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Single and double photoionization of the Li-like B>+ ion: Strong ionization-excitation contributions
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Single and double photoionization of the Li-like B**(15*2s35) ion were studied both experimentally and
theoretically in the energy range from approximately 250—1200 eV. The cross section 0,3 for net single ionization
in that range is dominated by direct removal of one K-shell electron, a process that is described very well by
theory. Accordingly, measured yields of B3* photoproducts were normalized to theory to obtain absolute cross
sections 0,3. Aside from direct single ionization, there are additional contributions to ¢,; from photoabsorption
resonances. The parameters of the Fano profile of the most prominent of these resonances, the triply excited
25?2 p P state, were calculated by employing the convergent close coupling (CCC) approach and the theoretical
results were experimentally verified. Using the normalization procedure obtained from the investigation of single
ionization, also the measured yields of B** product ions could be put on an absolute cross-section scale. The
resulting experimental cross section o4 is in good accord with the CCC calculations revealing unexpectedly
strong contributions that arise from ionization with excitation of B>+ (15225 2S) forming intermediate autoionizing
B3*(nf n't") levels, which subsequently decay to B** by Auger-electron emission. In addition, contributions to
094 from resonant excitation of B**(n€n'¢’ n''¢") with n,n’, n” > 2 could be identified. These triply excited
resonances with an empty K shell can decay by simultaneous or sequential emission of two electrons and thus

contribute to net double photoionization of the parent B>* ion.

DOI: 10.1103/PhysRevA.111.053108

I. INTRODUCTION

In a joint experimental and theoretical effort, fundamental
photoprocesses of few-electron boron ions are investigated in
an extended photon-energy range reaching far beyond the K
edge of B2+ (15%2s%5) at 236.495 eV. In particular, multielec-
tron processes and multiply excited states are studied.
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In a preceding publication, photoexcitation of double K-
vacancy states in He-like B3* ions was investigated [1] and
the role of such hollow ionic states in the net single photoion-
ization of B3*(1s%1S) and B3*(1s2s35) ions was explored.
Extremely accurate resonance parameters were calculated,
with a focus on the determination of resonance energies,
which were obtained with uncertainties of less than 1 meV. In
a followup paper, direct photo double ionization of B3+ was
studied and also the single photoionization of H-like B** was
addressed [2].

Photoionization of ions along the boron isonuclear se-
quence was investigated in previous experiments with sensi-
tivities sufficient to measure cross sections above 0.5 Mb.
Single photoionization of Be-like B* was studied at energies
between about 20 and 32 eV covering valence-shell excita-
tions [3]. Core excitations of B were investigated at energies
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from 193 to 215 eV, i.e., in the vicinity of the K edge [4]. Sin-
gle photoionization of B>+ involving the K shell was studied
in the photon-energy range 199-238 eV [5].

In the present project, the photon-energy range is very
much extended and reaches from about 250 eV, the lower
limit of photon energies accessible by the undulator at the
given energy of the stored electrons, up to approximately five
times the K edge. Moreover, the experimental arrangement
has reached a sensitivity to the minimum measurable cross
sections of the size of a few barns [6]. Under these conditions,
a quantum leap towards experimentally accessing complex
processes and structures in few-electron ions has been made
possible. The preceding two papers [1,2] provide evidence
for this achievement in the investigation of single and double
photoionization of He-like boron ions.

Here, we report on experiments elucidating higher-order
processes and complex multiply excited structures that play
a role in the single and double photoionization of Li-like
B2*(15?2525) ions. The experiments were accompanied by
theoretical calculations employing the convergent close cou-
pling (CCC) approach [7-10] and a model describing direct
photo double ionization (PDI) of atoms and ions by a single
photon [11].

Net single photoionization of the ground-level B> ion,
i.e., the total final production of B3>* as a consequence of
the absorption of a single photon is possible via a number of
different pathways. Direct ionization can occur in the L shell
or in the K shell:

hv + B* (15225%) — B3 (12 19) + ¢~ (1)
hv + B2 (15225 %) — B3 (1525 138) + . ()

Both channels are characterized by what is usually called
the photoeffect. The cross sections for such processes are
relatively well known since decades (see, e.g., Ref. [12]). The
B3+ product after K-shell ionization is in a long-lived excited
state (1525 !3S) that can decay by radiative transitions or reach
the final-ion detector in an experiment before relaxing to the
ground state. Lifetimes are 10.86 us for the 'S [13] and 149 ms
for the 35 [14] levels. In any case it is counted as a singly
ionized product.

K-shell ionization of B>t may also be accompanied by
excitation of one or both of the two other electrons:

hv + B* (15225%) — B¥* (1snt) + ¢~ 3)
hv + B> (1s%25%) — B3 (men't) + e, 4)

where n,n’ > 2, and £(¢')=0,1,2,...,n—1(n' — 1). The
singly excited product ion of the process described by Eq. (3)
can only decay by photon emission and thus maintains its
charge state so that this pathway contributes solely to net sin-
gle ionization. The situation is much different for the doubly
excited product of the ionization-excitation (IE) described by
Eq. (4). The B3*(n¢ n'¢’) ion with its empty K shell will most
likely decay by an Auger process and has only a very small
branching ratio for stabilization of its charge state by radia-
tive transitions. Accordingly, the total process predominantly
contributes to net double and, very unlikely, to net single
ionization, respectively.

It is commonly accepted and proven by experiment and
theory that ionization-excitation as a two-electron or even
multielectron process has a much smaller cross section than
ionization alone (see, for example, Refs. [1,8,15-17] and
references therein). However, we show in this paper that
ionization-excitation can make a significant contribution to
the cross section for net double ionization.

A third class of photoabsorption processes that can even-
tually lead to ionization is characterized by K-shell excitation
of the parent ion:

hv + B* (15225 %) — B> (1snen't) 5)

hv + B> (15225%5) — B> (nen't' n'¢"), (6)

where n,n’,n” >2 and £,¢,0"=0,1,2,....,.n—1,n — 1,
n” — 1, respectively. The selection rules for electric-dipole
transitions suggest that the photoexcited states almost exclu-
sively belong to %P terms.

Excitation of only the 2s electron leads to a state that can
only relax by photon emission and thus does not change the
charge state of the B>+ ion. The excitation of one of the two
K-shell electrons [see Eq. (5)] produces an autoionizing state
whether the 2s electron is also excited or not. The most prob-
able decay of that intermediate state is via an Auger process,
which results in the production of a B3t ion, i.e., the whole
process contributes to net single ionization. Such reaction
paths have been studied previously both experimentally and
theoretically [5].

The excitation processes described by Eq. (6) involve the
excitation of both K-shell electrons and possibly also the 2s
electron in addition. The energetically lowest term that can
thus be reached is 2s>2p ?P. Even though the 2s electron has
not been moved to another subshell in this case, such states
with empty K shells are called triply excited. They are also of-
ten described as hollow states. Triply excited states of lithium
and lithiumlike ions have received a great deal of attention
due to their fundamental properties as well as their potentially
exotic production and decay processes.

Triply excited states have first been experimentally ob-
served in elastic scattering of electrons from He atoms
[18] and were immediately identified spectroscopically as
252p* 2D and 2s*2p?P terms of He™ ions [19]. These res-
onances were also found in the observation channel of
electron-impact single ionization of He [20]. In both cases, the
triply excited He™ states are formed by trielectronic capture
[21,22] of the incident electron. In one case, the intermediate
state decays back to the ground state of the He atom by a
transition in which two electrons fall down into the K shell
while the third electron is emitted with the energy of the
incident electron. In the other case, the triply excited states
are populated in the same fashion but then decay by a double-
Auger process forming a He™ product ion. Experiments were
performed studying exotic triply excited states of He™ popu-
lated in beam-foil experiments [23] or via photoabsorption by
long-lived metastable He™ ions [24].

While in the above examples the triply excited states were
associated with three-electron He™ ions, the first observations
of hollow Li atoms were made in electron-spectroscopy ex-
periments with foil-excited lithium [25,26]. A decade later,
triply excited levels of the Li atom were populated via
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trielectronic capture by Lit* ions in an electron-ion crossed-
beams experiment. The triply excited resonances were identi-
fied by scanning the energy of the narrow-bandwidth incident
electrons while observing Li** product ions emerging from
the electron-ion interaction region after the emission of two
electrons either simultaneously or in two steps [27]. Mainly
in the subsequent decade, a striking number of high-profile
publications about experimental and theoretical investigations
appeared in the literature illuminating the properties of triply
excited states of the lithium atom [28-39] and highlighting the
importance of such states in atomic physics. Much more work
on the topic has been done and would deserve mentioning.
However, a complete overview of the associated literature
goes far beyond the intent of the present paper. Instead, we
refer to published reviews on triply excited states in the
lithium atom [40—42]. Multiple photoionization of atoms and
molecules has also been reviewed [43].

In the present context, triply excited lithiumlike ions (rather
than the Li atom), and in particular B2t jons, are of imme-
diate interest. Experimental work on triply excited positive
ions started with beam-foil experiments [26], which provided
energies for a number of triply excited Be™ states. Triply
excited states were observed in electron collisions with He-
like N°* and Li™ [44,45] as well as in collisions of ions with
light gases leading to what has been termed resonant transfer
excitation associated with Auger-electron emission (RTEA)
[46]. Some of the experiments addressing RTEA yielded in-
formation about triply excited B>* states [47,48]. Yet another
access to triply excited states is provided by spectroscopy of
photons emerging from very dense hot plasmas (see Ref. [49]
and references therein).

A large volume of results from theoretical investigations of
triply excited Li atoms and Li-like ions exists in the literature
(see Refs. [50-54] and references therein). Results of the
present investigation on B>* ions are compared to calculated
data from the cited literature.

This paper is organized as follows. Next to this introduc-
tion, in Sec. II, the experimental procedures are outlined. In
Sec. 111, the theoretical CCC approach to photoionization of
B%* and the model calculations for direct two-electron re-
moval are briefly explained. Section IV presents and discusses
the theoretical and experimental results. The paper ends with
a summary (Sec. V).

II. EXPERIMENT

The experiment was conducted at the soft-x-ray beam line
P04 [55] of the synchrotron light source PETRA III [56]
operated by DESY in Hamburg, Germany. The permanent
end station PIPE (Photon-Ion Spectrometer at PETRA III)
[57] of beam line PO4 provided the complete experimental
setup needed for the present measurements. The photon-ion
merged-beams technique [58] was employed. The experimen-
tal procedures for the measurement of cross sections at PIPE
have been previously described in great detail [59,60]. The
present measurements were part of an experimental campaign
aiming at photoionization of boron ions. First results and
the techniques employed in that campaign have already been
published [1,2]. Therefore, the present description of the ex-
perimental procedures is kept at a minimum.

Beams of isotopically purified 12-keV ''B?* ions, filtered
by a magnetic-dipole analyzer, were collimated to a diame-
ter of about 1 mm and merged with the counterpropagating
photon beam provided by beam line PO4. Photoionized B3+
and B** product ions were separated from the parent !'B>*
ions by a second dipole magnet and then detected with almost
100% efficiency. All parent ions were collected in a large
Faraday cup and their electrical current was measured by a
sensitive picoammeter. The measured '' B2+ ion-beam current
Lion in the interaction region was approximately 10 nA. The
flux ¢pp of the transmitted photon beam was recorded by a
calibrated photodiode.

A blazed 400-lines/mm grating with Pt coating was used to
achieve the highest possible photon flux. Overview measure-
ments were carried out with a monochromator exit-slit width
Wes = 1000 um. Regions around resonances were scanned
with either wes = 400 um or 200 um. At a photon energy
Epn = 500 eV, wes = 1000 um resulted in a photon flux ¢, ~
1.1 x 10'* photons/s and we, = 400 um gave ~6.2 x 10"
photons/s, respectively. At Ey, = 435 eV, we, = 1000 um re-
sulted in a photon flux ¢, ~ 1.2 x 10'* photons per/s and
Wes = 200 um gave ~2.8 x 10'3 photons/s.

With a monochromator exit-slit width wes = 1000 um the
photon beam had an energy spread of about 700 meV at
Eyn = 500 eV. The photon-energy spread could be reduced
to 400 meV by setting wes = 400 um. At 435 eV, the energy
spread was 200 meV for wes = 200 wm. The photon energies
were calibrated by employing resonances in the single pho-
toionization of B3t ions [1]. The energy axis for the present
ion-yield and cross-section data is accurate within an error
margin of £0.1 eV. The Doppler shift of photon energies
by approximately a factor of 1 + vjon/c = 1.00153 due to the
counterpropagating photon and ion beams was corrected for,
considering the ion velocity vjo, = 4.59 X 10° m/s and the
vacuum speed of light c.

Yields of B3* and B** ions produced as a result of
single-photon absorption by B2+ parent ions were recorded
in energy-scan measurements covering desired energy ranges
between approximately 250 and 1200 eV. The overlap factor
of the photon and ion beams was not separately determined
and monitored. Nevertheless, the measured yields can be put
on an absolute cross-section scale by a suitable normalization
function Acorr(Epn). Such normalization functions were de-
termined in the preceding publications on single and double
photoionization of B3t ions [1,2]. Under the condition that
the collimation of the ion beam and the geometry of the
photon beam do not change in time, the overlap factor of the
two beams remains constant and the normalization function
Acorr (Epn) known from one experiment can be applied to a dif-
ferent yield measurement. For the measurements on B>* and
B3+ parent ions, which were performed in one experimental
campaign the identical collimations were maintained. Thus,
the correction function Ao (Epn) determined previously for
single photoionization of B** can also be applied to the
present yields measured for photoionization of B>+ ions.

Alternatively, a separate correction function can be derived
for the present measurements. The cross section o,3 for the
single photoionization of B>* is determined by the direct
processes described by Egs. (1) and (2). IE contributions to
single ionization [see Egs. (3) and (4)] have to be expected
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to be negligibly small. Resonance contributions to 0,3 [see
Egs. (5) and (6)] are small and occur only at discrete energies
below the double-ionization threshold at 552.463 eV [61]. The
cross sections for direct photoionization of the L and K shells
of B>* are well known since a long time. In the present case,
we employed the calculations by Verner et al. [12] to construct
the cross section 0,3 for the single photoionization of B>*.
Dividing this cross section by the measured yield function of
B3t product ions gives the correction function Acor(Epp). It
turns out that the thus obtained correction function is practi-
cally identical to the Acor(Epn) derived in the accompanying
experiments with B3* ions [1,2].

The total uncertainty of the normalization procedure is
determined by the relative uncertainties of the calculated cross
section 0,3 and the limitations of reproducibility of experi-
mental conditions. The former is conservatively assumed to
be £10% while the latter is estimated to be +15% based
on the reproducibility of Acor(Epn) during the experimental
campaign. This results in a total systematic uncertainty of
cross-section determinations of 18%, which is similar to the
typical uncertainty of absolute cross-section measurements
that include the measurement of the beam overlap factor.

III. THEORY

A. Convergent close coupling approach

The general application of the CCC method to photoion-
ization problems has been described previously [7-10]. More
specifically, in the present context, two-electron photoion-
ization of the lithiumlike B>+ ion is treated via nonelastic
electron scattering and electron-impact ionization of the heli-
umlike B+ ion. The problem of two-electron photoionization
of the Li atom has been solved in preceding works [62—64].

The CCC treatment of PDI of B>+ is very similar. The first
stage of this process is photoionization of a core 1s electron,
which is far more likely than the ionization of the valence 2s
electron because of the proximity to the nucleus, which has to
absorb the recoil momentum. The two remaining atomic elec-
trons 1s2s overlap with various discrete states of the B3* ion.
These states are represented by the configuration interaction
(CI) expansion over pairs of one-electron orbitals.

The ground state of B>* is represented by a multiconfigu-
ration Hartree-Fock (MCHF) expansion

Yo(1,2,3) = Z G (1In) (2||n€) (31|2s). (N
nl#2s

The wave function in Eq. (7) includes only pair correlation,
i.e., no configurations with all of the three electrons being
promoted to vacant states included. Nor does it contain pair
correlation between different atomic shells. A one-hole—one-
electron excitation from the K shell 1s2s3s has no significant
effect on the ground-state energy. The nine-term MCHF ex-
pansion, which includes n¢? configurations with £ < 3 and
n < 4 recovers 92% of the correlation energy.

We require the wave function of electron scattering on the
He-like ion B3*. For this purpose we use the CCC theory
developed for two-electron targets [65,66]. The first step is to
obtain a set of Laguerre one-electron basis functions by taking
Ny =27 — £ for £ < 3 with exponential falloff 1, = 4, and

diagonalize the one-electron Hamiltonian of B** for each ¢.
This results in one-electron B4 wave functions. We then use
the lowest-energy 25 — ¢ functions to generate two-electron
configurations for diagonalizing the two-electron Hamiltonian
B3*. To ensure a sufficiently accurate ground state, and to
allow for autoionization processes, we include 1s, 2s, 2p or-
bitals for the inner electron, and all possible combinations for
the outer electron. Diagonalization of the B** Hamiltonian re-
sults 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-B** 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.

B. Knockout PDI model

Direct, or nonsequential, PDI at energies not too far above
the threshold is facilitated by two main mechanisms. The
first mechanism is a knockout collision of the primary pho-
toelectron with the residual ion. The second, the shake-off
process, is relaxation of the ion with the release of a secondary
photoelectron. While the sudden shake-off 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 shake-off processes
on the same footing. A simplified knockout model [11] ig-
nores the shake-off contribution to PDI. Nor does it take into
account the two-electron ionization-excitation processes. In
such a simplified treatment, the primary photoelectron under-
goes an ionizing (e,2e) collision with the ion and the whole
of its energy is shared between the two secondary photoelec-
trons. The application of such a model was found successful
in direct double ionization of the Art(3p~!) ion [67]. 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) pho-
toionization of the Ar™ ion [6].

IV. RESULTS AND DISCUSSION

A. Single photoionization of B**

The parent Li-like B2* ions are in their (15225 %5, /2) ground
level. As indicated by Egs. (1) and (2), there are two impor-
tant contributions to the net single-ionization cross section
o023. These contributions result from direct photoionization
of the L shell (azd;r_L) and direct photoionization of the K
shell (02‘13“”(). These cross sections have been calculated
previously, e.g., by Verner et al. [12]. In Sec. I, the domi-
nance of direct ionization (051‘3ir ) in net single photoionization
has been discussed. Accordingly, in a very good approxi-
mation, 03 & 0§ = ot L + oK. Figure 1 shows cross
sections 0,3 for net single photoionization of the B>t ion.
The cross section sz;r_L for direct photoionization of the 2s
valence electron is represented by the green dotted line. It is
only about 3% of 0,3 at the K edge and drops very rapidly
with increasing photon energy. The dominant contribution to
073 in the present energy region of interest is direct K-shell
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FIG. 1. Theoretical and normalized experimental cross sec-
tions 0,3 for net single photoionization of the B>* ion. The blue
solid line is the result of the present CCC calculation after convo-
Iution with a Gaussian function of 700 meV FWHM to simulate the
experimental conditions. The green dotted line represents the cross
section (fzd;’_L [12] for direct removal of the 2s electron. The green
dashed line is az‘gr’L + 02";“’( for either direct removal of an L-shell
or a K-shell electron [12] by a single photon. The present normalized
yield data are represented by open red or black circles depending on
the method of normalization to an absolute scale. Statistical error
bars are shown.

ionization. In Fig. 1, the cross section o' for direct photoion-
ization of B>* is shown as the green dashed line.

The present CCC calculations include all contributions to
o73. InFig. 1, the CCC cross section for net single ionization is
represented by the blue line, which almost perfectly coincides
with o3I as expected. The inset of Fig. 1 zooms into the
energy range of resonance contributions. For a meaningful
comparison with the experiment, the theoretical cross sec-
tion was convoluted with a Gaussian function of 700 meV
full width at half-maximum (FWHM). The resonances are
relatively small and only the one predicted a few eV below
440 eV has an amplitude that promises experimental acces-
sibility. This resonance is associated with the 25?2p %P triply
excited B> ion.

The experimental yield data obtained in energy-scan
measurements were normalized in two different ways, as de-
scribed in Sec. II. The red cross-section points in Fig. 1 were
obtained by applying a smooth correction function Acorr (Epn)
fitted to the ratios of o5i" and the measured B*" product-ion
yields. The black circles with statistical uncertainties in Fig. 1
resulted from the correction function found for the preceding
measurements on B>t ions [1] studied in the identical exper-
imental campaign. The two sets of cross sections are in very
satisfying agreement and provide evidence for the validity of
the chosen normalization procedure. The correction function
Acorr (Epn ) can thus be applied with good confidence also to the
measured yields of B4+ products to obtain cross sections o4
for double photoionization of B2+ on an absolute scale (see
below).

ERAREEILELL L e e e e e T
[ 2s?2p 2P contribution I o o, this exp. ]
0.35 C CCC 63, this work 1 G55, CCC conv. Fano profile ]
L Fano fit W and Egq fit to exp.
= L c3r, CCC direct ionization
= - 9
0.30 | 8 e
[se]
N r 8
6 I i 1
c [ ]
§ : I
gt { I
o 0.25 | 1 =
«n - 4F
[]
173 3 J 1r
o 1 i
—
®) L | Jl
0.20 =
8
L | 1t
el Lovvinns, Lives

Photon energy (eV)

FIG. 2. Cross section 0,3 for net single photoionization of B>+ at
energies near the strongest resonance contribution with two K-shell
vacancies, 2s>2p?P. The left panel shows the results of the present
CCC calculations (small open circles) and the result of a Fano fit
(light-green solid line) to these points. The right panel presents the
normalized experimental data (open circles with statistical error bars)
together with a fit to these data (red solid line) by the Gaussian-
convoluted Fano profile with the CCC resonance parameters where
the Gaussian width wg and a possible energy shift Eq,q were used as
fit parameters. The almost linear direct-ionization background cross
section derived from the present CCC calculations is represented by
the green solid line.

An attempt was made to measure the profile of the 2522 p %P
resonance predicted at ~436 eV. The energy range 430-
440 eV was explored by scanning the yield of B** product
ions with steps of 0.1 eV. Thus, the rough position of the
resonance could be found. Then the monochromator exit slit
was gradually closed and finally a production run was per-
formed with wes = 200 um. The experimental yield resulting
from this run was normalized so that the nonresonant back-
ground matches the calculated direct photoionization cross
section osir. The present experimental and CCC results for
the resonance are compared to one another in Fig. 2.

The left panel of Fig. 2 shows the cross section 0,3 calcu-
lated at discrete photon energies together with a Fano profile
[68] fitted to the data points. From the fit, the resonance
energy is 436.0522(3) eV where the number in parentheses
indicates the statistical uncertainty of the last digit resulting
from the fit. The absolute uncertainty of the calculated energy
is expected to be much greater than 0.3 meV as evidenced
by the comparisons shown in the preceding paper on dou-
bly excited resonances in the photoionization of B3* ions.
Other parameters obtained from the fit are the Fano parameter
g = —1.69, the Lorentzian width I' = 0.177 eV, and the reso-
nance strength A = 0.0171 MbeV.

The right panel of Fig. 2 shows the normalized experimen-
tal cross sections o3 as open circles with statistical error bars.
The green solid line is the direct-ionization background o4
resulting from the CCC calculations. For comparison with the
experimentally determined resonance, a fit curve based on the
CCC calculations is shown as a solid red line. The fit curve is
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essentially the Fano profile shown by the green line in the left
panel of Fig. 2 convoluted with a Gaussian function. Free pa-
rameters of the fit were the Gaussian width wg and a possible
energy offset Egir from the theoretical resonance energy. The
fit gave wg = 0.200(18) eV and Egyre = 0.214(6) eV. The
Gaussian width matches the energy resolution of the photon
beam that was found under the same conditions in the ex-
periments with B** ions [1] during the identical experimental
campaign. The energy shift of 0.214 eV is the deviation of the
theoretical resonance energy down from the experiment.

A convoluted Fano profile [69] independent of theory has
also been fitted to the measured 25%2p?P resonance keeping
the known energy resolution fixed. The resulting fit curve is
almost identical to the red solid line in the right panel of Fig. 2.
The resonance energy obtained by that fit is 436.254 eV,
whereas the procedure described above results in (436.052 +
0.214) eV = 436.266 eV. The difference is a measure of the
uncertainty of the fitting procedures with the given scatter of
the experimental cross-section data. Differences of 12 meV
are still very small compared to the systematic experimental
uncertainty of £100 meV of the photon-energy scale.

Photon energies observed during the experimental cam-
paign with boron ions were calibrated to resonance energies
known with meV precision [1]. Unfortunately, however, the
reproducibility of energy readings during photon-energy scans
and the stability of the optical components over time are
limited and thus also limit the precision of measured photon
energies. Instabilities at beam line PO4 have recently been
documented [70]. Deviations between the true photon energy
and the set energy, which is controlled via the reading of the
premirror and grating angles of the monochromator depend on
the photon energy and on the specific optical parameters set in
an experiment. The uncertainty quoted here for the excitation
energy of the B2*(2s°2p?P) resonance is an estimate based
on our experience with measurements in which the photon
energy was carefully controlled by dedicated high-resolution
observations employing an electron spectrometer for monitor-
ing the photon energy by the measurement of photoelectron
energies during scans. The time and effort needed for such a
control would require a dedicated separate allocation of beam
time and equipment that was beyond the resources available
for the present experimental project.

The resonance energy for excitation of the 2s?2p %P term
from the B>t (15%2s535) ground level has been determined
previously by theoretical calculations. To the best of our
knowledge, there are no experimental data available in the
literature so far. It is interesting to compare results of previous
work with the present findings (see Table I).

The present theoretical result is practically identical with
the resonance energy found by Safronova and Bruch [50]. The
maximum difference between all theoretical results is 0.81 eV.
Considering that the newer data obtained by Safronova and
Bruch [50] supersede the older results of Safronova and
Senashenko [71], the maximum difference of (calculated)
2522p2P° resonance energies relative to the present experi-
ment reduces to less than 0.33 eV. This is a quite satisfying
agreement, which shows that the energy of that triply excited
state is fairly well understood theoretically.

Among the theoretical results, only the calculations by
Safronova and Bruch provide the energy splitting between

TABLE 1. Excitation energy in eV of the 2s22p2P° resonance
relative to the B>+ (15?25 25) ground level. PE is the result from the
present experiment whose fit uncertainty is estimated to be 10 meV
due to the limited statistical precision of the measured data. A total
uncertainty of 0.1 eV is estimated on the basis of difficulties with
absolute calibration as indicated in the main text. PT is the present
theory result. The numbers to the right are the results of theoretical
work from the references given above the numbers.

PE PT [71] [50] [51] (53]

436.26(10)  436.05 43578  436.06 43642  436.588

the two fine-structure levels of the 2P’ term with 436.05 eV
for the 2P, 2 level and 436.07 eV for the 2p, 2 level. The
splitting 0.02 eV is much smaller than the natural width I"
of each fine-structure component. The present CCC theory
finds I' = 0.177 eV, which means that the two fine-structure
components cannot be resolved in an experiment.

B. Double photoionization of B>+

Figure 3 shows an overview scan of the cross section for
double photoionization of B>* together with the result of
the present CCC calculations convoluted with a FWHM =
700 meV Gaussian function to simulate the photon-energy
spread in this measurement. Also shown in the figure are the
results of two model calculations [11] for PDI of B*t(1s22s).

o this experiment, normalized -
present CCC,

— a a _

) e E convoluted, FWHM = 700 meV

x 4 Q @ PDI model 1s+2s E
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FIG. 3. Cross sections 0,4 for net double photoionization of B*t.
The experimental data are represented by open circles with statis-
tical and total error bars. The theoretical data resulting from the
present CCC calculations were convoluted with a Gaussian function
of 700 meV FWHM and are represented by the red solid line. The
known thresholds for direct removal of one K-shell and one L-shell
electron as well as for direct removal of two K-shell electrons by a
single photon are indicated by black vertical bars. The position of
the 252 p P resonance is indicated by a magenta vertical bar. Cross
sections resulting from our model calculations for PDI of the K shell
and PDI involving one K- and one L-shell electron are shown by the
blue thick dotted and short-dashed lines, respectively.
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One (the blue short-dashed line) is the cross section for the di-
rect removal of the 2s electron and one of the two 1s electrons.
The other (the blue thick dotted line) is the cross section for
direct double-K-shell ionization. In the range between about
480 and 1000 eV, these partial cross sections can only explain
a small part of the net double-ionization cross section oy4.
Obviously there are very substantial contributions other than
PDI

As expected, o4 sets in at the threshold energy 297.302 eV
[61] for the removal of the 2s and a 1s electron. The shape of
the measured cross section is close to the blue short-dashed
line in Fig. 3 representing the 1s 4 2s PDI calculation. The
cross section op4 from the CCC calculations, represented by
the red solid curve, closely follows the experiment. It shows
a contribution of the 2s?2p %P triply excited state of B>* at
436.052 eV, which must be due to a double-Auger decay.
More little spikes are predicted with amplitudes even smaller
than that of the leading 2s°2p’P resonance until, all of a
sudden, the cross section shows a steep rise above approx-
imately 480 eV. At higher energies, significantly stronger
resonance contributions are found by the CCC calculations.
Triply excited resonances can be expected in principle up to an
energy of 637.528 eV, which is the threshold for the removal
of all three electrons from B2*+. However, the CCC calcula-
tions show resonances dying out below 552.463 eV, which
is the threshold for K-shell PDI indicated by a vertical bar
in Fig. 3.

The CCC cross section agrees very well with the exper-
iment. Apparently, it comprises all relevant processes that
contribute to the net double ionization of B>*. Considering
the discussion in Sec. I, contributions of IE may be present
in o074 aside from PDI and from the decay of triply excited
resonances. In particular, the process described by Eq. (4)
that leads to intermediate doubly excited B** ions may finally
produce a B4 double-ionization product ion. IE contributions
of specific doubly excited intermediate states can be obtained
from the CCC calculations.

As already discussed in a preceding publication [1], the
assignment of a spectroscopic notation such as 2s*2p2P to
a given resonance is a simplification. In reality, the wave
function for describing a physical state is a superposition of
basis wave functions. In the specific case of the 2s52p 7P
resonance, there is a leading contribution of the 2s?2p config-
uration with admixtures of other configurations among which
2p® and 252p3s may be the most important. In the present
CCC calculations, a large number of basis states is involved
in the description of the electronic structure and the dynam-
ics relevant to the single and double photoionization of the
B2*(15%2s525) ion. Contributions of the basis states to a cer-
tain reaction channel can be projected out, however, in most
cases such projections say little about the contribution of a
real physical state. Exceptions are basis states that make up
for a dominating contribution to the wave functions of real
states. This is the case for IE channels producing 2£2¢’ states
by removing one K-shell electron and exciting the second
K-shell electron to the L shell.

The 2¢2¢' states populated by IE are not subject to se-
lection rules beyond the Pauli principle since the outgoing
electron can have different angular momenta and spin orien-
tations and, therefore, it accommodates the production of all

485 490 495 500 505 510 515 520 525
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FIG. 4. Cross sections for net ionization plus excitation (IE)
producing autoionizing intermediate B3*(2¢2¢') ions (£, £’ = s, p)
obtained from the present CCC calculations. (a) through (f) show the
individual contributions for all terms (specified in the right top corner
of each panel) within the doubly excited 2¢2¢' manifold of configu-
rations. The cross sections for net IE are represented by the black
solid lines with shading. The nonresonant direct-IE contributions are
represented by the solid red lines. The energy range 504-506 eV is
highlighted by yellow shading. It is the region where the strongest
resonance feature occurs in the cross section o,4 for net double
photoionization of the B> (15%2s%5) ion.

Pauli-allowed terms and levels in the 2¢2¢" manifold. Instead
of all together ten levels, the present nonrelativistic CCC
calculations can only specify the six possible terms (2s2 'S,
2s2p'P, 2s2p3P, 2p? 1S, 2p?3P, and 2p? 'D) but not the
fine-structure levels. The six possible terms are closely related
to six of the basis functions, which contribute predominantly
to the wave functions of the six terms. Except for the 25> 'S
and 2p* 'S terms, the selected CCC basis states make up for
93%-100% of the total wave function for the 2¢2¢’ terms. For
the 25> 'S and 2p? 'S terms the associated basis states make
up for about 75% of the total wave functions. It is justified,
therefore, to assign the calculated 2¢2¢’ IE contributions to
074 by associating them directly with the six terms possible
within that manifold of configurations.

Figure 4 shows the IE cross sections for the production
of intermediate B3+ (202¢') ions (¢, £ = s, p) obtained from
the present CCC calculations. The Figs. 4(a)—4(f) present the
contributions of the six terms that are allowed within the 2£2¢’
manifold of configurations. The IE cross section for produc-
ing intermediate B>*(2s5?'S) ions has the lowest threshold
energy of 483.470 eV [61,72]. There is a smooth contribu-
tion afgr (25%S) of direct IE, which is almost constant in the
photon-energy range covered by Fig. 4 and there are resonant
contributions, which are associated with triply excited B>+
states that decay by Auger-electron emission to B3+ (252 1S).
This in turn relaxes with very high probability by a second
Auger decay so that finally two electrons have been released
from the initial B>* ion and the whole process of excitation
with subsequent sequential Auger decays contributes to net
double ionization.
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FIG. 5. Partial cross sections oy (2s2p *P) for the net production
of intermediate B**(25s2p3P) ions resulting from the present CCC
calculations in an extended photon-energy range. The theoretical
data are represented by small circles. On the double-logarithmic
scale the nonresonant part of the cross section can be well repre-
sented by a second-order polynomial fit (red solid line).

The most significant IE contribution is shown in Fig. 4(e).
It is associated with intermediate doubly excited 2s2p °P states
and has a threshold of 484.783 eV [61,72]. A resonance fea-
ture is found at about 505 eV both in the 252p 7P and the
2521 as well as in several other channels. The associated
triply excited levels may decay by different Auger processes
populating either the intermediate 2s2p3P or 2s>'S or, in
principle, any of the other terms. The energy region around
505 eV is highlighted by yellow shading because the covered
resonance features produce the strongest resonance peak in
the experimental cross section o4.

The direct-IE contributions are represented by solid red
lines in Fig. 4. They are not explicitly provided by the CCC
calculations. For the present purpose they were derived from
the energy dependence of the IE cross sections in the re-
gion where no resonances can occur. As an example, Fig. 5
shows the CCC result for IE via the 2s2p 3P term. A double-
logarithmic scale was chosen because in such a plot the
nonresonant IE cross sections are almost straight lines and can
be very well represented by second-order polynomials. Exten-
sion of the polynomial function into the region of resonances
delivers the red line for direct IE oji"(252pP) provided in
Fig. 4(e).

With the theoretical results shown in Fig. 4 and the knowl-
edge of the 1s 4 2s PDI cross section, the contributions of
different reaction channels to the theoretical cross section o4
for net double ionization can be quantified. This is illustrated
in Fig. 6. The green solid line with light-green shading rep-
resents the contribution of (1s + 2s) PDI. Instead of the blue
short-dashed line in Fig. 3, which does not quite match the
experimental cross section, a smooth shape function derived
by Pattard [73] for representing the shape of photo double
ionization cross sections was fitted to the nonresonant low-
energy part of the CCC cross section 0,4 and extrapolated to
energies beyond 480 eV.
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FIG. 6. The CCC cross section 0,4 for net double photoioniza-
tion of the B>*(1s%2s2S) ion is shown as a black solid line in the
photon-energy range 480-515 eV. Contributions to 0,4 from photo
double ionization involving a ls and a 2s electron (green solid
line with light-green shading) and from direct ionization-excitation
processes involving the intermediate production of B3+ (2¢2¢') ions
(light-brown shaded) are indicated. The sum of all nonresonant
(direct-ionization) contributions is given by the red solid line. The
yellow-shaded energy range is the same as in Fig. 4.

At 483.470 eV [61,72] (483.274 eV in the present CCC
calculations), the IE contribution oy (2s? 'S) with the lowest
threshold energy sets in, closely followed by the remaining
2¢2¢" channels. Figure 6 shows the individual olif(2¢2¢")
contributions stacked on top of the (1s + 2s) PDI cross sec-
tion. The total net double-ionization cross section is displayed
as a black solid line. In the energy range shown in the fig-
ure, this total cross section is the sum of the partial cross
sections for (1s 4+ 2s) PDI and IE via autoionizing 2£2¢'
states including their resonance contributions. The additional
resonances at photon energies below the lowest threshold
(483.470 eV) of all IE channels cannot contribute to o4
by sequential Auger decays but only via double-Auger pro-
cesses, because the population of intermediate autoionizing
levels is energetically forbidden. The close-lying thresholds
for IE via intermediate 2¢2¢’ states cause the steep increase
of oy4 seen in Fig. 3 above a photon energy of approxi-
mately 480 eV. It is now clear that this is due to the onset
of IE contributions, specifically those proceeding via 2£2¢’
autoionizing states. At 500 eV, the calculated total IE con-
tribution is higher than the cross section for direct double
ionization by almost a factor 1.3. Obviously, ionization ex-
citation is very important in the net double ionization of
Li-like B>*.

On an absolute scale, the sum of all six partial cross sec-
tions UI‘,’;’(MZE/) for K-shell ionization plus K-shell excitation
at 500 eV is only 1.1 kb, which, compared to direct straight
K-shell ionization with 02‘]3”_1( ~ 148 kb at 500 eV, is very
small as discussed in Sec. I and as generally expected. Never-
theless, this relatively small cross section can make a major
contribution to net double ionization where the competing
process of direct double ionization is even smaller. As Fig. 3
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FIG. 7. (a) shows the present experimental cross section g,4 for
double ionization of B2+ (open circles with statistical and total un-
certainties) in the photon-energy range 480-549 eV. Also shown are
the theoretical cross-section contributions from Fig. 6 convoluted
with a FWHM = 700 meV Gaussian function. These data were
restricted to contributions of 2£2¢’ IE cross sections. The blue line
is the total calculated o4 including IE contributions of more highly
excited intermediate states. It is convoluted with a Gaussian function
of 700 meV FWHM. (b) shows the unconvoluted CCC cross sec-
tions from (a) using identical colors. The violet solid line represents
the sum of the 1s + 2s PDI cross section and the (nonresonant)
IE contribution to 0,4 proceeding via 2¢ 2¢" levels. The strongest
resonance feature is suggested to be associated with intermediate
B2*(2s353p?P) states. It is highlighted by the yellow shading known
from preceding figures. The black vertical bars show the energies
of 2¢2¢" and 2¢ 3¢’ levels listed in the NIST spectroscopic database
[61]. The red vertical bars were obtained by using the flexible atomic
code (FAC) [74] to determine the energy range of B>*(2¢3¢'3¢")
resonances. The black horizontal bar extending up to ~500 eV
indicates the energy range of 2£2¢ 3¢” resonances as obtained by
employing the FAC code again. This is approximately also the range
to be expected for all the 2¢ 2¢' n¢” resonances.

shows, the cross section for net double ionization is only a few
kb at most.

In Fig. 7, the role of IE and IE resonances is illuminated
further. The energy range is now 480-549 eV. Figure 7(a)
zooms into the experimental spectrum shown in Fig. 3. The

(1s 4+ 2s) PDI contribution is shown as a dashed green line
with light-green shading. Stacked on this is the light-brown
shaded direct IE contribution via 2€2¢’ states. The direct and
resonant 2¢2¢’ contributions were convoluted with a FWHM
=700 meV Gaussian function. Their sum is shown by the red
solid line. The total theoretical cross section o4 is convoluted
with the same Gaussian function and is shown as the blue
solid line in Fig. 7(a). Clearly, a new reaction channel sets
in at about 524.3 eV. This is explained by the data shown in
Fig. 7(b).

The vertical bars between 480 and 500 eV mark the on-
sets of IE processes involving 2¢2¢" intermediate states. The
threshold energies were derived from the NIST tables [61].
The threshold energies found by the present CCC calculations
(see the magenta solid line with steps) are almost identical to
the NIST energies.

The vertical bars labeled NIST 2¢3¢’ indicate the thresh-
olds of IE processes involving intermediate 2¢3¢" autoionizing
states. These energies were also derived from the NIST ta-
bles. The red and blue solid lines in Fig. 7(b) are for the
identical cross sections as those shown in Fig. 7(a), however,
they are not convoluted. Apparently, the mentioned onset of a
new reaction channel above 524.3 eV can be attributed to IE
processes with autoionizing intermediate B3+ (2£3¢) states.

The strongest resonance feature in the experimental cross
section is found at an energy of approximately 505.4 eV.
As in the preceding figures, the energy region 504-506 eV
is highlighted by yellow shading in both panels. For the
purpose of identifying the resonance contributions, atomic-
structure calculations were performed employing the flexible
atomic code (FAC) [74]. The red vertical bars labeled FAC
2¢ 3¢’ 3¢" show the positions of triply excited resonances with
configurations 2¢ 3¢’ 3¢” obtained with the FAC. Clearly, the
strongest resonance feature found at about 505 eV belongs
to the manifold of 2¢3¢' 3¢” levels and is located near the
lowest energy of that manifold. Unfortunately, the results of
the FAC calculations are not sufficiently precise to determine
exact energies of resonances. For example, the well-known
25?2p?P resonance discussed in Sec. IV A and in Table I is
found by the FAC calculations at 434.53 eV, about 1.7 eV
below the present experimental value. Thus, the FAC just
provides some guidance for assigning individual resonances.
The strongest resonance feature is probably associated with
the 2s3s3p 2p, /2,372 doublet. Similarly, the resonances below
approximately 500 eV can be associated with configurations
2020 nt" withn > 2.

The energy region 481-507 eV was also scanned with
a monochromator exit-slit width wes = 400 um and with an
increased density of points in the range 502-507 eV. The
results at energy resolution 400 meV are shown in Fig. 8.
The green solid line with light-green shading is the (1s 4 2s)
PDI contribution resulting from the present CCC calculations.
The stacked light-brown contribution of IE via 2£2¢' states is
also obtained from the CCC results as is the red solid line for
the total net double-ionization cross section. The experimental
data taken with a smaller step size are shown again in the inset
together with the FWHM = 400 meV Gaussian-convoluted
theoretical o,4 (the red solid line) and the unconvoluted
024 (the blue dotted line). The latter is shown to demon-
strate that the experimental resonance feature at 505.41 eV
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FIG. 8. Comparison of the CCC theory results to an experiment
performed with improved energy resolution (400 meV). The inset
zooms into the narrow energy range of 501.8-507.0 eV. The open
circles with statistical and total error bars represent the experimental
data. The red solid line is the result of the CCC calculation of
o,4 convoluted with a Gaussian function of 400 meV FWHM. The
blue dotted line in the inset is the unconvoluted CCC cross section.
The reddish-brown long-dashed line is the convoluted contribution
of direct IE involving 2¢2¢" states sitting on top of the smooth
direct-double-ionization cross section involving one K-shell and one
L-shell electron.

consists of at least two contributions. According to our FAC
calculations the fine-structure splitting of the 2s3s3p 2P term
is only 9 meV, so that the two components cannot be re-
solved. The double-peak structure in the unconvoluted CCC
results shows an energy separation of about 450 meV, much
larger than a possible fine-structure splitting. This might be
an indication of additional 2p3s3d ?P levels contributing to
the cross section op4. At the given experimental resolution
of 400 meV even that structure cannot be resolved. The peak
feature at 505.17 eV resulting from convolution of the CCC
double-photoionization cross section with a Gaussian func-
tion of FWHM = 400 meV is roughly 240 meV below the
experimentally observed peak. This deviation is well within
the uncertainty of the CCC energy calculations as the shifts of
the 25?2p %P resonance and of the onsets of o1r(202¢') cross-
section contributions show. There are also slight deviations
between the sizes of experimental and theoretical resonance
features. These deviations may partially be attributed to the
uncertainty of the absolute normalization of the experimental
cross section and partially also to the statistical uncertainties
of the measurements. Energy shifts in theoretically predicted
resonance positions may also alter the shape of the convoluted
cross section. Apart from these relatively small deviations,
theory and experiment are in remarkable agreement.

V. SUMMARY AND CONCLUSIONS

The contribution of ionization-excitation to photoioniza-
tion cross sections is generally considered to be small. An
argument is that the higher-order reaction is much less likely

than the first-order process. Theoretical calculations sup-
port this assumption as has been shown again recently for
ionization-excitation contributions to straight single ioniza-
tion of He-like B** ions by a single photon [1]. The present
investigation does not contradict the general assumption.
However, the example of double photoionization of Li-like
B2*(1s?2s) demonstrates that there are ionization processes
in which ionization excitation may even be responsible for a
dominant contribution of a given ionization process. In the
double photoionization, the direct photo double ionization as
a higher-order process already has a relatively small cross
section. Hence, the small contribution to double ionization
originating from ionization of the K-shell accompanied by
excitation of the second K-shell electron to form a doubly
excited intermediate product state, which decays by emission
of an Auger electron can be substantial relative to the small
cross section for direct double ionization. This is exactly what
has been found in the present work on photoionization of the
Li-like B2t (15?25 2S) ion.

Aside from unexpectedly strong contributions of
ionization-excitation, also strong contributions of triply
excited intermediate states have been observed both in CCC
calculations and in experiments on the single and double
photoionization of B?*(1s22s%5). The relative importance
of very highly excited states is usually decreasing with
the degree of excitation. This appears to be similar, for
example in the cross section for double photoionization at
energies up to about 480 eV. However, above the threshold of
ionization-excitation processes, resonance contributions are
quite important again. The reason for this observation is in the
possible decays of the triply excited states that are populated
by photoexcitation of the B> ground level. At energies below
~480 eV, triply excited levels can only contribute to net
double ionization if they decay by a double-Auger process.
Sequential Auger processes are energetically forbidden, or,
in other words, there is no autoionizing B3* level available to
those triply excited states to decay to. At excitation energies
above ~480 eV, an increasing number of doubly excited
levels becomes accessible to which the initial triply excited
resonances can decay by Auger-electron emission. Then in
a second step a further Auger process populates the final
B*" net-double-ionization product. Two sequential Auger
processes are usually much more likely than a double-Auger
decay so that highly excited triply excited resonances can pro-
duce relatively strong contributions to the cross section o7g4.

The experimental findings are in very satisfying agreement
with the results of the accompanying CCC calculations. The
experiments had to deal with quite small cross sections so
that statistical uncertainties of the data obtained are relatively
large. There is also room for improvement of the accuracy
of measured resonance energies. The use of more intense ion
beams that will be accessible by employing a more advanced
ion source and sufficient time for more measurements will
provide the basis for substantially more accurate experimental
results in the near future.
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