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Abstract. Thirty-state close-coupling calculations have been performed for the photoionization of O+ near
the 1s → 2p resonance energy region from the terms belonging to the configurations of 1s22s22p3 and
1s22s2p4. Total and partial photoionization cross-section and the contributions of the main ionization
channels to the partial cross-section are calculated to obtain the resonance energies, autoionization widths
and Auger branching ratios of the 1s → 2p core-excited states. The resonance oscillator strengths of the
1s → 2p transitions are also obtained by integrating the photoionization cross-section. The radiative widths
of the 1s → 2p transitions can be obtained from the oscillator strengths. The results show that the radiative
widths are generally three orders of magnitude smaller than the corresponding autoionization widths and
therefore contributes little to the natural widths.

PACS. 32.80.Fb Photoionization of atoms and ions – 32.80.Hd Auger effect and inner-shell excitation or
ionization – 32.80.Dz Autoionization

1 Introduction

Oxygen is an important element because of its existence
in the earth′s atmosphere as well as in many astrophys-
ical objects. For neutral oxygen atoms, there have been
a few theoretical and experimental studies on the K-shell
photoionization [1–5]. For oxygen ions of different ioniza-
tion stages, most experimental and theoretical studies of
the photoionization are in the photon energy range of vac-
uum ultraviolet, whereas investigations are very scarce on
the inner-shell photoionization. Recently, we [6,7] consid-
ered the 1s → 2p resonance photoionization of the doubly
and triply ionized oxygen ions for the terms of 1s22sx2py

complex (x + y = 4 for O2+ and x + y = 3 for O3+,
x = 2, 1, 0). Most recently, the inner-shell photoionization
for the ground term of O2+ was also calculated by Olalla
et al. [8] and excellent agreement is found between the two
theoretical oscillator strengths and autoionization widths.
However, the study of photoionization in the inner-shell
region is also very important, especially for X-ray astron-
omy and astrophysics. Recently, people have carried out
some experimental studies on the inner-shell photoioniza-
tion of atoms and ions in the soft X-ray region [9–12].
For the current status of the inner-shell spectroscopies of
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free atoms and molecules using high-resolution soft-X-ray
monochromators installed in the soft-X-ray beamlines at
the third-generation synchrotron radiation facilities, see a
recent review article [9].

The valence-shell photoionization of O+ has been
investigated both theoretically [13–16] and experimen-
tally [16,17]. Burke and Lennon [13] calculated the
photoionization cross-section as part of the opacity
project [18,19]. The opacity project used the close-
coupling approximation implemented by the R-matrix
method to calculate the energy levels, oscillator strengths
and photoionization cross-sections. More recently the
cross-sections were recalculated as part of the iron
project [20] by Nahar [14,15], still using the R-matrix
method but this time employing a larger basis set.
Most recently, Covington et al. [16] have performed
high-resolution absolute experimental measurements for
the photoionization of O+ ions from the 2Po and 2Do

metastable states and from the 4So ground state in the
photon energy range 30−35.5 eV. Theoretical calculations
have also been carried out to interpret the experiment and
the result show that the cross-sections are sensitive to the
choice of basis states. Kjeldsen et al. [17] have also mea-
sured the absolute photoionization cross-sections in region
of 30−150 eV by merging a synchrotron-radiation beam
from an undulator with a 2 keV ion beam.
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All of the above studies on the photoionization of O+

were limited to the valence-shell energy region near the
ionization threshold. There are few investigations which
deal with the K-shell region near the 1s → 2p autoioniza-
tion resonances. Recently, Kawatsura et al. [12] measured
the 1s → 2p resonance photoionization in the energy range
of 525−540 eV. This is the only experimental measure-
ment on the 1s → 2p resonance photoionization for O+,
as far as we know. There is no theoretical investigation,
to the best of our knowledge, for the photoionization of
O+ near the 1s → 2p region. However, the transition ener-
gies, oscillator strengths and autoionization widths of the
1s → 2p resonances are important atomic data in deal-
ing with the K-shell absorption or emission spectra. The
1s → 2p transition from the atomic oxygen have been
observed by the Chandra X-ray Observatory in the as-
trophysical objects [21]. There is also evidence that the
1s → 2p absorption lines of O+ exist in astrophysical ob-
jects [21,22]. The lack of accurate atomic data prevents
the definite identification of these X-ray lines. There is
obviously need to extend the photoionization of O+ to
the K-shell resonance region.

In the present study, close-coupling calculations are
performed for the K-shell photoionization of the low-lying
states of O+ whose configurations belong to 1s22s22p3 and
1s22s2p4 using the R-matrix method. The transition en-
ergies, oscillator strengths and autoionization widths of
the 1s → 2p resonances have been determined by analyz-
ing the resonance structures of the cross-sections. Once an
electron has been removed from an inner-shell subsequent
electron cascades from higher shells of the ion will fill the
vacancy. This process is accompanied either by a radia-
tive transition or by a radiationless transfer of energy to
an electron (Auger effect). As it will be demonstrated later
that the Auger decay probability is far more larger than
the radiative transition probability, the 1s → 2p excited
states tend strongly to decay to different ionic states. The
Auger energies and branching ratios (BR) to the main de-
cay channels for the Auger transitions are obtained from
the calculation of photoionization as well. These data are
very useful in interpreting and simulating the K-shell ab-
sorption or emission spectra for both astrophysical and
laboratory plasmas. They are also helpful for analyzing
the Auger spectra of O+ ions.

2 Theoretical methods

The R-matrix method for electron-atom and photon-atom
interactions has been discussed in great detail by Burke
et al. [23]. The present calculations have been carried out
by using the latest Belfast atomic R-matrix codes [24].
The R-matrix method is very effective in considering
the resonance structures as shown in our previous pa-
pers [6,7,25–28]. We [29] simulated the X-ray transmission
spectra through laser-produced aluminum plasmas (in the
photon energy region of the 1s → 2p resonances) using
the R-matrix method. Good agreement is found between
the experiment and theory with the autoionization widths
having been considered in the calculation. In an R-matrix

calculation, the wave function of the N +1 electron system
is given the form

Ψk(X1...XN+1) = Â
∑
ij

cijkΦi(X1...XN r̂N+1σN+1)

× uij(rN+1) +
∑

j

djkφj(X1...XN+1) (1)

where Â is the antisymmetrization operator to take the
exchange effect between the target electrons and the free
electron into account. Xi stands for the spatial (ri) and
the spin (σi) coordinates of the ith electron. The func-
tions uij(r) under the first sum construct the basis sets
for the continuum wave functions of the free electron, and
Φi are the coupling between the target states and the an-
gular and spin part of the free electron. The correlation
functions φj in the second sum are constructed by the
square integrable orbitals to account for the correlation
effects not adequately considered because of the cut-off in
the first sum. The square integrable orbitals are cast as
linear combinations of Slater-type orbitals

Pnl =
∑

j

Cjnlr
Ijnl exp(−ξjnlr). (2)

The parameters ξjnl and coefficients Cjnl are determined
by a variational optimization on the energy of a partic-
ular state, whilst the powers of r and Ijnl remain fixed.
In the present calculation, thirteen orbitals (1s, 2s, 2p,
3s, 3p, 3d, 4s, 4p, 4d, 4f , 5s, 5p, 5d) are included in the
expansion of the wavefunction of the target and N + 1
electron systems. The bar on the orbital indicates that it
is a pseudo-orbitals. The pertinent parameters ξjnl and
coefficients Cjnl for all orbitals are obtained by using the
CIV3 computer code [30] according to the following rules.
The 1s, 2s and 2p orbitals are taken from those of the
Hartree-Fock orbitals given by Clementi and Roetti [31]
for the O2+ ground state 2s22p 2Po, and the 3s and 3p
orbitals are obtained by optimizing on the 2s22p3s 1Po

and 2s22p3p 3P states, respectively. The pseudo-orbitals
3d, 4s, 4p and 4d are obtained by optimizing on the 2s2p3

1Do, 2s2p3 1Po, 2s22p2 1D and 2p4 3P states, respectively.
The 4f , 5s, 5p and 5d orbitals are obtained by optimizing
on the 1s-hole states 1s2s22p3 3Do, 1s2s2p4 3P, 1s2s22p3

3Po, and 1s2s2p4 3D, respectively.
The appropriate R-matrix wave function expansion

was performed by including 30 states of O2+ which are
listed in Table 1, in which we also give the present calcu-
lated and experimental energy levels [32] relative to the
ground state. Good agreement is obtained between the
theory and experiment. R-matrix boundary was chosen to
be 16 a.u. to ensure that the wavefunction is completely
wrapped within the R-matrix sphere. For each angular
momentum, the continuum orbitals are expressed as a lin-
ear combination of 50 numerical basis functions. In or-
der to take account of the resonances of K-shell excited
states, only one electron is fixed in the 1s orbital, at most
two electrons can freely be excited among the included
orbitals from the bases 1s22s22p2 and 1s22s2p3 for the
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Table 1. Theoretical and experimental energy levels [32]
(in Ry) for the target O2+ ion relative to the ground state.

No. State Expt. [32] Theory

1 1s22s22p2 3P 0.0 0.0

2 1s22s22p2 1D 0.18285 0.1861

3 1s22s22p2 1S 0.39164 0.4027

4 1s22s2p3 5So 0.54783 0.5379

5 1s22s2p3 3Do 1.09200 1.0940

6 1s22s2p3 3Po 1.29559 1.2959

7 1s22s2p3 1Do 1.70267 1.7183

8 1s22s2p3 3So 1.79410 1.8072

9 1s22s2p3 1Po 1.91598 1.9369

10 1s22s22p3s 3Po 2.43591 2.4410

11 1s22s22p3s 1Po 2.48661 2.4925

12 1s22p4 3P 2.58489 2.5987

13 1s22s22p3p 1P 2.64951 2.6619

14 1s22s22p3p 3D 2.67795 2.6904

15 1s22s22p3p 3S 2.70966 2.7201

16 1s22p4 1D 2.71636 2.7362

17 1s22s22p3p 3P 2.73534 2.7425

18 1s22s22p3p 1D 2.79192 2.8018

19 1s22s22p3p 1S 2.85769 2.8702

20 1s22p4 1S 3.12654 3.1566

21 1s2s22p3 5So 38.660

22 1s2s22p3 3Do 39.539

23 1s2s22p3 3So 39.606

24 1s2s22p3 3Po 39.702

25 1s2s22p3 1Do 39.798

26 1s2s22p3 1Po 39.979

27 1s2s(3S)2p4 5P 40.093

28 1s2s(3S)2p4 3P 40.701

29 1s2s(3S)2p4 3D 40.748

30 1s2s(3S)2p4 3S 41.521

target states and from the bases 1s22s22p3 and 1s22s2p4

for the N + 1 electron systems.

Once the photoionization cross-sections is obtained,
the resonance oscillator strengths of the K-shell transi-
tion can be determined. It is well-known that the pho-
toionization cross-sections can be written in terms of the
differential oscillator strengths df/dε

σ =
πhe2

mc

df

dε
= 4π2αa2

0

df

dε
, (3)

where h is the Planck’s constant, e the electron charge, m
the electron rest mass, c the speed of light in vacuum, α
and a0 the fine structure constant and the Bohr radius,
respectively. In the latter expression of equation (3), ε is
in Ry. The resonance oscillator strengths can be obtained
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Fig. 1. (a) The photoionization cross-section of the ground
state 1s22s22p3 4So of O+ in the 1s → 2p resonance region.
The solid line refers to the length form and grayish line to the
velocity form. The direct photoionization cross-section near the
1s → 2p resonance is shown in the inset. (b) The contributions
of the main ionization channels to the cross-section.

from the cross-sections σ

f(LiSi → LjSj) =
∫

∆Er

(
df(LiSi → LjSj)

dε

)
dε

=
(

1
4π2αa2

0

) ∫
∆Er

σ(ε; LiSi → LjSj)dε

(4)

where Li, Si, Lj, Sj are total spin and orbital angular mo-
menta of the initial bound level and the final continuum
wave function, respectively, governed by the dipole selec-
tion rules. The resonance oscillator strengths in length f l

and velocity fv forms are determined from the correspond-
ing (partial) photoionization cross-sections.

3 Results and discussion

Figure 1a shows the photoionization cross-section of the
ground term 2s22p3 4So of O+ in the photon energy range
of the 1s → 2p resonance, with the solid line referring to
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Table 2. Comparison of the calculated energies relative to the
ground state (1s2)2s22p2 3P of the target O2+ with the NIST
data (http://physics.nist.gov/cgi-bin/AtData/main asd)
(in Ry) for the low-lying terms of O+.

Term NIST Theory NIST-Theory Diff. (%)

2s22p3 4So 2.5832 2.5792 0.0040 0.15%

2s22p3 2Do 2.3389 2.3239 0.0150 0.64%

2s22p3 2Po 2.2145 2.1957 0.0188 0.85%

2s2p4 4P 1.4903 1.4806 0.0097 0.65%

2s2p4 2D 1.0706 1.0493 0.0213 1.99%

2s2p4 2S 0.7998 0.7691 0.0307 3.84%

2s2p4 2P 0.6454 0.6205 0.0249 3.86%

the length form and the grayish line to the velocity form.
Excellent agreement is obtained between the two forms,
the relative difference is less than 3.5% in the resonant en-
ergy region and less than 6% in the non-resonant region.
Good agreement is also found for other terms, therefore,
only length form is given for the other terms. It can be seen
that a strong resonance superimposed on the very small di-
rect photoionization cross-section. The direct photoioniza-
tion cross-section in the vicinity of the 1s → 2p resonance
is shown in the inset. It is very small compared to that
near the resonance. For example, it is only 0.035 Mb at a
photon energy of 38.8 Ry, smaller than the cross-section
at the peak (111.4 Mb at a photon energy of 39.1078 Ry)
by more than three orders of magnitudes. The calculated
ionization potential is 2.5792 Ry, in excellent agreement
with the experimental value 2.5832 Ry [32]. The calcu-
lated values of ionization potential are listed in Table 2
along with the experimental values.

It is obviously that the resonance shown in Figure 1a
should be identified as 1s2s22p4 4P. The photoionization
cross-section carries information of position, autoioniza-
tion width and oscillator strength of the 1s → 2p reso-
nance. The position and width can be obtained by fitting
the resonance a modified Fano-Beutler profile [33] of the
form

σ = σa + σb
(q + ε)2

1 + ε2
(5)

where σa and σb stand for constants related to the back-
ground of the resonance cross-sections, respectively, ε =
2(E−E0)/Γ with E being the photon energy, E0 the reso-
nance energy, Γ the resonance width and the parameters q
describes the profile of the resonance. For the 1s2s22p4 4P
resonance, the position and width are determined to be
39.1087 Ry = 532.093 eV and 0.0082 Ry = 111.6 meV, re-
spectively. The resonance oscillator strength is determined
from equation (4) to be 0.1702 and 0.1647 for the length
and velocity forms, respectively. The positions, widths and
oscillator strengths (in both length and velocity forms) are
presented in Table 3. For convenience in astrophysical ap-
plications, the wavelength of the inner-shell transition is
given as well. It is obtained from the following relation

λ(0.1 nm) =
911.2341
E(Ry)

. (6)

In the interstellar X-ray absorption spectroscopy of the
low-mass X-ray binary X0614+091 observed by the
Chandra X-ray Observatory [21], the authors concluded
that the marginal evidence for a narrow absorption fea-
ture at ∼2.34 nm could be due to the absorption by ion-
ized O, or O in molecules or dust. The position is very close
to the wavelength 2.33 nm of the transition 1s22s22p3

4So → 1s2s22p4 4P. To accurately identify the absorption
features, one needs accurate atomic data such as wave-
length, oscillator strength and natural width.

The 1s → 2p inner-shell excited states are autoion-
ized ones and tend to strongly decay to different ionic
states. To determine the Auger branching ratios (BR),
one needs partial cross-section and the contribution of the
different ionization channels to the partial cross-section.
Figure 1b shows the contribution of the main ionization
channels to the cross-section of 1s22s22p3 4So term. Four
ionization channels (1s22s22p2 3P+kd, 1s22s2p3 3Do+kp,
1s22s2p3 3Po + kp and 1s22p4 3P + ks) contribute most
to the 1s → 2p resonance, whereas the 1s22s22p2 3P + kd
channel accounts for nearly 40%. The BR and Auger ener-
gies to the main decay channels are presented in Table 4.
Note that some small BR which is less than 5% are not
presented here, therefore, the sum of the given BR for a
particular inner-shell excited states may not be necessarily
equal to 100%.

From the inspection of Figure 1, one can see that the
resonance profile is indeed asymmetric, yet it looks like
a Lorentzian line shape. In the calculations, we have in-
cluded the interchannel interactions among all the pos-
sible channels arising from the 30 target states listed in
Table 1. To do this, in the expansion of the R-matrix
wavefunction equation (1), we have considered all possible
couplings among the target state Φi and the continuum or-
bital uij . The number of the uij (which is taken to be 50)
is large enough to take all possible couplings into account.
In general, the resonance line shape is asymmetric due
to the interchannel interactions. This can easily be seen
in the valence-shell photoionization [16,17] in the photon
energy region 30−150 eV where the direct photoioniza-
tion cross-section is large (>4 Mb in the present case).
For example, in reference [16], some resonances shown in
Figures 4, 6, and 7 show strong asymmetric. However,
in the 1s → 2p region, the direct photoionization cross-
section (only 0.035 Mb at 38.8 Ry) is very small, there-
fore, the interactions between different decaying channels
are also relatively small. On the other hand, qualitatively,
the autoionization decay rate can be estimated by the
coulomb interaction between the bound and continuum
configurations of the two participating electrons. Among
the four main decaying channels shown in Figure 1b, the
radial part of the Coulomb matrix is rather small due to
the quasi-orthogonality between the orbital functions ex-
cept for the 1s22s22p2 3P + kd channel. As a result, the
1s22s22p2 3P+kd channel is dominant (40%), the branch-
ing rations of other channels are <20%. Because the direct
photoionization cross-section is very small, the line shape
of this channel is rather symmetric. The other weak de-
caying channels are affected by the dominant channel and
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Table 3. Resonance positions (Er and λ), autoionization widths (Γa) and length (f l) and velocity (fv) forms of the oscillator
strengths of the 1s−2p transitions for O+.

Transition Er (Ry) Er (eV) λ(0.1 nm) Γa (Ry) Γa (meV) f l fv

1s22s22p3 4So–1s2s22p4 4P 39.1078 532.093 23.301 0.00820 111.6 0.1702 0.1647

1s22s22p3 2Do–1s2s22p4 2D 39.1628 532.841 23.268 0.00985 134.0 0.0871 0.0838

1s22s22p3 2Do–1s2s22p4 2P 39.1881 533.185 23.253 0.00754 102.6 0.0892 0.0860

1s22s22p3 2Po–1s2s22p4 2D 39.0345 531.096 23.344 0.00985 134.0 0.0485 0.0464

1s22s22p3 2Po–1s2s22p4 2P 39.0599 531.441 23.329 0.00754 102.6 0.0901 0.0857

1s22s22p3 2Po–1s2s22p4 2S 39.2447 533.956 23.219 0.00942 128.2 0.0381 0.0372

1s22s2p4 4P–1s2s2p5 4Po 39.1550 532.735 23.272 0.00682 92.7 0.1098 0.1072

1s22s2p4 2D–1s2s(3S + 1S)2p5 2P 39.1567 532.758 23.271 0.00923 125.6 0.1064 0.1021

1s22s2p4 2D–1s2s(1S + 3S)2p5 2P 39.5170 537.660 23.059 0.00923 125.6 0.0108 0.0105

1s22s2p4 2S–1s2s(3S + 1S)2p5 2P 38.8716 528.879 23.442 0.00923 125.6 0.1110 0.1056

1s22s2p4 2S–1s2s(1S + 3S)2p5 2P 39.2318 533.780 23.227 0.00923 125.6 0.0129 0.0124

1s22s2p4 2P–1s2s(3S + 1S)2p5 2P 38.7226 526.852 23.532 0.00923 125.6 0.0824 0.0792

1s22s2p4 2P–1s2s(1S + 3S)2p5 2P 39.0831 531.757 23.315 0.00923 125.6 0.0070 0.0067

Table 4. Auger energy (EAuger) (in Ry) and branching ratios (BR) to the main decay channels for the Auger transitions of O+.

State Channel BR EAuger (Ry)

1s2s22p4 4P 1s22s22p2 3P + kd 39.8% 36.5286

1s22s2p3 3Do + kp 19.7% 35.4346

1s22s2p3 3Po + kp 11.3% 35.2327

1s22p4 3P + ks 14.5% 33.9299

1s2s22p4 2D 1s22s22p2 1D + kd 46.7% 36.6528

1s22s22p2 1S + kd 6.7% 36.4362

1s22s2p3 1Do + kp 15.1% 35.1206

1s22p4 1D + ks 13.3% 34.1027

1s2s22p4 2P 1s22s22p2 3P + ks 6.6% 36.8642

1s22s22p2 3P + kd 43.7% 36.8642

1s22s2p3 1Do + kp 16.9% 35.1459

1s22p4 3P + ks 20.3% 34.2655

1s2s22p4 2S 1s22s22p2 1D + kd 35.1% 36.8629

1s22s22p2 1S + ks 19.9% 36.6463

1s22s2p3 3Po + kp 7.4% 35.7531

1s22s2p3 1Po + kp 19.9% 35.1121

1s22p4 1S + ks 13.9% 33.8924

1s2s2p5 4Po 1s22s2p3 3Do + kd 64.0% 36.5804

1s22s2p3 3Po + ks 9.6% 36.3785

1s22s2p3 3Po + kd 22.6% 36.3785

1s2s(3S + 1S)2p5 2Po 1s22s2p3 3Do + kd 47.4% 36.9921

1s22s2p3 3Po + ks 8.1% 36.7902

1s22s2p3 3Po + kd 16.5% 36.7902

1s22p4 3P + kp 21.1% 35.4874

1s2s(1S + 3S)2p5 2Po 1s22s2p3 1Do + kd 43.1% 36.7281

1s22s2p3 1Po + ks 7.7% 36.5095

1s22s2p3 1Po + kd 15.8% 36.5095

1s22p4 3P + kp 7.3% 35.8477

1s22p4 1D + kp 16.8% 35.7102
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Fig. 2. The partial and total photoionization cross-sections of
the metastable terms of (a) 1s22s22p3 2Do and (b) 2Po in the
vicinity of the 1s−2p resonances.

thus they are more asymmetric than the dominant chan-
nel. However, the effects are not as prominent as in the
valence-shell region.

Figure 2 gives the partial and total photoionization
cross-section for the two metastable terms of (a) 2Do and
(b) 2Po of the basic configuration 1s22s22p3. Figure 3
shows the total photoionization cross-section for the terms
of (a) 4P, (b) 2D, (c) 2S and (d) 2P belonging to the first
excited configuration 1s22s2p4. For simplicity, the con-
tributions of the main ionization channels to the partial
cross-section are not given for the terms shown in Fig-
ures 2 and 3. The calculated values of ionization potential
are listed in Table 2 for the terms mentioned above. It
can easily be seen that good agreement is found between
the experiment and theory for the ionization potentials
of 2Do, 2Po and 4P terms, the relative differences being
<1%. While for the terms of 2D, 2S and 2P, the relative
differences are <4%. The positions, widths and oscillator
strengths of the 1s → 2p resonances are given in Table 3.
The transition energies are around 530 eV and the au-
toionization widths range from 92.7 to 134.0 meV for the
1s → 2p resonances. The average width is about 115 meV.
In the experiment carried out by Kawatsura et al. [12],
the authors determined the energy resolution power to be
∼310, which was estimated from the deconvolution of the

39.09 39.13 39.17 39.21
0

20

40

60

80

100

39 39.2 39.4 39.6
0

20

40

60

38.7 38.9 39.1 39.3
0

20

40

60

P
ho

to
io

ni
za

tio
n 

cr
os

s 
se

ct
io

n 
(M

b)

38.5 38.8 39.1 39.4
Photon energy (Ry)

0

10

20

30

40

(a) 
4
P

(b) 
2
D

(c) 
2
S

(d) 
2
P

1s
2s

2p
5  4 P

o

1s2s(
3
S+

1
S)2p

5
 
2
P

o

1s2s(
3
S+

1
S)2p

5
 
2
P

o

1s2s(
3
S+

1
S)2p

5
 
2
P

o

Fig. 3. The photoionization cross-sections of the terms: (a) 4P,
(b) 2D, (c) 2S and (d) 2P for the configuration 1s22s2p4.

measured spectra assuming a natural width of 140 meV,
the same as the 1s natural width in oxygen atoms [2]. It is
obviously that 140 meV is a little larger than the average
autoionization width of 115 meV. On the other hand, the
natural width is the sum of the autoionization and radia-
tive widths. However, for the present case, the radiative
width is much smaller than the autoionization width. The
former can obtained from the transition probability

Γr(j) = �

∑
i

Aji (7)

where the summation is over all possible lower states. Take
the 1s2s22p4 4P as an example. The radiative width of
this autoionized state is estimated to be about 0.5 meV,
which is more than three orders of magnitude smaller than
the autoionization width. Therefore, Kawatsura et al. [12]
might have used a somewhat too large value than the nat-
ural width of O+ ions. Finally, the Auger energies and
branching ratios to the main decay channels are given in
Table 4. There is one main decay channel for the core-
excited states (but the BR is generally less than 50% for
most cases), however, a few other channels have definite
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Fig. 4. (a) The photoionization cross-section for a mixture of
40% 2s22p3 4So, 30% 2s22p3 2Do and 30% 2s22p3 2Po; (b) ex-
perimental spectrum carried out by Kawatsura et al. [12].

contributions. This is different from the case of Be-like
neon [27], where most of 1s → 2p excited states decay
mainly via one channel.

In addition to the ground state, metastable states
also exist in the experiment carried out by Kawatsura
et al. [12]. This impurity may generally be a com-
mon feature in the experiments of photoionization for
ions [16,17,34,35]. Covington et al. [16] even extracted the
photoionization cross-section from the metastable states
of O+ near the photon energy of ionization threshold from
the determined ion fraction. Unfortunately, Kawatsura
et al. [12] did not report the fraction of the mixed terms in
their experiment. Figure 4a gives, as an example, the pho-
toionization cross-section for a mixture of 40% 1s22s22p3

4So, 30% 1s22s22p3 2Do and 30% 1s22s22p3 2Po. The solid
line shows the result without consideration for the instru-
mental broadening, while the dashed line shows the result
by convoluting the solid line with the experimental resolu-
tion. Figure 4b shows the experimental spectrum obtained
by Kawatsura et al. [12]. As the fraction of ions is unknown
in the experiment, quantitative comparison between the
experiment and theory is not possible. But one can see
that the overall structure is similar between the experi-
ment and theory. One might also conclude that more ini-
tial terms exist in the experiment except for the terms in-
cluded above. As mentioned by Kawatsura et al. [12], there
is a need for additional experiment of high quality with

higher photon-energy resolution and also better statistics
to obtain the higher resolution spectra. Such data would
be much more useful for astrophysical applications.

In conclusion, photoionization cross-sections from the
low-lying terms belonging to the 1s22sx2py complex
(x = 2, 1 and y = 3, 4) of O+ have been calculated in
the photon energy range of 1s → 2p resonances using
the close-coupling R-matrix method. In general, the di-
rect cross-section is more than three orders of magnitude
smaller than that at the peak of the resonances. The reso-
nance energies, autoionization widths and Auger branch-
ing ratios of the 1s → 2p core-excited states have been
obtained by analyzing the 1s → 2p resonance structures.
The resonance oscillator strengths of the 1s → 2p tran-
sitions have been obtained by integrating the photoion-
ization cross-section as well. These atomic data would
be helpful in future experiments both on the photoion-
ization and Auger spectra. The radiative widths of the
1s → 2p transitions are much smaller than the autoion-
ization widths and therefore its effects could be neglected.
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