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Threshold-region measurements are reported for the production of single-vacancy and

multiple-vacancy configurations of atomic argon by monochromatic x-ray photons in the re-

gion of the 1s ionization threshold. The experiment used monochromatized synchrotron ra-

diation produced in the six-pole wiggler at the Stanford Synchrotron Radiation Laboratory
with 3.2-CireV electrons at circulating currents of 20—30 mA. Secondary radiation including

elastically and inelastically scattered radiation as well as fluorescent spectra were analyzed

in a focusing spectrometer with a linear position-sensitive detector. Fluorescent spectra in

the KP region were modeled by inclusion of spontaneous decay of double-vacancy configu-

rations of the type KM~M'. This multiplet model permitted extraction of partial cross
sections for the production of KMi and KM» ~i~ configurations. This report also contains
new data on details of absorption fine structure in the region of the single-vacancy threshold

and the principal double-vacancy thresholds.

I. INTRODUCTION

Observed x-ray emission spectra excited far above
a single-vacancy threshold energy show both single-
and multiple-vacancy features. awhile these may be
plausibly disentangled in simple systems by theoreti-
cal estimates and appeals to obvious empirical regu-
larities, such analyses are not practical for systems
having an interesting level of complexity. Similarly,
there are features found in the absorption spectra of
even monatomic gases which are apparently associ-
ated with energetic thresholds for opening of chan-
nels to multiple-vacancy configurations which are
the initial states for many satellite emission features.

Study of the threshold behavior of x-ray emission
spectra excited by tunable x radiation provides an
opportunity to correlate the effects of multiple-
vacancy processes in emission and absorption spec-
tra. An additional result of such a study is the
threshold behavior of the partial cross section for a
production of particular double-vacancy configura-
tions. Such data are interesting at the present time
since near threshold the standard "shake" model for
multiple-vacancy production becomes inappropriate.
More fundamental calculations which are now
becoming available for simple systems may also be
tested agains~ our data.

Our initial study is of the KP region of atomic ar-
gon excited by monochromatic x rays tunable
through the region of single-vacancy (K) and
double-vacancy (KM) production. The secondary
(fluorescent) radiation, excited by monochromatized

synchrotron radlatlon, was analyzed by a h1gh-
resolution focusing spectrometer with an imaging
detector. In this same study, data were obtained on
the Ka region and on elastic and inelastic scattering
cross sections, but those results will be reported else-

where. The present report focuses on KP fluores-
cence while describing in some detail the experimen-
tal arrangements common to the three subjects. In-
cidental to this emission study we obtained new data
on the general behavior of the photoabsorption spec-
trum throughout the K region.

Results to be reported here are both richer in de-

tail than we anticipated and aNicted by several dif-
ficulties which are not intrinsic. They thus suggest
a need for further measurements which are currently
awaiting final construction of new instrumentation.
Nevertheless, the data which are at hand speak with
considerable clarity. In the concluding section we

discuss follow-on measurements of the spectroscopy
of atomic gases and of more complex systems.

II. GENERAL FEATURES OF THE SPECTRA

Figure 1 is the K threshold absorption spectrum
(as obtained in the present investigation) together
with an emission spectrum of KP& 3 and its principal
high-energy satellites g and P". This emission
spectrum was excited by 10-keV electron bornbard-
ment of argon flowing from a gas jet. ' The main
features of the absorption spectrum are the (partly
visible) Rydberg series 1s~np (n &4) (A) together
with an adjacent continuum, as were described by
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FIG. 1. Argon emission and absorption vs energy.
Ar KP emission (circlesi was stimulated by 10-kV electron
bombardment. The Ar K-edge absorption spectrum (solid

linc) was obtained at SSRL.

Parratt in 1939 (Ref. 2) and later by Brogren. More
detailed modeling and data fitting have not per-
turbed Parratt's analysis noticeably but have served
to locate the beginning of the continuum 2.70 eV
above the first (4p) resonance. A subsequent feature
(8) -22 eV above the main resonance was first seen
in absorption by Schnopper and later by Bonnelle
and %uilleumier * who also reported the second
piece of structure about 12 eV higher (C). From en-

ergy considerations alone it is natural to associate
these two structures with opening of channels lead-

ing to KM»»& and EMI double-vacancy configura-
tions as was done in Refs. 5 and 7. A recent report
by Hastings and Eisenbcrger who used synchrotron
radiation showed the structures in greater detail
and revealed shapes suggestive of the "Fano pro-
files" that are characteristic of interference between
quasibound levels and degenerate continua. As will
be seen below, our data reveal these structures in
still greater detail and encourage us to offer more
specific interpretation than has been previously at-
tempted. In addition, we hope that the availability
of this spectrum will encourage more definitive cal-
culations.

An earlier study of the emission spectrum was
carried out by one of the present authors who used
fluorescence excitation from a conventional x-ray
source. Analysis in Ref. 9 was carried out using
hints from an "isoelectronic" sequence together with
crude wave functions. It was suggested that the
main processes responsible for the emission spec-
trum were as indicated in Fig. 2. The double-
vacancy terms indicated are shifted from the single-
vacancy terms by the direct part of the Coulomb in-
teraction and split, in the usual way, by the ex-

FIG. 2. Diagram of principal argon single- (left} and
double- (right) vacancy transitions expected to produce x-

ray emission near EP energy, using the calculated values

from Ref. 11 for initial states and tabulated values in Ref.
12 for the final states.

change energy. Such a diagram is appropriate only
in the case of an initially closed-shdl atom. Pres-
ence of an open shell (besides those associated with
specific inner- and outer-shell vacancies) leads to
considerably more complex term arrays in both the
initial and final states. Identification of the strong
line was retained as the unresolved doublet
1$ Si y2 ~3P y I i y2 3' (hole states arc underlined) y

i.e., IC~Mn, Mnt. The principal satellite group P
was suggested to arise from transitions involving
double-vacancy configurations of the form
1s3p ' I'~3@2'S I' 'D (EM»»& to double M-sheH
vacancies in various combinations). The origin of
XP" was not unambiguous at that time and its ap-
parent lack of structure was puzzling.

III. EXPERIMENTAL APPARATUS

The measurement program we are reporting de-
pends on both an intense source of radiation and ef-
ficient utilization of the secondary spectra. It will
thus appear in what follows that we required a high
Aux (-10' photon/scc) source of tunable, mono-
chromatic x rays, implying a high-energy electron
storage ring source with wiggler enhancement.
Furthermore, an imaging spectrometer was
developed yielding a significant multiplex advantage
in the acquisition of secondary spectra.

Our measurements were carried out at the Stan-
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ford Synchrotron Radiation Laboratory during dedi-

cated operation of the electron storage ring
SPEAR. ' The stored electron current was in the
range 20—80 mA at a nominal energy of 3.2 GeV.
%'e used radiation produced by a six-pole transverse
wiggler' operated at a magnetic field of 1.1 T (11.2
kG).

The incident radiation was monochromatized
(with Rn cffectlvc 1csolUtlon near 1 cV) by 8 separat-
ed function focusing two-crystal monochromator as
described by Hastings et al." The initial optical ele-
ment was a mirror adjusted to produce a focus in
the sample region. The two Si(111) crystals were

separately mounted and aligned in the monochroma-
tor. Additional adjustment of the crystals was oc-
casionally required due to varying heat load on the
first crystal from the incident radiation (sce Sec. IV
foI' fUrthcr dlscUsslon). Incident Rnd transmitted ra-
diation monitors, together with the sample cell, were
contained in a single aluminum housing (see Fig. 3).
A Be window separated the helium in the primary
monochromator beamline from the helium supplied
to the ion chambers. The sample cell (path of 1.0
cm) contained flowing argon gas at 5X10 Pa (0.5
atm) and was scparatcd fro1Tl thc monitor hcllU1Tl

gas by two other Be windows and from the vacuuIn
of the secondary monochromator by a third Be win-
dow. All Be windows were 25 pm thick. The
preamplified ionization chamber currents were con-
verted from voltage to frequency, then integrated by
counters.

For the secondary spectrometer we combined a
singly bent Sl(111)crystal with R ladlus of 2 m with
a linear position-sensitive proportional counter to
produce synoptic imaging of a small spectral region
centered around the Kpt 3 emission feature. The en-
tire structure was simply assembled from two pieces
of vacuum piping joined by a trapezoidal block
which contained the crystal as is shown in Fig. 3.

The posltlon-sensitive proportional counter was of
thc backgalTlmon variety as described by AllclTland
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FIG. 3. Schematic of sample chamber and secondary
spectrometer.

and Thomas. ' Hybrid charge sensitive preampli-
flers' were affixed directly to the counter body and
subsequent signals processed after postamplification
in the usual way by an analog dividing circuit. '

Gating of the analog dividing circuit was deter-
IYllncd by thc output of R slnglc-channel Rnalyzcl
which examined pulses produced on the counter's
center wire. The counter was operated at a pressure
of approximately 5&10 Pa (0.5 Rtm) with a quasi-
static fill of xenon-methane (90-10). Under the con-
dltlons of oui opc18tlon, pcrformancc of thc coUntcr
deteriorated slowly so that daily evacuation and re-
fill sufficed to ensure optimum operation. Output
from the analog divider circuit was accumulated in
a multichannel analyzer whose contents were period-
ically transferred to flexible magnetic disks.

From the overview given above of emission satel-
lites and suprathreshold structures in absorption
emerge several expectations. First, incident photons
with energies greater than the single-vacancy thresh-
old bUt less th8n double-vacancy thrcsholds should
stimulate fluorescence of the parent line but not sat-
ellites. Specifically, if the emission satellite struc-
ture KP is indeed due to the process KM~M~,
then photons having energies E such that
E(K) gE(E(KM) should produce KPt 3 fluores-
cence hut not the KP satellite. Secondly, if the ex-
tra absorption fcRturcs Rrc lndccd also Rssoclatcd
with opening of channels leading to multiple-
vacancy initial states, then the onset of the satellites
due to multiple vacancies should closely correlate
with tuning of the incident photon energy through
these features. Furthermore, if there is a satellite
such as Kp" whose origin is not clear, finding its ex-
citation threshold is likely to be helpful in narrow-
ing thc I'ange of posslbllltlcs. Also, Rs suggcstcd
above, since the photoproduction of double vacan-
cies is now calculable, data on the energy depen-
dence of appropriate partial cross sections (as ob-
tained from the energy dependence of satellite to
parent intensity ratios) is of current interest. Final-

ly, subshell thresholds Inight also be resolved with a
corresponding elucidation of the multiplet character
ofKP .

An unforcsccn fRctor Rffcctlng oui measurcmcnt
strategy was thc prcscncc of sc11OUs lnstabllltlcs ln
thc primary monochromator. Thcsc werc prlII1aflly
CRUscd by hcatlng of thc first crystal and thc focus-
ing mirror as well as changes in location of the
source following each reinjection of SPEAR. Our
strategy for dealing with this problem involved fre-
quent rescanning of the absorption spectrum and
subsequent relocation of the primary monochroIna-
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tor setting for a specified excitation energy. On the
one hand, these frequent spectral sweeps gave us
some new results on absorption structures (reported
next, below) while on the other hand, they were in-
sufficient to permit concordance of all emission
data. Fortunately, for incident energies within 30
eV of the KP fluorescence, elastically scattered pho-
tons fell within the acceptance range of the secon-
dary spectrometer providing convenient markers.

We present below (Sec. V) the results of absorp-
tion scans and then, in the following section (Sec.
VI), sample emission spectra obtained at several ex-
citation energies as well as excitation functions and
threshold energies for those components into which
we think the spectral profiles can plausibly be
resol ved.

V. THE ABSORPTION SPECTRUM

As was noted above, our measurements were car-
ried out with high photon flux incident on the sam-

ple, and there was need to frequently rescan the ab-
sorption spectrum to account for drifts in the pri-
mary monochromator. These circumstances led to
an accumulation of data on the absorption profile
having excellent statistics both as regards individual
observational variance and a large number of mea-
surement replications. The results provide a more
detailed view of the absorption spectrum than was

previously available.
To gain an overview of the argon K absorption

edge, the measured absolute absorption edge at-
tenuation cross section versus energy is shown in

Fig. 4. Detailed scans were obtained in the vicinity
of expected thresholds with additional isolated
points spanning the incident energies from 3125 to
4500 eV. The individual data points represent aver-

age absorption during periods of up to several hours

(during collection of emission spectra), whereas the
absorption scans were accumulated in a few
minutes. Thus the increased scatter of the isolated
points relative to the data from scanned energies re-
flects the thermal problems and electron-beam drift
mentioned earlier.

For comparison, Fig. 4 also shows the theoretical
photoabsorption cross section versus energy calcu-
lated by the hydrogenic approximation' including
quadrupole and octopole terms. Although the hy-
drogenic approximation is not expected to be reliable
for cross sections at energies below 10 keV, ' it does
provide a convenient basis for comparison of theory
and experiment. As previously found by Wuilleu-
mier, the experiment and simple theory are in gen-
eral quantitative agreement above the K edge.
However, we would like to point out two marked
qualitative differences. First, the sharply peaked
resonance features above the K edge, which have al-
ready been mentioned, and secondly, the significant-
ly greater slope of the experimental curve near
threshold. This latter effect is particularly evident
between 3206 and 3225 eV, where the experimental
cross section drops much more steeply than theory.
This behavior was also evident in the earlier studies
but was not discussed. '

The region below 3206 eV contains the well-
known resonances associated with the 1snp, n )4
Rydberg states. The limiting value of this series es-
timated in the Z + 1 approximation or,
equivalently, by a quan'turn-defect procedure, lies
at 3206.0 eV. At the series limit one can place an
arctangent component intended to describe transi-
tions to the free-electron continuum. Such a model
fits locally but would probably not be sustained by a
more rigorous analysis that would take into account
the slope immediately above the threshold.

Some recent atomic calculations for the 1s pho-
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FIG. 4. Argon x-ray absorption spectrum scanned (dots) and discrete data (triangles) from this study are compared with
previous measurements (Ref. 7) (squares) and hydrogenic calculations (solid line).
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toionization cross section by Manson and Inoku-
ti ' who used Herman-Skillman wave functions
for atoms 8 & Z (30 predict a near-threshold (1 to 3

Ry) structure with significant departures from a
smooth hydrogenic behavior and appreciable Z
dependence. For argon their calculated 1s cross sec-
tion reaches a peak 40 eV above threshold, then de-
creases to a shoulder at about 135 eV above thresh-
old and continues to decrease smoothly thereafter.
The slope from 40 to 135 eV above threshold is
steeper than the following decreasing slope.
Younger has repeated the calculation for argon us-

ing Hartree-Fock wave functions and predicts the 1s
cross section to peak 15 eV above threshold with
similar qualitative behavior as the work of Manson
and Inokuti. Both of these calculations are less suc-
cessful in accounting for the magnitude of the cross
section than is the simple hydrogenic model. Depar-
ture of the calculated cross section from a monoton-
ic behavior is due to energy dependence of the con-
tinuum amplitude at the nucleus arising in the nor-
malization process. It seems possible that a more
detailed calculation using accurate wave functions
might be able to reproduce this near-threshold
behavior. Such an investigation might be a useful
precursor to attempt to account for the much more
complex behavior at and beyond the first double
threshold.

Additional fine details evident in Fig. 4 are shown
more clearly on the expanded scales in Fig. 5. All
energy scales are adjusted so that the onset of the
one-electron continuum is at 3206.0 eV. A local
scale is also shown relative to this starting point tak-
en as zero. In the region 18 to 35 eV above the pre-
viously specified origin, one sees features in general
agreement with prior observations but with im-

proved resolution and contrast (Fig. 5). As a guide
to help identify the structures in this region, we have

made nonrelativistic Hartree-Fock calculations for
a number of configurations. The calculated center
of gravity energies are listed in Table I, together
with the energy separations of the configurations
from the calculated series limit 1s S&~2 and some
relevant excited levels from potassium optical spec-
tra as would be expected to resemble this spectrum
in the Z+1 approximation. Most of the calculated
energy positions are also included in Fig. 5 and ar-
ranged (where possible) as series shown above the ob-
served spectrum. We also indicate the Z+1 ap-
proximation by noting below the spectrum positions
of excited states in the potassium optical spectrum
relative to the E(I) 3p 'So limit which is placed in
coincidence with the Ar 1s threshold at 3206 eV. At
the present time it appears that the Z + 1 approxi-
mation retains a certain utility.

The features designated A and B in Fig. 5 are
plausibly associated with discrete transitions to the
neutral configurations 1s 3p4s and 1s 3p4p, respec-
tively, and possibly with the 1s 3p4s 3d configuration
occurring in the same region. In a single-
configuration model the 1s3p4p can be populated
by shake up while the other two can be populated by
the relatively weaker conjugate shake-up process.
The intensity of the three transitions will be modi-
fied by configuration mixing. This is in qualitative
agreement with the relative sizes of the features A
and B and leads us to suggest associating the labeled
features with the first (and most prominent)
members of their respective series.

The small peak at feature C is in good alignment
with the configuration 1s3p4pep which is the first
member of the single-ion series above the 1s thresh-
old which conforms to the above indicated rule.
The origin of feature D, the weak window, is not
clear, but we suggest that it may be due to the mix-

ing of 1s 3p5pep and 1s 3p5ses configurations of the
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TABLE I. Energy estimates for doubly excited I(M term values as obtained from nonrelativistic Hartree-Fock calcula-
tions and as estimated in the Z+1 approximation using potassium optical data.

Argon
configuration

ground state
1s4p

1s

1s3p4s

1s 3p4s 3d

1s 3p4p2

1s 3p4s

1s 3p4p 5p
1s 3p4p

ls 3p 5s

1s 3p5p

1$3p

1s 3s4s 4p
1s 3s4s

1s 3p24s 3d 4p

1s 3p 24s 4p

1s 3s
1s 3p ~4p

1s 3p2

ls 3s 3p4p

Center for gravity
energy (a.u. )

—526.814 827
—409.48465
—409.387 87
—408.827 62

—408.683 81
—408.650 96
—408.612191
—408.556 08
—408.443 83
—408.410 606
—408.258 31
—408.063 75
—407.938 165
—407.901 58
—407.62156
—407.545 94
—407.487 41
—406.577 564
—406.455 114

Energy above
1$ (eV)

—2.63
0

15.24

16.90

19.15

20.05

21.10
22.63

25.68

26.58

30.73

36.02
39.43
40.43

48.05
50.10
51.69
76.25

79.77

Energy' above

3p (eV,K)

—2.73
0

14.38—14.64

15.93—16.30
15.42—18.08

18.08—18.62
17.97—19.08

20.15—20.64

22.72—26.66

26.36—26.66

31.63

32.SS

K
configuration

3p
~34$

~34$

~34$3d
~34$ Ss

4p2b

~34$

~34p

~35$

~3

3$4$4p

3$

'C. Corliss and J. Sugar, J. Phys. and Chem. Ref. Data 8, 1109 (1979).
M. %.D. Mansfield, Proc. R. Soc. London, Ser. A 346, 539 (1975).

'Reference 26.

singly charged ion with the underlying continuum.
Mansfield observed a somewhat similar window in
the E(I) optical absorption at 336 A and tentatively
classified this feature as 3s4s4p with possible rnix-

ing with the 3p24s 3d4p configuration. %e believe
that the Fano shaped resonance feature E is mainly
due to the opening of the 3s channel, namely, the
neutral 1s 3s4s 4p, but the threshold of the Is 3p dou-
ble ion is also in close coincidence with this feature.
In the local energy region 38—48 eV there are many
possible final states, a few of which are indicated in
Table I. The absence of any prominent feature does
not permit even a suggested identification. The
break at feature H at about 3256 eV could be the
threshold of the double-ion 1s3s or the single-ion
shake off Is 3p 4p, we return to this feature in Sec.
VI. However, the single electron cross section itself
may also contribute a broad structure in this region
as suggested by calculation by Manson and Inoku-
1.23

%e have up to the present made no attempt to
produce a detailed model for the absorption data.
Although the statistical reliability of our data is su-

perior to that used with earlier model calculations, '

we feel that several of the above uncertainties must
be resolved before any meaningful model can be
constructed.

VI. OBSERVATIONS OF EMISSION SPECTRA

Emission profiles at Ar KP energies were acquired
for 55 different primary excitation energies between
—43 and +400 eV relative to the single- (1s) vacan-
cy term value (3613—3606 eV absolute). A spec-
trum [Fig. 6(a)] typical of those obtained at high ex-
citation energies sho~s the same three prominent
features, traditionally labeled KPf 3 KP and KP",
that are seen under electron bombardment (Fig. I)
with the same instrumentation. Ho~ever, at excita-
tion energies between -20 and -60 eV above
threshold the KP" feature disappears and only the
KPv satellite persists [e.g., Fig. 6(b)]. Between
threshold and +20 eV both satellites are absent
leaving only the KP~ 3 diagram line [Fig. 6(c)].
Below threshold (i.e., hv&0) the emission spectra
are dominated by various features due to Compton
(A), resonant Raman (B), and Rayleigh (C) scatter-
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eV, and (d) 3199.2 eV.

ing [Fig. 6(d)] which will be discussed in a subse-
quent paper. There is, in addition, some residual in-
tensity in Fig. 6(d) at the Kpi 3, Kp", and Kp" ener-

gies (the satellites are not clear in the figure) even in
the case of nominally subthreshold excitation. This
fluorescence is due to excitation by higher harrnon-
ics present in the incident beam from the monochro-
mator. The relative amplitude of this contamination
is, however, sufficiently small that it can be neglect-
ed in analyzing the spectra above threshold. Energy
calibration for the reported emission spectra was ob-
tained by detecting the elastic scattered photons at
several settings of the primary monochromator far
from threshold.

The above qualitative observations combined with
our assignment of absorption features from the pre-
vious section permit an identification of the origin
of the satellites. The presence of KP only at excita-
tion energies sufficient to create 1s3p hole states
confirms this feature as a 1s 3p~3p~ transition. In
addition, the appearance of ICP" at energies above
the 1s 3s threshold implies that it is due to
1s 3s ~3s 3p transitions.

In order to extract at least semiquantitative infor-
mation from the emission spectra, we introduce a
model spectrum which takes into account the several
transitions possible from accessible double-vacancy
initial states. Since all such results are to a greater
or lesser degree dependent on the choice of model, a
thorough description of ours is in order. We first
attempted to construct an empirical model from our
data with minimal guidance from theory. Initially,
the simplest emission spectra, i.e., those exhibiting
only the KP diagram line, were fit via a nonlinear
least-squares routine (using the gradient-expansion
algorithm ) to an approximation of a Voight peak
shape. The Voight peak shape was selected to simu-
late the convolution of the Lorentzian shape of the
emission features with the Gaussian instrumental
broadening (mainly due to the electronics). Al-
though the Kp» diagram line is actually a doublet
split by -0.2 eV, best fits were obtained with a sin-

gle Voight peak whose Lorentzian full width at half
maximum (FWHM), I I ——1.29 eV and Gaussian
FWHM, I G ——1.26 eV. The Lorentzian FWHM is
noticeably larger than previous values for KPi &

life-
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time broadening (see for example Ref. 31); this is
likely due to crystal contribution which also has a
Lorentzian shape. Thus the I I values given here
are only upper bounds to lifetime broadening.
Monte Carlo tests of the fitting routine confirmed
that it is unable to resolve two peaks whose splitting
is less than -30% of their (equal) F%HM's.

The model then was extended to include Ep
features. Again the I|.P~ 3 was represented by a sin-

gle Voight peak but with constrained values for po-
sition (i.e., energy) I L and I G. From one to four
additional peaks were included in turn to fit the
EP feature in those spectra with the best statistics.
For simplicity, only spectra with evidence of EP
but not EP" were used during this phase. To mini-
mize the number of free parameters in the least-
squares routine, values of I I for all of the EP
components were assumed to be equal but indepen-
dent of the corresponding parameter for the EPf 3

peak; the same assumption was made for I 6. Best
fits were obtained when three additional component
peaks were employed with I G ——1.3 eV and I I ——1.6
eV. This implies that the instrumental broadening is
constant (as expected) for KP, 3 and XP, but the
multiplet broadening of the multiple-vacancy states

is greater (also quite plausible). The energies and
relative intensities of the three components are corn-
pared in Table II with theoretical predictions.

Although the empirical approach described above
produced a plausible model for selected spectra, the
fitting program could not obtain consistent results
with so many free parameters (three energies, four
amplitudes, and two widths) for those spectra where
the KP satelhte was weak. Furthermore, to ac-
count for spectra with the additional EP" feature,
which is always relatively dim, more components
would be needed. To reduce the number of free
parameters the following assumptions were made.

(1) The instrumental broadening was set to
I 6 ——1.3 eV for all peaks.

(2) The relative amplitudes of the three com-
ponents of KP were held constant and equal to the
statistical ratios obtained using the Burger-
Dorgello-Ornstein sum rule. This assumption is
supported by the good agreement between the exper-
imental ratios in Table II and statistical predictions.

(3) The energy of the low-energy EP feature
('P~'S), which is weak and close to the dominant
EP& 3 line, is held constant. The energies of the oth-
er two I(.'P components ('P~'D and 3P~ P) were

TABLE II, Comparison of various results on energies and relative intensities for the principal multiplet components of
the KM ~M '

transition array.

Energy (eV)
(intensity)

2
KMrr, rrr ~M rr, rrr

3P 3P

1p 1D

1P 1S

This paper

3.7+0.1

(0.64)
2.8+0.1

(0.29)
—1.1+0.3

(0.07)

Deslattes'

-3.7
Dyall

-4.1

3.0
(0.33)
1.2

(0.07)

Asplund'
Moore"

4.3,2.6'

2.8

—0.5

Burger-
Dongello-
Orstein'

{0.60)

(0.33)

(0.07)

KMr ~MrMn rrr

'S —+'P

S~P
'S~ P

5.9+0,8
(0.25)~

7.9+0.1
(0.75)g

3.2 0.9
(0.50)

-6.7
(0.50)
8.6

(1y10-')

4.9
(0.25)

(0.75)

'Reference 9.
Reference 32.

'Reference 11.
Reference 12.

'Reference 33.
Initial-state energies calculated by Asplund predict that the 'Po~ Pr transition is at -2.6 eV while the other P~ P
transitions are at 4.3 eV.
trConstrained (see text}.
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allowed to vary between spectra for reasons dis-
cussed below.

(4) Two additional components ( 5~ P and
'S~'P) were used for Kp" where again statistical
ratios were used to constrain their relative intensi-
ties. In some spectra it was also necessary to con-
strain the low-energy ('5—+'I') component which
again is weak and near the stronger KP features.

(5) The lifetime broadening I L of all three KP
components were set equal but not constrained, and
a separate I I for the two Kp" components was also
obtained from the fitting routine.

Since the lifetime broadening of the various
multiple-vacancy transitions is not expected to vary
with excitation energy, the best fitted values of
I r(KP ) and I I (KP") provide a test for the above
assumptions. We find for all spectra
I I (KP "}=1.6+0.1 eV and I I (KP") =1.7+0.2 eV.
The energies of the KP" components are also com-
pared to theoretical predictions in Table II.

It is implicit in the above model that there are
three types of initial states, 1s(KP~ 3}, Is3p(KP ),
and Is3s(Kp"). In fact, the double-vacancy states
should be divided into three classes: doubly excited
neutrals, excited single ions, and double ions. The
theoretical predictions in Table II are for double
ions only. The presence of one or two electrons in
the excited levels changes the multiplet splitting so
that, in principle, more components should be in-

cluded in the model. The existing data cannot sup-
port so detailed a model, so we have ignored the
multiplet due to the neutral and singly excited
species. However by allowing the energies of the
multiplet components of the double ion to vary, we
can account in an ad hoc way for differential screen-
ing in initial and final states by the additional bound
electrons. Figure 7 displays the best fitted energy
positions of the major multiplet components as a
function of incident photon energy. The energies of
the multiplet components increase steeply with exci-
tation energy near their threshold but not at those
incidence energies where the double ions threshold
should occur. Thus differential screening appears to
be unimportant. The energy shifting of secondary
emission features at threshold is undoubtedly due to
the contribution of resonant Raman scattering.

The best-fit amplitudes of the three groups of
peaks, KP& 3, KP, and KP", were normalized using
the current from the radiation monitors integrated
over the accumulation time of most emission spec-
tra. Thus normalized fluorescence rates were ob-
tained for several inrident excitation energies. These
fluorescence rates can be equated to partial cross
sections for exciting the appropriate initial states
multiplied by fluorescent yields. Figure 8 shows the
ratio of the Epi 3 fluorescence in arbitrary units to

8.0-

)
ID

4.8-

3.2
I—

00
00

o o & o

~ a ~ I

0

1,6-

0 I

0 20 60

INCIDENT ENERGY IeV}

80 100

FIG. 7. Emission satellite energy vs incident energy.
Both fit energies of 1s 3p 'P ~~3' 'D (squares)

1s3p I'~~3 I' (circles), and 1s3s S—+3s3p I' (trian-

gles) are shown.

~ c' ' ~ 0

0
3210

20
I

I

3230

40
I

(

3250

60

I

3270

80
I

(

3290

100
I

I
3310

ENERGY IeVj

FIG. 8. ArEpI 3 fluorescent yield vs energy.

the total attenuation cross section p. Since p is ex-
pected to be dominated by the cross section for
photoemission to 1s single-vacancy ions, Fig. 8 can
be interpreted as a measure of the fluorescence yield
versus inrident photon energy near threshold. Al-
though the scatter previously discussed is again evi-
dent, it appears that the fluorescent yield for Kp~ 3

is roughly constant or slowly decreasing.
The ratio of KP and KP" satellite intensities to

the diagram line intensity versus energy is plotted in
Fig. 9. The amplitudes of the three Kp com-
ponents have been summed as were those of the two
KP" components. By assuming constant fluores-
cence yields for the satellite initial states, one can in-
terpret Fig. 9 as a plot of relative partial cross sec-
tions.
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continuing increase of the EP relative intensity
with photon energy. Further support of the above
suggestion is found in the noticeably larger breadth
of the absorption feature E in Fig. 5 and the lack of
any sharp features thereafter. Needless to say, there
are many other 1s3s neutral and single-ion states
that can release an electron by CK to produce 1s 3p-
like states which will radiatively decay.

The threshold for KP" is at + 50 eV, where the
double ion ls3s is produced. In Ar + the weakly
bound electrons are absent, and the 3s~3p transi-
tion has insufficient energy to release a 3p electron
from Ar +. Hence the 3s hole can decay only by a
(slower) radiative process increasing the opportunity
for 1s3s~3s3p transitions to occur before 3s~3p
transitions. Using feature H in Fig. 5 at 3256 eV as
the threshold of the 1s 3s ' S double ion and the fi-
nal state 3s3p P average energy of 57.5 eV from
Moore, ' one estimates 1s3s S~3s3p P at 3198.5
eV in good agreement with the position of KP

The plot of the relative satellite intensities shows
several distinct features. First, around 19 eV there
is evidence of a resonant production of EP corre-
sponding to the resonant absorption feature at this
energy (see Fig. 5). The emission resonance feature
might be more pronounced if the effective energy
resolution were not degraded by long-term instabili-
ties in the primary monochromator. Second, the
cross section for creation of the ls 3p initial state is
seen to undergo a noticeable increase near 31 eV.
This is in good correspondence with the opening of
new channels for the creation of the 1s3p initial
state. Third, the plot of cross section for production
of the 1s 3s initial state is in apparent contradiction
to our identification of absorption features. In the
absorption spectra we identified features at energies
near 31 eV and above as transitions to 1s 3s4s 4p and
various transitions to excited single ions. However
no evidence of EP" is found by sensitive fitting pro-
cedures in the emission data until energies exceed
the Ar + ls 3s threshold at + 50 eV. We feel that
an explanation may be that an argon atom with 1s 3s
vacancies snd loosely bound outer electrons under-
goes a Coster-Kronig transition to convert the 3s
hole to a 3p hole before the radiative transition. In
particular, the initial 1s 3s4s4p excited state can de-

cay by CK to the single ion 1s3p4s plus a 16-eV
electron, using the calculated values in Table I.
Similarly, the initial 1s 3s4s single ion can decay by
CK to the double ion 1s3p plus an 8-eV electron.
The following decay by radiative transitions in the
above two cases would be additional contributions to
the KP~ complex, which is in accordance with the

Although the initial measurements reported here
are in many ways Aawed and incomplete, we easily
exceeded our intentions for this preliminary study.
Our results clearly indicate that fluorescence satel-
lites due to multiple vacancies can be extinguished
by the proper choice of excitation energy. Further,
we have demonstrated the measurement of at least
the most prominent features in the excitation func-
tion of these satellites. In addition, we have shown
in unprecedented detail an atomic x-ray absorption
spectrum, whose intricate structure is suggestive of
similar features that have been studied by ultraviolet
absorption. This atomic absorption structure also
has important implications for molecular and con-
densed phase structure determination by extended
x-ray absorption fine-structure measurement and
near-edge structure study. Finally, the combina-
tion of absorption and emission spectroscopy is syn-
ergistic in that each technique is able to clarify the
origin of certain features observed by the other
method.

Additionally, more precise measurements of the
type described here are expected to reveal additional
details. Already our observation of the threshold
behavior of Ee satellites provided additional data on
the creation of EM as well as EI. double vacancies.
Furthermore, we intend to combine absorption spec-
troscopy with other secondary detection schemes
such as electron spectroscopy. Finally, molecular
x-ray emission spectra sre often complicated by the
superposition of the many nondegenerate single-
vacancy transitions with multivacancy satellites.
Clearly, the ability to extinguish satellites without
affecting diagram transitions may be exploited to



THRESHOLD STUDIES OF A MULTIVACANCY PROCESS IN. . . 933

provide data for a more detailed description of the
molecular electronic structure.
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