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Evolution of the Cu Ka3 4 satellites from threshold to saturation
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Photoexcited CIK a3 4 satellite spectra were measured as a function of excitation energy, from threshold at
~10.010 keV to saturation at 11 keV. A two-regime behavior is found, where in the near-threshold regime
(TR) both the shape and the intensity of the spectrum vary. In the higher-energy r&jffnenly the intensity
varies but not the shape. The GR spectra are well described by relativistic Dirac-Fock calculations. The
analytic Thomas model, applicable in this adiabatic regime, does not agree well with the measured intensity
variation with excitation energy. The continuous intensity rise from zero at threshold confirms the shake theory
prediction of a pure shake-off process for inner-shell, mediiatom satellites. The thresholds for the indi-
vidual spectral features, the overall shape variation, and the variations of the individual lines in the TR regime
are determined, and discuss¢81050-29478)01003-9

PACS numbg(s): 32.30.Rj, 32.70-n, 32.80.Fb

[. INTRODUCTION from threshold up, since complete adiabatic relaxation im-
plies no shakeup9], while in the sudden limit shakeup sat-

lonization and excitation processes in inner-shell elecellites carry considerable intensity. A prominent theoretical
trons far above threshold have been extensively stydied approach to the calculation of the cross-section energy de-
They are well described theoretically by the prevailing sudpendence in the adiabatic regime and its crossover to the
den or frozen core approximation, whereby the ejected elecsudden limit, pioneered by Thomp$,9-11, employs time-
tron is removed immediately, the atom’s shell structure isdependent perturbation theory to describe the relaxation of
kept frozen in its ground-state configuration, and the electhe atom and its interaction with the slow moving photoelec-
trons treated as independent, noninteracting partigledhe  tron. The theory had some success in describing the cross
excitation and deexcitation processes can be then convéection variation with excitation energy, and, in particular, its
niently treated as two independent, and consecutive, prdast saturation close to the threshold in the very few then-
cesses. However, the closer one gets to the energetic threshvailable measurements on Ne ang, ldnd in several later
old for the specific excitation, the worse thesestudies[12]. However, with very few exceptiongl3], the
approximations become. Effects like intershell and intrashelmajority of the more recent results address, almost exclu-
electronic correlations, the gradual relaxation of the atomicively, photoelectron satellite spectra associated vatance
shells, and the changing interaction between the slowphotoionization. Most of these results are at odds with the
moving ejected electron and the relaxing atom assume inpredictions of the Thomas model, indicating that these satel-
creasing importance and even dominance near thresholdles are not dominated by shake processes but rather by a
[2,3]. Furthermore, the excitation process, and the deexcitavariety of other correlation effec{d44,15. As pointed out by
tion by (x-ray) photon or(Augen electron ejection can no Heiseret al. [15], the importance of shake processes in the
longer be considered as independent processes; they becopreduction of satellites is expected to become increasingly
increasingly simultaneous, and mutually interacting. This redominant with increasing atomic number, and decreasing
gime is known as the adiabatic excitation lirffdi], since the shell number. The Thomas model would be expected, there-
atomic structure relaxes adiabatically in response to théore, to be more successful in describing shake processes
inner-shell excitation, over a time scale comparable with thaaccompanying shell ionization in mediunZ atoms. It was
required for the slow-moving ejected electron to leave théndeed found to be so in the recent study of feshell
atom. Thus, the near-threshold region provides, in principlesatellites of Ar by Heiseet al. The K shell of medium- and
a unique opportunity for studying these interesting and im-high-Z atoms are, however, less accessible to threshold elec-
portant effects, which go beyond the prevailing suddertron spectroscopy, and no suitable studies in this region are
approximation-independent particle models of theavailable at present.
excitation—deexcitation processes and of the structure of at- Near-threshold x-ray emission spectroscopy, which
oms. should, in principle, allow one to study x-ray satellites in this

Intershell and intrashell correlations in an atom are ex+egion conveniently, was hampered until very recently by the
pected to have a particularly large impact on satellite spectrdack of suitable excitation sources that are tunable, narrow-
which originate in multielectronic transitions in the sameband, and intense enough to allow studying these weak tran-
atom. In the sudden approximation, high-excitation-energysitions. With the recent development of synchrotron-based
limit these spectra were mostly assigned to, and studiebeamlines equipped with efficient, high-resolution fluores-
within, shake theoryf2,5-8. Shake theory predicts, how- cence spectrometers over the last few y¢46517], detailed
ever, a considerable variation of the excitation cross sectiostudies of this kind became possijf&18,19. For various
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reasons, however, almost all the threshold x-ray emission Il. EXPERIMENT
spectra studied to date are in the soft x-ray region and ad-
dress the low-binding-energy valence electron satellites in
low-Z atoms[20]. As their electron spectroscopy counter- The low intensity of the Kaz, satellites, only
parts, these spectra are strongly influenced by several corhtKasa/l(Ka1)~0.6%[3,24,23, which, in turn, requires a
peting effects such as initial- and final-state configuratiorhigh-intensity exciting beam, and the need for energy tun-
interactions, interchannel coupling, and, most of all, multi-ability mandate the use of a synchrotron source for these
atomic band-structure effects, which make the extraction ophotoexcitation measurements. Even so, to obtain reasonable
information on the basic single-atom shake-up—shake-off@ampling times, a wiggler beamline had to be used in the
processes extremely difficuf2]. Since theory predicts a Mmeasurements presented here. The fluorescence radiation
strong variation of the relative shake-off—shake-up probabilwas analyzed using a Johan-type Rowland circle spectrom-
ity with atomic and shell numbei$,8], a study of the indi-  eter, followed by an intrinsic Ge detector, to obtain a high
vidual effects should be possible by a judicious choice ofsignal-to-noise ratio. We now discuss in some detail the vari-
these two numbers. This was demonstrated by two pioneefus components of the experimental setup, the methods used
ing studies. The first, by Armemt al. [21], studied the in analyzing the data, and some aspects oféhenitio cal-
M-shell Auger satellite spectra iK-shell-photoexcited Ar, culations.

and allowed one to follow the evolution of the shake pro-

cesses near threshold, although the separation into shakeup B. Measurement setup and procedures

and shakeoff contributions was hampered by-a25% ad- The measurements were done at the wiggler beamline
mixture of the shakeup in the larger shakeoff line. The secyog gt NSLS, Brookhaven National Laboratofy6]. The
ond, by Krause and Caldwe[l2], addressed the Besl peamline optics include a focusing toroidal mirror and either
photoionization, where the predominance of th&2s2p) 5 sj111) or Si(220) double crystal monochromator provid-
(conjugate shakeup process, yielding an intensity as large afhg a primary resolution from-1 to ~7 eV, depending on
40% of the diagram line, allowed its study in an almost purejit settings. In our measurements a 3—4-eV resolution was
state. Here we explore the other limit, not hitherto studied, Otemployed resulting in a flux d5—7)x 10** photons/sec in a

an almost pure shakeoff procel3]. The spectrum chosen gt size of~1 mn?. The primary intensity was monitored
for this study, the CiKas 4 satellites, originates i@l elec- i front of the sample by an ionization chamber, and used to
tron shake processes accompanying Isephotoionization.  normalize the data. The sample was a polycrystalline high-
(In the following, underlining denotes hole stajedhis ity Cu foil 25.4.m thick. The fluorescence spectrometer
choice, involving deep core levels in a medidmatom, g pioved the Johann geometry with a Rowland circle of 1 m

should not only provide for an almost pure shake-off pro- s meter on a horizontal plane, and a spherically bent 3-in.-
cess, but should also eliminate effectively contributions fromdiameter Si44) crystal, At the emission energy.8080 eV
multiatomic, nonlocalized band-structure effects, which rystal. 9¥; ’

dominated virtually all previous valence-shell satellite stud—t[he high Bragg angle of the analyzer,78°, provided an

ies. It should also provide a stringent test of adiabatic-regim«l,\ntrInSIC resoIL_Jtlon of 0'3_0'2 ev. In_C|dence and dete:ct|on
theories, in particular that of Thomd$,10], under condi- 2angles were fixed at 45° each, relative to the sample’s sur-
tions where they are expected to be valid. face._ The consequent 90° scattering angIe_pr_owded high im-
In this study x-ray photoexcitation by monochromatized”?umty against scattered background radiation, due to the
synchrotron radiation was employed to study the variation§iigh degree of the horizontal linear polarization of the syn-
in the Cu Ka3’4 emission Spectrun(]ranging from 8060 to chrotron radiation. The baCkgrOUnd was further reduced by
8100 eV} upon varying the exciting photon’s energy, Using a nitrogen cooled Ge detector, having 250-eV reso-
E excitations from the shake process’ threshold-afl0 000 eV lution, and an evacuated beam path from the sample to the
up to the saturation of the satellite spectrum intensity atletector.
11 200 eV. The results confirm the pure shakeoff nature of Two different types of scans were done. In the first, de-
the spectrum, as predicted by theory. They also reveal twaoted inscan in the following, the analyzer energy was fixed
distinct regimes in the spectral evolution. In the first, up toat that of one of the features in the spectrum, and the exci-
~70 eV above threshold, the spectral shape as well as thation energyEq,.itation Was scanned across a predetermined
overall intensity undergo a rapid and complicated variatiorrange by varying the monochromator’'s Bragg angle. This
with Egycitation. dU€ to the slightly different thresholds for the allowed a convenient detection of the threshold energy for
various overlapping lines comprising the spectrum, and theithe given feature. In the second type, denoted outscan,
different growth rates. In the second regime, fren70 to  Egycitaion Was kept fixed, and the emission enef§ymission
~1000 eV above threshold, no variation of the spectralas scanned by varying the Bragg angle of the analyzer.
shape is observed, and only the overall intensity increasebhis measurement produced a spectrum of the satellite lines,
monotonically to saturation at the range’s upper end. Thend was repeated for several incident energies in the range of
fully developed spectral shape is found to be in good agreenterest. Several ancillary measurements were also done,
ment with ab initio relativistic Dirac-Fock(RDF) calcula-  such as scans of th€a, , spectrum, which was required for
tions, which allows one to identify the various spectral fea-removing the contribution of the diagram lines at the position
tures with specific transitions. The predictions of the Thoma®f the satellites, and for calculating relative intensities. The
adiabatic mode]9,10] show only partial agreement with the absolute energy scale OEg,giaion Was calibrated, and
experimental results, indicating the need for further work. checked periodically throughout the experiment, by measur-

A. Introduction
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ing the conveniently located Zk-edge absorption spectrum a,
(Ex=9660.7 eV.
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The calculations were done using the relativistic Dirac-

Fock (RDF) packageGRASP[26], with supplementary code o
written in-house. Previous studig?7,29 indicate that in the i
frozen-core—sudden approximation limit it is important to
take into account the rearrangement and full relaxation of the
excited atom prior to the emission process. This is done by
generating in all cases the initial- and final-state wave func-
tions in separate, single configuration runs where the wave
functions and energies dll orbitals are allowed to vary.
The energies of the individual transitions are then obtain by YT e o A, ==
subtracting the appropriate level energies, as calculated ii R
the initial- and in the final-state calculations. The relative
transition probabilities within each multiplet can be calcu- S
lated byGRAsP only when the wave functions of the initial & 2 8oso .08
and final states are orthogonal. This is not the case here SMission (key) 58
since the initial and final states were generated in separat

runs. Thus, configuration interaction calculations were car-

ried out to obtain the various transition probabilities using
once the initial-state orbitals and again those of the fina
state. All the significant transition probabilities agreed with
each other in the two sets to within10%. In the fits dis-
cussed below line strengths calculated from the initial state . :
wave functions were used, after verifying that those calcu- The data sets obtained after the correction Hiad sub-

lated using the final-state wave functions result in onlyinsig-StraCt'on described above were considered to be the pure

nificant deviations from the results presented below. Thi satellite spectra and were used for the further analysis and

approach amounts practically to using the frozen-atom apS[—he fits described below.

proximation to calculate the line strengths within each mul-
tiplet. The implications of this are discussed below. For fur- IIl. RESULTS AND DISCUSSION
ther details on the calculations see R&B]. A. Introduction
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FIG. 1. The CuKajz, satellite spectrum variation with excita-
}ion energy . The four previously observed features are marked by
arrows and by the conventional notation. Note the continuous in-
crease from threshold at10 keV to saturation at-11 keV.

The evolution of theKa; 4 satellite spectrumEgmission
with excitation energyk eycitations from the threshold at- 10

Each raw measured spectrum was first normalized by theeV up to saturation at 11.2 keV is summarized in Fig. 1,
corresponding incident beam monitor coultsrrected for  where the four previously identified featuré®4], due to
its Egaiation €fficiency dependengéhen all the outscanén-  highly overlapping individual emission lines, are also
scan$ for the sameEq,citation (Eemissiod Were summed to a marked. The overall shape of the ridge is that of a monotoni-
single spectrum, the angular scale of which was converted toally increasing saturation curve. A closer inspection of the
an energy scale, and the intensities corrected for the variatiandividual measured spectra, marked by heavy lines in Fig.
with energy of the self-absorption in the target foil of the 1, reveals that virtually all of those abo¥&.,atior~ 10 080
emitted photong29]. An additional correction due to the eV have the same shape. As shown in Fig. 2, when normal-
small energy dependence of ther photoexcitation over the ized to their peak intensity, these spectra overlap almost per-
range measured was also appligD]. These corrections fectly. The spectra differ therefore only by an overall inten-
were applied to both the inscans and outscans. For the ousity factor, but not in shape. Deviations from this perfect
scans, the highly slopinéf @, tail underlying the satellite overlap, indicating shape changes, are observed only for
spectrum was subtracted off using a Lorentzian tail fitted tdE,giiaionr= 10 080 eV, about 70 eV above the threshold. This
the K4 line in energy ranges above and below the satellitess demonstrated by th&,,jaioi= 10 050 eV spectrum shown
region. The Lorentzian tail included contributions from thein Fig. 2, which is distinctly different from the other three.
two Lorentzians conventionally used for an analytic repre-ts two-peak structure results from a reduction in the inten-
sentation of theKea; line [28,31. Care was taken not to sity of the a, line relative to theaz one. The excitation
obliterate any of the satellite-related features. Kne, sub-  energy range from threshold to saturation consists, therefore,
traction was complicated by the nonmonotonic, though venof two spectral evolution regimes. In the firgtenoted TR
weak, intensity variations above 8090 eV, outside the sateffor “threshold regime” in the following, extending from
lite region, the origin of which is unclear at present. Forthreshold at~10 010 eV up to~10 080 eV, both the shape
spectra taken very close to threshold, where the intensity ief the spectrum and its intensity vary considerably, mostly
low, this structure affected also the resolution of the spectrdecause of the different thresholds of the various features,
into individual Lorentziangsee below and this region was, but also because of different intensity growth rates of the
therefore, excluded from the fits. individual lines with excitation energy. In the second regime

D. Data treatment
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FIG. 2. TheK a3 4 spectra for the excitation energies listed, each sresen
scaled to its peak value. The excellent overlap for spectra above FIG. 3. Theoretical fits of th&Kaj, spectrum in the growth
~10 080 eV demonstrates their identical shape. The shape varigegime(GR) by theab initio relativistic Dirac-Fock calculate@p
tions occurring below that limit are examplified by the double- spectator transitior:l:~‘,2p—>Zip2 (lowest framé. I/IKQ1 denotes the
peakedE ocitation =10 050 eV spectrum. peak intensity divided by that of the GU«, line. The various fits,

showing increasingly better agreement with the measured spectrum,
(GR for “growth regime™), from ~10 080 eV up to satura- aré discussgd i'n'the text, as are the assignments of the four observed
tion at ~11 000 eV, the spectral shape is already fully de-features to individual transitions.
veloped and only the intensity of the satellite complex as a
whole increases in a monotonic, but nonlinear, way. We nowa region where th& «; line’s slope, and intensity, are too
discuss the results obtained for each of these two regimes iigh to allow a meaningful separation of the small contribu-
some detail. tion of these lines, as was verified experimentally.
To obtain a more quantitative evaluation, we have used
B. The growth regime the calculated multiplet, with a Lorentzian representing each
transition, to fit the measured spectrum. In all fits a single
lenergy shiftA of the whole calculated multiplet relative to
&he measured spectrum was allowed. This shift, usually no
$nore than 1-2 eV in our DF calculations, comes mostly
from residual inaccuracies in ttab initio calculation of the
relativistic shifts of the energy levels, particularly those in-
volving theK shell. The finite instrumental window function
was represented by convoluting the calculated curve by a

In Fig. 3 we plot theab initio calculated lines correspond- Gaussian of a fixed half width at half maximuidWHM) of
ing to the 2p spectator transitiois2p— 2p?, which was 0.8 eV. In Fig. 3 three types of fits, with increasing number
suggested as early as 194,37 to give rise to theKaz4  of free parameters, are presented. Aiemployed a single
spectrum. Although the atomic number of Cu is high enoughwidth common to all the multiplet lines, and only this width,
for the intermediate, rather than pur&, coupling to apply, a single intensity scale factor and the skiftvere refined in
the calculated levels are marked for convenience by theithe fit. The as-calculated relative intensities of the lines were
largestLS components. The overall alignment of the calcu-therefore preserved. FB allowed an individual width to
lated and measured spectra is good, and the four main feaach line, but the relative integrated intensities of the lines
tures, a’,a3,a4, and a5 can clearly be identified with the were fixed at the calculated values. Finally, @t allowed
%p,—3%P,,%P,—3%P,,'P,—1D,, and °P;—°3P, transi- these relative intensities to vary as well and only the indi-
tions. Note that at most only 7 out of the calculated 14 tranvidual line positions within the multiplet were held fixed.
sitions in the full 1s2p—2p? multiplet contribute to the The corresponding fit values are given in Table I. Note first
measured spectrum. The calculated lines=a8098 eV, the small shiftA~1 eV for all fits, showing the calculated
above the range measured here, are too weak to be observedgrgies to be accurate, and lending support to both the as-
and the(only slightly strongerlines below~8060 eV are at signment of the spectrum @p spectator transitions and to

The main issues in the GR regime, namely, the individua
transitions underlying the spectrum, and the variation of th
overall intensity with excitation energy, are addressed in thi
section. Points already discussed in our recent LE3femwill
be mentioned only briefly.

1. The transitions underlying the k3 4 spectrum
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TABLE I. Fit of the theoretically calculated transitions to the measured spectrum. Energies are in eV and
integrated intensities in percents of the total spectral intensity. The fitted shifts between calculated and
measured spectra arel.0, — 1.3, and—1.1 eV for fitsA, B, andC, respectively. For discussion see text.

Transition
P1—=%Py *P1—=°P, 'Pe—°P; 'P1—1D, *Pp—°P, °P;—°Py °P;—°P,

Energy

Calculated 8094.4 8088.7 8085.8 8083.9 8078.8 8075.4 8070.7
Integ. intensity

Calc., fitsA andB 15 14.5 8.6 34.4 275 8.6 4.8

Fit C 0.2 8.5 0.0 58.5 30.8 0.8 1.2

the need for a full relaxation between the excitation andhe satellites as originating in a shakeoff, rather than a
emission processes in the calculations. The agreement ghakeup, process, since the latter results in an intensity jump
even the most restricted # with experiment is good, indi- at the threshold3,6,15,21. This is in full accord with our
cating no other contributions to the spectrum. Indeed, atexpectation, discussed above, as well astti€% contribu-
tempts to include contributions from the calcula@sispec- tion predicted[3] for shakeup in our case, as extrapolated
tator transitions 1s2s—2s2p invariably reduced their from RDF calculations for Af34] and Kr[23]. The high-
intensity to zerd 3]. This is in line with the approximately energy saturation limit of 0.63% of th€a; intensity is in
fivefold lower shake probability calculated for @ Blectron, good agreement with previous measuremédis25,35 and

as compared to af2one, to accompany &s vacancy pro- calculationg6,36]. Note also that no outstanding features are
duction [33]. The very strong Coster-Kronig transition observed in the intensity curve at10 170 eV, the calculated
1s2s—1s2p3l, which depopulates th@s spectator state threshold for the simultaneous excitation of a dlus a &

very fast, further reduces any possiflle spectator contribu- electrons, further supporting the conclusion above of a neg-
tions to the spectruri6,28]. o ligible 2s spectator contribution to the spectrum.

From fits B and C in Fig. 3 it is clear that the three As observed in the figure, the energy range required to
transitions *P,—3P,,'P;—!D,, and *P;—3%P, dominate reach saturation;- 1 keV, or 10% of the threshold energy, is
the spectrum, with only minor contributions from the weakerconsiderably larger than the correspondin@0 eV and 2%
transitions. Thus, only the contributions of these three linesneasured for the Auger shake¢#1] and shakeupl5] sat-
can be determined with confidence by the fitting procedurellites accompanying theslphotoionization in Ar. On the
from the highly overlapping and feature-poor measured spemther hand, Parratt|87] early measurements of the Kix3 4
trum. The fitting code practically eliminates the contributionssatellite intensity variation with x-ray tube voltage, yield a
of the other lines by reducing their amplitudes to zero in fitrange of~3 keV, or ~50% of the threshold energy, much
C, where the integrated intensities are allowed to vary. In fitarger than found here. Since all three spectra originate in
B, where the integrated intensitigsroportional to the prod-
uct of the width and amplitude of each linare fixed, the
amplitudes of the weaker lines are reduced to almost zero by 07 . . 4 .
increasing their widths to unphysically large values. Com- Cu
paring the calculated and fitted integrated intensities in Table i 12 fe2s
| shows that while the three strongest calculated lines are mon
also the three strongest fitted lines, the calculated and fittec 9
intensity distributions among the lines differ considerably.

The strongest'P;—!D, line gains considerable intensity, &

Present

o set #1
e set #2

— High energy

the second stronge$P,— 3P, line intensity remains as cal- £ o Moskil [25]
culated, and all other lines are considerably reduced from% **| . P;ur;‘::n[iﬂk i
their calculated values. This indicates that while our single @ Richtmyer [36]
configuration, sudden-approximation RDF calculation cap- ~ dberg 16]

tures the essentials of the spectrum, further effects, sucha ;| it ]
slightly less-than-full relaxation and/or final- and initial-state ' _ Jhomas—a
correlations, need be considered to improve the agreemer S 4 . ‘ |
with experiment. 10.0 105 11.0 15

Eexcitotion (kev)

2. Intensity variation with excitation energy _ _ _ o _
FIG. 4. The overall integrated intensity variation of the satellite

Figure 4 shows the evolution of the integrated intensity ofspectrum in the GR regime. Several previously measured, and cal-
the measured spectra from threshold to saturation. Two sepgglated, high-energy limits of the intensity are also shown, as are

rate sets of measurements, done at different times after sep@e relativistic Dirac-Fock calculated thresholds for g and 2s

rate alignment procedures, denoted “set 1” and “set 2,” spectator levels. Fits to the Thomas model are discussed in the text.
which agree well with each other, are presented. The corfFhe relevant references, from the list at the end of the paper, are
tinuous rise of the curve from zero at threshold clearly markgjiven in square brackets.



57 EVOLUTION OF THE CuKas4 SATELLITES FRQOM . .. 1691

2.5

2.0

w

|‘"‘/1;<“;1(%)

!
/
: Ca Ka” Ti Ka“_
1.0 I, Experiment: o Parratt [42] ® Parratt [37]
¢ High energy: o Parratt [42] = Parratt [24)
II « Pearsall [35]
L Theory: « Richtmyer[36] |
05 II (Sudden limit) > Aberg {6]
| Fit: - —Thomas
|
O (W] s ) | s ) | L L |
4 10 16 22

E keV)

excitation (
FIG. 5. The overall integrated intensity variation of theKld; 4
(a 2p-spectator transitignand the CaKa" (a 3p-spectator transi-
tion) satellite spectra, from their respective threshold up, as mea
sured by Parraft24,37. Although they look reasonable by eye, the
corresponding Thomas model fits yield parameters that deviate con- £ 6. The near-threshold evolution of the @urs , satellite
siderably from measurements and expectations. For discussion S€Fectrum with excitation energy. At the lowest enérgies dhe
text. ridge is the strongest, while above its10 030 eV threshold the,
ridge rises fast to dominate the spectrum.

shake processes accompanying s ghotoionization, for
which the Thomas model should be valid, and consideringyvershoots the measured sudden limit value of Arraeal.
the recent success of that model in accounting for the A[21] by ~20%. In contrast with these deviations lof for
Auger satellite measuremer|ts5], we attempted to fit our our Cu data and Heiser's Ar data, excellent agreement was
data, and Parratt's Ti one, by the intensity curve predicted byptained for Ne[15,14,4Q between the Thomas-fittet,
this model. =5.12+0.03% and the measurédl] 5.15%. An attempt to
The Thomas modef[10] can be expressed in a closed jmprove the agreement here with the sudden limit was made
form, if we accept the convenietd hocassumptions of a py adding to our fitted data set a number of “measured”
Gaussian time dependence for the Hamiltonian’s time depoints, having the sudden limit value, at energies above the
rivative and a constant velocity for the ejected photoelectromhighest measured in this study, 11.2 keV. This resulted in the
while within the bounds of the atorfg]. Under these as- line denoted “Thomas-b” in the ﬁgure and 01@03%’
sumptions the satellite intensitypomasvaries as 0.064 A, and 9976 25 eV for the three parameters. While
|, agrees now better with the experiment, the shape of the
curve is in markedly worse agreement with the measure-
ments near threshold. The fact that the functional form of the
model cannot reproduce well the shape near threshold and
wherer is the radius, in A, of the shell in which the shakeup the high-energy limit simultaneously indicates that the prob-
occurs (2, in our casgand|., is the intensity at the high- able cause for the deviations is thé hocchoice of a Gauss-
energy, sudden approximation limit.E¢;=Eeycitaion  ian time dependence for the Hamiltonian’s derivative. Fore-
— EmresholaiS the excess energy of the exciting photon abovegoing this choice requires numerical solution, rather than a
the excitation threshold,esnoie @aNd AE is the shakeup close-form one, of the time-dependence equations as shown
energy. In our caseAE~1002 eV, which can be obtained by Thomas[9]. It may, however, yield a better agreement
through theZ+1 approximation[38] from the measured with the data both in our and in Heiser al’s case. Note that
[39] Zn L,, ionization energy of 1021.8 eV, reduced by 2% the agreement between the measured threshal@, 010 eV,
as suggested by Parrgft4]. A very close value is also ob- and the fitted one is not too good either, although the
tained by taking the difference between the RDF-calculatedThomas-b” fit is reasonably close. The radius of the 2
1s and 1s2p energies. The parameters varied in the fit areshell obtained from the fits is also somewhat lower, though
I, 1, andEyeshoi¢ The fit results are denoted as “Thomas- not by much, than the 0.1 A calculated by us using the RDF
a” in Fig. 4 and yield values of 0.880.03%, 0.07 A, and code.
9911+ 17 eV, respectively, for the three parameters. While Finally, we have also fitted the Thomas model to the early
the overall agreement of the data and the fitted model iFi Ka3 4 and CaKa"” satellite data of Parraf87,42, mea-
good, the values obtained for the parameters do not agree taoired as a function of the x-ray tube voltage and shown in
well with other, independent data. Specifically, the is  Fig. 5. The same difficulties discussed above are observed.
about 30% higher than the 0.63% measured here, and also For the Ti data the actual saturation is faster than is possible
previously, for the sudden limit. Heiset al’s [15] fit of the  to reproduce with the analytic Thomas model, Eb. The
Thomas model to their Ar photoelectron shakeup data alséitted threshold energy, 5260170 eV, is lower than the cal-

—r2AE?

I Thomas= | xex;{ m ) 1)
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FIG. 7. The nominal thresholds for the various features, as de- FIG. 8. The measured spectra in the near thresfidR) region,
termined from intersections of straight lines fitted, below and aboveor several excitation energies, each normalized to its maximum by
the threshold, to curves of the emission intensity variation withthe scale factor listed. Fits to a sum of four Lorentzians, and the
excitation energy. These were measured with the emission energgdividual Lorentzians, are shown in solid lines. Note the roughly
fixed in turn at the position of the features marked in Fig. 1. Theconstant widths and positions of the lines, and the increase ofthe
curves are shifted from each other for clarity. The RDF-calculatedine from zero below threshold to domination-atl0 080 eV.
thresholds for shakeoff are also shown.

C. The threshold regime
culated, and the measured ones-656500 eV.l,= 2.60
+0.12% is about 20% higher than the measuf8,24
2.2%. The fitted p shell radius of 0.286 A, calculated with An overview of the evolution of the spectra in the near-
[39] AE=505 eV, is almost twice as large as our RDF-threshold region is shown in Fig. 6. A careful examination
calculated value of 0.15 A. For the G&” satellite, which  shows the dominance of th€a feature near threshold, the
has been identified in several studjd2—44 to originate in  subsequent opening of thKa, excitation channel near
the 3p spectator transitiongs3p— 2p3p, the fit in the fig- 10 030 eV, and its fast increase to dominance overkihg
ure appears by eye to be better than for the Ti data. The fittelihe at 10 080 eV. The thresholds and evolution of the two
high-energy limitl,= 2.350.18% is in very good agree- weaker feature&a’ andKayg are less clear in this figure.
ment with the high-energy limit of 2.25%, measured in theHowever, scans oE.,cjtaion While keepingEgmissionfixed at
same study[42]. However, this is achieved at the cost of each of the features in turn, should allow an accurate deter-
obtaining a fitted3p shell radius ofr=2.38 A (for [39] mination of the threshold of these features. Such scans are
AE=28.3 eV}, fourfold larger than the RDF calculated 0.59 shown in Fig. 7. The most outstanding feature of these in-
A. The fitted threshold energy resnoi=4230+ 120 eV, is  scans is that even on this highly magnified scale, where in-
much larger than the 4066.8 eV obtained throughZhel  tensity variations of<5x107° of the Ka; line should be
approximation from photoelectron spectroscopy energy levelearly discernible, no abrupt intensity jumps are observed
els [39], and Parratt's42] estimate of 4070 eV. In fact, for any of the features at threshold, and the intensity rises
Parratt used this threshold estimate as the basis of his idefrom zero continuously, smoothly, and linearly, within the
tification of thea” line with the3p spectator transition. With accuracy of this experiment. This pure shakeoff behavior is a
the fitted value, which lies half way between B spectator ~ striking corroboration of the prediction, discussed above, that
threshold and that of th2p at[39] 4430 eV, his identifica- inner-shell shake processes should be increasingly domi-
tion would not have been supportable. The large deviationsated by theshakeoff, rather than the shakeup, effect. The
of the fitted values from the experimental and calculatedgrowth of each feature over the limiteBg,gitation range
ones both in Parratt’s early study as well as that presenteshown is highly linear, although over the full adiabatic range
here, reflect, again, the severe approximations used in theis not, as shown in Fig. 4. The RDF-calculated thresholds
model as discussed above. These result clearly indicate ttud the features, shown in the figure, are in reasonable agree-
need for more accurate calculations in the adiabatic regimanent with the measurements, although upshifted by 5-10
preferably without employing the simplifying assumptions eV. They also correspond well to the transition assignments
discussed above. of the various features in Fig. 3. The linear energy depen-

1. Determination of the thresholds
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TABLE II. Resolution of theK a3 4, Spectrum into 4 component lines, for the excitation energies indicated.
Eo, I' (both in eV), andl, (in arbitrary unit3 are the energy position, Lorentzian width, and intensity,
respectively, of each line. Second-line entries are the uncertainties in the values listed in the corresponding

values in the first line.

Line  Parameter Ecitation (€V)
10010 10022 10030 10040 10045 10050 10060 10080 10250
a; Eo 8085.8 8086.5 8087.5 8087.3 8087.2 8087.9 8087.1 8087.5 80875
0.4 0.4 0.3 0.3 0.3 0.3 0.4 0.2 0.2
r 0.72 1.27 0.7 1.15 1.26 1.35 1.54 1.40 1.70
0.53 0.60 0.59 0.58 0.48 0.50 0.69 0.41 1.9
lo 1.40 1.45 1.61 2.71 4.01 3.17 4.30 7.30 1.40
0.62 0.39 0.68 0.63 0.72 0.59 1.0 11 0.62
ay Eg 8082.6 8083.8 8083.6 8083.4 8083.6 8083.0 8083.0 8082.7
0.7 0.5 0.3 0.2 0.2 0.2 0.2 0.1
r 1.0 1.8 2.19 2.30 2.64 2.53 3.06 3.11
1.44 1.20 0.81 0.68 0.50 0.68 0.48 0.11
lg 0.68 1.82 4.21 7.40 7.71 10.1 21.2 67.7
0.46 0.45 0.63 1.10 0.60 1.20 2.00 4.00
a3 Eo 8078.4 8077.2 8077.8 80779 8078.3 80776 8077.8 8077.4 8078.0
0.3 0.2 0.3 0.3 0.4 0.2 0.3 0.4 0.3
r 2.66 3.17 3.26 3.63 3.92 341 3.23 411 3.85
0.63 0.42 0.54 0.41 0.45 0.41 0.52 0.63 0.30
lo 2.47 5.12 5.62 7.66 9.41 8.74 10.00 14.40 36.30
0.29 0.25 0.34 0.48 0.91 0.53 1.00 1.80 3.90
a’ Eo 8068.9 8069.2 8070.1 8069.2 8069.3 8069.9 8069.8 8069.9 8070.0
0.6 0.3 0.6 0.3 0.8 0.4 0.6 0.4 0.3
r 3.50 2.50 2.40 1.26 1.30 2.23 2.00 1.58 1.29
1.30 0.62 1.10 0.45 1.30 0.72 1.10 0.84 0.47
lo 1.55 2.26 1.50 2.29 0.94 2.13 1.82 2.68 5.00
0.26 0.29 0.37 0.49 0.54 0.38 0.64 0.79 1.00

dence of the intensity was employed to derive the thresholdsitions originating in the*P; initial level, although with the

listed in the figure, calculated from the intersections ofaccuracy available, not much significance can be attached to
straight line sections fitted to the data above and below théhe deviations of the calculated values from the measured
threshold. The small deviations of these values from thosenes. Note finally that the thresholds derived here as the
obtain from similar, but lower-statistics, measurements inintersections of the straight lines are nominal only, in the
Ref. [3] reflect the few eV accuracy achievable by this sense that the actual data points may lie slightly above these
method. In view of these, the agreement between the medines at the intersection, and even somewhat below it, and
sured difference of-16 eV of theKa; andKa, thresholds, still evolve with Egygiaion- This is particularly clear forg

the RDF-calculated 25 eV difference of the correspondingvhere the measured intensity shown in the figure near the
3p,-1P, levels and the~20 eV separation of the[®,, and  nominal threshold is markedly rounded, and the data points
2p3jp subshell energies in Cu, is not too bad. The positions ofie above the fitted straight lines. Indeed, as we show below,
thea’ andaj thresholds, in between those of the anda,  even atEq,jraio=10 010 eV, just at the nominal threshold,
lines, also corresponds well to their assignment to the tranthere is still some intensity in this line. However, the straight
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FIG. 9. The variation of the individual line positions with excitation energy near threshold. Note the almost fixed positions of all lines.
The small downshift of they, line just below threshold10 022 eV is disscused in the text.

line intersections are still the best choices for the nominalery-near-threshold spectra. Thus, all three parameters of
thresholds for comparing with theory as done above. This igach Lorentzianwidth, height, positioh were allowed to
because the measurement errors due to the Kigh back-  vary in the fit.

ground and the gradual variation of the intensity of the lines The individual Lorentzians and their fitted sums are com-
do not allow the extraction from the outscans of a definitepared with the measured spectra in Fig. 8, and the resultant

Eexcitation Value at which a given line disappears, particularlyfit parameters listed in Table II. The fit of thBeyitation
for the weaka’ and o lines. =10 010 eV spectrum confirms that although there is a small

contribution of theas, a’, and a; lines, which is not sur-
) prising in view of the few-eV energy spread By, jiation @nd
2. The shape evolution of the spectrum the proximity of their thresholds, no contribution is observed
Several of the spectra measured in this near-threshold TRom the a, line, whose nominal threshold is-17 eV
regime are shown in Fig. 8. Each spectrum is normalized tdiigher, hence the missing values in Table Il for theline at
its maximal intensity, so that the weakest spectrum, athis excitation energy. Just above its nominal threshold a
Eexcitationr=10 010 eV, is about 30fold less intense than theSmall contribution of this line appearsEfitatior=10 030
strongest one, aEqgimion =10 250 eV. This intensity de- €V). and increases steadily, faster than the other lines, to
crease, and the high background due toKhe, tail, effec- ~ dominate the spectrum &e,giaio—10 080 €V. A compari-

tively prevented meaningful satellite spectrum extraction af©" Of the shape and the relative intensities of the resolved

lower Egiaion Values. Note that for reasons mentioned' €S I Fig. 8 fOrEeyitaior=10 080 eV and 10 250 eV dem-
above, remnants of some of the lines are still observed at th nstrates that at 10 080 eV the shape is already saturated and

. oes not change further. The positions of the individual lines,
lowest Eq,citation SPECtrum, measured at the lowest nominal

. X lotted in Fig. 9, are virtually constant, when the error bars,
threshold, that ofas. The variation of the shape with P g y

obtained from the fit, and the spread in nearby points are

Eexcitation: Observed in the figure, is marked and rapid. Theqqigered. The onlgrather weak exception may be the,

main effect obseryqble by eye is the higher threshold (_)f th%osition atE yciatior=10 020 eV, slightly below the nominal
singlet *Py, the originator of the, line, as compared with  hreshold, which is-1.2 eV lower than its immediate neigh-
the triplet ®P, which gives rise to thevs, a’, andaj lines.  horing points, just barely outside the combined error bars.
For a better assessment of the individual line evolution, therhe Lorentzian width obtained at this energy for this line is
measured spectra were fit by Lorentzians. In this highly adiaalso lower than those of the same line at higher energies, as
batic limit the validity of the sudden approximation RDF shown in Fig. 10. Nevertheless, in view of the large uncer-
calculations, and hence the description of the spectrum by finties, no support can be drawn from these observations for
lines as discussed above, is questionable. The data indicailee existence of a resonant Ram@®R) effect[45] for this

only 4 underlying lines. We have, therefore, used only 4line, in spite of the fact that the two main signatures of this
Lorentzians in the fit. Because of the good analyzer resolueffect are a linear shift of the line position towards lower
tion, and the high-quality fit achieved, no convolution with energies below threshold, and a narrowing of the linewidth
the instrumental function was applied in these fits. Attemptgvhen approaching the threshold from below or above. None
to include more Lorentzians, at positions indicated by theof the other lines shows signs of similar effects, although the
RDF calculations, did not improve the fits. The same is truel0 010-eV measurements are also below threshold fowthe
for fits where the positions and/or half-widhts were restrictedanday lines. Clearly, much more accurate measurements are
to the values of the fully developed spectrum. In fact, a distequired to decide whether the RR effect exists for the tran-
tinct degradation was observed in the restricted fits for thesitions studied here.
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FIG. 10. The variation of the Lorentzian widths of the individual ~ FIG. 11. The variation of the integrated intensities of the indi-

lines with excitation energy near threshold. The only possible sigrvidual lines, and the full spectrum, with excitation energy near
of line narrowing is at the threshold of the, line. Otherwise the threshold. The higher threshold of tlg line, as compared to the

widths are constant within the errors shown. as line, and the intermediate; threshold are clearly observed. The
constant intensity of the’ line is probably an artifact, as discussed
in the text.

The widths of all other lines in Fig. 10 seem reasonably
constant within the measurement errors, and equal to their IV. CONCLUSION
sudden limit values. The narrower widths of the weadér

e
andag lines , as compared to the strong anday, and the trum, where near the threshold both the shape and intensity,

~1 eV broaderas line as compared te,, seem to be Con-  5nq fyrther away only the intensity, but not the shape, of the
sistent, and real, effects for which no explanation can be

offered at present. Finally, the integrated intensities of the , . - . -
individual lines on a scale relative to that of tkex, line are 18 )
plotted in Fig. 11. They rise gradually from zero, without any
abrupt jumps even on scales of a few parts iff,Ibnfirm-

ing again the pure shakeup nature of these transitions. The
seemingly anomalous behavior of th€ line, showing a
roughly constant intensity with excitation energy, is most
probably an artifact, reflecting the difficulty of separating out
the contribution of this weakest line, as also shown by the —
large error bars in the plot. The faster growth of theline

as compared to thes line is clearly demonstrated by the

The two-regime behavior of the (ka3 4 satellite spec-

.. . .. . . . o Measured data fit
variation of the ratio of their intensities with excitation en- I — Linear growth model

ergy, shown in Fig. 12. The ratio saturates fast, and its value » ROF calculation
at Eqycitatior=10 080 eV already agrees well with both the or . !

calculated RDF value and the ratio as obtained from the 10.050 10.100 10.150 10.200 10.250
measurements foE gycitaion=10 250 eV and up. This is as Eexcitation (&)

expected from the full saturation of the spectral shape at

E excitation=10 080 eV. Assuming a linear growth from zero at
their respective thresholds for both intensities yields the lin
marked “linear growth model” in the figure, which agrees
well with the measurements.

FIG. 12. The intensity ratio of the, line to that of thea; line
near threshold, demonstrating the faster growth ofdhdine. The
qinear growth model assumes a smooth linear increase of the inten-
sities from threshold, and agrees very well with the near-threshold
data and the calculated high-energy RDF value.
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spectrum vary with excitation energy, reported here, is aorrelations, the detailed rearrangement dynamics of the
novel effect. In the absence of other detailed studies of thishells, the interactions between the slow moving ejected pho-
type, it is not clear whether this behavior is general, retoelectron, and the relaxing atom, etc. should in principle be
stricted to medium-Z, to thedtransition elements, or even accessible in this regime by combined theoretical and experi-
peculiar to copper only. On the theoretical side, the Thomasnental studies. Above all, however, a larger body of experi-

model for the intensity growth in the adiabatic GR regime,mentally derived data, like the one presented here, on the
which was expected to be fully applicable here since both thevolution from threshold to saturation of emission lines, both

shakeoff and the primary electrons come from inner shellsgiagram and satellite, is indispensable for going beyond the
did not reproduce well the experimental results. A first stepsimplified, independent electron picture of the atom and the
towards improving the agreement is to dispense with thdrozen-core—sudden approximation description of atomic ex-
Gaussian time-dependence approximation, and/or take thatation processes.

time-dependent perturbation theory to orders higher than the

first. This, of course, carries a cost of h.a\./ing to solve _the ACKNOWLEDGMENTS
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