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We report an application of our previously developed model for determining the probabilities
P(ay,N,) of emitting N, Auger electrons and the probabilities P(ay,By—¥y) of the radiative
transitions Sy — 7y during the cascade decay process following the creation of an arbitrary distribu-
tion ay of N vacancies among the n! subshells of an atomic system. Particular emphasis has been
given to the effects of single inner-shell vacancies, which may be created by energetic charged-
particle collisions or by x-ray photoionization. Results of calculations are presented for single
inner-shell electron ionization of iron ions from the neutral atom through the heliumlike ionization
state, taking into account all of the Auger, Coster-Kronig, and electric dipole radiative transitions
which can occur during the inner-shell vacan¢y-cascade process. The importance of the multiple
ionization which results from Auger electron emission and of the x-ray satellite line radiation which
is produced by the radiative decay of multiple-vacancy states is investigated for inner-shell electron
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Multiple ionization and x-ray line emission resulting from inner-shell electron ionization

ionization by electron collisions and by photon impacts.

I. INTRODUCTION

It is usually assumed that the thermal electron-collision
processes which involve only the valence-shell electrons in
multiply charged atomic ions play the dominant role in
the excitation of the x-ray line emission spectra of high-
temperature plasmas? and in the determination of the
distribution of the various charge states due to ionization
and recombination processes.>* However, it has been
pointed out that the high degree of ionization of iron ions
which is produced in the gas surrounding galactic x-ray
sources must be the result of Auger electron emission fol-
lowing the photoionization of a 1s inner-shell electron.>®
Moreover, the iron Ka lines, which are produced by
15 —2p radiative transitions following the removal of a 1s
inner-shell electron, are by far the most intense x-ray lines
which are observed in the emission spectra of compact x-
ray sources.” In this investigation we have developed a
systematic procedure®® for determining the probabilities
of the single- and multiple-Auger-electron emissions as
well as the probabilities for the various radiative transi-
tions which can occur during the cascade decay of an ar-
bitrary distribution of suddenly created atomic inner-shell
vacancies. We present the results of calculations for the
creation of the initial vacancy distribution by single
inner-shell electron ionization of iron ions, which may be
the result of charged-particle collisions or of photon im-
pacts.

The ionization of an inner-shell electron may be fol-
lowed by either a radiative transition or an Auger process.
In either of these two alternative decay modes the initial
inner-shell vacancy is transferred to a higher shell or sub-
shell and additional inner-shell vacancies may be created.
Further radiative or Auger transitions can then occur un-
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til the initial inner-shell vacancy and those subsequently
created by Auger processes reach the outermost occupied
shell. The result of this sequence of individual transitions,
which has been called a vacancy cascade,'? is the emission
of many Auger electrons and/or photons. The K-shell
electron ionization of a heavy atom can result in a very
high degree of ionization. In addition, the characteristic
x-ray emission lines, which are identified with the radia-
tive transitions that fill the initial single inner-shell vacan-
cy, can be accompanied by prominent satellite lines, which
are associated with the corresponding radiative transitions
from multiple-vacancy states produced by Auger process-
es.

In this investigation, we have employed our previously
developed comprehensive description®® of the atomic
rearrangement process, in which the equilibrium popula-
tions are determined for all of the single- and multiple-
vacancy states which can be formed during the cascade
decay of a suddenly created initial vacancy distribution.
Calculations have been previously presented for neutral
iron atoms.®® We now report the extension of our calcu-
lations to the various states of ionization, with particular
emphasis being given to the effects of the energetic clos-
ing of the channels for certain Auger transitions on the
vacancy distributions and on the fluorescence yields. For
completeness our general procedure is reviewed in Sec. II,
where the cross sections for single and multiple ionization
as well as for x-ray line and satellite emission are defined
in terms of the equilibrium populations of the vacancy
states. Our method is a natural extension of the pro-
cedure employed by Weisheit,® in that we have systemati-
cally taken into account all allowed radiative and Auger
transitions and have not been inhibited by the necessity of
predetermining the most probable decay processes. In our
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general formalism we have also allowed for the creation
of an arbitrary distribution of initial vacancies. Our
vacancy-cascade model is comparable in its sophistication
to the procedure developed by Carlson and Krause,'"!?
but they have employed random selection techniques in
order to reduce the very large number of decay sequences
which may be involved in the creation of a given final
charge state. All possible decay sequences have been sys-
tematically taken into account in our calculations, which
are described in Sec. III for the single- and multiple-
ionization probabilities as well as for the line and satellite
emission probabilities resulting from the cascade decay of
the single inner-shell vacancies which can be created in
the various nl subshells of iron ions. In Sec. IV, we treat
single inner-shell electron ionization by electron collisions
and by photon impacts. Our conclusions are presented in
Sec. V.

II. THE VACANCY-CASCADE MODEL

We denote by ay a distribution of N vacancies among
the occupied nl subshells of an atomic system. For exam-
ple, 152522p® would represent a distribution with a single
K-shell vacancy in the neonlike ion FeXvil (N=1),
15225s%2p> would represent a distribution that could be
formed from the initial distribution by a radiative transi-
tion (N=1), and 15%2s2p> would represent a distribution
that could be the result of an Auger process (N=2). In
the application to heavier atomic systems for which rela-
tivistic corrections are important, it would be necessary to
employ the j representation for the specification of the
single-electron vacancy states. In order to take into ac-
count the enormous number of elementary radiative and
Auger transitions which can occur in the vacancy-cascade
process, it has been necessary to utilize atomic transition
rates which have been averaged over the LS and J sub-
states of the atomic eigenstates.

We shall assume that the vacancy decay processes are
independent of the mechanism by which the initial vacan-
cy distribution is created. In a rigorous quantum-
electrodynamical description of the complete collision pro-
cess,!? it would be necessary to evaluate the resonant mul-
tichannel scattering matrix by introducing intermediate
Fock-space states which consist of the inner-shell vacancy
distributions combined with the states of all emitted and
scattered electrons and/or photons. The total spontane-
ous decay rate I'(ay) of the vacancy distribution ay can
be defined by

F(aN)=2A,(aN—>BN)+ 2 AA(aN—+‘yN+1) s
By YN +1 ()

where A,(ay—Bx) denotes the rate for the radiative
transition to the N-vacancy state By and A (ay—¥y 1)
is the rate for the Auger transition to the (N + 1)-vacancy
state ¥ ;. If full account could be taken of the interac-
tion between the atomic system and the quantized radia-
tion field,'*~!6 the relative probabilities for decay into the
various electron- and photon-continuum channels would
be altered by the electromagnetic coupling between the
unperturbed final continuum states which are the result of

the first-order autoionization and radiative decay process-
es.
We will take into account all single-photon emission
processes which correspond to a single-electron electric-
dipole transition and all autoionization processes which
result in the creation of one additional vacancy and in the
emission of a single Auger electron. In our calculations
we have neglected core relaxation and configuration in-
teraction. The inclusion of these corrections would give
rise to nonvanishing transition rates for simultaneous
multiple emission processes, as has been demonstrated by
Aberg.!

We consider a statistical ensemble of identical atomic
systems in which the vacancy distribution ay is continu-
ously created at a rate per unit volume R;(ay) during the
initial collisional ionization or photoionization process.
The complete set of population densities M (ay ), which
describes the steady-state balance between all vacancy
creation and decay processes, can be obtained by solving
the set of equations

Rilay)+ X M (By)A,(By—ay)
By

+ 3 M(yy_Ayy_1—ay)=M(ay)T(ay) .

YN-1
(2)

Note that a given distribution of vacancies ay may be
created in three separate ways, by the initial ionization
mechanism, by a radiative transition from another distri-
bution of N vacancies By, or by an Auger process from a
distribution of N —1 vacancies vy _;.

The multiple-ionization and x-ray line emission cross
sections may be conveniently defined in terms of the pop-
ulations p(ay) of the vacancy states ay per unit current
density J; of the incident charged particles or photons.
The populations per unit current density p(ay ) are related
to the population densities M (ay) according to

M(aN)

My o

p( ay )=
where My denotes the total number of atomic systems (Fe
nuclei in the present investigation) per unit volume. If we
specify by Qpy the outer-shell N-vacancy states from
which further Auger transitions cannot occur, the total

N-electron loss or N-fold ionization cross section can be
defined by

O’L(N)= 2 U,'(QN)+ zp(aN)A,(aN—»QN)

Qy ay

+ X plyn—DAulyn 1 —>Qy) |, @)

YN-1

where 0;(Qy) are the cross sections for the simultaneous
initial ionization of N outer-shell electrons, the second
term corresponds to the contribution resulting from radia-
tive transitions from the inner-shell N-vacancy states ay,
and the last term represents the contribution of Auger
transitions from the inner-shell (N —1)-vacancy states
¥~ —1- The simultaneous initial multiple-ionization pro-
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cess has been ignored in the calculations reported in the
present investigation. In other words, o;(Qy) is to be re-
placed by 8(N,1)8(Qy,n;l;). This is expected to be a good
approximation in the case of photoionization.

The cross section describing the emission of x-ray line
radiation in the transition ay— By can be simply defined
in terms of the population densities p(ay ) by

a,(aN'-»ﬁN)=p(aN)A,(aN—>BN) . (5)

If we neglect the radiative rearrangement of the N-
vacancy distribution ay, which is taken into account by
including the second term on the left-hand side of Eq. (2),
Eq. (5) can be reduced to the familiar product of an effec-
tive vacancy production cross section and the convention-
al fluorescence yield A4,(ay—By)/I'(ay). In high-Z
atomic systems, where the K-shell radiative transition
rates are relatively large, it becomes necessary to employ
the more general description of the production of radia-
tive emission which takes into account this radiative rear-
rangement. The radiative decays of multiple-vacancy
(N > 1) states which have been formed by Auger process-
es produce satellite lines that usually occur on the short-
wavelength side of the characteristic x-ray lines, which are
associated with the corresponding radiative transitions
from single-vacancy (N =1) states. It is clear that the

spectral feature which is experimentally identified as the
characteristic x-ray line may contain a significant intensi-
ty contribution from unresolvable satellite lines.

III. MULTIPLE-IONIZATION
AND X-RAY EMISSION PROBABILITIES
RESULTING FROM SINGLE-n-VACANCY

CREATION IN IRON IONS

We now describe the application of our vacancy-
cascade model to evaluate the multiple-ionization and x-
ray emission probabilities resulting from the cascade de-
cay of the single inner-shell vacancies which can be creat-
ed in the various nl subshells of iron ions. Initial multiple
ionization will therefore be neglected. It should be em-
phasized that our treatment of the atomic rearrangement
process as a vacancy cascade is based on the assumption
that the vacancy creation and decay processes can be
treated as independent events.

The effects of a single vacancy in the sl subshell can be
investigated by replacing the initial vacancy production
cross section o;(ay) by 8(N,1)8(ay,nl). Equations (4)
and (5) will then define dimensionless quantities which
can be interpreted, respectively, as the probabilities for the
multiple ionization and the x-ray emission which will re-
sult from the cascade decay of a single n/-subshell vacan-

TABLE 1. Fluorescence probabilities P‘Y'(nl,nn;—n,l,) for the n,ly—n,l, characteristic line emissions from single-vacancy
states (N=1) formed by the creation of a single n/ inner-shell vacancy in neutral iron (FeI) and in the iron ions Fe II—Fe VIII. (Num-

bers in square brackets are powers of ten.)

nily—n,l, Fel Fell Felll Felv Fev FeVl Fevil Fe VvIII
nl=1s
Is—2p 0.28 0.29 0.29 0.28 0.28 0.27 0.27 0.26
Is—3p 0.34[ —1] 0.34[ —1] 0.35[—1] 0.36[ —1] 0.37[—1] 0.39[ —1] 0.40[ —1] 0.40[ —1]
2s—->2p
2s—3p
2p—3s 0.13[ —3] 0.15[ —3] 0.15[ —3] 0.15[ —3] 0.16[ —3] 0.17[ —3] 0.19[ —3] 0.19[ —3]
2p—3d 0.18[ —2] 0.18[ —2] 0.18[ —2] 0.17[ —2] 0.15[ —2] 0.12[ —-2] 0.96[ —3] 0.51[—3]
3s—3p 0.68[ —9] 0.96[ —9] 0.22[-7] 0.34[ - 7] 0.62[ —7]
3p—3d 0.77[ —6] 0.89[ — 6] 0.11[ —5]
nl =2s
2s—2p 0.57[ —5] 0.63[ —5] 0.77[ —5] 0.81[ —5] 0.22[ —4] 0.27[ —4] 0.17[ —3] 0.19[ —3]
2s—3p 0.27[ —3] 0.29[ —3] 0.37[ —3] 0.40[ —3] 0.11[ —2] 0.15[ -2] 0.10[ —1] 0.11[—1]
2p—3s 0.26[ — 8] 0.32[ —8] 0.41[ —8] 0.44[ —38] 0.12[ —7] 0.17[ - 7] 0.12[ —6] 0.16[ — 6]
2p—3d 0.36[ —7] 0.40[ —7] 0.48[ —7] 0.48[—7] 0.11[—6] 0.12[ —6] 0.62[ —6] 0.36[ —6]
3s—3p 0.14[ —13] 0.21[ —13] 0.59[ —12] 0.98[ —12] 0.48[ —11]
3p—3d 0.62[ —8] 0.76[ —8] 0.11[ -7]
nl=2p
2p—3s 0.46[ —3] 0.53[ —3] 0.53[ —3] 0.55[ —3] 0.57[ —3] 0.61[ —3] 0.69[ —3] 0.79[ —3]
2p—3d 0.64[ —2] 0.64[ —2] 0.62[ —2] 0.59[ —2] 0.53[ —2] 0.45[ —2] 0.35[ —2] 0.19[ —2]
3s—3p 0.24[ —8] 0.33[ —8] 0.76[ —7] 0.12[ — 6] 0.22[ —8]
3p—3d 0.55[—13] 0.86[ —13] 0.23[—11]
nl=3s
3s—3p 0.53[ —5] 0.64[ —5] 0.15[ —3] 0.22[ —3] 0.39[ —3]
3p—3d 0.12[ —9] 0.17[ —9] 0.43[ —8]
nl=3p

3p—>3d

0.24[ —4]

0.26[ —4]

0.30[ —4]
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TABLE II. Fluorescence probabilities P™(nl,n,l,—n,l,) for the n;l;—n,l, characteristic line emissions from single-vacancy
states (N=1) formed by the creation of a single nl/ inner-shell vacancy in the iron ions Fe IX—Fe XXIV. (Numbers in square brackets

are powers of ten.)

nyly—nyl, FeIX FeX FeXI Fe XII Fe X111 FeXIV FeXV FeXVI
nl=1s

1s—2p 0.26 0.27 0.29 0.30 0.32 0.34 0.37 0.38

1s—3p 0.42[ —1] 0.38[ —1] 0.33[ —1] 0.27[—1] 0.20[ —1] 0.11[—1]

2p—3s 0.23[ —3] 0.32[ —3] 0.47[ —3] 0.77[ -3] 0.15[ —2] 0.49[ —2] 0.23[—1] 0.38
nl =2s

2s—2p 0.23[ —3] 0.24[ —3] 0.27[ —3] 0.32[ —3] 0.40[ —3] 0.55[ —3] 0.10[ —2]

2s—3p 0.15[ —1] 0.15[—1] 0.14[ —1] 0.13[—1] 0.12[ —1] 0.91[ —2]

2p—3s 0.20[ —6] 0.28[ —6] 0.45[ —6] 0.86[ —6] 0.18[ —5] 0.80[ —5] 0.64[ —4]
nl=2p

2p—3s 0.88[ —3] 0.12[ —2] 0.17[ —2] 0.26[ —2] 0.46[ —2] 0.14[ —1] 0.62[ —1]

nly—n,l, FeXxvil Fe XVIII Fe X1V Fe XX Fe XX1 Fe XXII Fe XXIII Fe XXIV

1s—2p 0.39 0.41 0.43 0.46 0.48 0.49

cy. The equilibrium populations of all single- and
multiple-vacancy states can now be determined by the ap-
plication of our vacancy-cascade model, which incorpo-
rates the radiative rearrangement of the initial vacancy
distribution as well as of all multiple-vacancy distribu-
tions that can be subsequently created by Auger processes.

The first-order nonrelativistic perturbation-theory ex-
pressions for the radiative and Auger transition rates from
single-vacancy states in the various ions of iron have been
evaluated in the frozen-core approximation, using wave
functions obtained from a Hartree-Slater self-consistent-
field model.” The creation of multiple vacancies in these
ions causes shifts in the emitted photon frequencies and
may result in an energetic closing of the channels for cer-
tain Coster-Kronig transitions, which are Auger transi-
tions involving vacancy transfer within a given » shell. In
the determination of the population densities of the
multiple-vacancy states, we have not attempted to correct
the radiative or Auger transition rates for these effects.
The incorporation of these corrections to the transition
energies as well as of other departures from the frozen-
core approximation would involve an enormous increase
in our computational effort. However, the multiple-
vacancy radiative and Auger transition rates have been
systematically corrected, as described previously,® to take
into account the number of electrons remaining in the
relevant nl subshells following one or more Auger transi-
tions.

The replacement of the initial vacancy production cross
section o;(ay) by 8(N,1)d(ay,nl) converts the x-ray emis-
sion cross section defined by Eq. (5) into the probability
P™(nl,n,l1,—n,l,) that the creation of a single nl-
subshell vacancy will give rise to photon emission through
the transition n,/;—n,/, in a state consisting of N vacan-
cies during the cascade decay process. The complete set
of fluorescence probabilities P'™(nl,n,—n,l,) clearly
provides a more comprehensive description of the photon
emission spectrum than the conventional fluorescence
yields P'V(nl,nl —n,1,), which refer only to characteristic

line emission (N=1) from the initial vacancy state
(n,l,=nl) and usually are not corrected for the effects of
the vacancy transfers that result from radiative processes.
In Tables I and II we present for each initial nl-subshell
vacancy our results for the fluorescence probabilities
PW(nl,n;l,—n,l,) which describe the emission of the

0.5
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FIG. 1. The fluorescence probabilities P'"(1s,1s—2p) and
P"(1s,1s—3p) describing the characteristic line emissions
1s—2p (Ka) and 1s—3p (KB) during the cascade decay pro-
cess following the creation of a single 1s vacancy in iron ions
with initial charge Z;.



220 V. L. JACOBS AND B. F. ROZSNYAI 34

TABLE III. Fluorescence probabilities P (nl,nl,—n,l,) for the n,l,—n,l, satellite line emissions from multiple-vacancy states
(N> 1) formed by the creation of a single n/ inner-shell vacancy in neutral iron (FeI) and in the iron ions Fe II—Fe VIII. (Numbers in

square brackets are powers of ten.)

nyly—nyl, Fel Fell Felll FelV FeV Fe VIl Fe VII Fe VIII
nl=1s
25 —2p 0.11[~5] 0.13[—5] 0.16[ —5] 0.17[ —5] 0.46[ —5] 0.58[5] 0.54[ —5] 0.62[ —4]
25—3p 0.59[ —4] 0.68[ —4] 0.83[ —4] 0.90[ —4] 0.26[ —3] 0.34[ —3] 0.30[ —2] 0.36[ —2]
2p—3s 0.60[ —3] 0.68[ —3] 0.70[ —3] 0.76[ —3] 0.77[ —3] 0.82[ —3] 0.75[ —3] 0.83[ —3]
2p—3d 0.62[ —2] 0.60[ —2] 0.66[ —21] 0.77[ —21] 0.64[ —2] 0.55[ —2] 0.39[ —2] 0.23[-2]
3s—3p 0.20[ —5] 0.27[ —5] 0.40[ —5] 0.21[—5] 0.23[ 5] 0.10[ —4] 0.19[ —4] 0.20[ —4]
3p—3d 0.66[ —41 0.93[ —4] 0.94[ —4] 0.63[ —3] 0.65[ —3] 0.55[ —41] 0.39[ —4] 0.21[ —4]
nl=2s
2p—3s 0.52[ —3] 0.60[ —3] 0.60[ —3] 0.63[ —5] 0.58[ —3] 0.60[ —3]
2p—3d 0.58[ —2] 0.57[ —2] 0.54[ —2] 0.62[ —2] 0.39[ —2] 0.29[ —2]
35s—3p 0.26[ —5] 0.34[ —5] 0.26[ —3] 0.62[ —3] 0.83[ —2]
3p—3d 0.72[ —4] 0.11[-3] 0.11[ —3] 0.17[ -3] 0.14[ —3]
nl=2p
3s—3p 0.88[ —61] 0.11[ —5] 0.52[ —4] 0.35[ —4] 0.76[ —4]
3p—3d 0.34[ —4] 0.43[ —4] 0.45[ —4] 0.52[ —4] 0.78[ —4]
nl=3s
3p—3d 0.25[ —4] 0.29[ —4]

various characteristic lines n/;—n,/, in neutral iron and
in iron ions. The fluorescence  probabilities
PY(1s,1s—2p) and P'V(1s,1s—3p) for Fel are in close
agreement, respectively, with the Ka and K3 fluorescence
yields given by Bambynek et al.,'® and the L-shell
fluorescence yields are also in good agreement. The varia-
tions of the 1s—2p (Ka) and 1s—3p (KB) fluorescence
probabilities with the degree of ionization of the initial
iron ion are illustrated in Fig. 1.

The satellite emission probabilities PN (nl,nl,—n,l,)
(N>1) for each initial nl-subshell vacancy are presented
in Tables III and IV. The satellite distributions have not
been subdivided into the separate contributions resulting
from double (N=2), triple (N=3), and higher states of
ionization even though these separate contributions can be
identified in our calculations. In addition, no attempt has
been made to distinguish between resolvable and unresolv-
able satellite lines since this distinction depends upon the
spectral resolution of the particular observation. The
emission of satellite radiation following one or more
Auger processes is predicted to be more probable for iron
than the excitation of the corresponding characteristic
lines by the transfer of the initial vacancy due to radiative
processes. For an initial 2s-subshell (L;) vacancy in
Fe1—Fe V1, the most probable photon-emission process is

found to be the 2p—3d (La) satellite emission following
a2s—2p3d (Ly—Ly yMpy,y) Coster-Kronig transition.

The replacement of the initial vacancy production cross
section o;(ay) by 8(N,1)8(ay,nl) transforms Eq. (4) into
the definition of the probability P(nl,N,) that the
creation of a single nl-subshell vacancy will result in the
ejection of N, Auger electrons during the cascade decay
process. If the initially ionized nl electron is taken into
account, the total number of ejected electrons N, is given
by

Ne=NA+1‘ (6)

The probabilities P(nl,N 4) for an ion whose initial charge
is Z; before ionization can be interpreted as the fractional
abundances of the various final ionic products with
charges

Z;=N,+Z; . (7)

The single- and multiple-ionization probabilities resulting
from the cascade decay of single inner-shell vacancies in
neutral iron and in iron ions are presented in Tables V and
VI. It is found that the cascade decay process following
the creation of a single K-shell vacancy can result in the
emission of as many as N, =8 Auger electrons. It is also

TABLE IV. Fluorescence probabilities P'¥(nl,n,l,—n,l,) for the n,l,—n,l, satellite line emissions from multiple-vacancy states
(N> 1) formed by the creation of a single n/ inner-shell vacancy in the iron ions FeIX—Fe VVI. (Numbers in square brackets are
powers of ten.)

nyly—nyl, FelX FeX Fe X1 Fe XII Fe X111 Fe X1V FeXVv Fe XVI
nl=1s

25 —2p 0.91[ —4] 0.11[ —3] 0.16[ —3] 0.25[ —3] 0.48[ —3] 0.16[ —3]

25 —3p 0.56[ —2] 0.63[ —2] 0.73[ —2] 0.92[ —2] 0.13[ —1] 0.28[ —2]

2p—3s 0.10[ —2] 0.15[ —2] 0.24[ —2] 0.49[ —2] 0.16[ —1] 0.98[ —2]

3s—3p 0.35[ —4] 0.42[ —4] 0.54[ —4] 0.74[ —4] 0.14[ —3] 0.11[ —4]
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TABLE V. Probabilities P(nl,N ) for the emission of N, Auger electrons following the creation of a single nl inner-shell vacancy

in neutral iron (FeI) and in the iron ions Fe II—Fe VIII. (Numbers in square brackets are powers of ten.)

N, Fel Fell Felll Felv Fev FeVl Fe VIl Fevill
nl=1s
0 0.18[ —2] 0.18[ —2] 0.18[ —2] 0.38[ —1] 0.39[ —1] 0.41[—1] 0.41[—1] 0.41[—1]
1 0.90[ —1] 0.86[ —1] 0.83[—1] 0.24 0.24 0.28 0.28 0.27
2 0.96[ —1] 0.99[ —1] 0.97[ —1] 0.21 0.22 0.23 0.28 0.29
3 0.14 0.13 0.18 0.26 0.25 0.34 0.40 0.40
4 0.13 0.13 0.88[ —1] 0.18 0.19 0.90[ —1]
5 0.15 0.15 0.41 0.61[ —1] 0.61[ —1] 0.19[ —1]
6 0.13 0.34 0.34[ —1] 0.12[ —1] 0.56[ —2]
7+38 0.26 0.6[ —1] 0.11
nl=2s
0 0.42[ —7] 0.48[ —7] 0.59[ —7] 0.40[ —3] 0.11[ —2] 0.15[ —2] 0.10[ —1] 0.10[ —1]
1 0.67[ —2] 0.59[ —2] 0.68[ —2] 0.14[ —1] 0.21[—1] 0.17 0.99 0.99
2 0.62[ —1] 0.51[ —1] 0.75[ —1] 0.82 0.80 0.83
3 0.19 0.18 0.20 0.16 0.18
4 0.30 0.29 0.38 0.89[ —2]
5 0.27 0.29 0.34
6 0.14 0.19
7 0.10
nl =2p
0 0.64[ —2] 0.64[ —2] 0.62[ —2] 0.59[ —2] 0.53[ —2] 0.51[ —2] 0.42[ —2] 0.27[ -2]
1 0.20 0.18 0.17 0.84 0.82 0.99 0.99 0.99
2 0.33 0.33 0.33 0.15 0.16
3 0.33 0.35 0.50 0.78[ —2] 0.82[ —2]
4 0.12 0.13
nl =3s
0 0.12[ —9] 0.17[ —9] 0.43[ —38] 0.22[ —3] 0.39[ —3] 1.00 1.00
1 0.67[ —1] 0.62[ —1] 0.10[1] 0.10[1] 0.10[1]
2 0.93 0.94
nl=3p
0 0.00 0.00 0.00 1.00 1.00 1.00 1.00
1 1.00 1.00 1.00

TABLE VI. Probabilities P(nl,N,) for the emission of N4 Auger electrons following the creation of a single n/ inner-shell vacan-
cy in the iron ions Fe IX—Fe XXIV. (Numbers in square brackets are powers of ten.)

N, FelX FeX FeXI Fe XII Fe XIII Fe X1V FeXv Fe XVI
nl=1s
0 0.43[—1] 0.39[ —1] 0.33[ —1] 0.28[ —1] 0.21[—1] 0.16[ —1] 0.23[ —1] 0.38
1 0.27 0.28 0.29 0.31 0.32 0.34 0.35 0.62
2 0.29 0.27 0.25 0.22 0.20 0.64 0.63
3 0.39 0.41 0.43 0.44 0.46
nl=2s
0 0.15[ —1] 0.15[ —1] 0.14[ —1] 0.13[—1] 0.12[ —1] 0.91[ —1] 0.64[ —1] 1.00
1 0.99 0.99 0.99 0.99 0.99 0.99 1.00
nl=2p
0 0.88[ —3] 0.12[ —2] 0.17[ —2] 0.26[ —2] 0.46[ —2] 0.14[ —1] 0.62[ —1] 1.00
1 0.99 0.99 0.99 0.99 0.99 0.99 0.94
N, FeXVvIl Fe XVIII Fe XIX FeXX Fe XX1 Fe XXI1 Fe XXIII Fe XXIV
nl=1s
0 0.39 0.41 0.43 0.46 0.48 0.49 0.00 1.00
1 0.61 0.59 0.57 0.54 0.52 0.51 1.00
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noted that for single 3p-subshell (M7 yp) vacancy creation
in Fel—Felll the double-ionization process occurs with
almost unit probability due to the very large rates for the
3p—3d? Coster-Kronig transitions.

In Fig. 2 we present as functions of the initial charge
Z; the mean final charges (Z;) resulting from the cas-
cade decay of the single inner-shell vacancies which can
be created in the various nl subshells of iron ions. Be-
cause of the property that the ionization probabilities
P(nl,N 4) corresponding to each initial nl-subshell vacan-
cy are normalized to unity, the mean final charges (Z;)
may be obtained from the relationship

(Z;)=3 Z;8Z;,Z;+N4+1)P(nl,N,) . (8)
z
f

As anticipated, the mean final charge is found to increase
with increasing binding energy of the subshell in which
the initial vacancy is created. The only exception to this
trend occurs in the creation of a single K-shell vacancy in
Fe1—Fell, which gives rise to a lower mean final charge
than a Lj-subshell vacancy. This exception can be attri-
buted to the large rates for the 1s—np radiative transi-
tions, which transfer the initial K-shell vacancy to the 2p
(Ly,m) and 3p (Myy ) subshells without further ioniza-
tion, and to the fact that Auger processes from the 2p
(L) subshell have larger rates than the K-shell Auger
processes. The sharp discontinuities in Fig. 2 are conse-
quences of the energetic closing of the channels for the L-
and M-shell Coster-Kronig transitions. Analogous effects
appear in some of the fluorescence probabilities. A de-
tailed discussion of this phenomenon has been previously
presented.’
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FIG. 2. The mean final charges (Z;) resulting from the cas-
cade decay of single inner-shell vacancies which can be created
in the various n/ subshells of iron ions with initial charge Z;.

IV. SINGLE INNER-SHELL ELECTRON
IONIZATION BY ELECTRON COLLISIONS
AND BY PHOTON IMPACTS

The cross sections describing multiple ionization and
photon emission can be evaluated by combining the nl-
subshell probabilities which have been presented in Sec.
III with the corresponding single inner-shell electron ioni-
zation cross sections. The nl-subshell cross sections for
electron-collisional ionization have been calculated by
Moores, Golden, and Sampson'® and have been presented
by them in the convenient parametrized form

2
Ey Ny
_ 2 n
Ug(nl)——'rrao Eul ————u
) 2
X |A (nDIn(u)+D(nl) 1—:

+ c(nl) " d(nl)

’ 5 : ©

1
1 Tu ]
u
where u is the incident electron energy measured in units

of the ni-subshell ionization threshold energy E,; and N,
is the number of nl-subshell electrons. The remaining
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FIG. 3. The cross sections o\ (n,l;—n,l,) for the radiative
emissions n;l;—n,/, during the vacancy-cascade decay process
following single-electron ionization from the various nl sub-
shells of argonlike FeIX ions by electron collisions, obtained
from the evaluation of Eq. (11).
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symbols have their conventional meaning. This represen-
tation of the subshell cross sections exhibits the well-
known property?® that the electron-collisional ionization
of the most loosely bound valence-shell electrons is dom-
inant over inner-shell electron ionization for all values of
the incident electron energy.

The nl-subshell photoionization cross sections for neu-
tral iron and for iron ions have been calculated using a
Hartree-Slater self-consistent-field model.?! The relative
importance of the individual nl-subshell cross sections,
for a particular value of the incident photon energy fiw,
can be anticipated from the properties of the hydrogenic
cross section:

6417-aa(2,
33/2

3
an

21 +1

Ey

()

Z4
n3

op(nl)= g(nl) .

(10)

The Gaunt factor g(nl) is close to unity at the ionization
threshold and decreases asymptotically as (%)%~ It
can be seen that photoionization from the most tightly
bound nl/ subshell that can be ionized, at the given in-
cident photon energy, will be more probable than pho-
toionization from the higher-n shells and that for a par-
ticular value of n the lowest values of / will have the larg-
est asymptotic cross section. This behavior of the subshell
photoionization cross sections is indeed exhibited by the
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FIG. 4. The cross sections o'¥(n,l;—n,l,) for the radiative

emissions n,/;—n,l, during the vacancy-cascade decay process
following single-electron ionization from the various nl sub-
shells of neonlike Fe XVII ions by electron collisions, obtained
from the evaluation of Eq. (11).

nonhydrogenic results and is in marked contrast with the
variation of the subshell cross sections for electron-
collisional ionization.

The cross section o\ (n,l,—n,I,) describing the emis-
sion of line radiation in the transition n,/, —n,/, from an
N-vacancy state can be evaluated by combining the indivi-
dual single inner-shell vacancy creation cross sections
a(nl) with the fluorescence probabilities
P™(nl,n,l, —n,l,) according to the relationship

oM(n 1, —>n,yl,)= S P™(nln,ly—nyly)o(nl) .
nl
(11)

The cross sections for the production of the most intense
radiative emissions by electron-collisional ionization are
illustrated for the representative cases of argonlike FeIX
and neonlike Fe XVII ions in Figs. 3 and 4, and the corre-
sponding results which we have obtained for photoioniza-
tion are displayed in Figs. 5 and 6. The total satellite con-
tribution (N> 1) associated with a given characteristic
line (N=1) is represented by a dashed curve. The neglect
of initial double K-shell ionization accounts for the ab-
sence of any prediction for 1s—np K-shell satellite radia-
tion. As anticipated, the 2p —3d (La) characteristic line
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FIG. 5. The cross sections o'¥(n,l,—n,l,) for the radiative
emissions n,/y—n,l, during the vacancy-cascade decay process
following single-electron photoionization from the various nl/
subshells of argonlike FeIX ions, obtained from the evaluation
of Eq. (11).
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FIG. 6. The cross sections o (n,l,—n,l,) for the radiative
emissions n,/y—n,l, during the vacancy-cascade decay process
following single-electron photoionization from the various nl
subshells of neonlike Fe XVII ions, obtained from the evaluation
of Eq. (11).

emission is predicted to be the most intense radiative tran-
sition during the cascade decay process following single
inner-shell vacancy creation in the ions FeIl—Fe vIiI, ex-
cept at incident energies which are sufficiently high for
the K-shell lines to be dominant. This is illustrated for
neutral iron atoms in Fig. 8 of our previously reported in-
vestigation.?

The ratio of the satellite intensity relative to the corre-
sponding characteristic line intensity is significantly af-
fected by the different incident-energy behaviors of the
electron-collisional ionization and photoionization cross
sections o.(nl) and o,(nl). For incident energies below
the K-shell ionization threshold, the 2p—3p (La) satel-
lite emission in the ions Fell—FeVIIl can be produced
only by means of the 2s—2p 3! (L;—Ly M) Coster-
Kronig transitions following 2s-subshell ionization, and
the La satellite intensity is found to be less than the
characteristic line intensity for both of the two ionization
mechanisms. Above the K-shell ionization threshold,
however, the additional Auger processes which can occur
are found to produce an order-of-magnitude enhancement
in the relative La satellite line intensity during the cas-
cade process following inner-shell electron photoioniza-
tion. An analogous result has been predicted in our ear-
lier investigation for neutral iron atoms.® The results ob-
tained for the photoionization of argonlike FeIX ions,

which are illustrated in Fig. 5, show an analogous
enhancement of the 2s—3p and 2p—3s satellite emis-
sions, which become dominant over the respective charac-
teristic line emissions above the K-shell ionization thresh-
old.

The (N 4+ 1)-fold ionization of the initial atomic sys-
tem is described by the electron-loss cross section

O'L(NA+1)= EP(nI,NA)U(nl), (12)
nl

where P(nl,N,) are the probabilities for the emission of
N, Auger electrons during the cascade decay process
which follows the creation of a single n/-subshell vacancy.
The single- and multiple-ionization cross sections result-
ing from single-electron ionization from the various nl/
subshells of argonlike FeIX and neonlike Fe XVII ions by
electron collisions are illustrated in Figs. 7 and 8, and the
corresponding results which we have obtained for single-
electron photoionization are displayed in Figs. 9 and 10.
It can be seen that whereas the total multiple-ionization
cross section never exceeds the single-ionization cross sec-
tion for electron collisions, multiple ionization can be
predominant during the cascade decay process which fol-
lows the K- and L-shell photoionization. This marked
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FIG. 7. The cross sections for single and multiple ionization
during the vacancy-cascade decay process resulting from single-
electron ionization from the various n!/ subshells or argonlike
FeIX ions by electron collisions, obtained from the evaluation of
Eq. (12).
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FIG. 8. The cross sections for single and multiple ionization
during the vacancy-cascade decay process resulting from single-
electron ionization from the various nl/ subshells of neonlike
Fe XVII ions by electron collisions, obtained from the evaluation

of Eq. (12).

difference in the importance of multiple ionization is
directly attributable to the property that the most prob-
able photoionization process involves the ejection of the
most tightly bound nl-subshell electron that can be ion-
ized at the particular incident photon energy.

V. CONCLUSIONS

We have developed an atomic inner-shell vacancy-
cascade model by means of which a systematic determina-
tion can be made of the single- and multiple-ionization
probabilities as well as of the characteristic x-ray line and
the satellite line emission probabilities resulting from the
sudden creation of an arbitrary distribution of inner-shell
vacancies. We have applied our vacancy-cascade model to
investigate the final products of single inner-shell-electron
ionization of iron ions by electron collisions and by pho-
ton impacts. It has been concluded that single ionization
and characteristic line emission are predominant during
the vacancy-cascade decay process which follows the
electron-collisional ionization of iron ions. However, the
cascade decay process which follows the K-shell pho-
toionization of iron ions can result predominantly in mul-
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FIG. 9. The cross sections for single and multiple ionization
during the vacancy-cascade decay process resulting from single-
electron photoionization from the various nl subshells of argon-
like Fe IX ions, obtained from the evaluation of Eq. (12).

tiple ionization and can lead to the emission of satellite
line radiation which is substantially more intense than the
corresponding characteristic line radiation.

It is important to recognize the approximations which
are inherent in our description of multiple ionization and
photon emission accompanying the vacancy-cascade de-
cay process which follows inner-shell-electron ionization.
The fundamental assumption upon which our description
has been based is that the vacancy-cascade process can be
treated as a sequence of independent elementary Auger
and radiative decay processes which occur subsequent to,
and independent of, the sudden creation of a distribution
of inner-shell vacancies. The frozen-core approximation,
which has been employed in our calculation of the ele-
mentary decay rates, has restricted our treatment to the
inclusion of only single-electron radiative transitions and
Auger transitions which result in the creation of a single
additional vacancy and in the emission of a single Auger
electron. In the determination of the Auger and radiative
decay rates for multiple-vacancy states, no attempt has
been made to take into account the photon energy shifts
or the energetic closing of the Coster-Kronig channels.
Finally, we have ignored the effects of multiplet and fine
structure, which have been found to be important in the
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FIG. 10. The cross sections for single and multiple ionization
during the vacancy-cascade decay process resulting from single-
electron photoionization from the various nl subshells of neon-
like Fe XVII ions, obtained from the evaluation of Eq. (12).

evaluation of Auger transition rates and fluorescence
yields for highly charged ions.?

It is obvious that the multiple-ionization and photon-
emission cross sections which have been introduced in this
investigation strictly refer only to an isolated atomic sys-
tem. The initial stages in the cascade decay of a deep
inner-shell vacancy are expected to be essentially unaffect-
ed by the presence of surrounding atomic systems or
charged particles. This is mainly a consequence of the
fact that Auger transitions usually occur with the highest
probability between neighboring shells. However, the fi-
nal stages, in which a large number of vacancies are
transferred to the outer shells, can be significantly affect-
ed by collision processes. It has been demonstrated® that
the static screening produced by a high-density plasma
can result in an energetic opening of the same Coster-
Kronig channels which tend to close with increasing nu-
clear charge. This can have a significant effect on the dis-
tribution of final charge states and on the fluorescence
probabilities.
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