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The K-shell diagram �K�1,2 and K�1,3� and hypersatellite �HS� �Kh�1,2� spectra of Y, Zr, Mo, and Pd have
been measured with high energy-resolution using photoexcitation by 90 keV synchrotron radiation. Compari-
son of the measured and ab initio calculated HS spectra demonstrates the importance of quantum electrody-
namical �QED� effects for the HS spectra. Phenomenological fits of the measured spectra by Voigt functions
yield accurate values for the shift of the HS from the diagram lines, the splitting of the HS lines, and their
intensity ratio. Good agreement with theory was found for all quantities except for the intensity ratio, which is
dominated by the intermediacy of the coupling of the angular momenta. The observed deviations imply that our
current understanding of the variation of the coupling scheme from LS to j j across the periodic table may
require some revision.
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I. INTRODUCTION

In the preceding paper �1�, denoted hereafter as I, we
discuss the various important issues addressable through
high-resolution measurements of hypersatellite �HS� spectra.
These include intrashell electronic interactions, relativistic
effects in these interactions, the role of the Breit interaction
and of quantum electrodynamic �QED� effects in the atomic
structure, the coupling of angular momenta within the atom,
and more �2–4�. These and other fundamentals of the atomic
structure, as well as the excitation and deexcitation dynamics
of the atom, allow going beyond the frozen-atom,
independent-electron, and sudden approximations that pre-
vailed throughout most of 20th century. For many of these
issues, the variation with atomic number Z of the quantities
derived from the HS spectra is very important �3,5�. For
example, the Kh�1 line is spin-flip forbidden in the LS cou-
pling scheme but becomes increasingly allowed as the cou-
pling becomes more intermediate with increasing Z. Thus,
the intensity ratio of the two HS lines, Kh�1 and Kh�2, is the
most sensitive experimental measure for the level of interme-
diacy of the coupling scheme. Another example are the Breit
interaction and QED effects, the magnitudes of which are
reflected in the splitting of the two HS lines, and their shift
from the diagram lines �4,6�. Their contributions increase
with an increasing Z not only absolutely but also relative to
all other effects. Although it was argued that electron-
electron interactions should become less important with an
increasing Z since with higher atomic charge the electron-
nucleus Coulomb interaction becomes stronger, Briand et al.
�7� found that such interactions are in fact significant for
two-electron ionization even for heavy atoms. Moreover, the
interplay between relativity and electron-electron interac-
tions becomes more pronounced in higher-Z atoms �8�. Thus,
measurements of HS spectra for as high Z as possible seem
to be of great scientific value.

In spite of their importance, HS measurements for Z
�50 are rather scarce. The HS spectra of 3d transition ele-
ments have been studied experimentally reasonably well �al-
though mostly with low resolution, as discussed in I�, start-
ing with the seminal measurements of Briand et al. �9,10�
and ending, for the present, with our preceding paper I.
High-resolution measurements of HS spectra of the 4d ele-
ments are, however, much fewer. This is particularly true for
studies employing the more controlled and less violent exci-
tation methods by electrons and photons. These methods
yield HS spectra free from contamination by higher-order
spectra, which plague spectra excited by heavy-ion bombard-
ment �11�. The main reason for the scarcity of high-
resolution HS spectra for the 4d transition elements are the
low cross sections for creating the initial two-K-hole state,
�1s�−2, of the HS transitions, �1s�−2�1S0�→ �1s2p�−1�1,3P1�.
These cross sections are 10−4–10−5 times smaller than those
of the �1s�−1 initial state of the corresponding diagram lines.
Furthermore, the cross section decreases as Z−4.

The development of high-energy and high-intensity inser-
tion device beamlines at third-generation synchrotrons made
it possible to extend the high-resolution HS measurements
discussed in I to higher-Z elements by providing high-
intensity x-ray beams at energies �40 keV, required for ex-
citing the HS spectra in the Z range discussed here. The
availability of high-energy beams is a prerequisite for such
measurements not only because of the high threshold ener-
gies, more than twice the binding energy of the K electrons,
but also because of the extended energy range �well over
70% of the threshold energy� required for reaching the satu-
ration intensity of the HS spectrum, as shown in I.

We present here the results of a high-resolution experi-
mental study of the spectra of five elements from the 4d
transition metals group, using photoexcitation by 90 keV x
rays. The only experimental studies available for these ele-
ments were done by ion �11–14� and electron bombardment
�15,16� with a single study �of Pd� using electron capture
�17�. The ion-excited studies show a strong overlap by*keijo.hamalainen@helsinki.fi
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higher-order spectra. The low-resolution studies by Horvat et
al. �14� and van Eijk et al. �17� did not resolve the two lines
of the HS doublet. The sophisticated coincidence method
used by Kanter et al. �18–20� for Mo and Ag HS measure-
ments was able to provide accurate values for the cross sec-
tion but not resolved HS spectra. The present measurements
provide photoexcited doublet-resolved HS spectra for the el-
ements studied, addressing a very sparsely studied, although
important, Z interval of the periodic table.

The experimental techniques and data analysis methods,
particularly aspects differing from those in I, are discussed in
the next section, which is followed by a section presenting
and discussing our results. The final section provides the
conclusions of this study.

II. EXPERIMENT

A. Setup

Measurements were carried out at beamline ID15B at the
European Synchrotron Radiation Facility �ESRF�, Grenoble,
France. The radiation from an asymmetric multipole wiggler
was monochromatized by a horizontally focusing bent sili-
con monochromator using either the Si�111� or the Si�311�
reflections in Bragg geometry, or the Si�511� in Laue geom-
etry. Depending on the choice of the monochromator, fixed
photon energies of 30, 60, or 90 keV were obtained. The HS
and diagram spectra were recorded with an incident photon
energy of 90 keV, where the photon flux was 2
�1012 photons /s in a spot size of �1 mm2 on the sample.
The incident photon flux was monitored with a Si pin diode
placed in the beam upstream from the sample. The samples,
which were foils of Y, Zr, Mo, Pd, and Sn �see Table I�, were
mounted in a lead-shielded vacuum chamber. The scattering
angle was kept at 90°. Because of the 98% horizontal polar-
ization of the beam, this reduced elastic, inelastic, and
Compton scattering from the sample, thus minimizing the
background. The angles of the incident and emitted radia-
tions with respect to the sample’s surface were typically 80°
and 10°, respectively, in order to reduce the contribution of
the source size to the spectrometer’s resolution function.

The emission spectra were measured using a Johann-type
scanning-crystal spectrometer in a Rowland circle geometry,
described in detail in Ref. �21�. The analyzer crystal was a
triangular Si�111� wafer �a Ge�220� in the case of Y�, bent

cylindrically with a variable bending radius �22�. The bend-
ing radii used in measuring the spectra are summarized in
Table I.

The detector employed was a liquid-nitrogen cooled in-
trinsic Ge detector, the relatively high energy-resolution of
which helped to further minimize the background. Since this
setup allowed us to measure the K�1,2 and K�1,3 diagram
lines along with the HS lines in a single scan, the energy
scale could be calibrated to an accuracy well below 1 eV.
This also allowed a direct and accurate measurement of the
intensities of the HS spectra relative to those of the corre-
sponding diagram spectra.

B. Line shape

A detrimental characteristic of the present setup is the
skewed line shapes of the resolution function of the spec-
trometer resulting from the asymmetric reflectivity curve of
the bent crystal. A typical example is shown in Fig. 1�a� for
the K�1 line of Sn. The measured shape of the line �points� is
very well approximated by the line shape calculated by a
convolution of the resolution function, computed from the
analyzer characteristics and spectrometer dimensions as de-
tailed in Refs. �21,22�, with the intrinsic Lorentzian emission
line shape of a lifetime width of 11.2 eV �23�. The same
procedure �with an intrinsic width of 5.7 eV� yields a good
fit to the measured line shape of Zr in Fig. 1�b� only if the
calculated resolution function is convoluted with a 4 eV wide
Gaussian. This additional broadening could come from an
imperfect bending �e.g., anticlastic bending or bending
strains in the analyzer�, a 10° –15° misalignment in the
nominal 82° incidence angle on the sample, or both.

Figure 1�a� presents the worst case, i.e., the largest asym-
metry, in our measurements. Note that the resolution full
width at half height is �47 eV, which is about fourfold the
intrinsic Sn K�1 full width of 11.2 eV. Hence, the measured
Sn K�1 line shape is dominated by the skewed resolution
function. However, as discussed in I, the intrinsic width of a
Kh�1 HS line is about threefold that of the diagram line �24�.
This renders the resolution function only about 30–50%
broader than the intrinsic Sn Kh�1 HS line. Thus, the domi-
nation of the resolution function is greatly reduced for the
HS lines, and their shapes are considerably more symmetric
than those of the diagram lines. In addition, the lower line

TABLE I. Experimental setup data for each of the samples. d, Anl, and � are, respectively, the sample’s
thickness, the analyzer, and its radius of curvature. The energies of the excitation threshold, �1s�−2, and of the
hypersatellite Kh�2 emission line are also listed. They were calculated using the Z+1 approximation �10�,
with energies taken from Bearden �37�.

Sample
d

��m� Anl �hkl�
�

�m�
Kh�2

�keV�
�1s�−2

�keV�

Y 250 Ge�220� 3.51 15.278 34.623

Zr 25 Si�111� 6.72 16.096 36.556

Mo 50 Si�111� 7.07 17.802 40.595

Pd 25 Si�111� 8.61 21.490 49.364

Sn 250 Si�111� 9.83 25.555 59.136
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energies, and consequently higher Bragg angles, of Y, Zr,
Mo, and Pd, render the corresponding resolution functions
more symmetric. This is observed in Fig. 1�b� for Zr, where
the line shape is more symmetric. As can be observed in the
figure, the intrinsic Kh�1 HS linewidth, 13 eV, is roughly
equal in this case to that of the resolution function, introduc-
ing a negligible distortion to the HS line shapes, shown in
Fig. 4.

C. Data analysis

1. Data correction

The measured spectra were corrected for absorption of the
incident and emitted radiations within the sample and in the
air path within the spectrometer, as well as for the dead time
of the counting electronics as described in I and Refs.
�22,25,26�. In addition, the spectra were corrected for the
energy dependence of the integrated reflectivity of the ana-
lyzer, as calculated by the REFLECT code �21,22�.

2. Phenomenological Þt

Fits of spectra by analytic functions are common practice
in spectroscopy. These are useful for calculating various
physical quantities, which can be compared with results de-
rived in previous measurements or calculations. For the in-
tense high-statistics diagram lines, we used the Pearson VII
function, PVII �27�:

PVII�E� = A�1 + ��E − E0�/��2/M�−M , �1�

where A, E0, �, and M are, respectively, the amplitude, peak
position, width, and a parameter controlling the decay of the

tails, where M =1 yields a Lorentzian, and M =	 yields a
Gaussian. For skewed lines the split version of Eq. �1� was
used, with different widths and decay rates above and below
the peak E0: �− ,M− for E
E0 and �+ ,M+ for E�E0. Better
fits were obtained using these functions than the Voigt func-
tions used in I, as shown in Figs. 2 and 3. However, note that
both figures demonstrate that the quality of the two fits be-
comes progressively closer as Z decreases due to the increas-
ing symmetry of the measured spectral lines.

For the HS lines, where the counting statistics was con-
siderably lower and the measured lines are more symmetric
than the diagram lines, fits by PVII and the simpler Voigt
functions used in I yielded fits of equal quality. Thus, Voigt
functions were used to fit the HS lines. The background un-
derlying the HS lines, dominated by the tails of the diagram
lines, was represented by the tails of two Lorentzians, cen-
tered on the diagram positions, and a linear term.

D. Fit to ab initio calculations

Relativistic multiconfigurational Dirac-Fock �RMCDF�
transition arrays were calculated ab initio in the average
level �AL� optimization mode for all spectra as described in
I. For the diagram lines, these are shown as stick diagrams in
Figs. 2 and 3. Note that, due to the high Z and consequent
high energies, as compared to those of the 3d transition met-

FIG. 1. �a� The measured �points� and calculated �solid line�
Sn K�1 line. Note the skewed shape due to the asymmetric reso-
lution function �dashed line�. The theoretical intrinsic Lorentzian
line shapes of the diagram K�1 and hypersatellite Kh�1 lines are
also shown. �b� Same for Zr. Note the more symmetric line shape
and smaller broadening due to the lower Z as discussed in the text.

FIG. 2. Measured �circles� K�1,2 diagram lines, fitted phenom-
enologically with a single split Pearson VII �solid line� and Voigt
�dashed line� functions per emission line. Ab initio RMCDF-
calculated transition arrays normalized to the measured peaks are
also shown.
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als, the calculated sticks in Figs. 2 and 3 bunch strongly
together into two narrow groups centered at the peaks of the
two emission lines of the spectra. For example, the calcu-
lated fully split Mo K�1,2 spectrum consists of more than
28 000 sticks; yet all sticks of the K�1 line, about half this
number, bunch within an interval of 2 eV. Thus, a fit employ-
ing such an array is very similar to a fit based on a single
stick for each line, i.e., the phenomenological fit discussed in
the previous section. Two well-separated bunches of the cal-
culated doublet occur for the HS spectra as well, as shown in
Fig. 4. This, in turn, allows a better ab initio calculation of
the relative line intensities within each spectrum for both the
diagram and the HS spectra than those of the 3d elements
where the overlap between calculated sticks belonging to the
two lines of each doublet is larger.

The measured HS spectra, shown in symbols in Fig. 4�a�
for each element, were fitted by the RMCDF-calculated
spectra, shown in Fig. 4�c�, using a single Voigt function
�VF� to represent each stick, as detailed above and in I. All
VFs employ the same �fitted� width while the amplitude of
each are set equal to the height of the corresponding stick. A
single overall intensity parameter and a single experiment-
theory shift are also refined in the fits. The fits, shown as
solid lines in Fig. 4�a�, are good, as indicated by the fact that
the residuals in Fig. 4�b� are mostly within the �2 lines of
the measured points � is the standard deviation due to
counting statistics in each point of the measured spectra�.
The experiment-theory shift obtained range from −0.3 eV
for Pd to 4.7 eV for Y. Finally, the measurements of the Sn

HS spectra are more challenging than those of the other 4d
elements measured here. First, the saturated cross section is
intrinsically lower due to the Z−4 dependence mentioned
above. The relative proximity of the threshold �59 keV� and
incident �90 keV� energies further reduced the cross section
due to the long saturation range of the HS’s intensity, as
discussed in I. The high HS energy, �25 keV, render the
Bragg angle, and the crystal’s reflectivity, smaller than those
of the other elements measured here. Thus the overall signal/
background ratio for the Sn HS spectra was too unfavorable
to allow measuring a useful HS spectrum within the limited
time available at the synchrotron.

III. RESULTS AND DISCUSSION

A. Diagram lines

The K�1,2 and K�1,3 diagram lines of all elements were
fitted by a single split PVII function for each line as discussed
above. The resultant integrated intensity ratios K�2 /K�1 and
K�1,3 /K�1,2 are listed in Table II, along with those obtained
in several previous studies, experimental and theoretical. The
calculated K�2 /K�1 intensity ratio of all elements agree to
within �1.7%. The experimental results are spread over a
significantly wider range. Nevertheless, all our measured val-
ues agree with the calculations within their experimental er-
rors. Salem et al.’s �28� comprehensive evaluation of the
then-available data �partially based on McCrary et al. �29�,
and Salem and Wimmer �30�� is also in good agreement with
our results. The results of Herren and Dousse �31� for Mo
and Pd are lower, and more accurate, than ours but still agree
with our results within the combined experimental uncer-
tainty.

For all but Sn, our measured K�1,3 /K�1,2 intensity ratios
are higher than previous measurements but still within the
combined error bars. For Sn, our value is lower than previ-
ous measurements although still within 1–2. Several other
measurements of the K� /K� intensity ratio �11,32–36� could
not be compared with ours since they also include other
spectral components, e.g., the K�2,5 lines.

B. Hypersatellites

The phenomenological fits of the HS spectra by a single
VF per line, as discussed above, are shown in Fig. 5. Within
the admittedly larger error bars �as compared to those of the
3d transition-metal HS spectra shown in I� the fits are good.
This is demonstrated by the fact that the residuals in panel
�b� of each figure are almost all within the �2 limits. The
VFs were used to derive the shifts �1=E�Kh�1�−E�K�1� and
�2=E�Kh�2�−E�K�2�, the splitting �=E�Kh�1�−E�Kh�2�,
and the intensity ratio R= I�Kh�1� / I�Kh�2� listed in Table III,
along with the same quantities obtained in earlier experimen-
tal and theoretical studies.

The present experimental and RMCDF-calculated shifts
�1 and �2 mostly agree with each other. The exceptions are
those of Mo, where both are upshifted by �3 eV, and the �1
of Pd, where a larger shift of �5.5 eV is obtained. All the-
oretical studies agree with each other to within �1 eV or

FIG. 3. Same as Fig. 2 but for the K�1,3 spectra. The K�1,3

spectrum of Mo was not measured.

DIAMANT et al. PHYSICAL REVIEW A 79, 062512 �2009�

062512-4



better for all shifts except those of Åberg and Suvanen�6�.
The values of� 1 of Natarajan�47� are lower than all other
theoretical values, and underestimate the experimental values
of both Mo and Pd by 5.2 and 7.6 eV, respectively. The fact
that they neglect QED corrections and the Breit interaction in
the mixing calculations is re�ected in an upshift of a few eV
for � 1 and a downshift of a few eV for� 2 relative to all other
theoretical calculations and most experimental results.

The very few available experimental results listed in
Table III , almost all ion excited, show a considerably larger
scatter than the theoretical ones. The ion-excited measure-

ments of Boschunget al. �11�, Rzadkiewiczet al. �12�, and
Rymuzaet al. �13� are very close to the theoretical values.
The electron-excited measurements of Salemet al. �15,16�,
available only for Mo and Zr, agree with ours and the ion-
excited values albeit with a very large error bar of 8–9 eV.
Their � 2 value for Zr shows an exceptional 16 eV deviation
from all theoretical and experimental values but even this is
less than two standard deviations. For Y, our shift values are
the only experimental results available. They agree very well
with our RMCDF and Chenet al.’s �4� Dirac-Hartree-Slater
calculations. With this meager set of data, it is dif�cult to
















