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Cross sections for the photoionization (PI) of Sc2+ ions with [Ar]3d ground state configuration have
been measured by employing the merged ion-photon beams method. The Sc2+ ions were produced
from metallic vapor in an electron cyclotron resonance (ECR) ion source, and the photon beam was
generated by an undulator in the electron-synchrotron storage-ring of the Advanced Light Source
(ALS) of the the Lawrence Berkeley Laboratory. The experimental photon energy range 23–68 eV
encompasses the direct 3d and 3p photoionization thresholds. The experimental photo-ion spectrum
is dominated by autoionizing resonances due to 3p excitations predominantly decaying via Coster-
Kronig and Super-Coster-Kronig transitions. Individual resonances located around E ≈ 40.2 eV
have been measured with an instrumental energy spread ∆E as low as 1.2 meV, corresponding to a
resolving power of E/(∆E) around 33 500. The fractions of metastable ions in the Sc2+ ion beam are
obtained by comparing the photoionization cross section with the recently measured [Schippers et al,
Phys. Rev. A 65, 042723 (2002)] cross section for the time-reversed process of photorecombination
(PR) of Sc3+ ions. Absolute strengths of several 3p53d2 and 3p53d 4s PI resonances have been
determined. They are the same as the corresponding resonance strengths for iso-electronic Ca+

ions.

PACS numbers: 32.80.Fb, 32.80.Hd, 34.80Lx

I. INTRODUCTION

Doubly charged scandium with its [Ar]3d ground state
configuration is the simplest atomic system with an open
3d shell [1]. It is even simpler than neutral scandium
which, in addition, to the 3d electron, has a closed 4s2

shell outside the argon core. Therefore photoionization
(PI) of Sc2+ is fundamentally interesting, especially in
view of the severe discrepancies between experimental [2]
and theoretical [3, 4] PI cross sections for neutral scan-
dium in the region of 3p → 3d excitations. Likewise,
PI measurements with other, more complex transition
metal atoms and ions [5, 6] revealed large deviations of
the available theoretical results from the experimental
ones. These discrepancies are due to the fact that an ex-
act theoretical description of atomic systems with open
3p and 3d shells is extremely demanding and still be-
yond the capabilities of state-of-the-art atomic structure
calculations. Nevertheless, because of the scarcity of ex-
perimental PI data for atomic ions, theoretically derived
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cross sections have to be relied upon, e. g., in the model-
ing of astrophysical or man-made plasmas. In response
to this unsatisfying situation one of the objectives of the
present study is to provide a benchmark for theoretical
PI cross sections of complex ions.

Photoionization of Sc2+ via 3p → 3d excitations can
be represented as

hν + Sc2+(3s23p63d) → Sc2+(3s23p53d2)
↘ ↓ (1)

Sc3+(3s23p6) + e−.

The vertical arrow represents the intermediate doubly ex-
cited 3p53d2 states decaying predominantly by autoion-
ization via Super-Coster-Kronig transitions, and the di-
agonal arrow represents the direct 3d PI channel. It is
also possible to study the time reversed process of Eq. 1,
i. e. the photorecombination (PR) of a Sc3+(3p6) ion with
a free electron (e−). In PR the resonant and direct chan-
nels are termed dielectronic recombination (DR) and ra-
diative recombination (RR), respectively.

Theoretically, on a state-to-state level, PI and PR cross
sections are linked via the principle of detailed balance.
In a preceding publication [7] we have used the principle
of detailed balance to compare the present experimental
Sc2+ PI cross sections with measured Sc3+ PR cross sec-
tions [8]. It was shown that the study of both processes
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yields complementary information about the doubly ex-
cited intermediate states involved. It can generally be
expected that PR leads to the excitation of a larger num-
ber of resonances compared to PI where usually dipole
selection rules limit the number of accessible intermedi-
ate states. Moreover, the final state of PR can also be an
excited state (that eventually decays to the ground state
of the recombined ion by the emission of one or several
additional photons) while in a PI experiment one always
starts from the ground state (and possibly from a few
long-lived metastable states that might be present in an
ion beam extracted from a hot plasma). The multitude of
states involved in PR makes the experimental resolution
and identification of individual DR resonances difficult.
Complementary information from PI can help to identify
individual PR pathways in this situation.

Correspondingly, a further motivation for the present
study is to provide information about doubly excited
Sc2+ states that is complementary to the results from
a recent combined experimental and theoretical study of
PR of Sc3+ by Schippers et al. [8]. That PR work was
motivated by the theoretical prediction [9] of an asym-
metric line shape of the 3p53d2(3F ) 2F DR resonance
due to interference between the resonant and the direct
PR channel. In the usual theoretical treatment of PR,
e. g., for the production of PR rate coefficients for plasma
physics applications, such interferences, quite commonly
observed in PI, are neglected (independent processes ap-
proximation, IPA). They are considered to be relatively
unimportant due to the existence of a multitude of com-
peting, noninterfering recombination channels [10]. In
the Sc3+ PR experiment of Schippers et al. [8] that was
carried out to test the validity of the IPA, only weak evi-
dence was found for an asymmetry of the 3p53d2(3F ) 2F
DR resonance, since the line-shape analysis was ham-
pered by the limited experimental resolution and count-
ing statistics. A Sc2+ PI experiment can be expected
to yield more accurate information because of the much
smaller experimental energy spread (due to the use of a
photon beam instead of an electron beam) and because
of a more favorable signal-to-noise ratio for ions with a
low charge-to-mass ratio [8].

This paper is organized as follows. The experimental
setup as well as the data acquisition and analysis pro-
cedures are described in Sec. II. In Sec. III we briefly
describe atomic structure calculations performed to iden-
tify the most prominent resonances in the measured PI
cross sections. The measured PI cross sections are pre-
sented in Sec. IV along with detailed spectroscopic in-
formation such as level energies, resonance widths and
strengths extracted from the experimental data. Some
resonances are identified with the aid of the atomic struc-
ture calculations from Sec. III. In Sec. V the present
experimental PI data for Sc2+ are compared to the PR
data for Sc3+ from Ref. [8]. In Ref. [7] we have already
shown that this comparison yields the fractional abun-
dances of metastable states in the Sc2+ ion beam, which
was used in the present experiment, and thereby provides

the experimental absolute Sc2+ PI cross-section scale. In
Secs. VI and VII we compare our experimental results
with a theoretical calculation of the Sc2+ PI cross section
[11] and with measured PI resonance strengths of iso-
electronic metastable Ca+(3p63d) [12] and ground-state
Ca+(3p64s) [13] ions.

II. EXPERIMENT

We employed the merged photon-ion beams method
[13, 14, 15, 16, 17, 18] for the measurement of photoion-
ization cross sections. A schematic of the apparatus is
shown in Fig. 1. The experiment was performed at the
ion-photon beam (IPB) end station [19] of the undula-
tor beamline 10.0.1 of the Advanced Light Source (ALS,
Lawrence Berkeley National Laboratory). The beamline
is capable of delivering photons with energies ranging
from 17 to 340 eV with a flux of up to 5 × 1012 pho-
tons per second at 0.01% bandpass and a photon energy
of 40 eV. After emerging from the undulator the photon
beam passed through a monochromator equipped with
three interchangeable reflection gratings. The low en-
ergy grating (380 lines/mm) covering photon energies up
to 70 eV was used. As shown in Fig. 2 the photon energy
spread can be adjusted in a nominal range from approx-
imately 50 meV down to about 1.5 meV by changing the
slit widths of the monochromator. The photon flux in the
experiment was constantly monitored with a calibrated
photodiode.

For the production of the Sc2+ ion beam, pieces
of metallic scandium were vaporized in an electrically
heated oven. The Sc2+ ion beam was generated by ioniz-
ing the scandium atomic vapor by electron bombardment
inside a compact electron cyclotron resonance (ECR) ion
source using exclusively permanent magnets for the con-
finement of the ECR plasma [20]. The ion beam was
extracted by putting the ion source at a high voltage
Uacc = +6 kV with respect to the grounded ion beam
transport system. After having traveled through a diploe
bending magnet for selecting the desired ratio of charge
to mass, the ion beam was centered onto the counterprop-
agating photon beam by applying appropriate voltages
to several electrostatic ion-beam steering devices (see
Fig. 1). A linear interaction region of well-defined length
was created by putting a voltage Uint = +2 kV on a cylin-
drical electrode of length L = 29.4 cm centered around
the beam axis. Inside this ”voltage labeled” region the
ion beam energy was Eion = eq(Uacc − Uint) = 8 keV
with e and q denoting the elementary charge and the
ions’ charge state, respectively.

Following the interaction zone the ion beam was de-
flected out of the photon beam direction by a second
dipole magnet that also separated the ionized Sc3+ prod-
uct ions from the Sc2+ parent ions. The Sc3+ ions were
counted with nearly 100% efficiency with a single-particle
detector, and the Sc2+ ion current was monitored for nor-
malization purposes. The measured Sc3+ count rate R
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was only partly due to photoionization events. It also
contained Sc3+ ions produced by stripping collisions with
residual gas molecules and surfaces as well as stray elec-
trons and photons. This background was subtracted from
the ionization signal by measuring the Sc3+ count rates
R(on) and R(off) with the photon beam switched on and
off, respectively. The photon beam was chopped with
a frequency of 2 Hz and the data acquisition was gated
accordingly.

For each selected photon energy Ehν the photoioniza-
tion cross section was evaluated as

σ(Ehν) =
e2q φ vion

IionIhν η LΩ

[
R(on)(Ehν)−R(off)(Ehν)

]
(2)

where vion = (2Eion/mion)1/2 denotes the ion velocity,
Ihν the electrical current given by the photodiode, φ the
photodiode’s sensitivity, and η the Sc3+ ion detection
efficiency. The quantity Ω is the form factor describing
the spatial overlap of the two beams. In principle, at our
experimental setup a form-factor measurement can be
achieved with a movable slit in the center of the voltage-
labeled interaction region and with two wire scanners at
each end of the interaction zone [19]. However, at the
time of the present experiment, the rather low electrical
ion currents of typically 3–4 nA prohibited the use of the
wire scanners for a reliable beam overlap measurement.
Therefore, in this work the absolute Sc2+ PI cross section
scale was determined by applying the principle of detailed
balance, i. e. by comparison of the present data with the
measured absolute Sc3+ PR cross section from a storage-
ring experiment [8] (see Ref. [7] and Sec. V below).

Energy scan measurements were taken by stepping the
photon energy through a preset range of values. The mu-
tually overlapping scans were limited to ranges of at most
3 eV. Each scan consisted of data at 300 equally spaced
photon energies. At each energy, data were taken with
the photon beam on and off as explained above. Dur-
ing the scan the monochromator settings and undulator
gap were continuously adjusted such that the maximum
photon flux was transmitted. Each scan was repeated
as many times as needed to reach the desired level of
statistical uncertainty.

Care was taken to calibrate the energy scale. First
a Doppler correction was applied that takes the ions’
motion into account. All nominal photon energies were
multiplied by the Doppler correction factor kD = [(c +
vion)/(c − vion)]1/2 (here c denotes the speed of light)
amounting to kD = 1.000618317 in the present case.
Secondly, the Doppler-corrected energy scale was cali-
brated by adjusting separately measured threshold en-
ergies for the direct ionization of Ar+ and Ar2+ ions to
the respective values taken from the NIST Atomic Spec-
tra Database [21] using a linear transformation. In the
energy range under study this calibration amounted to
maximum energy changes of 60 meV. The error in the
resulting calibrated energy scale is less than ±3 meV.

Because of the production of the ion beam from a
hot ECR plasma it can be expected that consider-

able fractions of the Sc2+ ions are in the 3p63d2 2D5/2

and 3p64s 2S1/2 metastable states with excitation en-
ergies [21] of 24.504 meV and 3.166473 eV above the
3p63d2 2D3/2 ground state, respectively. Their calcu-
lated lifetimes [22] of about 1.2×104 s and 51 ms, respec-
tively (cf., Table I), are both long enough for the survival
of the metastable states during the ions’ transport from
the ion source to the interaction region with a flight time
of the order of 10 µs. The measured cross section can
only be put on an absolute scale when the composition
of the ion beam is known. In Ref. [7] the fractional com-
position of the ion beam has already been determined by
a comparison of the measured Sc2+ PI cross section with
the experimental Sc3+ PR cross section of Schippers et
al. [8]. The metastable fractions resulting from this com-
parison are listed in Table I, and further details of the
procedure are given in Sec. V.

Systematic uncertainties of the absolute values for the
Sc2+ photoionization cross section are estimated to be
±20%. This uncertainty is mainly due to the uncertain-
ties associated with the determination of the metastable
fractions in the Sc2+ ion beam and to the experimental
uncertainty of the Sc3+ PR measurements [8].

III. ATOMIC STRUCTURE CALCULATIONS

In order to be able to identify at least the most promi-
nent resonances in the measured Sc2+ PI cross section
atomic structure calculations were performed using the
codes of Cowan [23]. The accurate calculation of reso-
nance energies, widths and strengths for atomic systems
with open 3d shells is a challenging task. The highly
correlated nature of the doubly excited 3p53d2 states re-
quires large basis set expansions as has been shown, e. g.,
by Hansen and Quinet [24] who performed calculations
of 3p63d → 3p53d2 transitions in metastable Ca+ ions.
Although they considered the interaction between 10 ini-
tial and 16 final configurations, their calculated resonance
positions are still 0.6 eV different than the experimental
observations [12, 25]. When smaller basis sets are used,
discrepancies between calculated and measured Sc2+ [8]
and Ti3+ [26] 3p53d2 resonance positions can be as large
as ∼ 3 eV.

In the present calculations we include for simplicity
only 3p63d and 3p64s initial and 3p53d2, 3p53d 4s and
3p53d 4d final configurations of Sc2+. This set of con-
figurations is by far too small for arriving at accurate
transition energies and rates but should be sufficient to
identify the strongest transitions. Following the prescrip-
tion of Hansen and Quinet [24] we have scaled electro-
static integrals by a factor of 0.85 and left spin-orbit in-
tegrals unchanged. Resonance widths were calculated as
Γ = ~(

∑
r Ar +

∑
a Aa) where

∑
r Ar and

∑
a Aa denote

the sums over all relevant radiative and autoionization
rates, respectively. For the calculation of the latter, only
transitions to the Sc3+(3p6) ground state configuration
were considered. We find that, except for some doubly
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excited 2D states, the widths of all resonances are essen-
tially determined by the autoionization rates.

From our basis set we obtain 284 dipole allowed exci-
tations ranging from about 24.5 to 57.5 eV. In Table II
we only list those 33 transitions with weighted oscilla-
tor strengths gf > 0.05 and with resonance energies
Eres < 43.2 eV. Calculated transitions at higher ener-
gies are exclusively due to excitations to 3p53d 4d states.
The PI resonance strength σ has been calculated as the
product of the absorption strength and the branching ra-
tio for autoionization, i. e.,

σ = 4π2α a2
0R

gf

gi

∑
a Aa∑

r Ar +
∑

a Aa
(3)

with the fine structure constant α, the Bohr radius a0,
the Rydberg constant R and the statistical weight gi of
the initial state (4π2α a2

0R ≈ 1.0976 × 10−16 eV cm2).
The calculational results will be used in the following
section for the identification of some of the resonances
observed.

IV. RESULTS

An overview of the measured Sc2+ photoionization
cross section extending over almost the entire experi-
mental photon energy range is shown in Fig. 3; not
shown is the energy range 63–68 eV, where as in the
range 58–63 eV, no resonance structures have been de-
tected within the statistical uncertainty. The broadest
and strongest two resonances at 37.137 and 41.8065 eV
(see Table II) are due to 3p63d 2D → 3p53d2(3F ) 2F
and 3p64s 2S → 3p53d(1P )4s 2P excitations, respec-
tively. The appearance of the latter indicates that the
ion beam contains a non-negligible fraction of Sc2+ ions
in the 3p53d(1P )4s 2S1/2 metastable state.

Obviously the cross section for direct 3d photoioniza-
tion of the Sc2+(3p63d2 2D3/2) ground state is very small.
No corresponding threshold at 24.75684 eV (Table I) is
observed in Fig. 3. Likewise, the threshold for the di-
rect 3d photoionization of the 2D5/2 metastable states,
that could be expected at 24.73234 eV is not observed.
The threshold of the 3p64s 2S1/2 metastable state at
21.59037 eV is in the energy region where the efficiency
of the monochromator’s reflection grating drops sharply
and its measurement therefore has not been attempted.
Although no direct ionization threshold is discernible in
our data, the direct PI channel manifests itself by inter-
ference with resonant channels leading to asymmetric line
shapes of the associated resonances. This is exemplified
in Fig. 4 that zooms in on the energy region 29.5–33.0 eV.
All four observed resonances can be fitted by an asym-
metric Fano profile [27, 28]

F (E) =
A

Q2Γ
2
π

[
(Q + ε)2

1 + ε2
− 1

]
(4)

with ε = 2(E−Eres)/Γ, the resonance energy Eres, the res-
onance width Γ, and the asymmetry parameter Q. The

term -1 inside the square brackets ensures that F (E)→ 0
for E → ±∞. Low values of |Q| correspond to a high de-
gree of asymmetry. In the limit Q→∞ the Fano profile
as defined by Eq. 4 approaches the symmetric Lorentzian
line profile

L(E) =
A

Γ
2
π

1
1 + ε2

(5)

with the peak area A. For the fit shown in Fig. 4 the
individual Fano profiles have been convoluted with a
normalized Gaussian to represent the experimental en-
ergy resolution (see Ref. [8] for computational details).
For Q → ∞ this convolution yields a Voigt line pro-
file. The convolution introduces the experimental energy
spread ∆E, i. e., the Gaussian full width at half maxi-
mum (FWHM), as a further fit parameter. From the fits
we find that the fitted energy spread is always somewhat
lower than the nominal energy spread as derived from
the monochromator settings.

The fitted Q-values for the first and second pairs of
resonances shown in Fig. 4 are 10± 17 and 6.8± 1.4, re-
spectively. Especially in the second pair the asymmetry
is clearly visible. In the fit we have somewhat arbitrarily
assumed the same Q value for each of the two pairs of
resonances. Also fitted was a constant background level
of 5.3 ± 0.5 × 10−19 cm2 representing the contribution
of the nonresonant direct PI channel averaged over the
energy interval of Fig. 4. The fitted resonance widths are
rather large. The fit yields Γ ≈ 0.14 eV for the first two
resonances (in the fit the same width was used for both
resonances) and Γ ≈ 0.11 eV for the third and fourth
resonances. These large widths suggest that the main
decay channel of the resonances is a fast autoionizing
Super-Coster-Kronig 3p53d2 → 3p6 transition. Accord-
ing to our atomic structure calculations (Table II) the
strongest transitions in the energy interval of Fig. 4 are
to states of 2F symmetry belonging to the 3p53d2 config-
uration. While the calculated resonance energies of 30.29,
30.40, 31.43 and 31.82 eV are too high by about 0.2 eV,
the relative peak positions almost correspond to the ex-
perimental findings. The calculated and fitted widths
agree with each other to within 50%. A similar agree-
ment between theory and experiment is found for the
next two groups of resonances at higher energies due to
3p63d 2D → 3p53d2(3P ) 2P excitations (Fig. 5a) and to
3p63d 2D → 3p53d2(3F ) 2F excitations (Fig. 5b). Using
the tabulated (Table I, see Ref. [7] and below) relative
abundances of metastable states in the Sc2+ ion beam,
the fitted peak areas can be converted into absolute res-
onance strengths. These are of the same order of magni-
tude as the theoretical values.

The resonances in the energy range 35.9-36.9 eV can-
not be identified on the basis of our atomic structure
calculations. The Roman numerals labeling the peaks
shown in Figs. 6 and 7 (measured with higher resolution
than the spectrum displayed in Fig. 3) also appear in Ta-
ble II where we summarize the results of the Voigt line
profile fits to the measured resonances. The strongest cal-



5

culated excitations in this energy range are of the type 3p
→ 4s leading from 3p63d 2D to 3p53d4s 2D and 2F dou-
bly excited states of relatively small calculated widths.
Except for the resonances XI and XIV the measured
widths are one to two orders of magnitude larger than
calculated. The reason for the small widths of the 2D
states is easily understood in therms of pure LS cou-
pling by the fact that parity and angular momentum
conservation rules forbid the autoionizing decay of pure
3p53d nl 2D states of odd parity to the 3p6 1S1/2 final
state. The decay of the 2D states becomes possible only
because of the admixture of, e. g., 2P or 2F states by rel-
ativistic effects. The degree of mixing in the calculation
does not seem to be sufficient to explain the observed
resonance widths.

Figure 8 shows the giant 3p63d 2D → 3p53d2(3F ) 2F
resonance at 37.137 eV. Clearly, its line shape is asym-
metric by interference with the direct 3d photoioniza-
tion channel. The fitted asymmetry parameter Q =
5.02 ± 0.08 is smaller than those of the other broad
3p53d2 2F resonances displayed in Fig. 4. The calculated
position and width of the giant resonance are 37.93 eV
and 1.06 eV, respectively. The measured resonance en-
ergy is 0.86 eV lower than the calculated one. The cal-
culated width is 25% larger than the fitted width of
0.847± 0.005 eV. It is interesting to note that the same
value (within the experimental errors), i. e., 0.89 ± 0.07
for the resonance width was extracted from PR measure-
ments with Sc3+ ions [8]. Because of the large width the
fine structure of the resonance cannot be resolved.

The fine-structure splitting between the 3p63d2 2D3/2

ground state and the 3p63d2 2D5/2 metastable
state can be inferred from their excitations to the
3p53d2(3P ) 2P3/2 (Fig. 9) and 3p53d2(3F ) 2D5/2 states
(Fig. 10). The experimental energy difference between
the 2D5/2→2P3/2 and the 2D3/2→2P3/2 resonances
amounts to 24.8± 0.3 meV. Exactly the same difference
is found between the 2D5/2→2D5/2 and 2D3/2→2D5/2

resonances. It should be noted that the deviation of
our value for the Sc2+(3p63d 2D) fine structure splitting
from the value 24.504 meV given in the NIST atomic
spectra database is within our experimental uncertainty.

The measured 2D→2P resonance positions (Fig. 9) are
∼ 0.61 eV lower than the calculated ones. The calculated
resonance widths range from 2.64 to 2.67 meV. These
values are relatively close to the experimental ones that
range from 2.3 to 4.6 meV. The theoretical resonance
strengths are factors of 2–3 larger than the experimen-
tal ones. The resonance labeled XVI in Fig. 9 cannot
be assigned to any of the calculated transitions. Fig. 10
contains two unidentified resonances labeled XVII and
XVIII. As shown in the inset of Fig. 10 the resonance
XVII could only be resolved when the highest experi-
mental resolution was used corresponding to a resolving
power of E/∆E ≈ 33 500!

The 2D→2D resonances in Fig. 10 have been identified
on the basis of the fine-structure splitting of the ground
state as mentioned above. Measured and theoretical 2D

resonance positions differ by ∼0.77 eV. The calculated
widths are factors of about 4 lower than the ones ob-
tained from the Voigt line profile fits to the measured
resonances. This latter discrepancy is again attributed
to deficiencies in the accurate calculation of relativistic
effects that are most important for the 2D doubly ex-
cited states. The calculated Auger decay rate of the
3p53d2(3F ) 2D3/2 is 5 orders of magnitude lower than
that of the 3p53d2(3F ) 2D5/2 state. Correspondingly,
the branching ratio for Auger decay of the 2D3/2 state
is very small (3.2 × 10−6), and the calculated associ-
ated resonance strengths (Eq. 3) are negligible. There-
fore, no measured peaks are assigned to 3p63d 2D →
3p53d2(3F ) 2D3/2 excitations. According to our calcu-
lation, the fine structure splitting of the doubly excited
3p53d2(3F ) 2D states is almost the same as the fine
structure splitting of the 3p63d 2D initial states. This
is another reason why resonance XVIII cannot be iden-
tified with the 3p63d 2D3/2 → 3p53d2(3F ) 2D3/2 tran-
sition. Its distance of 34.9 meV from the neighbor-
ing 3p63d 2D3/2 → 3p53d2(3F ) 2D5/2 resonance is larger
than the 2D fine structure splitting of 24.8± 0.3 meV.

The last resonance that could be identified on the
basis of our atomic structure calculations is the strong
3p64s 2S1/2 → 3p53d(1P )4s 2P resonance formed at
41.087 eV. Its calculated width is nearly 50% larger than
its experimental width of 0.148 eV and its calculated po-
sition of 43.19 eV is 1.38 eV higher than the experimental
value. This fits the trend of an increasing discrepancy be-
tween measured and calculated resonance positions with
increasing resonance energy. For the lowest 2D→2F reso-
nances around 31 eV the discrepancy is ∼ 0.25 eV, for the
2D→2P resonances around 39.7 eV it is ∼ 0.61 eV, and
for the 2D→2D resonances around 40.2 eV it amounts
to 0.77 eV. The discrepancy is probably due to the ne-
glect of interaction with higher excited configurations in
our calculations. This neglect introduces larger errors for
the more highly excited states.

The identification of individual resonances out of the
multitude of PI resonances observed above 43 eV (Fig. 3)
is prohibitive. According to our atomic structure calcu-
lations, transitions to 3p53d 4d states cover the energy
range 43-57.5 eV. In principle 3p → ns and 3p → nd
excitations with n ≥ 5 can also lead to resonances
up to the highest threshold for direct 3p ionization at
67.53 eV[21]. In the PR cross section of Sc3+, Rydberg
series of 3p53d(1P )nl and 3p54s(1P ) nl DR resonances
have been observed [8]. In the present PI study no such
Rydberg series are evident.

V. COMPARISON WITH PR MEASUREMENTS

The principle of detailed balance relates the cross sec-
tion σ(PI)(hν) for PI to the cross section σ(PR)(Ecm) for
PR on a state-to-state level. Accordingly, for nonrela-
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tivistic photon energies hν � mec
2

σ
(PR)
f→i (Ecm) =

(hν)2

2mec2 Ecm

gi

gf
σ

(PI)
i→f (hν) (6)

where i denotes the initial state — Sc2+ ion + photon of
energy hν — and f denotes the final state — Sc3+ ion
+ electron with energy Ecm in the electron-ion center-
of-mass (c.m.) frame [29]. The quantities gi and gf are
the statistical weights of the ionic initial and final states,
respectively. Here the statistical weight of the 3p6 1S0

state is gf = 1 and the statistical weights gi are listed in
Table I. As shown in Fig. 11 the energy of the photon
is given as the sum of the ionization potential Ii of the
Sc2+ ion in state i and the energy of the free electron:

hν = Ii + Ecm. (7)

The ionization potentials relevant to the present study
are also listed in Table I.

When comparing PI and PR cross sections on the basis
of Eq. 6, one generally has to be aware of the fact that the
number of PR channels starting from state f is usually
much larger than the number of PI channels ending in
state f (cf. Fig. 11). Total recombination cross sections,
that are usually measured in merged-beams electron-ion
recombination experiments [30, 31], can therefore not be
directly compared to photoionization cross sections un-
less the relative strengths for the various radiative decay
channels are known.

However the situation is quite favorable here especially
for the 3p53d2 configuration, since it can safely be as-
sumed, that the radiative transition to the 3p63d 2D
ground state (vertical thick full arrow in Fig. 11) by far
dominates all other transitions to excited 3p6 nl states
(vertical thin full arrows in Fig. 11). The relative
strength for the 3d → 3p transition is practically unity.
This is even also the case for the decay of 3p53d 4s states,
where in principle 4s → 3p transitions can also be ex-
pected to form strong recombination channels. From our
atomic structure calculations we find, however, that, e. g.,
for the strong 3p53d(1P )4s 2P resonance, the 4s→ 3p ra-
diative rates are two to three orders of magnitude smaller
than the 3d→ 3p radiative rates. In this respect, Sc2+ is
thus a very special ion with a true one-to-one correspon-
dence between PI and PR via low-lying doubly excited
states.

Having established that the relative strengths of the ra-
diative decay paths of the resonances listed in Table II are
unity, we can construct partial recombination cross sec-
tions σ

(PR)i

f→i for the three separate recombination chan-
nels that populate each of the three initial PI states i.
By inserting the experimental PI cross section data [with
the PI resonance energies shifted by Ii (see Table I and
Eq. 7)] into Eq. 6, each entry in Table II yields a PR res-
onance. Partial PR cross sections are obtained by carry-
ing out appropriate summations over all doubly excited
states d that can be reached from a given initial state
i. Of course we can include only those resonances that

have been identified with the aid of the atomic structure
calculations. Thus we represent the cross section for PR
by

σ
(PR)i

f→i (Ecm) =
1
ηi

gi

gf

(Ecm + Ii)2

2mec2 Ecm

∑
d

Li→d(Ecm). (8)

The resonance line profile Li→d(Ecm) is either a
Lorentzian (Eq. 5) or Fano profile (Eq. 4), as appropri-
ate, and ηi denotes the fractional abundance of state i in
the Sc2+ ion beam of the PI experiment.

As shown in Fig. 12 the fractional abundances of
the 3p63d2 2D3/2 ground and the 3p63d2 2D5/2, and
3p64s 2S1/2 metastable states, in the following denoted
by η3/2, η5/2, and η1/2 respectively, can be obtained from
fitting the sum of the three partial DR cross sections to
the measured PR cross section of Schippers et al. [8].
From the fit, where the condition η3/2 + η5/2 + η1/2 = 1
was imposed, we obtain η3/2 = 0.237 ± 0.011, η5/2 =
0.503 ± 0.007, and η1/2 = 0.260 ± 0.009. In order to be
able to include the broad 3p53d2(3F ) 2F resonance with
its unresolved fine structure in the fit it has been assumed
on the basis of our atomic structure calculations that the
cross section for its excitation is the same for both 2D
initial states. In order to check whether this assumption
influences the fit results, we also performed a fit with-
out including the 3p53d2(3F ) 2F resonance. The fitted
fractions ηi changed only marginally. It should be noted
that, in addition to the fractional abundances, the ab-
solute PI cross-section scale was also obtained from the
fit by introducing an overall factor as an additional fit
parameter.

Another parameter that was varied during the fit was
an energy offset allowing for matching the PR and the
PI energy scales. Matching of the scales can be achieved
by shifting the PR energy scale by only 0.13 eV towards
higher energies. This value is within the experimental
uncertainty of the PR energy scale [8].

Apart from yielding the composition of the ion beam,
the PI-PR-comparison in principle is also capable of as-
signing an initial state to each unidentified resonance la-
beled with Roman numerals in Table II. This is achieved
by including the unidentified resonances in the partial
cross sections such that the χ2 of the fit to the mea-
sured PR spectrum is minimized. The best fit is shown
in Fig. 13. Compared to the fit shown in Fig. 12 it
yields slightly different fractions η3/2 = 0.177 ± 0.011,
η5/2 = 0.590 ± 0.007, and η1/2 = 0.233 ± 0.009 and a
somewhat lower overall scaling factor of 0.35± 0.01. Ac-
cording to the fit, all unidentified resonances start either
from the 2D3/2 state — resonances I–IX, XI, XVII, and
XVIII — or from the 2D5/2 state — resonances X, XII–
XIV, and XVI — apart from resonance XV at 39.262 eV
that starts from the 2S1/2 initial state. This latter des-
ignation is unambiguous since the inclusion of this res-
onance in either 2D partial cross section would lead to
a distinct peak at ∼ 14.7 eV in the PR spectrum that
was not measured. The initial state designations of the
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other unidentified resonances are less certain. The ques-
tion whether a given resonance belongs to the 2D3/2 or to
the 2D5/2 initial state cannot always unambiguously be
answered from the fit. The uncertainties of the ηi values
given in Table I partly reflect the change of ηi when the
unidentified resonances are distributed in different ways
among the three partial PR cross sections. It should be
noted that, apart from the fractional abundances, the ab-
solute PI cross section scale was also obtained from the
same fit as another fit parameter.

The overall agreement between the measured and the
fitted PR spectrum (Fig. 13) is excellent, apart from
some unreproduced PR resonance strength around 10 eV.
It may be speculated that this unaccounted PR reso-
nance strength stems from transitions between higher ex-
cited states that were not included in the partial spectra.
The good agreement strongly supports the underlying
assumption that all relative strengths for the radiative
transitions from the doubly excited resonance states to
the respective PI ground states are unity.

The same value of ∼ 0.85 eV for the width of the
3p53d2(3F ) 2F resonance has been obtained from both
the PI and the PR experiments. Within the experimental
uncertainties, the PR asymmetry parameter Q = 6.3±1.8
agrees with the PI value Q = 5.02 ± 0.08 (Table II).
On the basis of R-matrix calculations, Schippers et al.
[8] have speculated that besides the interference between
nonresonant and resonant processes, the interference be-
tween adjacent resonances of the same symmetry could
also be partly responsible for the observed asymmetry.
The experimental resolution of the PR experiment was
too low to be able to provide a test of this hypothesis.
In the present high-resolution PI cross sections, we do
not observe any of the predicted [8] signs of resonance-
resonance interference.

VI. COMPARISON WITH OTHER THEORY

The photoionization of Sc2+ ions has recently been
treated theoretically by Altun and Manson [11] who used
many-body perturbation theory (MBPT). The theoreti-
cal result is compared with our measured Sc2+ PI cross
section in Fig. 14. The theoretical curve exhibits sig-
nificantly less resonance structure than the experimental
curve. This is due to the fact that the calculations have
been performed under LS-coupling conditions. Conse-
quently, fine-structure splittings are not resolved and
resonances generated by relativistic effects such as the
3p53d2 2D resonances as discussed in Sec. IV are not cal-
culated. Moreover, resonances that are excited from the
3p64s 2S1/2 metastable state, such as the ones at 39.2624
and 41.8065 eV in the experimental cross section (Ta-
ble II), have not been considered by the theory.

It is obvious that the theoretical result deviates signif-
icantly from the experimental findings. In the theoreti-
cal spectrum the 3p53d2 resonances are more spread out
than in the experimental spectrum. The lowest member

of this group is the 3p53d2(1G) 2F resonance. Its calcu-
lated position at 29.54 eV is ∼ 0.5 eV lower than the ex-
perimental value of 30.03 eV for the larger fine-structure
component. The highest member of the 3p53d2 group
is the 3p53d2(3F ) 2D resonance that theoretically does
not exist within the LS-coupling approximation. For the
one but highest 3p53d2(3P ) 2P resonance the theoretical
position at 41.57 eV is ∼ 1.8 eV higher than the experi-
mental position of 39.69 eV. The theoretical position of
the giant 3p53d2(3F ) 2F resonance at 40.50 eV appears
to be shifted by even 3.86 eV towards higher energies.

Not only the resonance positions but also the theo-
retical resonance strengths differ considerably from the
experimental ones [32]. The calculated strength of the
3p53d2(1G) 2F resonance is almost an order of magni-
tude larger than the experimental value. The calcu-
lated strengths of the 3p53d2(3P ) 2P and 3p53d2(3F ) 2F
resonances are higher than the experimental values by
about factors of 2 and 1.5, respectively. On the other
hand no experimental evidence is found for a strong
3p53d2(1D) 2P resonance which is predicted by theory
at 29.75 eV.

These discrepancies are symptomatic of the general dif-
ficulty to describe atomic systems with open 3p and 3d
shells correctly. It should be noted, however, that rather
satisfactory agreement between experiment and theory
is obtained for the width of the broad 3p53d2(3F ) 2F
resonance, i. e., 0.91 eV (theoretical) vs. 0.85 eV (exper-
imental). Also the theoretical asymmetry parameter of
6.2 for this resonance is reasonably close to the experi-
mental asymmetry parameter of 5.0.

VII. COMPARISON WITH ISO-ELECTRONIC
CALCIUM

Kjeldsen et al. [12] have recently measured absolute
cross sections for PI of metastable Ca+(3p63d) ions. Al-
though the experimental energy spread in those mea-
surements was too large to resolve individual resonances
on the fine-structure level it is instructive to compare
the measured Ca+(3p53d2) resonance strengths with the
corresponding values for Sc2+. For the most prominent
3p53d2(3F ) 2F , 3p53d2(3F ) 2D and 3p53d2(3P ) 2P res-
onances in Ca+ Kjeldsen et al. obtained 5.20 × 10−17,
2.14 × 10−17, and 2.23 × 10−17 eV cm2, respectively.
Within the experimental uncertainty our corresponding
Sc2+ values are 6.3 × 10−17, 2.9 × 10−17, and 2.1 ×
10−17 eV cm2 (cf. Table II), consisten with the Ca+ val-
ues.

Furthermore, our value of 2.3 × 10−16 eV cm2 for
the 3p53d(1P ) 4s 2P resonance due to the excitation of
metastable Sc2+(3p6 4s) ions can also be compared with
the corresponding value 2.5×10−16 eV cm2 obtained from
PI measurements with Ca+ ions in the 3p6 4s 2S ground
state [13]. Again both values agree with one another.

The fact that these coincide underlines the validity of
our novel method for the purely experimental derivation
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of absolute state-selective PI cross sections by combin-
ing the high resolving power of a PI experiment at a
synchrotron light source with the state selectivity of a
heavy-ion storage-ring PR experiment.

VIII. CONCLUSIONS AND OUTLOOK

The present experimental investigation of the PI of
Sc2+ ions is among the first studies on multiply charged
transition metal ions using the merged-beams method.
Due to the high photon flux available at the ALS PI
cross sections could be measured with low statistical un-
certainty even at relatively low ion densities. Detailed
spectroscopic information on 3p → 3d resonances could
be obtained. This opens up promising prospects for fur-
ther studies with more highly charged ions.

Sc2+ is the prototype of an atomic system with an open
3d shell. Its relatively simple ground-state configuration
consists of a closed argon core with just one additional
3d electron. Despite that expected simplicity the theo-
retical description of the PI of Sc2+ appears to be very
challenging. Recent state-of-the-art theoretical calcula-
tions are largely at odds with the present experimental
findings. Individual resonance positions are off by more
than 3 eV, and theoretical resonance strengths differ by
up to an order of magnitude. order of magnitude. This
may be due in part to relativistic effects that play an
important role in the atomic structure of Sc2+ but were
not included in the theoretical treatment. For the accu-
rate description of PI resonances in strongly correlated

many-electron systems atomic structure theory will need
further development.

One problem with multiply charged ion beams ex-
tracted from a hot plasma is the existence of an usu-
ally unknown fraction of metastable ions in the beam.
Here the metastable fractions were determined by a com-
parison between experimental PI and PR cross sections
that employs the principle of detailed balance. More-
over, the comparison clarified some previously unresolved
questions in the Sc3+ PR work of Schippers et al. [8] re-
lated to the occurrence of interference effects in PR cross
sections.
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Its asymmetry parameter as obtained from the fit is 5.02±0.08
(see also Table II). The energy range of the fit was 35.5–43.5
eV. Narrow resonances in this range were individually ex-
cluded from the fit. The fitted experimental energy spread is
∆E = 44± 4 meV.
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FIG. 9: Measured (open symbols) and fitted (full line) pho-
toionization cross section in the region of the 3p63d 2D →
3p53d2(3P ) 2P resonances. The fitted experimental energy
spread is ∆E = 11.6±0.1 meV. Further results of the fits are
contained in Table II. The experimental energy difference of
24.8± 0.3 meV between the 2D5/2 → 2P3/2 and the 2D3/2 →
2P3/2 resonances corresponds to the fine structure splitting of

the Sc2+(3p63d 2D) state.
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FIG. 10: Measured (open symbols) and fitted (full line) pho-
toionization cross section in the region of the 3p63d 2D →
3p53d2(3F ) 2D resonances measured with high resolution.
From the fits of Voigt profiles to the measured resonances
∆E = 2.88±0.04 meV is obtained and ∆E = 1.20±0.09 meV,
respectively. The latter value corresponds to a resolving
power E/∆E of 33 500. The inset reveals that the peak at
40.195 eV is composed of at least two resonances. Further
results of the fits are contained in Table II. Here, as in Fig. 9
the experimental energy difference of 24.8±0.3 meV between
the 2D5/2 → 2D5/2 and the 2D3/2 → 2D5/2 resonances corre-

sponds to the fine structure splitting of the Sc2+(3p63d 2D)
state.
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FIG. 11: Energy level diagram (level energies taken from
Ref. [21]) for the dielectronic (resonant) recombination of
Sc3+ ions. The initial state is composed of the ion in the
3p6 1S ground state and a free electron with energy Ecm

above the first Sc2+ ionization threshold. If Ecm ≈ Eres a
Sc2+(3p53d nl′) doubly excited state may be formed by di-
electronic capture (inverse autoionization) with nonzero prob-
ability (horizontal full arrow). The recombination event is
completed by a subsequent radiative transition to a bound
state below the Sc2+ ionization threshold. Generally, radia-
tive transitions are possible not only to the Sc2+(3p63d 2D)
ground state (vertical thick full arrow) but also to an infinite
number of Sc2+(3p6nl′) excited states of appropriate sym-
metry (vertical thin full arrows). On the scale of the figure
fine-structure level splittings are not resolved.
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FIG. 12: Fit of the weighted sum of partial PR cross sections
derived from the present PI measurements to the experimen-
tal PR cross section of Ref. [8]. In order to match the exper-
imental PI and PR energy scales the PR energy scale (Ecm)
was shifted within its experimental uncertainty by 0.13 eV to-
wards higher energies. The resonance line shapes were convo-
luted with a Gaussian representing the resolution of the Sc3+

PR experiment. In the fit only those PI resonances were used
that could be identified on the basis of our atomic structure
calculations (cf. Table II). The partial cross sections σ(PR)i

(cf. Eq. 8) adding up to the total fit result [full line in (b)] are
shown separately in (a).
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FIG. 13: Fit similar to that in Fig. 12 (circle points), but
with the unidentified peaks (labeled with Roman numerals in
Table II) included (see text).
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FIG. 14: Comparison of the measured Sc2+ photoionization
cross section (b) with the MBPT cross-section calculation by
Altun and Manson (a) [11].
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TABLE I: Statistical weights gi, ionization potentials Ii (from
Ref. [21]) and lifetimes τi (from Ref. [22]) of the Sc2+ ground
state and of the first two excited, metastable states. The
fractions ηi of each state in the Sc2+ ion beam have been
determined by comparing measured PI and PR cross sections
(see Ref. [7] and Sec. V).

state gi Ii (eV) τi (s) ηi (%)

3p63d 2D3/2 4 24.75684 ∞ 20.7±3.0
3p63d 2D5/2 6 24.73234 1.20×104 54.6±5.0
3p64s 2S1/2 2 21.59037 0.0514 24.7±2.0
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TABLE II: Theoretical and experimental resonance energies Eres, widths Γ, resonance strengths σ, peak areas A and asymmetry
parameters Q. Only calculated transitions with weighted oscillator strengths gf > 0.05 and with Eres < 43.2 eV are listed.
The experimentally observed resonances labeled with Roman numerals cannot be identified on the basis of our calculations.
However, in case of resonance XV the initial state could unambiguously be identified as the 2S1/2 metastable state. The given
errors of the experimental resonance strengths are the quadrature sums of the uncertainties of the measured peak areas and
of the errors in the fractional abundances as listed in Table I. Additionally, the experimental resonance strengths possess an
overall systematic error of ±15%. The systematic error of the experimental energy scale is less than ±3 meV.

Theory Experiment
Eres gf Γ σ Transition a Eres Γ A σ Q

(eV) (meV) (10−18 eV cm2) (eV) (meV) (10−18 eV cm2)

30.29 0.084 110. 2.31 2D3/2 → 3d2(1G) 2F5/2 30.03(2) 142.(32) 0.9(3) 4.4(16) 10.(17)

30.40 0.114 113. 2.08 2D5/2 → 3d2(1G) 2F7/2 30.17(2) 142.(32) 0.7(2) 1.3(4) 10.(17)

31.43 0.149 107. 2.73 2D5/2 → 3d2(1D) 2F7/2 31.274(4) 111.(9) 0.72(5) 1.3(1) 6.8(14)

31.82 0.114 121. 3.13 2D3/2 → 3d2(1D) 2F5/2 31.663(4) 116.(8) 0.87(5) 4.2(7) 6.8(14)

33.22 0.234 33.1 6.41 2D3/2 → 3d(3P )4s 2P1/2 33.2244(6) 45.(2) 1.22(3) 5.9(9)

33.35 0.379 28.4 6.93 2D5/2 → 3d(3P )4s 2P3/2 33.3716(4) 48.(2) 2.52(4) 4.6(4)

34.36 1.180 36.9 21.6 2D5/2 → 3d(3F )4s 2F7/2 34.5018(3) 44.(1) 5.71(7) 10.5(8)

34.56 0.060 37.9 1.09 2D5/2 → 3d(3F )4s 2F5/2
34.59 0.981 37.9 26.9 2D3/2 → 3d(3F )4s 2F5/2 34.7329(3) 53.(1) 5.39(7) 26.(4)

I 35.9175(4) 1.5(14) 0.12(1)
II 35.9647(2) 1.9(8) 0.36(2)
III 35.9923(9) 9.3(30) 0.14(2)
IV 36.0231(2) 1.6(7) 0.47(2)
V 36.0973(4) 8.7(13) 0.32(2)
VI 36.1191(2) 1.6(10) 0.36(2)
VII 36.1389(2) 2.5(6) 0.69(2)
VIII 36.3714(2) 15.3(6) 3.1(1)
IX 36.3945(3) 13.8(10) 1.6(9)
X 36.4440(2) 26.5(8) 5.0(1)
XI 36.5404(6) < 0.1(−) 0.096(8)
XII 36.6568(9) 6.3(3) 4.9(2)
XIII 36.6799(3) 4.4(5) 2.1(2)
XIV 36.6829(2) < 0.1(−) 1.7(1)

36.13 0.126 0.189 2.28 2D5/2 → 3d(1D)4s 2D5/2
36.14 0.293 0.125 7.85 2D3/2 → 3d(1D)4s 2D3/2
36.16 0.073 0.189 2.00 2D3/2 → 3d(1D)4s 2D5/2
36.26 0.402 0.325 7.28 2D5/2 → 3d(1F )4s 2F5/2
36.28 0.087 0.325 2.36 2D3/2 → 3d(1F )4s 2F5/2
36.33 0.520 0.082 9.22 2D5/2 → 3d(1F )4s 2F7/2
36.55 0.815 0.440 14.7 2D5/2 → 3d(3D)4s 2D5/2
36.57 0.088 0.019 1.09 2D5/2 → 3d(3D)4s 2D3/2
36.58 0.166 0.440 4.50 2D3/2 → 3d(3D)4s 2D5/2
36.60 0.540 0.019 10.0 2D3/2 → 3d(3D)4s 2D3/2
37.90 0.343 1060. 6.27 2D5/2 → 3d2(3F ) 2F5/2
37.93 5.62 1060. 154. 2D3/2 → 3d2(3F ) 2F5/2

}
37.137(3) 847.(5) 47.6(3) 63.(3) 5.02(8)

38.06 7.99 1070. 146. 2D5/2 → 3d2(3F ) 2F7/2
XV 39.2624(2) 6.0(2) 4.59(5) 18.6(10)

40.26 2.73 2.64 74.8 2D3/2 → 3d2(3P ) 2P1/2 39.6335(2) 4.6(1) 10.09(5) 49.(2)

40.30 4.93 2.67 90.3 2D5/2 → 3d2(3P ) 2P3/2 39.6940(2) 3.8(1) 16.97(7) 31.(2)

40.32 0.476 2.67 13.1 2D3/2 → 3d2(3P ) 2P3/2 39.7188(2) 2.3(4) 1.57(5) 7.6(11)
XVI 39.7681(2) 7.2(3) 2.93(2)
XVII 40.1917(2) < 0.1(−) 2.9(1)

40.97 7.69 0.219 100. 2D5/2 → 3d2(3F ) 2D5/2 40.1943(2) 0.9(1) 19.2(8) 35.(3)

40.99 0.463 0.067 0.0003 2D5/2 → 3d2(3F ) 2D3/2
40.99 0.495 0.219 9.66 2D3/2 → 3d2(3F ) 2D5/2 40.2190(2) 0.8(2) 1.55(6) 7.5(11)

41.02 4.96 0.067 0.004 2D3/2 → 3d2(3F ) 2D3/2
XVIII 40.2542(2) < 0.1(−) 0.95(4)

43.01 0.200 49.7 47.8 2S1/2 → 3d(1D)4d 2P1/2
43.01 0.870 26.0 11.0 2S1/2 → 3d(3F )4d 2P3/2
43.18 3.22 225. 177. 2S1/2 → 3d(1P )4s 2P1/2
43.19 6.01 204. 330. 2S1/2 → 3d(1P )4s 2P3/2

}
41.8065(3) 148.(1) 56.6(2) 229.(12)

a[Ne]3s23p63d or [Ne]3s23p64s are omitted in the initial and
[Ne]3s23p5 is omitted in the final state designation.
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