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3d spectator hole satellites of the CWIK; ; and KB, s emission spectrum

H. Enkisch, C. Sternemann, M. Paulus, M. Volmer, and W. Schilke
Institute of Physics, University of Dortmund, D-44221 Dortmund, Germany
(Received 8 December 2003; published 19 August 2004

The intensity evolution of the CK 3, ; andKp, 5 emission spectra is measured as a function of excitation
energy using resonant inelastic x-ray scattering spectroscopy. The contributigBdo$Hake satellites to the
Cu Kp, 3 as well as to the CIKgB, 5 emission spectrum is extracted. Both emission spectra indicate an
additional contribution of §3p 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 fd€ahe Cu
1s3d shake satellites, stating that the shake process is independent of the reemission shells3thskaeke
satellites rapidly reach their saturation limit in contrast to GRpland Is1s shake satellites. Furthermore, the
contribution of theKMN and theKNN radiative Auger satellites to the @B, 3and CuK B, s emission spectra
is obtained, respectively. THENN radiative Auger satellite is shown to play an important role in the interpre-
tation of valence fluorescence spectra.
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[. INTRODUCTION trum of the CuK«; , emission[16,17 followed by a study of
Multielectron excitations during inner-shell vacancy cre-the Cu Els hypersatellite$18]. These satelli_te spectra when
ation due to atomic inner-shell electron correlations havé€ated to deep-core electron shake excitation show clear
been extensively studied in the so-called isothermal regimgnake-off behavior with respect to their intensity evolution.
high above the double-excitation threshofd and recently ~-or Poth satellites the fit to the Thomas mo@&0], which
also in the adiabatic regime close to the excitation thresholdeScribes the intensity evolution of the double-excitation
[2]. In the isothermal regime the excitation processes can berocesses within time-dependent perturbation theory, yields
treated to be independent. This is not valid in the adiabati@ly PoOr agreement in the vicinity of the excitation thresh-
limit where the inner-shell vacancy creation along with the0ld. especially in the case of thelk double-excitation spec-
excitation of a second electron has to be treated as a singlg?: Furthermore, this satellite shows a quite large energy
process. The ejection of a second electron during ionizatiof@"9€ t0 reach its saturation intensity. In the case of 82 1
and inner-shell excitation can occur to unoccupied boun@Mission a significantly smaller saturation range has been
states(shake-up as well as to continuum stat¢shake-off ~ found, indicating a clear dependence of the intensity evolu-
[3,4] and causes discontinuities in x-ray absorpt[dr1Q  tion on the shake shell.
and additional structures in photoemission and inverse pho- Most recently, Galambogt al. [19] continued the work
toemission spectrf2,11-13. of Deutschet al. [15] by a study of the intensity evolution of
With the advent of third-generation synchrotron sourceghe Cu 13d satellites accompanying the G, , fluores-
the measurement of x-ray fluorescence emission spectra beence from threshold to the saturation limit. They found a
came more prominent as an alternative method to study mukery short saturation range and were able to separate
tielectron excitationd14,15. It has been successfully ap- shake-up and shake-off thresholds taking into account the
plied to a wide range of materials—e.g., ¢16-19, Ge resonant Raman effect. They obtain a strong shake-up con-
[20], W [21], Ar [22], and most recently to NaR23]. In this  tribution R, of 49% of the total shake probability at the satu-
spectroscopy the multielectron processes described above gxtion limit for these outer-shell electrons, which is in con-
hibit a strong change of fluorescence line shape due to sdrast to the results of the Ges3p and 1s3d satellite intensity
called satellite or spectator-hole lines. Beyond this, the shapevolutions measured by Sternemast al. [20] showing
of the fluorescence lines can be strongly affected also by thdominating shake-off behavior. In contrast to the results for
resonant Raman effef24,25 and radiative Auger satellites the 1s2p and Isls satellite spectra, the intensity evolution of
(RAS's) [26-29. the 1s3d Cu Ka; , satellites could be well reproduced utiliz-
Cu is indisputably the best studied material with respecing the Thomas model, thus validating the trend of increase
to multielectron effects utilizing x-ray fluorescence spectros-in the saturation range with decreasing shell number of the
copy. Deutschet al. [15] measured the ClKa;, and Cu  shake electron. Until now, to our knowledge there exists no
K1 3 x-ray emission spectra in the isothermal regime. Theystudy of the dependence of the saturation range on the prin-
compared the spectra with fits to realtivistic Dirac-Fock cal-cipal quantum number of the reemission electron filling the
culations of the possible transitions and found a 26—-30%s core hole.
contribution of B3d spectator transitions to the total emis-  Within this work we present measurements of the Cu
sion spectrum while the contributions frons3k and 183p  Kp; 3 and CuKp, s x-ray emission spectra as a function of
transitions were negligible. - excitation energy in order to estimate the saturation behavior
The intensity evolution from the adiabatic to the isother-of the 1s3d satellite contribution when different reemission
mal regime was measured first for the Ga2( satellite spec- processes are considered—namely, filling of teedre hole
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FIG. 1. Schematic visualization of the reso-
nant Raman effect. Pane®), (b), (c), and(d) are
discussed in detail within the text.
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by a 3 or 4p electron, respectively. The x-ray emission lines stant u-DOS(dotted line,Ex denotes the Fermi energgand

are fitted considering the diagram and satellite lines and than 0-DOS consisting of one single stateeatire assumed in
radiative Auger satellites as well as the resonant Raman efanels(a), (b), and(c). If the width of the core Lorentzian is
fect. Within Sec. Il the different contributions influencing the equal to zero, only one unoccupied state WEFE,q.e

line shape of the x-ray emission spectra are disussed on-hw, is accessible to the excited electron and the emission
theoretical basis followed by a short description of the ex-spectrum consists of one sharp line witlw,=fw,—(E;
periment in Sec. Ill. The experimental results are discussedE;) [panel(a)]. If the core Lorentzian has a finite width,

in Sec. IV, whereas in Sec. V a short conclusion is given.

Il. CALCULATION

many unoccupied statds are accessible, each with a prob-
ability equal to the corresponding value of the Lorentzian
L(e) [panel (b)]. Thus, the single stat&; gives rise to a
fluorescence spectrum with Lorentzian or at least truncated

If excited high above the absorption threshold, fluoresLorentzian shape. IE.,+%w; is close to or even belok
cence lines can nicely be reproduced by assigning Lorentdpanel (c)], only part of the Lorentzian is covering the

ians to each diagram and satellite liii&]. Then the width of

u-DOS, leading to the strongly asymmetric line shape typical

each Lorentzian has to account for the natural width of thdor the resonant Raman effect. Moreover, the fine structure of
underlying multiplet as well as for the energetic broadeninghe u-DOS has to be accounted for. For this purpose a more
due to the finite lifetime of the intermediate and final statescompact form of Eq(1) can be obtained iE.,is defined to
This treatment is no longer valid if the excitation energy is inbe zero and the intergal ovéd; is performed. Finally the
the vicinity of an absorption edge. The interplay of the coreabsorption intensity,,{ €) is defined to be the product of the

Lorentzian with the unoccupied density of statesDOS

core Lorentzian with the u-DOS ending up with

causes a suppression of the high-energy tails of the fluores-

cence lines—i.e., the so-called
[24,25. The fluorescence spectruig, can be described via

Ifluo(hwz) & f dEilu(Ei)L(Ei ~ Ecore~ hwl)

X f dEflo(Ef)é(El - Ef - ﬁw1+ ﬁwz), (1)

wherel“(E;) andI°(E;) symbolize the unoccupied and occu-
pied densities of state®@-DOS), respectively, each multi-
plied by the corresponding transition matrix element to th
core stateéE. . The 8(E;—E;-7iw,+fiw,) ensures the energy
conservation of the total process, whildB.—E .~ fiw,)
denotes the core Lorentzian

_ 1
~E+(I2)2

characterized by the inverse lifetime of the core hibland

L(e) (2

resonant Raman effect

luo(hr ) =f dél gpd )1°(hw, — €). 3
Thus the multiplet of occupied states has to be convoluted
with the absorption intensitjsee paneld); 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

Jure Lorentzian shape have to be expected evéimwif ex-

ceeds the absorption edge by more than the energy Wwidth
Another contribution to the line shape of fluorescence

lines is the radiative Auger satellit¢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-

accounting for the energy conservation during absorptionlaxation of an electron into the inner-shell vacancy is only

The consequences of Ed.) are illustrated in Fig. 1. A con-

partly transferred to the Auger electron, while the rest of the
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energy is emitted as a photon. From another point of view a 1000 by periment 9130 eV
fluorescence photon suffers an energy loss due to the simul- [~ Diagram lines
taneous excitation of another electron into the unoccupied z 80— L34 satellte fines
states. Therefore the resulting satellite feature is always situ- 5 60 L= Touwl fit
ated on the low-energy side of the corresponding diagram £
line. The fraction of energy emitted as a photon can vary 2z 40}
between zero and the Auger energy of the nonradiative pro- £
cess, giving rise to a broad feature extending over hundreds E 20}
of electron volts with a slow decrease on the low-energy tail |
and with a steep drop towards the diagram line. The shape of 0 880 8890 8900 8910 2920
these satellites can be described by Fluorssoence energy [6V]
IRAS(E) - |ed(E—Eo)[1/(e(E—E0)/W+ 1)], (4) o
where the exponential characterized by the decay fattor 60 | 8985 eV
accounts for the low-energy tail and the Fermi function cre- g s0 |
ates the drop of the high-energy sid®, characterizes the 3
onset energy ands the width of the drop. AR
Usually the integrated intensity of a RAS is only a few 2 307F
percent of its mother ling27] but in the case of valence § 20 +
fluorescence spectra of some laté dlementge.g., Co, Ni, = 0k
Cu, Zn) it is a prominent feature, and a RAS is visible also in o el

the KB, 3 spectrum of CU31]. 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 FIG. 2. X-ray emission spectra of the B8, ;fluorescence line
the diagram line. The nomenclature for the radiative Augeky, o different excitation energiesw,=8985 eV and 9130 eV.
satellites is identical to the nomenclature for the Auger linesgpe experimental data are shown as dots with error bars and are
The first letter labels the principal quantum number of thecompared with the total fit functioxithin solid line. The single
inner-shell vacancies, the second labels the shell from whicBontributions to the total excitation spectrum are presented in
vacancy is refilled, and the third denotes the shell fromaddition—namely, the diagram lingdashed lines the 1s3d shake
where the Auger electron is excited. The radiative Augersatellites(thick solid line), and theKMN radiative Auger satellite
satellites that are of interest in this work are tiBIN and  (dotted ling. The arrow indicates the contribution froms3p
KNN satellites to the CIKj3; 3 andKp, s fluorescence lines, double ionization. T
respectively.

8880 8890 8900 8910 8920

Fluorescence energy [eV]

proper normalization of the fluorescence spectra.
IIl. EXPERIMENT The measurements of the @3, 5 valence fluorescence
lines have been carried out at the beamline SABP 9) of
The measurements of the ®iB; 3 x-ray emission spectra  DELTA (Dortmund Electron Accelerator, Dortmund, Ger-
were carried out at the bending magnet beamline G3 of HAmany) [33]. The radiation supplied by the superconducting
SYLAB (Hamburger Synchrotronstrahlungslabor, Hamburgasymmetric wiggler was monochromatized using a Si 311
Germany. The incident radiation was monochromatized by agouble-crystal monochromator and focused horizontally by
Ge 311 double-crystal monochromator and the fluoresceng@eans of a sagittally bend second monochromator crystal.
radiation was analyzed by means of a Rowland-type singleThe fluorescence radiation has been analyzed in horizontal
crystal spectrometef31,32 with a Si 553 analyzer crystal scattering geometry at 90° scattering angle using the same
on a Rowland circle of 1 m diameter in horizontal scatteringrowland spectrometer setup as discussed above. X-ray va-
geometry. The spectrometer is equipped with a positiontence emission spectra have been measured for incident en-
sensitive gas proportional countéPSD) having a spatial  ergies of 8995, 9005, 9020, 9050, and 9100 eV with an over-
resolution of about 10@m. A single fluorescence spectrum a|| energy resolution of 2.2 eV. An ionization chamber and a
is obtained by combination of several PSD spectra taken a{4a| detector have been used for monitoring the incoming

different positionings of the spectrometer. Thus the energyadiation. The experimental setup is described in more detail
resolution of the spectrometer is not limited by the horizontale|sewherg31].

illumination of the sample by the incident photon beam. The

scgttering angle has been set to 90° to reduce Thomson scat- IV. RESULTS AND DISCUSSION

tering. Spectra of the fluorescence line of a polycrystalline

Cu sample have been taken at several incident photon ener- The measured CIKgB; 3 and CuKp, 5 x-ray emission
gies ranging from the Cuslinding energy of 8979 eV up to spectra are shown for two excitation energies, one close to
9130 eV with an overall energy resolution of about 1 eV.and the other far from theslbinding energy, as dots with the
The intensity of the incident radiation has been monitoreccorresponding error bar indicating the standard uncertainty in
using a Nal detector and an ionization chamber to guaranteéigs. 2 and 3, respectively. The change in shape of both
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251 9100 eV Experiment o by the corresponding core Lorentzian again, yielding the ab-
; Diagram line === sorption intensityl ;,{€). Then the five Lorentzians describ-
g sarettite — ing the diagram and satellite lines are convoluted with
Total fit — l.od €). However, this procedure yields good agreement be-
tween the fit function and the experimental data only for
fluorescence energidsv,>8890 eV. The residual intensity
at Aw,<8890 eV is apparently due to th€eMN radiative
Auger satellite. Its line shape is modeled according to(EQ.
where the onset enerd,=8900.8 eV is given by the differ-
iy’ ence between thi€s; ; fluorescence energy and the Bind-
8965 8970 8975 8980 8985 8990 ing energy in Cuw=2.6 eV is the half width at half maxi-
mum of the CuK 3, 3line, and the decay parametérs fitted
to be 0.023. Moreover, in the fluorescence spectrum excited
at 9130 eV a residuum at 8912 éxharked by the arroywis
visible but not considered within the fit procedure. This fea-
ture may be attributed to as3p shake satellite when com-
pared to the relativistic Dirac-Fock calculations of Deutsth
al. [15].

The CuKp, s valence emission spectrum consists of one
diagram line. Its high-energy tail shows a contribution origi-
nating from a_%$3d double-ionization process. This diagram
line and its_k3d satellite are modeled using pure Gaussians.
L A more sophisticated treatment is not appropriate due to the
8965 8970 8975 8980 8985 8990 low signal-to-noise ratio of the available data set and due to

Fluorescence energy [eV] the lack of adequate calculations. Furthermore, a strong con-
tribution to the spectrum is given by théNN radiative Au-

FIG. 3. X-ray emission spectra of the ®18, s fluorescence line  ger satellite which is fitted by the same function as discussed
for two different excitation energiebw,;=8995 eV and 9100 eV. gpgve WithE;=8973.3 eVw=3.0 eV, andd=0.02. In addi-
The experimental data are shown as dots with error bars and aggyn to the k3d satellite a second excitation appeared at an
compared with the total fit functiothin solid ling. The single  ayitation argy of 9100 eV at a fluorescence energy of
contributions to the total excitation spectrum are presented isg91 5 e\ marked by the arrow in Fig. 3. This feature has a
addition—namely, the diagram lin@ashed ling the 1s3d shake width of 6 eV and may be related to &3p double excita-
satellite (thick solid ling), and theKNN radiative Auger satellite . . T e
(dotted ling. The arrow indicates the contribution froms3p tion, since the _Zn B binding energy ISET(3—p)_91'4 e.V’ S0
double ionization. — that an excitation threshold d(1s3p)=9070.3 eV is ex-

pected. Furthermore, the energy position of this feature is
emission spectra is apparent and can be traced back to tkaifted by 16.5 eV to higher energies compared to the dia-
appearance of thes3d shake processes which will be dis- gram line. This is close to the value of 14.1 eV obtained by

[
T

-
th

Intensity [arb. units]

=
tn

Intensity [arb. units]

0.5 ERT. ]

cussed as follows. the Z+1 approximation usindg=r(3p)=91.4 eV of Zn and
The CuKpg, 3 emission spectrum consists of the two dia- E+(3p)=77.3 eV of Cu.

gram lines(dashed lines in Fig.)2and the_$3d double ex- Good overall agreement between the fits and experimental

citation satellite spectrunithick solid line with its well-  data of the CuK3; 3 as well as of the CIK/3, 5 x-ray emis-

pronounced three-peak structure as discussed earlier Ron line is obtained. The intensities of the satellites show a
Deutschet al. [15] with respect to their Dirac-Fock calcula- distinct energy dependence. The relative intensities of the
tions. In addition a contribution from tHeMN radiative Au-  x-ray satellitesR calculated by the integrated satellite inten-
ger satellite(dotted ling is responsible for the low-energy sity devided by the total fluorescence intensity are presented
tail of the fluorescence spectruf81]. To separate and to in Fig. 4. This total fluorescence intensity does not include
quantify the different contributions to the emission spectrumthe RAS contribution. The error bars are obtained by varying
the experimental data are fitted assuming Lorentzians witfhose parameters of the fit function that have been fixed dur-
identical widths and a height ratio ¢fs /¢, =0.51 for the  ing the fit—e.g., the positions, widths, and relative intensities
diagram lines[15]. The satellite spectrum is modeled by of the three peaks of the (3, 3 satellite spectrum. These
three Lorentzians having fixed energy positions, widths, angharameters are changed such that the fit residual does not
relative intensities so that only the intensity of the total three-exceed the & error channel, yielding a spread Rffor each
peak structure was varied during the fit procedure. Beforeexcitation energy, being a measure for the erroRof

hand, the positions of the left and right peaks of this structure The 1s3d satellite contribution of the CKp3; 3 emission
have been optimized by separate fits while the position of thgpectrum shown in Fig.(d) increases rapidly and reaches its
center peak8904 eV} has been taken from Refl5]. To  saturation intensityR,=0.30 very close to its excitation
account for the resonant Raman effect a measuredd @b-  threshold. The spectra taken at excitation energies of
sorption spectrum is deconvoluted from the core Lorentziar8985 eV, 8980 eV, and 8979 eV exhibit no significant satel-
with I'=1.55 eV. For eactiw, this spectrum is multiplied lite contribution within the limits of the experiment. At an
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FIG. 4. (a) Intensity evolution of the CWKg; 51s3d satellite
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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 sBd satellites is fitted to
the Thomas mod€l30], which describes the saturation be-
havior of shake-off double-excitation intensitiBsfrom the
adiabatic to the isothermal regime within a simple math-
ematical form by

R= Roce[—rgEg/ls.s:(E—ET)]

whereR,, is the saturation limitr the radius of the & shake
shell, andE;=E+(1s3d) - Et(1s) the shake energy which has
been determined using tlze+r 1 model to be 10.2 e\E and

Er are the excitation and threshold energy, and the excess
energy is defined vi&.,=E—-E;. The adjustable parameters
are R, and r,, whereasE; was fixed to the value of
E+(1s3d)=8989.1 eV. The results of the fits are plotted as
solid line in Figs. 4a) and 4b). 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 A and 1.12 A for the GKi3; 3 and CuK Sy 5
fluorescene, respectively, are close to the averapshll
radius of 0.85 A given by a relativistic multiconfigurational
Dirac-Fock calculatiorj19]. The fit parameters in this work

compared to the best fit of the Thomas model to the experimentef’llre also in g,OO,d agreement with the results obtained for the
data as described within the text. The fit parameters are given ifr4 Kai,» émission spectrum of Ref19].
Table I.(b) Same aga) but for the CuK 3, 5 satellite contribution.

The experimental data of the satellite intensity as a func-
tion of excess energl., along with the corresponding fits to

excitation energy of 8990 eV the satellite appears whichthe Thomas model of this work are compared to the results
gives a threshold energy of 8987.5+2.5 eV. This is in lineof the Thomas fit for the different ClKea, , satellites—
with the threshold energ¥+(1s3d)=8989.1 eV estimated namely, 53d of Ref. [19], 1s2p of Ref. [17], and kls of
using theZ+1 approximation by assuming thes binding relat
energy toE;(1s)=8978.9 eV and the @ electron binding been normalized to their corresponding saturation intensities.
energy of ZnE;(3d)=10.2 eV[34]. The intensity evolution
indicates mainly shake-off character of the excitation. Theof the CuKp; 3 and CuKp3, 5 1s3d satellite spectra confirm
upper limit for a possible shake-up contribution is given bythe strong dependence of the saturation behavior of the sat-
R,=0.054+0.01 according to the error barRfor the exci-
tation energy of 8990 eV which is significantly smaller com-shake electron. The saturation range decreases rapidly with
pared to the shake-up probability &,=0.13 obtained for
the CuKe; , emission spectrum by Galambasi al. [19],

whereas the saturation intensities are in good agreement.

The 1s3d satellite contribution of the CKg, 5 emission

spectrum presented in Fig(b} behaves similar compared to

Ref. [18]—in Fig. 5. The relative satellite intensities have

The fit parameters are shown in Table I. The measurements

ellite intensities on the principal quantum number of the

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 s core hole is changed. These results may give the
possibility to decouple excitation and deexcitation processes

the CuKp, 3 spectra with respect to the excitation thresholdin the theoretical treatment of multi-ionization processes.

TABLE |. Summary of the fit parameters used for the Thomas model in REfs:19 and this work.E; denotes the threshold energy,
E, the shake energy, the radius of the shake shell, aRd the saturation intensity of the double-excitation satellites. In R&j. no value

for R, is given.

Excitation Emission Er [eV] Es [eV] re [A] R.
1ss (Ref. [18]) Kay 17372.0 9366.3 0.024 —
1s2p (Ref. [17)) Kary 9922.0 1002.0 0.07 0.88
1s3d (Ref. [19]) Kay 8989.1 10.2 1.10 0.265
1s3d (this work) KBy 3 8989.1 10.2 1.03 0.30
1s3d (this work) KBy 8989.1 10.2 1.12 0.29

022508-5



ENKISCH et al. PHYSICAL REVIEW A 70, 022508(2004)

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

Z 081

£ [

E V. CONCLUSION

o d A,.««““' |

z o Thomas mode. %(ﬁeﬁ 16) In conclusion, this study presents an investigation of

g I%EER;: 1‘2 double-excitation processes at the &, ; and CuKp; s

o 041 @Kﬁ” ...... I X-ray emission spectra. The energy dependence of thg sh_ape

g 1s3dK g * of the emission spectra was accurately modeled considering

& 02 Experiment: [s3dKg ~ « | the corresponding diagram and3fl satellite lines along
Ls3dK g . with a contribution from radiative Auger processes. Further-

ST more, indications of additional satellites due &3 excita-
O e e 800 1000 1200 1400 tion have been found. The intensity evolution_sBd satel-

Excess energy [eV] lites could be well explained utilizing the Thomas model.
The experimental results of the &3, 3 emission spectrum

FIG. 5. Intensity evolution of the CKi3; 3 (dots with error bass  indicate an upper limit for shake-up contributions to the total
and the CUK B, 5 (triangles with error bajsls3d satellite contribu-  shake intensity of 20%. The results confirm the trend that the
tion as a function of excess energy presented with the correspondaturation range increases rapidly with decreasing shake
ing fits to the Thomas modelong dashed and solid linesThe  shell number, and the double excitation was shown to be
results of this work are compared to Thomas fits of thédi(dotted  jndependent of the shell number of the reemission electron
line) [19], 1s2p (short dashed ling{17], and k1s (dash-dotted line  within the limits of the experiment. This behavior is not yet
[18] emission spectrum. The corresponding fit parameters are give@Xplained by any model and demands highly accurate calcu-
in Table I. lations of these satellite intensities close to threshold. Fur-

The consideration of the RAS turned out to be indispenthérmore, the<MN andKNN radiative Auger satellites con-
sible in the interpretation of the x-ray emission spectra. Thdribute significantly to the fluorescence spectra and have to
peak intensities of the RAS normalized to the intensities ofP€ considered in the inerpretation of fluorescence spectra.
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 ofktNeN sat- This work was supported by the German Federal Ministry
ellite of the CuKp, s emission spectrum increases slowly of Education and Research under Contract No. 05 ET9 PEA.
with increasing excitation energy, which may be due to conH.E. acknowledges financial support from the Graduierten-
tributions of 1s3d excitation channels underlying the dia- kolleg Festkdrperspektroskopie at the University of Dort-
gram line which cannot be separated properly. Since fluoresnund. C.S. gratefully acknowledges support from M. Tolan
cence energies have been measured only close to the diagramd the work of A. Kaprolat during the commissioning phase
lines, it is not possible to determine the integrated intensitiesf beamline SAW2 at DELTA. The expert scientific assis-
for the RAS. However, the significantly strong contribution tance of R. Heise for the measurements of the Q8 3
of the KNN satellite to the valence emission spectrum com-emission spectra was indispensible for this work. We would
pared to theKMN contribution to the CuKpB; 3 emission like to thank K. Hamalainen for fruitful discussions.
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