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K-edge x-ray absorption spectra of Cs and Xe
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X-ray absorption spectrum of cesium vapor in theK-edge region is measured in a stainless steel cell. The
spectrum is free of the x-ray absorption fine structure signal and shows small features analogous to those in the
spectrum of the neighbor noble gas Xe. Although the large natural width of theK vacancy (.10 eV) washes
out most of the details, fingerprints of multielectron excitations can be recognized at energies close to Dirac-
Fock estimates of doubly excited states 1s4(d,p,s) and 1s3(d,p). Among these, the 1s3p excitation 1000 eV
above theK edge in both spectra is the deepest double excitation observed so far. Within theK-edge profile,
some resolution is recovered with numerical deconvolution of the spectra, revealing the coexcitation of the
5(p,s) electrons, and even the valence 6s electron in Cs. As in homologue elements, three-electron excitations,
either as separate channels or as configuration admixtures are required to explain some spectral features in
detail.
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I. INTRODUCTION

The spectrometry of x-ray absorption edges and their
cinity provides information on the basic photoelect
ionization/excitation process in the atom and on the coe
tation of weakly bound electrons, revealed in the sharp sm
features ~MPE—multielectron photoexcitations! in the
smooth energy dependence of the photoelectric cross se
above the edge@1#. The experiment requires the target e
ment in the monatomic state, readily available only for no
gas elements. In the energy region above 3 keV, amenab
x-ray absorption spectrometry with a gas sample in a fi
cell, comprehensive edge and MPE data have been colle
on theK edge of Ar@2#, Kr @3–8#, and Xe@9,10#, and theL
edges of Xe@11,12#. Some absorption edges in the low
energy region have been studied by other experimental t
niques@13#.

The atomic absorption spectrometry can be extende
monatomic vapors of metals. The technically demand
early experiments on nonvolatile metals like Cu and
yielded only the edge profiles@14#; the detection of the tiny
MPE features remained beyond the sensitivity of the te
nique. Recent experiments on volatile alkaline-metal e
ments, however, have provided comprehensive MPE d
equivalent in resolution and sensitivity to the data on no
gases@15,16#. In fact, a simultaneous analysis of noble ga
alkaline-metal neighbor pairs Ar/K@15# and Kr/Rb@16# has
1050-2947/2003/68~4!/042505~7!/$20.00 68 0425
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been used to resolve specific coupling schemes and con
ration mixing in the atoms.

In the present study of theK-edge spectra of Xe/Cs pa
the main problem in the analysis is the large lifetime wid
Although all the apparent spectral detail is washed out, so
information can still be recovered by the use of compreh
sive modeling and the recently introduced technique
natural-width deconvolution@17#. With these, many of the
findings on MPE are explained with similar theoretical co
siderations as in homologue pairs.

There are no reports on the x-ray atomic absorption
cesium so far. TheK-edge absorption of xenon has be
studied before; there is a thorough study of the edge pro
@9# and of the major MPE group ofK1N shell excitations
@10#. Shortly after our preliminary report@18# of the present
experiment with evidence of deepK1M excitations the
same observation was reported in another study@19#.

II. EXPERIMENT

Cesium vapor was prepared in a stainless steel cell w
stainless steel windows of 10-mm thickness. The cell and th
tunnel oven, together with the details of the experiment
the same as that described in the report on Rb@20#. The
small amount of the metal in the sealed cell was comple
vaporized at;610° C yielding a vapor pressure of 260 mba

The absorption experiment was performed at the X1 s
tion of HASYLAB at the DORIS storage ring, using a two
crystal Si 311 monochromator. Its energy resolution of ab
©2003 The American Physical Society05-1
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7 eV at 35 keV contributes a negligible spread to the spe
with natural width of;12 eV @21#. Owing to the high pho-
ton energy, the incident beam is free of harmonic conta
nation. The atomic absorption of Cs is derived from the d
ference in absorption on the heated and cold cell.

The absorption spectrum of xenon was measured in a
ventional gas cell of 200 mm length with 0.5 mm thick pe
spex windows. TheK-edge jumps of 0.3 and 2.4 for Cs an
Xe, respectively, were obtained in measured spectra. W
superposition of repeated scans, relative noise levels o
31024 and 131024 were achieved.

III. ANALYSIS

Prior to analysis the measured absorption spectra are
malized and provided with a precise energy calibration. T
essential elements of the two steps are shown in Figs. 1
2. In the first step, the Victoreen formula (m5A E2p) with
asymptotic exponents determined from tabulated absorp
data@22# far above and below theK edge~Fig. 1! is used to
extract the normalizedK-shell absorptionaK following the
arguments and procedure in the Rb/Kr analysis@16#. The

FIG. 1. Measured absorption in Cs on the background of ta
lated absorption data. Victoreen exponents used in the analysi
shown.

FIG. 2. The model of the CsK-edge–determination of the
threshold energy.
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extractedaK signal rises from zero to a value slightly abov
one at theK edge, and falls off slowly to one at the high
energy end~Fig. 3!. In this way, the ambiguity of the edg
jump definition, stemming from the variation of the edg
profile with the chemical state of the sample and with t
experimental resolution is avoided;aK is normalized to the
K-edge jump extrapolated from tabulated absorption d
where the effects close to the edge are disregarded in
wide step. A similar reduction has been employed in
earlier study@10#.

For the energy calibration, intrinsic definition of the e
ergy scale has to be used as, basically, there is hardly
possibility of using an external standard. The drive of a mo
ern monochromator is highly reliable, but the absolute p
cision required for the energy definition is seldom availab
In the study of Deutschet al. @9#, the definition of a precise
energy scale for Xe is extensively discussed. Two basic
proaches are used to obtain theK ionization threshold en-
ergy: In the first one, a best-fit model of the preedge@1s#6p
resonance and the@1s# edge is constructed on the expe
mental data and calibrated with the energy listed by Bear
and Burr @23#. In the second approach, the tabulated pre
sion value of the characteristic XeKa x-ray energy is com-
bined withL-edges data of Breinig@24#. Both values agree to
within 2 eV.

Teodorescu@25# studied theK-edge energies in noble
gases and recognized Xe as a difficult problem. In the ligh
homologues, he successfully applied the concept of the
parent absorption edge, shifted from the position of
proper continuum threshold by the accumulation of the
resolved lines in the Rydberg series of the preedge re
nance. In Xe, however, because of the large natural wi
even the leading preedge@1s#6p resonance cannot be rel
ably separated from the 1s ionization edge.

In Cs, the singlet/triplet splitting of the resonance cou
modify the picture additionally. The calculation of the Dira
Fock ~DF! @26# energies of the edge resonance@1s#6p re-
quires the same orbital coupling and configuration inter
tion as in K and Rb. Specifically, the pure@1s#6p
configuration gives the triplet/singlet splitting of 1.8 e

-
are

FIG. 3. Normalized absorption of Cs~above! and Xe~below!.
Dirac-Fock estimates for the lowermost excitations in each subs
group are indicated.
5-2



t
le

ta

u
th

e
e
n-
e
s
un

tiv
en
e
.5
m

1
b

to
th
ow
co
m

e
he
th
in
,
n

ge
lu

n
ls

g
b

fa
tio
us
a

su
i

y
ifi
-
C
n

he
-
in
u-
g

und
o-

lso
to

evi-
es,
for

ute
o-
ge

il-
o a
n

de-

er-
ult
ws

he
ude
va-
. In

he
en-

the
. Xe

K-EDGE X-RAY ABSORPTION SPECTRA OF Cs AND Xe PHYSICAL REVIEW A68, 042505 ~2003!
However, the admixture of the@1s6s#5d6p state reduces the
splitting to ;0.7 eV, with a strongly dominant triple
(6s6p 3P)1s component, so that a description with a sing
resonant term is sufficient.

Following Teodorescu’s discussion, we build a quanti
tive model of the edge profile~Fig. 2! as a combination of a
single Lorentzian resonance representing the compo
@1s#6p transition, and an arctan function representing
apparent edge at the@1s#7p energy. Even in this simple
model, the position of the apparent edge and the amplitud
the preedge resonance form a highly correlated param
pair. A unique solution is only achieved with additional co
straints: the energy difference of the components is k
fixed at the theoretical value, and the strength of the re
nance relative to the edge jump at the common value fo
in the lighter homologue pairs. The point of the@1s# thresh-
old in the spectrum, to be used as the origin of the rela
energy scale in the study of MPE, is obtained from the c
troid of the@1s#6p Lorentzian and the DF energy differenc
between the@1s#6p state and the continuum of 2.3 and 3
eV, for Xe and Cs, respectively. Just for the purpose of co
parison, the absolute energies of the@1s# threshold are
EK(Cs)535 987.2 eV andEK(Xe)534 565.7 eV, with the
estimated uncertainty of 2 eV. The value for Xe lies within
eV of the value obtained by the second—and conceiva
more reliable—approach by Deutschet al. @9#.

The resultingaK absorption on the energy scale relative
the continuum threshold is shown in Fig. 3. In the inset,
above-edge portion of the spectrum is expanded. It sh
clearly that immediately above the edge there are strong
tributions to the absorption coefficient that are not enco
passed in its asymptotic behavior. They extend to;1000 eV
above the edge. Their apparent amplitude of a few perc
may hide a much higher true strength considering that t
sit on a slowly rising edge profile; the large natural linewid
makes the arctangent profile saturate very slowly, reach
96% at 50 eV and 99.8% at 1000 eV. These contributions
seen in the inset of Fig. 3, start with an overshoot of 2% a
3.5% for Xe and Cs, respectively, of the normalized ed
continuing in a smooth decay towards the asymptotic va
of one, interrupted by another sharp rise at;80 eV. The rise
and other smaller sharp features in the spectrum appear i
vicinity of the Dirac-Fock estimates of the energy interva
of double excitations indicated in Fig. 3.

The slowly decaying overshoot of the normalized ed
has been recognized in several noble gases and has
generally attributed to the core relaxation~CR! @27# and
postcollision interaction~PCI! @28#. In the asymptotic region
far above the photoeffect threshold, the ejection of the
photoelectron can be treated in the sudden approxima
decoupled from the relaxation of the excited atom. J
above the threshold, however, the slow photoelectron is
fected by the rearrangement of atomic electrons and by
sequent Auger emission and the probability of its ejection
modified. Deutschet al. @9# give estimates of the energ
range of the effect in Ar, Kr, and Xe and show that, spec
cally for Xe, the PCI contribution is negligible. In our ap
proach introduced in the Rb/Kr analysis, the entire CR/P
contribution is approximated with a simple exponential a
04250
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satz,A e2aE. For Xe and Cs, the best-fit procedure yields t
decay constants 1/a of 260 and 280 eV, respectively, in ac
cord with the apparent total range of 600 eV for Xe given
Ref. @9#. After the removal of the ansatz, the MPE contrib
tion is revealed~Fig. 4! as a sequence of slowly saturatin
shake-off profiles. Even the weak 1s3d excitation is clearly
discernible far out beyond the much stronger 1s4(d,p,s)
MPE feature. The resonances from double bound-bo
transitions, however, well resolved in the lighter hom
logues, are smeared out by the large linewidth.

It should be noted that the tail of the edge profile is a
absorbed into the ansatz, providing an effective baseline
the deeper MPE features further out from the edge, as
dent from Fig. 4. In the region of the valence MPE featur
however, both contributions are large and a simple form
the sum cannot be surmized.

A. 1s6s, 1s5p, and 1s5s excitations

The valence and subvalence coexcitations contrib
finely detailed features in the spectra of the lighter hom
logues; in Xe and Cs they lie within 50 eV above the ed
and are all hidden in the saturation of the edge profile~Fig.
5!. However, the deconvolution procedure introduced by F
ipponi @17# sharpens the edge and reveals that it rises t
much larger overshoot (;15%). A distinct knee appears i
the middle of its descending high-energy side at;20 eV.
Another feature is an additional bump at the top of the
convoluted Cs edge, a candidate for the 1s6s MPE, recog-
nized in the comparison of the Cs and Xe spectra.

It is worth noting that the dramatic increase of the ov
shoot in the deconvolution may not yet be the final res
since the noise level of the measured spectra only allo
about two-third of the natural width to be removed in t
deconvolution procedure. This means that the true amplit
of the CR contribution and also of the valence and sub
lence excitations exceeds the values suggested in Fig. 5
this view, the large values of 12% and 1.7% for the 5p and
5s shake, respectively, by Carlson and Nestor@29# may be
entirely realistic. Any estimate of these amplitudes from t
experimental data, however, is unreliable, since the true

FIG. 4. Reduced absorption in Xe and Cs after removal of
exponential ansatz showing the consecutive MPE contributions
signal is shifted by20.02 alongy axis.
5-3
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ergy dependence of the CR contribution is not known, a
the extrapolation of the average exponential ansatz to
large values immediately above the edge is not justified.

As an exception, the 1s6s MPE feature, present only in
Cs, may be reliably estimated, using the spectrum of Xe
baseline. Among the main excitation channels@1s6s#6p7s,
@1s6s#6p, @1s6s#7s, and @1s6s# (a1–a4 energy intervals
in Fig. 5! the DF energy of the@1s6s#7s shake-up lies clos-
est to the apparent onset of the 1s6s feature. The valence
electron shake-up is the strongest contribution to the fea
also in all lighter homologues. The combined strength of
6s coexcitation in Cs is estimated to;2% of theK edge
from the difference between Cs and Xe spectra.

The structure of 1s5p and 1s5s MPE groups, observed in
both elements, is more complex. In the identification of e
citation channels the comparison with XeL1 absorption
spectrum@12# provides additional information. The coexcita
tion of the valence electron is expected to be rather inse
tive, apart from the difference in natural widths, to the pr
cipal quantum number of the cores hole. Indeed, beyond

FIG. 5. Deconvolution of the Xe and CsK absorption and com-
parison with XeL1 absorption. TheaK spectra below as in Fig. 3
No vertical shift is introduced. The change of slope at the onse
the 1s5p channel is indicated by a dotted line. DF multiplet inte
vals for Cs (a,b,c) and Xe ~d,e!: a1, @1s6s#7s6p;
a2, @1s6s#6p; a3, @1s6s#7s; a4, @1s6s#; b1 ,d1, @1s5p#
(6p215d2); b2 ,d2, @1s5p#6p; b3 ,d3, @1s5p#; c1 ,
e1, @1s5s#6s6p; c2 ,e2, @1s5s#6s; c3 ,e3, @1s5s#6p; c4 ,
e4, @1s5s#. The CI in thec ande multiplets is discussed in text.
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;15 eV of the relative energy scale, the deconvoluted XeK
spectrum and the XeL1 spectrum show a perfect agreeme
~Fig. 5!. There is, however, in theL1 spectrum, a bump a
;12 eV, identified as 2s5p resonance, for which the coun
terpart in theK spectrum is only a slight break in the stee
slope at the same relative energy, matching the configura
interaction~CI! multiplet @1s5p#(6p2,5d2) (d1 interval!. A
strong mixing of corresponding states is found in lighter h
mologues@15,16#. The first state arises in a double excitatio
(1s→6p, 5p→6p), and the second one in a single 1s
→5p transition from a;4% admixture@5p2#5d2 to the
ground state.

The break of slope at 20 eV is, analogously with the fe
ture in theL1 spectrum, identified as 1s5s transition~and not
as 1s5p shake-off as one might guess at the first sigh!.
Although the range of the 1s5s resonance multiplet in the
single configuration DF calculation starts well beyond t
onset of the feature, a CI admixture of the@1s5p2#5d6p6s
state splits the multiplet in the ratio of 3:2 into two groups
levels;10 eV apart (c1 ande1 in Fig. 5!; the energy of the
lower group is;4.5 eV below the single configuration re
sult, coinciding with the onset in the spectrum. A simil
splitting is found in the 2s5s excitation at XeL1 and in
s-subshell valence coexcitations in lighter homologues. T
mixing of @5s# 2S and @5p2#5d 2S improves the description
of the 5s hole and can also be observed in 1s5s shake-up
and shake-off states~intervalsc2–c4 ande2–e4). The appar-
ent relative strength of the 5p and 5s coexcitations is mis-
leading: the presumably much stronger 1s5p feature is hid-
den in the steep CR slope, while the 1s5s feature protrudes
from a region of a gentler slope.

B. 1s4„d,p,s… excitations

The fingerprints of the coexcitations in theN subshells
can be observed directly~Fig. 6! and have already been iden
tified in Xe absorption@10#. The overall shape of the featur
is determined by the channels of 4d coexcitation; the appar
ent threshold of the 4p shake can be recognized as a chan
of slope in both Xe and Cs, and the onset of the 4s coexci-
tation is barely noticeable in Xe. The relative noise level

f

FIG. 6. N shell coexcitations in Cs and Xe, with HF multiple
averages for resonant, shake-up, and shake-off transitions.
5-4



te
ng
e

-
ha
rly
w
th

on
en
, t
ne

a

et
si
or

e
yt

th
a
n
he
o
rib
en

o
ro
-
in
u
th

el

or
r
ly

0%
t

a
th

u
tte

at

Its
he
-
r, a

ude.
e

nt
f
be

ful
on-

-
ed.

K-EDGE X-RAY ABSORPTION SPECTRA OF Cs AND Xe PHYSICAL REVIEW A68, 042505 ~2003!
so high that no improvement in resolution can be expec
from the deconvolution procedure. In quantitative modeli
however, the inclusion of ‘‘hidden’’ contributions may b
necessary for a successful fit.

The Hartree-Fock~HF! @30# energies of multiplet aver
ages of lowermost resonant, shake-up and shake-off c
nels, shown in Fig. 6 as short vertical lines lie regula
10–20 eV above the observed subshell thresholds. In vie
the large natural width, the explanation is the same as in
case of the single-electron excitation in theK edge; the un-
resolved Rydberg resonances pile up in front of the c
tinuum threshold and shift its apparent position to lower
ergy. Since not even the lowermost resonance is resolved
apparent threshold may be found approximately one li
width below its HF estimate. The onset of the 1s4p vacancy
states for both elements is shifted from a HF estimate tow
lower energies for additional 10 eV as a consequence
strong mixing of the@4p# vacancy with the@4d2#4 f states
@31#. The mixing depends onj-value; the 4p3/2 multiplet is
split into a lower group 10 eV below the unmixed multipl
average and a higher group 20 eV above it, with the inten
ratio 2:1. The 4p1/2 levels show the same picture shifted f
10 eV but with the reversed ratio.

Thus, a model is constructed with constrained 4(d,p,s)
shake components: arctan profiles for the shake-up and
ponential saturation for the shake-off channels; the anal
forms are given explicitly in@16#. A shift in the energy
threshold parameters is introduced to take into account
contribution of the neglected resonant terms. Constraints
placed on width parameters and relative energies. The ra
of the exponential shake-off terms is fixed at 40% of t
relative threshold energy as in the Rb case. The model sh
unambiguously that the terms are not sufficient to desc
the observed spectral feature. Additional shake compon
are required in the energy interval between 1s4d and 1s4p
excitations; a similar case is known from the Kr/Rb hom
logues where a substantial contribution from three-elect
excitations of the 1s3d4p type is found. In Xe, the three
electron 1s4d5p contribution is even stronger; it is shown
Fig. 7 as a residue after removal of two-electron contrib
tions. Its presence is explained in the same way as in
lighter homologues with an admixture of a valence@p2#d2

excitation to the ground state. The three-electron chann
then realized as a double-electron transition~e.g., 1s→5p,
4d→5d for the leading resonant excitation! from the ad-
mixed component of the ground state.

For transition probabilities only the theoretical value f
the total shake in theN shell ~5.4%! has been determined fo
Xe @29#. This is also the probability that can be most reliab
determined from the experimental data. Our value of 6.
stands in good agreement, but considerably higher than
value 1.9% from the experiment of Deutsch and Kizler@10#.
This is undoubtedly the consequence of the different tre
ments of the spectra, specifically, of a different model of
smooth baseline beneath the MPE features. The totalN shake
probability for Cs is estimated to be 5.6%.

C. 1s3„d,p… excitations

Owing to the careful treatment of the smooth contrib
tions in the absorption and the signal-to-noise ratio of be
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than 104, a slight bend can be isolated in the Xe spectrum
the relative energy of 740 eV~Fig. 8!. It introduces a long
saturation profile with a range of;300 eV. The steep initial
rise, however, indicates also a shake-up contribution.
large width is a combination of the natural width and t
d3/2-d5/2 splitting of ;15 eV. The amplitudes of the compo
nents are strongly correlated and thus unreliable; howeve
robust estimate can be obtained for the total shake amplit
The value of 0.460.1% is close to the theoretical valu
0.54% of Carlson and Nestor@29#, at least in comparison
with the upper limit estimate of 0.05% from the experime
of Deutsch and Kizler@10#. Further out at the energy o
;1050 eV, another tiny bend in the smooth slope can
interpreted as a vestige of the 1s3p excitation group, too
weak against the noise to allow extraction of any meaning
quantitative data. Its contribution, however, may be dem
strated~Fig. 8! in a plot of the 1s3d shake model fitted to the

FIG. 7. Triple excitation in the 1s4d feature of Xe. DF multiplet
intervals are shown, with the large CI effect in 1s4p ~see text!.

FIG. 8. Coexcitation of theM shell. The Xe spectrum is shifted
for 20.0018 alongy axis for clarity. The span of the single
configuration DF multiplets for shake-up and shake-off is indicat
Note the largej-splitting in the 1s3p multiplets.
5-5
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data within 300 eV above the threshold. Similarly, the larg
noise in the Cs spectrum makes the 1s3d excitation barely
visible, allowing a crude estimate of the total shake proba
ity of 0.3%.

IV. CONCLUSIONS

The pureK-edge atomic absorption spectrum of Cs
measured for the first time. As in other metals, the m
atomic nature of the vapor is presumed, although the p
ence of Cs dimers is amply documented in optical spect
copy. The Cs2 component would be clearly recognized in t
absorption for its specific EXAFS~extended x-ray absorptio
fine structure! harmonic signal of very short period, due
the large interatomic radius, as in the random Cs/Na a
@32#. From the absence of this signal the upper limit of t
dimer concentration in our spectra is estimated at 1023, far
below the equilibrium value, calculated from the binding e
ergy of the molecule. This equilibrium is never attaine
since the dimers are readily destroyed but, for kinetic r
sons, cannot be created, in binary collisions. They are
dominantly formed at the walls, and efficiently destroyed
the high-temperature and high-density vapor in our exp
ment.

When the Cs spectrum is compared to the remeas
absorption spectrum of Xe gas, the similarities of MPE fe
tures in both elements are fully evident. The small but inf
mative differences in the corresponding features, found
the lighter homologue pairs Rb/Kr and K/Ar, here rema
obscured by the noise and the large natural width. The s
larity with the homologues is invoked in establishing t
proper energy calibration, i.e., in the determination of theK
binding energy which has been recognized as a diffic
problem. The similarity is exploited also in the exponent
ansatz which helps to properly resolve the groups of
MPE features. Thus, the applicability of this heuristic a
proach is now tested on a wide range of elements with
decay constants of the exponential spread over an orde
magnitude.

The estimates of the shake probabilities, using the an
as the smooth baseline of the features, agree well with
theoretical estimates for Xe, but not so well with the earl
,

s,

n,
n,

o
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experimental values, precisely for the different treatment
the baseline. The corresponding experimental values for
tend to be slightly lower than those for Xe.

The analysis of MPE in the heaviest noble gas/alkali
metal pair for which the absorption spectrometry experim
is practically feasible cannot produce the rich multiplet de
of lighter homologues. However, the accessible depth of
coexcitation is larger so that the coexcitations of the sa
orbital momentum in subshells with different principal qua
tum numbers can be compared in a single experiment.

The considerable strength of the excitations to the tri
vacancy 1s4d5p states bears witness to the ground-st
configuration mixing with the@5p2#5d2 states. The rathe
constant strength of the admixed configuration (;4%) in
the homologue pairs opens up the question whether the m
ing is universal or specific to the vicinity of closed-she
elements. Calculations in the DF model show that the inc
sion of the admixture is generally beneficial to the descr
tion of the ground state; however, its amplitude is partic
larly large in elements with a filledp subshell and completely
emptyd subshell with small excitation energy.

Two other mixing combinations are found: the final-sta
CI description of the@5s# and@4p# vacancy states with the
admixture of the double vacancy states of the higher orb
momentum,@5p2#5d and @4d2#4 f , respectively. The in-
duced splitting is found in all three types of reaction cha
nels, witnessing that the mixing arises from the polarizat
of the coexcited vacancy, not from the interaction of so
specific outer orbitals. The first case has its counterpart
in the lighter homologues, the second, involvingf orbitals,
can only arise in the Xe neighborhood.
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