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ABSTRACT
Absolute cross-sections for the K-shell photoionization of Be-like (O4 +) and Li-like (O5 +)
atomic oxygen ions were measured for the first time (in their respective K-shell regions)
by employing the ion–photon merged-beam technique at the SOLEIL synchrotron-radiation
facility in Saint-Aubin, France. High-resolution spectroscopy with E/�E ≈ 3200 (≈170 meV,
full width at half-maximum) was achieved with photon energy from 550 to 670 eV. Rich
resonance structure observed in the experimental spectra is analysed using the R-matrix with
pseudo-states (RMPS) method. Results are also compared with the screening constant by
unit nuclear charge (SCUNC) calculations. We characterize and identify the strong 1s → 2p
resonances for both ions and the weaker 1s → np resonances (n ≥ 3) observed in the K-shell
spectra of O4 +.

Key words: atomic data – atomic processes.

1 IN T RO D U C T I O N

The launch of the satellite Astro-H (renamed Hitomi) on 2016 Febru-
ary 17 was expected to provide X-ray spectra of unprecedented
quality and would have required a wealth of atomic and molecular
data on a range of collision processes to assist with the analysis
of spectra from a variety of astrophysical objects. The subsequent
break-up on 2016 March 28 of Hitomi now leaves a void in obser-
vational X-ray spectroscopy. In the intervening period before the
launch of the next X-ray satellite mission, ground-based X-ray ex-
periments along with theoretical cross-sections will continue to be
benchmarked against each other, in order to extend our data base
of knowledge on astrophysically important ions of carbon, nitrogen
and oxygen.

Measurements of cross-sections for the photoionization of atoms
and ions are essential data for testing theoretical methods in fun-
damental atomic physics (Berkowitz 1979; West 2001; Kjeldsen
et al. 2002; Müller 2015) and for modelling of many physical sys-
tems, for example, terrestrial plasmas, the upper atmosphere and
a broad range of astrophysical objects (quasar stellar objects, the
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atmosphere of hot stars, protoplanetary nebulae, H II regions, no-
vae and supernovae; Lee et al. 2001; Blustin et al. 2002, 2003;
Kaastra et al. 2002, 2004; Juett, Schulz & Chakrabarty 2004; Pinto
et al. 2013, 2014; Nicastro et al. 2016a,b).

X-ray spectroscopy of highly ionized atomic oxygen is
used to probe the hot gaseous halo of the Milky Way (Gupta
et al. 2012, 2014; Miller & Bergman 2015; Nicastro et al. 2016c).
Multiple ionization stages of C, N, O, Ne and Fe have been observed
in the ionized outflow in the planetary nebulae NGC 4051, and
measured with the satellite XMM–Newton (Ogle et al. 2004; Pinto
et al. 2013) in the soft-X-ray region. Low-ionized stages of C, N and
O have also been used in the modelling of X-ray emission from OB
supergiants (Cassinelli et al. 1981). Multiple ionization stages of O
and Fe are also seen in the XMM–Newton spectra from the Seyfert
galaxy NGC 3783, including ultraviolet (UV) imaging, X-ray
and UV light curves, the 0.2–10 keV X-ray continuum, the iron
K-emission line and high-resolution spectroscopy in the modelling
of the soft X-ray warm absorber (Blustin et al. 2002, 2003; Kron-
gold et al. 2003; Mendoza et al. 2012; Gatuzz et al. 2013a, 2014;
Gorczyca et al. 2013). Limited-wavelength observations for X-ray
transitions were recently made on atomic oxygen, neon and
magnesium, and their ions with the High Energy Transmission
Grating (HETG) on board the Chandra satellite (Liao, Zhang &
Yao 2013). Strong absorption K-shell lines of atomic oxygen,
in its various forms of ionization, have been observed by the
XMM–Newton satellite in the interstellar medium, through X-ray
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spectroscopy of low-mass X-ray binaries (Pinto et al. 2013). The
Chandra and XMM–Newton satellite observations may be used
to identify absorption features in astrophysical sources, such as
active galactic nucleus and X-ray binaries, and for assistance
in benchmarking theoretical and experimental work (Gatuzz
et al. 2013a,b; Gorczyca et al. 2013; McLaughlin et al. 2013b,a;
Gatuzz et al. 2014; McLaughlin et al. 2014; Bizau et al. 2015).

To our knowledge, previous experimental and observational
X-ray lines on Be-like and Li-like atomic oxygen ions are lim-
ited to the 1s → np regions (where n = 2, 3, 4 and 5), i.e. the
Kα, Kβ, Kγ and Kδ lines, in the vicinity of the K-shell region
(Bruch et al. 1979, 1987; Hoffmann et al. 1990, 1991; Nicolosi &
Tondello 1997; Lee et al. 2001; Kaastra et al. 2002, 2004; Behar
et al. 2003; Schmidt et al. 2004; Gu et al. 2005; Yao et al. 2009;
Mendoza et al. 2012; Ramı́rez 2013; Liao et al. 2013; Pinto
et al. 2013, 2014; Cabot, Wang & Yao 2013; Nicastro et al. 2016a,b).
Prior to the present K-shell investigations at the SOLEIL radia-
tion facility on photoionization cross-sections and Auger resonance
states along the atomic oxygen iso-nuclear sequence, a few experi-
ments have been devoted to the study of K-shell photoionization of
oxygen ions. Nicolosi & Tondello (1997) observed satellite lines of
He-like and Li-like laser-produced plasmas of Be, B, C, N and O.
Auger spectra of core-excited oxygen ions emitted in the collision
of fast oxygen-ion beams with gas targets and foils were measured
by Bruch and co-workers (Bruch et al. 1979, 1987). Hoffmann and
co-workers (Hoffmann et al. 1990, 1991) measured Auger reso-
nance energies in electron-impact ionization studies of Be-like and
Li-like ions. K-shell X-ray lines from inner-shell excited and ion-
ized ions of oxygen were observed using the Lawrence Livermore
National Laboratory EBIT from O2 + to O5 + (Schmidt et al. 2004;
Gu et al. 2005).

For the oxygen isonuclear sequence, theoretical data are available
for the energies for K-shell Auger or radiative transitions. Resonance
energies and linewidths for Auger transitions in Be-like (Bruch
et al. 1979) and Li-like atomic ions (Piangos & Nicolaides 1993)
have been calculated using a variety of methods such as 1/Z pertur-
bation theory (Murakami, Safronova & Kato 2002), multiconfigu-
ration Dirac–Fock (MCDF; Bruch et al. 1979; Chen 1985, 1986;
Chen, Zhang & Gou 2006), the saddle-point method (SPM) with
R-matrix (Davis & Chung 1985, 1989) and complex-coordinate ro-
tation methods (Zhang & Yeager 2012a,b). We note that Moore
(1993) made an assessment of the energy levels of carbon, nitrogen
and oxygen atoms and their ions. Chen and co-workers calculated
the Auger and radiative decay of 1s-vacancy states in the Be isoelec-
tronic sequence using the MCDF approach (Chen 1985, 1986; Chen
& Crasemann 1987b). Zhang & Yeager (2012b) used the SPM with
rotation (Davis & Chung 1985; Bingcong & Wensheng 2000) to cal-
culate energy levels and Auger decay widths for the 1s2s22p 1,3Po

levels in a Be-like system. The recent saddle-point with rotation
calculations by Yeager and co-workers (Zhang & Yeager 2012b),
for resonance energies and Auger decay rates, for the 1s2s22p 1Po

levels in Be-like carbon showed an excellent agreement with previ-
ous measurements made at the Advanced Light Source (ALS) and
R-matrix calculations (Scully et al. 2005).

In the case of Be-like and Li-like atomic oxygen systems, state-
of-the-art ab initio photoionization cross-sections, resonance ener-
gies and decay rates for Auger inner-shell processes were calcu-
lated by Pradhan and co-workers (Pradhan 2000; Nahar, Pradhan &
Zhang 2001; Pradhan et al. 2003) using the R-matrix method. Gar-
cia and co-workers (Garcia et al. 2005) extended this work using the
R-matrix optical potential method within an intermediate-coupling
scheme (Burke 2011) to account for the Auger broadening of the

resonances in the near K-edge region. Photoionization from the
ground state, along the oxygen isonuclear sequence, was investi-
gated in the photon energy region of the K-edge for both Be-like
and Li-like atomic oxygen ions.

In this study, we focus our attention on obtaining detailed spectra
for Be-like [O4 + (O V)] and Li-like [O5 + (O VI)] atomic oxygen
ions in the vicinity of the K-edge. This work is the completion of
photoionization cross-section measurements and theoretical studies
along the atomic oxygen isonuclear sequence. Our previous stud-
ies on this sequence focused on obtaining photoionization cross-
sections for the O+ and O2 + ions (Bizau et al. 2015) and the O3 +

ion (McLaughlin et al. 2014), where differences of 0.5 eV in the
positions of the Kα resonance lines with prior satellite observations
were found. This will have major implications for astrophysical
modelling.

2 EXPERI MENT

2.1 Ion production

The measurements were made using the Multi-Analysis Ion Appa-
ratus merged-beam set-up on the PLEIADES photon beam line at
SOLEIL, the French synchrotron radiation (SR) facility. The set-up
and the experimental procedure have been described previously in
detail (Bizau et al. 2016), and we will give only the characteristics
of relevance for the present experiment. The oxygen ion beams are
produced in a permanent magnet electron cyclotron resonance ion
source (ECRIS). Oxygen gas introduced in the ECRIS chamber is
heated by a 12.6 GHz radio wave at a power of approximately 25 W.
A constant 4 kV bias is applied on the source to extract the ions.
They are selected in mass/charge ratio by a dipole magnet before
being collimated and merged with the photon beam in the 60-cm-
long interaction region. A second dipole magnet analyses the charge
state of the ions after interaction with the photons. The parent ions
are collected in a Faraday cup, while the photoions (the ions that
have increased in charge state by 1 in the interaction) are counted
using channel plates.

2.2 Excitation source

The photon beam is the SR emitted by the Apple II undulator of
the PLEIADES beam line. The light is monochromatized using a
600 l mm−1 high flux grating. In the energy range considered in
this work, the spectral purity is achieved by a cut-off of the mirror
transmission and the use of a varied groove depth for the grat-
ing. The photon energy is determined using an ionization chamber
(Samson 1967). For this work, we used for calibration purposes an
energy of 539.17 ± 0.15 eV for the O2 1s → 3sσ transition, as de-
termined in Bizau et al. (2015). The photon energy is corrected for
the Doppler shift produced by the two counter-propagating beams.

2.3 Experimental procedure

The absolute photoionization cross-sections σ are obtained at a
given photon energy using the procedure previously described in
Bizau et al. (2016) from the relation

σ = Se2ηνq

IJ ε
∫ L

0
dz

�x�yF (z)

. (1)

The photoions counting rate S is corrected from the spurious ion
signal produced by collisional-ionization processes using a chopper
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4692 B.-M. McLaughlin et al.

Table 1. Typical values for the experimental param-
eters involved in evaluating the absolute O4 + cross-
section measured at a photon energy of 554.25 eV.

S 540 Hz
Noise 150 Hz
ν 5.4 × 105 m s−1

Photon flux 5.1 × 1012 s−1

J 50 nA
ε 0.92
Fxy 5.9 × 104 m−1

placed at the exit of the photon beam line. In equation (1), ν is the
velocity in the interaction region of the target ions of charge state
q, I is the current produced by the photons on an SXUV300 IRD
photodiode of efficiency η calibrated at the Physikalisch-Technische
Bundesanstalt beam line at BESSY in Berlin, J is the current of
incident ions, and ε is the efficiency of the microchannel plates.
�x�yF(z) is an effective beam area (with z the propagation axis
of the two beams), where F is the two-dimensional form factor
determined using three sets of xy slit scanners placed at each end and
in the middle of the interaction region. The length L of the interaction
region is fixed by applying a −1 kV bias on the tube delimiting the
interaction region. The bias discriminates the photoions produced
inside and outside the tube due to their different velocities. Typical
values of the parameters involved in equation (1), measured for
the O4 + target ion at a photon energy of 554.25 eV, are given in

Table 1. The cross-section accuracy is determined by the statistical
fluctuations on the photoion and background counting rates, plus
a systematic contribution resulting from the measurement of the
different parameters in equation (1). The latter is estimated to be
15 per cent and is dominated by the uncertainty on the determination
of the photon flux and the form factor. Two modes are used for the
acquisition of the cross-sections. One with no bias applied to the
interaction tube, allowing us to determine with higher statistics
and spectral resolution the relative cross-sections, which are latter
normalized on the absolute cross-sections obtained in the second
mode with the voltage applied to the interaction tube.

3 TH E O RY

3.1 SCUNC: Li-like and Be-like nitrogen

Previously, we used the Screening Constant by Unit Nuclear Charge
(SCUNC) method in our theoretical work for O3 + (McLaughlin
et al. 2014) to provide energies and Auger decay rates to comple-
ment our detailed ab initio calculations. The basic equations used
to determine the resonance energy positions and the Auger widths
are summarized here for completeness.

In the SCUNC formalism (Sakho 2011, 2012; Sakho et al. 2013),
one has the total energy of the core-excited states given by

E
(
N�n�′;2S+1 Lπ

) = −Z2

[
1

N2
+ 1

n2
(1 − β)2

]
, (2)

Figure 1. SOLEIL experimental K-shell photoionization cross-section of O4 + ions in the 550–562 eV photon energy range. Measurements were made with
a 220 meV band-pass at FWHM. Solid points are experiment: The error bars represent the statistical uncertainty. Solid lines are the RMPS calculations for
the ground (solid blue line) and metastable states (solid red line) with an appropriate admixture (see text for details). Dashed line (black) is the intermediate
coupling R-matrix calculations (Garcia et al. 2005), for the ground state only, using the optical potential method. The strong 1s → 2p resonances are clearly
visible in the spectra. The resonance parameters are presented in Table 2 and compared with previous work in the literature. [A colour version of this figure is
available in the online version.]
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Photoionization of Be-like and Li-like oxygen 4693

Figure 2. SOLEIL experimental K-shell photoionization cross-section of O4 + ions in the 615–672 eV photon energy range. Measurements were made with
a 320 meV band-pass at FWHM. Solid points are experiment: The error bars represent the statistical uncertainty. The solid lines are the RMPS calculations
with an appropriate admixture (see text for details). Dashed line (black) is the intermediate coupling R-matrix calculations (Garcia et al. 2005), for the ground
state only, using the optical potential method. The strong 1s → np resonances associated with the 1s22s2 1S ground state are clearly visible in the spectra. The
weaker features in the spectrum are from the 1s22s2p 3Po metastable state. The resonance parameters are tabulated in Table 3. [A colour version of this figure
is available in the online version.]

where E(N�n�′; 2S + 1Lπ ) is in Rydberg units. In this equation, the
principal quantum numbers N and n are, respectively, for the inner
and the outer electrons of the He-like isoelectronic series. The β

parameters are SCUNC expanded in inverse powers of Z and are
given by the expression

β
(
N�n�′;2S+1 Lπ

) =
q∑

k=1

fk

(
1

Z

)k

, (3)

where fk(N�n�′; 2S + 1Lπ ) are parameters to be evaluated empirically
from previous experimental measurements. Similarly, one may get
the Auger widths � in Rydbergs (1 Rydberg = 13.605 698 eV) from
the formula

�(Ry) = Z2

[
1 − f1

Z

(
Z

Z0
− 1

Z2

(Z − Z0)

Z2
0

− 1

Z3

(Z − Z0)

Z3
0

)]2

.

(4)

The measurements of Müller and co-workers on Be-like boron and
carbon, and Li-like boron and carbon (Scully et al. 2005; Müller
et al. 2009, 2010, 2014) were used to determine all the appropriate
empirical parameters used in this work.

3.2 R-matrix with pseudo-states

The RMPS method (Mitnik et al. 1999; Burke 2011) was used
to calculate the inner-shell photoionization cross-sections for

the atomic oxygen ions, O4 + and O5 +, in their respective K-
shell energy regions. The RMPS method (Mitnik et al. 1999;
Burke 2011), using an efficient parallel implementation of the codes
(Ballance & Griffin 2006; McLaughlin & Ballance 2015; McLaugh-
lin et al. 2015, 2016, 2017), was used to determine all the cross-
sections presented here.

Two different basis sets and scattering models were used only in
our investigations on the O5 + ion. In the first collision model, we
used Slater orbitals, where the n = 3 physical and n = 4 pseudo-
orbitals were used for the residual atomic oxygen ion, O6 +, in the
K-shell energy region. This basis we designate as basis set A. All
the Slater orbitals were generated using the CIV3 structure code
(Hibbert 1975).

In the case of O5 + ion photoionization, 17-levels in LS (orbital
and spin momentum) coupling and 31-levels in intermediate cou-
pling were incorporated in our close-coupling approximation for
the residual O6 + ion, where semi-relativistic effects were included
[through the Breit–Pauli (BP) approximation]. These intermediate-
coupling BP photoionization cross-section calculations were per-
formed in order to gauge the influence of relativistic effects on
resonance positions, profiles and widths for this Li-like system.

In the second approach, we used the AUTOSTRUCTURE code
(Badnell 1986, 2011) to generate the target-wave functions for the
subsequent photoionization cross-section calculations for both these
ions. This we designate as basis set B. For each of the atomic oxygen
ions, O4 + and O5 +, physical orbitals up to n = 3 were employed.
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4694 B.-M. McLaughlin et al.

Table 2. Be-like atomic oxygen ions, 1s → 2p excitation from the 1s22s2[1S] → 1s2s22p[1Po] and 1s22s2p[3P◦] → 1s2s2p2[3D,3 P,3 S] core-
excited states. Comparison of experimental, satellite observational and theoretical resonance energies E

(res)
ph (eV), natural linewidths � (meV) and

resonance strengths σ PI (Mb eV), for the photoexcited n = 2 states of the O4 + ion, in the photon energy region of 550–562 eV. The SOLEIL
experimental determination of the resonance energy gives the uncertainty relative to line 2. For the total uncertainty, add 0.15 eV. For the conversion
of the satellite wavelength observations to the present energy scale, hc = 1239.841 974 eV nm and the absolute error �E = hc�λ/λ2 in eV were
used.

Resonance SOLEIL Satellite R-matrix MCDF Others
(label) (other experiments) (observation) (theory) (theory) (theory)

1s22s2p[3P◦] → 1s2s[3S]2p2 3P E
(res)
ph – 550.063+0.46

−0.46
m

551.816a 550.200d 551.875r

550.172d 552.884s

(0) 551.995t

� – 73a 23d 13t

σ PI – 4.9a

1s22s2p[3P◦] → 1s2s2p2 3D E
(res)
ph 552.130 ± 0.03h 551.016+0.64

−0.64
m

552.296a 551.100d 552.736r

552.030 ± 0.80k 551.175d 553.131s

(1) 552.432t

� 44 ± 6h 42a 62d 59t

σ PI 19.8 ± 3h 9.2a

1s22s2[1S] → 1s2s22p 1P◦ E
(res)
ph 554.250 ± 0.00h 554.079+0.42

−0.42
m

554.189a 553.150d 552.287e

554.243 ± 0.24i 553.996+0.25
−0.25

n
554.550b 553.241d 553.071f

(2) 554.144 ± 0.07j 554.739c′
553.117d 553.971r

554.370 ± 0.20l 553.853g 554.243s

554.796t

554.288u

� 72 ± 4h 66a 58d 72e

63c 62f

66g 84t

σ PI 49 ± 7h 43a

44g

1s22s2p[3P◦] → 1s2s2p2 3S E
(res)
ph 557.690 ± 0.05h 556.757+0.53

−0.53
m

557.262a 556.500d 557.508r

556.330+0.10
−0.10

o
556.494d 558.563s

556.050+0.70
−0.70

p

(3) 556.732+0.50
−0.50

q
557.798t

� – 40a 31d

σ PI 2.3 ± 0.3h 0.98a

1s22s2p[3P◦] → 1s2s[1S]2p2 3P E
(res)
ph 560.060 ± 0.07h 559.657a 560.020d 560.203r

560.013d 561.243s

(4)
� – 74a 66d

σ PI 0.6 ± 0.1h 0.3a

Notes. aRMPS, 526-levels, basis B.
bR-matrix (Berrington, Quigley & Zhang 1997).
cR-matrix (Petrini & Tully 1991).
c′

R-matrix (Pradhan et al. 2003).
dMCDF (Chen 1985, 1986; Chen & Crasemann 1987b).
eComplex-scaled multireference configuration interaction (CMR-CI) (Zhang & Yeager 2012b).
fSaddle point + complex rotation (SPCR; Lin, Hsue & Chung 2001).
gR-matrix optical potential (Garcia et al. 2005).
hSOLEIL (present work). iEBIT (Gu et al. 2005).
jEBIT (Schmidt et al. 2004).
kElectron impact ionization (Hoffmann et al. 1990).
lAUGER spectroscopy (Bruch et al. 1987).
mChandra observations in Mrn 279 (Kaastra et al. 2004).
nChandra observations in NGC 5548 (Kaastra, private communication; Schmidt et al. 2004).
oChandra observations (Liao et al. 2013).
pChandra observations (Mendoza et al. 2012).
qXMM –Newton observations (Blustin et al. 2002).
rCOWAN code (Kaastra et al. 2004).
sHULLAC code (Kaastra et al. 2004).
tSCUNC (present work; see text for details).
uFAC code Gu (2010) private communication (Liao et al. 2013).
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Table 3. Be-like atomic oxygen ions, 1s → np excitation from the 1s22s2[1S] → 1s2s2np[1Po] and 1s22s2p[3P◦] → 1s2s2pnp[3D,3 P,3 S] (n > 2)
core-excited states. Comparison of experimental, satellite observational and theoretical resonance energies E

(res)
ph (eV), natural linewidths � (meV)

and resonance strengths σ PI (Mb eV), for the photoexcited states of the O4 + ion, in the photon energy region of 615–675 eV. The SOLEIL
experimental determination of the resonance energy gives the uncertainty relative to line 2. For the total uncertainty, add 0.15 eV. For the conversion
of the satellite wavelength observations into the present energy scale, hc = 1239.841 974 eV nm and the absolute error �E = hc�λ/λ2 in eV were
used.

Resonance SOLEIL Satellite R-matrix MCDFc Others
(label) (other experiments) (observation) (theory) (theory) (theory)

1s22s2[1S] → 1s2s23p 1P◦ E
(res)
ph 621.230 ± 0.05e – 621.063a – 622.137f

(5) 620.604b

� – 80a 94f

54b

σ PI 8.6 ± 1.3e 8.4a

8.3b

Resonance E
(res)
ph 622.440 ± 0.07e – 622.653a –

(6)
� – 11a

σ PI 1.4 ± 0.2e 1.1a

1s22s2[1S] → 1s2s24p 1P◦ E
(res)
ph 641.040 ± 0.06e 641.408+0.55

−0.55
d

640.841a – 641.852f

(7) 640.388b

� – 78a 67f

52b

σ PI 3.6 ± 0.5e 2.9a

3b

Resonance E
(res)
ph 643.120 ± 0.09e – 643.273a – –

(8)
� – 7a

σ PI 1.2 ± 0.2e 0.2a

1s22s2[1S] → 1s2s25p 1P◦ E
(res)
ph 649.940 ± 0.07e 650.494+0.56

−0.56
d

649.630a – 650.978f

(9) 649.143b

� – 78a 48f

55b

σ PI 2.7 ± 0.4d 1.4a

1.4b

Notes. aRMPS, 526-levels, basis B.
bR-matrix optical potential (Garcia et al. 2005).
cMCDF (Chen 1985, 1986; Chen & Crasemann 1987b).
dXMM–Newton observations in NGC 3783 (Behar et al. 2003).
eSOLEIL (present work).
fSCUNC (present work; see text for details).

These were augmented with correlation-type orbitals n̄� = 4�̄, . . . ,
14�̄, where � = 0, 1, 2, 3 and 4, i.e. s, p, d, f and g, which are
Laguerre-type pseudo-states. All the computations were performed
in LS coupling. In this approach, we used 526-levels in our collision
model for the residual O5 + ion for the photoionization of O4 +.
In the case of K-shell O5 + photoionization, a collision model was
utilized, which incorporated 120-levels of the residual O6 + ion in
the close-coupling approximation.

3.3 Be-like atomic oxygen ions

For the O4 + ion, we used the RMPS method to perform all the
photoionization cross-section calculations. All the photoionization
cross-section calculations were performed in LS coupling. We note
that the ion beam in the SOLEIL experiments contains both ground
states and metastable states. Photoionization cross-section calcula-
tions were carried out for both these initial states of O4 +: 1s22s2 1S
ground state and 1s22s2p 3P◦ metastable state. Thirty-five contin-
uum orbitals were utilized in the collision calculations. In our col-
lision model, we retained 526-levels in the close-coupling expan-
sion, and basis set B was utilized for this scattering approximation.

A boundary radius of 13.838 Bohr was required to cater to the very
diffuse pseudo-states. In the outer region, we used an energy mesh
of 1.36 µeV to fully resolve all the fine resonance features in the
cross-sections.

3.4 Li-like atomic oxygen ions

For the O5 + ion, we used the RMPS method and the BP approxi-
mation to perform all the photoionization cross-sections. Basis set
A was used with 17-levels included in LS-coupling and 31-levels
in the intermediate-coupling approximations for the residual O6 +

ion. In the SOLEIL measurements, for this ion, only the ground
state is present, so cross-section calculations were performed for
the 1s22s 2S ground state of O5 + in LS coupling and in intermedi-
ate coupling, taking into account relativistic effects through the BP
approximation.

Thirty-five continuum orbitals were utilized in the collision cal-
culations and a boundary radius of 6.0 Bohr to accommodate the
diffuse n = 4 orbitals for basis A. For the RMPS approach, 120-
levels were retained in the close-coupling approximation, with basis
set B. A boundary radius of 11.925 Bohr was required to cater to
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4696 B.-M. McLaughlin et al.

Figure 3. SOLEIL experimental K-shell photoionization cross-section of O5 + ions in the 561–570 eV photon energy range. Measurements were made with
a 350 meV band-pass. Solid points are experiment: The error bars give the statistical uncertainty. The dashed (black) lines are the intermediate coupling (BP)
calculations using the optical potential method (Garcia et al. 2005). The solid (magenta) line shows the present RMPS results, and the solid (blue) line shows
the results from the BP approximation, both of which include radiation damping (Robicheaux et al. 1995). The dotted magneta line and the dotted blue line are
the RMPS and BP approximations without radiation damping, respectively. The strong 1s → 2p resonances are clearly visible in the spectra. All the resonance
parameters are given in Table 4 and compared with previous work from the literature. [A colour version of this figure is available in the online version.]

the very diffuse pseudo-states, and 35 continuum orbitals were used
for the collision calculations.

Photoionization cross-section calculations for O5 + ions were
performed both in LS coupling and in intermediate coupling.
The intermediate-coupling calculations were carried out using the
semirelativistic BP approximation, which allows for relativistic ef-
fects to be included. Radiation-damping (Robicheaux et al. 1995)
effects were also included within the confines of the R-matrix ap-
proach (Burke 2011) for completeness as this affects only narrow
resonances found in cross-sections for highly charged systems. For
the O5 + ion, an energy mesh of 680 µeV resolved all the resonance
features in the spectra for the photon energy range of 560–575 eV.

4 R ESULTS AND DISCUSSION

Fig. 1 illustrates the experimental and theoretical results for the O4 +

ion in the photon energy region of 550–562 eV, where the strong
1s → 2p resonances are found. The theoretical cross-sections were
convoluted with an appropriate Gaussian profile having a similar
band width to the SOLEIL measurements: 220 meV for the region
550–565 eV. An admixture of the ground and metastable states
was applied to simulate experiment. We found that 70 per cent of
the 1s22s2 1S ground and 30 per cent of the 1s22s2p 3Po metastable
states suitably matched theory with experiment. In Fig. 2, we present
the photon energy region 615–670 eV, where the 1s → np resonance

features are located. Here again a similar admixture (70 per cent
ground state and 30 per cent metastable state) for the theoreti-
cal cross-sections, after convolution by a Gaussian profile with
320 meV full width at half-maximum (FWHM), simulates the ex-
perimental results very well. Tables 2 and 3 compare our experi-
mental and theoretical results for the resonance parameters for this
Be-like systems with other theoretical, experimental and satellite
observations. Figs 1 and 2 include the intermediate-coupling cal-
culations of Garcia and co-workers (Garcia et al. 2005) performed
using the optical potential method (dashed black line) convolved by
the Gaussian profiles and weighted by 70 per cent for the ground
state only for completeness.

The results for the resonance strengths ¯σ PI found in the O4 + spec-
tra are presented in Tables 2 and 3, and the resonance strengths have
been weighted by the 70 per cent and 30 per cent admixture for the
ground and metastable states to compare directly with experiment.

For the O4 + ion, it should be noted that from a comparison of
the experimental and R-matrix resonance strengths ¯σ PI (see Figs 1
and 2), excellent agreement, particularly for the strong resonant
features (due to the 1s22s2 1S ground state), in the spectrum is
achieved. It can be seen from Tables 2 and 3 that the agreement
between experiment and theory for the weaker resonant features
in the spectra of O4 + (due to the 1s22s2p 3Po metastable) is not
as good as the ground state. The weak resonances 6 and 8 in
Table 3 (originating from the 1s22s2p 3Po metastable state) may be

MNRAS 465, 4690–4702 (2017)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/465/4/4690/2556152 by Q
atar U

niversity user on 27 August 2024



Photoionization of Be-like and Li-like oxygen 4697

Table 4. Li-like atomic oxygen ions, 1s → 2p excitation from the 1s22s[2S] → 1s(2s2p 1P◦) [2Po] and 1s(2s2p 3P◦) [2P◦] core-excited states.
Comparison of experimental, satellite observational and theoretical results for the resonance energies E

(res)
ph (eV), natural linewidths � (meV) and

resonance strengths σ PI (Mb eV), for the photo-excited n = 2 states of the O5 + ion, in the photon energy region of 560–570 eV, with previous
investigations. The uncertainty of the SOLEIL experiment energy of the lines is relative to line A. For the total uncertainty, add 0.15 eV for energy
calibration. For the conversion of the satellite wavelength observations into the present energy scale, hc = 1239.841 974 eV nm and the absolute
error �E = hc�λ/λ2 in eV were used.

Resonance SOLEIL Satellite R-matrix MCDF Others
(label) (other experiments) (observation) (theory) (theory) (theory)

1s22s[2S] → 1s(2s2p 3P◦) [2P◦] E
(res)
ph 562.940 ± 0.00j 562.662+0.70

−0.70
q

562.860a 562.018d 562.829e

563.000 ± 1.00k 562.899+0.10
−0.10

r
562.709a′

563.039d 562.415f

563.119 ± 0.20n 562.950+0.08
−0.08

s
562.297b 562.803d 563.440g

(A) 563.068 ± 0.04o 562.828+0.06
−0.05

t
562.680c 563.057h

563.053 ± 0.15p 563.309+0.26
−0.26

u
562.534x

563.100± 0.20m 562.287+0.40
−0.40

v
562.705i ′

562.465+0.10
−0.10

y

562.912+0.24
−0.23

z

563.053+0.51
−0.51

z′

� – 6a 5d 6e

6a′
4f

4b 6g

9c 6i ′

σ PI 36 ± 5j 42.52a

42.52a′

71.3c

1s22s[2S] → 1s(2s2p 1P◦) [2P◦] E
(res)
ph 567.620 ± 0.05j 566.915+0.40

−0.40
v

567.519a 568.499d 567.420e

566.081 ± 0.12l 567.445a′
567.420f

(B) 567.719 ± 2.00m 566.987b 568.117g

568.000 ± 2.00n 567.450c 567.783i

567.563 ± 0.26p 567.762i ′

� – 46a 49d 46f

46a′
50g

45b 45i

48c 59i ′

σ PI 7.4 ± 1j 6.4a

6.3a′

8.6c

Notes. aRMPS, 120-levels, basis B.
a′

R-matrix, BP, 31-levels, basis A.
bR-matrix (Pradhan et al. 2003).
cR-matrix, optical potential method, intermediate coupling (Garcia et al. 2005).
dMCDF (Chen 1985, 1986; Chen & Crasemann 1987a).
eComplex-scaled multireference configuration interaction (CMR-CI) (Zhang & Yeager 2012a).
fSaddle point + complex rotation (SPCR; Bingcong & Wensheng 2000).
gSaddle point + complex rotation (SPCR; Wu & Xi 1991).
hIntermediate coupling (Gabriel 1972).
iSPM (Davis & Chung 1989).
i′ SCUNC (present work; see text for details).
jSOLEIL (present work).
kAuger spectroscopy (Bruch et al. 1979).
lEBIT (Gu et al. 2005).
mAuger spectroscopy (Bruch et al. 1987).
nElectron-impact ionization experiments (Hoffmann et al. 1990)
oEBIT (Schmidt et al. 2004).
pLaser plasma experiment (Nicolosi & Tondello 1997).
qChandra observations (Mendoza et al. 2012).
rChandra observations (Yao et al. 2009).
sChandra observations (Gatuzz et al. 2013a,b).
tChandra observations (Liao et al. 2013).
uChandra observations in NGC 5548 (Kaastra, private communication; Schmidt et al. 2004).
vChandra observations in NGC 5548 (Kaastra et al. 2002).
xFAC code (Gu, private communication; Liao et al. 2013).
yChandra observations in MCG-6-30-15 (Lee et al. 2001).
zXMM–Newton observations in Cyg X-2 (Cabot et al. 2013).
z′

XMM–Newton observations in Mrn 501 RGS1 (Nicastro et al. 2016b).
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4698 B.-M. McLaughlin et al.

Figure 4. Comparison of the integrated oscillator strengths f obtained from SR measurements with R-matrix calculations. The solid circles are from the ALS
(blue) and SOLEIL (red) radiation facilities for the Li-like and Be-like isoelectronic sequences. The asterisk values (black) are from R-matrix calculations. [A
colour version of this figure is available in the online version.]

Table 5. Li-like and Be-like ions, integrated oscillator strength for the core-
excited states arising from, respectively, the ground configurations 1s22s and
1s22s2 of each ion. The table shows a comparison of the present experimental
and theoretical results for the integrated oscillator strengths f for the domi-
nant core photoexcited n = 2 states of the first four ions of each sequence
(Z is the atomic number of the ion) with previous investigations.

Z Ion Experiment Theory

Li-like 1s22s 2S → 1s[2s2p 3P] 2Po Resonance

5 B2 + f 0.465 ± 0.09a 0.413a′

6 C3 + f 0.483 ± 0.10b 0.485b′

7 N4 + f 0.413 ± 0.07c 0.546i

8 O5 + f 0.328 ± 0.05d 0.387j

Be-like 1s22s2 1S → 1s2s22p 1Po Resonance

5 B+ f 0.641 ± 0.13e 0.413g

6 C2 + f 0.624 ± 0.10f 0.447h

7 N3 + f 0.650 ± 0.10c 0.546i

8 O4 + f 0.640 ± 0.09d 0.559j

Notes. aALS, experiment (Müller et al. 2010).
bALS, experiment (Müller et al. 2009).
a′

R-matrix, theory (Müller et al. 2010).
b′

R-matrix, theory (Müller et al. 2009)
cSOLEIL, experiment (Al Shorman et al. 2013).
dSOLEIL, experiment (present work).
eALS, experiment (Müller et al. 2014).
fALS, experiment (Scully et al. 2005).
gR-matrix, theory (Müller et al. 2014).
hR-matrix, theory (Scully et al. 2005).
iR-matrix, theory (Al Shorman et al. 2013).
jR-matrix, theory (present work).

identified with the aid of quantum defect theory. The weak res-
onance profiles of the remaining members of the Rydberg series
emanating from the 1s22s2p 3Po metastable state make them diffi-
cult to resolve experimentally.

Fig. 3 shows a comparison of the SOLEIL cross-section mea-
surements made with a band-pass of 350 meV FWHM for the O5 +

ion with our theoretical results, which include and exclude radia-
tion damping (Robicheaux et al. 1995). In order to compare directly
with experiment, theory has been convoluted with a Gaussian pro-
file having a similar width of 350 meV at FWHM. The results from
both the BP approximation (using basis A) and the RMPS method
(using basis B) are shown. As seen from Fig. 3, the calculations of
Garcia and co-workers (Garcia et al. 2005) performed (using the
optical potential approach) in intermediate coupling would appear
to not include radiation damping (Robicheaux et al. 1995), as they
are similar to our BP results without radiation damping, and as
such overestimate the resonance strength of the narrow resonance
located by experiment at 562.94 eV. As illustrated in Fig. 3 and
from the results presented in Table 4, the RMPS cross-sections (that
include radiation damping) give the best agreement with the present
measurements from the SOLEIL radiation facility for this ion in the
photon energy region where the resonances of O5 + are located.

An additional check on the theoretical data is the comparison of
the integrated oscillator strength f or the resonance strength with
experiment. The quantity f for the theoretical and experimental
spectra may be determined for each resonance using (Shore 1967;
Fano & Cooper 1968; Berkowitz 1979)

f = 9.1075 × 10−3 ¯σ PI. (5)
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Photoionization of Be-like and Li-like oxygen 4699

Figure 5. Top panel: Chandra LETG spectra for the blazar Mrk 421 ACIS in the wavelength range of 21–24 Å composed from several different exposures with
the Chandra satellite (Nicastro et al. 2016a). Bottom panel: For the same wavelength range, measurements are illustrated from a combination of ground-based
experimental spectra made at various SR facilities: ALS (O I) (McLaughlin et al. 2013a,b), SOLEIL (O II and O III) (Bizau et al. 2015), SOLEIL (O IV)
(McLaughlin et al. 2014) and the present SOLEIL (O V and O VI) results. The strongest lines in the synchrotron measurements are from the ground state of
each ionized stage of atomic oxygen. The weaker ones in the measurements are from the metastable states of each ionic complex. The O I and O II results are
scaled by a factor of 10. [A colour version of this figure is available in the online version.]

The resonance strength in the photoionization cross-section ¯σ PI is
defined as

¯σ PI =
∫ E2

E1

σ (hν)dhν, (6)

where [E1, E2] is the photon energy range over which each resonance
profile extends.

Fig. 4 illustrates results for the oscillator strengths f along the
Li-like and Be-like isoelectronic sequences, for the strong K α tran-
sitions originating from the ground state of each ion. Table 5 tab-
ulates these integrated oscillator strength f results obtained from
SR measurements (ALS and SOLEIL) and those obtained from R-
matrix calculations. For the Be-like sequence, the values have been
corrected for ground-state populations. As can be seen from Table 5
and Fig. 4, apart from Be-like boron and to a lesser extent Be-like
carbon, the agreement between theory and experiment along both
isoelectronic sequences is quite satisfactory, giving further confi-
dence in this work.

5 C OMPARISON W ITH SATELLITE
O B S E RVATI O N S

In Tables 2–4, comparisons are made with the available ex-
perimental and satellite observations in the literature for reso-

nance energies for Be-like and Li-like atomic oxygen ions. One
can clearly see many discrepancies between our present ground-
based measurements, made at SOLEIL, and the Chandra and
XMM–Newton satellite observations. We note that for both atomic
ions, the RMPS results favour those from the SOLEIL radiation
facility.

Fig. 5 illustrates a comparison of various ground-based syn-
chrotron cross-section measurements (ALS and SOLEIL) for the
atomic oxygen isonuclear sequence in the wavelength region 21–
24 Å with the low-energy-transmission-grating (LETG) spectra
observed by Chandra for the blazar Mrk 421 ACIS (Nicastro
et al. 2016a). One clearly sees, especially for low-charged stages
of oxygen ions, discrepancies in the resonance energies for the
strong K α lines in the Chandra spectra compared to the differ-
ent ground-based light source measurements which we discuss
and quantify. The satellites observe O I to OIV lines (with a shift)
and noshift in the O V and O VI lines, as seen in the comparison
with the spectra for the blazar Mrk 421 (Nicastro et al. 2016a),
shown in Fig. 5. Similar effects are also seen in the spectra of H
2356−309 LETG, H 2356−309 RGS1 and Mrk 501 RGS1, for the
wavelength region 21–24 Å, in the recent observations of Nicas-
tro and co-workers (Nicastro et al. 2016a,b). We note that similar
differences are seen in the wavelength region 21–24 Å, for satel-
lite observations in the high-energy-transmission grating (HETG)
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4700 B.-M. McLaughlin et al.

Figure 6. Top panel: comparison of the Kα energies for O4 + ions with values obtained from various experimental approaches, EBIT, Auger, the current
SOLEIL measurements and Chandra observations. Bottom panel: similarly for the Kα energies for O5 + ions with various experimental and satellite observations
with the current SOLEIL measurements. The dashed line (blue) in both panels is the ponderated mean of all the values. [A colour version of this figure is
available in the online version.]

spectra observed by Chandra for the X-ray binary XTE J1817−332
(Gatuzz et al. 2013a,b), although no O IV or O V K lines are
observed.

Fig. 6 illustrates more precisely the discrepancies for the O4 +

and O5 + ions, Kα resonance lines between ground-based experi-
ments and prior satellite observations. The present results are for
the O4 +(O V) ion (top panel) and the O5 +(O VI) ion (bottom panel).
Table 6 quantifies the differences between the ground-based experi-
mental measurements (SR and EBIT) and the satellite observations
(Chandra and XMM–Newton). We note in passing that the mea-
surements performed at two independent ground-based light source
experiments highlighted discrepancies in the energies of the Kα

lines along the atomic oxygen isonuclear sequence compared to
satellite observations. Furthermore, we point out that the Chandra
observations of Liao et al. (2013), particularly for the O V line at
556.33 eV, appear to be a misidentification. This line is instead
identified as the O II Kβ line. We have indicated this in Fig. 6. This
misidentification was indicated in the observations of Gatuzz et al.

(2014) and confirmed by the definitive observations of Nicastro
et al. (2016a), who found the O II Kβ line at 556.482 ± 0.50 eV
from the average of 29 X-ray sources.

The discrepancies with the satellite observations are as yet not
fully understood (Kallman, private communication). We note that,
for the synchrotron measurements, the energy calibration was orig-
inally based on EELS measurements of O2 1s → π∗ performed
by Hitchcock & Brion (1980) and ion yield measurements of
O2 1s → 3σ by Tanaka et al. (2008). More recently, the energy
calibration has been based on O2 K-shell absorption spectra and
photoelectron spectroscopy (PES) for 2s removal in neon (Bizau
et al. 2015). As can clearly be seen from Table 7, the differ-
ence between the two types of energy calibrations is of the or-
der of 0.22 eV, and therefore cannot account for the larger en-
ergy differences with the satellite observations. Further independent
ground-based synchrotron light source measurements would be of
great beneficial help to try and minimize this source of calibration
error.
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Photoionization of Be-like and Li-like oxygen 4701

Table 6. Comparison of the energies for the Kα resonance line (centroid in
eV), ions in their ground state, along the atomic oxygen isonuclear sequence.
The entries in the table are from SR light source and EBIT measurements,
compared to available Chandra and XMM–Newton satellite observations.
For the conversion of the satellite wavelength observations into the present
energy scale, hc = 1239.841 974 eV nm was used.

Atomic oxygen SR EBIT Chandra and XMM
(ionized state) E (eV) E (eV) �E (eV) E (eV) �E (eV)

O I 526.79(4)a 527.39(2)g −0.60
527.37(40)o −0.58
527.44(18)p −0.65

O II 530.50(13)b 530.97(3)g −0.47
530.98(40)o −0.48

O III 536.86(13)b 537.42(9)e −0.55 537.94(2)g −1.08
O IV 544.52(13)c 545.20(10)e −0.68 546.22(8)g −1.74

546.43(24)p −1.91
O V 554.25(18)d 554.14(7)f 0.11 556.33(9)g,∗ −2.08

554.00(25)h −0.25
554.08(42)i 0.17

O VI 562.94(18)d 563.07(4)d −0.13 562.83(6)g 0.11
562.90(10)j 0.04
562.95(10)k −0.01
563.31(26)h −0.63
562.29(40)l 0.65
562.47(10)m 0.47
562.90(25)n 0.04
563.05(51)p −0.11

Notes. aALS (McLaughlin et al. 2013a,b).
bSOLEIL (Bizau et al. 2015).
cSOLEIL (McLaughlin et al. 2014; Bizau et al. 2015).
dSOLEIL present results.
eEBIT (Gu et al. 2005).
fEBIT (Schmidt et al. 2004).
gChandra (Liao et al. 2013).
hChandra (Kaastra, private communication; Schmidt et al. 2004).
iChandra (Kaastra et al. 2004).
jChandra (Yao et al. 2009).
kChandra (Gatuzz et al. 2013a,b).
lChandra (Kaastra et al. 2002).
mChandra (Lee et al. 2001).
nXMM–Newton (Cabot et al. 2013).
oChandra and XMM–Newton (Nicastro et al. 2016a).
pChandra and XMM–Newton (Nicastro et al. 2016b).
∗O V line observed by Liao et al. (2013), is the O II Kβ line [at 556.48(50) eV],
confirmed recently by Nicastro et al. (2016a).

Table 7. Comparison of the calibrated energies from the EELS
and PES experimental methods (Bizau et al. 2015). The energy
difference between the two experimental methods is at most
0.22 eV.

O2 K shell EELS PES �E (eV)

1s → π∗ 530.80(20)a 530.70(15) −0.10
1s → 3σ 538.95(4)b 539.17(15) +0.22

Notes. aHitchcock & Brion (1980).
bTanaka et al. (2008).

6 C O N C L U S I O N S

For the first time, high-resolution photoionization cross-section
measurements have been made on Be-like and Li-like atomic oxy-
gen ions in the vicinity of their strong 1s → 2p resonances and in
the 1s → np resonant region for O4 + ions. The measurements are
compared with theoretical results from the R-matrix approach, the
SCUNC method, and with available satellite observations. Reso-

nance features present in the spectra and predicted by the RMPS
method show an excellent agreement with the measurements made
at the SOLEIL radiation facility. A detailed comparison of our
results (for both systems) is in agreement with predictions from
other similar highly sophisticated theoretical approaches. Within
the R-matrix approach, we note that both basis sets and models
gave suitable results compared to experiment. The collision mod-
els with basis set B gave the more favourable results compared to
experiment.

A detailed analysis of the resonance parameters indicates some
differences with the present SOLEIL experimental results, partic-
ularly for the weaker resonance strengths in the O4 + spectrum.
We speculate that this may be due to the lack of electron correla-
tion included in our theoretical model. We have highlighted various
discrepancies with previous satellite observations. Overall the the-
oretical resonance positions are in suitable agreement with current
ground-based SOLEIL experimental measurements. The theoretical
cross-section data have been benchmarked against high-resolution
measurements and as such would be suitable to be incorporated into
data bases such as CLOUDY (Ferland et al. 1998; Ferland 2003), XSTAR

(Kallman & Bautista 2001) and ATOMDB (Foster et al. 2012), which
are widely used for astrophysical modelling.
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