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The intensity evolution of the CuKb1,3 andKb2,5 emission spectra is measured as a function of excitation
energy using resonant inelastic x-ray scattering spectroscopy. The contribution of 1s3dI shake satellites to the
Cu Kb1,3 as well as to the CuKb2,5 emission spectrum is extracted. Both emission spectra indicate an
additional contribution of 1s3pI shake satellites. The intensity evolution of the shake satellites from threshold to
saturation is compared to the Thomas model and shows a similar saturation behavior as found for the CuKa1,2

1s3dI shake satellites, stating that the shake process is independent of the reemission shell. These 1s3dI shake
satellites rapidly reach their saturation limit in contrast to Cu 1s2pI and 1s1sI shake satellites. Furthermore, the
contribution of theKMN and theKNN radiative Auger satellites to the CuKb1,3 and CuKb2,5 emission spectra
is obtained, respectively. TheKNN radiative Auger satellite is shown to play an important role in the interpre-
tation of valence fluorescence spectra.
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I. INTRODUCTION

Multielectron excitations during inner-shell vacancy cre-
ation due to atomic inner-shell electron correlations have
been extensively studied in the so-called isothermal regime
high above the double-excitation thresholds[1] and recently
also in the adiabatic regime close to the excitation threshold
[2]. In the isothermal regime the excitation processes can be
treated to be independent. This is not valid in the adiabatic
limit where the inner-shell vacancy creation along with the
excitation of a second electron has to be treated as a single
process. The ejection of a second electron during ionization
and inner-shell excitation can occur to unoccupied bound
states(shake-up) as well as to continuum states(shake-off)
[3,4] and causes discontinuities in x-ray absorption[5–10]
and additional structures in photoemission and inverse pho-
toemission spectra[2,11–13].

With the advent of third-generation synchrotron sources
the measurement of x-ray fluorescence emission spectra be-
came more prominent as an alternative method to study mul-
tielectron excitations[14,15]. It has been successfully ap-
plied to a wide range of materials—e.g., Cu[16–19], Ge
[20], W [21], Ar [22], and most recently to NaF[23]. In this
spectroscopy the multielectron processes described above ex-
hibit a strong change of fluorescence line shape due to so-
called satellite or spectator-hole lines. Beyond this, the shape
of the fluorescence lines can be strongly affected also by the
resonant Raman effect[24,25] and radiative Auger satellites
(RAS’s) [26–29].

Cu is indisputably the best studied material with respect
to multielectron effects utilizing x-ray fluorescence spectros-
copy. Deutschet al. [15] measured the CuKa1,2 and Cu
Kb1,3 x-ray emission spectra in the isothermal regime. They
compared the spectra with fits to realtivistic Dirac-Fock cal-
culations of the possible transitions and found a 26–30%
contribution of 1s3dI spectator transitions to the total emis-
sion spectrum while the contributions from 1s3sI and 1s3pI
transitions were negligible.

The intensity evolution from the adiabatic to the isother-
mal regime was measured first for the Cu 1s2pI satellite spec-

trum of the CuKa1,2 emission[16,17] followed by a study of
the Cu 1s1sI hypersatellites[18]. These satellite spectra when
related to deep-core electron shake excitation show clear
shake-off behavior with respect to their intensity evolution.
For both satellites the fit to the Thomas model[30], which
describes the intensity evolution of the double-excitation
processes within time-dependent perturbation theory, yields
only poor agreement in the vicinity of the excitation thresh-
old, especially in the case of the 1s1sI double-excitation spec-
tra. Furthermore, this satellite shows a quite large energy
range to reach its saturation intensity. In the case of the 1s2pI
emission a significantly smaller saturation range has been
found, indicating a clear dependence of the intensity evolu-
tion on the shake shell.

Most recently, Galambosiet al. [19] continued the work
of Deutschet al. [15] by a study of the intensity evolution of
the Cu 1s3dI satellites accompanying the CuKa1,2 fluores-
cence from threshold to the saturation limit. They found a
very short saturation range and were able to separate
shake-up and shake-off thresholds taking into account the
resonant Raman effect. They obtain a strong shake-up con-
tribution Ru of 49% of the total shake probability at the satu-
ration limit for these outer-shell electrons, which is in con-
trast to the results of the Ge 1s3pI and 1s3dI satellite intensity
evolutions measured by Sternemannet al. [20] showing
dominating shake-off behavior. In contrast to the results for
the 1s2pI and 1s1sI satellite spectra, the intensity evolution of
the 1s3dI Cu Ka1,2 satellites could be well reproduced utiliz-
ing the Thomas model, thus validating the trend of increase
in the saturation range with decreasing shell number of the
shake electron. Until now, to our knowledge there exists no
study of the dependence of the saturation range on the prin-
cipal quantum number of the reemission electron filling the
1sI core hole.

Within this work we present measurements of the Cu
Kb1,3 and CuKb2,5 x-ray emission spectra as a function of
excitation energy in order to estimate the saturation behavior
of the 1s3dI satellite contribution when different reemission
processes are considered—namely, filling of the 1sI core hole
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by a 3p or 4p electron, respectively. The x-ray emission lines
are fitted considering the diagram and satellite lines and the
radiative Auger satellites as well as the resonant Raman ef-
fect. Within Sec. II the different contributions influencing the
line shape of the x-ray emission spectra are disussed on a
theoretical basis followed by a short description of the ex-
periment in Sec. III. The experimental results are discussed
in Sec. IV, whereas in Sec. V a short conclusion is given.

II. CALCULATION

If excited high above the absorption threshold, fluores-
cence lines can nicely be reproduced by assigning Lorentz-
ians to each diagram and satellite line[15]. Then the width of
each Lorentzian has to account for the natural width of the
underlying multiplet as well as for the energetic broadening
due to the finite lifetime of the intermediate and final states.
This treatment is no longer valid if the excitation energy is in
the vicinity of an absorption edge. The interplay of the core
Lorentzian with the unoccupied density of states(u-DOS)
causes a suppression of the high-energy tails of the fluores-
cence lines—i.e., the so-called resonant Raman effect
[24,25]. The fluorescence spectrumI fluo can be described via

I fluos"v2d ~E dEiI
usEidLsEi − Ecore− "v1d

3E dEfI
osEfddsEi − Ef − "v1 + "v2d, s1d

whereIusEid and IosEfd symbolize the unoccupied and occu-
pied densities of states(o-DOS), respectively, each multi-
plied by the corresponding transition matrix element to the
core stateEcore. ThedsEi −Ef −"v1+"v2d ensures the energy
conservation of the total process, while LsEi −Ecore−"v1d
denotes the core Lorentzian

Lsed =
1

e2 + sG/2d2 , s2d

characterized by the inverse lifetime of the core holeG and
accounting for the energy conservation during absorption.
The consequences of Eq.(1) are illustrated in Fig. 1. A con-

stant u-DOS(dotted line,EF denotes the Fermi energy) and
an o-DOS consisting of one single state atEf are assumed in
panels(a), (b), and(c). If the width of the core Lorentzian is
equal to zero, only one unoccupied state withEi =Ecore
+"v1 is accessible to the excited electron and the emission
spectrum consists of one sharp line with"v2="v1−sEi

−Efd [panel (a)]. If the core Lorentzian has a finite width,
many unoccupied statesEi are accessible, each with a prob-
ability equal to the corresponding value of the Lorentzian
Lsed [panel (b)]. Thus, the single stateEf gives rise to a
fluorescence spectrum with Lorentzian or at least truncated
Lorentzian shape. IfEcore+"v1 is close to or even belowEF
[panel (c)], only part of the Lorentzian is covering the
u-DOS, leading to the strongly asymmetric line shape typical
for the resonant Raman effect. Moreover, the fine structure of
the u-DOS has to be accounted for. For this purpose a more
compact form of Eq.(1) can be obtained ifEcore is defined to
be zero and the intergal overEf is performed. Finally the
absorption intensityIabssed is defined to be the product of the
core Lorentzian with the u-DOS ending up with

I fluos"v2d =E deIabssedIos"v2 − ed. s3d

Thus the multiplet of occupied states has to be convoluted
with the absorption intensity[see panel(d); the dashed line
shows the truncated core Lorentzian, the dotted line the
u-DOS, and the solid line the core Lorentzian after convolu-
tion]. This treatment is especially important in the case of the
K edge of Cu where the u-DOS reaches its maximum only
13 eV above the absorption edge and thus deviations from a
pure Lorentzian shape have to be expected even if"v1 ex-
ceeds the absorption edge by more than the energy widthG.

Another contribution to the line shape of fluorescence
lines is the radiative Auger satellites(RAS’s). These occur if
the electron system is shaken, by the electron which fills the
inner-shell vacancy. Thus RAS’s show no threshold behavior
unlike the shake-up and shake-off excitations, where the
electron system is shaken by the electron which is excited. In
a radiative Auger process the energy set free during the re-
laxation of an electron into the inner-shell vacancy is only
partly transferred to the Auger electron, while the rest of the

FIG. 1. Schematic visualization of the reso-
nant Raman effect. Panels(a), (b), (c), and(d) are
discussed in detail within the text.
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energy is emitted as a photon. From another point of view a
fluorescence photon suffers an energy loss due to the simul-
taneous excitation of another electron into the unoccupied
states. Therefore the resulting satellite feature is always situ-
ated on the low-energy side of the corresponding diagram
line. The fraction of energy emitted as a photon can vary
between zero and the Auger energy of the nonradiative pro-
cess, giving rise to a broad feature extending over hundreds
of electron volts with a slow decrease on the low-energy tail
and with a steep drop towards the diagram line. The shape of
these satellites can be described by

IRASsEd = IedsE−E0df1/sesE−E0d/w + 1dg, s4d

where the exponential characterized by the decay factord
accounts for the low-energy tail and the Fermi function cre-
ates the drop of the high-energy side.E0 characterizes the
onset energy andw the width of the drop.

Usually the integrated intensity of a RAS is only a few
percent of its mother line[27] but in the case of valence
fluorescence spectra of some late 3d elements(e.g., Co, Ni,
Cu, Zn) it is a prominent feature, and a RAS is visible also in
theKb1,3 spectrum of Cu[31]. For these satellites the Auger
electron is originating from the valence band where only a
few eV are needed to excite the electron into the unoccupied
states. Thus the RAS is overlapping the low-energy tail of
the diagram line. The nomenclature for the radiative Auger
satellites is identical to the nomenclature for the Auger lines.
The first letter labels the principal quantum number of the
inner-shell vacancies, the second labels the shell from which
vacancy is refilled, and the third denotes the shell from
where the Auger electron is excited. The radiative Auger
satellites that are of interest in this work are theKMN and
KNN satellites to the CuKb1,3 andKb2,5 fluorescence lines,
respectively.

III. EXPERIMENT

The measurements of the CuKb1,3 x-ray emission spectra
were carried out at the bending magnet beamline G3 of HA-
SYLAB (Hamburger Synchrotronstrahlungslabor, Hamburg,
Germany). The incident radiation was monochromatized by a
Ge 311 double-crystal monochromator and the fluorescence
radiation was analyzed by means of a Rowland-type single-
crystal spectrometer[31,32] with a Si 553 analyzer crystal
on a Rowland circle of 1 m diameter in horizontal scattering
geometry. The spectrometer is equipped with a position-
sensitive gas proportional counter(PSD) having a spatial
resolution of about 100mm. A single fluorescence spectrum
is obtained by combination of several PSD spectra taken at
different positionings of the spectrometer. Thus the energy
resolution of the spectrometer is not limited by the horizontal
illumination of the sample by the incident photon beam. The
scattering angle has been set to 90° to reduce Thomson scat-
tering. Spectra of the fluorescence line of a polycrystalline
Cu sample have been taken at several incident photon ener-
gies ranging from the Cu 1s binding energy of 8979 eV up to
9130 eV with an overall energy resolution of about 1 eV.
The intensity of the incident radiation has been monitored
using a NaI detector and an ionization chamber to guarantee

proper normalization of the fluorescence spectra.
The measurements of the CuKb2,5 valence fluorescence

lines have been carried out at the beamline SAW2(BL 9) of
DELTA (Dortmund Electron Accelerator, Dortmund, Ger-
many) [33]. The radiation supplied by the superconducting
asymmetric wiggler was monochromatized using a Si 311
double-crystal monochromator and focused horizontally by
means of a sagittally bend second monochromator crystal.
The fluorescence radiation has been analyzed in horizontal
scattering geometry at 90° scattering angle using the same
Rowland spectrometer setup as discussed above. X-ray va-
lence emission spectra have been measured for incident en-
ergies of 8995, 9005, 9020, 9050, and 9100 eV with an over-
all energy resolution of 2.2 eV. An ionization chamber and a
NaI detector have been used for monitoring the incoming
radiation. The experimental setup is described in more detail
elsewhere[31].

IV. RESULTS AND DISCUSSION

The measured CuKb1,3 and Cu Kb2,5 x-ray emission
spectra are shown for two excitation energies, one close to
and the other far from the 1s binding energy, as dots with the
corresponding error bar indicating the standard uncertainty in
Figs. 2 and 3, respectively. The change in shape of both

FIG. 2. X-ray emission spectra of the CuKb1,3 fluorescence line
for two different excitation energies"v1=8985 eV and 9130 eV.
The experimental data are shown as dots with error bars and are
compared with the total fit function(thin solid line). The single
contributions to the total excitation spectrum are presented in
addition—namely, the diagram lines(dashed lines), the 1s3dI shake
satellites(thick solid line), and theKMN radiative Auger satellite
(dotted line). The arrow indicates the contribution from 1s3pI
double ionization.
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emission spectra is apparent and can be traced back to the
appearance of the 1s3dI shake processes which will be dis-
cussed as follows.

The CuKb1,3 emission spectrum consists of the two dia-
gram lines(dashed lines in Fig. 2) and the 1s3dI double ex-
citation satellite spectrum(thick solid line) with its well-
pronounced three-peak structure as discussed earlier by
Deutschet al. [15] with respect to their Dirac-Fock calcula-
tions. In addition a contribution from theKMN radiative Au-
ger satellite(dotted line) is responsible for the low-energy
tail of the fluorescence spectrum[31]. To separate and to
quantify the different contributions to the emission spectrum,
the experimental data are fitted assuming Lorentzians with
identical widths and a height ratio ofIKb3

/ IKb1
=0.51 for the

diagram lines[15]. The satellite spectrum is modeled by
three Lorentzians having fixed energy positions, widths, and
relative intensities so that only the intensity of the total three-
peak structure was varied during the fit procedure. Before-
hand, the positions of the left and right peaks of this structure
have been optimized by separate fits while the position of the
center peaks8904 eVd has been taken from Ref.[15]. To
account for the resonant Raman effect a measured CuK ab-
sorption spectrum is deconvoluted from the core Lorentzian
with G=1.55 eV. For each"v1 this spectrum is multiplied

by the corresponding core Lorentzian again, yielding the ab-
sorption intensityIabssed. Then the five Lorentzians describ-
ing the diagram and satellite lines are convoluted with
Iabssed. However, this procedure yields good agreement be-
tween the fit function and the experimental data only for
fluorescence energies"v2.8890 eV. The residual intensity
at "v2,8890 eV is apparently due to theKMN radiative
Auger satellite. Its line shape is modeled according to Eq.(4)
where the onset energyE0=8900.8 eV is given by the differ-
ence between theKb1,3 fluorescence energy and the 3d bind-
ing energy in Cu,w=2.6 eV is the half width at half maxi-
mum of the CuKb1,3 line, and the decay parameterd is fitted
to be 0.023. Moreover, in the fluorescence spectrum excited
at 9130 eV a residuum at 8912 eV(marked by the arrow) is
visible but not considered within the fit procedure. This fea-
ture may be attributed to a 1s3pI shake satellite when com-
pared to the relativistic Dirac-Fock calculations of Deutschet
al. [15].

The CuKb2,5 valence emission spectrum consists of one
diagram line. Its high-energy tail shows a contribution origi-
nating from a 1s3dI double-ionization process. This diagram
line and its 1s3dI satellite are modeled using pure Gaussians.
A more sophisticated treatment is not appropriate due to the
low signal-to-noise ratio of the available data set and due to
the lack of adequate calculations. Furthermore, a strong con-
tribution to the spectrum is given by theKNN radiative Au-
ger satellite which is fitted by the same function as discussed
above withE0=8973.3 eV,w=3.0 eV, andd=0.02. In addi-
tion to the 1s3dI satellite a second excitation appeared at an
excitation energy of 9100 eV at a fluorescence energy of
8991.5 eV marked by the arrow in Fig. 3. This feature has a
width of 6 eV and may be related to a 1s3pI double excita-
tion, since the Zn 3p binding energy isETs3pId=91.4 eV, so
that an excitation threshold ofETs1s3pI d=9070.3 eV is ex-
pected. Furthermore, the energy position of this feature is
shifted by 16.5 eV to higher energies compared to the dia-
gram line. This is close to the value of 14.1 eV obtained by
the Z+1 approximation usingETs3pId=91.4 eV of Zn and
ETs3pId=77.3 eV of Cu.

Good overall agreement between the fits and experimental
data of the CuKb1,3 as well as of the CuKb2,5 x-ray emis-
sion line is obtained. The intensities of the satellites show a
distinct energy dependence. The relative intensities of the
x-ray satellitesR calculated by the integrated satellite inten-
sity devided by the total fluorescence intensity are presented
in Fig. 4. This total fluorescence intensity does not include
the RAS contribution. The error bars are obtained by varying
those parameters of the fit function that have been fixed dur-
ing the fit—e.g., the positions, widths, and relative intensities
of the three peaks of the CuKb1,3 satellite spectrum. These
parameters are changed such that the fit residual does not
exceed the 3s error channel, yielding a spread ofR for each
excitation energy, being a measure for the error ofR.

The 1s3dI satellite contribution of the CuKb1,3 emission
spectrum shown in Fig. 4(a) increases rapidly and reaches its
saturation intensityR`=0.30 very close to its excitation
threshold. The spectra taken at excitation energies of
8985 eV, 8980 eV, and 8979 eV exhibit no significant satel-
lite contribution within the limits of the experiment. At an

FIG. 3. X-ray emission spectra of the CuKb2,5 fluorescence line
for two different excitation energies"v1=8995 eV and 9100 eV.
The experimental data are shown as dots with error bars and are
compared with the total fit function(thin solid line). The single
contributions to the total excitation spectrum are presented in
addition—namely, the diagram line(dashed line), the 1s3dI shake
satellite (thick solid line), and theKNN radiative Auger satellite
(dotted line). The arrow indicates the contribution from 1s3pI
double ionization.
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excitation energy of 8990 eV the satellite appears which
gives a threshold energy of 8987.5±2.5 eV. This is in line
with the threshold energyETs1s3dI d=8989.1 eV estimated
using theZ+1 approximation by assuming the 1s binding
energy toETs1sId=8978.9 eV and the 3d electron binding
energy of ZnETs3dId=10.2 eV[34]. The intensity evolution
indicates mainly shake-off character of the excitation. The
upper limit for a possible shake-up contribution is given by
Ru=0.054±0.01 according to the error bar ofR for the exci-
tation energy of 8990 eV which is significantly smaller com-
pared to the shake-up probability ofRu=0.13 obtained for
the CuKa1,2 emission spectrum by Galambosiet al. [19],
whereas the saturation intensities are in good agreement.

The 1s3dI satellite contribution of the CuKb2,5 emission
spectrum presented in Fig. 4(b) behaves similar compared to
the CuKb1,3 spectra with respect to the excitation threshold

and its saturation behavior. The saturation intensity is esti-
mated toR`<0.29. Measurements for excitation energies
smaller than 8995 eV were not performed, so that the thresh-
old energy could not be determined in this case properly.

The intensity evolution of the 1s3dI satellites is fitted to
the Thomas model[30], which describes the saturation be-
havior of shake-off double-excitation intensitiesR from the
adiabatic to the isothermal regime within a simple math-
ematical form by

R= R`ef−rs
2Es

2/15.32sE−ETdg,

whereR` is the saturation limit,rs the radius of the 3d shake
shell, andEs=ETs1s3dI d−ETs1sId the shake energy which has
been determined using theZ+1 model to be 10.2 eV.E and
ET are the excitation and threshold energy, and the excess
energy is defined viaEex=E−ET. The adjustable parameters
are R` and rs, whereasET was fixed to the value of
ETs1s3dI d=8989.1 eV. The results of the fits are plotted as
solid line in Figs. 4(a) and 4(b). The Thomas model repro-
duces well the intensity evolution of both satellite spectra
with its very short saturation range. All parameters for the fit
are given in Table I. The results obtained for the shake shell
radius of 1.03 Å and 1.12 Å for the CuKb1,3 and CuKb2,5
fluorescene, respectively, are close to the average 3d shell
radius of 0.85 Å given by a relativistic multiconfigurational
Dirac-Fock calculation[19]. The fit parameters in this work
are also in good agreement with the results obtained for the
Cu Ka1,2 emission spectrum of Ref.[19].

The experimental data of the satellite intensity as a func-
tion of excess energyEex along with the corresponding fits to
the Thomas model of this work are compared to the results
of the Thomas fit for the different CuKa1,2 satellites—
namely, 1s3dI of Ref. [19], 1s2pI of Ref. [17], and 1s1sI of
Ref. [18]—in Fig. 5. The relative satellite intensities have
been normalized to their corresponding saturation intensities.
The fit parameters are shown in Table I. The measurements
of the CuKb1,3 and CuKb2,5 1s3dI satellite spectra confirm
the strong dependence of the saturation behavior of the sat-
ellite intensities on the principal quantum number of the
shake electron. The saturation range decreases rapidly with
increasing quantum number. Furthermore, the saturation be-
havior is unaffected by the reemission process when the
shake shell is kept constant but the shell of the electron fill-
ing the 1sI core hole is changed. These results may give the
possibility to decouple excitation and deexcitation processes
in the theoretical treatment of multi-ionization processes.

FIG. 4. (a) Intensity evolution of the CuKb1,31s3dI satellite
contribution(dots with error bars) as a function of excitation energy
compared to the best fit of the Thomas model to the experimental
data as described within the text. The fit parameters are given in
Table I. (b) Same as(a) but for the CuKb2,5 satellite contribution.

TABLE I. Summary of the fit parameters used for the Thomas model in Refs.[17–19] and this work.ET denotes the threshold energy,
Es the shake energy,rs the radius of the shake shell, andR` the saturation intensity of the double-excitation satellites. In Ref.[18] no value
for R` is given.

Excitation Emission ET [eV] Es [eV] rs [Å] R`

1s1s (Ref. [18]) Ka1,2 17372.0 9366.3 0.024 —

1s2p (Ref. [17]) Ka1,2 9922.0 1002.0 0.07 0.88

1s3d (Ref. [19]) Ka1,2 8989.1 10.2 1.10 0.265

1s3d (this work) Kb1,3 8989.1 10.2 1.03 0.30

1s3d (this work) Kb2,5 8989.1 10.2 1.12 0.29
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The consideration of the RAS turned out to be indispen-
sible in the interpretation of the x-ray emission spectra. The
peak intensities of the RAS normalized to the intensities of
its diagram lines show no significant dependence on the ex-
citation energy above threshold. Especially in the case of the
KMN satellite the normalized intensities are constant in the
measured energy range. The peak intensity of theKNN sat-
ellite of the CuKb2,5 emission spectrum increases slowly
with increasing excitation energy, which may be due to con-
tributions of 1s3dI excitation channels underlying the dia-
gram line which cannot be separated properly. Since fluores-
cence energies have been measured only close to the diagram
lines, it is not possible to determine the integrated intensities
for the RAS. However, the significantly strong contribution
of the KNN satellite to the valence emission spectrum com-
pared to theKMN contribution to the CuKb1,3 emission

lines is apparent and emphasizes the importance of consid-
ering RAS in the interpretation of valence fluorescence spec-
tra.

V. CONCLUSION

In conclusion, this study presents an investigation of
double-excitation processes at the CuKb1,3 and CuKb2,5
x-ray emission spectra. The energy dependence of the shape
of the emission spectra was accurately modeled considering
the corresponding diagram and 1s3dI satellite lines along
with a contribution from radiative Auger processes. Further-
more, indications of additional satellites due to 1s3pI excita-
tion have been found. The intensity evolution of 1s3dI satel-
lites could be well explained utilizing the Thomas model.
The experimental results of the CuKb1,3 emission spectrum
indicate an upper limit for shake-up contributions to the total
shake intensity of 20%. The results confirm the trend that the
saturation range increases rapidly with decreasing shake
shell number, and the double excitation was shown to be
independent of the shell number of the reemission electron
within the limits of the experiment. This behavior is not yet
explained by any model and demands highly accurate calcu-
lations of these satellite intensities close to threshold. Fur-
thermore, theKMN andKNN radiative Auger satellites con-
tribute significantly to the fluorescence spectra and have to
be considered in the inerpretation of fluorescence spectra.
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