~J

ory; ol ) o,
In the long-wave approximation,
Vo (12)= Tiz = z:T [(etseg) + (0e4Peg) (0tats) /12,
— 2 0 (@) + 0 (@) () (ors)*. (21)

For atoms with Z <40, the anarelativistic treatment
using the Coulomb potential gives an accuracy of about
1%. The corresponding results for the outer shells of
heavy elements are given by relativistic caleulations in-
cluding the Breit interaction in the range 40<2Z <170
[order (Z*a)? relative to the Coulomb interaction,
where Z* is the effective charge]. For elements in
the range 70<Z < 90 it is necessary to take into account
the third term in (21), which gives a correction of or-
der (Z*a)®. If Z exceeds 90, then it is necessary to
take into account fully all the terms in (20). The cor-
rection here is of order (Z *a)*.

Satellite lines in Auger spectra were first observed?®’
in 1966 and since then have been widely studied. Exam-
ples can be found for Ne in Ref. 208 and Kr and Xe in
Ref. 209.

The method of calculating the probability of the Auger
effect applies to atoms containing different vacancy dis-
tributions, i.e., it is in principle possible to make cal-
culations for multiply ionized ions. However, much
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TABLE IX. Transition probabilities (in atomic units) for
Auger transitions of argon.

m=>5 m=4 m=3 m=2 m=1

Transition

2p—3sds -g 1 21,8 121,9 23.9

17,2 21,8 | 18.3 | 21 9.9 21,8 21,8
2p—3s3p 291,1/293,9 [252,0 |234,6 [209.2 |175,8 {152,9 [147,0 | 83.8 | 58.5
2p—3pip 735,7|870,7 |500,7 |522 285,7 [261,8 |108,3 | 87,3 0,0 0,0
TlonHan Bepo-

ATHOCTE 1061.2| 1186 |770,0 [778,2 |514,3 |4590,8 |283,0 |226,1 |107.8 | 80,3

Note. A) Quantum-mechanical calculations?l for the configura-
tions (1s?2s22p%3s*3p™3d'); B) calculated values of the con-
figurations (1s’2s%2p%3s%3p™) obtained by Larkins’s method 152

must still be done to obtain a complete picture of the
corresponding quantities for different configurations
with vacancies, Table IX contains the probabilities of
Auger transitions for different configurations of outer
vacancies in Ar. Besides the results obtained by the
self-consistent field method, we give results found by
Larkins’s method.'®® The results of the two methods of
calculation differ by 25%.

The fluorescence yields of the K shell of Ar in the
presence of additional vacancies are given in Fig. 22.
The bound-state wave functions were calculated by the
Hartree—Fock-Slater method. The use of the simpler
procedure of Larkins gives the same qualitative behav-
ior of the fluorescence yield, but overestimates the re-
sults by 25%. The difference between the results is ex-
plained by the fact that in Larkin’s approximate pro-
cedure no allowance is made for the changes in the
transition energies and the wave functions for electron
defect configurations. Knowledge of the probabilities of
Auger transitions in a multiply charged atom makes it
possible to calculate the corresponding fluorescence
yields and to use them to determine the cross sections
of multiple ionization of atoms and ions.

5. IONIZATION OF ATOMS AND IONS

Multiple ionization is observed in collisions of parti-
cles with atoms or ions or in the process of rearrange-
ment of atomic shells when inner vacancies are filled.
In a collision, there are appreciable probabilities for
both instantaneous formation of a multiply ionized atom
and the formation of a primary vacancy followed by
Coster—Kronig transitions and Auger cascades. To de-
termine the characteristic time of formation of n-fold
charged positive ions in, for example, intense electron
beams of electron-beam ion sources*' and in electron—
ion rings of collective heavy-ion accelerators,' it is
necessary to know the cross section of direct and mul-
tiple indirect ionization. Analysis of the ionization
process of atoms in plasma sources makes it possible

@k L oar 157254255 354305

1 g
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o0 . ; I '
1 Z d % 7 m

FIG. 22. Change in the fluorescence field of the K shell of Ar
for different vacancy configurations,®’
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to choose the optimal regime of operation of such
sources.

The ionization of atoms by light (electrons, y rays)
and heavy particles is basically different. The ioniza-
tion by light particles is characterized by the formation
of one or several primary vacancies; in the case of ion-
ization by heavy particles, the vacaucy distribution is
much more complicated.

In collisions of atoms with heavy particles, electrons
are knocked out with definite probability from different
subshells of the atom and an ion with definite ionization
multiplicity is obtained. As a ruale, development of the
process in the direction of further ionization is already
impossible. In ion sources of the electron-beam type
or ia the electron rings of a collective heavy-ioa accel-
erator the situation is different. Here, the ionization
develops in time. The attained degree of ionization de-
pends on the specific parameters of the source and on
the time during which the atom remains in the ionizing
medium. Since this process is of great interest for a
number of applications, we shall dwell on it here in
more detail.

Ionization processes in ion—atom collisions are con-
sidered in Ref. 155. The ionization of inner shells due
to the Coulomb interaction with incident particles is
calculated in various approaches. The most important
methods of approximate calculations of Coulomb ion-
ization processes are the following: a) the plane-wave
Born approximation®?23. p) the quasiclassical approx-

imation®®; c) the classical two-center approxima-
tiOn 217-222

The regions of applicability of these approximations
are discussed in detail in Ref. 132. For Z,=Z,(Z, is
the atomic number of the incident particle, Z, that of
the target atoms) and velocities v, of the incident parti-
cles small compared with the electron orbital velocity
v, the molecular-orbital method (MO method)!* can be
used to describe ionization processes in inner atomic
shells. In acchrdanca with this model, an electron
from the inner shells goes over to a higher state as a
result of the interaction of the overlapping molecular
orbitals. Such a process is possible only when the bind-
ing energies of the corresponding orbitals are equal or
nearly so. Inthe case of slow collisions (v,>v,), the
reaction cross section given by the MO model is sever-
al orders larger than the cross section of direct Cou-
lomb ionization. In order of magnitude, the cross sec-
tion for ionization by heavy ions is 10*~10" b and de-
pends on the atomic number and energy of the incident
particle. For protois and a particles, the ionization
cross section is 10*~10% b, depending on the energy of
the incident particle.

Calculations have been made of the ionization cross
sections of atoms bombarded with relativistic (see Refs.
14, 15, 223, and 224) and nonrelativistic elec-
trons.??57232 There have been relatively few calculations
for relativistic electron energies, since the nonrela-
tivistic energy region has long been the main interest.
Up to the present time, the ionization cross sections of
ions have been measured mainly by the method of inter-
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secting electron and ion beams.?*® This method has a
good energy resolution for low ion charge states.
Therefore, only processes with the participation of
doubly and triply charged ions have been investigat-
ed.?3.23%5 Hichly charged ions were investigated using a
Penning ion source by Crandall?3®:237 jn 1979. Donets

et al.?**%*® gucceeded in measuring the ionization cross
sections of ions of high charge states using an electron-
beam source, 2407242

Most calculations in the nonrelativistic region of elec-
tron energies are made using Thomson’s classical
expression for the ionization cross section®*®;

o(E) = 6.5 10152 (1 )

where o( E) (cm?) is the total ionization cross section,
E (eV) is the collision energy, n, is the number of elec-
trons in subshell j, and I, (eV) is the binding energy in
this subshell.

When quantum mechanics was developed, the behav-
ior of the ionization cross section at high energies was
clarified. The energy dependence of the cross section
has the form log(E)/E. To determine the ionization
cross sections with allowance for the electron binding
energy and the correct asymptotic behavior, Lotz’s
semi-empirical expression is widely used?2® 244,

o (E) = 4.,5-10 1‘EIEIn( }) (22)

This expression is valid for ions with charge greater
than +3. For ions with charge less than 3, the expres-
sion (22) gives the results that are closest to the exper-
imental results, but this good agreement is in no way
rigorously justified and appears to be fortuitous. The
most correct description of ionization by electron im-
pact is given by the Coulomb-Born method.?*524 The
Born transition amplitude is calculated as an integral
of the product of the wave functions of the initial and
final states and the interaction potential of the system.
Difficulties and further approximations are associated
with the particular choice of the wave functions and al-
lowance for the exchange interaction. Corresponding
calculations have been made only for hydrogenlike
ions??%:2%5 and for some cases of interest for comparing
the results of experiment and theory.

The ionization cross section obtained by the Coulomb-
Born method with allowance for exchange?3 24725 fqop
hydrogenlike ions up to configurations with 4f subshells
has the form

0(E)=na} 2 (zm) = [4rn

+0y(1= )+ (4 ) (1) )

[0 nj wil (23)

here, n is the principal quantum number of level j,
I;=13.6 eV, pu,= E/I_f, Z 44(j) is the effective charge of
the nucleus of the initial ion, and A,, D,, ¢,, and d

are numerical coefficients given in Refs. 231 and 247-
249, The expression (23) is physically very well found-
ed, but it agrees less well than Lotz’s expression (22)
with the experimental data. The results of experi-
ments with intersecting beams indicate that (23) is not
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accurate when the excitation—autoionization process
plays an important part. Allowance for an approximate
contribution of this process improves (23).

Calculations by Burgess’s method®®:2® give better
agreement with the experiments for singly and doubly
charged ions than the empirical expressions of Ref.
252. In Burgess’s method, allowance is made for the
exchange interaction of collisions with large impact
parameters. In future, particular attention must be
paid to the development of models that take into account
the excitation—autoionization process. The cross sec-
tions for ionization of ions by relativistic electrons are
almost unknown. This problem has been the subject of
a few studies (Refs. 14, 15, 223, 224, 253, and 254) in
connection with the development of heavy-ion accelera-
tors. In Refs. 224 and 253 there are estimates of the
ionization cross sections for electrons of the inner
shells on the basis of a single-particle model.?®®* The
ionization cross sections contain contributions from di-
rect ionization and Auger transitions. The calculations
are only approximate, but they do allow one to estimate
the ionization cross sections for different Z and de-
grees of ionization of the atom, which is needed in the
development of sources of heavy-ion accelerators.

Salop''!3 calculated the total ionization cross sec-
tions and cross sections of multiple ionization of noble
gases up to Xe. Total ionization cross sections were
calculated in the Bethe—~Born approximation,2 236

Rearrangement processes in the atomic shell in the
presence of inner vacancies lead to the emission of one
or several electrons in Auger transitions or to the
shake-off effect. For vacancies in the (n, ) subshell
one can determine the probability of emission of j elec-
trons, including the primary electron: S{(j). Ifit is
assumed that the rearrangement following the forma-
tion of a vacancy and the transition of an electron to a
higher level is the same as for direct ionization, then
the probability of emission of electrons following ex-
citation is

Xu()=Su(+1)/ 2 Sul) >0,
where m is the maximal possible number of electrons

that can be removed from the ion. The cross section of

Ny N My Mrm Mpry

LT T

W ¥4
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FIG. 23. Relative fraction of ions formed in the case of ioni-
zation by photons from the different subshells of the atoms of
the noble gases.?” The mean charge is given in the top right-
hand corner; [ is the degree of ionization.
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TABLE X. Cross sections of j-fold ionization of ions of
charge I of krypton by 20-MeV electrons* (in cm?).

I i=1

o
%3
-
o
3

0| 9.44(—19) | 3.03 (—19) | 1.18 (—19) | 2.36 (—20) | 4.44 (—21) | 1.27 (—21)
1| 1.81(—19) | 1,71 (—19) | 1.11 (—19) | 2.05 (—20) | 3.88 (—21) | 1.21 (—21)
2 | 9.70 (—20) | 1.47 (—19) | 9.8 (—20) | 1.85 (—20) | 3,53 (—21) | 1.16 (—21)
3| 9.60 (—20) | 1.34 (—19) | 8.00 (—20) | 1.68 (—20) | 3.27 (—21) | 1.11 (—a1)
4 | 1.87(—19) | 9.98 (—20) | 3.72 (—21) | 3.4 (—21) - =
5 | 2.09 (—19) | 5.44 (—20) | 3.08 (—21) e L =
6 | 2,00 (—19) | 4,36 (—20) | 2.88 (—21) = = =

multiple ionization following the formation of an ion
with charge I, = I+j from an ion with charge I as a re-
sult of an electron-ion collision is

oM(I, Ir)= gg ou () §* (7) +3 am (D) Xz (i)

where cﬁ,(l) is the cross section for ionization of the

- ions in the charge state I by electrons for direct transi-
tions to the continuum and o4(J) is the corresponding
cross section for excitation of the electrons.

There is almost no experimental information about
the functions SI, and X/,. The only experimental results
were obtained by Carlson et al.?*” The relative frac-
tions of ions formed following photoionization of neutral
atoms of the noble gases are shown in Fig. 23. A de-
tailed estimate of the functions S, and X!, is described
in Refs. 14 and 15.

We note that for ions with a low charge state the
cross sections of j-fold ionization may exceed the di-
rect-ionization cross sections. The behavior of the
multiple-ionization cross sections is illustrated for
krypton in Table X.

The results of calculations by Salop’s method are
demonstrated in Fig. 24 (for Kr). It can be seen that
the contribution to the ionization cross section of non-
radiative processes can exceed the direct-ionization
contribution in some ranges of the multiplicity of ion-
ization of the atom.

The direct-ionization cross section is calculated us-
ing hydrogen-like wave functions in Ref. 258 and in the
generalized Kolbenstved model.?*® Both the quoted
studies give cross sections that exceed Salop’s results.
It is difficult to estimate the accuracy of the calcula-
tions because of the lack of experimental material.

Since there is as yet very little experimental infor-
mation about the ionization cross sections of highly
ionized atoms, it is difficult to draw conclusions that
would stimulate theory to the improvement of the exist-
ing approximate methods of calculation.

CONCLUSIONS

The vigorous development of heavy-ion accelerators
and the associated heavy-ion sources, the mastering of
the fundamentals of controlled thermonuclear fusion,
and progress in astrophysical investigations make it
essential for us to know the structure of highly ionized
ions and the processes in the atomic shells of such
ions. It is necessary to know how the parameters of the
radiative and nonradiative processes, the energy struc-

373 Sov. J. Part, Nucl. 14(4), July-Aug. 1983

710721 |-

7022

m-.?.?_.nn.-,{.ui,u
a

FIG, 24, Cross section for ionization of Kr by 20-MeV elec-
trons for the ground states of the ion: ¢! is the total ionization
cross section, o€ is the direct-ionization cross section, and
oM ig the ionization cross section due to nonradiative
processes; I is the degree of ionization.

ture of the atomic shells, and the ionization cross sec-
tions vary with increasing degree of ionization of the
atoms.

At the present time, there is hardly any experimen-
tal information on highly ionized atoms. In the litera-
ture there are only ionization potentials for the outer
electrons of light ions and some weakly ionized heavy
ions,'®™2% and the energy shifts of the characteristic
x-ray lines are known for a number of chemical com-
pounds and for atoms with additional vacancies in the
inner shells. Except for investigations for some ions
and certain vacancy distributions, experimental infor-
mation is almost completely absent for a large number
of configurations with vacancies.

To obtain a picture of the variations and order of
magnitude of the important parameters for different
states of the atoms in the presence of vacancies, cal-
culations of the structures and processes have hitherto
been used in the majority of cases. The results found
by calculation have not been verified experimentally.
Qur kaowledge about the processes and structures of
highly ionized atoms has been obtained from models de-
veloped, as a rule, on the basis of analysis of process-
es in neutral or weakly ionized atoms. Therefore, be-
sides the improvement of the existing algorithms and
models, it is necessary to make experimental studies
of the structure of multiply charged ions and the inter-
actions in them. Valuable means for this are the unique
sources of multiply charged ions such as the electron—
ion rings of a collective heavy-ion accelerator, elec-
tron-beam sources, and some other facilities. Such
sources make it possible to carry out systematic inves-
tigations of ions of different elements in a wide range
of charge states.

I am grateful to Professor G. Muziol and Dr. E. A.
Perel’shtein for helpful discussions during the prepara-
tion of this review.
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