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X-ray fluorescence and Auger-electron coincidence spectroscopy
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Argon L, M, sM, 3 Auger-electron spectra were measured in coincidence Kithfluorescent x rays in
studies ofK-shell vacancy decays at several photon energies abov& ttigeshold and on the st-4p
resonance. The complex spectra recorded by conventional electron spectroscopy are greatly simplified when
recorded in coincidence with fluorescent x rays, allowing a more detailed analysis of the vacancy cascade
process. The resulting coincidence spectra are compared with Hartree-Fock calculations, which include
shake-up transitions in the resonant case. Small energy shifts of the coincident electron spectra are attributed to
postcollision interaction with 4 photoelectrons.S1050-294®7)09006-9

PACS numbg(s): 32.80.Hd, 32.50td

[. INTRODUCTION vicinity of the 2p thresholdg16-19, except that electron-
correlation satellites are strongly enhanced. Coogieal.
The photoexcitation or ionization of a deep inner shell in[20] showed that the satellites are enhanced due to
a many-electron atom is followed by a multistep vacancyl;— L, 3 vacancy transfers via,-L, M Coster-Kronig de-
cascade process in which vacancies are transferred to tig@y of thelL, vacancies produced by photoionization. When
outer shell§1-13). The great variety of intermediate multi- the x-ray energy is tuned to thep4esonancgFig. 1(c)] or
vacancy configurations in this decay cascade causes vefy9 €V above thresholfFig. 1(b)], L, 3 vacancies are pro-
complex Auger spectra, which are usually interpreted on théluced predominantly bi(-LL andK-LM Auger decays of
basis of spectator-hole satellite modgl4—13. The deexci- the initial K vacancies producetsee Kochuret al. [7] for
tation process involves a highly correlated many-particle sysdetails on calculated branching rafiosThe resulting
tem, in which angular correlations between the emitted part2s MM Auger-spectra are very complex due to overlap-
ticles, multiple postcollision interactionsPCI§, and  PiNg or unresolved transitions from alternative decay path-
interference between different decay pathways leading to th@ays-
same final state can play important roles. In addition, close to

thresholds or resonances, excitation and decay processes are 600 A

coupled and must be treated using scattering approaches & |

[14]. 5 400
Buschet al. [11] presented argon electron spectra in the © 200 1

energy range of th&.-MM Auger transitions after broad-
band photoexcitation or ionization. The interpretation of 0
their data was complicated by the multivacancy nature of the 1800 B
initial state after photon impact, since they created a mixture
of atoms with holes in th&, L, andM shells. Southworth
and co-worker$9,10] presented electron spectra in the same
energy range after excitation with monochromatized x rays 600 7
which were, as well as the data of Busehal. [11], later
interpreted by Kochur and Sukhorukfi/3] using a straight- 0

. ) . 2200
forward single-configuration Hartree-Fock model to con-

C
struct deexcitation trees. £ 1650 1
Figure 1 demonstrates the complexity of the argon cas- 3 1100 -
cade electron spectra in the energy region of lthg-MM ©
Auger-transitions after 4 photoionization or excitation. The 550 1

spectra in Fig. 1 were recorded with an exciting x-ray band- 0

1200 T

Counts

width of AZw=~0.8 eV, and using a cylindrical mirror elec- 120 140 160 180 200 220 240

tron analyzer at medium resolutior(bandwidth AE Kinetic Energy (eV)

~0.5 e\) (same as reported in Ref®,10,15). The spec-

trum recorded 32.7 eV below theslthreshold[Fig. 1(a)] FIG. 1. ArgonL, MM cascade Auger spectra recorded using

energy results from direct photoionization of thesubshells,  exciting photons(a) 32.7 eV below theK threshold,(b) 4.9 eV
and is similar to earlier results measured at energies in thabove threshold, an@) on the s—4p resonance.
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Despite the complexity of the spectra in Fig. 1, some gen-

eral results can be derived. First, excitation of tiseelectron @ #201 Kf

to the 4p resonancéFig. 1(c)] produces a vacancy cascade § < i

spectrum very different from that produced above tte 1 & -1000 i .

ionization thresholdFig. 1(b)], i.e., different manifolds of 2 D Wt
states are involved. Second, a vacancy cascade spectrumw ‘g -10107 e

also recorded 63.1 eV above threshold to investigate the ef ? 1020 - i b LMD Ly
fects of producindK M double vacancies in the initial photo- f>£ ‘;’ 5 Lywe"
ionization step(see Deslatte$21-23 and Deslatteset al. S .1030 P Bl — o
[24]). The 63.1-eV spectrurnot shown hergis very similar T / L—ﬁ e -
to the 4.9-eV spectrurfFig. 1(b)], and transitions involving & -1040 :

KM double vacancies in the initial states could not be ob- § P

served. Third, the strong, M, M, ; peaks in the 200—- O -10507 - =

210-eV range of Fig. () are also observed on top of back- T 1060 __

ground in the vacancy-cascade spe¢fa. 1(b)] recorded Arl Arll Arlll AfIV ArV ArVI ArVIl

above threshold. These transitions result friog vacancies ] _

produced either by direct photoionization or Kyr fluores- FIG._ 2. Ar_gon energy-level s_cheme derived from the differences

cence followingK-shell photoionization, and will be dis- " configuration average energies. Two decay pathways of she 1

cussed below with regard to coincidence measurement acancy are indicated by arrows: The most probable decay via the

Buschet al. [11] gave a ratio for the production of holes ~L2-23 Auger process, and two S_UbseqUE%MM Processes,
bove threshold gL+ L, - 1:0.06:0.03. and Kochur and and the process investigated here: the decay thrélgtfluores-

a TmleE2,3 e M RO cence followed byt , MM Auger emissions.

Sukhorukov[13] gave 0.92:0.06:0.03. The yield for thex '

process is about 10¥Kochur et al. [7]), which means that , , )
about 25% of the intensity of the normiay =M, M, 5, Au- the subsequent decays into thieshell. We did not include
ger transitions in Fig. (b) can be attributed to directpz all possible transitions for reasons of clarity. We also note
photoionization, and=75% due tok a fluorescence. that the energy levels in Fig. 2 are simple configuration av-
Our own Hartree-Fock calculations dn, MM Auger erage energies. When the exciting photon beam is tuned to
transitions in the presence of spectator holes agree well wit{'e €nergy of the d|scretesl—>4p_1resqn{ance, this coinci-
the results of Buschetal. [11]: spectator holes in the dence technique selects phr] 2p~~4p initial state for the
L(M) shell increase(decreasethe transition energy com- Auger decay with the same parity as the ground state, which
pared to the transitions with only onep2vacancy in the Cannot be reached by direct dipole excitation.
initial state, and more complex multiplets broaden the struc-  Auger decay429,30 are often treated in a static picture
tures. In addition, for the resonant case, there are alway¥nich is independent of the excitation proc¢sg,31, but
strong shake-up channels in the transitions from single- t&iS @ssumption breaks down close to threshold due to the
double-hole states. However, while general features of thesgirongd interaction between the primary ejected electron and
vacancy-cascade spectra can be explained using atomf ger electron. Thls PCI was first observed using charged
structure calculations, the overlap between transitions in difParticles as PCI inducef82-34, and has been studied both
ferent decay pathways makes a detailed analysis very chafxPerimentally{35-39 and theoreticallf 40-43. The first
lenging if not impossiblé7,9,11,13. experiments using photons to study PCls between photoelec-

Coincidence technique®5] provide a way to choose a trons and Auger electrons were performed by Schreidil.
; 544]. Later, a first experiment on the angular dependence of

vacancy cascade. Coopg26] showed how low electron- PCI's was perfqrm_ec[45]. Here_we report PQI shift_s ob-

electron coincidence methods were applied, e.g., by Raveserved in our coincidence experiment fo_r the interesting case

et al. [27] to disentangle cascade spectra in Ne, Ar, Kr, and®l L2s-M23M»3 Auger-electrons interacting withslphoto-

Xe. Cooper also included an analysis on angular correlation§/€ctrons. Comparison is made with PCI shifts measured

for this kind of experiment. Leviret al. [2] and Armen, near the § threshold[46,47] and with theoretical models

Levin, and Sellin[28] studied resonance and threshold ef-[41,43.

fects in argon-ion yields measured coincident viiti_L and

K-LM Auger-electrons. Hayashet al. [6] and Kjeldsen

et al. [12] measured threshold electrons in coincidence with

ion charge states following photoexcitation or ionization The experiments were carried out at beamM24A [48]

across the AK edge. at the National Synchrotron Light Source. At this x-ray
The approach described here is to record electron spectteeamline, synchrotron radiation emitted by electrons passing

in coincidence with fluorescent x rays. Figure 2 illustratesthrough a bending magnet is collimated, dispersed using a

the decay cascade in a simple single-configuration Hartreedouble-crystal monochromator and refocused into the inter-

Fock model. The arrows in Fig. 2 indicate the decay pathwayction chamber. This beamline delivers a photon flux in the

investigated here from thié hole state througlK« fluores-  order of 16! s™1 in a bandpass of roughly 0.8-eV full width

cence to the @ hole state, followed byL, MM Auger at half maximum(FWHM) into a 1x1mn? spot using

decay into a double-hole state in tiM shell. The other Si(111) crystals in the vicinity of the argorK edge

pathway indicated is the most probable oKel, 3l , 3 Au-  (Ex[Ar]=3206.3 eV*0.3 eV [49)).

ger decay into a double-hole state in the 2hell, and then The x-ray beam is crossed with an effusive jet of argon

Il. EXPERIMENT
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atoms at the source point of a cylindrical mirror analyzer 900 I
(CMA) [15]. The ultrahigh vacuum of the windowless beam- A
line is separated by a 12/&m polypropylene foil from the 600
higher pressure in the experimental chamber.

The CMA is mounted with its symmetry axis parallel to
the polarization vectoP=(0,0,P,) of the incoming photons
and accepts a cone of electrons emitted over angles
=42.3°+6° relative toP. The electron analyzer was oper-
ated in retarding mode at 20-eV pass energy, resulting in an
electron energy resolution e¢£0.5 eV (FWHM). The argon
L, MM Auger electrons were detected over the kinetic en-
ergy range 198-211 eV in the nonresonant case and over
202-215 eV for the §—4p resonant case in 0.1-eV steps.
The increase in retarding potential with kinetic energy re-
duces the effective source volume of the CMA, but since
electron spectra were measured over a relatively small en-
ergy range, the influence of this effect on relative intensities
is expected to be small.

A Si(Li) detector with energy resolution insufficient to
resolveK a(2p—1s) and KB(3p—1s) x-ray fluorescence
was positioned opposite the CMA to detect the fluorescence
radiation, and was used to record in coincidence the subset of
L, M, M, 3 Auger transitions which follow th& « radia-

tive decay of the initially createdslvacancy states. The FIG. 3. Low-resolution argoh 5 M ,4M »3 Auger-electron spec-
contributions ofL; M, 3M; 3 Auger-transitions which fol-  tra recorded 30 eV below thest>4p resonancda), 10 eV above
low K Auger decays and dirett-shell photoionization were the K-ionization thresholdb), and on the $—4p resonancec).
thereby excluded. The solid curves ifb) and(c) are the electron spectra measured in
Both the CMA and SLi) outputs underwent pulse condi- coincidence withK-L,3 x-ray fluorescence, and the dashed curves
tioning and were fed into a time-to-amplitude converterare the noncoincident spectra.
(TAC). The TAC output was recorded in a multichannel ana-
lyzer by defining two regions of intere§ROI's): one over ning through the argoK edge and recording the position of
the “true” coincidence peak with the “random” back- the prominent argon $—4p resonance [E(1s—4p)
ground and one over purely “random” background in a dif- =3203.6 e\*-0.3 eV[49]] in the fluorescence yield with the
ferent time regior(see, e.g., Stefani, Avaldi, and Camilloni Si (Li) detector. The kinetic-energy calibration of the CMA
[25]). While the kinetic energy was scanned, events in thevas determined by reducing the x-ray energy 30 eV below
ROI's were transferred as counts to the data-collection comthe 1s—4p resonance and the recording a “normal”
puter. Three different electron spectra were measured simulsr L, M, 3M, 3 Auger-spectrum. At this photon energy
taneously: total electron counts, “trsgandom” coinci- (~3174eV), L, photoelectrons are ejected with
dences and ‘“random” coincidences. The “true” ~2925-eV kinetic energy, so PCI effects are expected to be
coincidence counts can be derived by subtracting the “rannegligible. The transition energies reported in R88] were
dom” coincidences from the “tru¢ random” coincidences used to calibrate our Auger spectra. We interpret measured
weighted with the width of the ROI's. The random coinci- peak shifts relative to this below-threshold spectrum as due
dence spectra were identical, within statistical variations, tao changes in screening by the 4pectator electron or due
the noncoincident electron spectia fact, the product of the to PCI shifts involving the § photoelectron.
total photon and the total electron counts is proportional to
the “random” coincidence countsThus, to reduce statisti-
cal errors, a properly normalized noncoincident electron
spectrum was subtracted from the “trueandom” coinci- In Fig. 3 we plot low-resolution §E~4 eV) L, MM
dences instead of the “random” coincidence spectrum itselfelectron and coincidence spectra recorded over the 120-—
Using this technique, we select the subset lofs- 240-eV kinetic-energy range at x-ray energies 30 eV below
M, 3M, 3 Auger transitions which are correlated wike  the 1s—4p resonance[Fig. 3a)], 10 eV above the
fluorescence decays; all others, such as followkndwuger  K-ionization thresholdFig. 3(b)], and on the $—4p reso-
decays or direct @ photoionization, are excluded. Kochur nance[Fig. 3(c)]. The electron spectra in Fig. 3 are essen-
et al.[7] presented a calculation for the decay of tieehble  tially low-resolution versions of those in Fig. 1, except that
in argon, showing that 11% of theslholes will decay coincidence spectra were also recorded.
throughK « fluorescence, 1% throudghg fluorescence, and The low-resolution data in Fig. 3 demonstrate three as-
88% throughK Augers. The unresolved detection of the pects of the selectivity of the coincidence method. First,
KB fluorescence only contributes to the “random” back- many of the transitions appearing in the noncoincident spec-
ground, because it is not correlated with>-M, M,z elec-  tra recorded on the gl resonance or above the threshold
tron emission. are eliminated in the coincidence spectra due to the exclusion
The photon energy calibration was established by scamef vacancy-cascade pathways which start withLL or
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sities of the structures are changed, &Rdthe structures in

1000 1A Fig. 4b) appear at slightly higher energies. The intensity
g 750 changes are caused by angular correlation effects in the co-
3 500 incidence measurement as shown by Astpal. [50]. The
© predicted intensity changes, which depend on the direction in

250 which the fluorescence photon is detected relative to the

0 1 . CMA symmetry axis, are in good agreement with the inten-
£ 75000 sity changes observed in our experiment. The energy shifts
3 600 € are attributed to the influence of post-collision interaction
8 400 [ 50000 S with the 1s photoelectron, and are discussed in Sec. Il C
3 Y T below.

B 2001 25000 2 The coincidence spectrum in Figic} was obtained using

§ N photons tuned to thest-4p resonance. The differences be-

w 0 0 tween this coincidence spectrum and the “normal” spectrum

T 800 90000 in Fig. 4@ are even strongei(l) the Auger transitions in

8 600 § Fig. 4(c) show a strong resonance shif€) the lines are

8 60000 O broader, and(3) additional structures appear on the low-

g 400 £ energy side of the spectrum. These effects are apparently due

S 200 = 30000 + to the presence of thepdelectron, and were investigated by

8 0 . . . 0 comparison with.model spectra constructed using atomic
198 202 206 210 214 structure calculations.

Kinetic Energy (eV)

A. Nonresonant coincidence spectra and comparison

FIG. 4. ArgonL, MM cascade Auger spectra and electron—x- to Hartree-Fock calculations

ray coincidence spectréa) “Normal” L-MM spectrum(photon
energy 30 eV below thesl—4p resonancke (b) Electron spectrum To interpret the coincidence spectra, a single-
(dashed lingand remaining coincidence spectrusolid line) at a  configuration Hartree-FocKSCHB calculation, utilizing
photon energy 10 eV above tiethreshold.(c) Electron spectrum Cowan’s[51] codes, was performed. First, the population of
(dashed ling and coincidence spectrungsolid line) on the the two states in the configuratiqir]2p~* produced by
1s—4p resonance energy. Ka fluorescence was calculated. Despite relativistic correc-
tions in the programs, the result was an exact 2:1 ratio for the
K-LM Auger emission. Second, sinke L, x-ray emission number ofL;—L, holes. Then, the difference in the configu-
is dipole forbidden and alL-shell vacancies produced by ration average energies for the initial and final ionic states for
direct photoionization are excluded from the coincidencethe L, M, M, 3 Auger-transitions was determinedE,,
spectra, the 53 vacancies produced Hy;-L,M transitions =E,([Ar]2p~ 1) —E.([Ar]3p 2). The multiplet splitting
are eliminated. This explains why the strong satellites whiclof the final and initial states was also deduced from that
overlap the L,3-M;M,; transitions [20] (kinetic-energy calculation by combining energy values for the electron-
range~188—198 eV in the electron spectrum recorded 30 electron(Slater integralss* andFX) and spin-orbit interac-
eV below the 4 resonancgFigs. 1a) and 3a)] are greatly tion. Combining the multiplet splitting with the difference in
reduced in the coincidence specffaigs. 3b) and 3c)]. the configuration average energies then gave the transition
Third, the strond-, & M, 3M, 5 transitions observed in both energies.
the below-threshold spectrufiig. 3(a)] and the coincidence A calculation for the Auger transition rates was done in
spectrum recorded 10 eV above threshfidg. 3b)] are  which AE,, was the kinetic energy, of the Auger electron.
modified in the coincidence spectrum recorded on tpe 4 This approach neglects the energy dependence of the con-
resonance[Fig. 3(c)]. The corresponding transitions are tinuum wave functions for different final states, but, taking
shifted several eV higher in energy and have a different peakito account the relatively high kinetic energies and the small
shape, i.e., the states involved in the vacancy cascade ag@ergy variations for the various final states, this assumption
modified by the 4 electron. seems reasonable. A similar approach was adopted by
Figure 4 shows electron spectra in the energy range of théleyer etal. [17]. The radial Coulomb matrix
Ar L,3M;3M, 5 Auger transitions recorded with higher elements RO(3p3p,2peap), R?(3p3p,2penp), and
resolution AE~0.5 eV). For the spectrum in Fig(a) the  R*(3p3p,2pef ) were calculated to determine the transi-
photon energy was tuned to 30 eV below the-14p reso-  tion strengths into the various final states. The combination
nance, resulting in the well-known “normal” spectrui@s]  of the five final state§Ar]3p~2 3Py, 1S,, ®P,, °P,, and
produced by direct photoionization of the ; subshells. The 'D, and the two initial statefAr]2p~* ?P%, and 2P$,, re-
dashed lines in Figs.(B) and 4c) represent the noncoinci- sults in ten transitions. Considering that we neglected con-
dent cascade spectra at 10 eV aboveKhihreshold and on figuration interactior(Cl) in our SCHF calculation, the rela-
the 1s—4p resonancdsimilar to the spectra in Figs.(d)  tive energies of the transitions were not correct. Following
and ¥c)], and the solid lines are the corresponding electron-Meyer et al. [17], we used scaling of the Slater integrals to
X-ray coincidence spectra. 85% of their original valuegsee also Cowafc1], p. 469.
We observe two differences in comparing Figa)4with ~ This results in reasonable agreement between experiment
the coincidence spectrum in Fig(d: (1) the relative inten- and calculation, as seen in Fig. 5, except for the position of
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FIG. 5. Auger-electron—x-ray fluorescence coincidence spec- FIG. 6. Auger-electron—x-ray coincidence spectrum measured
trum, measured 10 eV above tKethreshold, is represented by the ©n the Is—4p resonance is represented by the open circles. The
open circles. The vertical marks on the baseline illustrate the calcuertical marks on the baseline show the calculated spectator transi-
lated L ,5 M ,5M 5 Auger transitions. The bars on top of the spec- tions from[Ar] 2p~*4p into [Ar] 3p~2 4p (also indicated by the
trum assign the calculated transitions. The calculated transition erliPPer set of bars on top of the spegtaad the shake-up transitions
ergies were shifted by-0.7 eV to align better with experiment. from [Ar] 2p™*4p into [Ar] 3p~25p (indicated by lower set of
The dashed line represents the calculated spectrum in which tHears on top of the spectralhe calculated transition energies were
finite lifetime of the 2 hole (I';,=0.13 eV) and the bandwidth of shifted by —0.7 eV to align better with experiment. The long

the CMA (I'cua=0.5 eV) were taken into account. dashed line represents the total calculated spectspectator and
shake-up transitionsin which the finite lifetime of the p hole

the L3-M,3M o3 1S, line, the relative intensities of the two (I'2,=0.13 eV) and the bandwidth of the CMA§ys=0.5 eV)
major peaks, and the width of the-M ,5M »5 3P0,1,2triplet. were taken into account. The short dashed spectrum is the shake-up
The calculated spectrum has been shifted 8 =  Part of the calculated spectrum.
—0.7 eV to align with experimental energies and normalized
to the same area under the curves. The calculated curve The spectrum with the “p spectator” electron is shifted
(dashed was generated from the line spectrum by convolu-to higher energies, the structures are broadened and there are
tion with a Lorentzian to account for the finite lifetime of the additional structures. The first difference is called the reso-
L, 3 core hole(the FWHM is 0.13 eVf52]) and then convo- nance shift, and is mainly due to a change in the binding
lution with a Gaussiarithe FWHM is 0.5 eV to account for — energy of the loosely boundxelectron during the transition
the resolution of the CMA. from a singly charged Ar] 2p~14p to a doubly charged

Exact reproduction of the “normal’L, MM spectrum  [Ar] 3p 24p core. The broadening is caused by the more
is complicated, as shown by Dyall and Larkifs3] who  complicated multiplet structure due to the interaction of the
used initial- and final-state configuration interaction in orderunpaired 4 electron with the ionic core. We interpret the
to calculate the energies and intensities of the transitions cogdditional structures on the low-energy side as resulting from
rectly. But their multiplet splitting in the configuration 4p—5p shake transitionssee Akseleet al.[38] and Meyer
[Ar] 3p~2 was still too large, Kvalheini54] made an ap- etal.[17]).
proach using a more complete basis set in his Cl calculation, The total shake probability in an Auger transition can be
and his results were even closer to the experimental resultestimated by calculating the radial overlap between the wave
Cooperet al. [20] concluded in their investigation that the functions of the two involved configuratioiisee, e.g., Berg
L,+MM Auger spectrum of argon is still not completely [55] and Meyeret al. [17]),
understood.

TABLE |. Calculated population of the different states in the
configuration[ Ar]2p~*4p after Ka fluorescence following reso-
nant Is—4p excitation.

B. Resonant coincidence spectra and comparison
to Hartree-Fock calculations

The coincidence spectrum recorded at tlse-¥Up exci-

. _ Final state Ar]2p~'4p
tation was modeled under the assumption that theskec-

Relative population in %

tron acts as a “spectator” in the radiative and Auger transi- 'Sy 8.23
tions. The result of these calculations is shown in Fig. 6. The *Po 2.89
normal “spectator” spectrum was calculated in the same ’s, 4.32
way as described above only that we have nine initial states py 19.35
for the Auger processe§Ar]2p !4p's,, %Py, 3s, °D, 5.05
p,, 3D4, 3P, D,, °P,, and °D,; for the different 3p, 4.62
populations after the fluorescence decay, see Tabl&o- D, 18.49
gether with the 21 final states in configuration sp, 15.68
[Ar] 3p~24p, we obtain 189 normal transitions, not consid- 3D, 21.38

ering shake processes.




4278 ARP, LeBRUN, SOUTHWORTH, MacDONALD, AND JUNG 55

TABLE 1l. Overlap factors between the configurations states (@, 7p) shake processes are predicted to dominate
[Ar]2p~*4p and [Ar]3p~24p in comparison to overlap factors the Auger spectra, as seen in the case of the-ad series
betweer{Ar]2p~* and[Ar]3p~2. by Meyeret al.[17].

- - . It should be noted that, due to the lifetime broadening of
[Ar]2p “4p with [Ar]2p — with K vacancies(~0.68 eV; see Krause and Olivg67] and
(nlx[nl) [Ar]3p~“4p [Ar]3p Kochur et al. [7]), it is possible that small amounts of
(1s#|1s) 1.000 1 [Ar] 2p~15p states are produced from thg initial excitation,
(25%|2s) 1.000 1.000 as sugge's.ted by Brel_ng al’s [49] absqrptlon spectrum.
(2p|2p) 1.000 1.000 , In addition, according to the scattering th_eory model_
(35%|35) 0.999 1.000 (Aberg and Crasemani4] and Armen, Levin, and Sellin

[28]) the 1s—np, n=4,5,6... Rydberg and threshold con-

(3p*|3p) 0.999 1.000 : - A .
(4p+|4p) 0.895 tinuum states participate as coherently excited intermediate
P_p P 0'889 0.993 states in the photoexcitation and decay process, so the quan-
P'Zf 0'790 0'986 tum number of the initially excited 4 electron is not well
i ' ' defined. However, treatment of the-34p excitation as an
isolated resonance appears to be adequate in the present ex-
1 _2 periment.
Pit ([Ar]2p~~4p,[Ar]3p~“4p) The calculated results for the Auger decay of
=(1s*|1S>2<23*|25)2(2p*|2p)5 [Ar] 2p~Y4p are shown in Fig. 6 in comparison with the

coincidence spectrum measured on the-Mp resonance.

X (3s*|3s)%(3p*|3p)*(4p*|4p), (1)  As in the nonresonant case, scaling of the Slater integrals to
85% of their original values was applied. The calculated
spectrum was also shifted BE ;= —0.7 eV to align with
experimental energies and normalized to the same area under

4 . the curve. The relative ener ositions are not in complete
e_s_tlmated shalf?-up'probabnny (3f2—1P§~20% for the tran- agreement with experiment,ggn% in addition the relativep in-
sitions [Ar] 2p 4p_ into [Ar] 3p . 4p._The values for the . tensities agree only fairly. The vertical bars above the spec-
calculated overlap integrals are listed in Table 1. In compari-m are included to distinguish between normal “spectator”

son W'th values _fo_r the nonresonant Auger process, alsPransitions, where theplelectron remains in its orbital, and
listed in Table I, it is demonstrated that the strong shake—u['?he transitions in which theptelectron is “shaken up” into

channel in the calculated spectrum is completely caused bé( 5p state. The strength of the shake-up transitions is appar-
relaxation of the loosely boundpdelectron.

It is al ibl . h h of shak ently underestimated by the calculation, which is not surpris-

tIs also possible to estimate the strength of sha e'“ﬁ’ng since a simple overlap model for the shake processes was

transitions using Eql). For exampl_e_, in order to e_sltlmate applied. Also, as noted above, initially excite@ Spectator

fche strengthﬁgf the shake-up transitions frpAr] 2p—“4p . states may contribute, but the estimated energy range for

into [Ar] 3p~ “5p, one has to cglculgte the overlap matrix Auger transitions [Ar] 2p~5p into [Ar]3p 25p is

elements between the two configurations ~206—213 eV, which is too high to explain all discrepan-
cies on the low-energy side.

where(nl*| is taken from the initial-state configuration and
[nl) from the final-state configuration. This leads to a total

Pi([Ar]2p~4p,[Ar]3p~?5p)

=(1s*| 1S>2<23* |23>2<2p* |2p)5<3s* |3s)2 C. Post-collision interaction
* 4/ % For argonK -shell photoionization, PCls would usually be
*(3p"[3p)*(4p*|5p). @ studied between theslphotoelectron and thi€ Auger elec-
trons; however, th& Auger-decay channels are excluded in
This approach, which Meyeat al.[17] called the projection  our coincidence data. We have observed the effect of elimi-
of the initial-state wave function on the final-state wavenation of PCls betweenslphotoelectrons and Auger elec-
function, leads to an estimated shake-up probabi?ﬁyinto trons in 1s photoelectron—x-ray coincidence spectra, dis-
[Ar] 3p~25p of 19%. Shake transitions into states of the cussed in Refs[9,10,15. Here we study the PCls between
configurationg Ar] 3p~2np, n>5 do not play an important 1s photoelectrons and, M, M, 3 Auger electrons follow-
role, as shown in Table lll. For some higher initial Rydberging Ka x-ray emission.
In addition to the comparison between resonant and non-
TABLE Ill. Calculated intensities for the decay channels resonant Auger-spectra in the coincidence experiment, we
ArIx[Ar]2p mp—Arll *[Ar]3p~ 2np. also measured nonresonant spectra at several excess energies
E,=%w—E, above threshold. The idea was to study PCls in
Intensity of final states Ar I Ar]3p~?np (%) the coincidence experiment, and compare it to theory and
other measurements made in the vicinity of the thresh-

Initial state Ark =4 n=>5 n=6 n=7 olds. There are several interesting differences between PCls
[Ar]2p~t4p 79 19 0.2 0.07 in the coincidence experiment and “normal” PCls.
[Ar]2p~i5p 7 38 55 0.6 (A) The photoelectron hgs symmetry in the coincidence
[Ar]2p~t6p 2 10 5 74 experiment, because thes Bhell is photoionized, and or

s symmetry when the 2 shell is photoionized. This causes
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TABLE IV. Measured experimental and theoretical shifts in the
position of thel, M, sM, 3 Auger lines of argon. The error of the
measured shifts represents a combination of the standard uncer-
tainty from the fitting procedure and the uncertainty of the x-ray ___

beam energy. %
w
Excess energy Experiment Theory? Theony <
E, (eV) AeleV AeleV AeleV £
(2}
3.3 0.18-0.05 0.24 0.23
5 0.14+0.04 0.2 0.19
7.5 0.08£0.04 0.17 0.16 0.2
10 0.03-0.04 0.15 0.14 e '101 '1 02
297. —0.07*0.
973 0.07x0.04 0 0 Excess Energy E, (eV)
8Armen[43].
Ban der Straten, Morgenstern, and Niehpd(. FIG. 7. Experimental and calculated PCI shifts of the

L, M, M, 3 Auger transitions in atomic argon. Our experimental

. s values from the coincidence experiment are given by the filled
different photoelectron angular distributiongsee, e.g., circles (@). The experimental values of Hanashiebal. [46] are

SC.Qf'e_Id[SG’Sﬂ' Bechler and Praf58,59, Cooper{60,62, given by the filled squared) and those of de Gouet al.[47] for
Krassig et al. [63], Jung et al. [64], and Shaw, Arp, and L,-My3M s (#) and Ls-M,sM o3 (A) by the filled diamonds and
Southworth[65]). . . L triangles. The theoretical values include the influence of experimen-
(B) Due to angular correlation effects in the coincidence,| proadening and were calculated using van der Straten, Morgen-
experiment, we observe an anisotropic angular distributioRern and Niehaus'B41] (O, open circles and Armen'§43] (O,
Of L3'M M Augel’ transitions, Wh|Ch W|“ inﬂuence the open squaresapproaches’ WithAz 201.1 eV, FLorentZZO'log eV
strength of PCI, even when measured in the angular averaggdrs,,=0.5 eV to model the coincidence experiment. The open
(see Arpet al.[50] for details. triangles represent a calculation withE,=201.1 eV,
(©) In semiclassical models of PCls, the strength of thel, ;o =0.12 eV, and’g,,=0.1 eV to model de Gouwt al’s re-
interaction depends on the time delay between the photoelestilts (A, van der Straten, Morgenstern, and NiehadsArmen).
tron and Auger-electron emissions. In the “normal” Auger

decay this is just the lifetime of thep2core level 7, Both approaches produce a PCI-distorted Auger line for
whereas in the coincident case the effective lifetimerds  each excess enerdy; which we then convoluted with a
=Typt Tis. Gaussian of width 0.5 eV to account for the bandpass of the

Our experimental values for the, M, 3M, 3 line posi- ~ CMA. The strength of PCls depends on the lifetime of the
tions were determined through a fitting procedure, in whichinitial-state holer=#/I". This lifetime results in a time delay
the sum of five Voigt profiles was fitted to the spectra. Thesdetween the emission of the photoelectron and the Auger
fits were made to spectra measured in coincidence above tiedectron; here the effective time delay is the sum of the life-
K threshold and to “normal” spectra measured below thetimes of the 5 and 2 coreholesrqi= 7+ 715. The tabu-

K edge. Then the differences in the energy positions weréated lifetime widths ard’,,=0.13 eV[52] andI';4=0.68
determined for all five profiles, and the average was used d67], leading to an effective core-level widih,4=0.11 eV

the measured difference. These values are listed in Table IVin the coincidence experiment.

and plotted in Fig. 7. The combined standard error in the Voigt profiles were then fitted to the calculated, convo-
measured values was determined from the statistical errors loted profiles, and the resulting energy positions used as
the fits and an estimated error &f0.04 eV from the uncer- “theoretical” shifts. These shifts are listed in Table 1V, and
tainty in the electron energy calibration and time stability ofplotted in Fig. 7 along with the experimental results of Ha-
the incident x-ray beam energy. The resulting total errors ar@ashiroet al. [46] and de Gouwet al. [47], who both mea-
listed in column 3 of Table IV. sured PCI shifts in thé ,:-M ,3M ,3 Auger transitions at pho-

To compare with theoretical approaches, the bandpass ¢én energies close to thep2thresholds. In addition, model
the CMA has to be taken into account. Very simple estima<calculations for de Gouwet al’s high-resolution spectra
tions for line shifts would lead to incorrect results in this (AE=0.1 eV) using both van der Straten, Morgenstern, and
case, where the energy position of the line maximum isNiehaus'§41] and Armen’g43] approaches are shown, per-
changed by the convolution with the detector bandpasdormed using the same method described before.
mainly because PCI profiles are highly asymmetric and can The large error bars on Hanashiebal's [46] data(filled
have a long tail on the high-energy side. For simple estimaboxeg make an interpretation very difficult. Our daféled
tions of the shift in the line maximum see, e.g., Strateal.  circle9 are consistently lower than the corresponding values
[41]. deduced from the model calculatiori®pen circles and

Two theoretical models were applied: the classical apboxes, suggesting a systematic discrepancy between experi-
proach goes back to Niehaus and ZwakH#&&] and Hele- ment and calculation. The same disagreement persists for the
nelundet al.[32], and we follow the formulation of van der data of de Gouvet al.[47] (filled triangles and their calcu-
Straten, Morgenstern, and Niehali4l]. The quantum- lated equivalents(open triangles but the difference is
mechanical approach is based on Kuchiev and Sheinermansnaller. Remarkable is the negative shift measured at
[42] work, and we use the formulation given by Armgt8].  297.3-eV excess energy, which is predicted to occur in
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angle-resolved PCl measuremeftg,43. fice of Basic Sciences under Contract No. W-31-109-ENG-
The parameteC in the treatment of Refl41] is angle  38.

dependent. We used this expression for an isotropic angular

distribution, which is only correct for a magic angle CMA APPENDIX: ANGULAR DEPENDENCE OF PCI'S,

and a noncoincident experimefgee the Appendix for de- NONDIPOLE EFFECTS, AND ALIGNMENT
tails). In this coincidence experiment we expect angular cor-

relation effects to influence the spectra, as shown by Arp Vvan der Straten, Morgenstern, and Niehuas use the follow-
et al. [50]. A more detailed analysis of angular effects in ing formulation in atomic units for the PCI profile:
PCls, the influence of angular correlation, and the role of

nondipole contributions in photoelectron angular distribu- p exp{2v2 Im[ $(z*)]}
T . (g)ex 7 T2 214 e
tions is given in the Appendix. € r 1 , T
In order to explain the discrepancies between experimen- Eit cl ta 1+ C et
tal and calculated energy shifts, we considered several fac- (A1)

tors which are not included in the current PCI theory:

(A) Nondipole effects in the photoelectron angular distri-where ¢ is the actual kinetic energy of the Auger electron
bution (van der Straten, Morgenstern, and Niehpds| as-  after the distortion by PCIT is the lifetime of the initial
sumed a pure dipole angular distribution in their treatment state, and with the point of stationary phage

(B) Angular correlation effects in the coincidence experi-

ment(Arp et al. [50]). N ir
et —

The influence of nondipole effects and angular correlation is 7% =
analyzed in the Appendix, and there it is shown that these R* c
effects do not play an important role in our experiments. o

Thus this systematic difference persists, and probably has ®@"d the abbreviatio®,

be attributed to the small number of data points gathered to

determine the shifts. C=1—

(A2)

V4]
[Va— vyl

(A3)

IV. CONCLUSION . .
wherev, is the velocity of the Auger electron ang that of

Ar L, +M, 3M, 3 Auger-electron spectra measured in co-the photoelectron, and the functiaf(z*),
incidence withK«a fluorescence photons aftes photoion- _
ization or excitation have been reported here. The coinci- o ir
dence spectra are greatly simplified in comparison with $(z )_I(Ei Eat ?’1
conventional electron spectra, allowing a more detailed
analysis of the vacancy cascade process. —I(Ei,E;—&,1+C)+1(z* ,E;—¢,1+ C),

A single-configuration Hartree-Fock calculation agrees (A4)
well with the Auger spectrum measured aftes ghotoion-
ization when the calculated spectrum is shifted in energy bywith
—0.7 eV, and the Slater integrals are scaled to 85% oéthe
initio values. The calculation of the Auger-electron spectrum (E+x2)¥2  x (E+xz)2—E2
after resonant 4—4p photoexcitation is more complicated, I(z,E,x)= - In( 2 =1

X : ) z 2JE \(E+x2)"“+E
and the resulting agreement is only fair. Here, shake-up tran-
sitions are important, but are only qualitatively accounted for
in the calculations.

Post-collision-induced energy shifts were measured fOF meterC, which depends on the velocities of the two elec-
cascade Auger electrons, but comparison with calculate

ST . . . tronsvy=(vy,0,¢) andva=(va,0',¢"). This formulation
shifts |_nd|cates that further theoretical analysis and h|gherapplies to an electron-electron coincidence experiment in
resolution measurements are needed.

which both electrons are detected, angle dependent, and en-
ergy resolved. In experiments where the photoelectron is not
ACKNOWLEDGMENTS detectedC has to be multiplied by the differential photoion-
ization cross section and integrated over the solid angle. Un-
der the assumption thalv, /dt=dv,/dt=0 (especially no

-1z E+i—F1
=1 21

(A5)

The angular dependence of PCls is contained in the pa-
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with v -=min(v,,v,) and v-=maxf,,va). Following the cross section. This was also demonstrated recently bg-Kra
definition of Ref.[68] for the phase relation between com- sig et al. [63] and Junget al. [64], who measured forward-
plex conjugate functions, and applying the orthogonality re-backward asymmetries in photoelectron angular distributions
lation, allows us to perform the integration. in good agreement theof$s0—62.

It is common to use the dipole approximation for the dif- Shaw, Arp, and Southwortl&5] performed an analysis of
ferential photoionization cross section, but it was predictedexperimental approaches to determine these nondipole asym-
by Scofield[56,57], Bechler and Pratf58,59, and Cooper metries and showed that the cross section can be written as a
[60-62 that nondipole amplitudes will affect the angular cosine Fourier series in the azimuthal angldeading to the
distribution of photoelectrons much earlier than the totalfollowing equation:

47 1= 111 B (14 3P)3 cog6)2— 11+ 5 sin 6 n 0)2sin( 0
m( "”)‘E g( )[3 cog 6)°— 1]+ & sin(#)cog ¢) + y cog #)“sin( §)cog ¢)

1
sin(6)°cog3¢) |,

P-1 _ 3B _ P—
Y g [5 cog #)%—1]sin(#)cog ¢) + - (P—1)sin(#)%cod2¢)+y 5
(A7)

in which g is the dipole anisotropy parametérandy are Cooper’s parameters describing the forward-backward asymmetry,
P(0=<P=<1) is the degree of linear polarization as defined by Shaw, Arp, and Southj{&&thand o, is the total cross
section.

The integration of Eq(A6) multiplied by Eq.(A7) over the solid angle leads to the following results for the parameter
C(6',¢'), with v=1/2E in atomic units:

2] e &) reeowrr-a-35
C(0,¢)—1—E—A 3715 sin(6')cog ¢') — O(ZL-I—SP)E—A [300&{0)—1]—4—0(P—1)

El 3/2 ) El 2 " - %
X E—A) sin(#’)“cog2¢’) — (3—5+§3(P 1))(E—A) [5cog6’) —1]sm(0’)cos{¢’)—§5(P—1)
E.\2
E_A sin(#')°cog3¢’), VE;<E, (A8)
and
5 y EA 1/2 B
C(o',¢’ )—— 15 (—) sin(#')cog ¢’ )— (1+3P) —[3c $6')°—1 ]— (P 1) —S|n(0 )2cog2¢")

3/2

[5cog 0')2—1]sin( 0 )cod ') — 5—76 (P—1)

Y Ea
(35 56(P 1))( E;

3/2
sin(6')%cog3¢’), VE;=E,. (A9)

X
=

For P=1 andy= =0, these results are the same as derived in [Rdf. The authors performed their calculation only for
electron detection in a plane perpendicular to the photon beam, but our less restricted calculation leads to the same result.
Armen[43] mentioned that the probability for the emission of an Auger electron in a certain direction in space has to be taken
into account. Alignment effects of the residual ion after photoionization might cause anisotropies in the Auger-electron angular
distribution if the total angular momentum of the initial state is larger thaNow we have to perform the same kind of
integration again.

If an electron detector with a small acceptance angle is used, and the Auger-electron angular distribution is isotropic, we do
not have to integrate Eq§A8) and(A9), but can use them directly to determine the desired parameter. However, one of the
most commonly used electron detectors is a cylindrical mirror anal{ZAdA ), accepting electrons at an angle: Ap relative
to the polarization of the incoming radiation and over a full circle of the azimuthal apdie this case we have to integrate
C(0',¢') multiplied with the differential cross section for the Auger-electron emission over the acceptance angles of the
CMA.

With fé”dx cosfix)=0 and an isotropic angular distribution for the Auger electrons all the terms in the integration of
C(0’,¢") arising from nondipole terms drop out as well as the term coming from the unpolarized light leading to the
following much simpler integrals and their approximations
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TABLE V. Calculated values ofC,, for a Ka fluorescencd.,:-M,3M,3 Auger-electron coincidence
experiment on atomic argon using a nonmagic angle cylindrical mirror analyzer6wid.3°+6°. The
incoming x rays are highly linear polarized with=0.95 andB=2. The fluorescence is detected in the
direction. In the last row values f&,, are listed calculated with van der Straten, Morgenstern, and Niehaus’s
[41] equation for isotropic angular distributio,,=1— VE,/Ep E;<E, andC,,=0 E;=E,. As seen in
the table the differences are minimal and cannot be responsible for the discrepancies reported here.

Ei (eV)

li) If)  Ea(eV) anA, 2.3 3.3 5 7.5 10 297.3

2P s, 203.1 0 0.893 0.872 0.843 0.807 0.777 —0.083
D, 205.5 0 0.894 0.873 0.844 0.808 0.778 —0.084

0

0

3p, 207.3 0.895 0.874 0844 0809 0.779 —0.084
3p, 207.1 0.894 0.874 0.844 0809 0.779 —0.084
3p, 207 0 0.894 0873 0.842 0809 0.779 —0.082
2p,, 1s, 2009 -05 0.893 0.872 0.843 0.806 0.776 —0.083
p, 2033 -02205 0.893 0.872 0.843 0807 0.777 —0.083
3p, 205.1 0.3975 0.894 0.873 0.843 0.808 0.778-0.083
3p, 2049  —0.055 0894 0.873 0843 0.808 0.778 —0.083
3p, 2049  -05 0.894 0873 0843 0808 0.778 —0.083
200.9 0.893 0872 0842 0807 0.777 0.000

N 12 312
fp T sin(&’)[l—(E> —4%(1+3P)(§) [3002{0’)2—1]}
p A

—Ap Ea E, 1/2 B
Coma= p+Ap ~1- E; '—Za(l+3P)
f do’ sin(6")
p—Ap
El 3/2
X E_) [3 COS{p)Z—l], VE <E, (A10)
A
and
pt+Ap , B Ea
f dé sin(0')| —-— (1+3P) = [3cog6')%>—1]
~Jp-ap 40 = B Ea 5 VE.>
CCMA_ p+Ap N_Z0(1+3P) E_l[3 COS{p) _1], El/EA'
f de’ sin(0’)
p—Ap

(A11)

If the CMA accepts only over a small angleAp, we  unpolarized light. A very different result is expected when
arrive at exactly the same result as in Refl], except for the symmetry axis of the CMA is parallel to the propagation
the polarization dependence. Many CMAs accept electrondirection of the incoming photons, which is equivalent to a
under the “dipole” magic angle p=acos{/1/3) rotation of the coordinate system by 90° around yhaxis;
=54°448". In that case the PCIl vanishes when the photox=2', y=y’, andz=—x’ would have to be replaced in the
electron passes the Auger electf@no-passing effect’). In  equations leading to much more interesting integration. Then
the case where the electrons are accepted under a differeait the nondipole and polarization effects would not average
angle we might encounter negative PCls even in the angleut and remain in the factd®cy,s. Now in the coincidence
average. Polarization less then 100% reduces the anisotrogyxperiment we do not have isotropic Auger-electron angular
effects considerably in this case, but they do not vanish comdistributions, as shown by Arpt al. [50]. Now C(6',¢')
pletely as predicted in Ref41]. If unpolarized radiation is has to be integrated over the CMA acceptance angles multi-
used, the propagation direction of the photons becomes thaied with the Auger-electron angular distribution. The re-
guantization direction, and the photoelectron angular distrisults forC if the photon is detected in thedirection and for
bution will not be symmetric. an anisotropic angular Auger-electron distribution caused by

That the nondipole effects have no influence@gya is  angular correlations are listed in Table V. The difference
not surprising, because they cause a forward-backwardompared to an isotropic angular distribution is very small,
asymmetry which will average out when we integrate aer showing that this cannot be the reason for the discrepancies
from O to 2r. The same is true for the contribution from the in our experiment. However, we have to note that at excess
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energies above the Auger-electron kinetic energy the parangone for van der Straten, Morgenstern, and Nieh@alig

eterC can become negative in our case, because the CM#heoretical formulation, but the same applies for the model

used does not accept electrons at the dipole magic angle. used by Armer{43], where the angular dependence is con-
In this paper the review of angular effects in PCls wastained in the parametef= Cv[l.

[1] T. A. Carlson and M. O. Krause, Phys. Rel37, A1655 Research with Third-Generation Soft X-Ray Synchrotron Ra-
(1965. diation Sources edited by A. S. Schlachter and F. J.

[2] J. C. Levin, C. Biedermann, N. Keller, L. Lilieby, C.-S. O, R. Wouilleumier (Kluwer, Dordrecht, 1994 p. 161.

T. Short, I. A. Sellin, and D. W. Lindle, Phys. Rev. Le5, [26] J. W. Cooper, inAtomic Physics at High Brilliance Synchro-
988(1990 tron SourcegRef.[9]), p. 251.

[3] K. Ueda, E. Shigemasa, Y. Sato, A. Yagishita, M. Ukai, H. [27] E. v. Raven, Ph.D. thesis, University of Hamburg, Hamburg,
Maezawa, T. Hayaishi, and T. Sasaki, J. Phys248 605 1992; E. v. Raven, M. Meyer, M. Pahler, and B. Sonntag, J.
(1991). Electron. Spectrosc. Relat. Phends2, 677 (1990.

[4] G. Omar and Y. Hahn, Phys. Rev. 44, 483 (1991). [28] G. B. Armen, J. C. Levin, and I. A. Sellin, Phys. Rev.58,

[5] J. Doppelfeld, N. Anders, B. Esser, F. von Busch, H. Scherer,  772(1996.
and S. Zins, J. Phys. B6, 445 (1993. [29] P. Auger, J. Phys. Ra®, 205(1925.

[6] T. Hayaishi, E. Murakami, Y. Morioka, E. Shigemasa, A. Yag- [30] G. Wentzel, Z. Phys43, 524 (1927).
ishita, and F. Koike, J. Phys. B7, L115 (1994 [31] W. Mehlhorn, in Atomic Inner-Shell Physi¢csedited by B.

[7] A. G. Kochur, V. L. Sukhorukov, A. |. Dudenko, and Ph. V. CrasemanriPlenum, New York, 1985 p. 119.

Demekhin, J. Phys. B8, 387 (1995. [32] K. Helenelund, S. Hedman, L. Asplund, U. Gelius, and K.

[8] D. V. Morgan, R. J. Bartlett, and M. Sagurton, Phys. Rev A Siegbahn, Phys. Sc27, 245(1983.

51, 2939(1995. [33] D. Gr& and W. Hink, J. Phys. B9, L221 (1986.
[9] S. H. Southworth, M. A. MacDonald, T. LeBrun, Y. Azuma, [34] R. Huster, W. Sandner, and W. Mehlhorn, J. Phy20BL287
and J. W. Cooper, iltomic Physics at High Brilliance Syn- (1987.
chrotron Sourcesedited by H. G. Berry, P. Cowan, and D. [35] L. O. Werme, T. Bergmark, and K. Siegbahn, Phys. 8ct49
Gemmell(Argonne, City, 1994 p. 205. (1973.
[10] S. H. Southworth, M. A. MacDonald, T. LeBrun, and Y. [36] E. J. McGuire, Phys. Rev. A1, 1880(1975.

Azuma (unpublishegl [37] L. Asplund, P. Kelfve, B. Blomster, H. Siegbahn, and K. Sieg-
[11] F. von Busch, J. Doppelfeld, C. @ther, and E. Hartmann, J. bahn, Phys. Scrl6, 268 (1977).

Phys. B27, 2151(1994. [38] H. Aksela, S. Aksela, H. Pulkkinen, G. M. Bancroft, and K. H.
[12] H. Kjeldsen, T. D. Thomas, P. Lablanque, M. LavelleF. Tan, Phys. Rev. /87, 1798(1988.

Penent, M. Hochlaf, and R. . Hall, J. Phys2B, 1689(1996. [39] W. Eberhardt, S. Bernstorff, H. W. Jochims, S. B. Whitfield,
[13] A. G. Kochur and V. L. Sukhorukov, J. Electron. Spectrosc. and B. Crasemann, Phys. Rev.38, 3808(1988.

Relat. Phenom76, 325(1995. [40] A. Niehaus, J. Phys. BO, 1845(1977).

[14] T. Aberg and B. Crasemann, Resonant Anomalous X-Ray [41] P. van der Straten, R. Morgenstern, and A. Niehaus, Z. Phys.
Scattering: Theory and Applicationsdited by G. Materlik, C. D 8, 35(1988.
J. Sparks, and K. FischéNorth-Holland, Amsterdam, 1994  [42] M. Yu. Kuchiev and S. A. Sheinerman, Zh. Eksp. Teor. Fiz.
p. 431. 90, 1680(1986 [Sov. Phys. JETB3, 986 (1986].

[15] S. H. Southworth, M. A. MacDonald, T. LeBrun, and R. D. [43] G. B. Armen, Phys. Rev. 87, 995 (1988.
Deslattes, Nucl. Instrum. Methods Phys. Res. Se@4A 499 [44] V. Schmidt, N. Sandner, W. Mehlhorn, M. Y. Adam, and F.

(1994). Wouilleumier, Phys. Rev. Let38, 63 (1977).
[16] H. Aksela, S. Aksela, H. Pulkkinen, G. M. Bancroft, and K. H. [45] B. Kammerling, B. Krasig, and V. Schmidt, J. Phys. 55,
Tan, Phys. Rev. A7, 1798(1988. 261(1993.
[17] M. Meyer, E. v. Raven, B. Sonntag, and J. E. Hansen, Phyd.46] H. Hanashiro, Y. Suzuki, T. Sasaki, A. Mikuni, T. Takayanagi,
Rev. A43, 177 (199)). K. Wakiya, H. Suzuki, A. Danjo, T. Hino, and S. Ohtani, J.
[18] J. A. de Gouw, J. van Eck, J. van der Weg, and H. G. M. Phys. B12, L775 (1979.
Heideman, J. Phys. B5, 2007(1992. [47] J. A. de Gouw, J. van Eck, H. G. M. Heidemann, J. Phy&5B
[19] H. Pulkkinen, S. Aksela, O.-P. Sairanen, A. Hiltunen, and A. 2007(1992.
Aksela, J. Phys. B9, 3033(1996. [48] P. L. Cowan, S. Brennan, R. D. Deslattes, A. Henins, T. Jach,
[20] J. W. Cooper, S. H. Southworth, M. A. MacDonald, and T. and E. G. Kessler, Nucl. Instrum. Methods Phys. Res. Sect. A
LeBrun, Phys. Rev. A0, 405(1994. 246, 154 (1986.
[21] R. D. Deslattes, Phys. Re%33 A390 (1964). [49] M. Breinig, M. H. Chen, G. E. Ice, F. Parente, B. Crasemann,
[22] R. D. Deslattes, Phys. Re%33 A399 (1964). and G. S. Brown, Phys. Rev. 22, 520(1980.
[23] R. D. Deslattes, Aust. J. Phy39, 845(1986. [50] U. Arp, J. W. Cooper, T. LeBrun, S. H. Southworth, M. Jung,
[24] R. D. Deslattes, R. E. LaVilla, P. L. Cowan, and A. Henins, and M. A. MacDonald, J. Phys. B9, L837 (1996.
Phys. Rev. A27, 923(1983. [51] R. D. Cowan,The Theory of Atomic Structure and Spectra

[25] G. Stefani, L. Avaldi, and R. Camilloni, iNew Directions in (University of California Press, Berkeley, 1981



4284 ARP, LeBRUN, SOUTHWORTH, MacDONALD, AND JUNG 55

[52] G. C. King and F. H. Read, imtomic Inner-Shell Physics S. H. Southworth, and L. Young, Phys. Rev. Léth 4736
(Ref.[31)), p. 317. (1995.

[53] K. G. Dyall and F. P. Larkins, J. Phys. B5, 2793(1982. [64] M. Jung, B. Krasig, D. S. Gemmell, E. P. Kanter, T. LeBrun,

[54] O. M. Kvalheim, Chem. Phys. Let88, 457 (1983. S. H. Southworth, and L. Young, Phys. Rev. 34, 2127

[55] T. Aberg, Phys. Revl56, 35 (1967). (1996.

[56] J. H. Scofield, Phys. Rev. A0, 3054(1989. [65] P. S. Shaw, U. Arp, and S. H. Southworth, Phys. Re\64A

[57] J. H. Scofield, Phys. Scal, 59 (1990. 1463(1996.

[58] A. Bechler and R. H. Pratt, Phys. Rev.39, 1774(1989. [66] A. Niehaus and C. J. Zwakhals, J. Phys1@ L135 (2977).

[59] A. Bechler and R. H. Pratt, Phys. Rev.4®, 6400(1990. [67] M. O. Krause and J. H. Oliver, J. Phys. Chem. Ref. Déta

[60] J. W. Cooper, Phys. Rev. A2, 6942(1990. 329(1979.

[61] J. W. Cooper, Phys. Rev. A5, 3362(1990. [68] D. A. Vashalovich, A. N. Moskalev, and V. K. Khersonskii,

[62] J. W. Cooper, Phys. Rev. A7, 1841(1993. Quantum Theory of Angular MomentuiWorld Scientific,

[63] B. Krassig, M. Jung, D. S. Gemmell, E. P. Kanter, T. LeBrun, Singapore, 1983 p. 130ff.



