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K32 x-ray spectra of Zr, Mo, and Pd induced by photons and 16-, 25-, and 45-MeV protons
were measured with a transmission bent crystal spectrometer. The average M-shell ionization
probabilities were determined with the assumption that the yields in the K3; satellite region are
due only to the M-shell ionization accompanying the removal of the K-shell electron. In the case
of photoionization, these yields were found to exceed significantly those calculated with the sudden-
approximation model for the shakeoff plus shakeup. Likewise, the corresponding yields for collisions
with protons exceed those expected for the combined effect of the direct Coulomb ionization and
the shake mechanism. The solid-state effects, as well as the direct knockout of the M-shell electron
by the photoelectron (or the § electron), are discussed in view of their possible effect on the line
intensity in the satellite region. The direct Coulomb ionization probabilities in near central collisions
with protons are determined from the difference of the relative yields of K3, satellites in the proton-
and photon-induced ionization. The underlying assumption is that the shake and solid-state effects
are independent of the ionizing agent and that the secondary-electron ionization is similar in the two
processes. The results are compared with the semiclassical approximation calculations exploiting
relativistic hydrogenic and Dirac-Hartree-Fock wave functions.
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PACS number(s): 32.30.Rj, 32.70.Jz, 32.80.Fb, 34.50.Fa

I. INTRODUCTION

Measurements of x-ray spectra with a resolution com-
parable to the natural widths of the emission lines pro-
vide rich and valuable+information about the structure
of singly and multiply ionized atoms, as well as about
the processes governing their production. Satellites ap-
pearing in such spectra arise as a consequence of the
differences in nuclear charge screening and in angular-
momentum coupling for different possible hole configura-
tions. They are the experimental signature of multiple-
inner-shell ionization.

In the case of charged-particle impact, measurements
of x-ray satellites allow one to investigate the inner-shell
ionization mechanisms involved in nearly central colli-
sions. This method has been extensively explored in the
past for the determination of the L-shell ionization prob-
abilities induced by heavy-ion impact on light targets
[1-15]. Many of these works have also addressed the va-
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lidity of the independent-particle approximation for the
description of the multiple-inner-shell ionization.

More recently the “satellite” method has been applied
for heavier targets and energetic collisions [16-25]. These
investigations were inspired mostly by the growing inter-
est in a detailed knowledge of the ionization processes for
which the interaction is relatively strong and for which,
besides the direct Coulomb ionization, the charge ex-
change plays an important role [23-25].

Furthermore, it has been shown [12,19] that the
method based on the observation of the K x-ray satellites
can be extended to the investigation of ionization pro-
cesses in shells higher than L. That technique was used
for the determination of the M-shell ionization probabili-
ties induced by He impact [19-21] and later, with the help
of extensive multiconfiguration Dirac-Fock calculations,
for the determination of the M-shell ionization probabili-
ties accompanying heavy-ion bombardment [26,27]. Fast
ionization processes are of particular interest here due
to the increasing sensitivity of the theoretical differential
cross sections to the details of the wave functions.

Satellite spectra are, however, specific not only for
the charged-particle impact. They may accompany pho-
toionization as a result of many-electron processes. Mul-
tiple vacancy states induced by photon impact can there-
fore provide insight into electron correlation mechanisms
[28,29).
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An interesting feature of the satellite spectra involv-
ing outer-shell electrons is their sensitivity to the chem-
ical environment, that is, the chemical bonding, or the
physical state of the target atom medium. The so-called
“chemical effects” may influence the satellite line shapes
[30-34] as well as the relative x-ray intensity ratios or di-
agram line profiles [35-39]. This sensitivity to the chem-
ical or physical state of the target atom can be exploited
in various applications [30,31,34].

The precise diffraction x-ray spectroscopy applied to
the highly charged few-electron ions may also provide a
powerful probe of our understanding of the relativistic
many-body problem [40] and can be used to test the ac-
curacy of the approximations used for the description of
retardation and correlation energies [41] as well as ra-
diative corrections [42]. These fundamental corrections
can be analyzed by comparing the experimental ener-
gies and intensities of radiative transitions in multiply
ionized atoms [43,44] with Hartree-Fock or Dirac-Fock
calculations.

In this paper we present a detailed analysis of the K3,
satellite spectra of Zr, Mo, and Pd targets induced in col-
lisions with proton and photon beams of varied energies.
The main goal was to provide a deeper insight into the
structure of the K3, M1 transitions and to determine the
M-shell ionization probabilities due to direct Coulomb
ionization and shakeoff plus shakeup effects. Our inter-
est in the M-shell ionization by protons was stimulated
by the recent observation of systematic discrepancies be-
tween the experimental data on the inner-shell ionization
induced by “He beams and the semiclassical approxima-
tion calculations exploiting hydrogeniclike wave functions
(SCA-HYD) [20,22].

In the case of the M-shell ionization by fast light
particles the direct Coulomb ionization is accompanied
by a non-negligible ionization resulting from multielec-
tron (e.g., shakeoff and shakeup) processes. To estimate
the relative contribution of these processes in the case
of charged-particle impact, we have also measured the
K3, line structure resulting from photoionization. Un-
expectedly, we have found that the M -shell ionization
probabilities determined from the photoinduced K3, M1
satellite intensities exceed significantly those calculated
in the framework of the sudden approximation and ex-
hibit a nonmonotonic dependence on the target atomic
number. Several possible processes leading to the K[,
line enhancement in the satellite line region are discussed.
The most likely explanation seems to be the solid-state
effects.

The direct Coulomb ionization probabilities were es-
timated from the differences of the total pas for proton
and photon impact. The M-shell ionization probabili-
ties are compared with the SCA calculations exploiting
hydrogeniclike and self-consistent-field Dirac-Fock wave
functions.

The paper is organized as follows. Section II de-
scribes the experimental method and Sec. III presents
the method of the data analysis. The results are pre-
sented in Sec. IV together with the discussion of the
experimental data. Finally, Sec. V gives the summary
and concluding remarks.
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II. EXPERIMENT

Measurements of the K3 line structures induced by
proton beams were carried out at the Paul Scherrer Insti-
tute (PSI) in Villigen, Switzerland with the use of a Du-
Mond type curved crystal spectrometer. For the diffrac-
tion of the x rays the (110) reflecting planes of a 1-mm-
thick quartz crystal plate bent to the radius of 3.13 m
were used. The spectrometer was operated in a modi-
fied DuMond slit geometry. A detailed description of the
spectrometer and the experimental setup can be found
elsewhere [45].

Self-supporting metallic foils of natural Zr, Mo, and
Pd with thicknesses 12.7 mg/cm?, 26.4 mg/cm?, and 25.9
mg/cm?, respectively, were used as targets. The proton
beams of energies 16, 25, and 45 MeV were obtained
from the PSI variable energy cyclotron. Beam intensities
typically of 2-3 pA were monitored by 0.6-cm® Si(Li)
detector. Targets were cooled by a low-pressure He gas
flow, pumped through the target chamber. Instrumental
resolution (width of the Gaussian instrumental response)
was determined by measuring the 63.120 81-keV ~ line in
the 16°YDb decay in the third order of reflection. The same
line provided the energy calibration of the spectrometer.

Photoionization measurements were performed with a
similar spectrometer installation at the Fribourg Univer-
sity [46], with the use of the same diffraction crystal and
geometrical conditions. The x-ray beams were provided
by an x-ray tube equipped with a gold anode. Measure-
ments were performed in two energetic modes: the low-
energy regime (where the x-ray tube operated at 30-35
kV 30 mA) and the high-energy (80 kV, 30 mA) regime.
The foil thicknesses were 31.7 mg/cm?, 26.4 mg/cm?, and
25.9 mg/cm? for Zr, Mo, and Pd targets, respectively. In
both regimes the voltage was thus below the K-shell ion-
ization threshold of the gold anode. Figurel presents a
comparison of the K3, spectra of Zr, Mo, and Pd, in-
duced by the 16-MeV proton beam and by the photons
in the high-energy regime.

For elements with an atomic number Z <50 the satellite
structure of the K3, line partially overlaps with the K-
absorption edge region. In order to correct the spectra
for the steplike increase of self-absorption in the target,
the K-absorption edge profiles of Zr, Mo, and Pd targets
were measured. In these measurements the spectrometer
was used as a monochromator. The monoenergetic x
rays passing through the 31.7-mg/cm? Zr, 54.4-mg/cm?
Mo, and 25.9-mg/cm? Pd thick foils were recorded with a
Ge(Li) detector. For illustration, the K-absorption edge
of Mo is shown in Fig. 2.

III. METHOD OF DATA ANALYSIS

The measured K3, spectra were corrected to account
for the self-absorption in the target of the observed x
rays. For medium-heavy elements such as Zr, Mo, and
Pd, these corrections are of prime importance because
the K absorption edges fall in the K32 M?! satellite re-
gions. The change of the self-absorption as a function
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of the photon energy was deduced for each target from
the K-absorption edge measurements. For the photoin-
duced spectra the spectral intensity distribution of the
x-ray tube was used to calculate the variation of the tar-
get activity as a function of the penetration depth of the
ionizing radiation. In contrast, the proton-induced ion-
ization was assumed to be constant over the entire thick-
ness of the target. This assumption is reasonable since,
due to the small energy loss of the protons in the targets,
the K-shell ionization cross sections can be considered
as nearly constant throughout the target thickness. The
spectra were normalized to give equal peak heights of the
K 37 diagram line in the raw and the corrected spectra.

Independently of the type of the ionizing particle,
the measured K (3, spectra exhibit the pronounced high-
energy structures (see Fig.1). These additional lines can
be classified as KB, M! satellites, which are the K0,
(4p1/2,3/2 — 1s) transitions in atoms with an additional
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M-shell hole. Assuming this identification, one can de-
termine the average M-shell ionization probability pys.
In the independent-particle framework, the probability
that the collision with the impact parameter b produces
m vacancies in the K shell and n vacancies in the M shell
is given by the expression

P (b) = ( 2 ) ( 8 ) [pxc ()™

x[1 = px (O)* ™ [par (O)I*[1 — par(b)]** 7,
(1)

where px and pps are the K- and M-shell ionization
probabilities per electron. We assume here that there are
no differences in the M-subshell ionization probabilities
pum(b). Alternatively, one can state that pjs represents
the probability averaged over the M subshells.
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The corresponding cross sections are obtained by the
integration over the impact parameter b

OmK,nM = 277/ meK,nM(b)db. (2)
4]

Noting that for charged particles pas is essentially con-
stant in the impact parameter range (0,bmax), Wwhere the
K -shell ionization occurs, one finds that

_ 18par(0)
T 1-pum(0)

O1K,1M __
O1K,0M

(3)
and therefore

In
—_ 4
18 + I’ ( )

P (0) = 18par(0) = 18
where p'3t(0) is the total M-shell ionization probability.

Relation (4) is independent of the way of vacancy pro-

duction and holds also for the shakeoff probabilities with

P (0) replaced by piheke.

In order to extract the information about the relative
intensity Ips of the K3, satellite lines, the experimen-
tal K[ spectra were decomposed into the K3, M° and
KB, M?' components. The latter ones were constructed
theoretically using the transition energies and transition
probabilities determined from the extensive multiconfig-
uration Dirac-Fock (MCDF) calculations. The MCDF
method, which is used in the present study, has been de-
scribed in detail in many papers [47,48,26]. For the K3,
transitions, these calculations should be carried out in
the modified special average level (MSAL) version. Some
essential ideas of the MCDF-MSAL method are given be-
low.

Within the MCDF scheme the effective Hamiltonian
for an N-electron system is expressed by

N N
H=ZhD(i)+ > oy, (5)

j>i=1

20.15

where hp () is the Dirac operator for the ith electron and
the terms C;; account for electron-electron interactions
and are based on the one-photon exchange processes,
which result from the sum of the Coulomb interaction
operator (due to longitudinally polarized photons) and
the transverse Breit operator (due to transversely polar-
ized photons). In the MCDF method an atomic state
function with the total angular momentum J and parity
p is assumed to have the multiconfigurational form

U, (JP) = ZCM(S)Q(’Yme)’ (6)

m

where ®(v,,JP) are configuration state functions (CSFs),
¢m(s) are the configuration mixing coefficients for the
state s, and +y,, represents all information required to
uniquely define a certain CSF.

There exist various versions of MCDF calculations de-
pending on the choice of the form of the energy func-
tional. In the standard optimal-level version of MCDF
(MCDF-OL), we get for a particular state the optimal
energy, the optimal set of one-electron spinors, and the
optimal set of the CSF mixing coeflicients {c,,(s)}. The
application of the MCDF-OL version to the calculations
of the transition probabilities should take into account
the nonorthogonality of the spinors corresponding to the
pairs of initial and final states. Moreover, in the theo-
retical studies on Ko L or/and M satellite transitions,
the transitions may occur between hundreds of states.
The application of the MCDF-OL method for the present
study would thus necessitate a separate MCDF-OL cal-
culation for each state, which is very time consuming.

In order to cope with the above difficulties, some other
methods (different from MCDF-OL) are used to calculate
the transition probabilities. The main feature of those
methods is the fact that they use the common set of
orbitals for all the initial and final states. Two standard
schemes have been elaborated up to now, which are based
on this idea, namely, the average-level version of MCDF
(MCDF-AL) and the extended average-level version of
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MCDF (MCDF-EAL).

Preliminary test calculations have shown that MCDF-
AL and MCDF-EAL schemes are indeed not accurate
enough in some cases. The reason seems to be that the
functional does not consider the different number of the
initial and final states. Therefore the orbitals obtained in
this scheme in a sense favor those states (initial or final)
that are more numerous.

In the MCDF-MSAL method, which is used in this
work, Eop: [47,48,26] is expressed in the form

nf

1 P 1
Bopt =1 |= > Hit+—> H 7
opt A+ 1 n ilez + nf =~ ffl» ( )

where H;; and Hyy are the diagonal contributions to the
Hamiltonian matrix, the first sum runs over all the initial
CSFs (n;), the second one over all the final CSFs (ny),
and A is a factor.

One can see that if A = 1 we obtain a formula in
which the compensation for the exaggerated contribu-
tion of the more numerous states (initial or final) to the
energy functional is complete. This already results in a
good reproduction of the relative positions of the spec-
tral lines. For A = 1, however, the calculated (diagram
and satellite) line energies for transitions Koa; L"M",
KB13L™"M", and KB2L™M" are shifted with respect to
the experimental ones by similar amounts. Test calcula-
tions have shown that the optimum values of A depend
strongly on the type of spectral line, but are almost in-
dependent of the type of an atom. The A values can
therefore be treated as parameters characteristic for the
type of spectral line. It is very important that this sim-
ple formula, with particular values of A = 0.5, 0.65, and
0.8 for Kay 2 L"M™, KB1,3L™"M", and K(B3,L™M" transi-
tions, respectively, reproduces very well the experimental
diagram and satellite lines for many medium Z atoms.
The presence of A in formula (7) enables in the simplest
way the compensation of the difference of description of
the initial and final states, which is the main problem in
the reliable theoretical (MCDF') study of the structure of
Kay L™ M", K1 3L"M", and Kf3,L™MT" lines. There-
fore, formula (7) provides a simple and effective way of
calculating the absolute positions of spectral lines.

This functional has already been applied with success
in the extensive study of the Ka, L"M", K3, 3L"M",
and K(B,L™"M" lines in Mo [26], Pd, and La [27]. For
each Kay ,L"M", KB 3L"M", and KB,L™"M" transi-
tion the MCDF-MSAL results are in an excellent agree-
ment with the experiment [26,27]. This means that the
MCDF-MSAL scheme is adequate to describe reliably the
relevant states. In the present study we used the com-
puter program package GRASP [47], which allows reliable
MCDF calculations with the inclusion of Breit interac-
tion and QED corrections. The 4d*5s5% and 4d'° closed
valence shell ground-state configurations were assumed
for Mo and Pd correspondingly, while for Zr the realistic
4d? open valence shell configuration was used.

The numerical method used for the decomposition of
the experimental spectra to the KG@;M° and KB, M*!
components is based on the Lavenberg-Marquardt non-
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linear least-squares fitting routine. Since the instrumen-
tal resolution necessary to separate these structures is
comparable to the natural widths of the K3, lines, the
theoretical line shapes were calculated by folding their
Lorentzian natural shape with the Gaussian instrumental
response. These so-called Voigt profiles were calculated
by means of an efficient convolution method based on the
fast Fourier transform algorithm. Due to the lack of pre-
cise experimental or theoretical data on the natural K3,
linewidths for elements with Z <46, the Lorentzian width
of each component was taken to be equal to the average
value of Ka; and Kay linewidths given in the tables of
Salem and Lee [49]. The theoretical K3, M° and K3, M?
line profiles were computed by summing up all the Voigt
functions (corresponding to particular initial and final
states) multiplied by their transition probabilities. In the
fit, the instrumental width (the full width at half max-
imum of the Gaussian part of the Voigt function), the
overall energy shift, the linear background, and the peak
heights of the K8, M°® and KB, M*' components were let
free. The instrumental widths extracted from the fit were
in each case in good agreement with the value given by
the direct measurement with the radioactive source (see
Sec. II).

In Fig. 3 we present results of the fitting routine for
Zr, Mo, and Pd K (3; spectra induced by 16-MeV protons.
The solid line represents the overall theoretical line shape
fitted to the spectrum corrected for absorption. The
dashed lines represent the decomposition of the spectra
into the KB, M° and KB, M' components. To visualize
the role of the self-absorption corrections the uncorrected
spectrum is also presented (open circles). In addition, in
the upper part of each spectrum we plot schematically
the results of the MCDF calculations. The solid bars
depict the energies and transition probabilities of each
K (3, M%' multiplet component. The imperfect descrip-
tion of the low-energy tail of the K35 line observed in
Fig. 3 can be due to the radiative Auger effect, Raman
or Compton scattering of the characteristic x rays in the
volume of the target or crystal, as well as to an instru-
mental effect. However, no asymmetry of the diffracted
lines has been found in measurements of the instrumental
response for the third-order reflection of the « line of the
169Yb source. It has been estimated that the errors of
the absolute intensity of the diagram K3, line stemming
from the “asymmetry effect” are for all cases not larger
than 5%. Assuming that the diagram and satellite lines
are affected by the similar amount, the influence of this
uncertainty on the M-shell ionization probabilites is to a
large extent reduced.

The relative intensities X™ (n = 0,1) of the KB, M™
lines determined from the fit reflect the number of M-
shell holes present at the moment of the K x-ray transi-
tion. For a comparison with the theoretical calculations
of the ionization probabilities given by formula (4) these
values have to be converted to the relative cross sections
I™ (n =0,1) for producing zero and one M-shell vacancy
states. This relation can be expressed as

X% = (I° + RI")wg,,
X' = (I' — RI')wpg,, (8)
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FIG. 3. Comparison between the experimental and fitted
K3, satellite spectra for 16-MeV proton impact on Zr, Mo,
and Pd targets. The solid lines represent the total fitted line
profiles and the dashed lines show the decomposition of the
spectra to the K3, M°® and KB, M' components. The open
circles mark the spectra not corrected for self-absorption. The
results of MCDF calculations are presented schematically in
the upper part of each spectrum.
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where wpg, is the partial fluorescence yield for K3, tran-
sition and R is the probability that the M-shell hole is
filled prior to the K x-ray emission. The rearrangement
probability R (the probability that the M shell is filled
prior to the radiative K3, transition) can be determined
from the formula

_ Ty +TF

—MT M 9
F'e +Tnm ©)

where 'y and ', are the total atomic-level widths of K
and M levels while I‘AM and Ff,, are the partial widths
for radiative and Auger processes of the M shell.

Considering the fluorescence yields for the K3, tran-
sition to be independent of the number of M-shell holes
and exploiting relation (8), the primary vacancy yields
Ips used for the determination of pas according to for-
mula (4) can be expressed by

It X Xt
Iy = P I TRIEXD R+ Xap)’ where Xp = <o (10)
The R values were estimated to be equal to 0.029, 0.040,
and 0.053 for Zr, Mo, and Pd targets, respectively For
the M shell the partial widths for Auger I'{;, Coster-
Kronig 'K, and radiative processes I'Y, were deter-
mined by interpolating the weighted theoretical values
of McGuire [50,51] while the total K-shell widths were
taken from tables [52].

In Eq. (9) the influence of the CK transitions is ne-
glected since these transitions can lead only to a rear-
rangement of the holes within the M subshells and do
not change the total number of M-shell holes created
originally in the collision (the super Coster-Kronig tran-
sitions that create two M-shell holes are negligibly weak,
or forbidden, for 40< Z <46). Moreover, the radiative K
transitions are much faster than the radiative or Auger
transitions filling the M shell. Therefore, as far as the
total number of M-shell holes is considered, the result-
ing rearrangement probabilities R are small. As a conse-
quence, the M-shell ionization probabilities determined
from the KB, M*' satellites are practically unaffected by
the generally large uncertainties of M-shell Auger and
radiative transitions. In contrast, the partial M-level
widths for the radiative and nonradiative processes con-
stitute a significant source of errors in the conventional
coincidence method.

As mentioned above, the CK transitions have only
a minor influence on the total number of the M-shell
holes. They can, however, significantly change the pop-
ulation of the M-subshell holes prior to the KB x-
ray emission. For example the partial widths for Zr
M1, M2, M3 subshells are T{X~Ti! ~ 6.5 eV and
FCK~rt°t;l~rt°tal~2 4 eV [50] " while the total K-shell
width is T'{2**!~3.8 eV [52]. This implies that approxi-
mately one-ha,lf of the holes originally created in the 3s,
and 3py /2 3/2 states (M1, M2, M3) subshells are trans-
ferred to the 3ds/; 5,2 (M4, M5) states. According to
the detailed discussion of Polasik [48] and later Carlen et
al. [26,27], the average energy shift of Ko as well as K31 3
transitions with additional 3s or 3p holes is larger than
that with additional 3d holes. This implies that the the-
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oretically constructed spectrum may differ in the overall
shape from the experimental one, due to these Coster-
Kronig rearrangement processes. In view of the practical
difficulties (more than 14 000 components to be consid-
ered in the case of K[, satellite structure of Zr) these
effects have not been taken into account in the present
study. One could expect, however, that the error intro-
duced by this approximation is small in the case of K3,
transitions for the following reasons: (i) the good separa-
tion of the K 3> M* satellite structure and (ii) the “inner”
character of the spectator holes, implying that the rela-
tive energy splitting of states with 3s or 3p, and 3d holes
is smaller in the case of the K3, than, e.g., of the K3 3
transitions, where the radiative transition involves the
shell in which the additional holes have been created.

IV. RESULTS AND DISCUSSION

Following the procedure described in details above, we
have calculated the average M-shell ionization probabil-
ities due to the proton and photon impact. The results
are collected in Tables I and II. The listed errors are due
only to the fit procedure and do not include the system-
atic errors due to the assumed line-shape model or the
self-absorption corrections.

Within the processes responsible for the multiple K-
plus M-shell vacancy production all except the direct
Coulomb ionization are common for both photoioniza-
tion and charged-particle impact. Therefore, we focus
first on the discussion of the M-shell ionization probabil-
ities accompanying the K-shell photoionization.

A. M-shell ionization accompanying K-shell
photoionization

In the case of photoionization the decisive role in K-
plus M-shell hole production is played by multielectron
processes. These processes, which are possible due only
to the residual electron-electron interaction, are divided
in our discussion into three parts: (1) the “shake” pro-
cesses, discussed here in terms of the sudden approxima-
tion; (2) the direct knockout of an M-shell electron by
a photoelectron; and (3) the reminding part of the elec-
tron correlation that is not included in Secs. IVA1 and
IVA2.

TABLE 1. Experimental M-shell ionization probabilities
deduced from the KB:M"! satellites of Zr, Mo, and Pd in-
duced by photoionization. The heading “low E” means the
low-energy regime, while “high E” means the high-energy
regime. (For details see the text.)

Photoionization Photoionization
Atom low E high E
Zr 7.58 £+ 0.38 8.39 £+ 0.35
Mo 8.20 £ 0.38 8.60 £+ 0.36
Pd 2.15 £+ 0.26 2.46 + 0.24
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TABLE II. Same as Table I but for collisions with 16-, 25-,
and 45-MeV protons.

Atom 16-MeV p 25-MeV p 45-MeV p
Zr 9.25+ 0.62 9.16 + 0.67 9.76 + 0.55
Mo 9.45+ 0.36 8.52 + 0.46 8.10 &+ 0.41
Pd 4.124+ 0.30 3.17 + 0.33 3.10 + 0.34

1. Shake processes

The excitation of passive electrons, which fail to relax
completely during the rapid change of the central poten-
tial associated with the emission of a photoelectron (or
a § electron, or 3 particle), is often called the shake pro-
cess. The sudden collapse of an atomic wave function
can either excite electrons to unoccupied valence states
(shakeup) or eject them to the continuum (shakeoff).
For energies of photons well above the double ionization
threshold, the shakeoff and shakeup processes accompa-
nying photoionization are conveniently discussed in terms
of the sudden approximation (SA). In the SA framework,
the probability for a change of the electron configuration
is calculated under the assumption that the change of the
potential is instantaneous.

Following the expression of Carlson et al. [53], the
probability of promoting an electron from the state de-
scribed by the quantum numbers n,! and containing N
electrons to a higher unoccupied shell or continuum is

given by
nl =1- (|/ I‘I’nl

where Pr is the contribution of the transitions to the
z filled states forbidden by the Pauli exclusion principle
and is expressed by

) — Pp, (11)

T

-2 2(12\1@11) l/ it

The ionization probability due to the shake processes can
therefore be determined in terms of the simple overlap
integrals of the wave functions representing the initial
and final states.

According to [54], the sudden approximation is valid
when the energy of the ejected electron Eyy exceeds sig-
nificantly the ionization threshold E;ng for the shakeoff
electron. Indeed, a comparison of the experimental data
generally yields fair agreement with the SA theory as long
as the process is sufficiently violent and involves electrons
from different shells. Carlson at al. found for photoion-
ization [55] and electron impact ionization [56] that the
shake probability is in good agreement with the SA cal-
culations when Epy > 3Fping. A similar criterion for K-
and L-shell shakeoff processes was found theoretically by
Sachenko et al. [57].

The photoionization was induced in the present work
by the photons with continuous energy spectra emitted
by the x-ray tube. To test the applicability of the SA

(12)
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theory for these data, the average photoelectron ener-
gies Fyp, were determined from the measured energy dis-
tribution of photons. In the calculations the incident
photon energy distribution was weighted by the relative
cross sections for the K-shell photoionization. The re-
sulting average photoelectron energies were found to be
9.0 keV for Zr, 9.3 keV for Mo, and 9.6 keV for Pd in the
high-energy regime and 3.3 keV, 2.9 keV, and 3.0 keV
correspondingly, for the low-energy regime. The average
binding energies of M-shell electrons are Fpi,q =0.264
keV for Zr, Fpina =0.315 keV for Mo, and E}jnq =0.442
keV for Pd. Therefore, as long as the average photoelec-
tron energies are considered, the application of the SA
model seems to be well justified in our case.

A number of different calculations of the shakeoff and
shakeup probabilities in the SA limit were reported in the
literature. Starting from the work of Carlson and Krause,
these calculations utilize rather realistic Hartree-Fock
or Hartree-Fock-Slater wave functions [53-56]. Most of
these calculations were performed for noble gases and
only rarely for elements with open valence shells. To es-
tablish a better base for our discussion we decided to
recheck the interpolated values of Carlson et al. [53].
Our calculations follow the SA model defined by formu-
las (11) and (12) and use the self-consistent Dirac-Fock
wave functions from the MCDF code GRASP [47]. The
resulting M-shell shake probabilities due to the 1s hole
production for Zr, Mo, and Pd are listed in Table III.
For comparison the results of Carlson et al. are also pre-
sented. It can be seen that present calculations are in
fair agreement with the former results.

Figure 4 shows the comparison between the SA cal-
culations and the experimental pys values obtained with
two different average energies of incident photons. The
measured data are systematically larger than the SA
calculations. Only for Pd can an almost satisfactory
agreement be seen. Furthermore, the theory predicts a
monotonic decrease of the shakeoff probability with Z,

10.0
9.0 1 ®  low E photons
§ % ©  high E photons
80 [) —— SA shak
e
7.0 1 —— SA shake
~ 6.0 4 (Carlson et al.)
oSN
& 50
=
Q 4.0
3.0 {
2.0
1.0 4
0.0 - .
39 40 41 42 43 44 45 46 47

Z target

FIG. 4. Total M-shell ionization probabilities versus tar-
get atomic number for two different average photon energies.
Solid line, our results of the sudden-approximation calcula-
tions of the shake probabilities; dash-dotted line, interpolated
values taken from [53].
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TABLE III. Theoretical M-shell ionization probabili-
ties due to the shake processes calculated in the sud-
den-approximation limit.

Atom Pihake (%) Pyreke (%)
Ref. (58] This work

Zr 3.192 3.428

Mo 2.620 2.730

Pd 1.867 1.831

while the experimental pys is the largest for Mo, where
Pexp/PoA,,~3.0. In addition, the measurements show
systematically larger pps for the higher average energy
of the photon beam. The excess of the experimental pys
over the SA calculations for Zr and Mo is in disagree-
ment with our expectations since, due to the underlying
assumption of the sudden change of potential, the SA re-
sults should be regarded rather as an upper limit of the
shakeoff probability.

2. Dzirect photoelectron—M -shell electron collision

When an electron is emitted from the atomic core,
there is a possibility for that outgoing electron to collide
with other target electrons. Such direct electron-electron
collisions (DCs) may result in an additional ionization.
The relative importance of this process with respect to
the shakeoff was first discussed by Feinberg [58] for the
case of 3 decay. His considerations are to some extent re-
lated to our problem, since the 3 electron emerges from
the center of the atom, while the K-shell photoelectron
emerges nearly from the center. The originally quoted
estimate pRC/pihake ~ %‘; (Eg denotes the energy of

the 3 particle, while Bk is the binding energy) suggests
that the dominant contribution to the K-shell ionization
in B decay comes from the shakeoff effect, while the DC
mechanism is a small correction. More refined theoretical
studies [59] confirmed that the DC contribution to pk is
not significant even in the favorable cases of 3 emitters.

For the M-shell ionization of Zr, Mo, and Pd by pho-
tons the approximate relation of Feinberg gives a rela-
tive contribution of the direct knockout that is not larger
than 15%, but its applicability in this case is question-
able: first, because of the different energy distribution of
B particles and photoelectrons, and second, due to the
different structure of the wave functions of the K- and
M-shell electrons. In our case, the estimation of rela-
tive contribution of the M-shell shake and DC processes
is further complicated by the fact that the energy dis-
tribution of photoelectrons is not monoenergetic. Thus,
for the low-energy part of the continuous photon spectra
the assumptions of the sudden approximation may not
hold true. In this case, the shake probabilities can be
noticeably smaller than those calculated in the SA limit,
while simultaneously the contribution of the DC mecha-
nism can be significantly enhanced. It appeared recently
(see, e.g., [29]) that for photoelectrons with Ej, close to
the ionization potential the relative contribution of the



outer shell electron knockout can be as high as 20-40 %.

On the basis of the estimates mentioned we cannot
precisely determine the contribution of the DC by the
photoelectron to the total M-shell hole production. We
can, however, state that the direct knockout mechanism
cannot fully explain the large discrepancies between the
SA calculations and the experimental pps. More likely,
the DC process, as well as the breakdown of the sudden
approximation for low photon energies, is responsible for
the observed inequality of pas for the two different Eyy
distributions.

3. Electron correlation

Under the term of correlation process in ionization we
understand the phenomena that involve at least two di-
rectly interacting electrons. Therefore, DC as well as
shakeoff belong to this category, although, the shake pro-
cesses can be well described by the one-electron sudden-
approximation model. As it has been pointed out by
Amusia [29], the correlational effects are the strongest for
the cases when the energy of the direct electron-electron
interaction is larger than the total energy of each of the
interacting electrons. This situation is easily achievable
for outer atomic shells, for electrons from the same shell,
or for the near-threshold phenomena. A good illustra-
tion of this statement is the increasing importance of the
direct knockout at small photoelectron energies.

Besides the shake and DC processes there are other
correlation effects such as the configuration interaction
that may influence the generalized shake amplitudes. Ev-
idence of the latter process can be found in the double
K -shell photoionization. While in general non-negligible,
the correlation that is not included in the SA shake the-
ory and DC process plays no role in the case of the K-
plus M-shell ionization by energetic photons or protons.

B. M-shell ionization accompanying proton impact

The measured M-shell ionization probabilities versus
the energy of the incident protons are plotted in Fig. 5.
One can see a similar dependence of the pasr on the target
atomic number as that observed for the photoionization.
In particular, the experiment yields similar pas for Zr and
Mo, while for Pd the experimental pps is substantially
smaller. For a given Z the experimental pps decreases as
a function of the projectile velocity.

As we pointed out already before, the direct Coulomb
ionization (DCI) contributes significantly to the total pas
for charged-particle impact. Although attempts to cal-
culate the DCI in a full quantum-mechanical formalism
were reported in the literature, the data on the inner-
shell ionization probabilities are conveniently discussed in
terms of the SCA. The SCA based on the first-order per-
turbation theory is especially appropriate for the descrip-
tion of the impact-parameter-dependent single-electron
ionization probability for fast and asymmetric ion-atom
collisions. Recent studies [20,21] of the L- and M-shell
ionization probabilities in collisions with energetic He
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FIG. 5. Same as in Fig.4 for collisions with 16-, 25-, and
45-MeV protons.

particles showed, however, systematic discrepancies be-
tween experimental data and the SCA version of Traut-
mann and Rosel [60,61]. The disagreement between SCA
calculations exploiting relativistic hydrogeniclike wave
functions and the classical hyperbolic trajectories was
found to grow rapidly with reduced velocity, being partic-
ularly high in the case of the M-shell ionization. Similar
discrepancies have been also observed in the case of L-
and M-shell ionization by heavy ions [18,25-27].

Recently, an improved version of the SCA program
was developed [62], where the single-electron ionization
probabilities are calculated with the use of relativistic
Hartree-Fock (SCF) wave functions instead of hydrogeni-
clike ones. The modification leads to a much better agree-
ment between experiment and theory for light and heavy
ions showing the importance of realistic wave functions
in the SCA calculations for “fast” ion-atom collisions.

In Figs. 6(a)-6(c) we have plotted a comparison of
the experimental total pps for proton impact on Zr, Mo,
and Pd with the SCA-SCF calculations of the DCI pro-
cess and SA calculations of the shake probability. The
SCA calculations were performed for an impact param-
eter b=500 fm, which, according to the relation b =
J b*px (b)db/ [ bpk (b)db, gives the maximum contribu-
tion to the K-shell ionization cross section. One can see
again that the experimental pps significantly exceeds the
sum of the theoretical shake and DCI contributions for
Zr and Mo, while a fair agreement is obtained for Pd.
The energy dependence of pps in each case seems to be
rather well reproduced by the theory.

For 16-MeV protons on Zr, Mo, and Pd systems the
SCA-HYD calculations of the average d-electron energies
yield 13 keV, 17 keV, and 30 keV and are correspond-
ingly larger for larger impact energies. Therefore, the SA
is valid for estimation of the shakeoff + shakeup contri-
butions to the total pps. Assuming that the contribution
of other than DCI processes is the same for proton and
photon impact, the DCI M-shell ionization probability is
given as a difference of the total pps for these two cases.
In Fig. 7 the direct Coulomb M-shell ionization prob-
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FIG. 6. Comparison of the experimental and theoretical
M-shell ionization probabilities for (a) Zr, (b) Mo, and (c)
Pd targets bombarded by the 16-, 25-, and 45-MeV protons
with the SA calculations of the shake probabilities (dash line)
SCA-SCF calculations of the direct Coulomb ionization by
protons (dotted line), and the sum of DCI and shake contri-
butions (solid line).

abilities due to the proton impact are shown together
with the predictions of SCA-HYD and SCA-SCF calcu-
lations. In the SCA-HYD calculations, to account for
screening effects, the effective nuclear charge according
to the Slater recipe was used. The effect of the recoil of
the target nucleus was taken into account.

Both SCA calculations predict the M-shell ionization
probabilities to be almost independent of the atomic tar-
get number and show a very similar dependence on the
projectile energy. The large differences between the SCA-
HYD and SCA-SCF calculations in the case of M-shell
ionization of Zr, Mo, and Pd by 16-, 25-, and 45-MeV
protons illustrate the importance of using realistic wave
functions in the theoretical description of fast ionization
processes. For completeness we present in Fig. 7 the
data for which the low- and high-energy results on pho-
toionization were used. Considering the large uncertain-
ties stemming from the experimental errors, as well as
the approximate procedure used, one can state that the
overall dependence of the experimental direct Coulomb
ionization probabilities is well reproduced by the SCA
calculations. Unfortunately, the large experimental er-
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rors do not allow a critical comparison between SCA cal-
culations exploiting hydrogenic and self-consistent field
wave functions.

The applicability of the method used for the extraction
of the direct Coulomb ionization probabilities is in fact
independent of to what extent the SA is fulfilled and how
important the DC process is as long as the energy distri-
butions of § electrons and photoelectrons are the same.
This condition, however, is not satisfied in our case, since
the §-electron energies are generally larger than the cor-
responding photoelectron energies. The systematic er-
ror of the procedure (and therefore of the experimental
data depicted in Fig. 7) depends on the detailed bal-
ance between the electron knockout and shakeoff plus
shakeup processes, particularly for the low-energy tail of
the ejected electrons, where the application of the SA is
questionable.
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FIG. 7. Direct Coulomb ionization probabilities for 16-,
25-, and 45-MeV protons on Zr, Mo, and Pd, systems
compared with the SCA-SCF and SCA-HYD calculations.
The experimental ionization probabilities were evaluated un-
der the assumption that the contribution of shake and di-
rect knockout is given by the photoionization data in the
high-energy limit (full markers) and low-energy limit (empty
markers).
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C. Solid-state effects

It is well known that the emission of x rays is sensitive
to the chemical environment. For the satellite transi-
tions, variation of their intensity with the chemical state
of the target medium arises from the fast interatomic
electron transfer or differences in rearrangement proba-
bilities [30-32]. For example, it has been found [30] for
the third row elements, where the valence electrons be-
long to the M shell, that the crossover or rearrangement
transitions in chemical compounds can compete with Ko
x-ray emission leading to a substantial reduction of the
Ko satellites. Variations of the relative intensity distri-
butions of L x-ray satellites have been found for various
Mo alloys [34]. The influence of environment in the case
of K (3, transitions for elements of the fourth row is much
less important due to relatively faster radiative K3, tran-
sitions. Moreover, the fast rearrangement processes can
lead only to the reduction of the observed K 3, satellites.

For transitions in singly ionized atoms, it has been
found that the intensity ratios of transitions involving
inner and outer shells depend on the local density of va-
lence electrons in the host material [31,35,36,39,33]. For
example, it has been shown for molybdenum [35] that
the Ly1/Lp1 (4d3/2 — 2p1/2 to 3dsjz — 2py/2) intensity
ratio increases with the valence occupation density, i.e.,
with the ionicity of the compound. Transitions involv-
ing outer shells are obviously much more influenced by
the chemical environment than transitions between inner
shells.

Similar effects of the environmental dependence of
valence-to-core transitions can be responsible for the ob-
served line enhancement in the K3, satellite line region.
The ground-state configurations of atomic Zr, Mo, and
Pd are [Sr]4d? [Kr|4d®5s! and [Kr]4d'°, which implies
that, due to selection rules, the most intense transitions
from the NN shell are the K 3> ones (i.e., transitions from
4p1/3,3/2 to 1s states). The forbidden quadrupole K34
(4d3/2,5 /2—1s) transitions have for medium-heavy atoms
very low intensities [e.g., I(KB4)/I(KB2) ~1.1x1073 for
Mo].

For metallic targets, however, there is a possibility that
these transitions occur from the strongly delocalized 4d
states that for Zr, Mo, and Pd belong to the conduction
band. In this case, transitions of the valence electrons
can acquire the dipole character bringing a sharp increase
of intensity. Effects of the strong intensity enhancement
for the quadrupole K 35 (3ds/2,5/2 — 1s) transitions have
been observed for atoms 21<Z <29 where the 3d subshells
belong to the valence band [15].

In the case of Zr, Mo, and Pd the energies of the K3,
transitions are very close to those of the K3, M?! satel-
lites. For example, the MCDF calculations for isolated
atoms yield for the K3, transitions 18002.7 eV (Zr),
20004.2 eV (Mo), and 24327.3 eV (Pd), while the av-
erage energies of K3, M! satellite lines are 18001.1 eV,
19997.7 eV, and 24332.8 eV for Zr, Mo, and Pd, re-
spectively. Therefore, within the instrumental resolution,
valence to K-shell transitions match the energies of the
KBy M* satellites.

There are two additional indications that suggest that
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the K3, transitions may influence the observed line in-
tensity in the Zr, Mo, and Pd satellite region.

(i) The theoretical profiles of the K3, M satellite lines
calculated on the basis of extensive MCDF calculations
describe rather poorly the experimental line profile in the
satellite region. However, as mentioned before, these ef-
fects can be connected with the rearrangement processes.

(ii) The observed discrepancies between experi-
mental pps and theoretical predictions depend non-
monotonically on Z. One can expect that the effect of
valence to K-shell transition is the most significant for
the half-filled valence shell [15]. For the 4d subshells this
condition is fulfilled for Mo, for which the ratio of the
experimental to theoretical pps is the largest.

The importance of the K34 transitions can be clarified
in experiments where the K3, satellite line shapes and
intensities are investigated for various chemical states of
the target [63].

V. SUMMARY AND CONCLUSIONS

High-resolution measurements have been performed
for the Zr, Mo, and Pd K 3; lines produced by proton and
photon beams of different energies. The observed satel-
lite structures were analyzed by fitting the theoretical
line profiles constructed on the basis of extensive MCDF
calculations. Assuming that the K3, satellite lines orig-
inate from the K- plus M-shell ionization, the average
M-shell ionization probabilities were determined for pro-
ton and photon impact.

The photon data demonstrate an essential excess of
the satellite line yields over those calculated within the
sudden approximation with the use of reliable SCF wave
functions. We would expect the SA theory to overesti-
mate the experimental pjs since the assumed condition
of a sudden change of the central potential is not ful-
filled for the low-energy part of the ejected photoelectron
spectrum. In addition, it was found that the M-shell ion-
ization probabilities increase with the average energy of
the photon beam. Two processes leading to the observed
energy dependence are discussed; the direct knockout of
M-shell electrons by photoelectron and the breakdown
of the sudden approximation for the low-energy photo-
electrons and ¢ electrons. The resulting pas depend most
likely on the interplay of both processes.

The results for protons show essentially the same be-
havior of the total pps as in the case of photoioniza-
tion. Even if the direct Coulomb ionization is taken into
account, the experimental pys are systematically larger
than the sum of direct ionization and shakeoff contribu-
tions.

By combining the results for proton impact with
those for photons we determined the experimental di-
rect Coulomb ionization probabilities in near central col-
lisions. The overall dependence of the experimental pas
is rather well reproduced by the SCA theory. In view
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of the rather large systematic and statistical errors, the
procedure does not allow for a critical discussion of the
dependence of the SCA calculations on the wave func-
tions used.

Finally, it is suggested that the observed enhancement
of the satellite lines for both proton and photon im-
pact is due to the contribution of the K3, (4d3/35/2
— 1s) radiative transitions. For metals with 40<Z <48,
where the 4d3/; 5/2 states belong to the valence band, the
quadrupole K (4 transition can acquire dipole properties,
which results in a strong enhancement of its intensity.

T. LUDZIEJEWSKI et al.
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