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Photoionization cross sections for Ceq+ �1�q�9� ions were measured in the 105–180 eV energy range of
the 4d inner-shell giant resonance by merging a mass-to-charge-ratio-selected ion beam with a beam of
monochromatized synchrotron radiation. The Cowan atomic structure code was used as an aid to interpret the
experimental data. Four Rydberg series for 4d→nf �n�4� and 4d→np �n�6� autoionizing excitations were
assigned using the quantum-defect theory in the Ce3+ photoionization cross section. The experimental data
show the collapse of the nf wave functions �n�4� with increasing ionization stage as outer-shell electrons are
stripped from the parent ion. The nf orbital collapse occurs partially for Ce2+ and Ce3+ ions and completely for
Ce4+, where these wave functions penetrate the core region of the ion. A strong contribution to the total
oscillator strength was observed in multiple photoionization channels for Ce+, Ce2+, and Ce3+, whereas most of
the 4d excitations of the higher charge states decay by ejection of one electron.
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I. INTRODUCTION

The experimental study of the nature and character of
atoms and ions has always been a challenge for physicists.
Photoionization experiments on multiply-charged ions are
important as probes of electronic correlation and relativistic
effects along isonuclear and isoelectronic series and provide
data to benchmark atomic theory and models in plasma phys-
ics and astrophysics. Presented in this paper is an experimen-
tal investigation over a wide range of charge states of
multiply-charged cerium ions. The focus of this investigation
was photoionization processes involving 4d electrons along
the isonuclear series of cerium ions. The objective was to
provide as complete a picture as possible of the ion charge-
state dependences of the observed features in the photon en-
ergy range of 4d electron excitation and ionization.

Photoionization data for members of the lanthanide group
�atomic numbers Z from 57 to 71� are of increasing astro-
physical interest in connection with studies of nucleosynthe-
sis and star formation �1� since a considerable number of
lines belong to the third spectrum �doubly-charged ions�, cor-
responding to the dominant charge state in hot chemically
peculiar stars �2�. Cowley reported in 1976 that cerium is the
most abundant lanthanide element in the so-called Ap stars
�2,3�, which emit strong spectral lines of metallic elements.

Photoionization experiments on several isoelectronic and
isonuclear sequences were conducted during the last 30 years
to study systematics of electron correlation and relativistic
effects in the photon energy region of 4d inner-shell excita-
tion of atoms and atomic ions with different numbers of elec-
trons in their outer shells. Photoionization cross-section mea-
surements for Ba, Ba+, and Ba2+ ions were performed by
Lucatorto et al. at the National Bureau of Standards using the
dual laser plasma �DLP� technique �4�. They concluded that
most of the 4d absorption oscillator strengths of Ba and Ba+

are in the continuum, whereas the Ba2+ cross section is domi-
nated by strong discrete transitions. Bizau et al. studied the
Baq+ �q=2–6� and Xeq+ �q=3–7� isonuclear sequences us-
ing a merged-beam technique at the SuperACO synchrotron
light source in France and the Miyake undulator beamline in
Denmark �5–10�. Their measurements indicate a dominance
of discrete resonances for Ba4+. O’Sullivan et al. measured
the 4d photoabsorption of Iq+ ions �q=0–2� using the DLP
technique �11�, concluding that the dominant features arise
from 4d→�f excitation manifested by a shape resonance in
neutral iodine and from 4d→nf discrete transitions in I2+.
The isonuclear sequence of Cs through Cs4+ was studied by
Cummings et al. using the DLP technique �12�. Absolute
photoionization cross-section measurements for Xe4+, Xe5+,
and Xe6+ ions were performed at the Advanced Light Source
�ALS� in Berkeley by Aguilar et al. �13� using the ion-
photon merged-beams technique in support of the develop-
ment of an extreme ultraviolet lithography light source at a
wavelength of 13.5 nm.

Recently, photoionization of Ce encapsulated within the
fullerene molecular ion C82

+ has been investigated by Müller
et al. in the photon energy range of 4d excitations �14�.
These measurements indicated a clear signature of excitation
of the 4d subshell in both single and double ionizations of
the Ce@C82

+ endohedral fullerene molecular ion and veri-
fied the predicted +3 valency of the encaged Ce ion.

II. EXPERIMENTAL TECHNIQUE

Relative and absolute photoionization cross-section mea-
surements were performed using the ion-photon-beam end
station installed on undulator beamline 10.0.1 of the ALS.
Cerium ions were produced by evaporating cerium metal-
locene ��C5H5�3Ce� into the plasma discharge of an electron-
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cyclotron-resonance ion source and an ion beam was ex-
tracted by applying a potential of +4 or +6 kV to the source.
A 60° dipole analyzing magnet selected ions of the desired
momentum per charge. Following collimation and focusing,
a spherical electrostatic deflector merged the ion beam onto
the axis of a counterpropagating beam of monochromatized
synchrotron radiation. After interacting with the photon
beam over a common path of 1.4 m, the primary and product
ion beams were demerged and separated by a 45° dipole
magnet and independently collected by a Faraday cup and a
single-particle detector, respectively. For spectroscopic mea-
surements, the photoions were counted as the photon energy
was changed in small steps at constant energy resolution.
Absolute cross-section measurements were made at discrete
photon energies under well-defined conditions, for which
two-dimensional spatial intensity profiles of the photon and
ion beams were carefully measured at three points within a
central interaction region of known length �29.4�0.6 cm�.
The total uncertainty of the cross-section measurements
reported here is estimated to be �23%. Further details
concerning the merged-beams apparatus and experimental
method may be found in a previous report �15�.

III. RESULTS

A. Photoionization of Ce+

Figure 1 presents the measured cross sections for single,
double, and triple photoionization of Ce+. A broad asymmet-
ric resonance dominates the cross sections in the energy
range where 4d excitations are expected and extends to the
4d continuum. These features are attributed to 4d→�f tran-
sitions. The associated oscillator strengths determined by in-
tegrating the cross sections are presented in Table I. Within
the experimental uncertainty, a total of 10.8 is consistent
with the value of 10 for the 4d subshell predicted by the
Thomas-Reiche-Kuhn sum rule.

Structure attributed to 4d→np �n�6� autoionizing exci-
tations is evident in the single-photoionization cross section
�Fig. 1�a�� above 135 eV with a small contribution to the
total oscillator strength. So-called “satellite” transitions are
likely present above the 4d ionization threshold correspond-
ing to 4d ionization with excitation of one 4f or 5d electron
or two 5d electrons �7,16�. However, their contribution to the
total oscillator strength is very small.

Double photoionization �Fig. 1�b�� is attributed mostly to
the 4d→�f ionization followed by single autoionization
competing with multiple autoionization channels. A possible
scheme for this process is

� + Ce+�4d104f5d2� → Ce2+����4d94f5d2� + e−���

� Ce3+�4d105d� + 2e−.

The weak resonant transitions present in the cross section
below the 4d ionization threshold could be due to 4d→nl
�n�6 and l=1 or n�4 and l=3� excitations decaying by
sequential ejection of two Auger electrons,

� + Ce+�4d105p64f5d2� → Ce+�����4d95p64f5d2nl�

� Ce2+����4d105p54f5d2� + e−

� Ce3+�4d105p64f� + 2e−.

Triple photoionization �Fig. 1�c�� is attributed mainly to
direct 4d photoionization followed by the ejection of two
sequential Auger electrons. Two autoionization paths are
suggested for this process,

� + Ce+�4d105p64f5d2� → Ce2+�����4d95p64f5d2� + e−���

� Ce3+����4d105p55d2� + 2e−

� Ce4+�4d105p6� + 3e−

or

� + Ce+�4d105s25p64f5d2�

→ Ce2+�����4d95s25p64f5d2� + e−���

� Ce3+����4d105s5p65d2� + 2e−

� Ce4+�4d105s25p55d� + 3e−.

The weak resonant structure in the cross section likely
arises from excitation of a 4d electron to a higher energy
state followed by ejection of three Auger electrons,

FIG. 1. �a� Single-, �b� double-, and �c� triple-photoionization
cross sections of Ce+ at a photon energy resolution of 0.1 eV.

TABLE I. Oscillator strengths �f� for single, double, and triple
photoionization of La-like Ce+.

Final charge state
Energy range

�eV� f
Partial contribution

�%�

2 105–160 1.55 14.2

3 105–160 4.18 38.6

4 105–160 5.10 47.2

Total 105–160 10.8 100
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� + Ce+�4d105s25p64f5d2�

→ Ce+������4d95s25p64f5d2nl�

� Ce2+�����4d105s5p64f5d2� + e−

� Ce3+����4d105s25p54f5d� + 2e−

� Ce4+�4d105s25p6� + 3e−.

B. Photoionization of Ce2+

Measured cross sections for single, double, and triple
photoionization of Ce2+ are presented in Fig. 2 along with
their associated oscillator strengths in Table II.

Discrete resonances due to autoionizing excitations of the
4d inner shell to 4f and np �n�6� outer shells are evident in
the single-photoionization cross section below 127.5 eV. Di-
rect photoionization dominates above 127.5 eV, constituting
38% of the oscillator strength for this channel. Identification
of 4d→np Rydberg series was not possible due to the small
oscillator strengths of these transitions compared to those of
4d→4f transitions.

A broad asymmetric shape resonance dominates the
double-photoionization cross section where 4d excitations
are expected and extends to the 4d continuum, similar to that
observed in photoionization of Ce+. This is attributed to 4d
→�f direct photoionization accompanied by double autoion-
ization. Resonant photoionization attributed to 4d→4f exci-
tations followed by autoionization is evident in the cross
section below 127 eV. Features due to 4d→np autoionizing
excitations may also be present but calculations indicated
their contribution to the total oscillator strength to be rela-
tively small.

The energy onset of the triple-photoionization cross sec-
tion indicates a threshold of 123.5�1.3 eV, which compares
to 122.5 eV tabulated by NIST �17�. Possible weak resonant
features likely result from excitation of the 4d electrons to
higher energy states followed by emission of three Auger
electrons. The oscillator strengths in Table II indicate the

dominance of double photoionization, which constitutes
more than half of the total photoionization oscillator strength
of Ce2+ in this energy range. Since Auger decay of the 4d
vacancy states dominates compared to radiative decay, the
total oscillator strength in Table II is expected to correspond
to the total for the 4d subshell. The measured value greater
than 10 �the number of 4d electrons� is not surprising since
direct photoionization of 5s, 5p, and 4f electrons is also
possible in this energy range.

C. Photoionization of Ce3+

Single-photoionization cross section for Ce3+, presented
in Fig. 3�a�, is dominated by 4d→nf and 4d→np autoion-
izing excitations. Two Rydberg series resulting from transi-
tions of 4d electrons to excited nf and np orbitals were iden-
tified and assigned. Figure 4 presents two fits of the
experimental resonance energies as functions of the principal
quantum number by use of the quantum-defect form of the
Rydberg formula,

En = Elimit −
RCe�Z − Nc�2

�n − �n�2 . �1�

En is the transition energy, Elimit is the ionization potential of
the electron being excited to the corresponding final state
�n=��, Z is the nuclear charge, and Nc is the number of core
electrons. The dimensionless quantum-defect parameter �n is
a measure of the departure of the energy level En from a pure
hydrogenic value ��n=0�. The Rydberg constant RCe for ce-
rium ions is given by

RCe =
�e4

4	
c
, �2�

where �= �1 /me+1 /MCe�−1 is the reduced mass of the
electron-nucleus system of the cerium ion, e and me are the
charge and the mass of the electron, respectively, 
 is the
reduced Planck constant, and MCe is the mass of the cerium
nucleus. In the present analysis, �n was replaced by a mean
quantum-defect parameter � for each Rydberg series.

The first Rydberg series is attributed to autoionizing
excitations of Ce3+ in the ground state to
4d95s25p64f1�1F�nf1 2P3/2 �n�4� states converging to the
4d95s25p64f1 1F limit of Ce4+. The calculated energy limit
�Elimit� for this series is 150.21 eV using the Cowan code
�18–20�, compared to the fit value of 150.48 eV using the
quantum-defect theory. The second Rydberg series originates
from 4d excitations of the 2F7/2

o metastable state to

TABLE II. Oscillator strengths �f� for single, double, and triple
photoionization of Ba-like Ce2+.

Final charge state
Energy range

�eV� f
Partial contribution

�%�

3 110–173 4.04 33.4

4 105–169 7.47 61.7

5 120–160 0.59 4.9

Total 12.10 100.0FIG. 2. �a� Single-, �b� double-, and �c� triple-photoionization
cross sections of Ce2+ at a photon energy resolution of 0.1 eV.
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4d95s25p64f1�3H�np1 4G9/2 �n�6� states converging to the
4d95s25p64f1 3H limit of Ce4+. The energy limit of 143.33
eV of this series is in good agreement with the Cowan code
calculated energy of 143.34 eV �18�.

Figure 3�b� shows the double-photoionization cross-
section measurements for Ce3+ from 105 to 180 eV photon
energy at 0.1 eV resolution. Direct photoionization accompa-
nied by autoionization dominates the cross section above 150
eV. This may be represented by the following process:

� + Ce3+�4d105s25p64f1� → Ce4+����4d95s25p64f1� + e−

� Ce5+�4d105s25p5� + 2e−.

Resonant photoionization cross-section features observed
below 150 eV originate from 4d excitations to higher energy
nf and np orbitals accompanied by emission of two Auger
electrons. Two Rydberg series were assigned in the double-
photoionization cross section of Ce3+, both originating from
the ground state. The corresponding energies and fits are in-

dicated in Fig. 5 The first series results from excitation to the
4d95s25p64f1�1F�nf1 2P3/2 final state, which is identical to
the first series observed in the single-photoionization cross
section. An increase in the double-to-single-photoionization
cross-section ratio for the higher members of this series at
increasing photon energy indicates the competition between
different autoionizing channels. The second Rydberg series
arises from excitations to 4d95s25p64f1�1F�np1 2F5/2 final
states. No identifications were made of Rydberg series due to
double photoionization from metastable states.

Oscillator strengths determined from the cross sections
for single and double photoionization of Ce3+ are 5.03 and
3.64, respectively. Their sum of 8.67 is consistent with the
expected value of 10 within the experimental uncertainty.

D. Photoionization of Ce4+

Figure 6 shows the single-photoionization cross section of
Ce4+ in the 4d inner-shell excitation region. The structure
below 129.6 eV is attributed mostly to 4d105s25p54f
→4d95s25p54f2 transitions followed by ejection of an Auger
electron. The features are very broad below 126 eV. Direct
photoionization of the 5s2 subshell is also possible in this
energy region, although its contribution to the total cross
section is relatively small. The strongest resonance at 131.09
eV is assigned to 4d105p6 1S0→4d95p6�4f 2F�3D1 excitation
followed by autoionization. Resonances near and including
the strongest feature �129.7–135 eV� are attributed to unre-
solved fine structure of the final states of the 4d95p64f con-
figuration. The structures at 136.52 and 139.09 eV are as-
signed to 4d→6p excitation from the ground state. The first
is attributed to the 4d95p6�6p 2P�1P1 final state and the sec-
ond to 4d95p6�6p 2P�3Pj final states. The measured energy
splitting between the 1P1 and 3P1 fine states is 2.57 eV,
which compares to a calculated value of 2.65 eV. At this
energy resolution, the first resonance appears more symmet-
ric than the second due to the hyperfine structure splittings
in the latter, which is evident in measurements performed
at higher photon energy resolution �not shown�. The struc-
tures near 144.6 and 148 eV arise from the transitions
4d105p6 1S0→4d95p6�5f 2F�3Dj and 4d105p6 1S0
→4d95p6�5f 2F�1P1, respectively. The measured splitting of

FIG. 3. �a� Single- and �b� double-photoionization cross sections
of Ce3+ at a photon energy resolution of 0.1 eV.

FIG. 4. Rydberg fits for the 4d104f1nf1 2P3/2 and
4d104f1np1 4G9/2 series originating from the 2F5/2 ground state and
the 2F7/2 metastable state, respectively, in the single-
photoionization cross section of Ce3+. The series limit Elimit and
quantum-defect parameter � are given for each series.

FIG. 5. Rydberg fits for the 4d104f1nf1 2P3/2 and
4d104f1np1 2F5/2 series originating from the 2F5/2 ground state in
the double-photoionization cross section of Ce3+.
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the fine-structure states 3D1 and 1P1 is 3.5 eV compared to
3.4 eV in the calculations. Hyperfine structure is observed in
the 3D1 peak. The measured energy splitting between the 3D1
and 3D3 states is 0.27 eV, compared to a calculated value of
0.42 eV. A small resonance near the 1P1 peak at 148.7 eV is
attributed to excitation of 4d electrons from the ground state
to 4d95p6�7p 2P�1P1.

The total oscillator strength determined from the measure-
ments in this energy range is 10.32, consistent with the ex-
pected value of 10 for the 4d subshell.

E. Photoionization of Ce5+

Figure 7�a� shows the absolute photoionization cross sec-
tion measurements for Ce5+. The total experimental oscillator
strength is 10.77, which is in agreement with the sum-rule
value of 10 within the experimental uncertainty. The struc-
ture above 131 eV arises mostly from 4d→4f excitation
from the 2P3/2 ground state and from the 2P1/2 metastable

state, followed by autoionization. Features below 131 eV are
attributed to 4d→4f excitation from the 4d105s25p44f meta-
stable states of Ce5+ followed by autoionization. The mea-
surements suggest that these autoionizing decays occur very
rapidly, yielding broad resonances.

F. Photoionization of Ce6+

Absolute photoionization cross-section measurements for
Ce6+ are presented in Fig. 7�b�. Above 132.5 eV, the mea-
sured structures are dominated by 4d→4f transitions from
the ground-state 3P2 and from the metastable states 3P0, 3P1,
1D2, and 1S0, followed by autoionization. The structures ob-
served in the range from 115 to 132.5 eV are attributed
mainly to 4d→4f excitation from the 4d105s25p34f meta-
stable states of Ce6+, followed by autoionization. The relative
contributions of these metastable states to the total measured
photoionization oscillator strength of Ce6+�11.4� depend on
their proportions in the primary ion beam. For photoioniza-
tion of a pure ground-state Ce6+ ion beam, only the broad
resonance peak centered near 133.5 eV would be expected.

G. Photoionization of Ce7+

Figure 7�c� shows the measured photoionization cross
section of Ce7+. The structure observed below 128.5 eV is
dominated by autoionizing excitations of 4d electrons from
the 4d105s25p24f metastable states to 4d95s25p24f2 excited
states. Resonances in the energy range of 128.5–134 eV are
attributed to 4d→4f transitions arising from an admixture of
the ground state and metastable states. Above 134 eV, the
structures are assigned to 4d→4f excitations from the 4S3/2
ground state and 2D3/2, 2D5/2, 2P1/2, and 2P3/2 metastable
states. The measured photoionization oscillator strength for
Ce7+ is 12.23, which is consistent with the expected value of
10 within the estimated experimental uncertainty of �23%.

H. Photoionization of Ce8+

Small resonant features observed in the photoionization
cross section of Ce8+ �Fig. 8� below 127 eV are attributed to
5s→np �n�8� transitions. A small step in the cross section
near 125 eV corresponds to the opening of the 5p direct
photoionization channel from the 3P0 ground state. The step
near 122 eV corresponds to the photoionization threshold of
the 3P2 metastable state, which lies 3.64 eV above the
ground state �18�. However, accurate values of these thresh-
olds could not be determined due to resonances embedded in
the cross section in this energy range. Features in the energy
range of 127–135.5 eV are attributed to 4d→4f transitions
from an admixture of the ground state and metastable states,
followed by autoionization. The features above 135.5 eV,
including the strongest narrow resonance at 135.96 eV, are
assigned to autoionizing 4d→4f excitations from the 3P0
ground state and the 3P1, 3P2, 1D2, and 1S0 metastable levels
of the ground-state configuration. Contributions of direct 5s
photoionization from the ground state and metastable states
are expected above 138 eV �18�. The integrated experimental
oscillator strength in the energy range of these measurements
is 12.45. A value larger than 10 is to be expected in this case

FIG. 6. Single-photoionization cross section of Ce4+ at a photon
energy resolution of 0.1 eV.

FIG. 7. Single-photoionization cross sections of �a� Ce5+, �b�
Ce6+, and �c� Ce7+ at a photon energy resolution of 0.1 eV.
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because of direct and resonant contributions to the photoion-
ization cross section from the 5s and 5p subshells in this
energy range.

I. Photoionization of Ce9+

Photoionization of Ce9+ �Fig. 9� shows little evidence for
a direct photoionization threshold from the ground state,
which is calculated to occur near 140.83 eV �18�. Therefore,
no structure arising due to 4d excitation from the ground
state was expected in this energy range. A small step in the
cross section near 134.1 eV is attributed to the photoioniza-
tion threshold of the 4d105s24f1 2F5/2 metastable state, which
is close to the calculated value of 133.63 eV �18�. The strong
resonances above this threshold up to 136.8 eV are mostly
attributed to 4d→4f and 4d→np �n=5,6� autoionizing ex-
citations from the 2F5/2 metastable state, although specific
spectroscopic assignments were not made. A possible small
step in the photoionization cross section near 136.8 eV might

be due to the onset of direct photoionization of the
4d105s25p1 2P3/2 metastable state, for which the calculated
ionization potential is 136.82 eV �18�. The resonance fea-
tures above 136.8 eV are assigned to autoionizing excitations
of 4d electrons to 4f , 5p, and 6p from the 4d105s25p1 2P3/2
metastable state. However, spectroscopic assignments of in-
dividual resonance features using the online version of the
Cowan code were not possible.

Integration of the photoionization cross section of Ce9+ in
the energy range of 133.7–140.6 eV yields an oscillator
strength of 3.17. Since the ionization threshold of the ground
state is close to 140.83 eV, the measured photoionization
cross section in this energy range originates exclusively from
the metastable states. Thus their proportion in the parent ion
beam is estimated to be approximately 1/3.

IV. SUMMARY AND CONCLUSIONS

Photoionization cross sections for ions of the cerium iso-
nuclear sequence from Ce+ through Ce9+ were investigated

FIG. 10. Total photoionization cross sections for the cerium iso-
nuclear sequence from Ce+ through Ce9+ with their total measured
oscillator strengths f . Double and triple photoionization are in-
cluded in the total cross sections for those charge states for which
they are energetically allowed in this energy range.

FIG. 8. Single-photoionization cross section of Ce8+ at a photon
energy resolution of 0.1 eV.

FIG. 9. Single-photoionization cross section of Ce9+ at a photon
energy resolution of 0.05 eV.
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by an ion-photon merged-beam technique using monochro-
matized synchrotron radiation. Competition between con-
tinuum and discrete electronic transitions from the filled 4d
subshell was observed along this ionic sequence, supporting
the theoretical predictions for the collapse of the nf orbitals
with increasing initial ion charge. Metastable states were
present in all the parent ion beams, which complicated the
analysis of the measured cross sections. Fractions of the pri-
mary ion beams in metastable states were estimated to be 1/4
for Ce4+ and 1/3 for Ce9+. Figure 10 compares the total
photoionization cross-section measurements for Ce+ through
Ce9+ ions and their associated oscillator strengths in the pho-
ton energy range of 4d excitations. A broad asymmetric reso-
nance dominates the cross section of Ce+, whereas the cross
section of Ce2+ is characterized by strong resonances below
the 4d threshold and a delayed onset of direct photoioniza-
tion. The Ce2+ cross section due to continuum excitation of
the 4d subshell decreases monotonically at high energies.
Strong and broad features dominate the cross section of Ce3+,
which also exhibits narrow but weaker resonances. The di-
rect photoionization cross section of Ce3+ is much smaller
than that for Ce+ and Ce2+, indicating a growing competition
between discrete and continuum photoionization processes
with increasing ionization stage. Four Rydberg series were
assigned in the single and double photoionization of Ce3+

arising from 4d→nf and 4d→np transitions. In the Ce4+

cross section, the direct photoionization is almost negligible
and only discrete transitions are observed, which is the case
for all the higher charge states. That indicates the “collapse”
of the nf wave functions �21,22� into the inner well of the
Coulomb potential that binds the electrons of the 4d subshell.
This is a consequence of nuclear attraction dominating over
the screening effect due to electron-electron interactions. In
the case of Ce8+, strong narrow resonances arising from 4d
→4f autoionizing excitations dominate the photoionization
cross section. Direct and indirect photoionization of the 5s
and 5p subshells are also evident in the Ce6+, Ce7+, and Ce8+

cross sections, which account for the higher oscillator
strengths in the experimental energy range for these ions.
The Ce9+ cross section is dominated by more slowly autoion-
izing excitations of the 4d electrons originating exclusively
from the metastable states of this ion since 4d excitation
from the ground state populates only bound states.
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