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First Experimental Determination and Theoretical Calculation of Partial Photoionization
Cross Sections of Lithium over the Energy Region of Hollow Atomic States
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Photoelectron spectrometry has been used for the first time to study autoionization of photoexcited
hollow lithium atoms into the various continua of the*Liion. Absolute values of the partial
photoionization cross sections have been determined. Rimatrix approximation has also been used
to calculate the energies of the hollow states as well as all partial photoionization cross sections.
Experimental and theoretical results are in very good agreement.

PACS numbers: 32.80.Fb, 32.80.Hd

In this Letter, we present the results of the first mea-ollow atoms of the type:ln’l’n”1", with n = 2. With
surements of partial cross sections for resonant photoioran emptyK shell surrounded by three electrons in outer
ization of lithium atoms at 142.3 eV, i.e., at the excitationshells, this system offers an ideal case for investigating
energy of the two 4 inner electrons into th@s?2p 2P the four-body Coulombic problem and for testing theo-
autoionizing state. Specifically both inner electrons areetical approximations aiming to describe many-electron
excited at this energy to form the lowest energy hollowinteractions.
state in lithium, i.e., an atomic state in which tkeshell The first observations of triply excite2i?2/’ states in
is empty and all electrons are in theshell. In addi- lithium have been reported in beam foil [8,9] and colli-
tion, we have used for the first time tiematrix approxi-  sion experiments [10]. The first exploration of the low-
mation to calculateab initio the energy of many hollow est2s>2p 2P resonance at 142.3 eV energy was recently
lithium states between 142 and 165 eV, as well as the paachieved in photoabsorption [11]. Soon after, two stud-
tial cross sections for photoionization into all continuumies [12,13] using the photoion yield technique revealed
channels of the singly chargedLion. Over this energy the existence of numerous higher-lying resonances decay-
region, direct photoionization of atomic lithium into the ing into Li* and L?* final states. In these most recent
continuum is competing with autoionization of the reso-works, energies of these states have been calculated, us-
nantly excited states, producing interference effects iing multiconfiguration Hartree-Fock [12] and Dirac-Fock
some of the continuum channels and strongly enhancinfl3] approximations. However, neither photoabsorption
partial cross sections in other channels. nor ion yield measurements can discriminate against tran-

A hollow atomic system is an atom or an ion in which sitions into various continua of the Liion.
at least one inner shell is empty. Double excitation Photoelectron spectroscopy is the only method that
of helium, first studied by electron [1] or photon [2] allows us to determine when partial cross sections leave
impact and theoretically described by Fano [3] morethe singly charged ion into its different final states.
than thirty years ago, was, in fact, the first observationVhen lithium atoms are photoionized in the $hell,
of a hollow atomic state. Studies of these states weraccording to1s*2s 25, + hv — lsnl 3L + &l’, the
continuously improved over the years [4-6], providingresidual Li* ion can be left in any of the following
new information on the correlated motion of a pair ofionic states:1s2s S and 'S, with threshold energies
electrons in the field of a nucleus. In a different field,of 64.42 and 66.32 eV, respectively (main lines in a
collision experiments of highly charged ions with metallic photoelectron spectrum);s2p *P and!'P (at 66.67 and
surfaces [7] demonstrated the formation of highly exciteds7.61 eV, respectively)ls3! 'L, and isnl 3L, with
hollow ions, with emptyK andL shells. n > 3 (corresponding to various correlation satellites).

Lithium, with one additional electron outside the? Synchrotron radiation (SR) from bending magnet line
core, is the simplest open-shell many-electron systen5A23 of the Super ACO ring in Orsay was used be-
Simultaneous excitation of all three electrons can createveen 140 and 152 eV photon energy to measure, with an
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electron cylindrical mirror analyzer (CMA), the relative a = 30.2a¢, 38 continuum basis functions for each orbital
intensities of the photoelectron lines corresponding to th@ngular momentum, range of orbital angular momenta of
different Li* final ionic states. Since the photon flux re- scattered electrofi < 3. For the twoL S states’S¢ and
quired for electron spectrometry experiments is 2 ordersP® of the (N + 1)-electron system considered in this
of magnitude higher than for total ion yield measurementsvork, the number of channels and bound terms retained
and because of the low photon flux available, we had tan the CC expansion are, respectively, 28 channels and
open widely the exit slit of the monochromator to get486 bound terms for thés¢ state and 44 channels and
enough photons, setting the bandpass of the monochr@21 bound terms for th&P? state.

mator at 0.5 eV. A resistively heated oven produced a We show, in Fig. 1, how the partial sections we
beam of lithium atoms along the CMA axis. This axis have determined vary for photoionization of lithium into
was collinear to the photon beam and the emitted electronks2s 'S + ep (further notedn = 2 'S, upper part) and
were measured at the magic angle of 84. Inthisway, 1s2p *P + s (n = 2 3P, lower part) continuum chan-
the integrated area under the electron lines is proportionalels around 142.3 eV. The two profiles show quite dif-
to the absolute values of the partial cross sections. Thierent behavior: In thén = 2 'S) channel the shape of
AE/E resolution of our electron spectrometer was chosetthe cross section has a Fano-type profile, while in the
to be equal to 0.7% of the pass energy. From the recorde@ = 2 *P) channel one observes a symmetric profile.
electron spectra, we have determined relative cross se@his was expected, since the direct photoionization cross
tions for photoionization into various final states of'Li section to thels2s 'S state has a significant value, allow-
Absolute values of partial cross sections were obtainethg interferences to occur over the energy range of the
by normalizing our relative measurements at 110 eWtesonance, while the cross section to thgp 3P state is

to the measured photoabsorption cross section [14]. weak at these photon energies. In Fig. 1, the dashed line
The R-matrix code requires theameconfiguration in- was obtained from a fitting of the experimental data to a
teraction (Cl) expansion to descrilmth initial and fi-  Fano-Starace profile valid in the case of one resonance in-

nal states [15]. To obtain a complete description of theerfering with many continua. We show also as solid lines
processes using the code developed for inner-shell phake results of ourb initio theoretical calculations after
toionization [15], it was necessary to employ a sufficientlyconvolution with our instrumental function. Agreement
large close coupling (CC) expansion. Thb initio CC  between theory and experiments is excellent, especially
method automatically yields complete series of resonanceince there is no normalization of the experimental results
states converging on excited terms. The accuracy of the any theoretical parameter, and since the total photoab-
calculations depends crucially on two criteria. First, thesorption cross section has been measured with only 25%
model ion must be such that the calculated energies aiccuracy [14]. In thed = 2, S, and!P) channels, the
all target states included in the CC expansion match theonclusion is the same as for thg and?P channels, re-
experimental energies very closely. In the case df,Li spectively. For photoionization into the = 3 channels,
this meant that all terms lying betweés’ and2s3p 3P,
spanning 11.8 Ry, had to be accurately represented us-
ing the same orbitals and configurations throughout. Sec-
ond, the selected CC channels and the complementary
expansion overN + 1)-electron bound states must be /
consistent. This requires a rigorous selection in the CI H«HHHHH
expansion of théNV + 1)-electron system [15]. oo i

In order to investigate triply excite@{n’'¢'n" (") states
of Li, the CC expansion of the Li was represented
by 29 states: 19 states obtained frony, 1snl with
n=23,4 1=sp,d, f; 6 states obtained froms?,
2s2p, 2p?; 4 additional states obtained from3s; and
the lowest' P?,3P° combinations o2s3p and2p3s. The
Cl expansion includes 151 “basic” configurations, giving
369 configuration couplings to construct the 29 target
states. The radial functions for the orbitals in these
configurations were evaluated using the caules [16].
For the Li" target state energies, our calculated values are
in excess of the experimental energies by at most 0.2 eV,

indicating that the ground state energy is too high by thi$IG. 1. Photoionization cross sections of lithium atoms to the
amount. 1s2s 'S (upper part) ands2p 3P (lower part) final Li" ionic
. . . states over the photon energy region of the first hollow state
Initial bound states and final continuum states of the;;'145 3'ey. The identical andV curves are the results of
(N + 1)-electron system were calculated on the samene ab initio R'matrix calculations after convolution with the

footing with the following parameters:R-matrix radius instrumental resolution.
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we did not measure any variation of the cross sectionDirac-Fock (MCDF)]. In the last column of the table,
within 5% accuracy. capital letters refer to the notation given by Azuma
Adding the partial cross sections, we reconstructedet al.[13]. Our calculated values of the variods?,
on an absolute scale, the photoabsorption cross se2s2p, and2p? ionization thresholds of Li are also given
tion. Thus we determined the following values for thein bold characters. There is an overall agreement of our
Fano parametersE, = 142.30(5) eV, I' = 0.20(4) eV, calculations, within 0.2 eV, with the experimental deter-
and ¢ = —1.4(4), in agreement forE, and I" with minations, but the other calculations do not differ much
the first determination of Kiernaet al.[142.32(5) eV, either. However, our results in Fig. 2 show that the effect
0.20(4) eV, and—2.2(6)] in photoabsorption [11]. Our of the second most intense resonance measured with the
theoretical values are 142.2 eV, 0.132 eV, and.86, total ion yield method, and calculated here at 152.41 eV,
respectively. In ion yield measurements carried out ats very weak in thex = 2 channels. This is not true for
higher resolution (20 meV [12] and 100 meV [13]), the n = 3 channels, as it can be seen in Fig. 3, which
quite smaller values have been determinedlfp0.14(2), shows calculated cross sections for photoionization into
and 0.15(2) eV, and higher values fgr —2.0(3), and all n = 2 andn = 3 channels between 142 and 154 eV.
—2.2(1), respectively. These latest data are certainly mordhe state(s) at 152.4 eV appear(s) to strongly autoionize
accurate than the photoabsorption data, as already disito then = 3 channels.
cussed by Kiernamt al. [12], as well as our data, since  Our experimental result at 142.3 eV for the= 3
they have been measured with a better resolution. Theghannels is in good agreement with our calculations,
are in good agreement with our calculations. Among sevsince the convolution of the theoretical results with the
eral previous calculations [11] df, only one, carried out instrumental function severely attenuates the calculated
in the many-body perturbation theory approximation [17],resonant enhancement. In spite of the strong decrease in
gives a result (0.13 eV) which is also close to the lowesthe photon flux available in our experiments at 152 eV,
experimental value [12]. we were able to measure that tHe = 3)/(n = 2)
Our R-matrix calculations predict spectacular variationsbranching ratio increased to a value of 32% at this
of the partial cross sections with photon energies. Irenergy (with a 0.7 eV resolution) as compared to 24%
Fig. 2, we show two examples for photoionization into measured off resonance. Preliminary measurements using
the (n = 2 'S) and (n = 2,3P) channels between 140 an undulator of Super ACO confirm this enhancement
and 154 eV. Here the theoretical results are free of thin the n = 3 channel (66% with a 0.23 eV resolution),
influence of the experimental resolution. Figure 2 alscand more specifically in the:(= 3 *P channel), as well
shows the existence of many more hollow states. Ouas also in thex = 4 channel at 152.4 eV. These latest
calculated values for the energies of these states are giveasults strongly support the identification of the resonance
in Table I, together with a proposed identification. Theyat 152.4 eV as being mainly ap’3p excited state.
are compared to previous determinations [configuratiomhis resonance is only a few tenths of an eV above
interaction Hartree-Fock (CIHF) and multiconfiguration the 2s> 'S¢ threshold and can first decay to this state
of Li*, decreasing the lifetime of the excited state and
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FIG. 2. R-matrix results showing the variation of the partial
photoionization cross sections to the2s 'S (upper part) and FIG. 3. R-matrix results showing the variation of the partial
to the 1s2p *P (lower part) final Li" ionic states between photoionization cross sections to the2¢ (upper part) and to
140 and 154 eV. As for the first resonance at 142.3 eV, thahe 1s3¢ (lower part) final Li* ionic states between 140 and
behavior of the cross sections is quite different in both channelsl54 eV.
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TABLE I. Calculated energies and tentative assignmentlofl’n"1"” 2P hollow excited states in atomic lithium.

Calculated energy
Mulitconfiguration

Assignment R matrix® CIHF® Dirac-Fock metho| Experimental
2522p 142.20 141.8 142.06 142.25142.32, 142.34p)¢
2523p 148.68 148.85
(2p? 3P)2p 149.01 148.48 148.84 148.7F, 148.78)¢
(2s2p 3P)3s 149.70 149.38 149.91149.79C)¢
(252p 3P)4s 150.97 150.88 151.20
(2s2p 'P)2s 150.97
252 1S thres. 151.29
2s2p 3P thres. 152.13
2p2GP)3p 152.408 152.15 152.46152.32F)¢
2p2CGP)4p 153.48 153.13 153.54153.43H)¢
2s2p(1P)3s 153.68
2p? 3P thres. 154.39
2p* 1D thres. 155.16
2s2p 1P thres. 155.46
2p* 1§ 159.12
#This work.

bKiernanet al., Ref. [11].
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