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Threshold krypton charge-state distributions coincident with K-shell fluorescence
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Measurements of K" yields in coincidence witiK-shell fluorescence, as incident x-ray energy is varied
across thek-shell threshold, are reported. Near threshold, we observe slight variations in the branching ratios
as a function of energy, which are connected with the different behaviors of the flux-normalized partial yields
for eachq. The lowerq yields show a resonance peak near threshold superimposed on a smoothly rising edge,
whereas the higheag-yields show only a smooth rise. A simple model is developed which accounts for these
features, incorporating both the threshold photoexcitation and the cascade behavior of the spectator electrons.
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[. INTRODUCTION the threshold process. In particular, spectator states that start
the cascade with an excited Rydberg electron may either re-
When photoionized above an inner-shell threshold, atom#ain or lose the electron. For example, in the measurement of
typically decay by either Auger-electron emission or x-rayAr%", in coincidence wittK-LL electrong9], it was found
fluorescence. Auger emission results in a doubly charged iothat the yield of AP* (which can occur only as a decay
and two free electrons. X-ray fluorescence results in a singlproduct of[ 2p?]np spectator statel0]) was less than ex-
charged ion with a free electron and photon. While it is oftenpected from the calculations of excitation cross sections,
convenient to view these processes as decay of an intermsince thenp spectator electron can be lost in the cascade
diate inner-shell vacancy state, they are fundamentally @rocess. In turn, this loss enhanced the observéd gields
single-step resonant ionization phenomerisee Ref[1]).  which also arise directly from the decay of th2p?] dia-
This distinction becomes important near threshold, where thgram states. To extract the production probabilities for com-
two-step model of excitation followed by decay fails to de-parison with the theory, it was thus critical to account for
scribe the diagrarh2,3] behavior. Furthermore, near thresh- cascade spectator loss.
old other states can also be produced in which the photoelec- In the present case of K¢-shell fluorescence, the number
tron is excited to a Rydbergspectator”) orbital rather than of charge states is much larger and the problem becomes
being ionized. In the radiative channel, this process is oftewery complex. However, we distinguish certain regularities
referred to as Raman scattering, and results in a neutral atoim the behavior of the yields as threshold is traversed, and in
and a photon. In the Auger channel, the result is a singlthis work we explore these regularities and seek a general
charged ion and one free electron. This process has beemderstanding of what lies behind them. Central to this un-
referred to as spectator Auger, resonant-Auger, and radiatiomlerstanding is the question of how normal cascade decay is
less resonant-Raman scattering. This variety of names raffected by the presence of a Rydberg electron. In our earlier
flects the historical evolution, in our understanding, of thework [9], it proved tractable( for Ar®*) to account for
topic; each is still useful to some degree in emphasizingpectator-electron loss using a simple model of the cascade.
particular aspects of the various ways in which the procesBasically, in this model, the spectator electron is assumed to
can be envisione(see Ref[4], and references thergin do very little until the end of the cascade, whereupon it may
Because these different states are distinguished by théndergo a final participator-Auger step—ejecting an electron
charge of the residual ion, charge-state spectroscopy mewth very low kinetic energy. Here, we expand and formulize
sured in coincidence with one of the ejected particles prothis model and apply it to the present case.
vides a powerful tool for studying various aspects of thresh- While the dynamics of threshold excitation is certainly
old physics. For example, such experiments have observdchportant to the present problem, we find the question of
coincident Auger[5,6], threshold photoelectrong?], and cascade decay involving spectator electrons to be a more
photoelectrons with larger energi¢8]. In this work, we vital aspect of the work; an understanding of this behavior
present the measurements of9Kryields coincident with goes far beyond the application to the present situation. Pho-
K-shell fluorescence as incident x-ray energy is varied acrog®excitation near threshold is an important subject, appli-
the K-shell threshold. cable to many branches of physics, and is studied by a wide
A major complication to a straightforward interpretation range of methods. Because the cascade process provides an
of coincident charge-state spectra is that the threshold vapportunity for spectator-electron loss, and thus an increase
cancy states, one wishes to study, are usually unstablen charge, any study relying on an interpretation of ionic
Hence, the charge states measured reflect a statistical resahiarge states is affected, as in thé AAr** example dis-
of subsequent cascade decay to many different charge statesssed above. Furthermore, the spectator-loss mechanism
from each initial state created. The effects of the cascade cgrovides a source of low-energy electrons, and any study
be important[7], and usually cloud direct interpretation of relying on the interpretation of threshold electrons must take
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cascade processes into account. An example of such a case is 800
the interpretation of doubleBionization in Ar, where the |
cascade(indirect) contribution obscures the direct process YE’ 600
[11]. There is thus a real need to understand the role of 2 400 i
spectator electrons in the cascade processes. ]
In Sec. I, we outline the experimental details. In Sec. lll, 200 1
we present some general remarks, the results for the coinci-
dent ion branching ratios above threshold, and then how 0 ]
these relate to ratios for noncoincident decay of Knaa- 200 400 600 800 1000
cancies. Next we examine the yields across the threshold Ion flight time (ns)
where we find that lowg states exhibit noticeable resonance 2] T : T T : : ]
effects. To explain the shape of the partial yields as a func- g 20 (b) £ F= =
tion of energy, we develop a model of the cascade process 8 15F * .
and a method to fit the data with this model. Armed with this B -+
framework to describe the observed yields, we discuss why % 101 i
our results seem reasonable and suggest some general trends. E st |
g ol
Il. EXPERIMENTAL METHODS "0 10 0 10 20 30 40 50
The experiment was performed on the BESSRC-CAT Relative photon energy (eV)

bending magnet beam line 12-BNI2] at the Advanced Pho-

t?” Source, ArgoEne Na_t'onal Laborator,y' Syncr:mtron rald'akaﬁ fluorescence. Here, the incident-photon energy was tuned 1.9
tion was monochromatized using a(Eil) double crysta eV below theK-shell ionization thresholdb) Total coincident ion

monochromator, providing a focused x-ray beam with & deoynts normalized by the incident flux as a function of photon en-
livered bandpass of approximately 5 eViat~14.3 keV,  grgy relative to thek-shell threshold.

comparable to the naturklshell width of the Kr target atom
(=2.7 eV).

The incident x rays were focused onto a Kr gas jet, lo-
cated at the source region of both an ion time-of-fligF®F)
spectrometer and a x-ray fluorescence detector. The bac
ground pressure in the chamber was maintained>at @ °
Torr (corrected ion-gauge readindpy applying a 5 Torr h
backing pressure to the gas needle with a Baratron meterir%O
system. This arrangement was found optimal in maximizinth
count rates, while showing no pressure-dependent effects
the ion spectra; at higher pressures charge-exchange effe
were observed in the ion spectra. The flux of the inciden
x-ray beam was measured with an ionization chamber. %re also apparent

The ions created in the source region were accelerate ; o : : :
electrostatically in a TOF spectromegt]er to energies of 5 From Fig. 1), it is seen that the flight time of a typical

keV/g, and detected by a microsphere pldSP) biased at ion is of the order of 300—700 ns, long in comparison with

X . ) the bunch spacing of the APS storage rii$3-ns spacing
3.2 kV. The x rays emitted in the source region were detecteé1 L )
with an avalanche photodiodéAPD). The APD was etween individual bunchgsHowever, random events pro

) . I inimal k he | -
mounted outside the vacuum chamber at right angles to t duced only a minimal background due to the low cross sec

lane of polarization, located approximately 2 cm from the fon. Typical coincident count rates were of the order of
P PO ’ app g - 2-35 Hz, in comparison to noncoincident count rates of 10—
source region and had an active area of ¥ @roviding a

solid angle~2% of the total sphere. The x rays reaching the(ll\zlgp?z for fluorescenc&APD) and 1-10 kHz for ions

APD traversed a Kapton window, air gap, and Be window—
effectively filtering out lower-energy fluorescence from the
outer Kr shells. While the fast APD pulggse time<1 ns)
gives excellent timing results, its low-energy resolution pre
cludes any means of distinguishing betwéepandK g fluo-
rescence. While this fact must be kept in mind for any de-
tailed analysis, the&k, decay channel is quite dominant [ll. RESULTS AND DISCUSSION
(~87%) and for most descriptive purposes g decay
channel can be ignored.

The ion TOF charge-state spectra, coincident with a The states of interest in this work are photoexcited states
K-shell fluorescence photon, were measured by using the fasitat include a fluorescence photon whose energy meets the
APD photon signal as a start pulse for timing electronicscoincidence requirement. The theory of resonant-Raman and

FIG. 1. (a) Typical ion time-of-flight spectrum, coincident with

(both time-to-digital and time-to-amplitude converjeesnd
the ion TOF signal as a stop. Figur@jldisplays an example

f a coincident TOF ion spectrum, recorded with the
cident-photon energy set slightly below (.9 eV) the Kr
K-ionization threshold(In this work, we report all incident-
oton energies relative to the Krionization threshold ,
minally 14 327.2 eV[13]. Our determination of this
eshold location in terms of our experimental, relative pho-
n energy scale is discussed in a later sectidharge states
Bm Kr* up to K" are easily resolved, and for the lower
harge-states peak structures due to the various Kr isotopes

Figure Xb) displays the total number of coincidence
counts normalized by incident flux as a function of incident-
photon energy. The total yield in Fig(k) is proportional to
‘the cross section fdk,, ; emission.

A. General remarks and features
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resonant-fluorescence scattering describes the excitation of 40 ‘ ]

such state$1,3]. Their creation(e.g.,[2p]+K,) is seen as — % ........... HE Kr

arising from coupling with virtual, intermediate resonance < 3 §§ ___________________________ a

states—in this case tids]xp (x=n or &) states. Hence the S 301 % _________ ﬁﬁi g 1]

process is described as an inelastic photon scattering event: 2 Kr**

diagram or resonant-fluorescent scattering +Kw;, i Frre T 3

—Krf[2p]+hvy,+e~, or resonant-Raman scattering Kr E 201 E --------- Hg? Ko i

+hvj,—Kr*[2p]np+hv],. However, in this work the o

low APD resolution precludes any possibility of observing § — 3}

line-shape effects, distinguishing between the diagfi@so- A o10p e Eﬁ‘i‘! 1

nant fluorescentK , and the Raman satellites, or even be- I A

tweenK, andK g channels. L IKr L
Because of this averaging, we are only concerned with the 0 20 10 0 10 20 30 40 50

relative cross sections for production of states that will begin
the ensuing cascade. Because relaxation effects between the
reSQnant(intermediate stajexp and the e?(cite_mp or ep FIG. 2. Branching ratios for the dominant coincident?Kr
orbitals are very small, to a good approximation these crosgparge states as a function of incident-photon energy relative to the
sections factorize into products of excitation and decay termgreshold. Lines connect the measured points to better indicate the
and the process can be pictured as a “two-step” process: yariation with energy.

Relative photon energy (eV)

Kr[1s]+e —Kr'[2p]+hvgte” The ion TOF spectra, recorded at various energies across
Kr+hvip— Kr*[1s]np—Kr*[2pInp+hvl,,. @) threshold, were analyzed by comparing the different peak
areas to the total area. If the MSP detection efficiency is not

Hence, although the process is really a one-step resonafiependent on the ionic charge, this procedure gives a direct
scattering event, for the purposes of this work, we can safelyneasure of the branching ratios of the various ionic states in
regard it in the old light as two step—with our coincidence coincidence withK,, ; emission. The measurements of test
condition picking out only events that proceed along thespectra using a lower TOF acceleration volta8&3 kV) re-
pathways of Eq(1). sulted in statistically the same branching ratios, implying that

From either viewpointone step or two stgpthe charge the MSP was being operated in the saturated range.
states we measure in coincidence with x-ray emission result The Ki?" branching ratios as a function of incident-
from the cascade decay of excit2p]np or ionized[2p]  Photon energy are displayed in Fig. 2. The general results of
states(and to a lesser extent, the correspondifg] states the experiment are clear from the figure, i.e., a gradual ten-

from theK 5, coincidences The point of the above discus- dency for the higher-charge states to be enhanced as the

sion is that, since the two-step approximation is accuratéhreShOId is traversed, with a corresponding suppression of
r{ge low-charge states.

within the present context, we can regard the cross sectio There are several regimes of relatii@ excess photon
for producing 2p] and[ 2p]np states as simply proportional ; AT
P g2p] [2p]np PY prop energy Eoyc=hvi,—lg) of interest, distinguished by the

to " and a’,ﬁp, the cross sections of thHd.s] and[1s]np X ; .
states, respectively. Note that this simple picture does n l%'nds of resonance states exc_:|ted. These energy regions can
' I e quantified from the analysis of the Krabsorption edge

hold in the radiationless decay channels where the relaxatio, - . " .
effects are strong9]. by Breinig et al. [13], where the edge is partitioned into ex-

At a given incident-photon energy, the coincident yield Ofcitation to discrete[1s]np gtate;; beI_ow th.reShde@XC
Kra+ ior%s depends onpthe Cross sgeyction for producﬁi%/lg] <0) and a S’.“°°th edge with inflection PO".“ "’%t threshold
and[2p]np states and their respective probabilitjéx! and (Eexe=0), which describes the onset[dis] ionization. The

I C
P9(np)] of subsequent cascade decay to a stabfe Konic [1s]np _ex0|tat|o_n cross secnonerjp can t.)e modeled as
ground state: Lorentzian functions of natural widtl'y (dictated by the

[1s] hole lifetimg. The ionization continuunu™ can be

ot P modeled by an arctangent function with inflection point at

—[2p]—Krd* threshold, and its spread about the threshold is also dictated
Kr+hvip—3 o« pnp) +coincident photon.  py I, . The arctangent function arises from assuming a flat

_,p[zp]np _,p Kra+ 1s-ionization continuum. This partition of the edge—in

(2)  terms of virtual-state creation—is quite justifiable within the
one-step scattering theory, however, some care must be taken

Typically, a coincidence condition imposed on an experimenin interpreting experimental results with regard to thdi-
aids in simplifying the spectra under consideratidh The  vidual terms of the partition—since they do n@h general
present case is another such example and, by selecting onigflect cross sections for individual physical stdi@ks With
the decay channels outlined in E&), the number of charge our assumption of the two-step modé&lg. (1)], we proceed
states observed is much reduced from noncoincident specthy interpreting each partition term as physical.
excited above th& edge[14], where charge states as high as  For energies slightly below tHels] threshold the neutral
10+ have been observed. [1s]np and singly ionized 1s]ep states are both of primary
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TABLE |. ExperimentalK, s-coincident branching ratioéin percent of Kr4* ions following K-shell
ionization at three energies above threshold. Also included are the measured ratios of €adkdm8]
following L, sionization. The theoretical predictions @) Kochuret al.[19] and(b) EI-Shemiet al.[20] are
included for both the case &f, 3 ionization and when adjusted to reflect the present experimental situation.

Experiment Theory

q [K]—K, z (Present [Loal [Loal Corrected

+5.6 eV +10.1 eV +46.1 eV Ref[18] a b a b
9 0 0.1 0 0.1
8 0.8(0.3 0.8(0.2 0.9(0.2 1.0 1.0 1.0 0.9 0.9
7 5.4(0.3 5.6 (0.9 7.1(0.5 8.0 6.8 9.9 5.9 8.6
6 20.7(0.7) 21.0(0.9 22.5(1.0 21.0 18.6 18.0 16.1 15.8
5 30.1(0.9 30.3(1.7) 31.4(1.2 37.0 29.0 33.6 25.1 31.0
4 32.2(0.9 31.4(1.2 28.4(1.1) 29.0 40.7 33.7 35.7 34.6
3 8.6(0.9 8.7 (0.5 7.6(0.5 3.0 2.2 2.3 13.4 6.6
2 1.5(0.2 1.4(0.2 1.3(0.2 1.0 1.8 1.4 2.0 14
1 0.9(0.2) 0.8(0.2 1.2(0.5 <0.5 0 0 1.1 1.1

importance. According to the scheme of E@), the ionic  sity. Table | displays our results for incident energies at
states that begin the coincident cascade procesg2aimp Eoxc= 5.6 and+10.1 eV. Within statistical uncertainty the
and[2p]. Farther below th¢1s] threshold, the singly ion- branching ratios are constant at these higher energies. Also,
ized[2p] states become dominant, although the total crostncluded for comparison are our results fdEq .=
section is very weak. As threshold is approached from belowr 46.1 eV. As previously noted, once above the multiple-
the cross section increases and, at enerfiigs~—3 eV,  excitation edges, the higher-charge statgs ¢-5) have in-

the [2p]np states dominate. Below threshold we thereforecreased in relative yield at the expense of the lower-charge
see a slow change from the yields at low energy up to thg;aies G<+5).

excitation region just below threshold. At these energies the |},4 experimental results of Carlsat al. [18] for L,

data show a hint of sj[ruct_ure in the branching ratios. ionization are included in column 5 of Table I. Overall, their
E Firrp;lo:[[ﬁg igrr:iezgclierz ;gi; rﬁatlbs?ﬁ) ;T;?;:ggzir?i?c&:)prie results are in reasonable agreement with ours; some diﬁer-
dgﬁiinarft ,and we expect to observe cascades froriaha ences are apparent but they may be Iargely re_lated to their
state only. In this energy regime, we would expect the io r_nethod: measurements at several energies using resonance
branching ratios to become constant. Furthermore, the yieID €s, c_oupled with estimated cross sections t(.) unravel sub-
should closely resemble the distributions expected for nons ell yields(see Ref[18] and references th_ere)anne no-
coincidentl, sionization. In the following section, we inves- table featurg of our above—threshold data is that the coinci-

' dence requirement, coupled with a tunable x-ray source,

tigate this link more closely. ; ) .
Finally, for energie€.,=12 eV more complicated states produces a fairly pur{a_Zp] state with only small contamina-
o tion from [3p] vacancies.

such as doubly excite(dls,4p]np n'p, [ 1s,4p]np and ion- While not listed in the table, we are also in reasonable

ized[ 1s,4p] states are creatdd5]. As these states become £ with th t threshold Kz data of Havaishi
populated, we expect more complicated and highly ionized9greement wi € recent threshold K4 data of Hayaisht
et al.[7], who have measured ion yields in coincidence with

states beginning the cascade. We might therefore expect th Kineti lect Whil b hi i

the branching ratios of the higher-charge states will increasE%rgc'i Igstilr%-aetr;esr?r)éri?ﬁeri?nlzsié 1 éig?ougr?ieﬁr&%smo;ﬂe

again as these new thresholds are exceeded. Although o ’ . : '
g g %, and 29% for the yields of Kf, Kr®", and KFf™,

?:gtiarr:gf:ltlﬁgee?(glgc?ezlTgﬁdegeg%%éﬁ/e; 46.1 eV) in this respectivgly. Comparison With their data cannot be pushed
too far, since their electron yields peak at different excess
energies for different charge states. These shifts are due to
post-collision interaction of the initially ejectedsilphoto-
Before investigating the threshold behavior of the ionelectron and other electrons ejected during the cascade de-
yields, it is of some interest to examine our observed brancheay.
ing ratios just above threshold. As mentioned in the preced- The theoretical predictions of Kochet al. [19] and EI-
ing section, these ratios should be comparable to those o&hemiet al.[20] are also included in Table I, assuming the
curring as a result of purk, 3 ionization. cascade begins from di., 3] hole state(columns 6 and 7,
The natural widthl'y of the Kr K shell is estimated as respectively. Here we have statistically averaged their re-
2.75 eV[16], and calculated as 2.71 €¥7]. In considering  sults over thg sublevels. To compare more closely with our
above-threshold behavior, we thus exclude our datd.gt data, these values should be adjusted to include decay from
=+0.6 eV, since thg 2p] population has not risen to its [M, 3] and[N, ;] states, corresponding to coincidence with
full value and thg 2p]np states still have appreciable inten- Kﬁl and Kﬁ2 x rays. To do so we use radiative branching

B. Above-threshold results
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s ' in Fig. 3(b) show no such featur@iscernible within statis-
tics), the yields rise rapidly at threshold and increase gradu-
ally thereatfter.

It appears then that the role played by the spectator elec-
trons in the presence of a decaying core is of central impor-
tance for interpreting the present experiment, at least for the
lowerq states. How is it that the decay of initial states such
as[ 2p] differs from that of thd 2p]np? Why does this vary
with charge? To explore these questions in light of our
present data, we extend a model previously used to success-
fully modify radiationlessresonant-Raman cross sections for
cascade effectfd]. In the following, we ignore any effects
due toK, coincidences, and hence thép] states.

We consider first all states of an ion Krthat are stable
against Auger decay, labeled byq,u} where u
=1,...N(q). (An example forg=1 might be the two
stateq 4p] and[4s], with u=1 and 2, respectivelySince
the decay of these states does not involve electron ejection,
Relative photon energy (eV) they all decay eventually to the ground stéggu =1} main-

FIG. 3. Flux normalized yield¥®* as a function of incident- taining the ionic charge If the atom is initially prepared in

photon energy relative to the threshold. Some of the weaker yieldghe vacancy state2p], there is a prObab'“tPﬂ Fhat it will
have been enhanced by the factor indicated. Note that the units af@sScade decay to each of the above states. Figareepre-
the same as in Fig.(), and the sum of these yields reproduces theS€Nts this process in terms of an energy-level diagram. There
total normalized yield. The lower-charge statgs=(1 — 4) are plot- IS therefore a probabilitp?=3 P that the[2p] hole state
ted in panela), while the higher-charge stateg£5—8) are plot-  will result in a stable ion of chargg. Experimentally, these
ted in panel(b). P9 are the branching ratios measured in the region just above
threshold, where thg2p] state is predominantly created.
: . 0 Next, what happens if the vacancy includes an extra elec-
ratios [from Table I of Ref [19_]' Kay, (86.7%, Kﬁ_l tron, bound in a Rydberg orbitB2p]np, as is the case in the
(12.29, and Kg, (1.199] to weight the corresponding yreqhold region? The excited electron can either be involved
charge-state distributionsL§ 3, M,3, and N3, respec- or passive in the following decay stef@articipator or spec-
tively) of the two groups. These corrected, theoretical distritator decay. For deep inner-shell holes, the spectator chan-
butions are included in columns 8 and 9. These values do nefels are usually considered very much more likely than the
include any experimental adjustments, e.g., variation of APDharticipator channels. For example, the branching ratios for
efficiency with energy. Note that the major consequence ofhe participator transitions2p]np—[3l]+e~ or [4l]+e”
this correction is the enhancement of the®*Krabundance would be expected to be negligible in comparison to the
due to the highly probabl#, ;—M, N Coster-Kronig tran-  various spectator Auger transitions. We estimate that
sition followed byM, NN (see Ref[19], Tables lland V).  [2p]5p—[3d?]5p+e~ spectator decay is roughly 2000
times more likely than the decay by thi&d] participator

C. Threshold behavior channel(the strongest participatgrand up to 106 000 times
more likely than thd 4s] route (the weakest Here we have
estimated the relative probabilities by taking a squared ratio

Much more insight into the near-threshold behavior carof the largest relevant SlaterR¢ integrals, using
be gained by normalizing the coincident®ryields by the  configuration-average Hartree-FodkF) wave functions. On
integrated incident flux, as was the total yield of Figb)l  the other hand, in situations in which there are no possible
These normalized yields are then proportional to the partiagpectator Auger channels, participator Auger decay can be-
cross sections for observing the various charge states, amgme very intense, completely dominating any radiative
their sum results in the total yield of Fig.(H). Figure 3  spectator-decay channdl&1]. Exploiting these two ideas,
shows the partial yields for states 'Krup to K. In the  we proceed with our model by assuming that the excited
figure, lines between data are included to better indicate thRydberg electron remains as a spectator during the cascade
trends, and some of the less intense yields are magnified fafecay of the core ion, until finally there are no remaining
better viewing by the factors indicated. core-Auger transitions possible.

Figure 3 demonstrates that the behavior of the partial Clearly this assumption is an overstatement of the actual
yields is different for low- and high-charge states. Figurebehavior. For cases in which the inner-shell hole is closer to
3(a) displays the low-charge yieldgE1—4); a peak at or the valence level, one might expect participator decay to be-
just below threshold in the range where the spectator statesome important. For example, strong participator peaks can
[2p]np are being created, followed by a slight decreasebe identified in the resonant ARp] spectra[22,23 and in
above threshold. The higher-charge-state yielgls $—8) the resonant Kf3d] spectrd 24]. How much of this partici-

Normalized counts

20 -10 0 10 20 30 40 50

1. Spectator cascade model
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question. Hence, our assumption is a simplified approxima-
Kelt Kt Krlat+ k . .
tion to the more general behavior we expect. We expect it to
o be valid for the beginning.stages of thg cascade, and that
\ () R these steps largely determine the resulting valug. of
P! qj” tg+L.1) In the ensuing cascade decay we therefmsumehat the
i np electron plays no active role; the core decays with the
§ same probabilities as if the Rydberg electron were missing.
(a) ¥ The probability of the stat¢2p]np decaying to a state
{g.1} {q,u}mp (an ion of overall chargg—1) is thusf] P%.
K K@D+ Krd* The factorf accounts for the probability that the excited elec-
tron, while remaining a spectator to the core decay, can relax

[2plap \ (i) to some different levemp in the (Q—1) ionization steps
i

[

{qump seesee [Figs. 4b) and 4c)]. We make a further approximation thfat
- only depends on the number of such steps, rather than on the
(1-5) {q,1) particular decay routes taken and the specific final core state
: . While this is not necessary for what follows u depen-

(b) —Y dantf could be included in the averaging carried out below
taLl) the approximation allows us an intuitive picture of an iso-
Ko K+ Kt lated spectator electron experiencing a simple shake transi-
tion each time the core ionizes.
[2p]np {q.1} Finally, we consider the statég,u}mp involving anmp
ammp T Rydberg electron bound to the charged cfageu}. Depend-

(e - ing on the particular core state, there may be a chang_e for
—_— {q.1} participator Auger emission. An example of such a transition

Pos=1 is the valence-multiplet transition [4p?(*D)]mp
(©) =5 —[4p?(®P)]+e~ or an inner-valence transition
e [4s,4p]mp—[4p?]+e” (see Ref[21]). When such transi-

FIG. 4. Schematic outline of the cascade model discussed in thONS are energetically possible, their decay rates are much
text. (a) Starting from the ionize@2p] hole state, the atom under- 1arger than those of the radiative channels and thus occur
goes cascade decay to stfdeu! (the uth lowest energy eigenstate aImosF excluswel;[Zl].. .If suc_h transitions are allowed, then
of the ion Kf*) with probability P . Since this state is lower in there is thus an additional ionizing cascade steputmp
energy than{q+1,1}, the ground state of K¥*1*, the cascade —{d,u'}+e€  possible. This situation is illustrated in Fig.
leads to a stable ion of charge Panelsb) and(c) illustrate decay ~ 4(b). If no participator Auger channels are possible then the
beginning from the excited staf@p]np. By assumption, thep ion decays, but maintains the total charge-(1) [Fig. 4(c)].
electron plays no active role in the core cascade, hence the prol-or each stat¢q, u}mp, we can assign a microscopic stick-
ability of reaching the final statg, u}mpis the product oP} and  ing probability s(q, «;mp) that themp electron stays with
the probability of thenp electron “shaking” to the levemp during  the core in the final decay step. The microscopic sticking
the core cascadef{ ). Adding an additional Rydberg electron to probability is analogous to the fluorescence yield of the state
{a,u} lowers the energy. In panéb), the state{q,u}mpis above (g ,imp, but expanded to include the probability of all non-
{q.,1} so that an add_itional ioniz_ir_wg step is possible with p_robability ionizing decay possibilities to the stable final stétey., the
1—s. Hence, there is a p“fbl?P'“Mhat themp electron “sticks,”  fina| decay step may really be a series of radiative cascades
formlng’ a st.ablerlon Kf - Panel fc) |IIustrate.s the case such asnp—m’s+hv—etc).

{g,u}m’p (with m’<m) in which them’p electron is bound so = \yith these assumptions, the probability that the atom ini-

tightly that it lies below{q,1}; further ionization is not possible and .. - ; :
the sticking probabilitys becomes unity. gﬁgyr/gg;eipsared in the state2p]np will decay to an ion of

q
A o

pator intensity can be ascribduh the two-step approxima-
tion) to the direct ionization is not clear. In fact, Let al. PYdnp)=PYU1—S (np)t+ P9*1S. . .(n 3
[25] have observed inteng8p?]n’d—[3p?]+e” transi- (np)=PH1=Sy(np)} 9+1(NP). @
tions following Ar [2p]nd excitation, indicating that the

spectator ste 2p]nd—[3p?]n’d+e” is intense. It has — . . -
been shown that participator decay is the major deca;'f'ere'sq(”p) Is the average sticking probability of tirep

mechanism in some cases: fl&p]3d—|[3s]+e" transition electron to the ionic core of charge Equation(3) states the

in Mg [26] and the analogoU8p]3d—[4s]+e~ transition obvious results of the model; lons of chgrqe:an occur in
in Ca[27]. At any rate, it is certain that as vacancies bubble™© Ways(@ by decay to acore stateq with a loss of the
up from the tightly bound shells, and the number of opensPectator electrofprobability 1-Sg), or (b) by decay to a
shells increases, participator channels will increase in impord+1 core with the spectator electron stickigrobability
tance and finally dominate. So far as we know, there has aS; ;).

yet been no investigation into the systematics of this difficult The average sticking probability is
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. 1 N@ largest degree for the lowest possible values,ofthere the
Sq(np)= o > PfLE f S(d,u;mp). (4)  spectator electron is most strongly coupled to the ionic core.
PHu=1 "m Finally, we note from the general transform tHafo=(q
—pg)p- HenceSy(np) are connected with the difference in

While the microscopic sticking probabilitieq, «;mp) : ¥ i
depend only on the properties of the final state, the averag%;s_rage charge resulting from spectator and parent-ion de

Sy(np) additionally depends on the details of the cascade

decay. In particular the shake probabih‘lﬂ{m depends on the

number of |o_n|zmg_stepsq(—_ 1)._ B_eca_use shake up and <q>[2p]np:<q>[2p]_2 Sy(np)PY. (5)

shake down is so likely during ionizatiory , becomes a q

fairly broad function ofm about n—even for only a few

steps. Due to this averaging, we expé;(np) to vary To predict the flux-normalized partial yields of Fig. 3, the

slowly with n. probabilities for the population of each initial state must be
We have employed a fairly idealized physical model toincluded:(a) o, the probability for population of the state

arrive at Eq.(3) which relates the probabilitieB9(np) (that [2p]; as a function of incident-photon energy near threshold,

the excited statg2p]np decays to a stable ion of chargg it is usually approximated by an arctangent functicee

to the probabilitiesPd pertaining to the decay of the ionized Ref. [13]); (b) o},. The probabilities for creation of the

state[ 2p]. What is perhaps not obvious at this point is thatspectator state2p]np, considered in this work as Lorent-

almost any new probability distributio@? can be derived zian functions centered at their respective resonance energies

from the distributionP% by the formal relationQ9=P91  just below threshold. The total cross sectian=o"

—pq)+Pq*1pq+1. This transformation ofP9—Q% pre- +Eaf§p describes the total yield of Fig.(Hd). The partial

serves the normalizatiofi,Q%=ZX,P9=1 for any choice of yields are a sum of products of excitation and decay prob-

the parameterp,, and the requirement th@¢ should rep-  abilities for each state created near threshaffl=P% "

resent probabilities@%=0) puts only a modest restriction +X,P9(np) cr;‘p. These can be rewritten as

on them. From our physical definition &9 we must have

P9=0 andP%=0 wheng>gmax SO the only restriction on - -

QY%is thatQ9=0 for g>qgmax. Hence, Eq(3) can be used to Y9=Plgi+ > o,’gp{Pq“SqH(np)— PIS,(np)}. (6)

define the parameter§y,(np) (for q=1,... Omad IN @ "

broader sense, though there is little motivation to do so with- . ] )
out the ideas outlined above. The widths of the above resonant-cross-sections are dic-

tated by the natural width of the state from which the 2

describing the dynamic relation between the above—threshoIIaOI_e is ]fjeriveﬂ. Iréthe pre}ser?t case thﬂﬂlp] states,borigi-
charge distribution and that originating from the excited statd'2tn9g romht e'd ﬁcf?f ONt e Krls] Or? states h)Ka
[2p]np. They form a set of parameters with which we hope€MiSsion, the width id',~2.7 eV. Furthermore, the en-

to systematize any generalities lurking in the physics, whictEr9Y dependence of all cross sections must be convoluted

might not be apparent from a comparison of specific experiVith the beam line bandpass, here5 eV. Because this

mental charge distributions. Our model outlined abovewidth is large compared to the distribution of resonance en-
. v n . :
based on the idea of microscopic sticking probabilities, pro€rdies, eacho, overlaps in energy and only the first few

vides a reference point to examine the true natu I’gq(m D) contribute substantially to the total excitation cross section

x5k * ;
in terms of our intuitive ideagand Eq.(4) provides a model- 7 =20y For Kr, the o, is dominant[13]. Because of
based method for calculating thémn what follows, we this, and the fact tha,(np) are expected to be weak func-
therefore continue to lean heavily on our model, but the mordions ofn, we can make the final approximation:

general nature ofSy(np) should be borne in mind— o o

particularly for future work. Y9~ PYg+{P9* lSq+1_ pqsq}g* , (7)
Before proceeding with our development, a few remarks

concerning the generalized nature of the sticking probabili- — . .

ties are worth noting. First, for an arbitrary probability dis- Where S, now reflects a cross-section weighted average of

tribution QY the transformation parameters amg.; Sq(np) over the lowem states.

zggzo(Qq_ P9)/Pk*1, Hence, the parameteys, can gen- Within thls_last a.pproxllmauon, the_energy dependence of

erally be positive or negative and quite large in magnitude€ach of the yields¢Fig. 3) is a composite of two terms: first,

i.e., they need not look like probabilities. If it is physically the total cross sectiomr [Fig. 1(b)] weighted by the above-

the case that @i(np)sl for all g, then the interpretation threshold branching ratiB%, and second a term proportional

FS it f th | “stick to the total excitation cross sectierf which peaks just be-
0 Sq_(np) as probabi lties of the spectator-electron “Stick- .\, yhrashold. It is the magnitude of this second term which
ing” is legitimate for intuitive purposes, and our model’s

e causes the differences in yield profiles; a positive contribu-
validity is strengthened. From E¢B) alone, we expect that i, nerimposes a resonance peak to the smooth edge
Sy(np)—0 asn—ce, so thatP9(np)—P%in the same limit.  shape, while a negative contribution subtracts from the edge

We might also expect the§aq(np) deviate from zero to the and produces no noticeable structure.

In what follows, thereforegq(np) can be regarded as
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' ' ' ' show either a positive or negative “resonance” peak just

0.6 (@ * K™ | below threshold. From the model outlined in the preceding
- sectionRY=CY¢*, where the proportionality constants are
0.3 . ] CI=PI*1S,,;—PIS,. We use this fact with the data of
Fig. 5(a) to extract the constants®, and hence the average
0.01~ 7 sticking probabilities.

While 2,R9=0 identically, the sunXy/R%Y=Co* pro-

dberg series of Lorentz functions, each of natural with
=2.72 eV and convoluted with a Gaussian bandpass func-

2]

g -03f ] vides a useful set ofsmoothey data with which we fit a
S function w(Eey) =Co™, whereC=ZX,|CY|. This absolute-
2 060 T D value sum of the residual yields is displayed in Fi0)5
% The functionw was determined from the data of Figbb
E 201 T using a simple theoretical model of*, a 5p, 6p, ... Ry-
o

Z

1.01 1 tion of full width at half maximum=5 eV. The energies of
05 i each peak relative to a variable threshold value were fixed,
) consistent with Hartree-FodkLs|np binding energies. The
0.0 ] relative intensities of the resonances for 6 were fixed by
05F J quantum defectr{”3) scaling. The relative intensities be-

P O P P S Sl tween the peaksn=5,6, andn>6) and the threshold loca-
-12 -8 4 0 4 8 12 tion (E.xc=0) were determined from a least-squares fit to
the data of Fig. &). The resulting functiorw is shown by
the solid curve in Fig. &). Included in the figure are the

FIG. 5. (a) Examples of the residual yield®'*, each formed by fitte_d Contributions to.N from the_ % and €p resonances. A.S
subtracting a scaled total yiel&ig. 1) from the partial yieldsy9* a*3|de* note, our fit gives a ratio of .ex0|'tat|on Cross sectllons
of Fig. 2. For clarity, we include only a few of the charge states. The?’sp/ 6p= 2.0+ 0.1 (peak valuep Estimating the same ratio

curves are fits to the data as discussed in the textThe sum of ~ from Fig. 5 of Breiniget al.[13] gives a value oF3.
|R*| overq. To this data is fit a model of the total photoexcitation =~ Once a suitable excitation function was determined, a

cross sectiow(E.,o. The contributions to this total from theps ~ simple least-squares fit @f to each of the residual yields of

Relative photon energy (eV)

and 6 resonances are also displayed. Fig. 5a) determined the relative valu&s?/C. From these,
the relative values of the sticking probabilities were ex-
2. Threshold analysis tracted by recursion. The recursion can proceed in either the

The results of the preceding section provide an explanaf-orward or the backward direction, with errors propagating in

tion for the various energy dependences of the yields in Figthe respective directions. There is good reason to expect
3. The simple form of Eq(7) also suggests hope for extract- =0 (following section, whence the forward recursion goes
ing some rough information about the average sticking prob@s

abilities from the data. To do so, some model function for the _

excitation cross sectiorr* is needed. One is initially Sy 1fcatt ca? ct

tempted to perform a least-squares edge fit along the lines of C pal C * C oot cl ©
Breinig et al. [13]; o" is modeled as an arctangefwith

inflection point at thresholds...= 0, determined by the Jit

- o ; Alternately, a similar backward recursion can be started as-
andc* is modeled as a superposition of Lorentziéwbose suming P®=0. This assumption is based on the above-

relati\_/e intensities and _energies are determined by thdr_fit threshold spectra where 1g=9 charge state was discernible
practice, however, we find the method very unstable. Fits fofwithin statistics, and also on theor}19,20.

the relative intensities of the Lorentz functions are extremely
sensitive to slight changes in tHéxed) threshold energy
used. Additional sensitivities to changes in other paramete
(natural width, band pass, and resonance energies-
pound the problem. Instead we employ a different metho
based on the form of Eq7), which we find to be stable.

As a starting point, we use the datd (Fig. 3), ot [Fig.
1(b)], and the observed values d?9 from the above-

Finally, S, were determined from the relative values by
rgstimating the unknown consta@ from the data. Since
o*lot~1 when(or if) the excitation cross section is large
d:ompared to the ionization cross sectiart & o*), we have
w/ o=~ C there. This situation is roughly realized just below
threshold wherer* peaks and the corresponding ratios of
the data proved constant in that region. This estimat€ of

threshold regior(Table )) to form the residual yields provides a lower bgund for the derivé_q. Our results are
listed in Table Il forS, using both the forward and the back-
RI=Y9-Plg. (8)  ward recursion schemes discussed above, as well as our val-

ues of the relativeC®.

Figure a) displays the residuals as a function of incident- ~ From the viewpoint of the general definition of the param-
photon energy for several promineqt All residual yields etersS; discussed above, it is of some significance that ex-
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TABLE II. Fit results for the parameters used in modeling the 0.5 L L
partial yields of Fig. 3. The values @%/C indicate the degree to

which resonance cross section is addedsubtractefito the nor- 2 04y 1
malized total. The average sticking probabilitis, derived from _TS' }A
the former parameters by either forward or backward recursion, are _‘3 03f 7
also displayed. These are interpreted as the average probability that 2
an initially excited Rydberg electron survivgs-1 cascade decay ; 0.2 ﬁ % L
steps and remains bound to the ionic core —a |
Q o1y ¢ % 7
q ci/c S A
Backward Forward 0.0~ :
8 —0.022 (0.005) 0.280.12 0.17(1.29 0.1 T
7 —0.146 (0.020) 0.330.09 0.31(0.19 1234567 8
6 —0.187 (0.045) 0.180.03 0.17(0.049 Cha_rge state g
5 —0.150 (0.052) 0.170.03 0.17(0.02
4 +0.236 (0.055) 0.090.03 0.08(0.01) FIG. 6. Average sticking probabilitiegq, extracted from fits to
3 +0.178 (0.030) 0.110.11) 0.09(0.02 the residual yields by either forwardtriangles or backward
2 +0.090 (0.014) 0.010.66) —0.05 (0.06) (circles recursion. These are the average probabilities that a Ryd-
1 —0.007 (0.008) 0.101.10) berg electron will surviveg—1 core ionizing cascade steps and

remain attached to the final ion.

Furthermore, some of the limitations of the experiment
perimentally they all are consistefwithin erron with our  must also be kept in mind. The theoretical entries of Table |
spectator-model interpretation of them as probabilities. Thécorrected suggest that the< g-coincident events are the
average charge in the above-threshold region(G$,;  dominant contributors to thg=1 yield. Hence our model
=4.78+0.02 and<§(1)[2p]=0.15t0.02, which from Eq(5)  should also incltide thg Iikelihoqd- of such transitions as
we interpret as the decrease in the average charge that wodldP15p—[4l]+e. In this case similar arguments apply as
result from the(averagg presence of a spectator electron. Inin the[2p] case, again suggestii®~0. The decay model
the following section, we discuss the observed resultggor can be easily extended to consider many initial states, but the
within the context of our spectator-decay model of the casmeaning ofS, becomes mostly statistical, losing any intui-
cade process. tive value. In the following, we focus on the results for
charge states that are more dominant, where the trends are
associated predominantly witk, coincidences andi2p]
initial states.

The g=1 charge state is a special case in the scheme Figure 6 displays the results of Table Il to better indicate
outlined above. In this case, one con5|ders zero ionizing d8he behavior oi§q as a function of chargg. The errors for
cay steps, and therefore must consider participator decay g{e \eaker charge states are large, however, it is still appar-
each cascade step since its probability may be large in COMy¢ that the probabilities tend to increase withAt first
parison to any of the radiative cascade steps. glance, this trend is reasonable: one might expect a Rydberg

Starting from the 2p] initial state, aq=1 final state can  gjectron to be more tightly boun@tuck to a higher-charge
be reached by diredt2p]—[4s]+hv fluorescence or by cqre However, there are a number of subtleties to consider.
some radiative cascade route, e[@p]—>[3d]+La—>[4p] First, the sticking probabilities depend, not only on the na-
+hv+L,. The sticking probabilitys, is the probability that ture of the final state, but also on the decay routes taken to
starting from a state such §2p]5p, andgiven ¢—1=0 arrive there. Hence, implicit in our expectations is the major
ionizing core decay steps, thepSelectron will remain at- assumption already built into the model; the excited electron
tached to a final single-hole core. Our model examines theemains passive during core decay. Second, since the partici-
probability of the participator Auger decay involving the 5 pator transitions can only occur if there are several final core

orbital after the main cascade process. However, with NQtates, one might expegg to vary with the number of pos-
core ionizing steps to consider, the evaluation must includgjpje core final states. If one considers only states made from
partlm_pator decay involving all thﬁe likely smgle-hole_ cores, the 4s and 4p shells, the number of possible states rises from
including [2p]5p—[3l or 4l]+e" as well as transitions g (3=2) to 70 (4=4), and thereafter decreases. One might
such ag 3d]5p—[4l]+e . While the Auger rates for these therefore expecgq to show a minimum ag=4. Finally, it is

participator transitions are weak in comparison with theaISO commonly known that Rydberg orbitals are not true

gioarﬁ\_,/:}'gft;getga;/'sttgf)'f@ff]%baggg{e I\?vocuoltrjmtj)er;nec“ utle& d 1o spectators when the core charge increases, but shake to dif-
P P ferent levels. In general, it is most likely that an electron in

be large. On this basis, we exp&;t=0, and have used this an np orbital will shake up tomp, wherem>n (see Refs.
fact for the forward recursion analysis. Backward recursion2g 24). This effect tends to negate the idea of increased
confirms thatS, is small but with very large error. charge being responsible for increased sticking—the lagger

3. Discussion
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TABLE Ill. Allowed participator Auger transitions for some core configurations df'Kiwhen allowed
energetically, the possiblep transitions are displayed to the right of the core. For ground configurations,
only valence-multipletvm) transitions such ap4p?](*D)np—[4p?](®P)+e~ are possible. For excited
configurations, it is sufficient to consider the possibility of inner-valetieg transitions, e.g.[4s4p]np
—[4p?]+e. The 5 and 6 states, which are those primarily excited near threshold, are set in boldface to
emphasize their predominance. The fewer the allowed transitions, the greater is the average sticking prob-
ability for the charge statq.

q Ground vm iv iv
Kr2* [4p?] 6p, ... [4s4p] 5p,6p, . .. [457] 5p,6p, . ..
Kr3+ [4p3] 8p, ... [4s4p?] 5p,6p, . .. [4s%4p] 5p,6p, ...
Kr4+ [4p*] 9p, ... [4s4p®] 6p, ... [45%4p?] 5p,6p, ...
Krs+ [4p®] [4s4p*] 7P, ... [45%4p®] 5p,6p, ...
Kré+ [4p®] [4s4p®] 8p, ... [4s%4p*] 6p, ...
Kr’+ [4s4pf] [45%4p®] 8p, ...

Kré* [45%4p®]

the less bound we might expect to find the fingb electron  multiplet or inner-valence energy differences. Table Il is an
since it has been shaken up as manyasl times. oversimplification, yet it demonstrates the general result that

The behavior of théS, can be explained, within the con- as4 is increased, much of the low-participator decay be-
text of our decay model, as a result of an interplay betweeromes cut off. One can see the general tren§,{imp) from
all the effects mentioned above. To see how the observethe table; sticking probabilities tend to increase wjth
trend can come about, we consider our model’s implications Finally, we must also consider the effects of shake up on

using the simplest assumptions possible. the values ofSy(np). For the 5 level, the effect is to in-
Because all the resonance states are crowded within agtease the likelihood of ending in a highetevel, and hence
energy region comparable to the resonance width, tharl  to decrease the sticking probability. As an example, the prob-
6p states are the major contributors $g over all energies. ability that the 5 electron ends up in thegblevel (fgpvsp) is
Also, this crowding allows for the approximation leading calculated to be 74% fog=2 and decreases to 52% by
from Eq.(6) to Eq.(7), whereS, becomes théenergy inde- =8 (estimated from HF shake calculation$he overall ef-

pendent average qu(m) weighted by their respective os- fect is to decrease the sticking probabilities, the decrease

cillator strengths. Using our fit results of* [Fig. 5(b)], we bei\r/wvgh_llarger f(|)r tlh";'_ highﬂhstates. icki babilit
then haves, ~0.665, (5p) + 0.345,(6). ile a calculation of the average sticking probabilities

Next. w nsider how B or 6o electrons. havin ; [Eq. (4)] is beyond the scope of the present work, it is worth
_ Next, we consider ho P or 6p electrons, having sur- a brief discussion of what would be involvgdnd some
vived the decay to a core of chargge can be lost by a

participator Auger step. This depends on the particular corgOSSibIe shorteutsn such an undertaking:
state. If the core is in its ground configuration then only the The microscopic sticking probabilities(q, ..;mp) must

transitions between multiblet states are possible (be calculated for each state. Formally this requires calcula-
. are p 3120 - Ltion of all decay rates for each state. However, this sort of

=3) ghez valenge—mult|plgt[30] transition [4p°1( P)_np calculation is not necessary. If thep electron is bound

—[4p ]l() |D)+fe . For excited Iconflguratlons, thfere is also tightly enough, so that any Auger decay is cut off, tren

a possibility of transitions to lower-energy configurations, X . ’ .

e.g., the inner-valencg30] transition [4s4p2]np—[4p°] 1. For states o sufficiently large, so that Auger decay is

2 o . | .energetically possible, it is a good approximation to assume
+e~. These types of transitions are energetically possible |E:0 [21]. The question becomes a matter of comparing rela-

the_dn‘fgrence between the !nlt!al and the final core-state iy e energies, and the role afq,z,mp) then reduces to
ergies is greater than the binding energy of teelectron. . . .
o o N determining a maximum for the summation if,,, over m

As qis increased, thap binding energy increases, however, o] ,
the spread of core multiplet energies, as well as the separg— ;I'h bability of relaxati f th o th
tions between core configurations, remain roughly constant. bi T(;:)rq ability of relaxa |onf(ﬂ’m) old benp 0 e(;nfp
Hence, ag increases the lowenp transitions become cut OL |tka ulrlnlgq'—l 'On'Z'Tf_] steps could be ers]t|r;1ate rom
off. It is in this sense that we can make the above connectiofi f‘ el Cadcu at'O”@]i In this approximation, thé ? can be
between tighter binding and increased stabiliticking). calculated recursively:

Table Ill illustrates the above ideas. For each charge state
Krd* are listed the core configurations possible by only con-
sidering arrangements ofs4and 4p electrons. Beside each flm=2 o (m'pigmpg+1)2 (10)
configuration, we list the possiblep electrons that can un- m’
dergo participator Auger decay from that configuration.
These values are obtained by comparing single-configuration
Hartree-Focknp binding energies with the maximumS  We have found that HF calculations become difficult due to
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the large values ofm required; however, the use of hydro- which decay of the photoexcited states is correlated with that
genic overlap$29] provides a useful guide to the systemat- of the photoionized states. This is allowed for a simple pa-
ics. rametrization of the partial yields, and fits to the model

Perhaps the most challenging aspect of the calculation ofielded the physical quantities of our formalism: the sticking
S, is the determination of the core decay probabilitfe?‘;. probabilities S;. Although they can be defined with a
For example, given decay tq=2, what are the relative broader meaningEq. (3)], in the current work we consider
probabilities for reaching the various states such aghem as an average probability that an excited Rydberg elec-
[4s,4p](*3P) and[4p?](*S, D, or 3P)? However, large- tron stays with its ion as the ion cascades to a final state of
scale calculations have been performed for the té&al (core chargeqg, and remains attached thereafter. These prob-
[19,20, so calculations for the subprobabilities exist. abilities were found to(roughly) increase withg, and we

Finally, returning to the basic experimental observation:have presented a general discussion as to why this should be
Why is it that the lowg states show a resonance feature inthe case.

their partial yieldsy?, and how dc§, relate to these shapes? ~ FTom these arguments and results, we have tentatively
Mathematically, the partial yield¥® will show a peak concluded that the increase 8f with g should pe a genergl
when (P9*Y/P9)>(S,/S,.,). If S, is an increasing func- trend for all systems. We also speculate that, in general, if the
tion of g, the right s(ing‘q(;f1 the ingquality will be less than Probability (in the absence of spectator excitafiéor charge
unity. For the lowg charge states, which in this case areStated is much smaller than that forq¢-1), then near
weak but grow in strength monotonically with the condi- threshold the partial yield fogq+ will show the resonance

tion is easily met and a resonance peak adds to the scal&fhancement feature. _
total. Once past the strongest charge state the condition is | NE'e are several obvious expansions to the present work.

less likely to be fulfilled and the resonance peak subtract§XPerimentally, the x-ray resolution must be increased to
from the total. Since this occurs where the total cross sectioft!!OW for separation of th&, andK; decay channels. Also,

is rising, the effect is less visible, merely shifting the inflec-IMProved statistics are necessary if the small effects ob-
tion point of the smooth curve to higher energies. served are to be analyzed more rigorously. It would also be

Less formally, the question simplifies to a matter of V'Y interesting to look at other systems and see if the gen-

“comes in” versus “goes out.” The charge state Krloses eralities proposed above actually exist. This remains to be
total probability (to Kr@~D+) when a spectator is excited done for the A" data we have cited throughout the present

and sticks, and gains probability from spectators that stick t8/Ork, Since the calculation of only thenicroscopig sticking
the KK9* 1+ core. If the probability(in the absence of spec- probabilities forg=3 proved tractable. We are currently en-

tator excitation for Kri* is much smaller than that for gaged in such extensions. Theoretically, it would be of great
Kr@* D+ then in the energy region where spectators arénterest to pursue some of the ideas outlined above. In par-

excited we expect an overall increase in the total yield oficular @ study of participator Auger rates as core charge
Kra+ increases, and how these processes compete with the radia-

tive and the core-Auger decay.
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