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L- and M-shell-electron shake processes followingslphotoionization in argon and krypton
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The photoinducedK @ and KB x-ray spectra of argon and krypton were measured by means of high-
resolution crystal diffractometry. Aka; L0 andK 8, M™2 and KrK ;L™ andK 8,M 2 satellites were
observed and resolved from the corresponding diagram lines. From the satellite to parent diagram line yield
ratios, the probabilities for producing via shake proced$€sL(® and KVM©® double-hole states were
deduced. The results are compared to the few other existing experimental data and to theoretical sudden
approximation predictions. The latter are found to underestimate somewhat the experimental values.
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PACS numbsgs): 32.30.Rj, 32.80.Fb, 34.50.Fa

I. INTRODUCTION ments to be studied are also needed. In addition, as a result
of nuclear decay, many excited states of the final nucleus are
Atomic inner-shell photoionization is a rather weak pro-populated. It is then a hard task to determine which shake
cess, in a perturbation sense, in which a single photon can l®yvents are due to the change of the nuclear charge and which
assumed to interact with a single bound electron. Direct mulenes result via internal conversion frogntransitions in the
tiple ionization caused by photoionization can thus be confinal nucleus. In collision experiments shake effects are dif-
sidered as negligibly small. Excited atomic states with mordicult to distinguish from multiple ionization induced by the
than one inner-shell vacancy are, however, frequently obeharged particle impact. The direct Coulomb ionization cross
served as a result of photoionization. This multiple excitationsection is proportional to the squared charge of the projectile.
may originate from the nonradiative decay of the photoin-It decreases with the projectile velocity as long as the latter is
duced initial single-hole state. Auger and Coster-Kronighigher than the orbital velocity of the ionized electron.
transitions are examples of such autoionizing processes. AsTherefore only high-energy collisions involving light
consequence in light elements, where nonradiative decagharged particles like electrons or protons can be considered
processes dominate, photoionization leads, in most cases, wgthin this method to get reliable shake probabilities.
multiply ionized atoms. Such problems or experimental difficulties are not en-
The observation in x-rayl—3], Auger[4], and photoelec- countered in the case of photoionization. At photon energies
tron spectrd 5] of satellites emitted when the primary ex- higher than about 1.3 times the energy threshold for double
cited states decay proves that processes other than radiatidanization, the shake probability is nearly energy indepen-
less transitions do contribute to the multiple excitation. Thisdent[7,12] and the probability for the outgoing electron to
statement is confirmed by the excitation features observed ipollide with another bound electron and to ejedtito-step-
photoabsorption spectr6]. In fact, due to the sudden one processvanishes[12,13. As a consequence, satellite
change of the atomic potential following the removal of ayields observed in photoelectron spectra can be assumed to
core electron by the photon impact, other electrons can beesult quasiexclusively from shake processes. The same
ejected into the continuurgshakeoff or promoted to higher holds forK x-ray spectra, whereas far andM x-ray spec-
unoccupied bound statéshakeup[1,3,7]. tra, LLX and MMY Coster-Kronig transitions taking place
Shake probabilities do not depend, in first order, on theprior to the x-ray emission can contribute significantly to the
mechanism leading to the creation of the core vacancy. As abserved satellite yieldsl4]. For the above-mentioned rea-
consequence, shakeoff and shakeup may also result from isens, most of the available experimental data concerning
ternal conversion of nucleay rays [8] or from collisions shake effects have been obtained in photoionization experi-
with charged particle$9]. Since the potential affecting an ments. In addition, recent developments in experimental
electron is made up of the nuclear charge minus the shieldintpchniques have led to a renewed interest for photoinduced
of the other electrons, shake excitations can furthermore bprocesses. In this respect, synchrotron radiation facilities
initiated by nuclear decay, such asdecay,B decay, and which deliver very intense and energy-tunable x-ray beams
electron capture. In this case the shaken electron is promotdthve certainly played a major role.
into the continuum or unfilled higher shells by the abrupt The energy left in the atom for the shake excitation of the
change of the nuclear char§#0,11. second electron results in a reduction of the kinetic energy of
The observation of shake effects resulting from internalthe first ejected electron. In photoelectron spectra complex
conversion ofy rays is usually based on measurementk of satellite structures that include discrete pegdtsakeup and
conversion-electron spectra. Radioactive sources with longontinuous featuregshakeoff are therefore observed on the
enough lifetimes are needed in such experiments. This limitiow kinetic energy side of the primary peals,15,16. In
the number of elements which can be studied by means of-ray spectroscopy satellite structures are also observed but,
this method. In experiments dealing with shake processeis this case, on the high-energy side of the main lines. Due to
induced by nuclear decay, radioactive isotopes of the elethe second core vacancy created by the shake process, the
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screening of the nuclear charge is reduced, which results in TABLE I. Characteristics of the photon beams used for the ir-
an increase of the binding energies of the atomic levels. Agadiation of the targets.
this binding energy enhancement decreases with the princi

pal quantum number of the levels, x-ray satellites are emitted X-ray Excited Etube
at higher energies than the parent diagram lines. Target tube state  lype (keV) s’ &
cipal Quantum number o the transiton election and decread 3541S AUOKY KU 1000 251
pal g KOLO 891 26.3 560 0.65

\|,:v(|)t:] rtnr:ghp;r;r:/mpal quantu(T) number 0(1; )the spectator vacancy, bar Au80KY K® 1000 23.0
y atom& L") andK 8L satellites(i.e., Ka KOM®D 984 231 52.0 0.23

and KB x rays emitted with one additional hole in the ) ' 8 ' '

shel) are shifted with respect to the parent diagram transif\' 2 bars - Cr5okv (f) o 1000 8.6

tions by 40-60 e\[17] and 100-150 eV18], respectively. K II %8 881 183 031

Energy shifts ofK x rays originating from the radiative de- Ar2bars  Cr50 kv }f( ) 1 1000 858

cay of KM ®) states are approximately ten times smaller, KOM® 008 854 286 008

i.e., nearly equal to the natural linewidths of the correspondaggg Eqs(5) and(6) (the mean radi{r, ) and(r ) were taken from

ing transitions[17,19. For this reasonM satellites cannot Ref. [63)).

be resolved in general from the close-lying parent diagramryq gifference between the two energies has a geometrical origin

lines. Only a broadening of the latter and/or a slight asym+he target slice affecting the crystal through the slit was indeed

metry appearing on their high-energy flanks reflects then thg, ateq closer to the x-ray tube in the8 measurement than in the
additionalM-shell ionization. The&< 3, transition constitutes 1 , one.

a very interesting exception to this general rule. Due to the

fact that in this case the transition electron originates fromby Storm and Israef20]. The intensity attenuation of the
the outer subshelldl; 5, the energy shifts are larger than in j5i5ing radiation in the wall of the gaseous target cell and in

2 1,2 . . :
otherK x-ray transitions. As a consequené&,M 2 sat- o gas were taken into account in these calculations, whose
ellites appear in th& 3 x-ray spectra of medium-mass atoms oqjits are given in Table I.

as single, well-resolved lingsl8,19. For lighter elements
like argon, which are characterized by narrower linewidths,
M satellites are better separated from the main lines and
usually they can be resolved from the par&, ; transi- The main characteristics of the DuMond curved crystal
tions. spectrometer of Fribourg were already presented in several
Taking advantage of these properties and assuming, asevious articlegsee, e.g.[14,21,22). Thus, in the follow-
discussed above, that satellite features observed in photing, only the features specific to the experimental setup used
inducedK x-ray spectra arise entirely from shake effects, wefor the krypton measurements will be discussed.
have determined the probabilities far- and M-electron The spectrometer was operated in a so-called modified
shake processes followingslphotoionization in krypton DuMond slit geometry. As shown in Fig(d), in this geom-
and argon. The krypton and argdf x-ray spectra were etry the target is viewed by the bent crystal through a narrow
measured by means of high-resolution crystal spectrosslit located on the focal circle. The 0.1-mm-wide slit was
copy. TheL- and M-shell shakeoff plus shakeup probabili- made of two vertical juxtaposed Pb plates, 25 mm high and 5
ties were deduced from the observed vyield ratiosmm thick. The target consisted of a cylindrical cell filled up
I[Ka LD I[Kay L@ and I[K BME2)/1[KB,M O] for  with 99.99% pure krypton. The cell was 3 cm in diameter
Kr and I[Ka;LM]/I[Ka; L] and I[KB M)/ and 3 cm high with an 11-mg/dathick kapton wall. The
I[KB1,M ] for Ar. distance between the slit and the axis of the target was 2.75
cm. TheK x-ray emission was induced by means of an x-ray
Il. EXPERIMENT tube with a Au anode and a thin Be window. The distance
between the tube anode and the target center was 4.5 cm and
The measurements of the photoindudédk-ray spectra the axis of the conical beam emitted by the x-ray tube was
were performed at the University of Fribourg by means ofperpendicular to the target-crystal directi@ee Fig. 2 The
two different high-resolution bent crystal spectrometers. Themission angle of the ionizing radiation covered the com-
krypton x-ray emission spectra were observed with a Duplete volume of the gaseous target but, due to the slit, only a
Mond transmission-type crystal spectrometer. As this instruyertical slice, 25 mm higk 30 mm long<0.1 mm thick, con-
ment cannot be used for photon energies below about 1ffibuted to the production of the observed kryptérx rays.
keV, the argon spectra were measured with a von Hamoshe tube was supplied with a 100-kV/3-kW high voltage
reflection-type crystal spectrometer. For both elements, thgenerator equipped with a dedicated system for the stabiliza-
fluorescence x-ray spectra were produced by irradiating thgon of the current and high voltage.
gaseous targets with the bremsstrahlung of an x-ray tube. For the diffraction of the x rays, th¢110 reflecting
The relative intensity . of the x-ray tube radiation contrib- planes of a 18 10-cnf quartz crystal plate, 0.5 mm thick,
uting to theK™®, KWLM, or KHME2 excitation of the  were used. The choice of such a thin crystal was dictated by
target and the corresponding average en&gy. were com-  the strong intensity attenuation suffered by low-energy pho-
puted with a dedicated program, using the measured spectr@ns in the case of Laue diffraction. For instance, with a
and angular distributions of the bremsstrahlung emitted byl-mm-thick crystal the observed intensity of the krypton
the x-ray tube and the photoionization cross sections quoted«a; line would have been about four times smaller. The

A. Krypton measurements
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FIG. 2. Target chamber of the DuMond curved crystal spec-
trometer(1: x-ray tube, 2: target cell, 3: lead $lit

305.3 and 306.7 cm, the above-mentioned resolution of 10.7
arcsec resulted in instrumental energy broadenings of 3.2 and
4.1 eV, respectively. The Bragg angles were measured by
means of an optical laser interferomefi24] with a precision

of a few marcsec.

For the detection of the x rays a 5-in.-dia.25-in.
Nal(Tl) X2-in. Cs(Tl) Phoswich(The Harshaw Chemical
Co., Crystal and Electronic Products Dept., OH 94188n-
tillation detector[14] was employed. This type of detector
presents the advantage to strongly diminish the Compton
noise arising from high-energy photons. A further diminu-
tion of the background was achieved by enclosing the
Phoswich detector in a heavy Pb-Cu-Al shielding and by
sorting on line the events of interest as a function of their
energy. In order to reduce the absorption of x rays in air,
evacuated tubes were mounted between the target chamber
and the crystal and between the crystal and the 66-cm-long

| : Soller-slit collimator. The latter and the target chamber were

also pumped down to about 1 mbar.

The Ka; , x-ray spectrum of krypton is shown for illus-
tration in Fig. 3a). For this measurement the x-ray tube was

FIG. 1. Schematic view of the transmission-type crystal Spec_operated at 80 k30 mA and the gaseous target density
trometer(not to scalg  (a) The modified DuMond slit geometry Was 9.50 mg/cﬁ1 (pressure of~3 barg. The spectrum was
used in this experiment.(b) The experimental setup used for the Measured in approximately 14(l28 points with an acqui-
measurement of thi absorption edge. [1: x-ray tube, 2: target Sition time of 400 sec per pointAs the probability for cre-
cell, 3 and 9: lead slit, 4: bent crystal, 5: Soller-slit collimator, 6: ating the KWLM states through shake processes is very
Phoswich scintillator in(a) or LeGe detector irfb), 7: photomulti- ~ small in the case of krypton, the angular range of the
plier in (a) or LN, Dewar in(b), 8: Rowland circle represents the Ka;L ") satellite region was remeasured in eight successive
Bragg angle X the crystal axisC the center of curvature of the step-by-step scans. Each scan consisted of 50 points and the
crystal, andO the center of the focal circle. acquisition time per point was 1400 sec. In order to survey

the reliability of the measurements and the stability of the

guartz lamina was bent cylindrically to a radiuR  experimental setup, a shorter control measurement of the
=311.6 cm by means of a bending device similar to the ond«; diagram line was performed between each scan. The
described if23]. The effective reflecting area of the crystal intensity variations observed in these control measurements
was 12 cri. The instrumental response of the spectrometewere found to be consistent wittrXluctuations. Regarding
which depends mainly on the slit width and precision of thethe position of theKa; centroid, no systematic shift as a
crystal curvature was found to be well reproduced by &unction of time was observed, the average fluctuations being
Gaussian function with a full width at half maximum of the order of 40 marcse@.e., about 12 me)/ Thus noa
(FWHM) of 10.7 arcsec. In the DuMond geometry the angu-posteriori intensity normalization of the different scans, nor
lar instrumental response does not vary with the Bragg anglan energy adjustment, was performed andkhg L") sat-
0 according that the crystal-to-slit distandds adjusted for ellite x-ray spectrum depicted in Fig(t3 was simply built
each x-ray line tad=R cod. For theKa; andK 3, transi-  up by summing off line the eight scans. For the energy cali-
tions of krypton, that were measured at focal distances obration of the spectrum, the energy of tKey; transition

(b) @
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40000 FIG. 4. KryptonK absorption edgé&he solid line represents the

fit to the data.

W//\__‘ per point. During this ten-day long measurement, the inten-

sity fluctuations of thek 8, line were smaller than 1% but

30000

RESIDUAL INTENSITY
2
2

g o] some time-dependent shift towards higher energies of the
20000 line centroid was observed. However, the energy difference
2 Qo memeeoew of the K8, centroid between the first and the last scan being
o o

only ~0.3 eV, no correction was performed and the ten
scans were simply added together.
The K3, spectrum was corrected for the self-absorption
in the target. To determine the variation of the krypton ab-
0 , , , , . sorption coefficient as a function of the photon energy in the
12670 12680 12690 12700 12710 12720 K-edge region, th& absorption edge of krypton was mea-
(b) ENERGY [eV] sured by means of the experimental setup represented in Fig.
FIG. 3. () Kay, x-ray spectrum of Kr. Details of the fit are :ng)n ol(':’lhrtglri artrg)??f# éeg:ﬁ)rgeﬂ:)? %F;eitzzr;?aegev;aeﬁngs\e/%ﬁzda

shown in the insetthe thick solid line represents the total fit, the . . .
thin solid lines the fit of the diagram transitions, the dashed lines thedlreCtly by the crystal through the slit. A tube with a Cr

fit of the unresolvedM satellites, and the dash-dotted line the fit of inol(_je v;/as e_mployed beca;]l{é,e Eome c_:hara(;:telrlsfclrlr(:lys of
the KLN RAE structurg. (b) Ka;L™ x-ray satellite spectrum su- u lie close In energy t.o t a sorpFlon edge of krypton.
perimposed on the high-energy flank of ke, diagram transition. The krypton target cell itselfpressure increased te3 barg

The fit of the residual intensity obtained after the subtraction of theV@s used as an absorber and mounted in front of the Soller-
K, tail (satellite structurgis shown in the inset. slit collimator. A 10-mm-wide Pb slit was further installed

between the cell and the collimator, defining an almost con-
n Stantabsorber thickness of 29.4 mgfcim order to improve
of the angular scale was determined by measuring<the the sep_ara_tion of the photons_ of interest, diffrgcted by _the
line at positive and negative Bragg angies. It has to be notefrystal in first order of re_ﬂectlo_n,_from those dlffracte_d in
here that, as a result of newer evaluations of certain convefecond order, the Phoswich scintillator was replaced in this
sion factors or calibration energies, the Bearden and Buff€asurement by a S-cm-diani-cm-thick LeGe semicon-
values were found to be too small by about 13 pj2@l. In ductor detector. As thK—edge. and the<,82_ spectrum were
the present experiment, however, only the energy shifts OcE)bserved at the same focal distance, a single energy calibra-
the satellites with respect to the parent diagram lines are dfon was needed for both measurements. The latter was per-
interest. As these shifts are hardly affected by the differencef@rmed by measuring thie 3, 5 line of krypton on both sides
in the conversion factors, no attempt was made to adjust thgf reflection and by using the energy of thgg, transition
Kr Ka, energy quoted by Bearden and Burr. from [25]. T_he observed<_ absor_ptlon edge of krypton. is
For krypton theK absorption edgél4.324 keV lies ex- shown in Fig. 4. It was fitted with the following function
actly between th&k 8, diagram line(14.315 keV and the [27]:

10000

guoted by Bearden and BuUr25] was used, while the origi

KB,MW) satellite (~14.333 keV). The latter is thus much 1

. . Mo
more affected by the self-absorption of the x rays in the (E)=¢y, —5—15+C2 —5 1+ Ca, (1)
target than the parent diagram line. In order to reduce the (mo+1) (m+1)

self-absorption, th& 8, measurements were performed with
a lower gas density of 3.18 mg/énfpressure of~1 bay.
The x-ray tube was operated at 80 K85 mA. The angular
region corresponding to tHeB, plusK 8,M (2 domain was E_E
measured in ten successive step-by-step scans. Each scan No1= 01
consisted of 71 points with an acquisition time of 1000 sec ’ Wo,1

where thec; are scaling parameters and theare defined as
follows:

@
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FIG. 6. von Hamos reflecting-type crystal spectrometer.x-
FIG. 5. KB, x-ray spectrum of Kr with resolvetyl satellites.  ray tube, 2: target cell, 3: bent crystal, 4: CCD detector system. The
Details about the fit of the satellites are shown in the iidashed  direction of dispersion is parallel to theaxis)
lines: first-order satellites; dotted line: second-order satellites; thin

solid line: tail of the diagram transition; thick solid line: total fit which is limited by the detector length. In order to study a
greater energy interval the central Bragg angle is adjusted by
The fitted energieg, andE; were found to be 14 324 and translation of the crystal and correspondingly of the detector
14 327 eV, respectively, whereas values of 5.8 and 3.0 eMlong their axes. The slit-to-crystal and crystal-to-detector
were obtained for the widtha, andw; . distances are varied but kept equal. The target, crystal, and
To determine which part of the background had to bedetector are all contained in a 18®2x 24.5-cnf stainless
subtracted from th& S8, spectrum before correcting the lat- steel vacuum chamber, which can be pumped down to about
ter for the self-absorption in the target, a careful investigationl0~” mbar by a turbomolecular pump.
of the background was done. The latter was found to origi- The same target cell as the one used in the krypton mea-
nate from natural radioactivity47.8%9 and from the coher- surements was employed. The cell was filled up with 99.99%
ent(47.999 and incoherent3.3%) scattering by the target of pure argon. The gas density was 3.08 mg/dpressure of
the radiation emitted by the x-ray tube-atl4.3 keV(coher-  ~2 barg. The vertical rectangular slit consisted of two jux-
enh and ~14.7 keV (incoherent This study showed also taposed Ta pieces 0.3 mm thick and 10 mm high. The slit
that some broad structures were present in the coherent pagidth was 37um for theK @, , measurements and 26n for
of the background. These structures were identified as weake KB13 ones. A very thin sheet of black paper was in-
Au L transitions. Furthermore, in the detector energy specstalled in front of the slit to protect the detector from the
trum the Compton front of the photopeaks corresponding twsisible light emitted by the irradiated gaseous target. The
higher-order diffractions was found to contribute also to theargon fluorescence spectra were produced by means of a Cr
measured background, but ony1%. TheK3, spectrum x-ray tube operated at 50 k¥35 mA. The target axis was
was thus corrected in the following way: the natural back-located at a distance of 2 cm from the tube anode and 1.6 cm
ground was first subtracted from the raw spectrum. The lattefrom the slit. The angle between the mean direction of the
was then corrected for the self-absorption in the target. Fifonizing radiation and the slit-to-crystal direction was ap-
nally, the coherent background was subtracted from the colproximately 210°.
rected spectrum in order to suppress the above-mentioned For the diffraction of the x rays the spectrometer was
Au L x-ray contamination. The resulting 3, spectrum is equipped with a 10-cm-higfe extensionx5-cm-widex0.5-
depicted in Fig. 5. mm-thick quartz110) crystal. The Bragg angle domain cov-
ered by the von Hamas spectrometer extends from 24.4° to
61.1°. For the quartz110) crystal (lattice spacing constant
2d=8.5096 A, the corresponding energy interval is thus
As the observation of photons below 10 keV requires acomprised between 1.645 and 3.563 keV, i.e., well matched
reflecting-type x-ray spectrometer, the argon measuremente theK x-ray spectra of argon. The crystal lamina, glued to
were performed with our new von Hamos curved crystal fa-an Al block machined to a precise concave cylindrical sur-
cility [28]. The principal elements of this instrument are anface, had a nominal bending radius of 25.4 cm. The measure-
x-ray source defined by a rectangular slit, a cylindrically bentments, however, were performed at a focusing distance of
crystal, and a position sensitive detectbrg. 6). In the von  24.5 cm, for which a better resolution was obtained.
Hamos geometry the crystal is bent around an axis which is The x rays were recorded with a CQPBharged coupled
parallel to the direction of dispersidiy direction and pro- device position sensitive detector 27.65 mm long and 6.9
vides focusing in the nondispersiwedirection. For a fixed mm high, having a depletion depth of %0n and consisting
position of the components, the impact coordinate on thef 1024 columns and 256 rows with a pixel size of 2n
detector of a reflected x ray corresponds geometrically to &27 um. The diffracted x rays hitting the CCD build a two-
particular Bragg angle and hence to a particular photon erdimensional pattern on the detector plane. The horizontal
ergy. Such geometry permits at one position of the spectromaxis of the detector corresponds to the energy axis of the
eter components data collection over an energy bandwidtk-ray spectrum, while the vertical extension of the detector

B. Argon measurements
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in thez direction serves mainly to collect more intensity. The 120000
CCD detector was thermoelectrically cooled down to

—60 °C. It was operated by a ST-138 control{@rinceton 1000007
Instruments, Ing. equipped with a DMA/TAXI high-speed

serial interface which can sustain data transfer to a PC at 1 g ***]
Mbyte/sec.

The instrumental energy resolution of the von Hamos
spectrometer is determined by the finite size of the slit aper-
ture, Darwin diffraction width of the crystal, spatial resolu-
tion of the detector, and focusing aberrations. For the setup
used in the argon experiment, the profile of the instrumental 20900
response could be approximated quite well by a 0.8-eV
FWHM Lorentzian. 02940 29|50 \2\9|eo 7 29|7o 29180 29|90

For data acquisition and analysis of images a dedicated ENERGY [eV]
software package written specifically to operate the ST-138
controller was used. The time of a single acquisition was FIG. 7. Ar Kay; x-ray spectrum. The -satellite structure is
chosen depending on the count rate, so that multiple hits ophown enlarged in the inset. The thin solid lines correspond to the
one pixel were minimized. Thanks to the good energy resofit of the diagram transitions, the dashed ones to the fit of t_he un-
lution of the CCD detector, higher-order reflections andresolvedM satellites, the dqtted opeg to the fit of thesat.elllte
background events could be rejected by setting appropriat@mponents whereas the thick solid line represents the fitted spec-
energy windows. The data were taken in a repetitive accu® ™"
mulation mode. Each image corresponding to a separate ac-
guisition was filtered. Then the different images wereto fit the diagram and satellite lines. The convolution of the
summed and the resulting two-dimensional spectrum wa&aussian instrumental broadening of the DuMond spectrom-
projected on the axis to give the one-dimensional position eter with the Lorentzian function representing the natural
spectrum. The 27sm pixel resolution being not really line shape of an x-ray transition results indeed in a Voigt
needed in this experiment, a software binning of four col-profile. For argon, Lorentzian functions were used since the
umns was performed in order to obtain higher count rates ivon Hamos instrumental response could be well reproduced
the position spectrum. Finally the position spectra were caliby a Lorentzian profile. However, because the observed sat-
brated in energy by means of the formu(8s and (4) given ellite lines consisted of many overlapping components, most
in [28], using theKa; energy quoted by Deslattes and of them could not be fitted with a single Voigt or Lorentz
Kessler[29] as reference. profile. The same held for those diagram transitions for

For theK a; , X-ray spectrum 2100 images were collectedwhich an asymmetric shape resulting from unresolved satel-
with an acquisition time of 10 sec per image. For K, 5 lites was observed. For this reason, we tried first to perform
spectrum 950 images were taken with an exposure time of 6the analysis with the method described in R&fl]. In this
sec each. The time needed to opganthe beginning of each method which was developed to analyze spectra of multiply
new acquisitionand to closebefore the readout of the data ionized atoms, a particular x-ray line is assumed to be a
the CCD shutter is 0.2 sec so that the total effective time$near combination of all components contributing to the
used to measure théa; , andK 8; ; spectra of argon were transition. The theoretical energies and transition probabili-
~20 100 and~56 600 sec, respectively. Both spectra wereties of the individual components are determined by means
corrected for the self-absorption in the gas and for the intenof extensive MCDRmulticonfiguration Dirac-Fockcalcula-
sity attenuation by the kapton wall. The solid angle undeitions. The final result of the MCDF calculations is a *“stick”
which a single CCD column is seen by a source point despectrum consisting of many lines. To compare with experi-
pends on the Bragg anglee., the energy This effect was
taken into account in the correction procedure. On the con-  soo00
trary, the influence of th& absorption edge of argon was
neglected, only the high-energy tail of the second-order
K B1.aM (@) satellite being affected by it. Possible fluctuations
of the detector efficiency along the direction of dispersion
were checked. No statistically significant variation was ob-
served. Furthermore, the crystal reflectivity was assumed to
be constant over the whole surface contributing to the dif-
fraction. The correcte®a; , andK 3, 3 x-ray spectra of ar-
gon are presented in Figs. 7 and 8, respectively.
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The observed x-ray spectra were analyzed by means of

the least-squares-fitting computer programnuiT [30] FIG. 8. Fitted ArKj; 3 x-ray spectrum with resolved first- and
(CERN library). For krypton Voigt profiles were employed second-ordeM satellites.
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eters in the fitting procedure. An additional constraint was
set on thd[Ka; M®/1[Kay M©] yield ratio for which a
value of 8.9% was chosen. This value was deduced from the
analysis of thek 8,M 1) spectrum(see next sectionK-L 3N
RAE (radiative Auger effecf38]) transitions were found to
contribute significantly to the intensity observed in the en-
ergy domain comprised between tke;; andK «, lines. The
complex RAE structure was approximated by several juxta-
posed Voigt profiles. Th& a; L) andK a; ,M @ satellites
whose relative intensities are smatt 0.5%) were, however,
not considered in that first part of the analysis. The fitted
A > D Kaj , spectrum is shown in Fig.(8).
2960 R 2560 2000 TheKa, L™ region, which was measured separately with
ENERGY [eV] a 28 times longer acquisition time, was then analyzed. The
FIG. 9. Tentative fit of the ArKa, L satellites with the intensity observed in this energy region is gl)Je_mainly to the
MCDF method. The solid line represehts the total fit whereas thehlgh-energy tails of theKa,, and Kay M lines. The

dashed, the dash-dotted, and the dotted curves represent the fitt%lc?gle evidence for the weaka, L' sateliite resides in a

satellite shapes corresponding [tbs 13d 1], [1s 13p~1], and small ?:xcetshs_ of intensity agptearln_g '3 t_het (iﬁnterhof thef ?ﬁ
[1s!3s71] initial hole configurations, respectively. main. For this reason, we determined nrst the shape or the

curve corresponding to the sum of the tails, keeping fixed the
ment the lines are given a Voigtigkrypton) or Lorentzian fit parameters at the values obtained previously from the
(argon shape. The transition line shape is then constructe@nalysis of theKa; , spectrum. The intensity of th&a,
by computing the weighted sum of the Voigt or Lorentz line, however, was let free and used as an adjustable scaling
functions corresponding to the different lines, the weightingfactor. Furthermore, the interval corresponding to the ex-
factors being given by the transition probabilities of thepected position of the satellitd8 pointy was not included
latter. For both elements the MCDF calculatiohi32] in the fit. The obtained tail was then subtracted from the
were performed with the MSAIL(modified special average measured spectrum and the resulting residuaatellite
level) version [33] of the GRAsP code [34]. The analysis Yield fitted, using three Voigt profiles to reproduce the satel-
showed, however, that the experimental spectra were ndife shape. The energies, widths, and intensities of the three
reproduced with a sufficient precision by the theoreticalVoigtians were let free in the fit. Théa; L") spectrum with
MCDF predictions. This is illustrated in Fig. 9, which rep- the fitted components is shown in Fig(bR The relative
resents a tentative MCDF fit of thKa,, L-satellite re- satellite intensity obtained from the fit is
gion of Ar. The transitionsK (LM — L{PILEY (six compo-
nenty, KWL L (14 components and KWLHM®
—L@M® (419 componeniswere considered. A Lorentz- Xk a,L©
ian shape with a FWHM of 1.5 eV was given to each com-
ponent. The absolute energies and transition probabilities of
all components were determined by MCDF calculations re-
sulting for the three transitions into complex shapes. As can The kryptonK g, spectrum was analyzed with four com-
be seen, the genera| trends of the measured Spectrum 4yenents, one for the diagram Iine, two for the first-order sat-
reproduced by the MCDF calculations but systematic deviagllite, and one for the second-order satellite. All components
tions in the energies and intensities of the satellite compowere given a Voigt profile with a fixed 4.0-eV Lorentzian
nents result in a poor agreement of the theoretical shape withidth and a free Gaussian width. The fitted spectrum is
the experimental data. A similar observation was made preshown in Fig. 5. The Gaussian widths obtained from the fit
viously for theK 8 spectrum of argoi35,36. Thus, for all ~ vary between 4.8 eV for the diagram line and 7.1 eV for the
spectra, a standard fitting procedure was fma”y chosen, iﬁecond—order satellite whereas widths of 6.3 and 6.6 eV are
which one or if necessary several Voigt or Lorentz profilesfound for the two components pertaining to the first-order
were emp|oyed to reproduce the broadened and/or asymm@atemte. In general, the Lorentzian width of a Complex tran-
ric shape of the observed transitions. More details about théition such ak 8,M(" can be approximated by
fit of the different spectra are given below. F(K,BZM(”))EFKJrFNZ + ary, . 3
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500

xKalul)

=(0.23+0.04%.

C. Krypton Kpf, spectrum

B. Krypton Ka spectrum wherel'y is the total width of the leveK andn the number

At first the Ka, , and Kalsz(l) transitions were fitted of spectator holes in tht1 shell. As a consequence, the
with four Lorentz profiles, two for the diagram lines and two Voigt profiles broaden with the satellite order. In our case,
for the unresolvedV satellites. The Lorentzian width was since theK 8, spectrum was fitted with the same Lorentzian
kept constant at 4.23 e]87] for the four lines. However, the width for all components, the broadening of the four Voi-
differences in the natural linewidths and broadenings ingtians is reflected by the above-mentioned increase of the
duced by theN-shell ionization were accounted for by using Gaussian widths in function of the satellite order. Regarding
different Gaussian widths for thé¢a,, Ka,, Ka;M®), and  the intensities, the following relative yields are obtained
Ka,M@) transitions, and by letting free these four param-from the fit for the first- and second-ordbr satellites:
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XKBzM(l) XKﬁZM(z) (Enr|/— En|)At/ﬁ<1, (4)
o—=(8.91+0.76% and c——— =(1.02+0.13%.
Xig M) Xk gm0 whereE,, andE,,,, are the energies of the initial and final
states, respectively, ardt the time interval of the change in
D. Argon Ka spectrum the Hamiltonian. For shake processes resulting from 1

: : . . photoionization, Sachenko and Demekh#2] have shown
The Ka; and Ka, diagram lines were fitted with two that the condition(4) can be written as

Lorentzians each, one for the main line, the second one for
the unresolvedM satellite (Fig. 7). All parameters were let
free in the fit except the Lorentzian widths of the two main kst =7 -<1, ()
lines which were kept fixed at 1.5 eV and the yield ratios K

I[Kaz)/I[Kay] and I[Kay MDY/I[Kay M@] which  wherels andr are, respectively, the ionization energy and
were set, respectively, at 0.500MCDF prediction and  mean radius of the subshélundergoing the shake process
0.229(from the analysis of th& 3 spectrum, see Sec. II)E  anqy, the velocity of theK-shell photoelectron. An experi-
three Lorentziangsee inset of Fig. 7 From the fit an aver- jpgicates, however, that this condition is unnecessarily se-
age energy shift of 19:40.2 eV is obtained for the satel-  yere and that for Ne the sudden approximation breaks down
lite with respect to the parent diagram line whereas the relagn|y apoveg,, ~0.2. Studying the double ionization induced

tive satellite intensity is found to be in Ne and Ti targets bombarded by electron and photon
X beams, Kraus§43] found that the breakdown point of the
Kag A () — (2.46+0.04%) sudden approximation appears to occur at
X 1o o . . :
b exs: = (Eepn— Ex—Eg)/Es~10, (6)
E. Argon KB spectrum where the numerator represents the excess energy of the in-

The KB, M© diagram line and theK,.M® and cident particle Eg ) over the ionization energy of the

K81 M@ satellites could be fitted with a single Lorentzian K-shell electron Ex) plus the ionization energy of the
each. All parameters were let free in the fitting procedureShaken electronis) which refers to an ion with a hole in an
The result of the analysis is shown in Fig. 8. The linewidths

inner shell.
given by the fit for the main line and the two satellites are "€ Probability for an electron to be promoted by the

1.6, 1.8, and 1.9 eV, respectively. The somewhat |arge§udden change of the atomic potential from the orbitalo

widths obtained for thek 8; M2 transitions result from the orbitaln’l” (shakeupor &’l” (shakeoff is given by
the numerous overlapping components contributing to the 2
satelli_te struct_ure. The obtained energy differences between pm%n,l,‘s,l,:f lﬂm(z)lﬂ:m (Z+AZYdT| . (7)
the diagram line and the two satellites are 3%701 and '

8.04=0.02 eV, respectively. Both values are nearly consis-

X : wherey, (Z) and ¢syr ./ (Z+AZ) are the initial and final
tent with the result¢3.7+0.1 .and 7'&0'1.6\0 obta_me.d by state wave functions of the electron undergoing the transition
Deslattest al.[1]. From the fit, the following relative inten-

sities are found for the satellites: _andAZ represents the change of the effective_charge result-
' ing from the inner-shell core vacancy production. Note that
according to selection rulgshake transitions are monopole
=(3.9+0.1)%. transitiong |’ must always be equal to For ¢,,,(Z) single-
XKB1’3M(°) electron wave functions from Hartree-Fock solutions of the
neutral atom are usually used. Réf/, . (Z+AZ) Hartree-
MCDF calculations show that the low-energy tail of the Fock solutions of the ion with a single-hole configuration
3p? satellite distribution extends down to theB; M (single configuration shake calculationsr two-hole con-
region and that the $ satellite group is slightly overlap- figurations (multiconfiguration shake calculationgan be
ping with the K8, M (?) transition. This partial overlap of employed.
the two satellites could not be taken into account in our If n=n’, Eq.(7) gives the probability for the electron to
analysis. It is thus possible that the above intensities of theemain in its original orbital so that the probability for this
two satellites are slightly overestimated by the fit. electron to undergo a shake transition:n’,e’ can be writ-
ten as

Xkp, M1 Xkg, M2
— _—(22.9+0.)% and 1
XKﬁl,BM(O)

IV. THEORY
P1=1-Pnn—PE, )

The probability for either exciting or ionizing an electron

from a bound orbital as a result of an inner-shell vacancywhere P is a correction which accounts for forbidden

production can be calculated using the so-called sudden aghakeup transitions to already filled orbitals. The probability

proximation[3,39—41. In this model the atomic excitation is for exciting or ionizing one or more electrons from a sub-

treated separately from the initial vacancy production proshellnl containingN electrons is thu$41]

cess to which no reference is required except that the result-

ing change in the atomic potential due to the alteration in

electron screening must be fast enough, specifi¢ally

21N

PN=1_ _PF' (9)

Un(Z)Yn(Z+AZ)dr
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TABLE II. Relative x-ray satellite intensitiesgn), relative primary vacancy yieldgn, and total shake
probabilitiesPs in percent{xsm stands forXk sm: X s andigm for (KOs (KOsON],

a

Target x ? il P, XM@ M PMb Xm@? im@ Pu®

Ar 2.544) 2.7320) 2.6618 22.91) 28.71.9 21.61.00 3.9010) 3.4035 21.28)
Kr 0.264) 0.336) 0.335) 9.0577) 8.4795 7.7980) 1.0413) 0.3613) 8.01.3

&Corrected for the differences in the x-ray tube intengiige Table )l
®From first-order satellite.
°From second-order satellite.

Many performed shake calculatiofe.g.,[41,44]) are based s
on the above relation. Depending on the choice of the single- |(K(1)S(h))~0§hom( h
electron wave functions the results vary somewhbet, e.g.,

Tables Ill and IV This approach does not allow us, how- where o™ is the K-shell photoionization cross sectios,
ever, to get separate probabilities for shakeup and shakeoffie number of electrons in the sh8ll ps the averagé&-shell

transitions. To distinguish shakeup from shakeoff, the transhake probability per electron, anfj) (the binomial coeffi-
sition probabilities have to be calculated from the more comzgijent. Using the simplified notations

plicated overlap integrals

pA(1—pg)s M, (12)

_ |(K(1)S(h))
. 2N Ishi= (KOS (12
Pl’\l:’f wnl(z)wnmygqr(z'*’Az)dT , (10

the following equations fopg are then obtained from Eq.
11):

employing single-hole or multihole configuration for the fi- )

nal ionic statd45]. Separate shakeup and shakeoff probabili- s\ . h

ties can also be gained from MCDF calculations performed h/Ps=1sm(1=ps)". (13

in the so-called dipole approximatida6,47).
Using the solutions of Eq13) for pg, the total shakeoff plus
shakeup probability?g for a single ionization of the she8

V. RESULTS AND DISCUSSION is then given by

As mentioned in the Introduction, the shake probabilities
were deduced from the yields of theandM satellites rela-
tive to the parent diagram lines. It has to be noted, howeverrhe experimental shake probabiliti® and P, of Ar and
that the measured satellite yields reflect the distribution okr deduced from Eq(14) are presented in Table II. It is
the spectator holes at the moment of Hex-ray emission interesting to note that for both elements the valBgsex-
and not the initial distribution following theslphotoioniza-  tracted from the relative intensities of the first- and second-
tion which has to be known for the determination of theorder satellites are consistent within the experimental uncer-
shake probabilities. Processes such as radiative, Augefainties. It seems therefore that the twb electrons are
Coster-Kronig, and super Coster-Kronig transitions occurejected in a quasiuncorrelated way by the shake process, as
ring prior to theK x-ray emission can indeed modify the gssumed before.
number of the spectator holes created by the shake process. Our experimental shake probabilities correspond to single
In order to extract the primary vacancy distributions from theexcitations only, or double excitations only, and as such are
observed satellite intensities, statistical scaling proceduresot directly comparable with theoretical results deduced
which account for all those rearrangement processes precefiom Eq. (9) like those of Aerg[3], Carlson and Nestor
ing theK x-ray emission were applied. Details about sueh  [41], or Mukoyama and Tamiguchi4], who have calcu-
and M-shell rearrangement calculations are given for bothated probabilities of one or more electrons being excited
elements in the Appendix. The relative satellite yields, corfrom a given shell. Another difficulty is encountered when
rected for the differences in the intensity,,. of the x-ray  comparing our results with other experimental values be-
tube radiation contributing to thek™®, KWLM or  cause in some of the latter the shake probability is simply
KMWME2 excitation of the target¢see Table ), and the defined as the ratio of the satellite to diagram line intensity.
deduced relative primary vacancy yields are presented fdfor this reason, the theoretical and experimental results
both elements in Table II. It can be seen that the rearrangeyuoted in Tables Il and IV were, if necessary, renormalized
ment processes may increase or decrease the relative inten- correspond to the probabilitil4) of removing a single
sities of the satellites. In particular, one can notice that theslectron from a given subshell. The theoretical values labeled
intensity of the second-ordéfl satellite of Kr is drastically “this work™ in Tables Ill and IV were computed in the
enhanced by the atomic rearrangement. framework of the sudden approximation model using the

If we assume that there is no correlation between the elecself-consistent Dirac-Fock wave functions from the code of
trons ejected from the same shell by a shake process, thHayall [48].
primary vacancy yield$(K"S(M) (S=L or M, h=0, 1, or In the relationg11) and(14) we have assumed tacitly that
2) can be written as follows: the S-shell shake probability per electrqry is the same for

PS=S~ ps(l_ps)37l- (14)
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TABLE Ill. Theoretical and experimental shake probabilities of krypton in percent. All data were nor-
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malized to correspond to the probability defined by the relatieh.

Excited state Experiment Theory

Kr This work (812 [41] [44] This work
1s 12571 0.06 0.06 0.05
1s 12p~1 0.27 0.26 0.27

Total L-shell shake 0.330.06 0.33 0.32 0.32
1s13s71 0.22 0.21 0.23
1s13p~t 1.2 1.12 1.09 1.22
1s713d71 5.1° 3.45 3.39 3.60

Total M-shell shake 7.840.68' 6.4 4.79 4.69 5.05

8Relative photoexcitation cross sectidisalculated in the dipole approximation for an incident photon energy

of 17 025 eV.

b1s 13p~14p—npep total shakeup probability of 0.1% included.
¢1s13d"'4d—ndep total shakeup probability of 1.3% included.

dWeighted average from first- and second-order satellites.

€3s-subshell shake probability not included.

all subshells, which is of course not completely correct. Thifound from our measurements, in good agreement with vari-
approximation, however, modifies only slightly the total ous theoretical predictions based on the sudden approxima-

shake probabilityPg given by Eg.(14), as shown in the
following example. From Dyall’s calculatiorjg5] the prob-
abilities of single and double excitation & electrons fol-

tion model. This is quite surprising because thek¢PL (1)
excitation was induced by a photon beam with an average
energy of 26.3 keV which lies below the breakdown point of

lowing 1s ionization in Ar are 22.5% and 2.18%, respec-the sudden approximation. Table | shows indeed that the
tlvely. The ratio of the Slngle to double excitation is thus parametery which should be smaller than 0.2 is equa| to

10.3. In our simplified picture this ratio is given by

(Dpu(L—pw)” _ 2(1-py)
Gpul—pw®  TPu

Setting in Eq.(15) py=2.81x10 2 (Dyall’s prediction for
single excitation divided by the number & electrons in

0.65 whereag, which should be larger than about 10 is
only 5.6. However, as there is no other experimental value
available and because the experimental uncertainty of our
result is quite larggabout 20%, no definitive conclusion
concerning the applicability of the sudden approximation
(SA) model and the relevance of its predictions can be drawn
in this case.

Ar) results in a ratio of 9.9, in good agreement indeed with 5. theM shell the sudden approximation critef& and

the above value of 10.3.

A. Krypton results

Krypton results are given in Table Ill. For the shell a
total shakeoff plus shakeup probability of 0.33%9.06% is

(6) are well satisfied, yet SA predictions from different au-
thors, ours included, seem to underestimate significantly the
value of 7.84%* 0.64% obtained in our experiment. Other
calculations based on the dipole approximation give a result
of 6.4% [8] which is closer to our experimental value but

TABLE IV. Same as Table Il but for argon.

Excited state Experiment Theory

Ar [5]2 [1]P This work [3] [41] [44] [45]° This work
1s 12571 0.48 0.30 0.31 0.36/0.04 0.30
1s712p~1 2.55 1.59 1.58 2.13/0.27 1.75

Total L-shell shake 2.50.8 2.66+0.18 3.03 1.89 1.89 2.49/0.31 2.05
1s 13s71! 3.1 2.4 2.5 2.9/1.8 2.8
1s 13p~1 22.3 15.0 14.4 19.6/13.6 15.8

Total M-shell shake  20F¥1.4 23.6-1.7

21.4 +0.6" 254 17.4 16.9

22.5/15.4 18.6

3 rom photoelectron satellites.
PFrom K 8, 5 x-ray satellites.
‘FromK — L,L5 Auger satellites.

dCorrection for shakeup transitions to already filled orbitals not included.

€The first number corresponds to the shakeoff plus shakeup probability, the second to the shakeup only.
‘Weighted average from first- and second-order satelliesrrangement correction included, see)text

9Shakeoff: 14.3% 1.5%), shakeup: 10.5%1.5% (see text
Pweighted average from first- and second-order satellites.

Multiconfiguration shake calculations performed by the same author give 22038) and 14.7%(shakeujp.
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also smaller. These calculations were found to reproducéhan other experimental values, does not correspond, how-
quite well the measuredsBd double-photoexcitation cross ever, to the definition of the shake probability used in our
sections(5.1%) but to underestimate somewhat the3p study. We have thus recalculated by means of the method
cross section$l.3% instead of 1.6%449]. Taking this dif- presented before the partial shake probabilities correspond-
ference into account and adding the 0.2% SA prediction foing to the relative satellite yields quoted [d]. From Eq.

the 1s3s contribution(not included in the above 6.4%one  (11) the following system of equations is obtained for the
obtains a value of 6.9% which is almost consistent with ourShakeupps, and shakeofps, probabilities per electron:

result. Furthermore, the total Kr shakeup plus shakeoff prob-

ability determined by the same gro{®| by means of high- 8Psu 5=0.14, (163
resolution photoelectron spectroscopy was found to be (1=Ps (1= Pso

36.8%+ 1.8%. Subtracting from this value thesdp and

1s4s contributions which are equal to 25.3% and 3.9%, re- 8Pso ~0.19 (16b)
spectively(dipole approximation predictions frofi8]), and (1-ps)(1—ps)® 7

the 0.3% corresponding to the-shell shake(this experi-
meni gives for theM shell a shake probability of 7.3% Introducing the solutiongpg,=1.46x10 2 and ps,=2.07
+1.8%, in good agreement with our experimental result. x 102 of Eq. (16) in Eq. (14) leads to shake probabilities
P, =10.5%*1.5% andP.,=14.3%*1.5%, i.e.,Py=24.8%
B. Argon results +2.1%, a result which is almost consistent with our value.

The average energy of the ionizing radiation used for the
The Ar results are presented in Table IV. RegardinglLthe g 9y g

. . Ar KBOMD) excitation lies far above the break point of the
shell, the single other experimental value that we have foungudden approximatiofisee Table )l A comparison of our

N o i . : ®xperimental result with SA predictions is thus meaningful.
[5]. A value of 2.5%+0.8% is quoted, in fair agreement ag shown in Table IV, our value is more or less well repro-

with our result of 2.66%:-0.18%. The photoelectron spec- j,ceq by the SA model, depending on the choice of the
trum was produced by bombarding the target withkKk X gjngle-electron wave functions. There is, however, a general
rays whose energy4.5 keV) is smaller than the average yenq of the sudden approximation calculations to underesti-
bremsstrahlung energy used in our experin{8r8 keV) (cf.  ate the experimental values. It is also intriguing to note that
Table ). This difference in the energy of the photons usedp, 45 calculations(22.5% which are in good agreement
for the target excitation explains perhaps the somewhafit the average value of the experimental results quoted in
larger value obtained in our experiment. Theoretical predictpie v (21.9%+0.6%) predict a ratiP:P., of 2.2 in

; : : . . su-Fso .

tions from the sudden approximation, except those of Dyalkqng disagreement with the ratio of 0.74 obtained from Eq.

[45], seem to underestimate by about 30% KIEL) ex-  (16) “A tentative explanation of this discrepancy can be
citation. The value computed byb&rg (~3%) [3] is larger  tound in Ref.[4].

than other theoretical predictions mainly because the forbid-
den transitions to already occupied orbitals were not ex-
cluded in his calculations.

Existing experimental information concerning Kr-shell We wish to thank Dr. M. PolasikUniversity of Torun,
shake probabilities is presented in Table IV. At first, one carpL) for the numerous MCDF calculations which have been

notice that an excellent agreement between our valugery useful for the data analysis. This work was partly sup-
(21.4%=0.6%) and the result obtained by Krause, Carlsonported by the Swiss National Science Foundation.

and Dismuke$5] is observed. In the experiment of Deslattes
and co-worker$1] relative yields of about 27% and 5% with
respect to the diagram line were found for t{lﬁlng(l) and
K81 M@ satellites(data corresponding to the 10-keV elec-  The probabilityW, for a process, modifying the number
tron beam. Assuming relative uncertainties of 10% and of holes in the subshelX;, to occur before theK“)Xi(l)
20%, respectively, for the intensities of the two satellites, thejoubly ionized state decays is given by
above values lead to shake probabilities of 20:5%1%
and 24.3 1.7% which are somewhat inconsistent. However, r
if the satellite yields are corrected to account for the rear- Wfﬁ. (A1)

. . . K Xi
rangement processes described in the Appendix, values of i
23.5%+ 1.5% and 23.8% 1.9% are found, which are inter- ) . ] ) ]
nally consistent but approximately 10% larger than our reWherel, is the transition vv_|dth of this particular process and
sult. In theK-L, 4L, s Auger spectrum of an Ar gas jet target ' and in are the total widths of th& shell and the sub-
irradiated by hard photons from a synchrotron radiationshell ;.
source, Armeret al. [4] observed below the diagram line
two bumps which were attributed to shakeup and shakeoff
M-shell excitations as a result of thes Jphotoionization. ) .
From the relative yields of the two low-energy sateliies ~ For KL(" sateliites the electron rearrangement is gov-
14%:+ 2% and 19%: 2%, respectively, for the shakeup and erned.byLMX Auger transitions anq re}d|at|ye transitions.
shakeoff componentsa total shakeup-shakeoff probability The diagram and satellite x-ray emission yieKis (Kq
of 33%*4% is obtained. This result, which is much larger =Kea; for Kr and Ka, , for Ar, n denotes the number of
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APPENDIX: REARRANGEMENT PROCESSES

L -shell rearrangement
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TABLE V. Natural level widths in eV. All values are taken from RE50] except where noted in the

footnotes.

Target 'k FLl FLZ FL3 I“M1 FMz FM3 FM415
Ar 0.683) 1.6349 0.12632) 0.12826) 0.3882 <10°% <107

Kr 27511 4.31.3  1.3133 1.1723) 5.25 1.8¢" 1.4¢ <0.09

3Extrapolation from super Coster-Kronig coefficieig [59].

bFrom [59].
‘From[60] (theory).
9From [61] (experiment, no uncertainty quoted

spectator holes in the shel) are related to the initial va-
cancy vyieldsl ¢, (m by the following equations:

XKqL(O): (IgL@+R Ik 1+ REI KL(Z))quL(O), (A2)

XK L(l)—(IKL(l +RLIKL RLIKL(l))(UK L(1), (A3)

where R, is a scaling factor describing the electron rear-

rangement and;KqL(n) the partialK-shell fluorescence yield

of the transitionK; with n spectator holes in the shell. In
accordance with the relatid@1) the subshell rearrangement
coefficientsRLi are given by

r.

T

R, (A4)

The factorR, can be written as the weighted sum of the
coefficientsR,_i minus the contribution of the Coster-Kronig

transitions which do not change the number_offoles:

LLX
R.= Ry~
=2 WRL- 2 FK+FL

2 Wi, R

3
(AS5)

where X stands forM or N and f;; represent the relative
Coster-Kronig yields. Assuming that the number of initial

holes is proportional to the calculated subshell shake prob-

abilities, one finds the following weighting factors:

w =0.167, w,,=0.285, w, =0.548 (Kr),
w,=0.144, w =0.288, w, =0.568 (Ar).
Using theK andL; level widths quoted by Krause and Oliver
[50] with the indicated uncertainti€see Table Y and the
Coster-Kronig coefficients;; calculated by McGuirg51]
(~20% uncertainty, the following total rearrangement fac-
tors R, are obtained:
R, =0.256+0.026 (Kr),
R, =0.138+0.024 (Ar).

The production through shake processe&#fL(?) excited

states is expected to be very small. For Kr and Ar, values of

~5x10 % and~2x10 %, respectively, are indeed obtained

from theoretical predictions based on the sudden approxima-

tion model. The yieldd, (2 can thus be neglected in Egs.
(A2) and (A3) from which one obtains

(XK L<1)/XK L<0>)(wK L<0>/wK L)

|KL<1)
lkeo 1- RL[1+(XK L<1>/XK L )(wK L(© /quUl))]
(AB)
The partial fluorescence yields are given by
FKqL(”)
WK L= WKL), (A7)
q FKL(n)

whereT' ) is the total radiative width of th& VL™ state
andl ) the width of the transitior ,L(". These widths
were deduced from MCDF calculations whereasKhshell
fluorescence yielda g, (n were approximated byR stands
for radiative andA for Augen

R
KL<n>
>+F

R

F 8KL(n)

I

WKLM= R
r

R R. A A
KL(n SKL(H)FK+8KL(H)FK

KL

R
EkLMWK

(1—wk)

R A (A8)
e M@kt E

.. R.A .
The coefficientss | () are defined as follows:

ekiin =2 Wi, (1= 8¢ ), (A9)

where the factorﬁE’LA(n) indicate the percentage diminution
i

of K-shell radiative or Auger yields which result from the
incomplete electron occupation of the subsHell These
factors were simply computed by normalizing the decay
rates by the relative electron population of the subshells in-
volved in the considered transitions. The radiative and radia-
tionless transition strengths were taken fr§52] and[53],
respectively, and the fluorescence yielgls from [54], lead-

ing to the following results:

a0 =0.565¢ 0.643=0.363,

WK ay 0=0.573%0.669=0.383 (Kr),
0K, ©=0.907%0.118=0.107,
Wk a, 0=0.878¢0.132=0.116 (Ar).
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Information concerningK fluorescence yields of multiply Xk M©

ionized atoms is scarce. For light elements, however, some 4

results were published. The calculations of Chen, Crase- WK MO

mann, and Matthewg55] which were found to agree quite Xk M

well with experimental dat#57,58 predict for Ne a ratio = s : (A14)
wk (1) wk 0=1.11. From Tunnel and Bhalla’s predictions PKM®

[56] values of 1.20 and 1.12 are obtained for Ne and Si, Xk M@

respectively, indicating a smooth decrease of the ratio with
In this respect the ratios of 1.12r) and 1.04(Kr) ob-

tamed by means of our simple statistical model look reason-

able. The relative uncertainty of the COfoICIeﬂI§qL(n) was

estimated to be about 5%.

w (2)
KqM

The rearrangement factors are defined as follows:

Introducing the corrected x-ray intensities and the above- FMi_E FMiMjN
mentioned results in EqA6), the following values are fi- Ry=>, Wy J—, (A15)
nally obtained for the initiaL-vacancy ratios: i ' 1ﬂK“‘FMi
Ly (1)
|Et<o>:(0'33io'°®% (Kp), s % INYEVAYS
Su=2 Wy ————, A16)
M i M FK+FMi (
I —(2 73+0.20% (Ar).
KL JE; (Fimn L)
T=2 W, . (A17)
M -shell rearrangement [ ' FK"'I‘Li
For theM shell the situation is more complicated because
KMM@) states are no longer negligible and because 2 T,
M;M;M Coster-K transiti ticall ] “
k super Coster-Kronig transitions are energetically UL_E w, (A18)

possmle Furthermore KDL levels may decay to
KOM® states through LMN Auger and LLM Coster-
Kronig transitions and tk (UM states via LMM AUger  The weighting factorsvy, are proportional to the relative
transitions. In this case the electron rearrangement is deg) =400 of the holes in tihé, subshells, i.e., to the prob-
scribed by the following relations: abilities of producmgK(l)Mfl) states via shake processes.
Using theoretical predictions based on the SA model, one
finds

FK+F|_

XKqM(O):UKM(0>+RM'KM<1)+R§A|KM<2>)quM(0),
(A10)
Wy, =0.045, wy_=0.080, wy_=0.158,

XKqM(l):(lKM1+RMIKM(2)+TL|KL(l)_RMIKM(l)
_SMlKM(l))quM(l)l (A11) WM4=0.288, WM5=0.429 (Kr),

WM1:0.134, WM2:0.294, WM320572 (AI’)
XKqM(z)Z (Tkm@+ Sulkmw+ U kL w— Ryl KM(z))quM(z).
(A12)  The partial fluorescence yieId@KqL(n) were determined with
) ) the statistical scaling method described for thehell. For
AS Im is equal tol ), kL can be written as KqM® transitions, however, EA9) was modified in the
following way:
kL
kL= T kM. (A13)
K

L) RA RA
Em@= IZI Wi (1= 5KMi<1>MJ<1>),

The primary vacancy yieldsym can thus be obtained from

the following system of equations: Wy Wi,
where Wy, v = . (A19)
1 Ru R2, 2 Wy Wy,
]
o R g R lkm - - .
L kLo MoSM M lem(D) As for theL shell, the radiative and radiationless yields were

| taken from Refs[52] and [53] and the transition relative
] KL Sy 1-Ry, yields were deduced from MCDF calculations, leading to the
kLo following results:
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w0k g0 =0.0130< 0.643=0.0084, o lm@
KM KM~ (8.47+0.95 %, |'<—M(O)=(o.3(L+o.13)% (Kr).
KM

lkm©
WK ML= 0.0156x 0.644=0.0100,

For argon the level widthf,\,Ii (i=2) can be neglected be-

cause they are extremely smat 10 * eV) [59]. As we
did not find in the literature any information about the width

wip,m@2=0.0180<0.645=0.0116, (Kr),

wk g, p©=0.0927<0.118=0.0109, of the levelM,, the latter was determined by a double loga-
rithmic extrapolation of the super Coster-Kronig coefficients

wkp, g1 =0.0806<0.119=0.0096, Sw,, and Sy, quoted by McGuire for elements witd
=20 [59]. A value of 0.38 eV was obtained for which an

wkp, m2=0.0735<0.120=0.0088 (Ar). uncertainty of 20% was estimated. Th&MM Auger and

] LLM Coster-Kronig transition rates were taken frgsi]
For krypton theM, level width was taken frorfi60], theM,  and[54], respectively(uncertainties of 20—30% SinceM
and M3 ones from[61], and theM, s ones from[59] (see  noles decay almost completely Byi;MM super Coster-
Table V). The I'yyn Coster-Kronig andI'yyv Super  Kronig transitions and becausd MN Coster-Kronig and
Coster-Kronig transition rates were determined by considery pN Auger transitions do not exist in the case of Ar, one

ing the values quoted by McGuifé2] and normalizing then  gptains from the relationéA15)—(A18) the following rear-
the latter in order to get the totM -subshell widths listed i rgngement factors:

Table V. Similarly, thel'| yyy and I' yn Auger transition
rates were determined by normalizing the yields given in —0.0496 S, =0.0486 T. =0.09529
[53] with the L-subshell widths fron{50]. The rearrange- w=0.0486), Sv=0.0486), T, =0.09529),

ment factors were then computed, leading to the following
results: U, =0.10116) (Ar)

Ry=0.0647), Sy=0.0406), T. =0.10%17), and finally from Eq.(A14) the desired primary-vacancy
yield ratios:
U, =0.23534) (Kr).

Intrqd.u.cing these value_zs in EQA14), one obtains finally for M=(28,7¢ 1.9%, lkm@ (340-035% (Ar).
the initial M vacancy yield ratios: lkm(© lkm(©
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