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Valence-shell photoionization of the chlorinelike Ca3+ ion
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Absolute photoionization measurements were performed for a mixture of 2P o
3/2 ground-state and 2P o

1/2

metastable-state Ca3+ ions over the photon energy range 65.7–104.6 eV by merging an ion beam with a
beam of monochromatized synchrotron radiation. The ionization threshold energy of the 2P o

3/2 ground state
was measured to be 67.063 ± 0.015 eV, which is 0.207 eV lower than the value tabulated in the NIST database.
Most of the observed resonances associated with multiple Rydberg series of autoionizing states have been
assigned spectroscopically using the quantum defect form of the Rydberg formula, guided by relativistic
Hartree-Fock calculations of resonance energies and oscillator strengths. Intermediate coupling R-matrix
calculations performed using the semi-relativistic Breit-Pauli approximation are in suitable agreement with
measured absolute photoionization cross section in the energy range studied for this complex Cl-like ion species.
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I. INTRODUCTION

Photoionization of atomic ions and molecules using syn-
chrotron radiation provides a probe of fundamental atomic
interactions at an unprecedented level of precision [1]. Since
most of the matter in the universe exists in ionic form and much
of the information about the universe is carried by photons,
the photoionization of ions is important in astrophysics [2].
The process plays a key role in high-temperature plasma
environments such as those occurring in the stars and nebulae
[3] as well as those in controlled thermonuclear fusion
devices [4].

Systematic studies along isoelectronic sequences are
useful in characterizing electron-electron interactions and in
making predictions for other members of the sequence. Strong
electron-electron interactions introduce complexity to the
electronic structure of the chlorine isoelectronic sequence, and
to date few experimental studies of photoionization of ions of
the sequence have been reported. Kimura et al. [5] recorded
He I photoelectron spectra for atomic chlorine. Ruscic and
Berkowitz [6] reported a photoion-yield measurement for
atomic chlorine from the ionization threshold to 750 Å using
synchrotron radiation. They observed three Rydberg series
due to 3p → ns and 3p → nd excitations converging to
the 1D2 and 1S0 states of Cl+. Their interpretation of these
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measurements was revised by Hansen et al. [7]. Van der
Meulin et al. [8] performed angle-resolved photoelectron
spectroscopy of atomic chlorine using synchrotron radiation
to study the 3s3p5(3P o

2,1,0)np and 3s3p5(1P o
1 )np autoionizing

Rydberg series. Krause et al. [9] reported 3s and 3p subshell
photoionization spectra of chlorine atoms using high-
resolution photoelectron-spectrometry. A preliminary report
was made by Covington et al. [10] of absolute photoionization
cross-section measurements for Cl-like Argon (Ar+) ions
based on the merged-beams technique (with synchrotron
radiation). They assigned 17 Rydberg series due to 3p → ns

and 3p → nd excitations converging to the 1D2 and 1S0 states
of Ar2+.

Theoretically, photoionization of atomic chlorine has been
studied extensively over the last few decades using a variety of
approximations that include R-matrix or K-matrix calculations
performed by several groups [11–14]. Photoionization cross-
section calculations for atomic chlorine were also performed
using the configuration-interaction (CI) method [15], many-
body-perturbation theory (MBPT) [16], open-shell transition
matrix [17], and an effective single particle potential [18].
We note that the 3p photoionization cross section of Cl-like
Potassium (K2+) has been calculated using R-matrix theory
[19] in LS-coupling where the presence of 3s23p4(1D)nd and
3s23p4(1S)nd Rydberg series were vividly illustrated. To our
knowledge, no other theoretical photoionization cross section
calculations have been reported on for any other members of
this ionic sequence.
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FIG. 1. (Color online) Schematic layout of the ion-photon merged-beams end station on ALS beamline 10.0.1.

In the present paper, absolute cross-section measurements
for single photoionization of Ca3+ are presented in the energy
range 65.7–106.6 eV. Most of the observed resonances are
assigned spectroscopically using the quantum defect theory,
guided by relativistic Hartree-Fock calculations of the energies
and oscillator strengths of autoionizing transitions that are
expected to contribute to photoionization. As part of this
investigation the measurements are compared with theoretical
calculations performed in intermediate coupling using the
semi-relativistic Breit-Pauli R-matrix approximation for the
photoionization cross section. Corresponding photoionization
measurements and calculations for Cl-like K2+ have been
performed and are being prepared for publication.

II. EXPERIMENT

Absolute photoionization measurements were performed
using the ion-photon merged-beams end station located at
undulator beamline 10.0.1 of the Advanced Light Source.
Figure 1 shows a schematic drawing of the experimental setup.
A detailed description of this apparatus and measurement
technique has been reported by Covington et al. [20]. Calcium
evaporated from an oven was multiply ionized in a 10-GHz
permanent-magnet electron-cyclotron-resonance ion source.
Ions were accelerated by a potential difference of 6 kV, focused
by a series of cylindrical einzel lenses and magnetically
analyzed according to their momentum per charge. A beam
of 40Ca3+ ions was selected, collimated and directed to a 90◦
electrostatic deflector which merged it onto the axis of the
photon beam. The latter was produced by an undulator and
monochromatized by a grazing-incidence spherical-grating
monochromator. A cylindrical einzel lens focused the primary
beam in the center of the interaction region of length 29.4 cm,
to which an electrical potential of +2 kV was applied
to energy-label Ca4+ product ions produced therein. Two-
dimensional spatial profiles of the merged ion and photon

beams were recorded by three translating-slit scanners located
near the beginning, middle and end points of the interaction
region and used to quantify the spatial overlap of the beams.

Product Ca4+ ions were separated from the primary Ca3+
beam by a 45◦ demerger magnet. The primary ion beam was
collected in an extended Faraday cup, while a spherical 90◦
electrostatic deflector whose dispersion plane is perpendicular
to that of the demerger magnet directed the product ions
onto to a single-particle detector. Photoion-yield spectra were
obtained by counting Ca4+ product ions and recording the
primary ion and photon beam currents as the photon beam
energy was scanned in small steps. The photon flux was
measured by a calibrated silicon x-ray photodiode.

Absolute photoionization cross-section measurements were
performed at a number of discrete photon energies where
resonant features were absent in the photoion-yield spectra.
These measurements were then used to place the normalized
photoion-yield spectra onto an absolute cross-section scale.
The total absolute uncertainty of the photoionization cross-
section measurements is estimated to be ±22%.

The photon energy scale was calibrated in a separate
experiment using a gas cell to measure krypton (3d−1

5/25p and
3d−1

5/26p) resonances at 91.200 ± 0.010 eV and 92.560 ±
0.010 eV [21], and the helium (E2 and E3) resonance energies
of the n = 2 double excitation Rydberg series at 60.147 ±
0.004 eV and 63.658 ± 0.004 eV [22]. The resulting uncer-
tainty in the photon energy scale for the current measurements
is estimated to be ±0.015 eV.

III. THEORY

A. R-matrix calculations

To assist the experimental endeavor, R-matrix [23] calcu-
lations for the photoionization (PI) cross sections of the Ca3+
ion were performed in intermediate coupling using an efficient
parallel version of the R-matrix codes [24,25] within the
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confines of a semirelativistic Breit-Pauli approximation [26].
For the PI calculations on this system, 30 LSπ states (58
Jπ states) were included in the close-coupling expansion
arising from the following: n = 3 and n = 4 states of the
Ca4+ ion core, namely, 1s22s22p63s23p4 [3P , 1D, 1S],
1s22s22p63s3p5 [1,3P o], 1s22s22p63s23p3(4So, 2Do, 2P o)3d

[3,5Do, 1,3So, 1,3P o, 1,3Do,1,3Fo, 1,3Go, 1,3P o, 1,3Do,1,3Fo],
1s22s22p63s23p3(4So, 2Do, 2P o)4s [1,3P o, 1,3Do,3,5So], and
1s22s22p63p6 [1S]. The orbital basis set used for the Ca4+
product ion was limited to n = 4 in constructing the multi-
configuration-interaction wave functions used in this work.
The Breit-Pauli approximation was used to calculate the 58 Jπ

energies of the Ca4+ ion arising from the above 30 LSπ

states and all the subsequent Ca3+ PI cross sections. A minor
shift (less than a few %) of the theoretical energies of the
Ca4+ product ion was made in order to be in agreement
with very accurate relativistic Hartree-Fock calculation [27]
that are within 1% of the available experimental thresholds
from the NIST tabulation (many of which are unobserved).
PI cross sections were calculated for both the 2P o

3/2 ground
state and the 2P o

1/2 metastable state of Ca3+ in intermediate
coupling. The scattering wave functions were generated by
allowing double-electron promotions out of the n = 3 shell
of the 1s22s22p63s23p5 base configuration into the orbital
set employed. All the scattering calculations were performed
with 20 continuum basis functions and a boundary radius
of ∼10 Bohr radii. In the case of the 2P o

3/2 initial ground
state, the dipole selection rule requires the dipole transition
matrices, 3/2o → 1/2e,3/2e,5/2e, to be calculated, whereas
for the metastable 2P o

1/2 state only the dipole matrices for the
transitions 1/2◦ → 1/2e,3/2e are included. The Hamiltonian
matrices for the 1/2◦,3/2◦,5/2e,3/2e, and 1/2e symmetries
were then calculated, where the entire range of LS matrices
that contribute to these Jπ symmetries. For both the initial
2P o

3/2 ground state and the 2P o
1/2 metastable states the outer

region electron-ion collision problem was solved (in the
resonance region below and between all the thresholds) using
an energy mesh of 5×10−8 Ry (∼0.68 µeV) to fully resolve all
the fine resonance structure in the appropriate PI cross sections.
The theoretical PI cross sections were statistically averaged
and convoluted with a Gaussian of the same full-width at
half-maximum (FWHM) as that of experiment (55 meV) to
enable a direct comparison to be made with the measurements.

B. Hartree-Fock calculations

The Hartree-Fock approximation [28] assumes that each
electron in the atom moves independently in the nuclear
Coulomb field and the average field of the other electrons
and so the N -electron wave function is just the product of
N one-electron spatial wave functions. As a guide in the
assignment of resonant features in the measurements, the
Cowan atomic structure code [29], which is based on the rel-
ativistic Hartree-Fock (HFR) approximation, was used to
calculate the energies and strengths of excitations contributing
to the photoionization cross section for Ca3+. The Cowan
code is based on LS coupling and accounts for configuration
interactions.

In the calculation of all transitions, 3s23p5 was selected as
the initial configuration. The final configurations selected were

3s23p4ns (8 � n � 20) for 3p → ns transitions, 3s23p4nd

(7 � n � 20) for 3p → nd transitions and 3s3p5np (4 �
n � 10) for 3s → np transitions. To determine the contribu-
tions of these transitions to the ionization measurements, the
decay rates of the final states were calculated and compared to
the inverse of the ion flight times in the experiment.

C. Comparisons with experiment

In order to compare the results of the R-matrix calculations
with the experimental data, a statistically weighted sum
of calculated cross sections from the ground state and the
metastable state was convoluted with a Gaussian function
that simulates the experimental photon energy distribution.
To compare with the broad energy-scan measurements, a
Gaussian function of 55 meV FWHM was used. The calculated
ground-state cross section was multiplied by 2/3 and the
metastable-state cross section by 1/3 and the two weighted
cross sections were added together.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. Ionization threshold

For the 1s22s22p53s23p5 ground-state configuration of
Ca3+, the Russell-Saunders notation gives the terms 2P o

3/2
for the ground state and 2P o

1/2 for the metastable state.
Figure 2 shows the photoionization cross section for Ca3+
measured with a photon energy resolution of 15 meV near the
ground-state ionization threshold. The measurements indicate
a step corresponding to a threshold at 67.063 ± 0.015 eV,
which is lower than the tabulated value of 67.27 eV in
the National Institute of Standards and Technology (NIST)
atomic spectra database [30] by 0.207 eV. Using the tabulated
fine-structure splitting of 0.387 eV between the ground state
and the 2P o

1/2 metastable state [28], the ionization threshold of
the latter is predicted to be 66.676 ± 0.015 eV. The measured
photoionization below the 2P o

3/2 threshold is attributed to
photoionization from the 2P o

1/2 metastable state.

FIG. 2. Photoionization measurements at 15 meV resolution near
the 2P o

3/2 ground-state ionization threshold of Ca3+ measured at
67.063 eV.
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FIG. 3. Absolute photoionization cross-section measurements at
a photon energy resolution of 55 meV for Ca3+ from below the 2P o

1/2

metastable-state threshold to 72 eV. Four Rydberg series converging
to 1S limit of Ca4+ are identified.

B. Outer-shell 3 p → ns and 3 p → nd transitions

Measurements in the energy region above the 2P o
1/2 and

2P o
3/2 thresholds are shown in Figs. 3 and 4. In this region 12

Rydberg series are characterized and assigned spectroscopi-

FIG. 4. Absolute photoionization cross-section measurements at
a photon energy resolution of 30 meV for Ca3+ from the 2P o

1/2

metastable state threshold to the 1D limit of Ca4+ (vertical line at
69.405 eV). Eight Rydberg series of resonances converging to the 1D

limit are indicated.

cally using the quantum defect theory. Eight series converge
to the 1D limit of Ca4+, four of which originate from the 2P o

1/2

TABLE I. Resonance energies, quantum defects δ determined from the measurements, series limits, and assignments
for the 3s23p4(1D)ns,md Rydberg series. The estimated uncertainty in the resonance energies is ±0.015 eV.

Energy (eV) Quantum defect δ Series limit (eV) Assignment

66.758 0.92 69.398 2P o
1/2 → 3s23p4(1D)10d(2D)

67.314 0.78 69.398 2P o
1/2 → 3s23p4(1D)11d(2D)

67.674 0.76 69.398 2P o
1/2 → 3s23p4(1D)12d(2D)

66.733 0.96 69.398 2P o
1/2 → 3s23p4(1D)10d(2P )

67.289 0.84 69.398 2P o
1/2 → 3s23p4(1D)11d(2P )

67.659 0.81 69.398 2P o
1/2 → 3s23p4(1D)12d(2P )

66.993 0.49 69.398 2P o
1/2 → 3s23p4(1D)10d(2S)

67.424 0.50 69.398 2P o
1/2 → 3s23p4(1D)11d(2S)

67.739 0.55 69.398 2P o
1/2 → 3s23p4(1D)12d(2S)

67.384 0.60 69.398 2P o
1/2 → 3s23p4(1D)11s(2D3/2)

67.724 0.60 69.398 2P o
1/2 → 3s23p4(1D)12s(2D3/2)

68.004 0.50 69.398 2P o
1/2 → 3s23p4(1D)13s(2D3/2)

67.168 1.12 69.398 2P o
3/2 → 3s23p4(1D)11d(2D)

67.683 0.73 69.398 2P o
3/2 → 3s23p4(1D)12d(2D)

68.024 0.41 69.398 2P o
3/2 → 3s23p4(1D)13d(2D)

67.143 1.17 69.398 2P o
3/2 → 3s23p4(1D)11d(2P )

67.679 0.75 69.398 2P o
3/2 → 3s23p4(1D)12d(2P )

68.024 0.41 69.398 2P o
3/2 → 3s23p4(1D)13d(2P )

67.469 0.38 69.398 2P o
3/2 → 3s23p4(1D)11d(2S)

67.802 0.32 69.398 2P o
3/2 → 3s23p4(1D)12d(2S)

68.104 0.03 69.398 2P o
3/2 → 3s23p4(1D)13d(2S)

67.554 0.13 69.398 2P o
3/2 → 3s23p4(1D)11s(2D3/2)

67.839 0.18 69.398 2P3/2 → 3s23p4(1D)12s(2D3/2)
68.034 0.37 69.398 2P o

3/2 → 3s23p4(1D)13s(2D3/2)
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TABLE II. Resonance energies, quantum defects δ determined from the measurements, series limits, and assignments
for the 3s23p4(1S)nd Rydberg series. The estimated uncertainty in the resonance energies is ±0.015 eV.

Energy (eV) Quantum defect, δ Series limit (eV) Assignment

67.691 0.27 72.498 2P o
1/2 → 3s23p4(1S)7d(2D)

68.882 0.24 72.498 2P o
1/2 → 3s23p4(1S)8d(2D)

69.686 0.20 72.498 2P o
1/2 → 3s23p4(1S)9d(2D)

67.880 0.13 72.498 2P o
1/2 → 3s23p4(1S)7d(2S1/2)

69.051 0.05 72.498 2P o
1/2 → 3s23p4(1S)8d(2S1/2)

69.766 0.07 72.498 2P o
1/2 → 3s23p4(1S)9d(2S1/2)

68.058 1.00 72.498 2P o
3/2 → 3s23p4(1S)8d(2D)

69.121 0.97 72.498 2P o
3/2 → 3s23p4(1S)9d(2D)

69.865 0.91 72.498 2P o
3/2 → 3s23p4(1S)10d(2D)

68.277 0.82 72.498 2P o
3/2 → 3s23p4(1S)8d(2S1/2)

69.279 0.78 72.498 2P o
3/2 → 3s23p4(1S)9d(2S1/2)

69.954 0.75 72.498 2P o
3/2 → 3s23p4(1S)10d(2S1/2)

metastable state and four from the 2P o
3/2 ground state. Four

additional series converge to the 1S limit of Ca4+.
The four Rydberg series indicated in Fig. 3 converge

to the 1S limit of Ca4+. Two of these series originate
from the metastable state, one due to 3p → nd transitions
(open triangles) and the other to 3p → ns transitions (filled
triangles). The other two series originate from the ground
state, one due to 3p → nd transitions (open diamonds) and
the other to 3p → ns transitions (filled diamonds). None of
the members of these series are separated enough to be resolved
as distinct features at this energy resolution.

Of the four series indicated in Fig. 4 originating from the
metastable state and converging to the 1D limit, three are due to
3p → nd transitions differing in their final coupling between
the excited electron and the core. The 3s23p4(1D)nd(2Do)
(filled triangles) and 3s23p4(1D)nd(2P o) (filled squares) are
not separated enough to be resolved from each other. Their
lower n members (n = 10 and n = 11) are distinct from the
other Rydberg series but for higher n they are not resolved
as distinct features. The corresponding series originating from
the ground state (open triangles and open squares) are also
not separated enough to be resolved from each other and
only their lower n member (n = 11) is resolved as a distinct
feature. The third series is attributed to 3p → nd transitions
from the metastable state to 3s23p4(1D)nd(2S) (filled inverted
triangles). The first two members of this series (n = 10 and
n = 11) are resolved from other series. For the correspond-
ing series originating from the ground state (open inverted
triangles), only the first member (n = 11) is resolved as a
distinct feature. The final state for the fourth series originating
from the metastable state is believed to be 3s23p4(1D)ns(2D)
(filled diamonds). Only the first member of that series (n = 11)
is distinct and resolved from other series. Similarly, for the
corresponding series originating from the ground state, only
the first member (n = 11) is a distinct feature.

These 12 Rydberg series originating from the 2P o
1/2

metastable state and the 2P o
3/2 ground state are grouped and

listed in Tables I and II by the principal quantum number n of
the final state, energy position, and quantum defect parameter
δ. The quantum defects are based on RY = 13.6053 eV, the
nuclear charge of Ca3+ (Z = 20) and the series limit based

on the value of the ionization threshold obtained from this
experiment (E∞ = 67.063 eV).

C. Inner-shell 3s → np transitions

Identified in Fig. 5 are series of resonances due to 3s → np

inner-shell excitation. Three Rydberg series, 3s3p5(3P o
2 )np,

3s3p5(3P o
1 )np, and 3s3p5(3P o

0 )np, from the 2P o
1/2 metastable

state and three corresponding series from the 2P o
3/2 ground state

converging to the limits of 86.240 eV, 86.499 eV, and
86.640 eV, respectively, are assigned. These six Rydberg series
due to 3s → np transitions are grouped and represented in
Table III by their principal quantum number n, energy position,
and quantum defect parameter δ. The quantum defects are
based on RY = 13.6053 eV, the nuclear charge of Ca3+
(Z = 20) and the series limit based on the value of the

FIG. 5. Absolute photoionization cross-section measurements for
Ca3+ at a photon energy resolution of 55 meV in the energy range from
71 to 104 eV. Six Rydberg series of resonances due to 3s → np excita-
tions converging to the 3P o

2 , 3P o
1 , and 3P o

0 excited states of Ca4+ are in-
dicated. Five additional Rydberg series due to 3s23p5 → 3s23p33dns

two-electron excitations converging to the 3s23p33d(1P o
1 ) and

3s23p33d(3Do
3,2,1) excited states of Ca4+ are also indicated.
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TABLE III. Resonance energies, quantum defects δ determined
from the measurements, series limits, and assignments for the
3s3p5(3P o

2,1,0)np Rydberg series. The estimated uncertainty in the
resonance energies is ±0.015 eV.

Quantum Series limit
Energy (eV) defect δ (eV) Assignment

72.327 0.04 86.240 2P o
1/2 → 3s3p5(3P2)4p

77.255 0.07 86.240 2P o
1/2 → 3s3p5(3P2)5p

80.089 0.05 86.240 2P o
1/2 → 3s3p5(3P2)6p

81.741 0.04 86.240 2P o
1/2 → 3s3p5(3P2)7p

82.772 0.08 86.240 2P o
1/2 → 3s3p5(3P2)8p

83.493 0.10 86.240 2P o
1/2 → 3s3p5(3P2)9p

72.495 0.06 86.499 2P o
1/2 → 3s3p5(3P1)4p

77.476 0.08 86.499 2P o
1/2 → 3s3p5(3P1)5p

80.249 0.10 86.499 2P o
1/2 → 3s3p5(3P1)6p

81.861 0.15 86.499 2P o
1/2 → 3s3p5(3P1)7p

82.923 0.20 86.499 2P o
1/2 → 3s3p5(3P1)8p

83.634 0.28 86.499 2P o
1/2 → 3s3p5(3P1)9p

72.773 0.04 86.640 2P o
1/2 → 3s3p5(3P0)4p

77.816 0.03 86.640 2P o
1/2 → 3s3p5(3P0)5p

80.500 0.05 86.640 2P o
1/2 → 3s3p5(3P0)6p

82.302 −0.08 86.640 2P o
1/2 → 3s3p5(3P0)7p

83.233 0.01 86.640 2P o
1/2 → 3s3p5(3P0)8p

72.644 −0.001 86.240 2P o
3/2 → 3s3p5(3P2)4p

77.526 0.002 86.240 2P o
3/2 → 3s3p5(3P2)5p

80.249 −0.03 86.240 2P o
3/2 → 3s3p5(3P2)6p

81.861 −0.05 86.240 2P o
3/2 → 3s3p5(3P2)7p

82.973 −0.16 86.240 2P o
3/2 → 3s3p5(3P2)8p

83.634 −0.14 86.240 2P o
3/2 → 3s3p5(3P2)9p

72.694 0.03 86.499 2P o
3/2 → 3s3p5(3P1)4p

77.706 0.02 86.499 2P o
3/2 → 3s3p5(3P1)5p

80.460 −0.004 86.499 2P o
3/2 → 3s3p5(3P1)6p

82.072 −0.01 86.499 2P o
3/2 → 3s3p5(3P1)7p

83.153 −0.07 86.499 2P o
3/2 → 3s3p5(3P1)8p

73.002 0.005 86.640 2P o
3/2 → 3s3p5(3P0)4p

78.097 −0.05 86.640 2P o
3/2 → 3s3p5(3P0)5p

80.850 −0.13 86.640 2P o
3/2 → 3s3p5(3P0)6p

82.352 −0.13 86.640 2P o
3/2 → 3s3p5(3P0)7p

ionization threshold obtained from this experiment (E∞ =
67.063 eV).

For most of these series, the first eight members (n = 4 to
n = 11) are resolved. The measured resonances of these series

FIG. 6. Rydberg series fits for the 3s3p5(3P o
2,1,0)np series origi-

nating from both the ground state and the metastable state.

are plotted versus the principal quantum number, n, as shown
in Fig. 6 and fitted to the quantum defect form of the Rydberg
formula [31] with the mean quantum defect parameter (δ) and
the series limit E∞ as free parameters, while the Rydberg
constant (RY ), nuclear charge (Z), and the number of core
electrons (Nc) are fixed parameters. The fitted mean quantum
defects δfit and series limits Efit

∞ for each series along with the
series limits based on the ionization threshold obtained from
the present experiment Eexpt

∞ and the series limit based on the
tabulated ionization threshold Etab

∞ [30] are shown in Table IV.
A comparison of the fitted series limits with the other two
series limits provides additional evidence for the ground-state
ionization threshold to be 67.063 eV.

An interesting question concerns the oscillator strengths
of the assignment of 3s3p5(3P o

2,1)4p and 3s3p5(3P o
2,1)5p

TABLE IV. Comparison between the generated series limits of the 3s3p5(3P o
2,1,0)np and the series limits based on the ionization threshold

obtained from this experiment and the tabulated ionization threshold [30].

Rydberg series δfit Efit
∞ (eV) E

exp
∞ (eV) Etab

∞ (eV)

2P o
1/2 → 3s3p5(3P2)np 0.045 ± 0.009 86.208 ± 0.032 86.240 ± 0.015 86.447

2P o
1/2 → 3s3p5(3P1)np 0.017 ± 0.004 86.376 ± 0.014 86.499 ± 0.015 86.706

2P o
1/2 → 3s3p5(3P0)np 0.049 ± 0.014 86.710 ± 0.052 86.640 ± 0.015 86.847

2P o
3/2 → 3s3p5(3P2)np 0.016 ± 0.007 86.337 ± 0.024 86.240 ± 0.015 86.447

2P o
3/2 → 3s3p5(3P1)np 0.041 ± 0.003 86.578 ± 0.012 86.499 ± 0.015 86.706

2P o
3/2 → 3s3p5(3P0)np 0.042 ± 0.017 86.921 ± 0.068 86.640 ± 0.015 86.847
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TABLE V. Resonance energies, quantum defects determined
from the measurements, series limits, and assignments for the
3s23p33d(1P )ns and 3s23p33d(3D)ns Rydberg series. The estimated
uncertainty in the resonance energies is ±0.015 eV.

Quantum Series limit
Energy (eV) defect (eV) Assignment

78.399 1.114 104.529 2P o
1/2 → 3s23p33d(1P o

1 )4s

89.928 1.139 104.529 2P o
1/2 → 3s23p33d(1P o

1 )5s

95.142 1.184 104.529 2P o
1/2 → 3s23p33d(1P o

1 )6s

97.927 1.258 104.529 2P o
1/2 → 3s23p33d(1P o

1 )7s

99.404 1.483 104.529 2P o
1/2 → 3s23p33d(1P o

1 )8s

78.650 1.100 104.529 2P o
3/2 → 3s23p33d(1P o

1 )4s

90.120 1.113 104.529 2P o
3/2 → 3s23p33d(1P o

1 )5s

95.360 1.127 104.529 2P o
3/2 → 3s23p33d(1P o

1 )6s

98.128 1.168 104.529 2P o
3/2 → 3s23p33d(1P o

1 )7s

99.564 1.379 104.529 2P o
3/2 → 3s23p33d(1P o

1 )8s

78.908 1.127 105.273 3s23p5 → 3s23p33d(3Do
3 )4s

90.683 1.137 105.273 3s23p5 → 3s23p33d(3Do
3 )5s

95.709 1.229 105.273 3s23p5 → 3s23p33d(3Do
3 )6s

98.452 1.351 105.273 3s23p5 → 3s23p33d(3Do
3 )7s

79.168 1.124 105.477 3s23p5 → 3s23p33d(3Do
2 )4s

90.612 1.173 105.477 3s23p5 → 3s23p33d(3Do
2 )5s

95.979 1.213 105.477 3s23p5 → 3s23p33d(3Do
2 )6s

99.312 1.058 105.477 3s23p5 → 3s23p33d(3Do
2 )7s

79.548 1.110 105.615 3s23p5 → 3s23p33d(3Do
1 )4s

91.303 1.100 105.615 3s23p5 → 3s23p33d(3Do
1 )5s

96.290 1.168 105.615 3s23p5 → 3s23p33d(3Do
1 )6s

98.863 1.322 105.615 3s23p5 → 3s23p33d(3Do
1 )7s

resonances. It is believed that for n values higher than
4 the 2P o

3/2 → 3s3p5(3P o
2 )np resonances and 2P o

1/2 →
3s3p5(3P o

1 )np resonances occur at photon energies close
enough to be unresolved from one another.

Asymmetric Fano-Beutler line shapes [32] of the 3s → np

resonances are evident in Fig. 5, indicating strong interference
between the direct and the indirect photoionization channels
for excitation of the 3s subshell.

D. Two electron excitations: 3 p5 → 3 p33dns

Resonances due to two-electron excitations, 3p5 →
3p33d ns, are evident in Fig. 5. A Rydberg series,
3s23p33d(1P o

1 )ns originating from the 2P o
1/2 metastable state

and a corresponding series originating from the ground state
converging to the series limit of 104.529 eV are assigned. Three

FIG. 7. Rydberg fits for 3s23p33d(1P )ns and 3s23p33d(3D)ns

series originating from both the ground state and the metastable state.

more Rydberg series 3s23p33d(3Do
3)ns, 3s23p33d(3Do

2)ns,
and 3s23p33d(3Do

1)ns converging to the series limits of
105.273 eV, 105.477 eV, and 105.615 eV, respectively, are
assigned. These five Rydberg series due to 3p5 → 3p33dns

transitions are grouped and tabulated in Table V by their prin-
cipal quantum numbers n, resonance energies, and quantum
defect parameters δ.

The measured resonances of these series are plotted versus
the principal quantum number in Fig. 7 and fitted to the
quantum defect form of the Rydberg formula with the mean
quantum defect parameter δ and the series limit E∞ as free
parameters. The Rydberg constant RY , nuclear charge Z, and
the number of core electrons Nc are fixed parameters. The fitted
mean quantum defect δfit and the generated series limit Efit

∞
for each series along with the series limits based on ionization
threshold obtained from the experiment Eexpt

∞ and the tabulated
ionization threshold Etab

∞ [30] are shown in Table VI. The
comparison of the fitted series limits with the other two series
limits based on the tabulated ionization threshold and the
ionization threshold obtained from this experiment provides
additional evidence that the ground-state ionization threshold
is 67.063 eV.

V. COMPARISON BETWEEN ABSOLUTE
CROSS-SECTION MEASUREMENTS AND THEORY

The absolute cross-section measurements taken at a photon
energy resolution of 55 meV are compared in Fig. 8 with the

TABLE VI. Comparison between the fitted series limits of the 3s23p33d(1P )ns and 3s23p33d(3D)ns and the series limits based on the
ground-state ionization thresholds obtained from the present experiment and from the NIST-tabulated value [30].

Rydberg series δfit Efit
∞ (eV) E

expt
∞ (eV) Etab

∞ (eV)

2P o
1/2 → 3s23p33d(1P )ns 1.081 ± 0.004 104.125 ± 0.039 104.529 ± 0.015 104.736

2P o
3/2 → 3s23p33d(1P )ns 1.081 ± 0.018 104.340 ± 0.158 104.529 ± 0.015 104.736

3s23p5→ 3s23p33d(3Do
3 )ns 1.097 ± 0.012 104.793 ± 0.121 105.273 ± 0.015 105.480

3s23p5 → 3s23p33d(3Do
2 )ns 1.128 ± 0.025 105.257 ± 0.254 105.477 ± 0.015 105.684

3s23p5→ 3s23p33d(3Do
1 )ns 1.086 ± 0.019 105.276 ± 0.182 105.615 ± 0.015 105.822
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∆

FIG. 8. (Color online) Comparison of theoretical Breit-Pauli
R-matrix cross-section calculations (solid line) with absolute cross-
section measurements (open circles) for photoionization of Ca3+ ions.
The theoretical results have been convoluted with a Gaussian of
55 meV FWHM to simulate the photon energy resolution of the
measurement and weighted for a statistical initial-state admixture of
the 2P o

3/2 ground state (2/3) and 2P o
1/2 metastable state (1/3).

results of the Breit-Pauli R-matrix theoretical calculation. As
noted, the calculation represents a sum of the photoionization
cross sections from the ground state and the metastable
state multiplied by their statistical weights (2/3 and 1/3,
respectively). The comparison shows good agreement in
the magnitudes of both the resonant and the nonresonant
contributions to the photoionization cross section. The energy
positions of the calculated resonances are slightly shifted
from the experimental values. The theory also reproduces the
observed Fano-Beutler asymmetric resonance lineshapes. The
two-electron excitation processes, 3p5 → 3p33dns, that result
in broad resonance features in the measured cross section in

the energy range 77.96–79.80 eV, are accounted for in the
R-matrix calculation.

VI. SUMMARY

The absolute photoionization cross section for a mixture of
2P o

3/2 ground-state and 2P o
1/2 metastable-state Ca3+ was mea-

sured in the photon energy range 65.7–104.6 eV at a resolution
of 55 meV using merged beams and synchrotron radiation.
The cross section is rich in resonance structure due to indirect
photoionization. Guided by Hartree-Fock atomic-structure
calculations, the main features have been spectroscopically
assigned to Rydberg series using a quantum-defect analysis.
From additional measurements performed at higher resolution,
the ground-state ionization threshold was determined to be
67.063 ± 0.015 eV, which is 0.207 eV lower than the value
tabulated in NIST database. Overall, the measurements are
in suitable agreement with theoretical results obtained from
a Breit-Pauli R-matrix calculation performed in intermediate
coupling. Minor discrepancies between theory and experiment
in the spectra of this complex Cl-like ion are attributed to
limitations of the n = 4 basis set used in the calculations.
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