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Photoionization of the Li atom: Convergent-close-coupling calculations
with a focus on two-electron removal
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In a combined experimental and theoretical study, Miiller et al. [Phys. Rev. A 111, 053108 (2025)] revealed
highly detailed resonant structure in ionization with excitation and in double ionization of the Li-like B** ion.
That work demonstrated the strong predictive power of the convergent-close-coupling (CCC) method when
enhanced by modern supercomputing technology. In the present work, we apply CCC to analogous ionization
processes in the Li atom. Again, we find K-shell ionization accompanied by K-shell excitation to contribute
relatively strongly to the double photoionization of three-electron Li. Comprehensive detailed comparisons with
the existing experimental data are presented and discussed.
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I. INTRODUCTION

The breakup of few-electron systems induced by particle
impact or photoabsorption is an ideal testing ground for our
understanding of basic atomic interactions and fundamental
atomic structure. For that reason, photoprocesses of the neu-
tral He atom have received a great deal of attention from both
experiment and theory. In recent publications on single and
double photoionization of He-like B3+ ions [1,2], an overview
of the associated literature has been provided.

Next in complexity are the Li atom and Li-like ions for
which also an impressive body of literature on photon-induced
processes has been accumulated over five decades, almost
exclusively restricted to neutral Li [3]. One of the most in-
triguing aspects in the ionization of Li-like atoms and ions is
the production of autoionizing excited states with empty K
shells which are often called hollow states. Such hollow, or
triply excited, states particularly of the neutral Li atom have
stimulated exceptionally strong interest both in experiment
and theory [4-38].

Experiments aiming at absolute cross sections for single
and multiple photoionization of the Li atom are relatively
scarce in spite of the outstanding importance of this proto-
typical three-electron system. Photoabsorption spectra in the
energy range 50 to 70 eV involving excitation of 1snén'¢’ au-
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toionizing states in Li were first observed by Ederer et al. [39].
Absolute cross sections for photoabsorption were measured
by Mehlman et al. [40-42] covering the same single-K-
shell-excitation resonances and extending the photon-energy
range up to 107 eV. High-resolution photoion yield measure-
ments on single photoionization were performed by Kiernan
et al. [43] in the 60-75-eV energy range, i.e., in the region
around the K edge.

The first observation of triply excited Li(2s*>2p 2P) pro-
duced by the absorption of a single photon was reported
by Kiernan et al. [7]. The investigated photon-energy range
140.5 to 143.5 eV was extended by the same group in a
similar, subsequent photoion-yield measurement at a reso-
lution AEp,/Eyn = 1/7000 [8]. A lower-resolution (AEp, =
0.1 eV) photoion yield spectrum, almost identical to the Li™
yield function, was presented by Azuma et al. [9].

Absolute cross sections for single, double, and triple pho-
toionization of the Li atom over extended photon-energy
ranges have been determined in experiments by Wehlitz and
collaborators:

(1) oy, for single ionization [44,45],

(2) og, for double ionization [36,44,46,47], and

(3) op;3 for triple ionization [48].

Few additional experiments covering very narrow energy
ranges around specific resonance features were performed
to determine the role of triply excited states [9,16,20]. In
all cases, cross sections oy, were inferred on the basis of
measurements of cross-section ratios r = o0p;/0p; and by
multiplying » with the experimentally determined cross sec-
tions op; which, in turn, were derived from the absolute
photoionization measurements of Mehlman et al. [42].

Theoretical calculations of cross sections for photon-
interaction processes of the lithium atom have been restricted
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mainly to direct single photoionization and selected excita-
tion channels contributing to op; and in a few cases also
to ogy. Since the focus has often been on resonances, the
cross-section functions were calculated in such studies only
in limited photon-energy ranges. To the best of our knowl-
edge, only one attempt has been published in which the cross
sections op; and og, were separately calculated in the energy
range 136 to 151 eV by employing an R-matrix approach [19].
Mixed agreement with the experiment of Wehlitz and Ju-
rani¢ [36] was found.

In the present study, the convergent-close-coupling (CCC)
approach to the calculation of cross sections op; and og;
for neutral Li was employed. CCC has been applied previ-
ously [49-51] to the identical problem of photoionization;
however, the calculations had to be limited in the size of the
basis set and in the density of the photon-energy grid to keep
the calculations tractable. Similar limitations were present in
previous calculations of double photoionization of Li using
the time-dependent close-coupling method [52-54] and the
R-matrix with pseudostates approach [54].

Given the progress in the availability of computational
resources, the present CCC model goes far beyond the work
that had been possible in these previous attempts including
the R-matrix calculations of Berrington and Nakazaki [19].
We investigate photoionization of neutral Li(1s>2s 2S) in its
ground level with a focus on the cross section oy, for net
double ionization by a single photon—similar to the preced-
ing study on B>* ions [3]. Accordingly, the photon-energy
region of interest for the present study starts at the threshold
(81.032 eV [55]) for double ionization of the neutral Li atom.

II. THEORY

A. The convergent-close-coupling approach

The general application of the CCC method to photoion-
ization problems has been described previously [56-59]. In
the present context, the photoionization dynamics of atomic
lithium is treated using the CCC method, which provides a
fully nonperturbative description of electron correlation in
both the initially bound and the final excited and ionized
states. The CCC formalism was originally developed for
electron-atom scattering and has subsequently been extended
to photon-induced single and multiple ionization processes
in few-electron atomic and molecular systems. In the present
work, CCC is applied to photoionization of neutral lithium,
where electron correlation governs both the magnitude and
energy dependence of single- and double-ionization cross sec-
tions.

The CCC approach to two-electron ionization of Li has
been described in detail in earlier publications [49-51]. Here
we recap the key elements of the CCC theory without neces-
sitating the reader to consult the previous works.

1. Physical picture and separation of ionization stages

Within the CCC framework, single-photon two-electron
ionization is formulated as a two-stage process. In the
first stage, one atomic electron absorbs the photon and is
promoted to the continuum. In the second stage, the pri-
mary photoelectron undergoes inelastic scattering from the

residual ionic core, which may lead to excitation or ion-
ization of the remaining bound electron. This formulation
establishes a direct correspondence between photoionization
and electron-impact ionization and allows well-developed
inelastic-scattering techniques to be employed.

In the case of lithium, photon absorption is dominated by
ionization of a 1s electron. This dominance arises from the
proximity of the core electron to the nucleus, which must
absorb the recoil momentum of the photon. Ionization of the
valence 2s electron is comparatively suppressed. Following
photoionization of a s electron, the remaining two electrons
form a heliumlike Li* ion, and the subsequent dynamics are
governed by electron scattering from this ionic core.

2. Channel expansion of the final state

The final scattering state is expanded over a complete set of
channel functions constructed as products of Li* target states
and distorted waves of the outgoing electron:

(W) = O kb) Car (k). )

al

where o = (NLS) labels the discrete and pseudostate spec-
trum of the Li* ion with total orbital angular momentum L
and spin S. The photoelectron is characterized by its linear
momentum k and orbital angular momentum £. The expansion
coefficients Cy¢(k) encode the full electron-electron correla-
tion dynamics of the problem.

The completeness of the channel expansion is ensured
by the inclusion of both negative-energy bound states and
positive-energy pseudostates of the Li* ion. The latter provide
a discretized representation of the continuum and enable ex-
citation and ionization channels to be treated within the same
formalism.

3. Construction of Li* target states

The Li" target states <I>{.;i+ are obtained by diagonalizing
the two-electron Hamiltonian of the ion,

2
1 Z 1
Hyr=) (—5Vi-= )+ ——. 2
L ;( 2 n) r) — 1o @
with Z = 3, in a basis of antisymmetrized two-electron con-
figurations.

One-electron orbitals are generated using Laguerre func-

tions of the form

(rlne) = Nyer' e 21252, 3)
where Lﬁejz are associated Laguerre polynomials, A, are
exponential falloff parameters, and N, are normalization con-
stants. For each angular momentum ¢, a finite number N, of
Laguerre orbitals is retained. The key feature of the CCC
method is that with increasing size of the Laguerre basis
completeness of the expansions is approached, and hence
convergence is achieved.

Two-electron configurations are constructed as antisym-
metrized products of these orbitals and coupled to definite
total orbital angular momentum L and spin S. Diagonalization
of Hy;+ in this basis yields a finite spectrum of target states
CIJJ(;i+ with eigenenergies E,. States with E, < 0 represent
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physical bound states of Li*, whereas states with E, > 0 form
a pseudostate representation of the continuum.

4. Dipole interaction and reduced matrix elements

Photoionization amplitudes are constructed from matrix el-
ements of the dipole operator between the initial ground state
of lithium and the final multichannel state. After separation
of angular variables, the reduced dipole matrix element for
photoionization into a channel («, £) takes the form

(k| T (| BLK') dpe (K')
Dae(k) = doe(k) + Z dey —
%; E — gy —Eg+i0

Here d,,(k) is the bare dipole matrix element and 7 is the
electron-Li* scattering T matrix. The integration over the
intermediate electron states of energy & includes summation
over the discrete negative-energy states. The total energy of
the scattering system is E = k*/2 + E,.

The 7 matrix is obtained by solving a set of coupled
Lippmann-Schwinger equations:

T=V+4+VG,T, )

where V is the electron-electron interaction and Gy is the free
Green’s function. These equations sum the Coulomb interac-
tion to all orders and ensure a fully nonperturbative treatment
of correlation effects.

5. Initial-state wave function

The ground state of neutral lithium is represented by a
multiconfiguration Hartree-Fock (MCHF) expansion:

Uo(1,2,3) = ZCnelnﬁ)ln@IZS), (0)
nt

which accounts for dominant pair correlations between the
core electrons. Configurations involving simultaneous exci-
tation of all three electrons were tested and found to have
a negligible effect on photoionization observables. We used
a nine-term MCHF expansion, which includes n¢?> configu-
rations with £ < 3 and n < 4, thus recovering 92% of the
correlation energy. The usage of this MCHF ground state leads
to the velocity gauge yielding the most accurate results.

6. Double photoionization amplitudes

The reduced dipole matrix elements are used to construct
double photoionization amplitudes describing emission of
two electrons with momenta (k;, k) and angular momenta
(€1, £2):

Dgliz(kl’ k) = (_i)€1+€zei[0zl(§:2)+ﬂz2(§:1)]
X Day, (k2){€1ky, Ls|ler), (7

where o¢(¢) are Coulomb phase shifts for asymptotic charges
¢ =2 and 1, respectively. The index S denotes the spin of the
intermediate Li* state.

For equal energy sharing, the amplitudes are recoupled
with respect to the spin of the photoelectron pair:

Fp (ki ko) =Y [(=1)° D}, (ki ko) + Dp (ki k) yss
S!
®)

where ysg are spin-recoupling coefficients expressed in terms
of 6 symbols. These amplitudes possess the correct exchange
symmetry under permutation of the two outgoing electrons.

7. Differential cross sections
The triply differential cross section is expressed as a
partial-wave expansion:

2
=C Z Ze . Yf‘zz (k, IGZ)FZS;ZZ(kls k)| ,

s et

©))
where e is the photon polarization vector and Yf are bipolar
harmonics of rank 1. Integration over angles and energies
yields total and partial cross sections for single and double
photoionization.

d’c
dQ21d2,dE,

162

8. Convergence in the final state

We require the final-state wave function of electron scat-
tering on the He-like ion Li™. For this purpose we use the
CCC theory developed for two-electron targets [60,61]. The
first step is to obtain a set of Laguerre one-electron basis func-
tions by taking N, = 30 — £ for £ < 3 with exponential falloff
A¢ = 3, and diagonalize the one-electron Hamiltonian of Li%t
for each £. This results in one-electron Li** wave functions.
We then use the lowest-energy 25 — ¢ functions to generate
two-electron configurations for diagonalizing Eq. (2), the two-
electron Hamiltonian of Li™. To ensure a sufficiently accurate
ground state, and to allow for autoionization processes, we
include 1s, 2s, and 2p orbitals for the inner electron, and all
possible combinations for the outer electron. Diagonalization
of the Li* Hamiltonian results in a total of 829 two-electron
states. These states include one- and two-electron excitation as
well as ionization. All of these states are then included in the
CCC calculations of the required electron-Li* wave function
on a fine energy mesh of incident electron energies. This is a
substantial computational task, made easier by requiring just
one partial wave of total orbital angular momentum.

Convergence was verified with respect to the size of the
Laguerre basis, the maximum orbital angular momentum
included in the channel expansion, and the density of the
photon-energy grid. All parameters were systematically in-
creased until stable results were obtained.

9. Computational implementation and accuracy

The CCC computational code has evolved from the late
1980s, and is presently written in a mix of FORTRAN77 and
FORTRANDOO. It has three levels of parallelism: message pass-
ing interface, which enables the separation of the calculation
to an arbitrary number of nodes; OpenMP, which allows mul-
tithreading to utilize all available cores; and GPU acceleration
if available. A typical single node used in the present calcula-
tions had 48 cores and no GPUs. Owing to the efficiency of
memory transfer it is best to subdivide each physical node into
four virtual nodes of 12 cores each. For each incident energy
we take four physical nodes, and hence have a total of 16
virtual nodes of 12 cores each. Such a configuration leads to
around 10-min execution time per energy, roughly split evenly
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between calculating matrix elements and solving the resultant
linear equations.

In the presented cross sections around 2200 energies have
been calculated to attempt to map out the resonant structures
with sufficient resolution to perform convolution with the ex-
perimental resolution. The choice of Laguerre bases discussed
above ensures that the accuracy at each calculated energy
is of order 1%. There may also be systematic inaccuracy
due to gauge dependence, but we expect this to be no more
than 5%.

B. Knockout PDI model

Direct, or nonsequential, photo double ionization (PDI)
energies not too far above the threshold is facilitated by two
main mechanisms. The first mechanism is a knockout colli-
sion of the primary photoelectron with the residual ion. The
second, the shakeoff process, is relaxation of the ion with
the release of a secondary photoelectron. While the sudden
shakeoff mechanism is most efficient at large photon energies,
the knockout process is largely responsible for PDI near the
threshold. The complete CCC theory treats both the knockout
and shakeoff processes on the same footing. A simplified
knockout model [62] ignores the shakeoff contribution to PDI.
Nor does it take into account the two-electron ionization-
excitation (IE) processes. In such a simplified treatment, the
primary photoelectron undergoes an ionizing (e, 2e) collision
with the ion and the whole of its energy is shared between
the two secondary photoelectrons. The application of such a
model was found successful in direct double ionization of the
Art(3p~!) ion [63]. It was also useful in estimating partial
contribution of various PDI channels and evaluating the role
of L-shell single and double core-hole production and decay
in m-fold (1 < m < 6) photoionization of the Ar™ ion [64].

III. RESULTS AND DISCUSSION

We present theoretical results for net single and dou-
ble photoionization separately. While the main focus of the
present study is on two-electron removal, also the cross
section og; for single photoionization has been calculated
to facilitate critical comparisons of the present theoretical
calculations with available experimental data. An overview
of our theoretical results is presented in Fig. 1. The
curves labeled og; and o(p, are the results of the present
CCC calculations (see Sec. Il A) while the lines labeled
oxr and ogg were obtained from the PDI model (see
Sec. I B). They describe the direct-ionization contributions
to 0.

Several individual reaction channels lead to the final
production of Lit and Li** ions, respectively. The cross
sections op; (0gpy) comprise the partial cross sections of
all individual reaction channels contributing to the net pro-
duction of Lit (Li**) ions. In the following, we compare
the present calculations with measured cross sections oy
and og;. Where available, experimental partial cross sec-
tions are also compared with the corresponding CCC
results.
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FIG. 1. Theoretical cross sections for the single and double pho-
toionization of ground-level Li(1s?2s 2S,,) atoms. The upper blue
solid line represents oy, obtained from the present CCC model. The
lower red solid line is the CCC result for og,. The solid gray line
labeled ok, was obtained from the present PDI model. It represents
the cross section for direct double photoionization involving the
L-shell electron and one of the K-shell electrons. Accordingly, the
thick black solid line labeled oxg also results from the PDI model
and represents the cross section for direct removal of both K-shell
electrons by a single photon. The photon-energy range of triply
excited intermediate states is highlighted by light-brown shading.

A. Net single ionization of Li(1s*2s)

The most obvious contributions to net single photoioniza-
tion of the neutral Li atom in its 15?25 2S;,, ground level
comprise direct removal of an L-shell or a K-shell electron:

y +Li(1s*2s) — LiT(1s%) + e, (10)

y + Li(1s*2s) — Lit(1s2s)+e". an

Here, y represents the incoming photon with energy Epp. The
associated cross sections are o510 and olirion | respectively.
ITonization of the K shell may be accompanied by excitation

of the valence electron:
y + Li(1s*2s) — Lit(Lsnels) + e~ (12)

with principal quantum numbers n¢ > 2 and angular mo-
mentum quantum numbers 0 < ¢ < ny — 1. In the present
context, the associated IE cross sections are termed O’Ilng. All
the above processes lead to net single ionization of Li. Our
CCC calculations show that the cross-section sum Y, , o/
for direct K-shell ionization accompanied by L-shell exci-
tation to any n; > 3 makes up for about one fourth of the
total direct single-ionization cross section oflif = ggirion 4
anff UIIE&'

When K-shell single ionization is accompanied by the ex-
citation of the second K-shell electron, an autoionizing state is
produced. This reaction path may also contribute to oy if the
intermediate doubly excited Lit(2sn¢€) stabilizes by photoe-
mission. Along with ionization of one K-shell electron, also
the excitation of both the K and the L shell may occur pop-
ulating intermediate doubly excited Li* (n€n'¢’) states with
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both remaining electrons in excited subshells. Again, such
states may stabilize by photoemission and thus contribute
to op;. However, it is much more likely that they decay by
autoionization and thus add to o, (see below).

Clearly, also the formation of resonances in the Li atom is
an important photoabsorption mechanism and can contribute
to net single photoionization via one-electron excitation from
the K shell

y + Li(1s%2s) — Li(1s2snl) — Lit (1snglp) + e~ (13)
or via two-electron excitation from the K and the L shell

y + Li(1s*2s) — Li(1snén't’) — Lit (Isnel) + e~ (14)
or via three-electron excitation processes

y + Li(1s*2s) — Li(n€n'€'n"¢") — Lit(Isnely) + e~
15)
All quantum numbers 7 > 1 and 0 < €< np—1 are
possible. Some of the most important partial cross sec-
tions o (lsnefy) summing up the single-ionization channels
described by Egs. (12)—(15) are available in the litera-
ture [11,13-15].

The processes listed above are not independent of one
another. The quantum-mechanical amplitudes of different re-
action channels may interfere with each other. Therefore, in
principle, a unified theoretical approach like the present CCC
theory treating the reaction channels all at once on the same
footing is necessary for producing reliable results. However,
to some limited extent, the different contributing channels
may be regarded as independent processes to simplify the
discussion.

Cross sections o5 and o [see Eqs. (10) and (11), re-
spectively] have been calculated using a variety of theoretical
approaches [49,65-67]. As already discussed in preceding
publications [1-3], direct photoionization at least from the
K and L shells can be assumed to be fairly well understood.
Different theoretical results show a relatively consistent pic-
ture (see Fig. 2) with maximum deviations between calculated
cross sections of +10% at most. Figure 2 shows theoretical
and experimental results for nonresonant single photoioniza-
tion of the Li atom at energies above 70 eV. Experimental data
displayed in the figure comprise measurements by Mehlman
et al. [42] of absolute cross sections o, for total photoab-
sorption and measurements by Huang et al. [44] of relative
single photoionization cross sections oy [44] normalized by
employing the results of Mehlman et al. [42]. Such normal-
ization and the present comparison are justified by the fact
that outside the energy ranges where resonances occur, ozdsir
and aldsir by far dominate the cross section oy; for net sin-
gle ionization of the Li atom and, hence, also oy, for total
photoabsorption by Li. In the present photon-energy range,
even the contribution szsir of valence-shell photoionization is
negligibly small and makes up for not much more than 1% of
oo1 (see Fig. 2).

Apart from experimental cross sections, Fig. 2 displays
theoretical results (I) for nonresonant photoabsorption calcu-
lated by Reilman and Manson [65]; (II) for the total direct
photoionization where the contributions of the 1s and 2s
subshells, o' and o3, have been separately calculated by
Yeh and Lindau [66]; (IIT) for the same contribution obtained

100

10
—_~
o]
s 1
S
o)
0.1
Y Mehlman et al. 1982 o,
0.01 .. ¢ Huangetal 1999
: “ © Reilman & Manson 1979
—0O—Yeh & Lindau 1985
O Kheifets et al. 2009
=== \/erner et al. 1993
0.001

------ Verner et al. 1993 04"

= = = present CCC direct ]
[P BT PR SR PR SR PP B

100 150 200 250 300 350 400 450
Photon energy (eV)

FIG. 2. Cross sections for the photoionization of ground-level
Li(1s? 25 25, ,2) atoms. Experimental data are the open stars [42] and
the gray-shaded diamonds [44]. Theoretical results are represented
by (I) cyan-shaded circles [65], (II) green open squares [66], (III)
the thick brown line [67], (IV) the blue open circles [49], and (V)
the red dashed line showing the present nonresonant CCC cross
section (where the resonance contributions have been artificially
removed). Inset: The photon-energy region between 135 and 178 eV
where triply excited resonances contribute. The brown dotted line
shows a3ir [67].

in a different approach by Verner et al. [67]; (IV) for net
single photoionization (o) previously calculated by Kheifets
et al. [49] by employing a CCC model; and (V) for direct
single photoionization derived from the present CCC calcu-
lations by fitting a smooth function to the original CCC curve
outside regions where resonances occur.

The theoretical results for direct single ionization all agree
closely with one another, confirming the expectations. The
inset of Fig. 2 zooms into the energy region of triply excited
levels. The previous CCC calculations [49] for the total net
single photoionization include resonance contributions and,
therefore, show some scatter particularly at energies between
150 and 170 eV. Similarly, the cross sections op; determined
by Huang er al. [44] show excursions in that same energy
range which have to be attributed to the presence of triply ex-
cited resonances. In the energy range between 150 and 330 eV,
the normalized results of Huang et al. [44] exhibit a systematic
deviation from the well-based theoretical single-ionization
cross sections. The maximum difference is approximately
40% at 250 eV. This is much more than the quoted uncertainty
of £20% of the experimental cross sections. Apparently, the
experimental error bars were underestimated here.

High-resolution relative measurements of photoion yields
were reported by Kiernan et al. [8] covering the photon-energy
region of the dominant triply excited resonances. These data
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FIG. 3. Cross sections for the single photoionization of ground-
level Li(1s?2s 2S;,2) atoms in the region of triply excited hollow-
lithium resonances. The red solid line is the present CCC result. The
blue dashed line is the Fano profile calculated from the resonance
parameters experimentally determined by Kiernan ez al. [8]. The blue
dotted lines are the scan data of these same authors. All relative yields
measured by Kiernan er al. were multiplied by a suitable factor to
approximately match the present CCC cross sections and an offset
of 0.1 Mb was then added to avoid cluttering of the theoretical and
experimental data. The tentative assignments of resonance features
suggested by Kiernan et al. on the basis of calculations with the
Cowan code [68] are indicated. All levels are associated with dipole-
allowed 2P terms.

can be compared with the present CCC results by applying
a constant factor that brings the Kiernan er al. data close
to the present CCC oy cross-section function. This factor
was appropriately chosen but an additional offset of 0.1 Mb
was added for better visibility of the two different datasets
(see Fig. 3 where also the tentative assignments provided by
Kiernan et al. for resonance features are shown). The energy
spread of the experimental yields is approximately 21 meV,
very much smaller than the natural widths of the dominating
triply excited resonances. Convolution of the CCC spectrum
with a Gaussian function of 21-meV full width at half maxi-
mum (FWHM) produces a result that cannot be distinguished
from the original theoretical spectrum at the level of detail
visualized by Fig. 3. The statistical quality of the experimen-
tal result for the 2s>2p 2P resonance is so good that it is
represented here as the Fano profile calculated by using the
resonance parameters that were determined by Kiernan ef al.

The overall agreement of calculated and measured fea-
tures is very good. In the details, there are differences. For
example, the present theoretical 2s>2p 2P resonance en-
ergy is E., = 142.22 eV as compared to the experiment
with 142.32(3) eV where the number in parentheses indi-
cates the quoted uncertainty of the last digit. The difference
is within the expected uncertainty of the theoretical level
energies. The natural width obtained from the CCC calcu-
lation is I' = 0.126 eV in agreement with the experimental
I' =0.14(2) eV. The Fano parameter ¢ = —1.86 agrees with
the experimental value —2.0(3). In this context, it is worth

A Azuma et al. 1995
mapped to abs. scale
09F —— CCC convoluted
F at 0.1 eV FWHM
= 08F E
=
N
§ 0.7
+
)
© o06F
05F

140 145 150 155 160
Photon energy (eV)

FIG. 4. Cross sections for the total photoionization of ground-
level Li(1s?2s 2S),,) atoms in the region of triply excited hollow-
lithium resonances. The red solid line is the present CCC result for
001 + 0¢2. The light-blue thick solid line represents the measurement
of relative photoion yields by Azuma et al. [9] mapped to the present
theory by a linear transformation (see main text). The capital letters

are directly associated with the peak assignments provided by Azuma
et al. on the basis of multiconfiguration Dirac-Fock calculations.

mentioning a later precision experiment by Diehl et al. [13]
delivering E.., = 142.28(3) eV and I' =0.118(3) eV with
both parameters closer to the present CCC results.

A comprehensive compilation of resonance energies, nat-
ural widths, and Fano parameters found by theory and
experiment for the 2s>2p 2P resonance has been provided
by Chung [35]. Fang and Chung used a combination of the
saddle-point method with the L?> K-matrix method to cal-
culate total and partial photoionization cross sections in the
vicinity of the Li(2s>2p 2P) resonance [69]. Given their
quoted uncertainty margins, they probably provided the most
accurate resonance energy and width available to date for
Li(2s?2p 2P). Their results are E,, = 142.254(1) eV, I' =
0.116(1) eV, and g = —2.11(3).

A Li photoionization experiment in the energy range 140-
163 eV (see Fig. 4) was reported by Azuma et al. [9] only
a few weeks after the publication by Kiernan et al. [8]. Rel-
ative total yields of photoions in the energy region of triply
excited levels of the Li atom were measured at an energy
resolution of ~0.1 eV. The resulting data correspond to the
sum og; + ogp of net single and double ionization. For the
252 2p 2P resonance, additional measurements were carried
out using a time-of-flight technique to identify the final ion
charge state. Thus, Li* and Li** photoion yields could be
determined separately. However, the relative measurement of
single-ionization yields for the 2s?2p 2P resonance cannot
compete in quality with the results of Kiernan et al. either
in energy resolution or in statistical significance. The same
is true for the measured yield of Li>* product ions when
compared to the detailed experiment of Wehlitz et al. [20],
who presented cross sections o(; and o, with good statistics
at an energy resolution of 39 meV in the close vicinity of
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the 25s?2p 2P resonance. The latter results are discussed in
Sec. III B, where the focus is on double photoionization.

Azuma et al. subtracted a slope from their yield spectrum
for better visualization of the resonance features. For a critical
comparison of their measurements with the results of the
present CCC calculations, the data shown in Fig. 1 of their
publication [9] were first digitized, then fitted by employ-
ing 19 Fano profiles convoluted with a Gaussian of 0.1-eV
FWHM, and then mapped to the present theory by multipli-
cation of a constant factor and adding a constant offset, thus
imitating the data transformation applied by Azuma et al. The
cross-section structures obtained by theory and experiment are
in agreement with one another.

The resonance assignments of Azuma et al. provide the
percentages of the leading configurations in the multicon-
figuration Dirac-Fock (MCDF) representation. For example,
resonance A involves contributions of 74% 2s>2p, 12% 2p°,
and 8% 2s2p3s configurations. This cumbersome characteri-
zation of a given resonance level in the MCDF representation
is suggestive for a more appropriate classification of triply ex-
cited states. Such a classification was suggested by Morishita
and Lin [33].

In a series of photoelectron-spectroscopy experiments with
Li atoms exposed to narrow-bandwidth synchrotron radiation,
partial cross sections and relative yields o (1sn¢f) summing
up the single-ionization channels described by Egs. (12)—(15)
were measured [11,13-15]. The experiments were accompa-
nied by R-matrix calculations which typically agree quite well
with the experimental data. The present CCC approach also
permits the calculation of partial cross sections o (1snel).
Comparisons of the CCC results with the available experi-
ments are shown in Figs. 5-7.

The prime purpose of the experiments was a thorough
investigation of triply excited resonances and their decay
properties. Resonance contributions to o (lsnels) are ac-
companied by nonresonant direct-ionization channels and
interference of associated amplitudes may occur. In principle,
the present CCC calculations include all that. However, one
has to keep in mind that only a finite basis of states can be used
to represent the real physical states involved in the photoion-
ization processes. Contributions of the basis states to a certain
reaction channel can be projected out. Such projections can
be immediately interpreted as partial cross sections in cases
where the basis states make up for a dominating contribution
to the wave functions of real states. In order to judge this,
the weights wgs of the lsnely basis states in the multicon-
figuration representation of real physical states are important
to know. Therefore, the wgg parameters resulting from the
present CCC calculations are provided for each comparison
with experimental data.

Figure 5 displays comparisons of experimental and the-
oretical partial cross sections o (lsngls) in the vicinity of
the 2s22p resonance at 142.254 eV. The experimental data
were obtained by Journel et al. [11] [Figs. 5(a) and 5(b)]
and Diehl et al. [13] [Fig. 5(c)]. Relative measurements were
normalized by these authors to the absolute photoabsorption
cross section of Mehlman et al. [42] at Ey, = 110 eV. The
estimated total uncertainties of the resulting cross sections are
+27%. For the comparison with our CCC calculations, the
experimental cross sections were additionally scaled up by
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FIG. 5. Partial cross sections o (1sn¢l) for populating excited
singlet or triplet terms in two-electron Li* by photoionization of neu-
tral Li in the energy region of the 25> 2p resonance. The investigated
intermediate terms are 1s2s 'S (a), 1s2p 3P (b), and 1s2p 'P (c).
The red solid lines represent the present CCC calculations shifted
in energy to match the experimental resonance positions and convo-
luted by Gaussians to simulate the experimental energy spread. The
experimental data [11,13] were scaled by constant factors to match
the theoretical cross sections. The relevant parameters are provided
in each panel individually. All cross sections are given in Mb.

factors 1.3 for o(1s2s 'S) [Fig. 5(a)], 1.1 for o(1s2p 3P)
[Fig. 5(b)], and 1.4 for o (1s2p 'P) [Fig. 5(c)]. These factors
are compatible with the quoted uncertainties of the experi-
mental data.

The measurements were taken at different bandwidths of
the synchrotron radiation: 500 meV [Figs. 5(a) and 5(b)]
and only 19 meV [Fig. 5(c)]. The CCC results were convo-
luted with Gaussians of appropriate FWHM to simulate the
experimental energy spread. According to the CCC calcula-
tions, the basis state termed 1s2s 'S makes up for 99.96%
(wps = 0.9996) of the associated physical state, i.e., it pro-
vides an excellent representation of the real 1s2s 'S state.
The other two weight factors for intermediate excited states
addressed in Figs. 5(b) and 5(c) are wgs = 0.9995 and 0.9997,
respectively.

For easier comparison, the energy scales of the theoreti-
cal cross sections are shifted to the experimental resonance
positions. The shifts are —120 meV [Fig. 5(a)], +50 meV
[Fig. 5(b)], and +60 meV [Fig. 5(c)]. Such shifts can be ra-
tionalized with the uncertainties expected for the calculations
but partly also reflect the experimental uncertainties of the
photon-energy scale. Overall, the agreement between theory
and experiment is quite satisfying. Similar agreement was
found for the R-matrix calculations accompanying the cited
experiments.

Partial cross sections o (lsnelf) were also mea-
sured [13,14] in the photon-energy range 149.3-154.5 eV
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FIG. 6. Partial cross sections for populating excited intermediate
singlet or triplet states in two-electron Li* by photoionization of
neutral Li in the energy region 149.3-154.5 eV. The investigated
cross sections are o (1s2s 3S) (a), o (1s2p '3P) (b), o(1s3s 35)
(c), o(152¢) (d), o(1532) (e), and o (154£) (f). The experimentally
derived cross sections [13,14] are multiplied with constant factors
between 1.25 and 1.4 to match the theoretical results. The red solid
lines represent the present CCC calculations shifted in energy by
20 to 100 meV to match the experimental resonance positions and
convoluted by Gaussians to simulate the experimental energy spread.
The transformation parameters are provided in each panel individu-
ally. All cross sections are given in Mb.

(see Fig. 6). The dominant triply excited resonances expected
in that energy range are identified in Fig. 3 with the
strongest feature at about 152.5 eV associated with the
term 2p?[*P]3s 2P. Except for o (1s2s 3S) [Fig. 6(a)] which
was measured at a photon-energy bandwidth of 40 meV, the
other partial cross sections were obtained with a resolution
of 19 meV. While Figs. 6(a) and 6(c) show partial cross
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®" 004 |- 3 scaled up by a factor 1.08

'N” F 1s2s°S present CCC calculation

& shifted by +5 meV

\6_ convoluted @ 40 meV

000 bbem—m—mu o | S S S ST T TR TR T | S T SR T TR T S T 1

161 162 163

Photon energy (eV)

FIG. 7. The partial cross section o (1s2s 3S) for populating the
excited intermediate triplet state 1s2s 3S in the two-electron Li* ion
by photoionization of neutral Li in the energy region 160.3-163.1 eV.
The experimentally derived cross-section function [15] is multiplied
with a constant factor 1.08 to match the theoretical result. The red
solid line represents the present CCC calculation shifted in energy by
5 meV to match the experimental resonance positions and convoluted
by a 40-meV FWHM Gaussian to simulate the experimental energy
spread.

sections for single intermediate terms, all other panels in
Fig. 6 display partial cross sections summed over several
terms.

In particular, the results presented in Fig. 6 are o (1s2s 38)
in Fig. 6(a); o(1s2p 'P)+o(1s2p 3P) in Fig. 6(b);
o (1s3s 3S) in Fig. 6(c); o(1s2¢) comprising all singlet and
triplet terms possible within the configurations 1s2s and 1s2p
in Fig. 6(d); o (1s3£) comprising all singlet and triplet terms
possible within the configurations 1s3s, 1s3p, and 1s3d in
Fig. 6(e); and o (1s4¢) comprising all singlet and triplet terms
possible within the configurations 1s4s, 1s4p, 1s4d, and 1s4 f
in Fig. 6(f).

All CCC weight factors wps for the states addressed
in Fig. 6 are greater than 0.9995. The experimental cross-
section functions were multiplied by constant factors between
1.25 and 1.4 to match the present CCC results which, in
turn, were shifted by energies between 20 and 100 meV to
(approximately) match the experimental resonance energies.
The calculated cross sections were convoluted with Gaussians
of an appropriate FWHM of 40 meV for Fig. 6(a) and 19 meV
in all other cases. The theoretical and experimental cross
sections are in agreement again. Notable differences occur
at energies greater than 153 eV showing limitations of the
present CCC approach.

All partial cross sections discussed so far contribute to
net single photoionization. One last example in this series
is o(1s2s 3S) in the photon-energy range 160.3—163.1 eV.
The experimental results of Diehl et al. [15] obtained with
a photon-energy spread of 40 meV are compared with the
present CCC calculations in Fig. 7. For the comparison, the
experimental cross sections were multiplied with a constant
factor 1.08 to match the CCC calculation which is shifted by
+5 meV and convoluted with a Gaussian of 40-meV FWHM.
The energy shift and correction factor are relatively small. The
agreement of theory and experiment is very good.

B. Net double ionization of Li(1s22s)

The primary goal of the present investigation is the un-
derstanding of net double photoionization of the neutral
three-electron Li atom and a high-quality calculation of the
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cross section ogp. As in the preceding study on photoion-
ization of the lithiumlike B2t jon [3], this cross section is
strongly influenced by IE processes including resonances with
double K-shell vacancies. The same intermediate resonant
states that are seen in net single ionization of Li also play a
strong role in double photoionization.

Similar to the case of net single photoionization, several
individual channels contribute to og,. Without regard of the
probabilities of possible single-photon double-ionization pro-
cesses to happen, they can be listed as follows.

(1) Direct nonsequential removal of the L-shell electron and
one of the two K-shell electrons:

y 4+ Li(1s*2s) — Li®*(1s) + 2¢~. (16)
(ii) Direct nonsequential removal of both K-shell electrons:
y + Li(1s*2s) — Li**(2s) + 2¢". (17)

In the present context, we call these direct processes PDI in
contrast to double photoionization, which includes direct and
indirect processes leading to the net production of Li** ions.

(iii) The PDI processes may be accompanied by excitation
of the remaining electron:

y + Li(15%2s) — Li*T(n€) 4 2¢~ (18)

with principal quantum numbers n > 2 and orbital momen-
tum quantum numbers 0 < £ < n — 1. The excited Li%* states
produced in each of the listed processes (ii) and (iii) can only
stabilize by radiative transitions so that the final charge state
of the Li atom does not change further.

(iv) Ionization of a K-shell electron and excitation of the
second K-shell electron to subshell n¢ with subsequent au-
toionization of the intermediate doubly excited Li™ ion:

y + Li(15%2s) — Lit(2snl) + ¢~ — Li2t(1s) + 2¢™.
(19)

Excitation of the L-shell instead of the second K-shell electron
together with single K-shell ionization produces a nonau-
toionizing excited state which remains in charge state Li* [see
Eq. (12)].

(v) Again, together with single K-shell ionization, also the
2s electron can be excited in addition to a ls electron:

y +Li(1s22s) — Lit(n€n't)) + e~ (20)

with n,n’ > 2 and 0<¢,¢' <n—1,n" —1, respectively.
The intermediate doubly excited state autoionizes with high
probability so that the final product is practically always a
Li>* ion the charge state of which cannot change further in
a possible additional stabilization cascade.

(vi) Finally, direct K-shell double excitation with or with-
out additional excitation of the L shell produces triply excited
states that can decay by the emission of two electrons (emis-
sion of only one electron naturally contributes to net single
ionization):

y 4+ Li(1s>2s 28) — Lit(nen'¢' n"¢" *P) (21)

with n,n’,n” > 2 and all £ that are allowed for an electric
dipole transition (other multipole transitions, although possi-
ble, are very unlikely and need not be considered here). Two
classes of such highly excited states contributing to the final
production of Li>* have to be distinguished.

(vi a) The excitation energy of the resonant state is suffi-
cient for the emission of two electrons only by (nonsequential)
double-Auger decay. This is the case, for example, for the
most prominent triply excited 2s>2p 2P resonance for which
a single-Auger process exclusively leads to a nonautoionizing
Li* state. Ejection of two electrons to form Li** and thus
contributing to oy, is then only possible by a double-Auger
decay.

(vi b) The excitation energy E,¢,¢ ¢ of the resonant
state relative to the Li(1s%2s 2S) ground level is greater than
the threshold energy for the process described by Eq. (19)
with n€ = 2s, that is, E,¢ e wer > (E3% — E|%, ) where EX%
and E|%, are the total energies of the levels 25> 1S and
15?25 2S of Li* and neutral Li, respectively. In this case, two
sequential single-Auger decays proceeding via an intermedi-
ate autoionizing Li™ state can lead to the final production of
Li**. When net double ionization by such a two-step Auger
cascade is energetically allowed, the sequential emission of
two electrons is typically more probable than a double-Auger
process.

The threshold energy for populating the energetically low-
est autoionizing two-electron level Lit(2s*> 'S) from the
ground state of neutral Li was found to be 151.65(3) eV
in a precision Auger-spectroscopy experiment [70]. We note
that a later experiment provided a threshold energy of
151.51(3) eV [71] which is outside the mutual quoted
uncertainties by almost 3 times the estimated error bars.
The existing theoretical predictions show similar differ-
ences [72]. Chung and Lin predicted an excitation energy
E,» = 146.2366 eV above the 1s> ground level of Li* [73].
Together with the precisely known ionization potential
5.391714996(22) eV [74] of the Li atom, a threshold energy
of 151.6283 eV results for the transition Li(1s?2s 2S1/2) —
Li* (25 1Sp). This may be the most accurate number available
to date for the minimum energy above which IE processes can
contribute to oy, and above which triply excited resonances
can decay in two sequential Auger processes leading to an
enhancement of resonance features in the double-ionization
cross-section function.

The PDI cross section og; for direct removal of a K-
shell and a L-shell electron [see Eq. (16)] with its onset at
81.0318 eV [74,75] is shown as the gray solid line in Fig. 1.
It results from the present PDI model calculations. In the
energy range from the threshold to &~ 151 eV and apart from
any resonance contribution, ok, is practically identical with
the cross section og, obtained from our CCC calculations.
The PDI cross section okgg for direct removal of both K-
shell electrons [see Eq. (17)] has an onset of 172.8714 eV,
a quantity which results from a combination of the results
from a high-accuracy measurement [74] and high-precision
calculations [75,76]. The cross section oxx was calculated
using the present PDI model and is shown as the black thick
solid line in Fig. 1. Its contribution to oy, is only about 25% at
E,n =500 eV and rapidly decreases towards lower energies.
Processes (iii) described by Eq. (18) have a minimum onset
energy of 172.8714 eV and thus cannot explain the strong in-
crease of og, above & 151 eV. What remains to fill in the gap
between oy, and the direct-ionization cross sections og; +
okk are the IE processes and associated resonances described
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FIG. 8. Calculated contributions to the cross section og, for double photoionization of ground-level Li(1s? 2s %S, ») atoms. The top black
solid line represents oy, obtained from the present CCC model. The light-green-shaded area at the bottom marks the contribution of K + L
PDI. The other color-shaded areas indicate the IE contributions from all possible individual terms in the 2¢2¢" manifold and from the sums of
all terms in the 2¢ 3¢’ (cyan shaded) and 2¢4¢’ (red-shaded) configurations.

by Egs. (19) [process (iv)], (20) [process (v)], and (21)
[process (vi)].

Figure 8 shows the dominant contributions of different
mechanisms to the total cross section og, for the double pho-
toionization of the neutral Li atom at energies below 171 eV.
At the lower energies, the dominant contribution is direct non-
sequential removal of one K-shell plus the L-shell electron.
The cross section for this PDI process has been introduced as
okt and was calculated separately in the frame of the present
PDI model. Close inspection shows that the model cross sec-
tion is slightly lower than the CCC result in the region of
the IE threshold. For the extrapolation of ok towards higher
energies we chose, therefore, to derive it from a fit to the CCC
double-ionization cross section at energies below 151 eV. A
suitable shape function for describing double photoionization
cross sections was developed by Pattard [77]. It was used in
the fit and the resulting extrapolated contribution to og; is
represented by the light-green-shaded area at the bottom of
the figure.

Plotted on top of g is the IE cross section o (252 18).
This contribution is marked by light-brown shading. A strong
contribution with a slightly higher onset energy follows. It
is the partial cross section o (2s2p 3P) marked by magenta
shading. The blue, yellow, green, and orange shadings belong
to the IE cross sections o (2p? 3P), o (2p* 'D), 6 (2s2p 'P),
and o (2s2p 'S), respectively. The contribution of all terms
within the manifold of 2¢3¢’ configurations is represented
by the cyan-shaded area in the stacked plot. A much smaller
contribution of all terms within 2£4¢" configurations is visible
as the red-shaded narrow area starting at an energy of approx-
imately 169 eV.

The white area below the total double-ionization cross sec-
tion og, cannot be assigned to individual contributions from
different basis states but results from the whole set of 829 ba-
sis states used in the present CCC model. This is particularly
obvious for the resonance features at energies below the IE
threshold at about 151 eV.

Several of the calculated cross sections for direct and
resonant IE processes can be compared to existing experi-

mental data obtained by Diehl er al. [14,15]. Partial cross
sections o (n€n'¢") and relative yields for the photoproduction
of intermediate Li* (n€n'¢’) states from ground-level Li have
been measured by detecting Auger electrons from the inter-
mediate autoionizing levels and by determining their yields as
a function of the photon energy. Comparisons of the present
CCC results with experimentally derived partial cross sec-
tions are presented and discussed below.

Figure 9 shows partial IE cross sections o252 18) for
K-shell ionization plus K-shell excitation of the neutral Li
atom. In the investigated photon-energy range, the Rydberg
series of 2s2p [*P]ns 2P resonances dominates the cross
section for n > 5, that is, when the resonance energies exceed
the threshold for the population of the 25> 'S level and thus
permit sequential single-Auger decay for producing the final
Li** ion.

The experimentally derived cross sections [14] are based
on yield measurements of the Auger electrons emitted by au-
toionization of the intermediate Li* (25 'S) ions. The yields
were normalized to the photoabsorption cross sections of
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FIG. 9. Partial cross section for the photoproduction of interme-
diate Li™(2s? 'S) from Li(1s?2s 2S). The cyan-shaded circles are the
experimental results [14] scaled down by a factor 0.7 together with
their statistical uncertainties. Measured yields were originally nor-
malized to the photoabsorption cross sections of Mehlman ez al. [42].
The solid red line is the result of the present CCC calculations
convoluted with a 40-meV FWHM Gaussian. The basis-state weight
factor in the CCC calculation is wgg = 0.7147.
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Mehlman et al. [42]. The uncertainty of that normalization
is expected to be higher than the quoted £25%. As in the ex-
amples for nonautoionizing intermediate excited two-electron
states, the published experimental partial cross sections were
multiplied by a constant (energy-independent) factor to match
the size of the CCC cross sections and to thereby facilitate
a better comparison of theory and experiment. In the case of
the 252 1S level, the constant factor 0.7 was chosen. The the-
oretical energy scale was left unchanged. For simulating the
experimental energy spread of 40 meV, the calculated cross
section was convoluted with a Gaussian of 40-meV FWHM.

Different from the IE cross sections for the production
of intermediate singly excited lsnf states of the Li' ion,
there are more obvious discrepancies between theory and
experiment. This can be partly attributed to uncertainties in
the experimental normalization procedure. But there are also
differences in the relative sizes of peak features and different
energy spacings between resonances that cannot be simply
removed by a constant scaling factor or a fixed shift of the
energy axis. We rationalize these discrepancies with the fact
that the solid line only represents the contribution of one basis
state with a weight factor wgs = 0.7147. Consideration of
the remaining 28% from admixtures of other configurations
would probably fix most of the observed differences between
theory and experiment.

We point out that the remaining 1-wgg fraction of basis
states that contribute to the representation of the true physical
state 25> 'S are dispersed among the 829 basis states con-
sidered in the present CCC model. All of these basis states
contribute to the total single and double photoionization cross
sections shown in Fig. 1 while their individual contributions
to, e.g., the population of intermediate 25> 'S cannot be sorted
out.

Figure 10 displays the partial IE cross sections o (2p? 'D)
and o(2s2p 'P) at energies between 155.8 and 159.8 eV.
In this range, a series of triply excited resonances is visible
similar to the IE cross-section results shown in Fig. 9. Triply
excited levels 2p? ['P]np 2P of the Li atom with n > 3 de-
caying either to 2p? 'D [Fig. 10(a)] or 2s2p 'P [Fig. 10(b)]
are responsible for the observed Rydberg series.

The yellow-shaded and green-shaded circles represent the
experimental data obtained by Diehl er al. [14] multiplied
here by energy-independent factors 0.8 and 0.5, respectively.
The latter factor is unusually different from 1. It was cho-
sen to match the nonresonant “background” contribution of
direct IE to the cross section o (2s2p 1P) obtained from the
present CCC calculations. However, as a consequence, the
resonance contributions are then considerably smaller than
the prediction of the CCC model. This discrepancy, like in
the context of (25> 1S), is partly attributed to the nonunity
weight factor wgs = 0.9010 of the basis state assumed to rep-
resent the real physical state behind 2s2p 'P. As before, the
theoretical results were convoluted with appropriate 40-meV
FWHM Gaussians to simulate the experimental energy
spread. In addition, the theory curves were shifted down by
40 meV to better match the experimental resonance positions.

Relative yields of Auger electrons from intermediate
Lit(2s%1S), Lit(2s2p *P), and Li* (2s2p ' P) formed by the
absorption of a single photon by neutral Li were measured by
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FIG. 10. IE cross sections for the photoproduction of interme-
diate Lit(2p* 'D) (a) and Lit(2s2p 'P) (b) from ground-level
Li(1s? 25 28, ,2) atoms. The experimental data [14] are represented
by shaded circles. They were multiplied by factors 0.8 (a) and 0.5
(b). The red solid lines represent the contributions of the two most
important basis states considered in the present CCC model for
the representation of the real intermediate autoionizing states. Their
weight factors within the presently employed set of basis states are
wps = 0.9542 and 0.9010, respectively. The theory curves were con-
voluted with Gaussians of 40-meV FWHM and shifted by —40 meV.

Diehl et al. [15] in the photon-energy range 160.0 to 163.6 eV.
The bandwidth of the employed synchrotron radiation was
determined to be 110 meV. The results of the experiments
are shown by the shaded circles in Figs. 11(a)-11(c). Diehl
et al. normalized their yields to match the direct-IE back-
ground with the predictions of their accompanying R-matrix
calculations. The quoted uncertainty of the photon-energy
scale is only £10 meV which is probably somewhat overop-
timistic. The present CCC cross sections were shifted by
—40 meV, a correction that is expected given the uncertainties
of experimental and theoretical resonance energies. For the
comparison with the experimental data, the theoretical cross
sections o (252 1S), 0(2s2p 3P), and o (2s2p ' P) were convo-
luted with a Gaussian of 110-meV FWHM.

There is mixed agreement between theoretical and exper-
imental results. In particular, the resonance feature at about
161.5 eV is overestimated in Figs. 11(a) and 11(b). It is
underestimated in Fig. 11(c). This resonance has been as-
sociated with the term 2s3s['S]3p Zp by Kiernan et al. [8]
(see Fig. 3). Azuma et al. assigned capital letter M to that
resonance [9] (see Fig. 4) and specified resonance M to be
represented by the leading configuration admixtures of 35%
2p3p%, 33% 2p3s?, and 23% 2s3s3p with an unknown 9%
admixture of additional configurations. Yet another assign-
ment, namely 2s2p['P]3s 2P, has been provided by Vo Ky
et al. [17]. According to the present CCC calculations, this
triply excited state of the Li atom can decay by a single-Auger
process to LiT(2s? 'S), LiT (2s2p 3P), or LiT (2s2p ' P) with
different decay probabilities and thus contributes to o (25> 'S),
o(2s2p3P), and o (2s2p ' P).

The comparisons in Fig. 11 suggest that the decay rates
to Lit(2s? 1S) and Li* (252p 3P) are overestimated and that
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FIG. 11. Normalized yields of Auger electrons representing IE
cross sections o (25> 'S), o(252p 3P), and o (2s2p ' P) of neutral Li
describing the production of intermediate doubly excited levels in
Lit. The experimental data were obtained by Diehl et al. [15]. (d)
The sum of these cross sections scaled down by a factor 0.8. The
present CCC results were convoluted with Gaussians of 110-meV
FWHM and shifted to lower photon energies by —40 meV. All cross
sections are given in Mb. For the basis-state weight factors see Figs. 9
and 10. For 252p 3P the CCC model gives wgs = 0.9695.

the probability for decay to Li*(2s2p ' P) is underestimated.
However, the total decay rate of resonance M is calculated
fairly correctly in the present CCC model as indicated by the
comparison shown in Fig. 11(d). The experimental yields of
all Auger electrons arising from LiT(2s 'S), Lit (2s2p 3P),
and LiT(2s2p 'P) were summed and recorded as a function
of the photon energy. Accordingly, the theoretical convoluted
cross sections o (25> 'S), 0 (2s2p 3P), and o (2s2p ' P) were
summed and the result is shown by the red solid line in
Fig. 11(d). With the experiment scaled down by a constant
factor 0.8 there is agreement between theory and experiment.
In this comparison, one still has to keep in mind that the inter-
mediate doubly excited states of the Li* ion are represented
by a single configuration each. These are 71.47% 252, 96.95%
2s2p 3P, and 90.1% 252p Ip, ie., certain contributions are
missing in the IE cross sections which are there in the 829-
state representation of the present CCC model and the sum of
which appears in the total single- and double-ionization cross
sections.

The total double-photoionization cross section g, ob-
tained from the present CCC calculations is compared with
experimental data in Fig. 12. The bulk of measured cross sec-
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present CCC 1
o Huang et al. renormalized
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FIG. 12. Cross sections for the double photoionization of
ground-level Li(1s? 25 %S ») atoms. Experimentally derived data are
represented by yellow-shaded circles [44], green-shaded circles [46],
the cyan-shaded square [20], and the magenta-shaded circle [16]. The
original cross sections determined by Huang ez al. [44] are shown as a
light-blue solid line. The present CCC result is shown as the red solid
line. Thresholds for K 4 L and K 4+ K PDI are indicated as well as
the onset of IE processes that contribute to double ionization.

tions is from a publication by Huang et al. [44]. The light-blue
solid line in Fig. 12 represents the absolute cross sections as
determined by Huang er al., who essentially measured cross-
section ratios » = o, /0¢; and derived the individual cross
sections op; and og, by normalization to the photoabsorption
cross section of Mehlman et al. [42] near 110 eV. The quoted
uncertainty of that procedure is between 22 and 25%.

The cross-section function og; thus obtained by Huang
et al. [44] is represented in Fig. 2 by the gray-shaded dia-
monds. It obviously deviates from all other expectations with
a maximum difference of almost 50% at 235 eV relative
to the direct-ionization cross section calculated by Verner
et al. [67]. Similar deviations have to be expected for o, and
are visible in Fig. 12. We have decided therefore to renor-
malize the data of Huang et al. [44] by using their measured
cross-section ratios r and determining the cross section ogp
by multiplication of r with what we think is a better repre-
sentation of op;. As discussed in the connection with Fig. 2,
the cross section o{i" + oI calculated by Verner ef al. [67]
has a much reduced systematic uncertainty of (probably less
than) +10%. The open circles in Fig. 12 are the result of
our renormalization. They are shown with their error bars Ar
determined by Huang er al. [44] for the ratios r and the total
uncertainties resulting from the combination of Ar with the
estimated uncertainty of 10% of the normalization.

Figure 12 also shows two isolated cross-section points
obtained by Azuma et al. [16] at 174 eV and Wehlitz et al. [20]
at 143.5 eV. The experiment by Azuma et al. [16] determined
the absolute cross section oy, in the close vicinity of the 35> 3p
resonance with empty K and L shells. This resonance is not
included in the present CCC model and cannot be compared
with theory therefore. However, the nonresonant background
of oy, should be described well by the CCC calculations.
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Instead, the nonresonant background cross section determined
by Azuma et al. at 174 eV perfectly fits the renormalized
cross-section function of Huang et al. [44] which deviates
from the CCC result in this energy region. The quoted un-
certainty of Azuma et al.’s [16] experimental cross section is
quite large, though.

The additional measurement at 143.5 eV by Wehlitz
et al. [20] is shown in Fig. 12 without additional renormal-
ization. It is part of an experiment scrutinizing the role of
the 25?2p 2P resonance in the double ionization of Li. The
selected data point is fully consistent with the measurements
of Huang et al. [44]. A more detailed comparison with the
present CCC calculations is discussed below.

The CCC cross section oy, represented by the red solid
line in Fig. 12 was convoluted with a Gaussian with FWHM
= 500 meV in order to simulate the experimental energy
resolution of the Huang et al. data [44]. Very remarkable
overall agreement of theory and experiment is found, except
for the energy range between approximately 170 and 220 eV.
Given the uncertainties of the experimental cross sections as
they were originally published, one may argue that an inappro-
priate normalization of the experiment might have produced
the observed deviation. However, all cross sections obtained
by Huang et al. have been renormalized, which only partly
removed the existing discrepancy.

The isolated data point at 174 eV determined by Azuma
et al. [16] was also originally obtained by normalization
of measured yields to the photoabsorption cross section of
Mehlman et al. [42], which suggests that also that point should
be corrected by a factor of approximately 1.2. Such renormal-
ization would bring up the cross section to 16.2 Mb, which is
still within the error bars shown in Fig. 12. Its total error bar
would extend beyond the red solid line. We also mention that a
similar deviation measured from calculated cross sections was
not observed in the preceding study on double photoionization
of Li-like B>* ions. There, a CCC model similar to the present
one was applied. After all, it is not clear whether the observed
discrepancy between theory and experiment at energies from
170 to 220 eV can be attributed solely to either one of them.

Wehlitz and Jurani¢ [36] made a strong attempt to find res-
onance contributions in the total double-photoionization cross
section o of the Li atom. For this purpose, they scanned
the yields of Lit and Li** product ions and determined
ratios r = o0gpy/0¢; as before. Compared to their preceding
experiments [44] they improved the photon-energy resolution
from 500 to 110 meV and greatly reduced statistical uncer-
tainties. Different from their normalization to the measured
photoabsorption cross section of Mehlman et al. [42] we
normalized their ratios to the nonresonant direct-ionization
cross section of Verner et al. [67]. The resulting oy, data are
shown as blue full circles in Fig. 13. The red solid line is
the cross section obtained from the present CCC calculations
convoluted with a 110-meV FWHM Gaussian.

The experimental and theoretical cross-section baselines
between the resonances are in very satisfying agreement with
one another. The dominant resonance features observed and
identified in the experiments of Azuma et al. [9] were found
again in og, by Wehlitz and Jurani¢ [36]. They are reproduced
by the present calculations though with energies slightly
shifted and strengths not always identical. This is particularly
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FIG. 13. Cross sections for the double photoionization of
ground-level Li(1s® 25 25 ») atoms in the region of triply excited hol-
low Li states. The data were obtained at a resolution of 110 meV [36].
The present CCC result for o, has been convoluted with a 110-
meV FWHM Gaussian to simulate the experimental conditions. The
thresholds of IE cross sections o (2£2¢") for all possible terms are
given by vertical bars. The resonances are identified by the capital
letters introduced by Azuma et al. [9] (see Fig. 4).

true for the Rydberg series found by theory in the 157- to
160-eV energy range. The series was experimentally observed
in the partial cross sections o(2p? 'D) and o (2s2p 'P) (see
Fig. 10) but is barely seen in the experimental og,. A similar
rather striking example is the resonance at about 150 eV. It
is quite strong in the theoretical cross section and practically
invisible in the measured data. This is surprising since the
resonance does show up in the total photoionization cross sec-
tion displayed in Fig. 4 as well as in the single-ionization yield
measurement presented in Fig. 3. It is resonance C in Azuma
et al’s [9] assigment while Kiernan et al. [8] identified it to be
associated with the level 2s2p[>P]3s 2P. This resonance has to
decay by a double-Auger process in order to contribute to oy;.

Welhlitz et al. [20] have investigated the possibility to ob-
serve double-Auger decay of the lowest-energy triply excited
25%2p 2P level in neutral Li (termed resonance A by Azuma
et al. [9]). The experimental results of Wehlitz et al. [20]
for the cross sections oy, and oy, are displayed in Fig. 14.
The ratio of resonance peak heights above the nonresonant
background cross section is one possible measure for the de-
tectability of the double-Auger decay channel. In the example
of Fig. 14, the ratio is approximately 3.5%. The peak height
of resonance C in single ionization is approximately 75 kb. If
the double-to-single-Auger decay ratio is the same as that of
resonance A one can expect the contribution of resonance C
to o¢p to be more than 2.5 kb. Observing this should have been
possible by the experiment of Wehlitz et al. shown in Fig. 13.

The experimental cross sections op; and oy, in the close
vicinity of resonance A shown in Fig. 14 were renormalized
to the direct nonresonant cross section of Verner et al. [67]
as discussed several times already in this article. The cross
section of Verner et al. is shown as a brown dotted line.
The results of the present CCC calculation are the red solid
lines which were convoluted with a 39-meV FWHM Gaussian
to simulate the experimental energy resolution. Also shown
in Fig. 14 is the cross section op; obtained by Fang and
Chung [69]. Their result reproduces the experiment slightly
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FIG. 14. Cross sections o0y, and oy, for the double photoioniza-
tion of ground-level Li(1s*2s 2S;,,) atoms in the vicinity of the
25?2p 2P resonance. The data published by Wehlitz et al. [20] were
renormalized by a factor of 1.19. This factor was chosen such that
the direct-ionization background of the measured resonance cross
section matches the calculation of Verner et al. [67] which is shown
in panel (a) as the brown dotted line. The renormalized experimental
data are shown by open circles. The red solid lines are the present
CCC results convoluted with a Gaussian of 110-meV FWHM. The
blue dashed line in panel (a) is the result of Fang and Chung [69] for
oo1- The resonance positions were shifted to 42.254 eV as calculated
by Fang and Chung with a quoted uncertainty of only £1 meV.

better than the present CCC calculation. However, differ-
ent from the present work, the cross section oy, could not
be calculated by Fang and Chung while the present CCC
calculations produced a cross section oy, that matches the
measurement quite well.

IV. SUMMARY AND OUTLOOK

For the neutral Li atom, the most fundamental three-
electron system, we present comprehensive calculations of
single- and double-photoionization cross sections, op; and
ooz, respectively, based on a large-scale convergent-close-
coupling model. Direct nonsequential two-electron ionization
channels are considered as well as numerous channels of
ionization of the K shell with excitation of the second K-
shell electron which are especially important in the double
photoionization of the Li atom and Li-like ions. The CCC
approach is a unified theory and considers interference of
quantum-mechanical amplitudes of different reaction path-
ways. This manifests itself by the assymmetric Fano profiles

of resonance contributions to ;. All pathways to double pho-
toionization of the Li atom are included in the calculations.
Partial cross sections for individual ionization-excitation
channels are among the byproducts of our theoretical ap-
proach.

Different from a limited attempt by Berrington and
Nakazaki [19] to calculate o, in the region of triply excited
resonances, the present theoretical approach produced
good-quality results for the double-photoionization cross
section from its threshold to the region far beyond all
resonances and beyond the onset of direct nonsequential
double ionization of the K shell. The overall agreement with
the available experimental data is remarkably good. However,
there are discrepancies in some details and, in particular, there
are deviations between calculated and measured resonance
features, mostly in their level energies and strengths. Given
the difficulty to put the experimental cross sections for
vaporized Li on an absolute scale, it remains unclear whether
the observed differences have their origin in deficiencies
of the experiments or the theoretical approach. Further
measurements of double photoionization of other Li-like
systems are desirable. There is already a set of experimental
results available for the three-electron B2* ion [3]; however, in
that experiment only limited information on the contributions
of triply excited resonances to the double-photoionization
cross section could be obtained. In future measurements,
emphasis should be put on the clear observation of resonance
structures to provide benchmarks for improvements of
theoretical models for double photoionization.

A good candidate for further measurements would be
Li-like C3*(1s?2s) ions in their ground level. They can be
relatively easily produced in an electron-cyclotron resonance
ion source and the application of a merged-beams photon-ion
arrangement like the one that was used for the B2+ photoion-
ization experiments would facilitate the collection of the C3+
double-photoionization products. Preliminary CCC calcula-
tions show that, by concentrating on the resonance features
in the cross section, high-resolution results can be obtained
with good statistical accuracy.
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