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We report new measurements of Krq+ photo-ions, coincident withKa or Kb fluorescence as incident-photon
energy is swept through the KrK-shell threshold. From the branching ratios just above threshold, we obtain
measurements of the ion charge-state probabilities for decay from the Krf2pg and Kr f3pg states. In the
threshold region, we observe both resonant enhancement and depletion of the branching ratios. By analyzing
this behavior in light of theory, we extract sticking probabilities, which we feel are a useful set of parameters
for investigating the general relationship between cascade decay from resonant and nonresonant hole states. A
simplified theoretical model is employed to calculate these probabilities for the Kr2+ and Kr3+ cases.
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I. INTRODUCTION

When a photon of sufficient energy encounters an atom it
can be scattered inelastically, leaving the atom in an excited
state. The process of radiative resonant Raman scattering
[1–3] is an example of such inelastic x-ray scattering. In
particular, when the incident photon energy is near the
atomicK-shell threshold, the atom can be left in an ionized
state with a hole an electronic shelli—which we denote as
fig. In this case, due to the resonant nature of the problem,
the ejected electron and scattered photon leave with charac-
teristic energies. This process(sometimes referred to as con-
tinuous Raman scattering) evolves into the familiar fluores-
cence process for energies larger than threshold. Near
threshold, the atom may also be left in an excited, neutral
state containing a hole in the shelli and an excited electron
bound in a Rydberg orbitalnl—denoted byfignl. In this pro-
cess (sometimes referred to as resonant fluorescence) the
scattered photon also has a characteristic energy near to that
of the ionized case.

For lower energies, these characteristic x rays(fluores-
cence lines) can give direct information about the dynamics
of the Raman process near threshold(see, e.g.,[4]). For pro-
cesses involving larger energy however, such as theK-shell
of the heavier atoms, this becomes unfeasible: the width of
the lines become very much larger than their separations. A
possible solution to this problem is to monitor the ions pro-
duced. If the hole lies below the valence level, then the en-
suing cascade decay will produce an ion charge-state spec-
trum which depends on the initial cascade state, i.e.,fig or
fignl. Presumably, decay from the neutral states will result in
lower charge states, so that a study of ion yields should give
some information about the production process. To be more
precise, one must therefore know how such charge-state
spectra are affected by the presence of an externally bound
Rydberg electron.

In a previous work[5] (referred to hereafter as “Part I”)
we have made a preliminary investigation of this idea: the
yield of Krq+ ions was recorded in coincidence with unre-
solved Ka, Kb fluorescence for incident-photon energies
across theK-shell edge. Experimentally, we found that in-

deed the yields of low-q ions were enhanced at the expense
of high-q ions near threshold. Furthermore, this relative en-
hancement provided a(rough) view of the resonant-
fluorescent cross section, when suitably interpreted. In seek-
ing to understand this behavior, we developed a simplified
model of cascade decay from the resonant statesfignl, based
on the nature of decay from the ionized statefig. The out-
growth of this model was the concept of “sticking probabili-
ties,” whose validity is actually more general than the pro-
posed model. In Part I we were able to extract these
parameters from the experiment and, descriptively using our
model, make a case for the trends observed.

The present work is an extension of our previous work in
several ways: Using a new method, we have repeated the
experiment with a smaller bandpass, while now distinguish-
ing betweenKa andKb coincidences. The new data thus fall
into two sets, corresponding to decay from 2p and 3p hole
states. From this we extract sticking probabilities—which no
longer reflect an average over initial states. The method of
analysis is improved over the previous one. Finally, we also
apply our theory to a few tractable cases, attempting to es-
tablish the validity of the proposed model.

The present work relies to some degree on that of Part I,
and we seek here to create a reasonably self-contained report,
while avoiding as much repetition of the previous paper as
possible. In Sec. II we discuss the experimental method,
dwelling on the new aspects. In Sec. III we present an outline
of the theory sufficient for present needs. In Sec. IV the data
is presented and analyzed, using a new method which mini-
mizes the dependence on unknown(and hence theory-
dependent) quantities. Section V examines these results in
light of the theory.

II. EXPERIMENTAL METHODS

The experiment was performed on the BESSRC-CAT
wiggler beamline 11-ID-D[6] at the Advanced Photon
Source, Argonne National Laboratory. The synchrotron ra-
diation was monochromatized using a Si(220) double crystal
monochromator. Using a 0.5 mm slit between the monochro-
mator and the focusing mirror, the bandpass was estimated as
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2.5 eV at the KrK-edges14.326 keVd—half that of our pre-
vious experiment.

As before, the incident x rays were focused onto a Kr gas
jet, located at the source region of both an ion time-of-flight
(TOF) spectrometer and an x-ray fluorescence detector.
Background pressure in the chamber was maintained at 6
310−5 torr (corrected ion-gauge reading) by applying a
5 torr backing pressure to the gas needle with a Baratron
metering system.

Ions created in the source region were accelerated electro-
statically in the TOF spectrometer to energies of 2.5 keV/q
and detected by Z-stacked microchannel plates(MCP) biased
at 3 kV. X rays emitted in the source region were detected
with a Si(Li ) detector. The Si(Li ) detector was mounted at
right angles to the plane of polarization, located approxi-
mately 1 cm from the source region with an entrance diam-
eter of 1 cm, providing a solid angle of,6% of the total
sphere.

Data were recorded in event mode. The use of the Si(Li )
x-ray detector in the present experiment allowed for the dis-
crimination of bothKa and Kb fluorescence. These x-ray
events were also used to establish the start time for the ion
TOF detector. The slow rise time of the Si(Li ) pulses would
have resulted in a statistical spread of,40 ns in the start
time, which was comparable to the Krq+ peak separations.
Hence, the resolution of the coincident ion charge-state spec-
trum would be seriously degraded. To overcome this diffi-
culty, the ring marker signal was also monitored. This signal
had a fixed phase relation with the synchrotron x-ray pulses
(,80 ps in width), whose separation of 153 ns(singlets) was
long in comparison with the Si(Li ) pulse spread. Hence each
event could be identified(in real time) with a specific pulse,
determining a corrected ion start time. Using these correc-
tions, the ion spectra were determined with a resolution in-
herent to the TOF detector. Setting coincidence windows in
the fluorescent x-ray energy then produced high-resolution
Krq+ TOF spectra coincident with a specific x-ray fluores-
cence line. Figure 1 displays typical TOF spectra in which
Krq+ ions are measured in coincidence withKa andKb fluo-
rescence. Because of the start-time corrections, the peaks are
well resolved, showing structure due to the different Kr iso-
topes. In this work, incident photon energy(denotedEedge) is
measured relative to the inflection point of the KrK-edge, as
measured in edge scans of the total, non-coincident ion yield.
The data of Fig. 1 were recorded at an incident photon en-
ergy at this inflection point, i.e.,Eedge=0.

Because of the low TOF acceleration voltage used in the
present experiment, ions of higher charge were detected
more efficiently than those of lower charge. To correct for
this problem, we employed data from our previous experi-
ment: The earlier data were acquired using a larges5 kVd
acceleration voltage and a microsphere-plate detector biased
at 3.2 kV, which was believed to have a uniform detection
efficiency. To correct the new data, the peak ratios were com-
pared with the old data at four comparable incident energies,
above and below threshold. Since the earlier data was coin-
cident with bothKa andKb fluorescence, care was taken in
the comparison to include the differing x-ray detection effi-
ciencies between theKa and Kb lines for both the present
Si(Li ) detector and the avalanche photodiode of the previous

work. In this way a relativeq-dependent detection efficiency
could be derived for each of the charge statesq=2, . . . ,8.
Because of the very low yield and detection efficiency for
q=1, no Kr1+ peak was observed in the new experiment.

III. THEORY

This section summarizes the theoretical ideas and defini-
tions needed in the present work. A more complete develop-
ment is presented in Part I[5].

Consider the cascade decay of an ionized atomsA+d with
a hole in an inner shelli. It decays to a stable ion of charge
q with probability Pq:

Afig+→
Pq

Aq+ for q = qmin, . . . ,qmax, s1d

whereqminù1. We refer to these processes as diagram, or
nonresonant, cascade decay paths.

Similarly, cascade decay beginning from the resonantly
excited statefignl can be described as

Afignl * →
Pqsnld

Aq+ for q = qmin − 1, . . . ,qmax. s2d

Note that, for cases with a nonresonant chance of producing
A1+, there is a possibility of resonantly producingA0+. The
detection of such neutrals would be very difficult.

To seek a relationship between the two processes, we for-
mally definePsqmin−1d=Psqmax+1d;0 and write

Pqsnld = Pqf1 − S̄qsnldg + Pq+1S̄q+1snld

for q = qmin − 1, . . . ,qmax. s3d

The introduction of the parametersS̄qsnld is fairly general:

FIG. 1. Kr ion time of flight spectra coincident withKa [panel
(a)] andKb [panel(b)] x-ray emission. These spectra were recorded
with the incident-photon energy set to the inflection point of the
observedK-shell edgesEedge=0 eVd. Each charge peak consists of
a number of subpeaks corresponding to the various Kr isotopes.
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Almost any probability distributionPqsnld can be derived

from the distributionPq by a unique selection of theS̄qsnld.
The only restrictions are thatPqsnld=0 for all q.qmax, and
that PqÞ0 for all qminøqøqmax. Hence, Eq.(3) provides a

defining relation for the parametersS̄qsnld with qminøq

øqmax. The parametersS̄sqmin−1dsnld and S̄sqmax+1dsnld are un-
defined, and can formally be set to zero.

In Part I, the form of Eq.(3) was motivated by a specific
model for cascade decay of the resonantly excited states.
Throughout this work we refer to this model as the “specta-
tor cascade decay”(SCD) model.

The SCD model is based on the simplistic premise that
the excited Rydberg electron acts as a spectator to the ensu-
ing cascade decay of the ionic core. The initial stateAfignl*
decays as if the spectator electron were absent, reaching a set
of corestatessAm

*q+d which are stable against further ionizing
decay. At this point the spectator electron(perhaps shaken to
the ml orbital [7]) either remains with the core, forming the
stable ionAsq−1d+, or is ejected during aparticipator Auger
step to formAq+. Schematically, SCD is envisioned as

Afignl * →
Pq

sA*q+dmlsq−1d+

→ 5 →
S̄q

Asq−1d+ sml “ sticks ” d

→
1−S̄q

Aq+ + e−
sml “ ejected ”d

. s4d

The parametersS̄qsnld now take on the physical interpreta-
tion of (average) sticking probabilities. The model provides a
specific formula for their calculation,

S̄qsnld =
1

Pqo
m

Pm
q o

m^mmin

fn,m
q ssq,m;mld fSCD modelg.

s5d

Here,Pm
q is the probability thatAfig+→Am

*q+, themth excited
eigenstate ofAq+ stable against Auger decay. HenceomPm

q

=Pq, the diagram probability indicated in Eq.(1). The fn,m
q

are the probabilities that thenl electron shakes to theml
orbital as a consequence ofq−1 core ionizations. Finally,
ssq,m ;mld are microscopic sticking probabilities, i.e., one
minus the Auger yield of the statesAm

*q+dml.

In the general case, the parametersS̄qsnld are a property of
the entire cascade decay. The SCD result of Eq.(5) also
exhibits this feature, mixing parameters that describe the
core decay process(Pm

q and fn,m
q ) and the final state

fssq,m ;mldg.
An important point is that the SCD development intro-

duces theS̄qsnld as probabilities, so that 0ø S̄qsnldø1. How-
ever, if the SCD model is(sufficiently) inadequate to de-
scribe the physics of Eq.(3), their actual values may be
positive or negative—and of any magnitude. Throughout this

work we refer to theS̄qsnld as “sticking probabilities,” with
the understanding that they may not be actual probabilities as
defined by the SCD model.

In the present experiment, the probabilities that various
initial cascade states are populated depends on incident pho-
ton energy. We define the energy-dependent probabilities, or
“cross sections,” ass+ the diagram cross section for the pro-
duction of the ionized stateAfig+, andsnl

* the resonant cross
sections for exciting the statesAfignl*. From these, the total
resonants* = onlsnl

* and totalsT=s++s* cross sections are
defined. For the present experiment, in which ions are re-
corded in coincidence withK-shell x rays, the appropriate[5]
cross sections are those associated with theK shell. The ini-
tial states of the cascade are identified by the specific x-ray
line; for the Ka line we havei ⇒2p, and for theKb line
i ⇒3p [see Sec. IV B].

With these definitions, the yield(normalized by the inci-
dent flux) of ions Aq+ can be written as

Yq = PqsT + Cqs*. s6d

Here

Cq = Pq+1Ŝq+1 − PqŜq, s7d

with

Ŝq =
1

s* o
nl

snl
* S̄qsnld. s8d

While the average sticking probabilitiesS̄qsnld are energy

independent, their cross-section weighted averagesŜq are
not. For the case of the KrK-shell, the resonances lie close in
energy, and the average is dominated by the lowest states.

Furthermore, as discussed in Part I, theS̄qsnld are likely to be
slow functions ofn. Hence, at our present level of accuracy

we treat theŜq as constants, determined mostly by properties
of the 5p and 6p states.

As a function of incident-photon energy then, the yield of
Aq+ is a sum of two terms: The first, proportional tosT, looks
like the K-shell absorption edge. The second term, propor-
tional to s*, peaks at energies just below the edge. SinceCq

may be either positive or negative, the yields show either a
resonance enhancement or depletion near the edge. In Part I
we found that the low-q yields exhibited the enhancement,
with a discernible peak superimposed on theK-shell edge.
The high-q yields showed no such structure, since the deple-
tion only appears as a slight shift and broadening of the edge.

Since the total yieldYT=oqY
q=sT, one can equivalently

work in terms of branching ratios

Bq =
Yq

YT
= Pq + CqSs*

sT
D . s9d

If the production of neutral atomssYs0dd were large, the ex-
perimental branching ratios would not be in accordance with
Eq. (9), since the experimentalYT would be missing theq
=0 contribution. However, in the present case we will argue
that qmin=2 for the f2pg and f3pg initial states. Of some
concern are the unrecorded Kr1+ ions, originating from the
decay of resonant states; however, we believe the error to the
branching ratios due to this is negligible. In Sec. V B we
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reconsider the Kr1+ yield from our previous experiment in
light of the present development.

In Part I, the coincident ion yieldsYq were found to best
reflect the physics. However, in the present case we work
with the branching ratios. One reason for this is that the new
experiment has an improved bandpass, and the branching
ratios show more structure than in the previous experiment.
Additionally, to extract the absolute(rather than relative) val-

ues ofŜq from the data, one is forced at some point to model
the ratio s* / sT. In Part I, this ratio was estimated as its
maximum possible value(unity), providing minimumesti-

mates of the Ŝq. Finally, it also turns out that fitting
branching-ratio data to thes* / sT is less sensitive to model
parameters than a fit of the yields to Eq.(6).

IV. ANALYSIS AND RESULTS

A. General remarks

The use of fluorescence-ion coincidence spectroscopy is
convenient for preparing atomic states with a specific inner
shell hole: Exciting near or above theK-shell threshold, ra-
diative resonant-Raman scattering results in the production
of such states accompanied by a scattered x ray characterized
by the particular atomic hole state. Ideally, this scattered(or
fluorescent) photon thus identifies the atomic holefig state
left behind. Any ensuing atomic measurements made in co-
incidence with this photon are thus determined only by these
“initial” states. In this way the spectra of ionic charge states
produced in coincidence withKa photons arise only from
decay off2pg initial states, free of any confusion due to the
production of higher-lying states—such asf3pg.

In particular, we are interested in the decay of resonantly
excited statesfignl which are created near theK-shell thresh-
old, and how this decay compares with that of the nonreso-
nant statefig. Here, because of the large natural width in-
volved, and the experimental resolution, the fluorescent
photon energy cannot be used to distinguish between reso-
nant and nonresonant initial states. Instead, by studying the
evolution of the decay as a function of incident-photon en-
ergy across threshold, we extract some of the average fea-
tures of the problem(as outlined in the last section).

As mentioned previously, the incident energy is most con-
viently measured relative to the inflection point of the
K-shell edge. However, while convienient, this point depends
on the bandpass of incident radiation and is thus different
from experiment to experiment. From the theoretical point of
view, the best point from which to measure relative energy is
the K-shell ionization threshold which lies several eV above
the edge(see, e.g.,[8]). These two energy scales are thus
different by an offset

Eedge= Eexc− D, s10d

whereEedge is the incident energy relative to the edge and
Eexc (excess energy) is the energy relative to threshold. What
is often forgotten in the analysis of near-edge problems is
that the bandpass-dependentD can be difficult to determine
accurately: OnceD is determined, any ensuing error in the
analysis arising from an inaccuracy inD is usually neglected.

Hence, in the present work we employ the experimental scale
Eedge. Any input from theory will thus be emphasized by
depending explicitly on the parameterD.

Coincident charge state spectra were recorded from 20 eV
below the edge to 34 eV above. For each spectrum, the areas
of the Krq+ peaks were adjusted for the TOF efficiency and
converted to branching ratiosBq. These results, for the most
prominent peaks, are displayed in Fig. 2(Ka coincident) and
Fig. 3 (Kb coincident). Because of higher statistics and
lower bandpass, the branching ratios now show much more
structure than those of our earlier experiment(see Fig. 2 of
[5]).

B. Above-threshold results

Before analyzing the threshold behavior of the coincident
charge-state distributions, it is important to establish the
above-threshold branching ratiosPq. As outlined in Sec. III,
these probabilities play a central role in the analysis of
threshold decay. Furthermore, the ratios are important in
their own right, since they provide a measure of the charge-
state distributions resulting from a “pure,” singly ionized
statefig.

To ensure that the observed branching ratios correspond
to Pq, the incident-photon energy must be large enough so
thats+@s*. Hence, the energy must be larger than threshold
by at least the naturalK-shell width; Eexc.GK<2.7 eV
[11,12]. However, the incident energy can not be too large,
since excitations of the valence shell become energetically
possible. For Kr, the excitation of such states begins atEexc
<12 eV, where the doubly excitedf1s,4pgnpn8p8 states are
produced[9]. In the present experiment, our data atEedge
=10 eV sEexc<5–6 eVd fits within this energy range.

FIG. 2. Branching ratios for Krq+ production in coincidence
with Ka emission, as a function of incident-photon energy. The raw
data[e.g., of Fig. 1(a)] has been corrected for a charge-dependent
ion detection probability. The data points are connected by lines to
better indicate the trends.
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In the present experiment, no Kr1+ ions were observed
because of the lowq=1 detection efficiency. In our previous
experiment, in which Krq+ ions were measured in coinci-
dence with unresolvedKa and Kb fluorescence, Kr1+ was
detected with a probability of 0.9±0.1%.

One pathway involvingKab emission in conjunction
with Kr1+ production is theK–N2,3 sKb2d transition. The
probability of Kb2 emission, relative to allKab decay, is
1.05%[13]. When this value is adjusted to account for esti-
mated x-ray detection efficiencies, it becomes 0.90%— in
good agreement with our previous measurement. Hence, it
seems likely that essentially all coincident Kr1+ ions pro-
duced are associated with thef4pg states created in this way.
This can be further verified by estimating Kr1+ yields using
the radiative transition probabilities tabulated by Kochuret
al. [14]: For decay beginning fromf2pg statesPs1d<10−4

and fromf3pg statesPs1d<2310−8, hence Kr1+ production
by radiative cascade routes such asK–L2,3 followed by
L2,3–N is negligible.

Assuming then that all of the Kr1+ results from theKb2
production of f4pg, which cannot further ionize, all
Kb-coincident ions withq.1 mustoriginate from the decay
of f3lg states. Since thef3dg contribution to the branching
ratios is smallfGsKb5d<0.0002GsKb1,3dg [13], we therefore
associate all observedsq.1d ions coincident with theKb
line as originating from the decay off3pg states. Ions coin-
cident withKa decay originate from the decay off2pg states.

Table I summarizes our results. The apparent difference
between our previous values and the presentf2pg values for
q=6, 7, and 8 is due to the normalization requirement for
each distribution. For comparison, the early work of Carlson
et al. [16] for decay ofL2,3 vacancy states is included. These
values are derived from measurements of ion yields excited

at several energies using resonance lines, and from cross-
section estimates to extract subshell yields. With their
method understood, agreement with our direct results is quite
good. Column 6 lists the(j-averaged) measurements of Mat-
suiet al. [10] for decay of thef3pg state. These values are the
result of ion-yield measurements in coincidence with zero-
kinetic-energy photoelectrons, as incident photon energy is
swept through theM2 and M3 thresholds. The good agree-
ment between their results and ours provides an independent
check for our MCP efficiency corrections.

The above-threshold data are compared with theory in
Fig. 4. Panel(a) displays the comparison forf2pg initial va-
cancy states. The data of Table I is seen to be in reasonable
agreement with both the(j-averaged) calculations of Kochur
et al. [14] and those of El-Shemiet al. [15]. In panel (b)
however, the calculations of Kochuret al. [14] for f3pg ini-
tial states are in poor agreement with experiment; much of
the theoretical Kr3+ intensity is shifted into observed Kr4+

and Kr5+ channels. Matsuiet al. [10] have devoted some
discussion as to the possible decay routes, which include
double Auger processes.

Finally, while not included in Table I, we have observed a
trace (0.4%) Kr6+ peak in theKb-coincident data. This
charge state can not be populated from decay off3pg or f3dg
states due to energy conservation. Furthermore,K–M1 decay
is very improbable[17]—especially so here, since in two-
photon decay(the main process), the two ejected photons
share the transition energy which would mostly lie outside
our coincidence windows. Hence, the population off3sg
states can be discounted. Therefore, the Kr6+ Kb-coincident
peak most likely arises from the overlap of a weakKa line-
shape tail and theKb coincidence window. Any error arising
from a similar effect for theKb ions listed is negligible.

FIG. 3. Branching ratios for Krq+ production in coincidence
with Kb emission, as a function of incident-photon energy. The raw
data[e.g., of Fig. 1(b)] has been corrected for a charge-dependent
ion detection probability. The data points are connected by lines to
better indicate the trends.

TABLE I. Above-threshold Krq+ decay probabilitiesPq, in per-
cent. Column 2 displays our previously measured[5] values, which
reflect a weighted average of decay fromf2pg, f3pg, andf4pg states.
Also listed are our present results for ion abundances in coincidence
with Kr Ka (column 3) andKb (column 5) emission. These are the
branching ratios for cascade decay beginning from thef2pg and
f3pg states, respectively. Columns 4 and 6 compare our results with
the measurements of Carlsonet al. [16] and Matsuiet al. [10].

q
Ka, Kb average

Ref. [5]

f2pg f3pg

Present Ref.[16] Present Ref.[10]

8 0.8 (0.3) 1.0 (0.1) 1.0

7 5.4 (0.3) 6.7 (0.3) 8.0

6 20.7(0.7) 25.0 (1.0) 21.0

5 30.1(0.9) 33.1 (1.4) 37.0 5.2(0.2) 5.0 (0.3)

4 32.2(0.9) 31.0 (0.8) 29.0 32.6(1.3) 36.3 (1.8)

3 8.6 (0.4) 2.3 (0.1) 3.0 58.6(3.2) 56.3 (3.3)

2 1.5 (0.2) 0.8 (0.1) 1.0 3.5(0.6) 2.3 (0.1)

1 0.9 (0.1) ,0.5
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C. Threshold analysis

From Eq. (9), the energy dependence of the coincident
Krq+ branching ratios is dictated by the two parametersPq

andCq. Once these are determined from the data, the average

sticking probabilitiesŜq can be extracted. In keeping with
our resolve to analyze the data with a minimum of theoreti-
cal modeling, we proceed differently than in Part I.

One interesting procedure along these lines involves the
elimination of the unknown functions* / sT from Eq. (9),
leading to linear relations between branching ratios of differ-
ent charge states. A plot ofBq versesBq8 as a function of
Eedgeproduces a line whose slope isCq/Cq8. While this pro-
cedure is completely free of any input from theory, it can

only result in relative values ofCq, and thusŜq. To determine
them absolutely, some estimate of the cross-section ratio
s* / sT is required—at least at one energy.

Determining theŜq absolutely is important; if all their
values fall between 0 and +1 the validity of the SCD model
is strengthened. Since modelings* / sT can not be avoided,
we proceed to model the function in the following fashion:

From total(non-coincident) ion yields scanned across the
edge, we have an experimental representation ofsTsEedged.
Since the ionization cross sections+ can be modeled with far
fewer assumptions than the resonance cross section, we write
s* / sT=1−s+/sT. If the transition matrix elementD«

=kgroundur uf1sg«pl is reasonably flat for low energies(i.e.,
D«<D0), then we may approximate[3,8]

s+sEexcd =E
0

`

uD«u2d«

sEexc− «d2 + GK
2/4

< slimit
+ F1

2
+

1

p
tan−1 S2Eexc

GK
DG , s11d

in the near-threshold region. Hereslimit
+ =2puD0u2/GK is the

constant, limiting value of the above-threshold cross section.
(Note that this is really a scaled cross section, since through-
out this work we neglect a number of constant factors for
clarity.) The validity of this acrtangent approximation in the
present case is inferred from the observed ion-yield above
threshold: The yield has a slight positive slope(averaged) for
energiesEexc=6–33 eV. Bycomparing this slope with nu-
merical simulations ofs+ that include slowly varying models
of D«, we estimate thats+ deviates from the arctangent ap-
proximation by no more than 3% ofs+s0d over the energy
range of interest.

In terms of the incident energy relative to the edge inflec-
tion point, our model function is thus

s*

sT
= 1 −slimit

+ gsEedge+ Dd
sTsEedged

, s12d

with

gsxd =K1

2
+

1

p
tan−1 S 2x

GK
DL

bandpass
. s13d

The brackets here denote an average over the distribution of
incident-photon energies. We take the bandpass function to
be Gaussian with a 2.5 eV full-width at half-maximum. The
constantslimit

+ is determined from the above-threshold ion
yield.

Numerical experimentation shows that the functiongsxd is
fairly insensitive to changes in the bandpass-width around
2.5 eV. The offset,D, between the positions of the edge and
threshold, is thus the major contributor to error in the model.
Figure 5 displays the resulting model fors* / sT. For the
present work—with low bandpass—we useD=−3.5 eV, in

FIG. 4. Comparison of above-threshold Krq+ branching ratios
with theoretical predictions. Panel(a) displays our experimental
results(circles) for ions coincident withKa emission and the ex-
perimental results of Carlsonet al. [16] (boxes), together with the
j-averaged L2,3 probabilities calculated by Kochuret al. [14] (solid
bar) and El-Shemiet al. [15] (dashed bar). Panel(b) displays our
results(circles) for Kb-coincident ions, together with the measured
values of Matsuiet al. [10] (triangles) and the calculated results of
Kochur et al. [14] (solid bar) for decay from Kr M2,3 states.

FIG. 5. Model function of Eq.(12) for the ratio of Kr K-shell
excitation-to-total cross section. The central, solid line corresponds
to an offset parameterD=3.5 eV. The broken lines indicate the
change resulting from varyingD by ±0.5 eV.

ARMEN et al. PHYSICAL REVIEW A 69, 062710(2004)

062710-6



keeping with the work of Breiniget al. [8] sD<−3.4d. This
choice corresponds to the solid curve in the figure, while the
broken lines indicate how the cross-section ratio changes
whenD is varied by ±0.5 eV.

Using the model of Eq.(12), simple least-squares fits of
the branching ratios to Eq.(9) provides estimates for the
parametersCq and Pq. Figure 6 displays two example fits.
The high energy data, which lie above the multiple-
excitation thresholdssEedge.12 eVd, have been excluded
from the fit. The fit results forKa andKb coincident spectra
are listed in Tables II and III, respectively.

The above-threshold branching ratios of Table I were de-
rived assuming that the resonance cross section was negli-
gible atEedge=10 eV. From Fig. 5, it can be seen that this is
reasonably the case: our model indicts thats* / sT<0.05

there. The fitted values ofPq in Tables II and III now reflect
the “best” values consistent with our branching-ratio model.
Within error, these probabilities still sum to unity and agree
with the values of Table I.

With the values of Tables II and III established from the
fits, the average sticking “probabilities” can be extracted re-
cursively from Eq.(7). The recursion can proceed in either a
forward or backward direction, with the accumulated error
propagating in the respective directions. Our inability to de-
tect Kr1+ poses a problem for beginning the forward recur-
sion. From the discussion in Sec. IV B, there is no produc-
tion of Kr1+ expected above-threshold( e.g.,Ps1d=0) due to
decay of either thef2pg or f3pg states. However, near thresh-
old there should be some Kr1+ yield due to spectator decay to

Kr2+ cores. In particular, we haveCs1d=Ps2dŜs2d. By definition
oCq=0, hence the sum of the observedCq ideally specifies
Cs1d. In practice though, from Tables II and III it is seen the
accumulated error inoCq is quite large, and the sums are
statistically consistent with 0. Furthermore, the sums would

indicate thatCs1d,0. While a negativeŜs2d is allowable from
the general definition, it is incompatible with our expectation
that Ps1d=0. For the moment, we assume thatCs1d!Cs2d, so

the forward recursion can be started asŜs3d<Cs2d /Ps3d. In
Sec. V we will examine this point more carefully.

Table IV lists our results for the sticking probabilities. In
Part I we devoted considerable discussion as to why it is

reasonable that theŜq are increasing functions ofq. This is
seen to still be the case in general—but with the notable
exception of decay fromf2pgnp states to Kr3+. Note also

that, while the present values ofŜq are still consistent with
probabilities, they are larger than the “average” values we
extracted in Part I. This is partly due to the approximation of
Part I leading to minimum probabilities. The remainder of
the increase is believed due to the large bandpass of the
earlier experiment. While the bandpass was taken into ac-
count in the earlier model, the model itself was much more
parameter dependent than the present one.

Finally, as mentioned above, the offsetD causes the most
notable changes in the model function(Fig. 5). However, we

find the fitted values ofŜq are surprisingly stable to variation
in D. By reanalyzing the data withD→D±0.5 eV, we find

the derivedŜq change by no more than 0.8%.

FIG. 6. Two examples of least-squares fits of branching ratios to
Eq. (9) using the model function of Fig. 5. The triangular data
points at high energy, connected by broken lines, are above thresh-
old for multiple excitations and are excluded from the fit.

TABLE II. Results of fitting theka-coincident Krq+ branching
ratios to Eq.(9). These parameters describe the decay of excited
states associated with a 2p shell hole.

q

f2pg

Cq Pq (%)

8 −0.0038(0.0002) 0.93 (0.05)

7 −0.001(0.0021) 6.29 (0.13)

6 −0.0653(0.0128) 24.81(0.73)

5 −0.0197(0.0204) 33.21(1.16)

4 0.0807(0.0109) 30.92(0.60)

3 0.0310(0.0011) 2.28 (0.05)

2 0.0096(0.0016) 0.87 (0.08)

Sum 0.0024(0.0266) 99.30(1.51)

TABLE III. Results of fitting theKb-coincident Krq+ branching
ratios to Eq.(9). These parameters describe the decay of excited
states associated with a 3p shell hole.

q

f3pg

Cq Pq (%)

5 −0.0347(0.0026) 4.93 (0.17)

4 −0.0739(0.0180) 32.92(1.04)

3 0.0378(0.0505) 56.43(2.73)

2 0.0865(0.0109) 3.80 (0.55)

Sum 0.0157(0.0548) 98.08(2.98)
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V. DISCUSSION

A. General remarks

The detailed results of the preceding section(Table IV)
suggest a number of interesting points to consider. Our new

value forŜs3d (for the f2pg case) clearly violates the expected

trend of increasingŜ with q. It also appears that, for a given
qsÞ3d, the sticking probability tends to decrease if the initial
hole fig lies deeper in the atom. These trends have been
identified previously in the decay of the two-hole Arf2p2gnp
states[18].

The operational definition ofŜq allows no real basis for
dealing with these kinds of questions. Therefore, we must
lean on the SCD model for any further insight. Although
somewhat simplistic, the SCD model provides a framework
for conjecture. How far any conclusions based on it can be
trusted is, in itself, a matter of interest.

The SCD result for the sticking probabilities[Eq. (5)] can
be rewritten as

S̄qsnld = o
m

rq,mFq,msnld. s14d

The ratiosrq,m=sPm
q /Pqd are the probabilities that, of all pos-

sible (diagram) cascade decay to an ion of chargeq, the
specific cascadefig→Am

q+ occurs. These relative probabilities
depend only on the diagram cascade process. The factors
Fq,m also include a weak cascade dependence(through the
shake probabilitiesfn,m

q ), but also incorporate properties of
the resonant final statessAm

q+dml through the microscopic
sticking probabilitiesssq,m ;mld.

TheFq,m can be estimated without excessive computation,
and doing so provides further insight into the SCD model. As
outlined in Part I, to proceed one makes the assumption that
the microscopic sticking probabilitiesssq,m ;mld are either 1
or 0, depending on whether or not(respectively) the state
sAm

q+dml is stable against participator Auger decay. More pre-
cisely, we assume that if any participator transitionsAm

q+dml

→An
q++e− is energetically possible, then it is not only al-

lowed but is the exclusive decay mechanism. This criteria
can be determined from binding energies alone: If a statem
is found stable against participator Auger decay, then all
states belowsm8,md are stable. Conversely, if the statem
can undergo Auger decay, then all higher statessm8,md can
also. Thus, there is a maximum,mmaxsq,md, such that for all
statesm.mmax we havessq,m ;mld=0. Hence

Fq,msnld = o
mmaxùmùmmin

fn,m
q . s15d

Recall thatfnm
q describes the probability that thenl spectator

electron shakes to theml level as the core undergoesq−1
ionizing steps. HenceFq,msnld is the probability that the ini-
tial nl electron shakes to any statesAm

q+dml stable against
further ionization—and thus “sticks”. In Eq.(15) mmax may
be infinite (all the states are stable) and soFq,m=1 (unlike
core orbitals, shakeoff of excited orbitals is quite small, see,
e.g., [19]). Alternately,mmax may be 0(no excited orbitals
are stable) whenceFq,m=0.

For example, the shake probabilities for theq=3 case are
estimated by

fn,m
s3d = o

m8=5

`

knp1+um8p2+l2km8p2+ump3+l2, s16d

where the superscripts indicate the core charge seen by the
spectator electron at a given step in the cascade. The over-
laps are fairly insensitive to the particular core involved. As
a test, we have calculatedfn,m

s3d using configuration-average
HF overlaps for two distinct core-ionization sequences: an
average 2p decay routef2pg→ f3d4pg→ f4p3g, and a ficti-
tious valence routef4pg→ f4p2g→ f4p3g. The cumulative
probabilities F3,m were found to differ between the two
routes by 0.3% or less.

Hence, while the SCD parametersFq,msnld depend on the
cascade process through their dependence onq, they are
largely independent of any specific details of the cascade,
e.g., the initial hole statefig.

B. SCD model: Kr1+ yields and Ŝ
„2…

In this subsection, we reexamine the yield of Kr1+ ions
observed in our previous work. In the present work, we have
assumed that anyabove-thresholdKr1+ originates fromf4pg
decay(Kb3 coincidences). However, in the threshold region
there should be a resonant production of Kr1+ due to
sKr2+dmp states arising fromf2pgnp andf3pgnp decay. This
resonant production in turn is related to the above-threshold
production of Kr2+. Since Kr1+ ions are not measured in the
present experiment, it is an important check that the new
measurements of coincident Kr2+ be consistent with our old
results for Kr1+. Furthermore, to extract more accurate low-q

values ofŜq from our measurements, the forward recursion
scheme must be used—and we must therefore have some
estimate onCs1d.

Our previous experiment did not distinguish betweenKa
andKb coincident ions. Hence, we must consider the yield

TABLE IV. Derived values of the sticking “probabilities”Ŝq for
decay originating fromnp initial states containing either a 2p or 3p
hole. For each state, the recursion can go in either the forward or
backward direction, with the forward recursion begun assuming

Ŝ2P2=0.

q

Ŝq f2pg Ŝq f3pg

Forward Backward Forward Backward

8 0.67(2.87) 0.41 (0.02)

7 0.58(0.42) 0.54 (0.04)

6 0.41(0.09) 0.40 (0.05)

5 0.37(0.04) 0.36 (0.07) 1.02 (1.11) 0.70 (0.06)

4 0.13(0.01) 0.12 (0.09) 0.38 (0.16) 0.33 (0.06)

3 0.42(0.07) 0.32 (1.17) 0.15 (0.02) 0.13 (0.10)

2 −0.27(3.08) −0.41 (1.44)
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of Kr1+ from f2pg, f3pg, andf4pg hole states.(Contributions
from the f3dg state are found negligible.)

Consider first the Kr1+ yield associated with thef4pg
state. Since this state is stable, there is a nonresonant(dia-
gram) yield Ys1d=13s+. There is no resonant contribution
s~s* d since there is no possibility of the resonantf4pgmp

states ionizingsŜs1d=1d. (These states thus produce a neutral
yield Ys0d=13s*.)

Of the remaining initial hole states, nonresonant produc-
tion of Kr1+ is quite small[Sec. IV B]. Hence, any produc-
tion of Kr1+ originating from these hole states is almost en-
tirely due to the resonant routefignp→ f4l ,4l8gmp.

The theory outlined above can easily be applied to the
case ofsKr2+dmp. In fact, the SCD model should be most
applicable in this situation. The basic tenet of the model, in
the present context, is that the probability offignp→ f4lg
participator Auger decay is very unlikely in comparison with
fignp→ f4l ,4l8gmp spectator decay. The resonant production
of Kr1+ thus depends on the probability that themp electron
sticks to the Kr2+ core.

To test this basic SCD hypothesis, we have calculated
partial rates for the spectator and participator channels.
These calculations were preformed in LS-coupling using re-
laxed, configuration-average HF wavefunctions, with a sta-
tistical average over initial substates. For thef2pg5p initial
states, the total spectator and participator partial rates are
6.7310−2 and 4.1310−4 ma.u., respectively. Similarly, the
f3pg5p transition rates are 2.6 and 1.7310−2 ma.u. In either
case, the ratio of participator to spectator probability is
<0.006, and so the basic SCD premise is apparently justi-
fied. However, it should be noted that participator transitions
are not necessarily weak compared to every spectator transi-
tion: for example, thef3pg5p-f4pg rate is comparable to that
of the weakf3pg5p-f4s2g5p transitions1.5310−2 maud.

With the SCD model justified, the Kr1+ yield from the
f2pg and f3pg hole states is thenYs1d=Ps1dsT+Cs1ds*

< Ps2dŜs2ds*. Table V lists the ingredients needed to calculate
the q=2 sticking probability for the 5p and 6p resonant
states. The relative probabilitiesrm are derived from our HF
rate calculations mentioned above. The parametersFm have
been calculated as outlined in the last subsection. The differ-

ence inFs3d between the 5p and 6p cases is due to the fact
that the 6p orbital shakes to higher levels than the 5p. Thus,
on average the finalmporbital is less tightly bound in the 6p
case, and can thus take better advantage of thes1Sd-s3Pd
multiplet splitting to ionize. Since the resonant cross section

is dominated by the 5p state, we approximateŜs2d

< S̄s2ds5pd.
The f2pg andf3pg yields can then be computed using our

measured values ofPs2d. Each of thef2pg, f3pg, and f4pg
yields are weighted by the relative branching ratios ofKa,
Kb1,3, andKb2 decay[13], respectively, corrected for detec-
tor efficiency. Finally, we arrive at the expected Kr1+ yield
for our previous experiment:

Ys1d = 0.0106s+ + 0.0095s*. s17d

The first term arises almost entirely from the decay tof4pg
diagram states. The second term is due chiefly to decay of
f2pgnp and f3pgnp resonant states. Iffignp participator de-
cay is included, an additional term 0.0003s* is added.
Hence, a fortuitous combination of resonant and diagram
contributions from different initial hole states results in a
Kr1+ yield proportional to the total cross section:Ys1d

<0.01sT. Figure 7 displays our previous results forYs1d,
together with the scaled total-ion edge, proportional tosT.
The agreement between both sets of data confirms our ex-
pectations of Eq.(17). Also shown in the figure is an esti-
mate ofs+, derived from the convolution of Eq.(13) with
the experimental bandpass.

The application of the SCD model to the tractable case of
Kr1+ thus provides a fairly detailed and consistent interpre-
tation of our earlier results. Hence, we are reasonably confi-

dent in using the SCD results forŜs2d to reexamine the for-

ward recursion scheme, which derives values ofŜq from our
measuredCq.

TABLE V. Parameters relevant to the SCD calculation of the

sticking probabilitiesS̄s2ds5pd. Fmsnpd describes the probability that
fignp→ sKrm

2+dmp, for all m stable against ionization. The param-
etersrm are the relative decay probabilities to the specified cores,
for fig=f2pg and f3pg. Finally, the sticking probabilities are calcu-

lated asS̄s2d=oFmrm.

m Krm
2+ Fms5pd Fms6pd rmf2pg rmf3pg

1 f4p2gs3Pd 1 1 0.362 0.293

2 f4p2gs1Dd 0.997 0.987 0.301 0.275

3 f4p2gs1Sd 0.743 0.086 0.085 0.093

ù4 f4s4pg and f4s2g 0 0 0.252 0.339

S̄s2ds5pd 0.725 0.637

S̄s2ds6pd 0.666 0.572

FIG. 7. Flux normalized yield of Kr1+ ions(triangles) coincident
with Ka, Kb fluorescence, as a function of incident photon energy
across theK-shell edge. The circles connected by dotted lines are
the total-ion edgesT, scaled to the Kr1+ yield. The dashed line is an
estimate ofs+, the ionization component of the edge. If there were
no contribution from resonantf2pgnp and f3pgnp initial states, the
yield would follow s+.
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From the preceding discussion we have SCD estimates for

Cs1d=Ps2dŜs2d: Cs1d=0.0066±0.0009 for thef2pg case, and
Cs1d=0.0223±0.0038 in thef3pg case. Here, the uncertainty
comes from our measured values ofPs2d. Contrary to our
earlier assumption, these are not negligible in comparison
with our measured values ofCs2d (Tables II and III). Begin-
ning the forward recursion using these new values has little

effect on most of the corrected values ofŜq, except for in-

creasingŜs3d dramatically in thef2pg case. In Table VI we

collect the “best” values forŜq. These are values with mini-
mum error, taken from either the backward or the forward

recursion scheme, started with the SCD estimate ofŜs2d.
The results of Table VI show that our “general” trend of

Part I (viz. increasing sticking probability with increasingq)
is now clearly violated for both the off2pg and f3pg decay.

Instead, we find thatŜq is large for the lowest values ofq,
drops dramatically, and then increases—perhaps becoming
constant for the larger values ofq.

C. SCD model: Ŝ
„3…

If the SCD model is applicable for theq=2 case, what
about the case ofq=3? This situation is particularly interest-

ing since the value ofŜs3d decreases asfig becomes less
tightly bound, contrary to all other cases.

Before proceeding, a few remarks on how applicable the
SCD model is to theq=3 case are in order. Specifically, are
participator channels negligible in the first and second steps
of the ionization? The resonant decay paths to the states

sKrm
3+dmp, which predominantly determineŜs3d, follow the

route fignp→ ff ,4lgm8p→ f4l3gmp. We have seen that par-
ticipator decay in the first decay step is reasonably small in
comparison with the spectator transitions of interest here.
The question thus centers on the relative probability of par-
ticipator decay from the resonant intermediate states. How-
ever, such transitions are of the fromff ,4lgm8p→ f4lg+e−,
and would lead to the resonant production of Kr1+. Since the
probability of fig→ ff ,4lg is much larger than that offig
→ f4l2g considered in the last section, any significant partici-

pator decay fromff ,4lgm8p resonant states would produce a
large contribution to resonant Kr1+ yield (which is already
adequately described), we conclude that participator transi-
tions are again negligible.

To proceed with the SCD calculation of decay to Kr3+, we
first identify thecorestates Krm

3+ that are stable against Auger
decay. Within the single-configuration HF scheme, these are
the eight LS-coupled valence states with three holes:f4p3g,
f4s4p2g, andf4s24pg. Of these states, it must be determined
for which values ofm the resonant statessKrm

3+dmp are en-
ergetically stable against participator Auger decay.

The calculation forF3,msnld proceeds in a similar manner
to theq=2 case. Because thef4p3g multiplet splitting is com-
parable to that of thef2p2g configuration, while thenp bind-
ing energy is increased due to the larger core charge,
Fs5pd<1 for all threef4p3g substates. However, the binding
energy is small enough thatFs5pd=0 for any of thef4s4p2g
or f4s24pg inner-valence states. Thus, the 5p initial orbital is
“stuck” if the core cascade ends in any of thef4p3g states.

Again, takingŜs3d< S̄s3ds5pd, we have the simple result that

Ŝs3d is the probability of diagram cascadefig→ f4p3g, relative
to all fig→ f4l ,4l8 ,4l9g transitions.

Unlike the q=2 case, the probabilitiesrs3d,m cannot be
easily calculated. However, we are only concerned with the
probability of all fN2,3N2,3g states, which can be estimated
using the closed-shell decay probabilities of Kochuret al.
[14]. The decay probabilities can be traced for each cascade
step, roughly correcting the probabilities in the second step
to account for open subshells[21]:

The first step off3pg cascade decay, resulting in Kr3+,
must bef3pg→ f3d,4lg. The Kr3+ is a major decay product
of f3pg decay because of this strong Coster-Kronig channel.
The 3d hole then decays viaf3dg→ f4l8 ,4l9g forming
f4l ,4l8 ,4l9g. We estimate that thef4p3g states are populated
with a probability of 0.13 relative to all diagram cascade
f3pg→Kr3+. While this value roughly agrees with our mea-

suredŜs3d<0.19, the agreement may be fortuitous since the
scheme also predicts an absolute Kr3+ probability Ps3d

=97%—in very poor agreement with the measured value of
59%. The work of Matsuiet al. [10] implies that much of
this “excess” Kr3+ probability is dispersed to higher charge
states due to af3pg→ f3d,4p2g double Auger decay in the
first step. If this is the case, then ourrelative probabilities
rs3d,m would remain unchanged and the SCD model would
apply. Note that in this case, the SCD model would require a
slight modification forq.3 to account for high-probability
double ionization steps.

Decay from thef2pg state forming Kr3+ is much more
complicated than from thef3pg state. However, the cascade
is still largely dominated byf2pg→ f3d,4lg in the first step.
In this case we estimate the relative probability of thef4p3g
states is 0.18, in very poor agreement with our measured

value ofŜs3d<0.71. Here, the estimated absolute probability
Ps3d=2.2% agrees well with our measured value.

While the estimate for thef2pg value of Ŝs3d is in poor

agreement with our measurement, the trend is correct:Ŝs3d is

TABLE VI. Best values for the sticking probabilities. These are
our results from either the backward or corrected-forward recursion
values. The values forq=2 are calculated from the SCD model.

q

“Best” Ŝq

f2pg f3pg

8 0.41(2)

7 0.54(4)

6 0.40(5)

5 0.39(3) 0.70(6)

4 0.15(1) 0.33(6)

3 0.71(8) 0.19(2)

2 0.73 0.64
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larger in f2pg case than in thef3pg case. This feature stems
from the fact thatf4p3g valence configurations are populated
more often inf2pg→Kr3+ than inf3pg→Kr3+ cascade decay.

D. Average charge

What can be said about the present results in light of the

general (or operational) definition of Ŝq [i.e., Eqs.(3) and
(8)]? The state-specific, average sticking probabilities are
given by

S̄q+1snld =
1

Pq+1 o
q8=qmin

q

fPq8snld − Pq8g. s18d

If S̄q+1snld.0, the cumulative probability for fignl
→Aq+,Asq−1d+. . . , Aqmin+ must be greater than that forfig
→Aq+, . . . , Aqmin. In terms of a causal relationship
Pq⇒ Pqsnld, a positive “sticking probability” implies a trans-
fer of nonresonant probability to lower charge states. This is
the generalized notion of the spectator electron sticking.

The only physical interpretation of theS̄qsnld, outside of
the SCD model, is that their average indicates a shift in av-
erage charge between diagram and resonant cascade:

kqlnl = kqld − kS̄qsnldld. s19d

Here, the subscriptsnl andd refer to averages with respect to
the resonantPqsnld and diagramPq probability distributions,

respectively. Thus, a positiveaverage S̄q indicates a decrease

in the resonant average charge. The average ofŜq thus im-
plies the decrease in average charge for the cross-section-
averaged collection of allnl resonant states.

Table VII displays the average charge and sticking prob-
ability associated with thef2pg and f3pg initial states, de-
rived from the results of the last section. Also shown is their
ratio, which is similar for either initial state hole(within the
large uncertainty). While this result may be coincidental, it
suggests the empirical relationkqlnl<0.93kqld, regardless of
nl or the type of initial hole.

E. Further speculation

The preceding analysis and discussion makes clear that,

while the parametersS̄qsnld are well defined, in practice they
are difficult to extract from experiment. In simple cases,
where there are isolated resonances below threshold, the job
is much easier. This is the case for the ArK-shell edge:
where the 4p resonance is conspicuous it is possible to iso-

late S̄qs4pd andS̄qs5pd associated with the double-hole initial
states Ar f2p2gnp [18]. However, for cases such as the
present Kr example, a number of approximations must be
made, and a variety of subtleties arise. How can the present
results and conclusions be confirmed or tested?

The case of Kr1+ yields is clearly an important one, be-

cause an accurate knowledge ofŜs2d is necessary to extract

values of Ŝq for higher q. Hence, future work should be
careful to acquire Kr1+ data with sufficient statistics, prefer-
ably distinguishing betweenf3pg and f4pg initial holes (i.e.,
Kb1,3 andKb2 coincidences). The SCD predictions outlined
above are consistent with our previous data, which is a com-
posite off2pg, f3pg, and f4pg decay. It would be an impor-
tant step to verify these predictions for the individual cases:
f2pg andf3pg yields should only have resonant components,
and thef4pg yield only a diagram component.

The comparison ofŜq between different initial holesfig is

also interesting. If theŜq are to prove useful parameters in
describing generalities of cascade decay, this is an important
consideration. For fixedq, the final states and number of
ionization steps is independent of the initial hole. Hence the

change inŜq with fig must be strongly related to how the
population of these final states differs between the different
cascades. For theq=3 case, we have seen that the SCD

model goes further to directly link the parameterŜs3d as the
probability of diagramfig→ f4p3g, relative to allfig→ f4l3g
decay. This could, in principle, be confirmed by measuring
the UV decay off4s2,4pg and f4s,4p2g to f4p3g in coinci-
dence with Kr3+. A number of very real practical difficulties
would have to be dealt with, however.

VI. CONCLUSION

We have reported new measurements of Krq+ ions, now
coincident with eitherKa or Kb fluorescence. Because of the
improved bandpass of the present experiment, much more
detail is apparent in the behavior of the ion branching ratios
as incident-photon energy is swept through the KrK-shell
threshold.

From the branching ratios just above threshold, we have
obtained new measurements of the ion charge-state prob-
abilities for decay from the Krf2pg and Kr f3pg states. The
f3pg probabilities are in good agreement with those mea-
sured by Matsuiet al. [10]. Our measured probabilities for
the f2pg state are found to be in reasonable agreement with
the calculated values of both Kochuret al. [14] and El Shemi
et al. [15].

The behavior of the branching ratios in the threshold re-
gion have been outlined theoretically. A new method of
threshold analysis, requiring as little as possible support from
theory, has been presented and applied to the data. This

analysis extracts the average sticking probabilitiesŜq, which
we feel are a useful set of parameters for investigating the
general relationship between cascade decay from resonant
and nonresonant hole states. We report the results forq=2
−8 for thef2pg case and forq=2−5 for thef3pg case.

TABLE VII. Average charge, sticking probability, and their ratio
for Kr f2pgnp and f3pgnp decay.

f2pg f3pg

kqld 4.99 (0.08) 3.33 (0.09)

kŜqld
0.34 (0.17) 0.27 (0.16)

kŜdld/ kqld
0.068(0.034) 0.081(0.048)
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Using a simplified model, we have computedŜq for q
=2 for the relevant cases, and reanalyzed our old data in light

of these results. Our calculated values ofŜs2d were found to
adequately describe our old Kr1+ results. These theoretical
results were employed to correct some of the fitted estimates,
and we have presented a table of our “best” estimates for the
sticking probabilities. We find the sticking probabilities vio-

late the “general” trend(of increasingŜq with increasingq)
proposed in our earlier work. Computation for theq=2 and
q=3 cases reveals that this violation is consistent with our
simplified model of decay. Finally, we have presented some
speculation on future work needed.
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