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High Resolution Measurements of Partial Photoionization Cross Sections in Hollow Lithium:
A Critical Comparison with Advanced Many-Body Calculations
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Photoelectron data for hollow lithium states obtained with unprecedented high spectral resolution and
sensitivity are presented. A critical comparison is made with the most recent theoretical results. Partial
cross sections are measured providing the first definitive test of advabcmitio calculations for this
highly excited four-body atomic system. [S0031-9007(96)00241-4]

PACS numbers: 32.80.Fb, 32.80.Hd

In this Letter, we present photoelectron data for hollowresolution measured the autoionization of several hollow
lithium states obtained with unprecedented spectral resatates in both th&.i™ andLi>" decay channels. Photo-
lution (0.019 eV) and sensitivity which allows a critical electron spectrometry [4] was also used with low resolu-
comparison with the most advanced recent theoretical cation to study the decay of the hollow lithiugs?2p state
culations. The partial cross sections are measured and reésto the different continua of th&i™ ion. The 0.5 eV
onance profile parameters are determined. In addition, wepectral bandpass of the latest experiment however lim-
have used thB-matrix approximation to calculat initio  ited the critical nature of the comparison with theory.
the partial photoionization cross sections into all contin- Double K-shell excitations in atomic helium have cul-
uum channels of th&i* ion over a wide photon energy minated in recent ultrahigh resolution measurements [5].
range. The experimental results provide the first definitiveThe third electron makes the theoretical and experimen-
test of such advanced calculations for this highly excitedal study of hollow lithium states an even greater chal-
atomic system. lenge than that of helium. Although triply excited states

The photoexcitation and decay dynamics of hollowof lithium were first observed in collision experiments [6—
lithium atoms, in which all three electrons are in excited8], only photon-excitation experiments provide the selec-
states, have become the subject of intense recent expetivity, sensitivity, and resolution required to unravel the
mental and theoretical interest. The single-photon threemany hollow lithium resonances. The dipole selection
electron excitations depend entirely on electron-electromules ensure that onkP° final states can be photoexcited
correlation interactions and so hollow lithium atoms con-from the ground state of the lithium atom. Photoelectron
stitute an ideal four-body Coulomb system for testingspectrometry combines the advantages of photon excita-
the most advanced atomic theories. Following the firstion with the unique capacity to measure separately the
photon-excited observation [1] of the lowest hollow atommany decay channels and to provide insight into decay
resonance 1?25 2S — 2s?2p *P), two total ion yield dynamics. The key role played by hollow atom states in
photoion experiments at high [2] and medium [3] spectraion-surface interactions has also been recognized [9].
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The previous photoelectron spectrometry measurements hv, Photon energy (eV)
[4] were carried out at the SuperACO storage ring 0.05— 1420 1422 1424 1428
at Orsay with modest resolution (0.5 and 0.23 eV on Exoer
. . | Experiment B
the bending magnet and undulator beam, respectively). BP : 0.019eV

The present experiments were performed on beam line
9.0.1 at the Advanced Light Source in Berkeley, which
provides the most intense source available of highly
monochromatic light in this energy range. The very high
photon beam brightness>(0'?/ sec in 20 meV spectral
width at 150 eV) allowed a number of very significant
improvements to be made. The bandpass of the electron
spectrometer was reduced by a factor of 2 (0.45% of
the electron energy) allowing better discrimination of the
decay channels. The maximum spectral resolution was
improved by a factor of 10 (0.019 eV). Many of the
measurements were carried out with a spectral resolution
of 40 meV. Furthermore, the high photon flux allowed
the use of lower atomic densities which resulted in very
low background count levels in our experiments. The
relative partial cross sections were measured by constant
ionic state spectroscopy. The statistical error was about , ' , ,
3%. The total uncertainty on the relative values of the 1418 142.0 1422 1424
partial cross sections is usually less than 10%. They were hv, Photon energy (eV)
put on an absolute scale by normalizing the data measurgdG. 1. The experimental photoionization cross section of
at 110 eV to the photoabsorption cross section [10], whicHithium to the 1s2p ' P ionic state (upper part) compared with
introduces an additional uncertainty of 25%. the result of theab initio R-matrix calculation (Ié)wer part), in
Several approximations have been exploited to computif® Vicinity of the lowest hollow atom states(p *P).
the energies (and sometimes the widths) of a number of
multiply excited states in lithium [11-15]. It is, how- The present high spectral resolution experiment succeeds
ever, only the most recent developmentsimatrix the-  in determining the profile width with an uncertainty suffi-
ory which have allowed a comprehensive photoionizatiorciently small (the smallest to date) to test the most recent
calculation including resonances to be carried out. Applitheoretical calculations. Our results agree extremely well
cation of the code to inner-shell photoionization involvesfor both the resonance energy and width, with the very
specific difficulties, previously described [16]. InitiBt  recent high precision calculation using the saddle-point
matrix results for lithium have already been reported [4].technique [17]. The partial cross-section behavior for de-
Here, we present a comparison of our high-resolution reeay of this state tds2s3S + ep shows an asymmetric
sults with the theoretical values of several partial cross se@rofile due to the strong interaction with the direct pho-
tions over a wider range of photon energies. The recertbionization process in this channel. The deconvoluted
experimental results on hollow lithium have also stimu-width of 0.122(5) eV is consistent with that determined
lated very detailed calculations with the saddle-point androm the more symmetri¢s2p ' P channel.
saddle-point complex-rotation methods [13,17]. The previous photoion experiments [2,3] demonstrated
In Fig. 1, we show the measured variation of the partiala rich spectrum of multiply excited states in the 145—
cross section for photoionization into tHe2p 'P + es 165 eV energy region. Because of cancellation effects
channel in the vicinity of the2s*2p 2P resonance and particular resonances may sometimes be very weak in
compare it with theR-matrix results. The agreement in such experiments but be large if observed in a specific
terms of the resonance width and profile and the relativelecay channel as in a photoelectron experiment; appli-
amplitude of the cross section is impressive. With regarcation of photoelectron spectroscopy to these higher ly-
to the absolute value of the cross section, the theoreticahg resonances is therefore particularly advantageous. In
result is about 50% higher than the measured valuefig. 2 we show, as examples, the decay into Ithis S
while the total experimental uncertainty is close to 35%.and 1s2p '*P channels, for the energy range 140.4—
The measured absolute energy of the resonance diffedb4 eV which encompasses many of the hollow atom
from the R-matrix value by 0.13 eV. Using the Fano- states previously observed in photoion experiments, to-
Starace formulation for deconvoluting the instrumentalgether with the correspondinB-matrix theoretical par-
profile (0.019 eV), a FWHM 0f0.118 * 0.003 eV is tial cross-section results. Apart from an energy shift
obtained for the2s?2p 2P resonance profile. In Table I, of 0.1 to 0.3 eV, the detailed agreement (on a relative
we show a comparison between the present and previowsoss-section basis) is a tribute to both the quality of
measurements together with recent theoretical resultshe new experimental data and tRematrix calculations.
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TABLE I. A comparison between the present experimental results and previous photoexcita-
tion measurements together with a selection of theoretical results fasipe?S — 2s%2p 2P

transition.

Experimental Ey (eV) I' (eV)
This work 142.28(3) 0.118(3)
Photoabsorption [1] 142.32(3) 0.20(6)
Photoion [2] 142.32(3) 0.14(3)
Photoion [3] 142.35(10) 0.15(2)2 0.20(4y
Photoelectron [4] 142.30(5) 0.20(4)
Theoretical

R-matrix 142.12 0.13
Saddle point [17] 142.255 0.1175
Multiconfiguration Hartree-Fock [2] 141.90 0.21
Multiconfiguration Dirac-Fock [3] 141.657

Many-body perturbation theory [12] 142.661 0.13

2Photoion yield measurement.
PLitT (time of flight).

The asymmetry of the 150 eV resonance and the detaileBABLE Il.  Assignments and energies of high-lying three

structure in the neighborhood of the strong 152.4 resélectron transitions in atomic lithium. The energy position

onance is accuratelv reflected in both ex erimen.tal ang]easured in the present work are obtained from fitting a Fano-
y p tarace—type profile.

theoretical curves, including the near zero minimum at

152.55 eV. The latter shows however additional weak Transition Energy (eV)
1522528 — High res.
T T T T T n€n'€'n"€"" 2P This work photoion [3] R matrix
Experiment
— odok » i 252p(3P)3s 149.98(4) 149.91 149.70
g . 252p(3P)4s 151.25(4) 151.20 150.97
= HMM : ﬁ’/‘;_'!_ 2p2CP)3p 152.51(3) 152.46 152.41
g y oY 252p('P)3s 152.90(5) 152.75 152.48
o SN [ S T R T 2p2(3P)ap 153.66(5) 153.54 153.48
o B R-matrix |
()
cg 010} -
= and narrow resonances in the2p '*P channel, which
2 B 7] are not fully reproduced in the experimental data due to
© o1 . . ( A resolution limitations. The absolute cross-section values
010 calculated by thdr-matrix method are again greater than
. I I I 1 ]

the experimentally determined values. In Table Il, we
give our energy measurements for the main resonances
005 : - observed in this energy range. They are usually in good
. agreement, within the error bars, with those previously
determined in the high resolution [2] photoion vyield
experiment.

In order to make a comparison between our new result
and the earlier photoion work, we have summed the
different 2L decay spectra in ther = 2,3, and 4
channels, as shown in the three upper frames of Fig. 3.
This provides a good estimate of the total photoabsorption
150.0 152.0 154.0 cross section in this spectral region as decay to higher
channels is very weak. The comparison of our results
with the relative photoion yield data [2] confirms that
FIG. 2. Upper part: a comparison, for the 149.4—-154 eV enthe profiles of the resonances are very different in the
ergy range, of the experimental photoionization cross sectiongifterent channels. For example, the 152.5 resonance
to the 1s3s3S with ab initio Rmatrix calculation and (lower . T
part) a similar comparison for photoionization to the2p '*P predominantly decays to the = 3 cha.nnels whereas
final Li* ionic states (the individualP and3P patterns are the 150 eV feature shows up strongly in the= 3 and
similar). n = 4 channels. This pattern provides valuable clues to
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ot L. quasistable states. Here, we found that it is, indeed, the

wﬂw ) n = 4 channel in which the decay of the resonances is
- Taan s the strongest on eelative scale. A calculation of triply
0.20 - - excited states of lithium in hyperspherical coordinates
has been carried out recently [21]. It is expected that
further theoretical efforts in these directions will provide
additional physical insight into this strongly correlated
four-body atomic system.
020 = ; 7] In summary, the present experimental results provide
;e the most stringent test to date of calculations for hollow
0.10 - : / 7] lithium states. Theér-matrix code is seen to produce re-
U markable agreement with the relative values of the mea-
L e EE— sured profile cross sections while the measured profile for
. n=4 the lowest lying resonancés’p 2P) is in good agreement
: ) with the saddle-point calculations.
002 . i L The support of the Centre d’Etudes Nucléaires de
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et TV EU Human Capital and Mobility Program under Con-
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