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Wave-function collapse with increasing ionization: 4d photoabsorption of Cs through Cs4¿
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The 4d relative photoabsorption cross section of cesium has been observed to change dramatically in
appearance along the isonuclear sequence Cs through Cs41. In each case, discrete structure is observed below
threshold and for Cs through Cs21, a giant dipole 4d→« f resonance is also present above threshold. Between
Cs21 and Cs31, there is a striking change, with much of the oscillator strength available in the 4d→ f channel
being abruptly transferred to the discrete spectrum. Despite the complexity of the transitions involved, the
oscillator strength envelope for the discrete transitions yields relatively few features and remains essentially
static in energy regardless of the parent terms. Hartree-Fock with configuration interaction and time-dependent
local-density-approximation calculations successfully account for this behavior and permit identification of the
discrete features.
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I. INTRODUCTION

While the 4d absorption spectrum of neutral cesium
known @1#, very little information exists on the photoabsor
tion spectra of cesium ions. In fact, the only work to date h
been a study of the valence 5p excitation of Xe-like Cs1 @2#
and a recent observation of discrete features due tod
→n f and 4d→np transitions in the same ion@3#. However,
there has been considerable interest, both theoretical an
perimental, in changes in the 4d photoabsorption spectr
with increasing ionization. Such work seems set to acqu
new momentum as a result of recent advances in me
beam experiments in which ion beams from electron cyc
tron resonance or other sources interact with synchrotron
diation @4–8#. To date, the few experiments performed ha
largely focused on the Xe isoelectronic sequence where
spectra of Ba21 and La31 have been investigated by the res
nance laser driven ionization or dual laser produced pla
~DLP! techniques, respectively@9,10#, and the Xe isonuclea
sequence, where changes in 4d photoabsorption cross sec
tion in stages up to and including Xe71 have been studied in
merged beam experiments using photoelectron and phot
yield spectroscopy@4,11–13#. In addition, experimental dat
also exist for changes along the barium and iodine isonuc
sequences in going from the neutral atom to the doubly i
ized ion@14,15#, while the 4d photoabsorption spectra of S
in stages up to four times ionization have recently been s
ied @16#. In the present work, we report on the extension
these observations to the Cs isonuclear sequence.

In the neutrals of all these elements, the photoabsorp
spectra above the 4d threshold are dominated by a broa
4d→« f resonance with some weaker structure due to dou
electron excitations superimposed, while below thresh
discrete transitions that arise from 4d→np excitation have
been identified. Transitions of the type 4d→n f are absent
because of the large centrifugal repulsion present in thl
53 channel that excludes the radial component of then f
1050-2947/2001/63~2!/022702~9!/$15.00 63 0227
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wave functions from the core region. In these atoms,
potential has a double well character and then f wave func-
tions are essentially eigenstates of the outer well@17#. With
increasing ionization, the centrifugal barrier disappears
4 f wave function contraction into the inner well region r
sults in a transfer of oscillator strength from the continuu
to the discrete spectrum@18–22#. We have identified two
somewhat different situations whose behavior seems to
determined essentially by whether the 4f simply contracts
with increasing ionization or collapses abruptly@23#. In prac-
tice this may be inferred from the energy positions of t
4d→n f features in the ion relative to the location, in th
neutral atom, of the 4d→« f resonance. It can be attribute
to the fact that the shape of the inner well does not cha
appreciably with the valence ionization. As a result, the c
ter of gravity and overall shape of the 4d→« f oscillator
strength distribution was shown to remain essentially st
with increasing ionization@24,25#.

In Sb, and one suspects in the other elements immedia
preceding Xe in the Periodic Table, an increase in ionizat
is seen to produce a gradual erosion of the 4d→« f reso-
nance with the oscillator strength that is removed be
shared among the subthreshold 4d→n f transitions. This be-
havior reflects a gradual contraction with no ‘‘sudden’’ co
lapse of the 4f orbital. In Sb, for example, the 4d→n f fea-
tures, in stages up to Sb41, do not extend into the region o
the peak of the neutral 4d→« f . However, at higherZ and
certainly along the Xe isoelectronic sequence where thed
→n f features are found within the envelope of the neut
4d→« f resonance, there is an abrupt redistribution of
oscillator strength from the resonance to the discrete sp
trum between the second and third ionization stages.
situation for the Xe isonuclear sequence appears to be in
mediate between these two extremes and indeed the the
ical evidence favors contraction@20,23#. The results for Xe31

@13#, where the oscillator strength seems to be shared
tween the discrete spectrum and the continuum in alm
©2001 The American Physical Society02-1
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equal measure, suggest that in going from Xe21 to Xe31

there is a significant change in the cross section, though
as pronounced as in going from Ba21 to La31. By Xe41, the
oscillator strength is certainly concentrated in the discr
spectrum@4#.

This behavior may be also be understood in terms of
relative positions of the 4d94 f av ~average energy of configu
ration! 1P and 4d94 f 1P. In Xe and the elements immed
ately preceding it, the 4d→« f resonance is reproduced in
Hartree-Fock calculation from consideration of continuu
functions, while the 4f av function is uncollapsed. Past xeno
the 4f av is an inner well function and the resonance may
interpreted as an autoionization of the 4d94 f av

1P state.
Complete collapse occurs when the 4d94 f av

1P and 4d94 f 1P
are essentially the same. Because of the differing behav
of 4d94 f av

1P and 4d94 f 1P, the labeling of the discrete
states in all cases is very sensitive to the choice of basis
in any calculations. The lowest 4d9n f states are strongly LS
coupled and their wave functions are highly term depend
@26,27#. The validity of using the configuration average a
proach, in which the term-dependent wave functions are s
thesized from configuration average ones, has been discu
by Wendin and Starace@28#. They have shown that the ap
proaches are equivalent, but some confusion with regar
the labeling of states may arise, though the ‘‘correct’’ lab
may be inferred from counting the number of nodes in
appropriate wave functions.

In a multiconfiguration Hartree-Fock~MCHF! average
energy of configuration (Eav) calculation, the 4d9n f terms
are thus very highly mixed and each 4d9n f level has a small
4d94 f av

1P component. Once the 4f av radial function has
collapsed it becomes localized in the core region and ha
large spatial overlap with the 4d wave function. As a result
the different 4d10→4d9n f transitions have appreciable o
cillator strength and are generally stronger than thed
→np lines. Thus, in the first ion stages of any of the spec
studied, transitions ton f final states appear with good inten
sity. As the degree of ionization increases, both the 4f av and
4 f wave functions collapse, but at different rates, so that
4 f better approximates the 4f av as the ion becomes mor
highly charged. Moreover, the level separation increase
that then f (n.4), 4f av mixing is reduced and at a suffi
ciently high Z and charge state the oscillator strength b
comes concentrated in the 4d10→4d94 f 1P1 transition. Con-
sequently, in Xe-like ions, one very strong line shou
eventually dominate the subthreshold spectrum@21,29#. In-
deed, in progressing from Xe51 to Xe71 it was found that the
spectrum in each case contained only a few strong li
which could be labeled as~with one for each n!
4d105sm5pk→4d9n f5sm5pk transitions. Moreover, the cal
culated intensity of the feature resulting from 4d10→4d94 f
transitions increased in intensity, while both the observ
and predicted ratio of the 4d10→4d95 f to the 4d10

→4d94 f features decreased with increasing ionization. T
degree of 4f collapse therefore determines the intensity d
tribution among the observed 4d→n f transitions.

The degree of collapse has also been demonstrated t
fluence the width of the 4d10→4d94 f 1P1 feature in Xe-like
02270
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La31, whose nonradiative decay rate is determined by
electrostaticRk(4 f 5p,4d« l ) integral and so by the degree o
4d,4f overlap@30#. In Sb1 through Sb31, I21, Xe1, Xe21,
Cs1 and Ba21, the 4d→4 f lines are relatively narrow, indi-
cating that the 4f is only partially collapsed. In La31, by
contrast, the spectrum consists of a broad, intense 4d10

→4d94 f 1P1 transition with a width of;2 eV and a series o
weaker 4d→n f (n.4) transitions@10#. In Ce41, the pre-
dicted width of the 4d→4 f 1P feature is 1.77 eV@31# and
again it is expected to dominate the spectrum. However, w
the exception of Xe31 and La31, no other direct observation
of 4f collapse and the attendant transfer of oscillator stren
from a broad continuum resonance to broad subthresh
features has been reported. Here it is shown that the beha
in the Cs isonuclear sequence is very similar to that obser
along the Xe isoelectronic sequence.

II. EXPERIMENT

In the earlier experiment on Cs1 @3#, which was per-
formed using photographic detection, absorption satura
made it impossible to extract any meaningful information
relative line intensities or to infer the profile of the co
tinuum resonance. In the present work, spectra were reco
photoelectrically with a 1024-element silicon photodiode
ray using the DLP method@32#. The detector array was fiber
optically coupled to an image-intensified microchannel pl
assembly, mounted on a 2-m grazing incidence vacu
spectrograph to give a photon energy resolution,E/DE, of
;1.53103. Because of the difficulty of handling pure ce
sium targets, a 1-J, 25-ns ruby laser pulse was focused
200-mm-diameter focal spot on compressed pellets of C
and CsBr to form the absorbing plasma, while the backlig
ing continuum was provided by radiation from a tungst
plasma produced by an 860-mJ, 10-nsQ-switched Nd:YAG
laser pulse. The halogen atoms and ions have rather sm
photoabsorption cross sections and yield no rapidly vary
structure in the region of interest. By altering the interlas
time delay, the on-target laser irradiance, or probing differ
plasma regions, absorption from a particular ion stage co
be optimized. Five spectra, obtained at time delays of 25,
140, 450, and 1,500 ns, are presented in Fig. 1. At the m
mum time delay, the spectrum is primarily that of neut
cesium, while at the intermediate delays it contains both C1

and Cs21 absorption. At the shortest delay, the spectrum
dominated by Cs31 and Cs41 absorption; however, the latte
proved impossible to isolate in the series of experiments
ported here. Verification of the identity of the absorbing sp
cies was provided by the subsequent observation of the
sorption of the 4d105s25pk24d95s25pk11 multiplet in the
relevant charge state under similar experimental conditio

III. RESULTS AND DISCUSSION

The spectra of Cs, Cs1, and Cs21 are dominated by a
4d→« f continuum resonance and clearly show the intens
enhancement of discrete structure with increasing ionizat
Since such phenomena are essentially many-body in na
involving collective excitation of the 4d subshell electrons
2-2



.
od
n
d

ho

s
n
n-

b
o-
ion
eful
g
-
n
-

an
f

d
rre-
the
en-
ply
es.
al

ith
d

ad-
ons.
is-
n
in-

cu-
e

s
e

io
la
e
J

WAVE-FUNCTION COLLAPSE WITH INCREASING . . . PHYSICAL REVIEW A63 022702
the appropriate theoretical description should reflect this
number of theoretical prescriptions exist such as many-b
perturbation theory@33#, the random phase approximatio
with exchange~RPAE! @34,35# and the local-density-base
random phase approximation@24,36#. Calculations for Cs
have previously been performed using the RPAE met

FIG. 1. Photoabsorption spectra from laser-produced plasma
cesium recorded with the dual laser-produced plasma techniqu
time delays ranging from 25 ns to 1500 ns after their generat
The cesium plasmas were produced by a 1000-mJ, 25-ns ruby
pulse, focused to a 200-mm diameter spot on a CsCl pellet. Th
backlighting XUV continuum was provided by focusing an 860-m
10-ns, Nd:YAG pulse onto a tungsten target.
02270
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both with and without inclusion of outer shell correlation
@37#. For Cs1, relativistic random phase approximatio
~RRPA! calculations where six interacting continuum cha
nels were included, namely, 4d3/2→p1/2,p3/2, f 5/2 and 4d5/2

→p3/2, f 5/2, f 7/2, predicted a peak cross section of 36 M
near 105 eV@29#. Yet another theoretical approach is pr
vided by the time-dependent local density approximat
@38#. This method has recently been shown to be very us
for studying changes in the 4d cross section with increasin
ionization in iodine@15#. In the work reported here, the rela
tivistic time-dependent local density approximatio
~RTDLDA! codeDAVID @39# was used to calculate the con
tinuum cross section of each species above the 4d threshold.
In neutral Cs, it predicts a peak cross section of 30 Mb at
energy of;107 eV, in Cs1 it predicts a peak cross section o
30 Mb at an energy of;107 eV, while in Cs21 it again
yields a value of 30 Mb at 106 eV. The RTDLDA-calculate
cross sections are shown in Figs. 2–4 along with the co
sponding experimental spectra. It should be noted that
absolute cross section has not been determined experim
tally here, and hence the experimental spectra are sim
scaled linearly in order to match them to the calculated on

In the original experiment, which yielded the neutr
spectrum, the shape of the 4d→« f resonance could only be
inferred because of absorption saturation of the peak@1#. In
Fig. 2, the present experimental spectrum is compared w
the RTDLDA result and also RPAE calculations with an
without outer shell correlations@37#. The former appears to
give optimum agreement, while the discrepancy at the le
ing edge is due to the presence of double electron transiti
This is particularly interesting since correlation effects ar
ing from outer 5s and 5p electrons, which tend to broade
and depress the peak height, were not included. Also
cluded in this figure are the results of a single particle cal
lation for 4d→« f photoexcitation performed with wav
functions calculated using the Cowan suite of codes@40#.
The continuum cross sections were calculated using@41#
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FIG. 2. Photoabsorption spectrum of neutr
Cs compared with the results of many-body ca
culations performed within the random phase a
proximation with exchange, with GRPAE an
without RPAE correlation@32#, RTDLDA, and
single-particle Hartree-Fock calculations with th
Cowan code@35#. Since it was only possible to
measure the relative absorption cross section,
results are fitted to the theoretically determin
cross-section data.
2-3
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FIG. 3. Photoabsorption spectrum of Cs1.
The continuum absorption is compared with th
experimental absorption spectrum of CsCl@38#
and the results of RRPA@26#, RTDLDA, and
single-particle Hartree-Fock calculations with th
Cowan code@35#. Since it was only possible to
measure the relative absorption cross section,
results are fitted to the theoretically determin
cross-section data. The discrete spectral featu
~insert! are compared with the results of MCH
calculations.
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where«2«4d is the energy required to produce an electr
with kinetic energy« following direct 4d ionization. This
calculation, in which a single discrete 4f state was included
in the excited state basis to allow for 4f , « f interaction,
predicts the continuum cross section to peak near 90
This value is;12 eV too low in energy and yields a max
mum cross section of 145 Mb that is four to five times t
large. However, these results are consistent with other
dictions based on single-particle models@15,41# and high-
light the necessity of including many-body effects. Betwe
80 and 90 eV, the experimental spectrum contains a num
of weak discrete features which were found to arise fr
4d→6p, 7p and 8p transitions converging on th
4d96s(5/2,1/2)j and (3/2,1/2)j limits of Cs1 @1#. Consider-
able information on the 4d→« f behavior of Cs1 is already
indirectly available from comparisons between the spectr
atomic cesium and cesium halides@42,43# and from electron
impact ionization studies@44–46#. In solid CsCl, where the
absorption is essentially due to Cs1, albeit in a solid envi-
ronment, the 4d→« f peak was found to be shifted to lowe
energy compared to the neutral case and to contain m
structure. In particular, double electron excitations of
type 4d215p21 are responsible for a steep rise near 90
and well-developed features between 90 and 100 eV. Ex
sive calculations have been performed for double elec
excitations of the type 4d105s25p6→4d95s25p5nln1l 1,
4d105s25p6→4d95s5p6nln1l 1, and 4d105s25p6

→4d85s25p6nln1l 1 with the RCN, RCN2, and RCG suit
of programs developed by Cowan@40#. These calculations
predict the onset of 4d215p21 excitation to occur near 95
eV and not 90 eV as observed; 4d215s21 excitation is cal-
culated to begin at 116 eV and double 4d excitation to com-
mence at 165 eV. Many of these transitions are predicte
have oscillator strengths in the 1026 range, and the oscillato
strength envelope has a pronounced minimum at 114 eV
02270
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Fig. 3, direct comparison is made between the RRP
RTDLDA, halide results, and the ion spectrum. In particul
the RRPA results, which ignore correlations with the 5s and
5p subshells, seem to agree very well with the experimen
profile obtained. Once more a single-particle calculation w
performed. As in the neutral case, it again yields a maxim
cross section of 145 Mb just at threshold that points to
fact that the wave functions used, which were derived in
average energy of configuration calculation and thus are
« f 1P1 functions, overestimate the degree of core penetra
in this ion. The discrete structure present in the Cs1 spec-
trum, was previously identified@3# and the results of thes
calculations, performed with a 50% scaling of Slater-Cond
parameters, are included in this figure. Note, that unlike
neutral case, transitions to discreten f orbitals are observed
although the narrowness of the resulting linewidths indica
that the degree of orbital collapse is minimal. However,
calculations @3# were found to overestimate the relativ
strength of the 4d→n f transitions and, by extension, the
4 f av composition and/or the degree off-collapse.

For Cs21, the energy level positions, oscillator strength
and linewidths of the discrete features were determined
configuration interaction calculation using a basis that c
sisted of 4d9n f and 4d9np Hartree-Fock (Eav) functions
(4<n<10,6<n<9) and a discretized continuum with th
Cowan suite of codes. In constructing the computed cr
sections, the discrete features were assumed to hav
Lorentzian profile and the resonant parts of the cross sect
were calculated using the formula s(Mb)
5109.7Gkf k$2p(Ek2E)21Gk

2/4%21 where Ek and Gk are
the energy and linewidth of the transition~in eV! and f k is
the oscillator strength. The autoionization widths were c
culated directly by allowing for the decay process
4d95s25p5nl→4d105s25p3nl1« l , 4d105s25p41« l ,
4d105p5nl1« l , 4d105s5p4nl1« l , and 4d105s5p51« l . In
Cs21, an average autoionization width of 50 meV was o
2-4
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FIG. 4. Photoabsorption spectrum of Cs21.
The continuum absorption is compared with th
results of RTDLDA and single-particle Hartree
Fock calculations with the Cowan code@35#.
Since it was only possible to measure the relat
absorption cross section, the results are fitted
the theoretically determined cross-section da
The discrete spectral features~insert! are com-
pared with the results of MCHF calculations~see
text!.
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tained for the strongest lines~i.e., those withg f.0.01),
while the average, taking all lines into account, was close
20 meV. The results of these calculations are compared
experiment in Fig. 4. Note that in preparing this figure, t
above calculations for the discrete part of the spectrum w
first shifted uniformly by 0.27 eV towards higher energy
gain optimum agreement with experiment. From Fig. 4
would appear that the peak cross section of the discrete
sitions is close to 70 Mb. In Xe41–Xe71, the calculated peak
heights of similar features varied from 200 to 900 Mb.
must also be remembered that these features are compo
of many overlapping transitions and small differences in
sition can lead to large differences in both peak height
width. Here, to get the calculated cross section for the
crete features to blend smoothly with the RTDLDA resu
for the continuum part and be in qualitative agreement w
the observed spectrum, it was necessary to divide the t
retical result by a factor close to 10. The difference betwe
theory and experiment is primarily due to absorption satu
tion of the peaks~which is particularly evident in highe
stages! along with plasma broadening effects that combine
reduce the peak height to linewidth ratios as well as th
multicomponent nature. Moreover, this type of calculati
places the maximum of the 4d→ f cross section below
threshold, as is evident from the single-particle cross sec
included in Fig. 4, rather than at; 5 eV above it as ob-
served. This result, which suggests that the bulk of the os
lator strength has been transferred to the discrete spectru
at variance with observation. Since any overestimate of
degree of wave function collapse will cause an overestim
of linewidth, the fact that the observed linewidth is grea
than the calculated one can only be resolved by requi
each feature to be composed of a number of separated
vidual ‘‘narrow’’ lines rather than a closely packed group
‘‘broad’’ lines. For Cs21 through Cs41, the absorption pro-
files are further complicated by the fact that the ground c
figuration of each contains more than one term and in a la
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produced plasma, absorption from all low-lying states t
can be thermally populated is obtained. In the Cs21 case, the
2P3/22

2P1/2 interval is well known@47# and the cross sec
tions for absorption from each of these levels were evalua
and summed with a weight appropriate to a particular ex
tation temperature. This procedure has already been sh
to yield good agreement between theory and experiment
4d→5p transitions in ionized Sb and Te@48,49#. Compari-
son between the calculations and the experimental result
both 4d→5p and 4d→n f spectra indicate that a Boltzman
distribution appropriate to an equilibrium plasma electr
temperature of 2 eV gives optimum agreement betw
theory and experiment.

The detailed assignments of the strongest features wil
presented elsewhere. Compared to Cs1, the average oscilla-
tor strength of the 4d→n f transitions in Cs21 is greater but
the observed linewidths, along with the presence of a str
4d→« f feature, again indicates that the 4f function is only
partially collapsed. The mixing ofn f terms, alluded to in the
introduction results in an average eigenvector purity only
the order of 20%. The strongest features at 92.44 and 9
eV are due to many overlapping transitions to final stat
which are predominantly of 5f character in the basis use
here, although they generally contain admixtures of 4f , 6p,
and 7p.

The same procedure was then used to estimate the r
nant part of the cross sections in Cs31 and Cs41 ~Figs. 5 and
6!. In preparing the theoretical plots in these figures,
shifts were employed although it was again necessary to
duce the calculated peak cross sections of the discrete
tures to get them to scale smoothly into the RTDLDA r
sults. Again, a glance at Figs. 5 and 6 shows that
theoretical widths are less than observed pointing once m
to an underestimate of the energy spread of the compo
lines as well as to plasma broadening and possibly abs
tion saturation effects as the source of this discrepancy.
energies of the component terms of the ground configu
2-5
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FIG. 5. Photoabsorption spectrum of Cs31

and Cs41 compared with the results of MCHF
calculations for Cs31.
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tions are well known in each case@50–52# and these values
were used to estimate excited state populations assumi
Boltzmann distribution among the levels as above. A va
of Te52.5 eV was found to yield optimum agreement wi
experiment. From Fig. 1~experiment! and these figures, it is
obvious that the 4f orbital has contracted abruptly betwee
Cs21 and Cs31. In Cs31 and Cs41, average autoionization
widths were again calculated directly by allowing for th
decay processes 4d95s25pk4 f→4d105s25pk224 f 1« l ,
4d105s25pk211« l , 4d105s5pk214 f 1« l , and 4d105s5pk

1« l and yielded values of 350 and 500 meV, respective
for the strongest predicted lines. Even allowing for the
strumental linewidth~;100 meV!, these values are smalle
than those observed. However, again it must be rememb
02270
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that each of the observed features are composed of a l
number of individual lines. Also, in La31, this type of cal-
culation underestimated the width of the 4d105s25p6 1S0
→4d95s25p64 f 1P1 feature by;50% @10#. So unlike the
case of 4d95pk decay where very accurate widths can
obtained@15#, problems associated with the best choice
f-wave function make calculation of the widths of 4d95pkn f
states less reliable.

The profiles of the configuration average radial wa
functions, linear combinations of which can be used to s
thesize the eigenfunctions of the observed features and
associated radial potentials, are presented in Fig. 7. T
clearly show that the potential barrier vanishes between
first and second ion stages, which is accompanied by a
-

he
f

FIG. 6. Photoabsorption spectra of Cs31 and
Cs41 compared with the results of multiconfigu
ration Hartree-Fock calculations for Cs41. The
experimental data are fitted to the results of t
RTDLDA calculation for the continuum part o
the Cs31 cross section.
2-6
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FIG. 7. Variation of radial po-
tential and wave functions for
n fav and« f wave functions in ce-
sium with increasing ionization.
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matic contraction of then f functions, particularly the 4f . As
already pointed out, an inspection of the eigenvector com
sition clearly shows that in Cs21 the strongest lines consist o
mixtures of 4f and highern f andnp states and are in gen
eral more ‘‘5f av’’ in character than ‘‘4f av.’’ For example,
the strongest lines in the spectrum at 92.44 and 94.70 eV
primarily due to 2P3/2→2D5/2 and 4F5/2 transitions. The
former is only 13% 4f , but more than 40% 5f in character,
while the latter is virtually 100% 5f . In Cs31, the situation
is quite different and the feature at 97.65 eV is primarily d
02270
o-

re

e

to a 3P2→4 f 3D3 transition, with the eigenvector being com
posed of admixtures of different 4f states. In general, the
degree ofn f mixing decreases with increasing ionizatio
Indeed, in Cs31 the strongest features at 97.65, 104.15, a
106.20 eV can be assigned as essentially 4d→4 f , 4d
→5 f , and 4d→6 f transitions. In Cs41, the strong features
at 101.38 and 112.20 eV can again be assigned unamb
ously as 4d→4 f and 4d→5 f , each composed of thousand
of individual overlapping transitions.

Thus, oncen f mixing has been included, these calcul
2-7



ci
um

rm
ste
f
ly
ve
o

of

gl
r
e

th

al
tro
s

ar
w

re
to

ec
to
an
-

as-
is

g

vo-

ely
f
x-
e-
ent

se-
for
nd
ex-

ch-
No.
nan
ity
lly

A. CUMMINGS et al. PHYSICAL REVIEW A 63 022702
tions are successful in explaining the dramatic shift of os
lator strength from the continuum to the discrete spectr
that occurs between Cs21 and Cs31. They also show that the
strongest transitions, regardless of the parent or final te
always occur at essentially the same energy that is consi
with earlier predictions@24,25#. Thus, although thousands o
individual lines are involved, the spectra are relative
simple and only a tiny fraction of available transitions ha
any appreciable oscillator strength. A similar phenomen
has been observed in 4dn→4dn214 f transitions in highly
ionized species@53,54# and indeed is a general feature
ionic photoabsorption@55#. There, it has its origin in the
strength of the 4d, 4f electrostatic interaction~and therefore,
degree of collapse! that causes transitions based on stron
LS coupled 4d10 1S0→4d94 f 1P1 parents to dominate. Fo
these species, the 5p, 5p interaction is unchanged since th
5s25pk is essentially ‘‘frozen’’ and the 5p, 4d, and 5p, 4f
interactions are small by comparison. Also, as a result of
weakness of 4d10 1S0→4d94 f 3P1 and 3D1 components,
transitions to only a small subset of lower multiplicity fin
states dominate the spectra. In the present case, the s
4d-4 f electrostatic interaction again causes transitions ba
on strongly LS-coupled 4d10 1S0→4d94 f 1P1 parents to
dominate. Moreover, since the autoionization linewidths
comparable to the array widths, the strongest transitions
arise from 4d10 1S0→4d9n f1P1 transitions, with the intensi-
ties of the individual features being determined by the deg
of 4d,n f overlap. A similar explanation can be advanced
explain the simplicity of the observed photoionization sp
tra of ionized Xe. We can thus infer that once oscilla
strength has been transferred from the continuum, in
system containing 5s or 5p electrons, the spectrum will con
s

T.

C
ar
nd
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.
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cl

er

T.

02270
l-
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nt
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e
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e
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e
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sist of a Rydberg-like series of 4d10 1S0→4d9n f1P1 transi-
tions with the oscillator strength of the first member incre
ing relative to the others as the degree of ionization
increased.

IV. CONCLUSION

Extreme-ultraviolet~xuv! photoabsorption spectra alon
the Cs isonuclear sequence from Cs to Cs41 have been ob-
served for the first time. The spectra display clearly the e
lution from excitation out of the 4d-subshell~mainly! into
the f continuum to 4d→n f discrete excitations following
f-wave collapse between Cs21 and Cs31. The results add to
the growing body of knowledge on the sensitivity off-wave
functions to the ionization stage for atoms that immediat
precede or follow Xe where the degree of localization of
electrons is most likely to be in doubt. Despite the comple
ity of the physics involved, which includes the need for th
oretical prescriptions that can handle either term-depend
or strongly correlated orbitals at the beginning of the
quence to encompass many-configuration interactions
more highly charged ions, current atomic structure a
photoionization codes provide quite good agreement with
periment.
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