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Manifestation of Strongly Delocalized Atomic States in thes Photoionization of Xenon
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The photoionization (PI) of the Xe atom was investigated in the vicinity of3hshell threshold
by photon-induced fluorescence spectroscopy. The highest resolution so far attained of 2 meV enabled
us to observe a new series of resonance structures ifistfd cross section closely above threshold.
Calculations of the partiabs- and 5p-PI cross sections were performed taking into account many-
electron correlations. These structures were related with strongly delocglmebnances which affect
the 5s5-Pl cross section due to their mixing wightresonances. [S0031-9007(97)04758-3]

PACS numbers: 32.80.Dz, 31.25.Jf, 32.80.Fb

Many atomic properties are connected with the unocenergy of theSp* ndn'f states by means of the hydro-
cupied atomic states. In the calculations of, e.g., thegenlike (1/n?) formula showed that there are four close
atomic polarizability or the van der Waals forces, thelying doubly excited states, namesy*(*P) 5d *Ds 2.7 />-
summation over all virtual states is involved [1]. Conse-5fs,,7/2, immediately above thés threshold which are
quently, the spatial distribution of each virtual state is im-particularly suited for a high-resolution measurement by
portant, and it is interesting to study differently localizedmeans of the photon-induced fluorescence spectroscopy
excited atomic states in such physical phenomena whel@IFS) technique developed over the years [2,7,8]. All
they manifest themselves individually. The subvalence these states having total angular momentlrs 1 can
shell photoionization of the rare-gas atoms is one of thesi principle be detected in a photoabsorption experiment.
phenomena because the partialphotoionization cross However, these states were not found in the measure-
section has resonance character associated with doubiyents of the total photoabsorption cross section [6] as
excited atomic states [2]. well as of the partial photoionization cross sections [9,10].

Although the resonance structures in the partiad  Therefore in the present study a PIFS measurement at the
photoionization cross section near threshold have beemghest resolution yet obtained was performed to deter-
observed almost a decade ago [2], only a few papersiine the exciting-photon energy dependence of 3he
[3=5] until now have dealt with cross section calcu-photoionization cross sectiams in the threshold region.
lations accounting for the doubly excited states. TheThe energy resolution in these measurements is solely de-
calculation performed in our previous work [4,5] for termined by the bandwidth of the exciting radiation. The
the 4s photoionization of the Kr atom includes only spectral resolution of the fluorescence radiation must be
4p*nd n'p doubly excited states, i.e., only those atomicchosen only sufficient to uniquely separate the fluorescence
states which contain the localized excited and n’p from different excited states. In parallel thg, values in
electrons. Doubly excited states where one of the excitethe 5s-threshold region were calculated.
electrons is strongly delocalized, nameilyf , have been The experimental setup used for the present measure-
discussed in [6] but were not assigned to the experimement is based on a previous one [7,8,11,12]. Synchrotron
tal resonance structures. The dynamics of the influenceadiation from the electron storage ring BESSY, Berlin,
of such states on the cross section remained unclear baras monochromatized by a 3 m normal-incidence
cause the:'f electrons have a very small probability den- monochromator (3m-NIM-2) and focused into the gas
sity inside the atomic core. Thus, the main goal of thecell. A bandwidth of less than 2 meV was achieved with
present paper is the experimental and theoretical study @ wm entrance and exit slit widths for photon energies
the photoionization processes affected by strongly deloaround 23.5 eV. This is an improvement by nearly 1
calized states. order of magnitude over our previous measurements

The 5s photoionization of the Xe atom was chosen in[9]. The pressure in the differentially pumped target gas
the present case because a preliminary estimate of tleell was kept constant at 0.05 mbar. The undispersed
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fluorescence radiation in the wavelength range fronout to agree rather well with the ones of tfigesonances
104 nm to about 130 nm was detected directly by acalculated in the hydrogenlike approximation. Therefore,
pair of microchannel plates mounted closely outsidan order to interpret the observed structure in more de-
the LiF window of the gas cell. The exciting-photon tail, the following cross section calculations taking into
energy was varied stepwise in a multiscaling proceduraccount the strongly delocalizgdstates were performed.
from threshold up to about 300 meV above thresh- The partial photoionization cross sections for the fol-
old with a step width of 0.001 nm (corresponding tolowing seven channels characterized by the total an-
0.45 meV). By limiting the investigated energy range togular momentumJ = 1 were calculated:Spf/2 €S1/2,

300 meV no satellites were excited. The investigatedjpg/2 €512, 5pf/2 eds), 5p§/2 edy), 5p§/2 eds ), 55%/2-

15 62 : :
Xe Il 55 5p°°5) state decays exclusively via WO o, andss!, eps,. Our technique of calculation has

radiative transitions at 110'% an§12124.4 nm [13] into theyeen described in detail previously [4,15—17] so that only
ionic ground states Xel 5s°5p” “Pij23/2. Therefore o general aspects of the technique will be outlined here.

the Ss-photoionization cross section of the Xe atomhe intrashell and intershell correlations connected with
was determined by relating the measured fluorescencg; and5p shells were taken into account using second-

intensity (after background subtraction) to the primaryg qer perturbation theory in accordance with Ref. [17].
photon flux. The energy scale of the exciting radiationt, caicylate the complex structure of the ionic states
was calibrated at thés-electron ionization threshold at | ith the 5s vacancy the secular equation technique was

23.397 eV [13] with an estimated uncertainty of less,qoq  Basis statd& w57 ) (K is the ionic configuration

than 1 meV. The absolute values of the photoionizayng 757 are the orbital, spin, and total angular momenta

tion cross section were obtained by normalizing theys e state) for the secular equation wexe, 5p* nd
measured relative cross sections to the absolute vanL(? =5,6,7.8,9), 5p*ns (n = 6,7,8) 5p4ed1(contin-

of 0.38 Mb determined at 23.74 eV by Samson and,,m states withe from 0 to 1500 Ry were taken into
Gardner [14]. Our cross section value at 23.74 eV WaS,.count in a quasidiscrete manner [17]).

obtained through a linear extrapolation of our measured The calculated ionic eigenvectors were used to

cross sections between 23.62 and 23.67 €V to this energ¥nstruct the basis set for the doubly excited states

which appears justifi_ed i_ay the fact that NO resonancepgy, ;iyy  Those ionic state§ £7) which have an
have been observed in this energy region in our work a”@nergyss.s eV above the Xe5s threshold were taken

in [6]. ] L and nl electrons were added to these stal@e$ =
In Fig. 1 the present measurementy; is displayed 6p., 7p, 8p, 9p, 10p, 4f, 5f, and6f). Thus, the total

together with, at the bottom of the figure, the positions Ofymqaynt of the doubly excited basis states which formed
the doubly excited atomic states listed in [6]. The considypq secular-equation matrix was 225. The following
erable improvement of the resolution with respect to oUk,.u1a was used for the calculation of the diagonal

earlier experiment [9] shows up in clearly resolved structymijjtonian matrix elements for the doubly excited
tures which display an interesting regularity immediatelyg;atag energies:

above threshold. These resonance structures have not
been found in the high-resolution photoabsorption mea- ( EJnljJ|H|EJnljJy = E + Z (KaLST|EJ Y1 .
surements [6]. However, their energetic positions turned KaLS

1)

I are the ionization potentials of the electron in the
K ionic-core configuration calculated with accounting for
o ] relativistic and correlational corrections [4,15-17] and
Xe 5s-main line ] (Ka LSJ|EJ) are numerical coefficients obtained by
solving the secular equation for the ionic states/ ).
In Eq. (1) the calculated ionic energig&were replaced
by the experimental values [13] since the accuracy of the
ionic-energy calculation (approximately 80 meV [17]) is
not adequate to describe the experimental features with
6 meV spacing (see Fig. 1).
Finally, the cross sections for the photoionization to the
1 Xell 551, 5pi ), and5p3, final states as well as the
i i I A Y O ) I N ¥ Y A widths and oscillator strengths characterizing the doubly
28.40 23.45 2850 2855 23.60 23.65 excited states were calculated as in [4].
Exciting-photon energy [eV] The calculated5s and 5p cross sections in thés-
FIG. 1. Xe5s-photoionization cross section measured by highthres‘hOId region were then convoluted with a Gaussian

resolution PIFS. The positions of resonances measured ifnction of 2 meV FWHM representing the primary band-
photoabsorption [6] have been marked at the bottom. width of the ionizing radiation. They are presented in

20— T LI AL A B B B R N B RN AL B

Cross section [Mb]

4547



VOLUME 79, NUMBER 23 PHYSICAL REVIEW LETTERS 8 BCEMBER 1997

the upper part of Fig. 2 together with our experimentaland, simultaneously, a very small density inside the
5s cross section and the positions of the resonancestomic core due to the large centrifugal potential. As a
from [6]. For the 5s photoionization the theoretical consequence, thg resonances themselves have widths
cross section agrees well with the measured one in thend oscillator strengths which are by 1 to 2 orders of
lower-energy part. The discrepancies observed in thenagnitude smaller than the corresponding characteristics
higher-energy part will be addressed at the end of thief the p resonances. This has been quantified in Table I.
paragraph. To understand the origin of the interestingContrarily np electrons, characterizing resonances,
regularily looking structure in thés cross section near have a considerably larger density inside the atomic core.
threshold two additional model calculations were madeNevertheless, the interaction betwegmand f resonances
In the first one thep resonances only were included is not weak because the mean radiimgf electrons are
in the doubly excited states basis set while in thealso large and their wave functions overlap considerably
second one thg resonances only were accounted for.with those ofnf electrons. The admixture ofp wave
The results are presented in the lower part of Fig. Zunctions to thenf wave functions leads to large changes
where one can see that theresonances determine the of the characteristics of thg resonances as documented
coarse features of the structures in thecross section. in Table I. As a resultf resonances become prominent in
Contrarily, thef resonances do not manifest themselveghe5s photoionization cross section. In the higher-energy
independently (see also the lower part of Fig. 2). Thepart, as one can see from Table I, the resonances are
reason for this is thatf electrons have large mean radii associated with the more localizéd electrons which are
(namely the mean radius of &f electron is 31 a.u.) more strongly influenced by the long-range polarization

potential of the ionic core [18] than the delocalized ones.

Taking into account this influence in future calculations

could reduce the above discrepancy.

In the 5p photoabsorption cross section tifereso-

2840 2045 w0 WS nances are expected to be much less visible and were not
- Codling, Madden ] observed [6]. This is connected with the decrease of their
soptl b1 - Pt “contrast” due to largers,, values. An additional rea-
o ] son is that the totafp photoabsorption cross section is
al‘“/\,’—*w\v—'\/‘\/—’VW/ﬂ,, a sum of two partial cross sections, namety, , and
2or 5p >l —— Experiment ] Tsp,,- Some of thef resonances are of window type
T Xe — Theory in os,,, while they are of peak type iws,,, or vice

versa [10]. As a result, in the totats, cross section
measured in a photoabsorption experiment like [6] the re-
sulting features are usually less pronounced than in each
partial channel. For example, the resonance marked

Fig. 2 is of window type with an amplitude of 0.5 Mb in
osp,,, While it is of peak type with an amplitude of 0.7 Mb

Cross section [Mb]

0.0 st

LA LR in os,,,. Hence, in the totadrs, cross section the result-
30H 11111 I I i n ing resonancdl is of peak type but with an amplitude of
2sf ' AR |/| o 0.2 Mb only. , .

»ol p-resonances / ] Itlwould bg p(.)ss[ble to observg tbferesona}nces in the

I f-resonances ] partial photoionization cross sections by using photoelec-
15r ] tron spectroscopy techniques [10] if an adequate resolu-
10 tion can be attained in the future. At present, the PIFS
05 L technique developed by us and applied in this work is the
ool only method with sufficient resolution to separate these
a0 o345 2350 2355 resonances and to investigate the effect of strongly delo-

calizedf states on the photoionization process of, e.g., the

FIG. 2. Upper part: Measured and calculated 5¢ephoto- X?d a%tom. Moreovher, n :‘/I?/]/W_(if tf\1/e|r \éery small natural
ionization cross sections near the threshold. The calculate}!'dtNS (no more than a few0™ eV), the f resonances
cross sections were convoluted with a Gaussian function ofan be expected to show up even more prominently in fu-
2 meV FWHM. The total calculated p-photoionization ture PIFS experiments with further improved resolution.
cross section and the positions of resonances measured inFinancial support from the Deutsche Forschungsge-
photoabsorption [6] are also shown at the top. Lower part: Xeyeingchaft is gratefully acknowledged. The cooperation

5s-photoionization cross sections calculated taking into account ~. . 2. .
either p or f resonances only. The calculated positions ofProject of the universities of Kaiserslautern and Rostov-

resonances are also shown for each model case separately #@¥arDon was funded by the Bundesministerium fur Bil-
after including the interaction betweenand f resonances. dung, Wissenschaft, Forschung und Technologie.

Exciting-photon energy [eV]
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TABLE |. Calculated characteristics of some resonances of Xe idt¢ktreshold region.

Percentage Oscillator strengti{10~3) Width (meV)
of pure doubly excited state
with without with without with without
Genealogy Energy (eV) interaction pfand f resonances

Resonances with the genealogy

(P)5d*D\28p3)2 23.400 48 39 0.0142 0.0143 0.7267 0.7386
(P)6s2P329p1,2 23.408 41 48 0.0043 0.0081 0.3128 0.3032
(P)5d*Ds/26p3)2 23.455 26 29 0.1632 0.2454 1.7913 2.2564
(P)5d*Ds/9p3 )2 23.465 65 75 0.0551 0.0591 1.0094 1.0848
(P)5d*D3,9p1 2 23.502 24 26 0.0240 0.0788 0.9402 1.1116
(CP)6s*P327p1) 23.509 70 40 0.0396 0.0138 0.6983 0.7320
(P)5d*D3/,9p3)2 23.549 76 93 0.0135 0.0044 0.2872 0.2433
(P)65s2P3/210p3, 23.558 50 35 0.0223 0.0330 0.8947 0.7865
(P)65s2P3/210p 23.562 75 70 0.0016 0.0174 0.0595 0.3598
Resonances with thg genealogy
(P)5d*Ds;5fs) 23.413 64 94 0.0055 0.0001 0.1083 0.0439
(P)5d*Ds;5f7 23.419 38 84 0.0533 0.0027 0.2046 0.0738
(P)5d*D7/25f72 23.423 42 77 0.0029 0.0011 0.3689 0.0623
(P)5d*D7/25f5) 23.424 70 86 0.0045 0.0000 0.1459 0.0109
(P)5d*D3,5f5) 23.498 80 96 0.0390 0.0034 0.1946 0.0913
(P)652P3/26f5) 23.533 79 96 0.0092 0.0011 0.0790 0.0517
(CP)5d*F14f5)2 23.545 25 61 0.0825 0.0003 0.4511 0.0612
(CP)5d*F14f12 23.552 43 61 0.1394 0.0005 0.8657 0.2523
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