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The evolution of the Cw a34 spectrum is studied from threshold to saturation using synchrotron
radiation photoexcitation. A pure shake-off behavior is observed, with a smooth and monotonic
intensity rise from zero to saturation, confirming theoretical predictions. Different onset energies are
observed for the spectral features, but g@peof the spectrum is found to be invariant for energies
higher than 50 eV above threshold. Full-spectrum fits basedboimitio Dirac-Fock calculations and
measured onset energies conclusively show the satellites to resul fraspectator transitions only, as
predicted.

PACS numbers: 32.30.Rj, 32.70.-n, 32.80.Fb

Since they originate in multielectronic transitions, theies. We confirm the theoretical prediction of the pure
near-threshold behavior of x-ray satellites can provide, irshake-off behavior of the spectrum, characterize the inten-
principle, important information on intershell and intra- sity and spectral shape behavior from threshold up, through
shell electron correlations in atoms and on the excitationhe adiabatic [9] and intermediate energy regions up to the
dynamics [1]. The threshold regions became accessibleudden approximation limit [5,6]. The different onset en-
to detailed photoexcitation measurements only recentlgrgies observed for the various spectral features indicate
[2], with the advent of intense, tunable synchrotron x-raythat the shape of the spectrum must vary with excitation
sources. Even so, the slower development of more s@nergy near threshold. However, the lowest-energy mea-
phisticated optics, required at high energies, limited x-raysured spectrum, at50 eV, is already fully developed, and
emission studies in these regions almost exclusively téor an additional range of-1 keV we find only a mono-
soft x-rays and low-binding-energy valence satellites [3]tonicintensityincrease to the sudden-approximation, high-
in low-Z atoms. These, however, are encumbered by nuenergy limit, without any change in the spectral shape. The
merous competing effects like initial- and final-state con-energy thresholds measured for the various features and
figuration interactions, interchannel coupling, solid statehe spectral shape clearly show the satellites to result from
band-structure effects, etc., which make the elucidation o2p spectator transitions only. Full-spectrum fits based on
the basic single-atom shake-up and shake-off processes e initio relativistic Dirac-Fock (RDF) calculations allow
tremely difficult [1]. Armenet al. [4] demonstrated how assignment of the various features of the spectrum to spe-
the near-threshold Auger satellite emission spectrum cacific transitions.
be employed to study the shake-up and shake-off processesThe measurements were carried out at the X25 wiggler
separately. However, even this seminal study shows abeam line, NSLS, Brookhaven National Laboratory, with
~25% admixture of shake-up in the shake-off Auger line,an experimental setup similar to that of Hamalaie¢ml.
prohibiting a full separation. The strong variation of the[10]. A double crystal Si(220) monochromator with a
relative shake-offshake-up probability with atomic and bandpass of3 eV and a flux of~5 X 10!' photongsec
shell numbers, predicted by shake theory [5,6], provides aas used. The sample was a polycrystalline high-purity
convenient way of separating these effects. Thus, the reu foil. The fluorescence spectrometer employed the
cent Bels photoionization study of Krause and Caldwell Johann geometry with a 1 m diameter Rowland circle on
[7] is a striking example of one limit: the predominance a horizontal plane, and a spherically bent 3-in.-diameter
of (conjugate) shake-up, reaching an intensityt@f of  Si(444) crystal providing<1 eV resolution. Incidence
that of the single electron excitation. Armehal’s study and the detection angles were fixed at’.45This 9C¢°
explored the intermediate region, where the shake-up argtattering angle and the intrinsic Ge detector employed
shake-off are of the same order of magnitude. We presemjreatly reduced the background reaching the detector.
here a study of the other limit; the absolute predominance All spectra were corrected for self-absorption in the foil
of the shake-off process [8]. This limit is achieved for [11] and the smalK « photoexcitation efficiency energy
inner-shell satellites in medium-atoms, and was not hith- dependence [12]. The highly slopinga; contribution
erto studied. We chose to study the €4 satellites, was stripped off by subtracting a Lorentzian tail fitted to
originating in2! electron shake processes accompanyinghe spectrum outside the energy range of the satellites.
1s photoionization. This choice of inner-shell satellites Care was taken to ensure that no satellite-related features
also eliminates solid state and nonlocalized band-structungere obliterated by these procedures. For further details
effects dominating all previous valence-shell satellite studsee Ref. [13].
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FIG. 1. Raw CuK « satellite spectra vs excitation energy near
threshold. Note the high slope of the @i, tail. The four
underlying lines are marked by accepted notation.
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FIG. 2. Intensity of the satellite complex for varying incident
exciting photon energy, measured with two different experi-
mental resolutions (sets 1 and 2). The calculated RDF shake-
off thresholds and the measured and theoretical high-energy
limiting values are also shown.

While no similar values are available for copper, this trend

points to a negligibles1%, relativeshake-ugntensity in

The evolution of the spectra with excitation energy isour case, which will not be observable in the present study.
shown in Fig. 1, along with the previously identified fea- This conclusion is further supported by the onset measure-
tures. These were hitherto studied only for high-energyments discussed below.
excitation in conventional x-ray tubes [14—16]. The most No slope changes or abrupt jumps are observed in
outstanding feature of the data is the smooth increase ¢fig. 2 at the calculateds2s threshold, indicating negli-
the satellite complex intensity over a considerable energgible contribution from2s spectator transitions. This is
range above threshold. This behavior is in marked confurther supported by our line-shape fits below, and by a
trast with the abrupt edgelike behavior observed in direcsimilar absence ofis spectator contributions in several
photoexcitedsingle-electroremission spectra and with the other (mostly high-energy limit) studies [4,15,19]. Thisis
accepted view of satellite spectra reaching saturation inmost likely due to the very stroniy2s — 1s2p3/ Coster-

tensity within a few tens of eV above threshold [9].

Kronig transitions which depopulate tAe state very fast

A careful inspection of the corrected satellite spectra forand should thus yield very broad and weak features [5,19].
all incident energies above 10050 eV, the lowest energy Figure 2 also shows a surprisingly long saturation range;
above threshold where the spectrum could be measuredl keV, or ~10% of the threshold energy. By compari-

with reasonable statistics, shows that shapeof all spec-

son, the valence shell Auger shake-off satellite intensity

tra are identical, within statistics. Furthermore, no energyf Ar [4], discussed above, levels off at70 eV above
shifts of the kind observed in subthreshold resonant Rathreshold, or only~2% of the threshold energy. The satu-

man spectra [17] could be detected, to withih eV. The

ration intensity,0.63% of the Ka; line, is in excellent

spectra differ only by an overall intensity factor, a plot of agreement with the high-energy, x-ray-tube-measured in-
which is shown in Fig. 2. Since an abrupt intensity jump istensity of 0.60% [14,16], and the sudden-approximation
predicted for shake-up at threshold while shake-off shouldheoretical intensities df.62% [20] and0.58% [5].

increase smoothly from zero [1,4,5], the shape of the curve The fully developed emission spectrum is shown in
in Fig. 2 marks it as a pure shake-off process, unlike alFig. 3. The four underlying lines are clearly distinguish-
previous near-threshold measurements where either corable. To elucidate the origin of these lines we carried out
parable shake-up and shake-off [4], or almost pure (conab initio RDF calculations using theraspcode [21]. As
jugate) shake-up [7] processes were found. This confirmasual [8,22], initiall s2/ and finals2! state wave functions

a long-standing sudden-limit shake theory prediction of g/ = s, p), were calculated in separate single-configuration

fast increase in the relative shake-/affiake-up probability
accompanying ionization with decreasing, the princi-

runs, to allow for relaxation, and the transition energies ob-
tained as differences of the relevant energy levels. The line

pal quantum number of the shake electron [8,18]. Recerdtrengths were calculated separately from the initial and

RDF calculations yield offup probability ratios of 0.40,
0.53, 3.1, and 10 for the respectide, 4s, 3d, and3p

shake electrons accompanyikgionization in Kr [8], and
0.4, 0.6, 6.9, and 8 fd¥p, 3s, 2p, and2s shake in Ar [18].

final state wave functions, since the two separately gen-
erated sets are not orthogonal. The two results agree to
better thars% for all the lines in the figure. The results
are shown as “stick diagrams” in Figs. 3(b) and 3(c). The
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FIG. 3. (a) The fully developed measured satellite Spectrum(_anergies near threshold. The curves are shifted relative to each

The fits are based on the RDF calculatdd2p — 2p> other for clarity. The solid lines are fits to the data below
transitions shown as a “stick diagram” in (b). Ngte thep good10 000 and above 10050 eV, respectively. The intersections are

agreement, in particular, for fits B and C. The lines in (b) taken as the thresholds for the corresponding features. Note the

are marked by th&S notation of their major constituents. The smooth rise of the intensity from zero, the different threshold
calculatedl s2s — 2s2p transitions are shown in (c). energies, and the overall agreement with the RDF-calculated

1s2p levels.

2p spectator lines are very well aligned with the measured To determine the onset energy of the features marked
spectrum. The maximal contribution of tBe multipletis  in Fig. 3, the spectrometer was kept fixed at each of the
limited by the low intensity measured at the position of itsrelevant emission energies in turn, and the incident exci-
second strongest line at 8067.5 eV. A model employing dation energy scanned through the threshold region. The
Lorentzian representation for each line of thespectator resultant curves are shown in Fig. 4. Strikingly, even on
multiplet was fitted to the data, following three progres-this magnified scale, no edgelike intensity jumps appear
sively less constrained procedures. In fit A equal widthsn the data, strongly supporting our previous conclusion
were assumed for all lines and only this width, an intensityof a shake-off origin for the satellites. The similar trend
scale factor, and a relative shift between the energy scalés the valence-shell shake-off Auger satellites of argon,
of the measurements and the calculatiord €V) were observed by Armeret al. [4], was, however, largely ob-
refined in the fit. In fit B the equal width restriction was scured by an admixture of discreshake-up3p — np
removed, but the relative integrated intensities of the line¢n = 5,6, ...) contributions so that a discree25% jump
were fixed at the calculated value. In fit C even this las{(of the saturated shake-off intensity) is observed at thresh-
restriction was removed. As can be seen, even the mostd. Furthermore, while at high energies the shake-off is
constrained fit A yields to a reasonable agreement with théund in that study to dominate over the shake-up by a
measured data. The fit becomes excellent for B, demorfactor of 2; near threshold the total Auger satellite yield
strating the high accuracy of the single-configuration RDAs dominated byshake-upprocesses. By contrast, here
method even for such highly correlated shake-off transiFig. 4 demonstrates a smooth rise for all lines, and hence
tions. It also allows a clear assignment of the features of pure shake-off process.

the measured spectrum to calculafyd spectator transi- Figure 4 also shows different thresholds for the differ-
tions, as marked on Fig. 3(b). Attempts to include2te entlines. Those of the; anday lines differ by~20 eV,
spectator transitions in the fit invariably resulted in a van-<commensurate with th&p, ,-2p3,, subshell energy sepa-
ishingly small intensity for this multiplet, corroborating the ration. The weaker features, and a5, seem to be asso-
conclusions above. ciated with theas anda; lines, correspondingly, although
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