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The concept of standard fluorescence spectroscopy
is well known. A particle (usually a photon or an elec-
tron) is used as a projectile impinging on an atom, which
absorbs the energy of the particle. In this process an
electron from an occupied shell gets excited to a higher
electronic state, for example into the continuum. When
the newborn hole is filled by an electron from another
shell, a fluorescence photon is emitted. If the incident
particle has enough energy, it can induce a multielec-
tronic excitation. If this happens so that the atom is left
with a completely empty K shell, while the outer shells
remain intact, we have a so-called hollow atom. When
one of the K holes is filled in the presence of the sec-
ond K hole, the emitted fluorescence lines are called
hypersatellite (HS) lines [1,2]. These lines constitute
the "diagram” spectrum of the hollow atom, exactly in
the same way as the emission lines resulting from the
filling of a single K hole in the presence of the second
K electron constitute the "diagram” spectrum of a con-
ventional atom.

The creation of a hollow atom and the consecutive
emission of the HS photon are schematically presented
in Figure 1. In the top panel a photon with energy greater
than twice the K electron binding energy is absorbed
by the atom. The atom has K, L and M electrons col-
ored in red, yellow and blue, respectively. When the
photon ionizes directly one K electron, there is a finite,
though small, probability of the second K electron be-
ing carried away as well due to intra-shell correlation.
The consequent hollow atom excited state in the middle
panel relaxes then through a one-electron transition, in
this example, from the L shell. In this case a K'a HS
photon is emitted. When the filling electron comes from
the M shell, a K"3 HS photon is emitted.

Well-resolved studies of the photoexcited
hypersatellite lines have been extremely rare due to
the low cross-section for their creation process. For
medium-Z elements, the intensity of the HS lines is
~10* of that of the conventional “diagram” Ka, lines
[3]. Nevertheless, studies of the formation mechanism
and electronic structure of hollow atoms are very im-
portant, since they relate closely to such concepts of
basic atomic physics as correlation, relativity, Breit in-
teraction, and quantum electrodynamical (QED) effects.
Firstly, the process in which one photon excites two
electrons is only possible if the two electrons interact,

i.e. it cannot be described in an independent-electron
picture. The process is a direct consequence of, and
hence allows studying intra-shell correlation. Relativis-
tic effects also play a crucial role here. For medium-Z
and heavier atoms, the K shell is significantly relativis-
tic and thus such effects on atomic correlation can be
studied using the HS spectra.

One of the least studied atomic interactions is the
Breit interaction, which in a certain approximation, in-
volves such effects as the spin-spin, spin-orbit and spin-
other-orbit-interactions. Almost all atomic transitions are
dominated by the Coulomb interaction, and the contri-
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Figure 1. The formation mechanism of a hollow atom and
the creation of a hypersatellite (HS) fluorescence photon. For
clarity, the electrons in different shells are color-labeled; K
electrons are red, L electrons are yellow and M electrons are
blue. In this figure the formation of a K'a fluorescence pho-
ton is depicted. In this case, an electron from the L shell fills
the core hole. The corresponding K"B line is created when
an electron from the M shell fills the core hole.
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bution of the Breit interaction amounts in these transi-
tion probabilities to less than 1%. However, for the HS
transitions the contribution of the Breit interaction is
calculated to reach as high as 20% in heavy atoms [4].
Thus, the HS spectra allow also the study of these in-
teractions.

One of the most outstanding features of the KhorL2
HS spectra is the weak K"a, line. This line originates in
the 'S, - °P, spin-flip transition, which is dipole-forbid-
den in the pure LS coupling scheme and fully allowed
only in the jj coupling. The intensity ratio R=I(K"a,)/
I(K"a,) depends, therefore, strongly on the intermediacy
of the coupling. This makes the HS spectrum the most
sensitive - and practically the only - method for quanti-
tatively studying the coupling variation with Z from the
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Figure 2. (a) The K"a, , fluorescence hypersatellite lines of
Cu. As is the case in regular fluorescence lines, the K“azline
is the one with lower energy. However, the intensity ratio is
now reversed, the K"a, line being lower in intensity than the
K"a, line. The solid lines represent the theoretical prediction
by the program GRASP for the lines, the red line with and the
blue line without QED corrections included. (b) The differ-
ence between the theoretical (red line, including QED) calcu-
lation and the experimental data points. All residuals lie be-
tween the +20 confidence limit, indicating a good fit. (c,d)
The stick diagrams for the calculated lines and their relative
strength. While not including the QED gives wrong energies
for the HS lines, the blue line in (a) is shifted so that the K"a,
line falls to the correct energy. As can be seen, even then the
splitting of the two lines is comes out incorrect, proving the
importance of the QED effects here.
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LS coupling scheme at low Z, where the ratio R=0 to
the jj coupling limit at high Z where R=2, the canonical
value observed in the corresponding diagram lines.
We have measured the KhaL2 spectra of transition
metals ranging from V to Zn. The experiments were
done at the NSLS wiggler beamline X25 using
monochromatized synchrotron radiation with incident
energies of 10-25 keV. The radiation was focused by a
toroidal mirror and monochromatized by a two-bounce
Si(111) monochromator. The resulting energy bandwidth
was ~6 eV, and the photon flux ~102 photons/sec in a
spot size of ~0.5 mm?2. The sample-emitted radiation
was measured using a Johann-type scanning spectro-
meter on a Rowland circle of ~1 m radius. The Bragg
angles were kept as high as possible (6F70°) to obtain

I
h
45 K % 5

hypersatellites

NORMALIZED INTENSITY
e
o

—
(4]

1
1
I
1
|
-10 0 10 20 30 40

=30 -20

Figure 3. The HS spectra of transition metal elements rang-
ing from V (Z=23) to Zn (Z=30). All spectra have been shifted
on the energy scale by the energy of the K"a, line.

high energy resolution of about 1-4 eV. All analyzer crys-
tals were spherically bent Si or Ge wafers. An angle of
90° was employed between the incident and emitted x-
ray beams at the sample to minimize elastic and
Compton background scattering. The analyzer-focused
photons were recorded by an ultrapure Ge detector.
The experimental results were compared with ab-initio
calculations done using the relativistic multi-configura-
tional Dirac-Fock (RMCDF) package GRASP, with
some supplementary code written in house [2,5].



An example of HS lines of Cu is presented in Fig-
ure 2. In (a) the experimental spectrum is shown with a
fit to our RMCDF calculations, shown in (c). The low fit
residuals, shown in (b), almost all within +20 where o
is the standard deviation in the points, indicate a very
good fit. The inverted R discussed above immediately
stands out: instead of the Ka , diagram lines’ standard
intensity ratio of R=2, we obtain here R=0.3 for HS,
due to the spin-flip forbidden K"a, line. The incorrect
doublet splitting obtained when QED corrections are
neglected (a,d) demonstrates the exceptionally large
Breit contribution in HS. As the coupling scheme evolves
from LS coupling at low-Z toward jj coupling at higher
Z, the intensity of the K"a, line, and hence R, also grow.
This is seen clearly in Figure 3, where we plot the K'“orL2
HS spectra we measured for the 3d transition metals,
shifted to a common energy origin. The evolution of
the (a) intensity of the K"a, peak and the (b) K"a, -K"a,
spin doublet splitting with Z is very clear. The variation
with Z of the shift, A, of the HS from the diagram lines,
the HS doublet splitting, §, and R are plotted in Figure
4, along with two theoretical calculations by Aberg and
Suvanen [6] and by Chen et al. [7], and previous mea-
surements [8]. While the shifts are reproduced well by
both theories, the splittings are overestimated by the
former, where correlations are neglected. For R, the
best theoretical values [7] systematically overestimate
the experimentally observed ratio. This suggests that
the intermediacy of the coupling is not properly ac-
counted for. Non-relativistic calculations, or those ex-
cluding the Breit interaction, yield even larger, 20%-
30% overestimations.

An extremely important feature of the
photoexcitation method is the ability to tune the energy
of the exciting photons. This allows one to study the
evolution of the excited emission spectrum from the
energy threshold for creating the initial state (adiabatic
regime), to the high excitation energy limit (isothermal
regime), where the intensity and shape of the emission
spectrum saturate. The electronic excitation and de-
excitation processes of an atom high above the excita-
tion threshold, in the isothermal regime, are separate
and consecutive. They have been successfully studied
and accounted for within the standard independent-
electron/frozen core/sudden approximations. Near
threshold, however, the time required for the ejected
electrons to leave the atom is comparable to the life-
time of the excited state. Thus, the excitation and the
de-excitation processes occur on comparable time
scales, merging into a single complex process. Stud-
ies of the adiabatic regime for any emission line has
been very scarce since they require tunable x-ray
sources of a high intensity, which became available only
recently with the advent of insertion device beamlines
at synchrotrons. All measurements carried out to date

for diagram [9], satellite [10] and hypersatellite [1,2]
spectra have shown that the shape of the emission
spectra saturates very fast (less than 50 eV from the
threshold) but that the intensity may require a surpris-
ingly long energy range to saturate. An example of the
evolution of the V K"a lines’ intensity (normalized to
that of the V Ka diagram spectrum) with incident pho-
ton energy is shown in Figure 5.

The experimental data is compared to the Thomas
model [11], which employs time-dependent perturba-
tion theory to describe the excitation (shake) process
near threshold. Two different fits to the model are plot-
ted. The best overall fit (solid blue line) results in a clearly
erroneous value for the energy threshold. Fixing the
threshold energy at the measured value (dashed red
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Figure 4. (a) The shift of the HS lines from the diagram lines
4, (b) the mutual energy difference (splitting) of the HS lines
o, and (c) the intensity ratio R=I(K"a,)/I(K"a,), as a function of
the atomic number Z. The circles refer to the present experi-
mental results, squares to results by Salem et al. [8], and
dashed and solid lines to theoretical results by Aberg et al.
[6] and Chen et al. [7], respectively.

line) gives, in turn, a poor overall behavior. This sug-
gests that the Thomas model, found successful for
outer-shell shake processes, requires modification
when the correlation-excited electron comes from an
inner shell.
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Figure 5. The relative intensity evolution of the V K"a lines.
Circles represent the experimental data, while two different
fits to the Thomas model [11] are represented by solid blue
and dashed red lines (see text).

It has been shown [12] that there is a different
threshold behavior for electron shake-off and shake-
up processes. The cross section for shake-up jumps
discontinuously at threshold to a significant fraction of
its high-energy value. By contrast, for shake-off pro-
cesses, the intensity of the resultant emission lines rises
smoothly from zero at threshold. Thus the continuous
rise from zero at threshold observed for the HS line
intensity in the inset to Figure 5 implies an exclusive
shake-off character for the second K hole, as indeed
predicted by shake theory [12].

As can be seen, the onset of the excitation (i.e. the
threshold energy) is roughly 11.2 keV, while the line
intensity saturates only close to ~18 keV. The anoma-
lously long saturation range, ~7 keV or ~60% of the
threshold energy, is by far the largest observed for any
line to date. The lines’ intensity behavior is also similar
for all other elements we have measured. The expla-
nation must be sought in the adiabatic (slow) nature of
the excitation and de-excitation processes. Theoreti-
cal calculations for these processes in the adiabatic
regime, not available at present, are sought for to shed
light on the trends observed in these experiments.
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