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Calculations based on the theory of radiationless resonant Raman scattering are employed in the interpre-
tation of new Xel 3-M4sM, 5 Auger spectra recorded using synchrotron radiation tuned to enexgiessthe
L5 edge. Fits of theoretical line shapes to the spectra are employed in separating intensitiescisjectctator
(resonant and diagram Auger processes. Near-threshold Auger intensity, previously attributed to diagram
decay, is found to be due to the largespectator lines that result from postcollision-interaction—induced
“recapture” of threshold photoelectrons tod orbitals.[S1050-2947@7)51208-X

PACS numbgs): 32.80.Hd, 32.80.Fb, 32.80.Rm

Auger spectra photoexcited by near-threshold radiationhe Xe L3-M,sMy4s case show a large suppression of
show a number of interesting features. Just above thresholghreshold diagram intensity, and fits of the theoretical line
diagram Auger lines are distorted and shifted from theirshapes to the data are shown to be consistent with this pic-
high-energy forms by postcollision interactiaf?Cl) be-  ture. We find that features of the spectrum previously asso-
tween the escaping photo- and Auger electridris Just be-  cjated predominantly with diagram decay are in fact a com-
low threshold, narrow spectatéor resonantAuger lines are  qsite of largen spectator lines.
observed, associated with electron excitation to Rydberg or- Near the Xe L threshold there are two distinct processes

. X that lead to ejection of electrons with kinetic energarthe
two regimes are blended. In recent years theoretical under-

standing of such processes has evolved to the point Whe%)czzlbnlgl L3-i2/ln4i§2/la%3]Augergceensesrgy. I)r(1 ;he_}d;(ae%rzam ﬂA;(u dger
the whole can be described within the context of radiation- o1, — P ’ “ P
less resonant Raman scatterilRRRS [2]. Historically, ob- ~ —X€[3d“]+&, +€,, an Auger electrore, and a slow
servations of the Xel3-M 4 gM, 5 spectrum excited with x photoelectrore, are emitted. In the spectator Augesingle
rays near thé 5 edge have played a major role in the devel-ionization process, Xe w— Xe[2pg;,]xd— Xe[3d*]nd
opment of our ideas about such threshold behavior: The reso-€, , the “photoelectron” remains bound to the residual
nant Raman Auger effect was first identified by Broatral.  ionic core in annd “spectator” orbital. In either case, the
[3] in such a pioneering study. In subsequent wigtk the  amplitude for direct excitation of the final states is weak, and
process was mapped out in a more quantitative fashiorthe transitions are mediated by excitations to virtual interme-
guided by the first fully quantum mechanical calculationsdiate states associated with thg hole “followed” by Au-
based on the lowest-order scattering-theory formalism of thger decay. The amplitudes for traversing xatl (bound or
problem[5]. While this latter work employed theory to in- continuun) intermediate statel8] must be summed; coher-
terpret subthreshold effects, its focus centered on PCI effecence between alternate paths affects cross sedi&nand
in the region slightly above threshold. produces PCI distortion of diagram line shap@b

The present work introduces results of new The experimentwas conducted on NIST X-24A beam line
Xe Lz-My My s data analyzed in light of new RRRS calcu- at the National Synchrotron Light Sourg0]. X rays, en-
lations. The data represent a complete set of high-resolutiogrgy selected by a Sil11) double-crystal monochromator,
spectra recorded across threshold, with a photon bandpassre focused onto a xenon gas jet within the source region of
nearly half the natural ;-hole width. The calculations are a commercial cylindrical-mirror electron-energy analyzer
the first in which diagram and spectator line shapes and inkCMA) [11]. The chamber background pressure was main-
tensities are computed at photon energies down through artdined at 2<10™“ torr. For photon-energy calibration the
below threshold. While there are numerous details to discusSMA was set to measure low ener¢y40 eV) electrons as
(to be presented elsewhgrine present letter is focused on the photon energy was scanned across threshold. Emission of
the relative probabilities for spectator and diagram Augeithese electrons is the result of Auger cascades initiated by
decay, and how these probabilities change with incidentk ionization, and their yield provides an analog of an ab-
photon energycrossthreshold. Recent analysis of Ar pho- sorption edge. The maximum of this; “electron-edge”
toion yields coincident withK-L, 3l , 3 decay[6] indicate ~ was employed as a reference point for defining relative pho-
that the diagram Auger probability is suppressed below antbn energies ¢,). While similar in appearance to the;
near threshold by PCl-induced photoelectron recapfdte absorption edgd12], the maximum of the electron edge
into bound spectator orbitals. The present study of the evoreed not occur at the same photon energy. In recording the
lution of inner-shell Auger spectra across threshold provides ;-M, sM, 5 spectra at set photon energies, the CMA was
a more direct investigation of this effect. Our calculations foroperated in the retarding mode with a 50-eV pass energy.
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widths of 1.0 eM14] and relative HF energies. Diagram line
a0t ——— o 10 20 shapes were approximated using intermediate and final-state
continuum functions, which were solutions of tdeect HF
(a) y potential only[4,6,9 but agree with full-HF calculation/]
nd (n>3)

existing in the above-threshold region. The lines were suit-
ably [15] averaged to account for experimental widths: the
x-ray bandpass was taken as 1.5 eV and the spectrometer
E resolution as 1.1 eV, this combination being consistent with
estimated values and with observed line widths.

The diagram spectrum consists of a number of multiplet
lines dominated by thi1 ,Ms(1G,) line [3]; this line and its
spectator analogs are the focus of the current experiment.
Well below threshold E.,.~—5 €eV) a single peak is ob-

] served corresponding to thé®,)5d spectator final stats)
[3,4] and a “background” which is largely due to other
coremultiplet componentd16]. As photon energy is in-
creased, the kinetic energy of thal Sine increases and a
second peak develops about 5 eV lower in kinetic energy. As
threshold is approached, this second peak gains intensity
relative to the 8 line, and widens. This “second” peak

] arises from the population of'G,)nd (n>5) spectator
states, mixed with a previously unknown quantity of the dia-
gram G, line [4]. Above threshold E.,.>0) the spectator
lines continue to disperse to higher kinetic energies while
losing intensity, and eventually a PCI distorted and shifted

200

200

Normalized counts

100

O F | e T T 1G, diagram line emerges whose energy tends to the nomi-
10 0 10 20 nal Auger energys3=1(L3)—1(M4Ms 1G,), at large ex-
citation energie$1,4].
Relative Auger energy (eV) XenonLs-M,4sM, s spectra were recorded over a spread

of 30 eV in kinetic energy using 0.5 eV steps. Incident x-ray

FIG. 1. Xe L3-M4sM,4 5 Auger spectra, excited 0.3 eV below energies range'd. from 5 eV below to 15 eV above the
(a) and 3.4 eV abovéb) the L, threshold. Theoretical line shapes threshold. Additionally, several spectra were recorded at
fitted to the data indicate contributions frond Sdashed ling nd ~ larger excess energies from 50 to 200 eV. To compare with
for n>5 spectator(dotted’ and the d|agranﬁdash_dotteﬁAuger theoret|ca| pred'CUOnS, a |east-squareS f|t Of the data to Cal'
processes. Electron kinetic energy is plotted relative to the nomingtulated line shape intensity was performed using a limited
L3-M4Ms(*G,) energyeR. number of parameters. From such a fit, an “experimental”
partitioning of the “second” peak into spectatan$5) and
diagram intensity was accomplished. We employed a fitting

Typical auger spectra are displayed in Fig. 1 for photon enfungtio_n C(_)mp_rised pf three_ distributions: d Spectator line,
ergies above and just below thg threshold(~4786.3:0.6 & d!strlbuthn mcludmgall_ h|g_hernd(n>5) specta;ors, and_
eV [12]). The spectra are complex due to the overlapping® diagram line. The distribution shapes and relative energies
contributions from spectator and diagram multiplets. In ordepVere calculated for eack,, so a fit to a spectrum em-
to compare experiment with theory, the measured spectr@loyed five parameters: threg intensities, a flat background,
were fit to the functional forms of calculated spectra. and an absolute energy adjustment. Tine-6) spectator
The spectator and diagram cross sections were calculatéistribution was a composite of many lines, and relative in-
using the procedure outlined in detail in RES]: Relaxed, tensitieswithin the (n_> 5) spectator d.|str|but|on were flxgd
nonrelativistic, Hartree-FockHF) wave functions were em- DY theory, determining the overall line shape for a given
ployed for the xenon ground, intermediate, and final states iRhoton energy. . .
the RRRS expression for thed spectator cross sections ( Because the location of threshold relative to the
=5,...,10). A quantum-defect-like scalifi§] was employed “electron-edge” refgrence point is unpertam, the experimen-
in deriving intensities and shapes ot 11,...% lines from 1@l Eexc Was determined as follows: Fits of lar@g;. data to
the n=10 calculation. Full relaxation was employed in the Semiclassical diagram PCI line _shoa[{e§] were employoed
calculation of the ground- to intermediate-state excitatiorf® determine the no-shift limite (a fitted value e,
amplitudes. The width of the intermediatg-hole state was =3381.67-0.06 on our uncalibrated absolute-energy scale
taken asl’;=2.82 eV[13]. Cross sections were calculated The relative kinetic energy of the maximum of amd spec-
as a function of excess ener@,=w—|(Ls), the photon tator line is given[6] as &ng—sa=Eexcting + 8(Eexd,
energy relative to thé 5 threshold. The diagram cross sec- Wherei " is the binding energy of thad electron to the
tion was derived by subtracting the total spectator cross seclouble-hole core and is the deviation from linear disper-
tion from the calculated total Auger cross sectjéih Natu-  sion due to instrumental averagifitf]. Observed values of
ral spectator line shapes were assumed Lorentzian withsy, together Withsg and calculated values of;," and s (a
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slow function of an assumeH,,), were used to find an
experimental offset to the relative photon enerdy,y. 1.0
= wret Egiiset- The result of a least-squares fit WBSfset I
=0.51+0.27 eV. The error is due to uncertainties in deter-

mining w, rather than in fitting the &-peak position(typi- 0.5
cally =0.07 e\j. Only the loww,, spectra were employed
for this procedure for which thedbline was isolated and
prominent. With this offset determined, the excess energy for
each data set was defined and employed to calculate the line
shapes.

Because a fit must encompass distributions with poten-
tially low intensity, it was found to be crucial to model the
“background” carefully. To this end, the fuM, sM, s mul-
tiplet structure for the diagram and each spectator Auger pro-
cess was included in the theoretical line shapes. While in
reasonable agreement with intermediate-coupling calcula-
tions, the multiplet structure used was taken from fits ¢b 5
spectra recorded d&.~—5 eV, adjusted to account for
the small amount of & intensity predicted by theory. Also,
though of minor importance, a phenomenologicaM MM
shake-up or -off satellite background from low-resolution
extended-scan data was included.

The results of such fits are displayed along with the data Excess energy (eV)
in Fig. 1. The solid curve in each panel represents the total
fitted line shape. The total is decomposed into component FIG. 2. Results of fitting theoretical line shapes to the data:
functions: the dashed line is the contribution from the 5 Plotted are relative intensitig€sr branching ratigsfor each of the
spectator multiplet, the dotted line is thel(n>5) spectator line-shape groups outlined in Fig. 1 as a function of incident-photon
group, and the dashed-dotted line indicates the diagram mufergy relative to the, threshold. The curves indicate the theoret-
tiplet. Not shown in the decompositions are the constantc_al values, derlve_d from cross-secn_on ratlos_. The intensity of the
backgrounds. diagram process is suppressed until approximately 3.8 eV above

Just below threshol@Fig. 1(a)] the 5d line is predomi- threshold.
nant. The @ and 7 lines are the major theoretical compo-
nents of then>5 spectator groug82% of the total inten-
sity), and their dominance within the group causes the
asymmetry of then>5 collective line shape towards higher is approached from below. In simple models of decay, the
kinetic energy. Even though excited only 0.3 eV belowfractional intensity of the diagram line would be expected to
threshold[ E¢,.= —0.1';], the diagram line contributes es- increase from below threshold, with an inflection point at
sentially nothing to the spectrum: a central result of thisE., =0 as suggested by the model fit to the photoabsorption
work. spectrum12]. However, the diagram intensity is seen from

Just above thresholdEg.~=+3.4 ev=+1.2I";, Fig. Fig. 2 to be delayed until well above threshold: diagram
1(b)] the 5d line has lost intensity relative to the lower- transitions account for only 50% of the emitted intensity 3.8
energy peak, which is seen to be a blend of diagram andV above thresholdH,=+ 1.4";). Classically, a slowly-
nd(n>5) spectator lines. Here tha>5 distribution is escaping photoelectron loses energy when passed by the fast
skewed to lower kinetic energies as langespectator states secondary Auger electron due to the sudden change in
are preferentially populated. The diagram line has acquiredcreening it experiencg4]. This energy lossthe PCI shift,
considerable intensity, but is still narrow due to energy con-or energy gain of the Auger electroimcreases for decreas-
servation; at larger excess energies it widens and assumes timg photoelectron energy. For photon energies near thresh-
usual semiclassical PCI line shape with a high-energy flankold, the energy loss is so large that the photoelectron must
and gradually evolves into a symmetric LorentziarEgg.is  remain bound to the ion, forming a spectator final state.
increased even further. Quantum mechanically, this classical process corresponds to

The fractional intensity of each line group as a function ofcontinuum shake-down amplitudes for populating a final
E.xc Can be compared back to theory. Theoretical fractionabpectator state which, in the region above threshold, domi-
intensities are obtained from ratios of the relevant partiahate over the amplitudes for traversing bound intermediate
cross sections to the total, after convolution with the experistate[6]. It should be noted that this model pertains to atomic
mental bandpass. The results are displayed in Fig. 2, whem@ molecular processes. In the solid state, changes in screen-
agreement between fit results and theory is seen to be quiteg can be masked by conduction-band electrons depending
good. Only the theoretical length-gauge results are indicatedn specific characteristics of the material studisee, e.g.,
in the figure; the velocity and acceleration-gauggos dif-  [18,19).
fer by no more than 0.02. Thed5spectator is dominant at In conclusion, we have shown that observed Auger spec-
low E.,., giving way to the higher spectators as threshold tra evolve with photon energy across threshold in accordance
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with theoretical predictions. In particular, the theory indi- Auger spectroscopy, techniques employing ionic charge-
cates a suppression of diagram intensity near and belostate spectroscopy in coincidence with Augét or zero-
threshold. However, the good agreement between theory arkinetic-energy electron emissid@0] are of interest in pur-
experiment does not constitute a true experimental partitionsuing the problem; however, interpretation of such studies
ing of the spectra into diagram and spectator intensity. Bealso suffer from inherent complications, such as cascade ef-
cause the diagram line merges continuously into the larggscts. Hence, examining the general problem from as many

-n spectator distribution there is no way, even in principle, togjtferent vantages as possible is of continued importance.
determine such a partition from a noncoincidence experiment

alone. What we have shown is a self-consistency between We thank B. A. Karlin for technical assistance in the ex-
theoretical predictions and the observed Auger profiles. Fiperiment. This work is supported by the National Science
results of the “second” peak can only be interpreted in re-Foundation and by the U.S. Department of Energy Office of
gards to the underlying model used to describe the peaRasic Sciences under Contract No. W-31-109-Eng-38. U.A.
shape. Here we have demonstrated that it is crucial to includis grateful to the Alexander von Humboldt Foundation for
largen spectator satellites in the model. Complementary tdinancial assistance.
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