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Dramatic Changes in the3s Autoionization Process at the Beginning of the ArI Sequence
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The 3s ! np resonances were observed to change dramatically in appearance with increasing
ionization along the ArI sequence, and within the3s ! np channel of Ca21. By applying the
Dyson equation method to positive ions for the first time, newly investigated double-electron processes
were shown to play a crucial role in the interpretation of the resonance structure. The changes
within the resonances result from their position relative to the Cooper minima in the 3s and 3p
photoabsorption. [S0031-9007(97)02952-9]
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In recent years, photoionization of the outers-subshell
electrons in argon has attracted considerable interest
18], and a rather complete picture of 3s photoionization
has been drawn from the3s ! np, 3s ! ´p, and satel-
lite spectra, both experimentally [2–8] and theoretica
[9–18]. The cross sections of the individual processes
crucial since they depend strongly on electron correlat
effects and therefore provide a sensitive test of mod
theoretical and computational physics. Further valua
insight into these effects may be obtained by studying
evolution of inner shell excitation behavior along the is
electronic sequence.

Very few data are available for the Ar-like ionsK1

and Ca21 [19–23] because of the extreme difficulty o
obtaining and maintaining a sufficient density of ion
Using a pioneering experimental technique of crossed
and synchrotron radiation beams [24], Peart and Ly
measured the photoionization cross section ofK1 in the
region of 3s-subshell excitations [21]. However, due
limited resolution, they were unable to discern profiles
any of the discrete structure observed, resulting in li
insight into the detail of the photoionization process.
addition, possible weak structure at a photon energy
,35.5 eV has been the subject of some controversy w
conflicting views that it is either the3s ! 4p resonance
[22] or simply an experimental artifact [23].

This Letter reports the first high resolution inner sh
photoabsorption spectra ofK1 andCa21 and shows that
the behavior of the3s ! np resonances differs radicall
from that in Ar. On moving from Ar toK1, a striking
q-reversal is observed for the3s ! np transitions, while
the resonances maintain a distinct windowlike appeara
In Ca21 the main3s ! 4p resonance almost disappea
and the higher3s ! np resonances have become almo
symmetric absorption lines indicating a much weak
interaction with their associated́l continua.
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From a theoretical viewpoint, a variety of calculation
[7,14,15] have successfully reproduced the essential
tures of the Ar spectrum. In particular, the role of di
crete double-electron excitations was explicitly stated
the work of Amusia and Kheifets [14]. However, we hav
found that their method is insufficient for an accurate d
scription of the ionic spectra. Considerable extensions
this method are introduced in this Letter. The occurren
of q-reversals within a Rydberg series caused by inter
tion with a non-Rydberg level or an underlying “giant
or shape resonance has been discussed [25,26]. In
present case, we show that an additional mechanism
q-reversal can arise from the presence of Cooper mini
[10] in the photoabsorption cross section.

Figure 1 shows the dramatic change in appearance
the 3s ! np resonances for Ar,K1, and Ca21. The
Ar spectrum was obtained by using a laser produc
plasma of tungsten as a continuum source and ar
gas as the absorber. The present results are in g
agreement with those previously obtained in a synchrot
radiation experiment by Sorensenet al. [7]. The K1

and Ca21 spectra were produced using the dual las
plasma technique [27]. Briefly, a pair of plasmas, o
of which forms the “sample” while the other constitute
the extreme ultraviolet (XUV) light source, are create
by irradiating solid targets with high power focused las
pulsesin vacuo. By a suitable choice of (i) sample targe
irradiance, (ii) time delay between the formation of th
samples jitter 62 nsd and backlighting plasmas, and (iii
path of the XUV beam through the sample plasma (spa
resolution ,200 mm), one can select the ion stage o
interest to a high degree of purity. The spectral resolut
is ,1500 at 60 eV rising to.2000 at 30 eV. Further
details on the experiment are given in Ref. [28].

The KII spectrum was measured in the 33–48 e
region [Fig. 1(b)]. The spectrum shows no eviden
© 1997 The American Physical Society
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FIG. 1. The 3s ! np spectra of (a) ArI, (b) K II , and
(c) CaIII .

of the broad feature previously reported [21] in th
33–39 eV region, supporting the interpretation of Nasre
et al. [23] on this issue. All resonances observed are
the window type with the opposite sign ofq in comparison
with argon. A Fano profile was fitted to the3s ! 4p
resonance using the formula

s  s0

µ
1 2 r2 1 r2 sq 1 ´d2

1 1 ´2

∂
,

where ´  sE 2 E0dy 1
2 G (E is the photon energy,E0

is the resonance energy,G is the resonance width
and the parametersr2 and q describe the shape o
the resonance. The3p continuum was assumed t
n
f

FIG. 2. Theoretical and experimental data for the3s ! 4p
transitions of (a) CaIII and (b) KII .

decrease linearly with photon energy in the region arou
the resonance [cf. Fig. 1(b)]. We obtain fitted Fan
parametersq  0.4 6 0.1, E0  39.56 6 0.05 eV, and
G  0.19s10.02y 2 0.08d eV.

In the spectrum of CaIII [Fig. 1(c)], the3s ! 4p reso-
nance is obviously very different from the3s ! np reso-
nances. It is very wide and diffuse [see Fig. 2(a)] and h
a q value of about21, while the other resonances are na
row absorption-type features with highq. Energy levels
and quantum defects are listed in Table I. The ratio of t
intensities of the weak features [markedp in Fig. 1(c)] to
the 3s ! 5py6p resonances vary with laser power den
sity, indicating clearly that these originate from a differen
charge state.

The measured energies differ by up to 0.2 eV fro
those already reported in the literature [19,20]; cf. Table
Corroboration of our assignments comes from isoele
tronic comparison and Rydberg series expansion. T
series limit,I3s  I3p 1 Es3s 3p6d, is 47.82 eV for the
K II series, and 69.81 eV for CaIII [29].
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TABLE I. Experimental and calculated energy levels (in e
and quantum defects of the3s ! np transitions in KII and
CaIII . ER  RPAE energy,ERD  RPAE 1 DEM.

Ion n Eexp Elit ER ERD d

K II 4 39.56 6 0.05 39.64 [20] 45.39 39.94 1.44
5 43.61 6 0.03 . . . 49.29 44.09 1.41

CaIII 4 53.63 6 0.10 53.447 [19] 59.77 54.06 1.26
5 61.27 6 0.05 61.104 [19] 67.16 61.85 1.21
6 64.50 6 0.05 . . . 70.33 65.02 1.20
7 66.18 6 0.05 . . . 71.99 66.68 1.20
8 67.16 6 0.05 . . . 72.97 67.66 1.21

Calculations of the autoionizing structure in the3p
photoabsorption spectra ofK1 andCa21 associated with
3s ! np excitations have been performed usingab ini-
tio methods based on many-body theory. Starting fr
the Hartree-Fock (HF) approximation, many-electron c
relations were taken into account using the following a
proaches: the random phase approximation with excha
(RPAE) for calculation of phototransition amplitudes [30
the Dyson equation method (DEM) for energy shifts (t
self-energy part) and corrections to wave functions
ground and discrete excited states [31,32], and many-b
perturbation theory for corrections to the photoamplitud
due to double-electron processes.

The calculations indicate that the changes in profile
a direct result of a change in the positions of the 3s and
3p Cooper minima (CM). In Ar, all 3s resonances lie
below both CM. InK1, the 3s CM lies in the discrete
spectrum but the 3p CM lies above all 3s resonances
this explains the consistentq parameters and the extrem
weakness of the3s ! np transitions. InCa21, the 3s
CM has moved below the discrete resonances while
3p CM lies just after the 4p resonance, causing a chan
in the imaginary part of the3s ! 4p amplitude and hence
in q. Calculations forSc31 indicate that the 3s spectrum
lies above both CM.

The results of the calculations within the differe
approximations, presented in Table II, are therefore v
sensitive to the energy positions of the discrete excitati
relative to the CM in the3s ! ´p partial cross section
leading to incorrect values for the Fano profile parame
3084
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within conventional RPAE; see Table II. Taking into
account double-electron excitations shifts the position
the CM relative to the3s ! np excitations, and also
affects the resonance widths significantly.

To improve the transition energies and discrete sta
wave functions we have used DEM [32], where the wav
function cnl describing a bound electron with energyEnl

satisfies the following integral equation:

Ĥs0dcnls$rd 1
Z

SEnl s$r, $r 0dcnls$r 0d d $r 0  Enlcnls$rd .

(1)

Here Ĥs0d is the static HF Hamiltonian of the ion and
SEs$r, $r 0d is the self-energy part of the single-electron
Green function, which plays the role of an energy
dependent nonlocal potential. The latter was calculated
the second order of perturbation theory, as in Refs. [30
32], for ground state 3s and 3p electrons with transferred
momentumDl  0, 1, 2, 3; the largest contributions come
from terms with Dl  0, 1. Equation (1) includes the
dynamical polarization interaction between the electro
under consideration and the other electrons in the ion.

By solving Eq. (1) with the calculated self-energy par
we have obtained new energies and wave functions for t
3s and 3p electrons, which have been used within RPAE
to take into account the interchannel and polarizatio
interaction simultaneously. The calculated energies a
presented in Table I. Thus, withinRPAE 1 DEM, the
3s-electron energy shift inCa21 is equal to 5.3 eV,
the oscillator strengthf  0.0058, q ø 4.9, and width
G ø 0.051 eV (see Table II). The remaining3s ! np
resonances of the series are obtained with the si
of the q-parameter reversed. Although the calculate
energies for the3s ! np transitions agree quite well with
experiment (applying an energy shift of about 0.5 eV), th
shape of the3s ! 4p resonance is not reproduced within
RPAE 1 DEM.

This disagreement is associated with double-electr
excitations, transitions to which are predicted to hav
large oscillator strengths and to lie very close to the3s !

np excitations. The present calculations are performed
TABLE II. Parameters for the3s ! np transitions inK1 andCa21.

Transition RPAE RPAE 1 DEM Double-electron 1 RPAE 1 DEM Experiment
q G seV d q G seV d r2 q f G seV d r2 q g seVd

K II

3s ! 4p 22.2 0.0014 249 .000 05 0.066 0.37 0.034 0.23 0.472 0.4 6 0.1 0.19 1 0.02y 2 0.08
3s ! 5p 4.1 0.003 21.0 0.003 0.256 0.53 0.024 0.056 0.358 0.5 6 0.2 0.05 6 0.03

CaIII

3s ! 4p 54 0.035 4.9 0.052 0.12723.2 0.0042 0.20 0.065 21 0.3 6 0.1
3s ! 5p 29.1 0.021 212 0.029 0.073 7.6 0.0060 0.033 0.165 0.06 6 0.03
3s ! 6p 27.1 0.012 27.5 0.016 0.183 7.2 0.0040 0.012 0.302 0.05 6 0.03
3s ! 7p 26.5 0.0070 26.6 0.0094 0.232 7.6 0.0026 0.006 0.345 0.04 6 0.03
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the lowest order of perturbation theory with the sam
set of corrected energies and wave functions as bef
The main contribution from double-electron process
describing the amplitudes of the3s ! np resonance
transitions comes from the following diagrams.

The lines marked with an arrow to the left (right) corr
spond to the electron wave functions of the ground (e
cited) states, while the dashed lines indicate the incom
photon and wavy lines denote the Coulomb interaction.
the above diagrams, all RPAE and exchange interacti
are included in the dots at the vertices and all wavy lin
respectively. The calculations of these amplitudes h
been performed with complete summation and integrat
over the discrete and continuum spectra. As in Ar [1
the main contribution to the amplitudes comes from t
double-electron discrete excitations (2c) and (2e). Ho
ever, thé d and´s continua also make significant contr
butions in all diagrams (2b)–(2e) and cannot be neglec
in the calculations.

From Table II and Fig. 2(a) one can see that t
double-electron correlations dramatically affect the Fa
parameters of all resonances. In particular, the width
the Ca21 3s ! 4p resonance increases by a factor of
and theq-parameter changes sign. Because of this effe
and the relatively small value of ther2 parameter, the
3s ! 4p transition appears as a very smooth structu
in the 3p photoabsorption continuum. The remainin
3s ! np transitions are also sensitive to double-electr
excitations which here change the sign ofq. However,
they appear to retain the same character with relativ
small widths.

Inclusion of double-electron correlations also allows
to describe the window-type3s ! np resonances in the
K1 photoabsorption spectrum. Thus, instead of a sh
and narrow3s ! 4p resonance with largeq-parameter
(G  0.5 meV, q  249) within RPAE, we obtain a
window-type profile with q  0.37 and G  0.23 eV
[see Fig. 2(b)]. The newly calculated Fano paramet
are in excellent agreement with the experimental valu
see Table II and Fig. 2(b).

In conclusion, the3s ! np resonance structure i
observed to change dramatically in appearance b
with increasing ionization along the argonlike sequen
and within the3s ! np channel ofCa21, and newly
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investigated double-electron processes have been sho
to play a crucial role in the interpretation of the observe
structure.
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